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Neutron sens i t i v i t y  i s  on ly  abaut 2%. 
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T. A. L a v e  and K. M. Henry .. 
Development of a neutron-se 

.......................................................................................................... 1 16 
onductar detector cons is t ing of a th in  layer of L i 6 F  sandwiched 

between two s i l icon-gold diodes for use  in  neutron spectroscopy has continued w i th  current emphasis on developing 

methods for subtracting neutron-induced backgrounds. In the method which appears most promi sing, the barrier 

depths o f  L i6F-coated and uncoated diodes, whose diFference i n  response y ie lds  the background, are made equal 

by ad just ing the b ias vo l tage across the diodes to  account for the dif ference i n  their res is t i v i t ies .  The data thus 

far ind icate that for o f i ss ion  spectium the foreground-to-background ra t io  w i l l  be 5: l .  The ef f ic iency of the ColJnter 

remains l ow  (3 x l o m 3  for thermal neutrons); however, measurements w i th  14.7-Mev neutrons show that for th is  en- 

ergy the ef f ic iency i s  improved approximately 100% when the plane of L.i6F i s  para l le l  rather than normal to  the 

beam. 
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spectroinetcrs i s  discussed in  the preceding paper. The problem of ca lcu lat ing the shape and width of the distr ibu- 

t ion  in  to ta l  energy o f  the alpt ia-tr i ton pai rs  produced i n  a L i 6 ( n ,  a)'r react ion and reaching the s i l i con  wns con- 

sidered i n  a previous ca lcu lat ion.  f i rst,  the neutrons are 

not res t i i c ted  to  normal incidence, and second, the var ia t ion of the stopping power w i th  energy aver the path lnngth 

o f  each par t ic le  i s  taken in to  account. The mathematical development i s  completed; numerical computations for a 

range of energies and angles of incidence are i n  progress. 

2.77. 

.......................... .............................................................................................................. 
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The analys is  has now been general ized in two respects: 
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T igh t  stacks o f  th in  f o i l s  of gold and ind ium have been exposed to  thermal-neutron f luxes in woter and a i r  

i n  the thermal column of the ORNI.. Graphite Reactor. After exposure the s tacks were separated and the fo i l s  in- 

d i v idua l l y  counted, thus obtaining the speci f ic  ac t i v i t y  of each fo i l  os a funct ion o f  i t s  pos i t i on  i n  the stack and a 

measure of the se l f -sh ie ld ing foctar for the stack. Although the interpretat ion of  the resu l t s  has not been corn- 

pleted, t h e  raw data i s  presented as tab les and graphs. 

........................................................................ 

3.7. HOMOGENEOUS C R l T l C A L  ASSEMBLIES OF 3% U235-ENR1CHED UF4 I N  PARAFFIN 
J. T. Mihalczo and J. J. Lynn  ................................................................................................... .. 131 
Cr i t i ca l  parameters have been measured for a mixture o f  UF enriched to  3 w f  % in U235, and paraffin, w i th  a 

Cr i t i ca l  he ights  of rectangular, square-based paral lelepipeds, both bare and reflected, are 

From these doto the minimum c r i t i c a l  volume for a bare 

4' 
H:U 235 ra t io  of 133. 
g iven 

sphere was determined to be 200 l i te rs  ond far a re f lected sphere 121 l i ters .  

3-2. 

as functions of the length of a side of the base. 

CRITICAL PARAMETERS OF SOLUTIONS OF U235-ENRlCHED U R A N Y L  N I T R A T E  I N  

C Y L I N D R I C A L  CONTAINERS 
J. K. Fox  ................................................................................ ....................................................... 13 1 
C r i t i c a l  parameters have been meorured far a so lut ion o f  93.15 wt  % U235-enriched U02(N0 ) i n  a D O-I-I2O 

mixture (70.1 w t  76 D20), contained in  40.0- and 50.8-cm-dia aluminum cyl inders. For the 40.0-cm-dia cyl inder, 

data are g iven far two  condi t ions of lateral re f lect ion as we l l  as for the nominal ly unreflected case. C r i t i c a l  

dimensions have a l so  been obtained for a so lut ion o f  92.6 wi  7% 1J235-enriched U02(N03)2 in  H2Q. Th is  solut ion 

was contained i n  aluminum cy l indzrs ranging i n  diameter from 24.1 to  38.1 c m ,  a11 nominal ly  unreflected. 

3 2  2 
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3.3. NUCLEAR SAFETY TESTS OF T H E  HIGH FLUX 150TOPE REACTOR F U E L  ELEMENT 
J. K, Fox  ...................................................................................................................................................................... 133 
A series of nuclear safety  tes ts  on the fue l  element for the High F l u x  Isotope Reoctor C r i t i c a l  Experiment 

No. 2 has been completed. An 
inves t i ga t i on  of the ef fects  of voids introduced in to  the target region surrounded by the element was a lso carr ied 

out, y ie ld ing  the  c r i t i ca l  he ight  of water riiodsrator and ref lector  far vo id  f ract ions from 0.34 to  0.97. 

The resu l t s  show tha t  handl ing the element, even i n  the presence of water, is safe. 
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A second series of c r i t i c a l  experiments has been performed i n  support of the des ign of the High F lux  Isotope 

Reactor (tHFlR). The experimental assembly consis ted o f  a mockup of the reactor, inc lud ing i t s  two cy l i nd r i ca l  

fuel annuli, central target region, water moderator and coolant, beryl l iurn reflector, cy l i nd r i ca l  control plates, and 

three beam tubes. The experiments inclwded contro l  p lote cal ibrat ions; 

measurements of the coe f f i c i en ts  of  reac t i v i t y  for the temperature, fuel, nnd voids; and power and f lux  d is t r ibut ion 

measurements throughout the systein. 

3.5. 

A simulated nuclear target was also used. 

C R I T I C A L  ARRAYS OF NEUTRON-INTERACTING UNITS 

L. W. Gil ley, D. F. Cronin, J. K. Fox, and J, T. Thomas .................................................................................... 153 
C r i t i c a l  experiments have been performed w i th  so lut ions o f  92.6 wt % il 235-enriched u0,(NQ3) in water, ut an 

average concentrat ion of 410 g of U per l i ter. The so lut ion containers consis ted of two  types of po lyethy lene 

bott les, having nominal volumes of 13 and 15 l i ters, respectively, and aluminum cyl inders. The  variables s tud ied 

were volume content of the container, surface-to-surface spacing between containers, and the geometric pattern 

(square, linear, or t r iangular)  w i th in  an array o f  containers. Other experiments evaluated e f fec ts  of moderation and 

par t ia l  re f l ec t i on  or simulated environmental condi t ions of in terest  to nuclear safety. Resul ts  are presented as both 

tab les and graphs. 

3.6. NEW C R I T I C A L  EXPERIMENT MACHINES 

E. R, Rohrer, W. C. Tunnell, and D, W, Magnuson ................................................................................................ 168 
Two  newly b u i l t  dev ices u t i l i z i n g  the sp l i t - tab le  technique for combining subc r i t i ca l  amounts of f iss ionable 

The  f i r s t  i s  0 ve r t i ca l l y  operating device, wh i l e  the second op- 

Schematics and character is t ic  scram performance curves are given for both machines. 

material in to  c r i t i c a l  assembl ies are described. 

erates i n  a hor izonta l  plane. 

3.7. EQUIPMENT FOR TIME-DEPENDENT NEUTRON STUDlES AT THE CRIT ICAL 

EXP ERlMENT F A C l L l T Y  

D. W. Magnuson and J. T. Mihalczo .......................................................................................................................... 173 
T h e  Cr i t i ca l  Experiment F a c i l i t y  has acquired a 150-kv posi t ive- ion accelerator which i s  being used to  pro- 

duce 14-Mev neutrons by the T ( d ,  =)He4 react ion for use in time-dependent neutron studies. Burst  widths of ? t o  

I O 4  psec, w i t h  repet i t ion rates of from 10 to  T O 5  cycles/sec, are ava i l ab le  w i th  one method of operation, w h i l e  a 

second method produces neutron bursts  as short as 0.7 and 0.06 p s e c .  Background i s  l ess  than 0.0001 of the rate 

when the beam i s  on target, 

3.8. C R l T l C A L  EXPERIMENTS AND C A L C U i A T l O N S  ON T H E  ORNL FAST BURST REACTOR 

W. E. Kinney and J. T. Mi ha lczo .............................................................................................................................. 174 
T h i s  paper cons is t s  of an abstract of a paper which has prev ious ly  been issued as a Laboratory memorandum 

(0 R NL-C F-6 1-8-7 1 ) . 

4. EXPERiiMENTAL NUCLEAR P 

4.1. NEUTRON CAPTURE CROSS SECTION OF COLD AT 30 AND 64 kev 

.................................................................................................................................... _c...-. L. W. Weston and W. S. L y o n  177 
T h i s  paper cons is t s  o f  an abstract of a paper publ ished in The physical Review. 
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4.2. NEUTRON R A O l A T l Y E  CAPTURE MEASUREMENTS 

R. C. Block, F. C. VondsrLage, and L. W. Weston ................................................................................................ 177 
T h i s  paper cons is ts  of an abstract  of  a paper which has  previously been issued as a Laboratory repor t  

(0 R N L -308 5). 

4.3. TI?E MELSUREMEHT OF a AS A FUNCTlON OF E N E R G Y  
G. de  Saussure, L. W. Weston, J. D. Kington, R. U, Smicldie, and W. 5% L y o n  .................................................. 177 
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cross sect ion rat io, as a funct ion of neutron energy have been completed. Determinat ions o f  a w i l l  be attempted at  

30 kev, 65 kev, and over the range from 1 ev to  150 kev for the pr inc ipa l  f i ss ionab le  isotopes. A special  f i ss ion  

chamber has been designed and tested, and various probleins invo lv ing  background radiat ion and count ing techniques 

have been investigated. Special e lectronic c i rcu i t ry  has also been designed, bui l t ,  and tested. 

4.4 D E V E L O P M E N T  0% A NIGH-EFFiClENCY FAST-NEUTRON DETECTOR 
L. Weston and R. D. Smiddie .................................................................................................................................... 186 
A high-eff iciency, low-background, fast-neutron detector has been constructed. It i s  bas ica l l y  a proton-recoi I 

detector us ing  a 2-in.-dia, 2-in.-thick t runs-st i lbene c rys ta l  and a pulse-shape d isc r im ina t ion  c i rcu i t .  Tes ts  ind i -  

cate a detect ion e f f i c iency  of "30% for f i ss ion  spectrum neutrons w i th  a discr iminat ion against  gamma rays  o f  

--lo4. 

4.5. SELECTION OF A blQhllD ORGANIC SClMBl lLATOR FOR AN EXPERIMENTAL. 

BETERMBNATlON OF a 
L.  Weston, VJ. 5. Lyon, and J. D. Kington .............................................................................................................. 187 
Elevon organic sc in t i l l a to r  solut ions were tested by comporing reblotive pulse-height response to  t h e  1. I -Mev 

gamma ray from Zn6'. The solut ion which appeared most promising for use i n  the experiments to measure a was 

t r ip le -d is t i l l ed  xylene containing 4.0 g of e-terphenyl per l i ter, 0.3 g o f  POPOP per \ i ter ,  1 wt % gadolinium 2-ethyl 

hexoate, and 1 vol % e t h y l  alcohol. 

A,& FISSION GAMMA-RAY ENERGY RELEASE A S  A F U N C P l O N  O F  TIME A F T E R  F d S i O N  
F. C. Maienschein ...................................................................................................................................................... 189 
E x i s t i n g  experimental and calculated f i s s i o n  gamma-ray energy release data are summarized and p lo t ted as 

f i ss ion  gamma-ray release per u n i t  time, integrated over gamma-ray energy, n5 a funct ion o f  t ime after f iss ion.  

4*7. USE DF 4n H l G H - P R E S S U R E  IOldlZATlON C H A M B E R S  A S  SECONDARY STANDARDS 

FOR C A L I B R A T I O N  O F  G.AMMA-RAY SOURCES 
R. W. Pee l le  ....... ........................................................................................................ 191 
The e f f i c ienc ies  of the Compton and pai r  spectrometers used i n  a previously described measurement of the 

spectrum nf prompt gamma rays from L!235 f i ss ion  are t o  be deterinined by the use of known"-s:rongth radioact ive 

S D U T C ~ S .  The strengilhs of these sources were determined by measurement i n  two 471 high-pressure ion iza t ion  

chambers. Cal ibrat ion of the absolute e f f i c iences  of these chambers was performed i n  a novc l  manner which per- 

rriitted de ta i led  =stirnates of precis ion PO be assigned. 

...... 

4.8. C B B L l h ! h T i ) R  OB TfWdZA'i-iON FOR REACTOR GAMMA-RAY 5awE4"T'RA MEASUREMENTS 
G. T. Chapman ............................................................................................................................................................ 197 
A long, th in  core o f  BS!?-l f u e l  s l e n e n t s  has bean used to  evaluate ?he inf luence o f  col l imator design an 

gamma-ray spectra measured by the BSF Model \ Y  spectrometer. A sat isfactory opt imizat ion appears to be a rela- 

t i ve ly  long lead col l imator preceded by a 2- t o  5-f i- long a i r - f i l l ed  aluminum cone. With t h i s  asrongement the spec- 

trorneter can be successful ly used at  d istances qs shoi t  ips 140 cin from the reactor. The cone i s  designed t o  in- 

c lude on ly  the collil-notor so l id  angle. 

... 
V l l l  



5. EXPERlMENTAL REACTOR PHYSlCS 

5.7. AN EXPERIMENTAL DETERMlNATlON OF T H E  AGE O F  U233  FISSION NEUTRONS I N  WATER 

T. V. B losser  and D. K. Trubey ..... ............................................................. 203 
The  age t o  indium resonance energy ns in  water has been exper imenta l ly  de- 

A prel iminary va lue terrnined. 

of t he  age, to which only  geometric corrections have been applied, i s  26.4 cm2. 

5.2. CALCULATION OF T H E  TRANSMISSION FUNCTlON FOR A NEUTRON CHOPPER 

V. V. Verb insk i  and J. D. Jarrnrd ............ 204 
Equations have been developed t o  describe the average transmission per burst and the pulse shape of u burst 

An IBM-7090 computer program was 

The  method i s  appl icable to  any s l i t  shape which can be described i n  

A comparison w i th  a previous ana ly t i c  ca lcu lat ion for a 

Methods and procedures fo l lowed those o f  prev ious ly  reported U235 measurements. 

...................................................... 

o f  neutrons for a neutron chopper consis t ing of a ro tat ing wheel w i t h  s l i t s .  

wr i t ten to  solve the equations numerical ly. 

p iecew ise  segments by s imple mothematical expressions. 

spec ia l  case showed agreement t o  better than kO.1%. 

5-3. PULSED-NEUTRON MEASUREMENTS I N  BERYLLlUM 

E. G. Silver and G. desaussure ...... ............................................................ 21 5 
An attempt has been made to  ext  n ts  of neutron d i f fus ion parameters i n  

be ry l l i um to temperature regions between 25OC and -lOO°C, i n  order t o  ver i fy  publ ished theoret ica l  ca l cu la t i ons  

predic t ing large changes i n  t h i s  region. It was found that prev ious ly  unrecognized e f fec ts  retard establ ishment  of 
an equi l ibr ium spectrum, t h u s  changing the neutron decay from a s ing le exponential t o  a decay wEth cont inuously  

changing slope" The  present s i tuat ion prohib i ts  an assignment o f  unambiguous va lues to d i f fus ion parameters under 

these condit ions. Improvements to the t ime base analyzer used have permitted the determination of better va lues 

o f  prev ious ly  reported roam-temperature constants. An ex i s t i ng  disagreement between L ivermore and ORNL volues 

of  the d i f fus ion cool ing parameter remains unchonged after experiments w i th  L ivermore beryl l ium. 

5.4. A NOTE ON MEASUREMENTS O F  DlFFUSION PARAMETERS B Y  T H E  PULSED-NEUTRON 

G. desaussure ................................................... 223 
A poss ib le  cause for the d iscrepancies between various measurements of the neutron d i f fus ion cool ing con- 

The d i f fus ion cool ing constant must be  determined from the 

It i 5  

The ef fect  i s  i i i r e s t i -  

SOURCE TECWNlQUE 
............................................................................ 

stant by the pulsed-neutron technique i s  presented. 

measurement of the asymptot ic  decay constant of the neutron populat ion i n  sinall moderating assemblies. 

shown that under cer ta in  condi t ions t h i s  asymptotic decay constant may not be measurable. 

gated in some deta i l  for the case o f  beryl l ium. 

5.5. AN APPLlCATION O F  P l L E  NOISE ANALYSIS T O  MEASUREMENTS O F  K INETIC  

PARAMETERS OF A POOL-TYPE REACTOR 

.............. ........................................................................ M. N. Alarn, A, Colomb, and K. M. Henry 228 
An experiment to measure reactor k ine t i c  parameters such as neutron generation time, temperature and vo id  

coef f ic ients ,  etc. i n  a pool-type research reactor i s  i n  progress. The p lan i s  to u t i l i z e  the random neutron densi ty  

f luctuat ions w i th in  the core as reac t i v i t y  input s ignals  and from them to deduce the reactor transfer function. 

Assembly, construction, and tes t  o f  apparatus are essen t ia l l y  completed. Na  data h a w  been taken. 

6. NUCLEAR THEORY AND EACTOR PHYSlCS CALCULABI 

4.1. A NONLOCAL P O T E N T I A L  MOWEL FOR T H E  SCATTERING O F  NEUTRONS B Y  NUCLEI  

F. G. J. Perey and B. Ruck .................................................................................................................................... 237 
An energy-independent nonlocal  opt ica l  potent ia l  model for the e las t i c  scattering of neutrons from nucle i  i s  

proposed and solved numer ica l ly  in  i t s  f u l l  in tegro-d i f ferent ia l  form. The parameters of the potential,  obtained 

so le ly  from the f i t t i n g  of the experimental d i f ferent ia l  cross sections for lead at  7 and 14.5 MeV, were used un- 

changed t o  ca lcu late the e las t i c  d i f ferent ia l  cross sections, to ta l  and react ion cross sections, and polar izat ions on 
,..A. 
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elements ranging from aluminum to  lcod a i  vorious energies from 0.4 t o  24 MeV. The same parameters were used t o  

ca lcu late the %-wave strength function ond the ef fect ive scattering radius R :  I n  the usual notat ion the parameters 

ore reo1 potent ia l  V, 71 Mev; r, 1.22 fermi; n, 0.65 fermi; surfoce imaginary potent ia l  rt; 15 MeV; a, 0.47 feimi; 

nonlocal i ty  0, 0.85 fermi; spin-orbit  potentiol,  us ing the nucleon mass in the Thoi-nus form, use, 1300 MFW. CO~CU- 
la t ions were compared to  experiment over the whole energy runye, and the agreement w o s  found to  be cornpmable t o  

t o  publ ished energy-dependent loca l -potent ia l  results. 

6.2. AN AUTOMATIC PARAMETER SEARCH CODE FOR NUCLEAi3 REACTION C A L C U L A T l O N 5  
F. G. J. Perey and B. Buck ...................................................................................................................................... 250 
The  invest igat ion of the app l i cab i l i t y  of any phenomenological model of a nuclear reaction depends to  a large 

degree on the a b i l i t y  to f ind thot region of parameter space which w i l l  give die bcst  agreement w i th  experimental 

data. As  models become more complex or are extended to  cover a wider range of experimental data, the increase i n  

the nuinbei of parameters precludes a systematic invest igat ion of the parameter space. A f lexible, outomatic 

paruiiieter search code has been wr i t ten for the lBM-7090 computer which w i l l  automat ica l ly  ad jus i  any combination 

of up to  15 parameters siniultaneously to achieve the bcst  agreement, i n  the least-squores sense, w i t h  the experi- 

mental data. The code has been applied successdully to the ca lcu lat ions described in Sections 6.1 and 6.2 of  th is  

report. An example of such on appl icat ion i s  given. 

6.3. THE CALCULATION QF INELASTIC SCATTEW%NC; CROSS SECTIONS 

B. Buck 254 ........................................................................................................................................................................ 
It has become ev ident  in  recent years that many ine las t i c  scot te i ing processes cannot be expla ined satis- 

factor i ly  on the bas i s  o f  the compound nucleus theory. The Distorted-Wove Born /?ppioximation, a d i rect  in teract ion 

theory approach, g ives a good account of many ine las t i c  reactions but breoks down when the in teract ion strength i s  

not small .  A strong-coupling theory has therefore been examined by construction of a p i l o t  ca l cu la t i on  to invest i -  

gate the strong coupl ing of two nucleor levels, spec i f ica l ly ,  a ground state O'and a f i r s t  exc i ted state 2'. Coded 

for the IBM-7090 computer, the ca lcu lat ion g ives the to ta l  absorption cross section, the to ta l  i ne las t i c  c r o s s  sec- 

tion, and the e last ic  and ine las t i c  d i f ferent ia l  cross sections. I f  the incident par t ic les are neutrons, the to ta l  

nucleor and to ta l  e las t i c  cross sections ore also obtained. 'The code i s  operating successful ly, and the resu l t s  

obtained to  date appear to show good agreement w i th  avai lab le comparison data. 

6.4. THE TDC PERPUBEIATBON CODE 

W. E. K inney and G. E. Whitesides .......................................................................................................................... 258 
A Fortran code has been wr i t ten to  coinpute material reploceineni coef f ic ients  of reac t i v i t y  and neutron l i fe -  

t imes by perturbation theory. F luxes  from TDC, a two-dimensional, cy l i nd r i ca l  ( r ,  z) geoinetry, trnnsport theory 

code, are used. The equation for the fract ional change i n  the mu l t i p l i ca t i on  constant i s  given, input parameters 

are detailed, avai lab le output options nre noted, and o sample poge of output i s  shown. F ina l l y ,  a graphical com- 

parison of code resul ts  with experiment i s  shown, and a neutron l i fe t ime computed by the code i s  compared w i t h  an 

expesiriicntolly deterniined l i fe t ime i n  a s imi lar  but not  ident ica l  fast  assembly. 

6.5. fSBPER!METRBC AND OTHER INEQUALITIES I N  TFIE THEORY OF NEUrKON TRANSP O R 7  
L. Dresner .................................................................................................................................................................... 261 
Some isoperimetric and other inequal i t ies  related t o  the one-velocity theory of neutron transport huve been 

derived. 

6.6. SOME R E M A R K S  ON THE EFFECT OF A NQNUNIFQWM TEMFERATURE DISSRISUTIOM b?N 

T H E  T E M P E R A T U R E  DEPENDENCE OF RESONANCE AB508;'P TlOM 

L. Dresner ............. 26 1 ....................................................... ...... .... ......... ..... 
The in f luence of a nonuniform temperature d is t r ibut ion on the absorption of neutrons in  a purely absorbing 

resonance of an iso lo ted lump has been studied. It i s  shown that in  pract ica l  s i tuat ions the absorption depends 

o n l y  on the average temperature in the lump. (Abstract only) 

6.7. NUMERICAL CALCLlLATlON OF SHE EVAPORATION OF PARTICLES FROht EXCITED 

COMPOUND NUCLEI 
........... .......................................................................................... 262 

A Monte Car lo  program for the IBM-7090 has been wr i t ten to analyze the evaporation of various nuclear frag- 

ments from highly  exc i ted compound nuc le i .  Only the emiss ion of neutrons, protons, deuterons, tr i tons, I4e3 

nuclei,  and alpha par t ic les i s  considered. 

X 
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7. REACTOR SHIELDING RESEARCH 

7.1. ENERGY AND ANGULAR DISTRIBVTlONS OF NEUTRONS PENETRATING SLABS OF DlFFUSIN6  

MEDIA. P A R T  I: ENERGY SPECTRA 

V. V. Verb insk i  ........................................................................................................................................................... 265 
Measurements o f  t he  spectra of neutrons through a medium of l i thiurn hydride have inc luded the fo l lowing:  

leakage spectra from a s lab  o f  t he  material as a funct ion o f  slab th ickness and angle of escape, scalar f lux  spectra 

w i t h i n  the slab as a funct ion of posit ion, and spectra of the forward-directed component of neutron f lux  from the 

bottom of a re-entrant ho le as o funct ion of the material th ickness.  The energy range of the measurements was from 

about 0.01 ev  to  several hundred electron volts. The resul t ing experimental energy spectra i n  general agree w i th  

NIOBE ca lcu la t i ons  above 0.08 ev, the disagreement be low t h i s  energy being attr ibuted t o  the use of free-atom 

cross sections in the calculat ions; they a lso agree w i th  OSR calcu lat ions except that the ca lcu lated curve r i ses  

above the measured curve below about 10 ev. Both the experiments and the ca lcu lat ions show that  the neutron f lux 

at ta ins low-energy spectral equi l ibr ium in a poisoned, hydrogenous medium after remarkably small  penetrat ion 

depths. I n  addi t ion to  the d i rec t  comparison of  the ca l cu lo t i ons  and experiments, the f lux gradients from the !4lOBE 
calcu lat ions have been used to re la te the neutron f lux leak iny from a re-entrant ho le in l i th iurn hydr ide t o  the 

scalar f lux  at  the bottom of the hole by a recent ly  derived expression. 

7.2. ENERGY AND ANGULAR DISTRIBUTIONS OF NEUTRONS PENETRATING S L A B S  OF DIFFUSING 

MED9A. PART I!: ANGULAR DISTRIBUTIONS 
V. V. Verb insk i  ................ ..................... .......................................... 278 
Angular d is t r ibut ions o f  low-energy neutrons emerging from s labs have been measured for the fnl lowing media: 

(1) a non-slowing-down medium wi thout  capture (lead), (2) 0 non-slowing-down medium w i t h  capture ( lead poisoned 

............................................. 

....... . . .  w i th  B,C), (3) a slowing-down medium w i th  weak capture (water), (4) a slowing-down medium w i t h  intermediate c a p  

ture (baric ac id  solution), and (5) slowing-down media w i th  strong capture (methyl borate -t methanol 0nd l i t h ium 

hydride). The resu l t s  for media 1 and 2 ayree w i th  an analy t ica l  expression given by Case, de Hoffman, and 

Placzek, and those for media 3 and 4 w i th  on expression der ived by Fermi. The  resu l t s  for media 5 have been 

found to agree w i th  a NlOBE code ca lcu lat ion except  i n  the reg ion below 0.1 ev  where the free-atom cross sect ions 

used i n  the ca lcu lat ion are inval id. Bo th  the  rneosurements and the ca lcu lat ions ind icote that the emergent angular 

d i s t r i bu t i ons  o f  low-energy neutrons at ta in  equi l ibr ium after a few centimeters of penetrat ion for a hydrogenous 

medium w i t h  intermediate or strong capture. 

7.3. MONTE CARLO CALCULATiON O F  NEUTRON R E F L E C T l O N  FROM WATER 
D . K . T r u b c y  ............................................................................................................................................................. 288 
Neutron h i s to r i es  generated by the 05R code hove been processed to  y ie ld  values of both the number and the 

energy re f l ec t i on  coe f f i c i en ts  (albedos) for a 10-in.-dia monoenergetic beam of neutrons inc ident  on a 42-in.-dia, 

6-ft- long cy l inder  o f  water. F i v e  source energies, ranging from 0.5 to 8 Mov, were considered and ca lcu lat ions were 

made both by s ta t i s t i ca l  est imat ion and by onolog methods. The resu l t s  show good agreement w i th  prev ious ly  re- 

ported ca lcu lat ions u t i l i z i n g  s imi lar  assumptions concerning cross sections. 

7.4. T H E  CONDITIONAL MONTE CARLO METHOD A P P L l E D  TO NEUTRON SCATTERING IN AIR 
W. E. Kinney and R. R. Coveyou .............................................................................................................................. 295 
The app l i cab i l i t y  of the condi t ional  Monte Car lo  method t o  the ca lcu lat ion of neutron scattering in  a i r  has 

been evaluated by comparison w i t h  analog Monte Car lo  age theory, and “moments” >nethod ca lcu lat ions.  Three 

forms o f  the funct ion / (p) ,  which appears in the weighting factor for the condi t ional  method, were tr ied -. a c o l l i -  

s ion age form, a group age form, and an exponential form. Computations of c o l l i s i o n  densi ty  as o funct ion of radius 

by the various methods show a general fa i lure of the condi t ional  Monte Car lo  method as higher orders of c o l l i s i o n  

are approached. Analog Monte Car lo  results, on the other hand, appear to agree w i th  moments method ca lcu lat ions 

t o  d is tances of “,8 mean free paths, and age theory resul ts  become va l i d  after about 12 co l l is ions.  
>....x.. . 

X i  



7.5. MOMENTS METHOD AND N l O S E  CALCULATIONS OF NEUTRON PENETRATION IN  Be, BeO, 

LiM, AND OTHER MATERIALS 
H. Goldste in  ................................................................................................................................................................ 299 
A study of  neutron penetrat ion i n  various reactor and sh ie ld  materials has been carr ied out by NDA on sub- 

contract w i th  the Laboratory. The program consis ted of  extens ive Renupak (moments method) and NIOBE code 

ca lcu lat ions for Be, BeO, and L i H  and some addit ional ca lcu lat ions for D 0, Fe, tl 0,  and C. In addition, a few 

coniputotions were carr ied out for spec i f ic  shield configurations. A l ihough the analyses are incomplete, i t  i s  ex- 

pected that the data on Re and BeO, which includes information on ages, fast effects, f lux  spectra, and neutron 

dose, The ca lcu lated ages for B e  

and B e 0  are 69 c m 2  and 89 cm2, respectively. 

2 2 

w i l l  provide a de f i n i t i ve  p ic ture of  the neutron penetrat ion i n  these ii iaterials. 

7.6, A RECALCULATIQN OF THE GAMMA-RAY ENERGY SPECTRUM OF T H E  B U L K  SHIELDING 

R E A C T O R  I 
G. T. Chapman ............................................................................................................................................................ 304 
New ly  avai lab le captu iz  gamma-ray datc and a more coinplete prompt-fi ssion gamma-ray spectrum have been 

u t i l i zed  to  recalcu late the gomma-ray spectrum o f  the  BSR-I. I n  general the procedure fol lowed that o f  previous 

ca lcu lat ions.  The  resul ts  of the ca lcu lat ion show essent ia l  agreement w i th  previous estimates and a strong d is-  

agreeirrent w i th  experimental measurements, although the reseniblance i n  shape is improved. 

7.7. E X P E R l M E N T A L  VERBFBCATlON QF A GEOMETRICAL SHIELDING TRANSFORMAYION 

L. Jung, F. J. Muckenthaler, J. M. Miller, and J. K. Grant .................................................................................. 310 
The geometrical transformation enabling dose rate due to a large d i sk  to be inferred froin data obtained w i t h  a 

smaller d i sk  i s  being experimental ly tested at  the LTSF. Therinal-neutron f luxes from source d i sks  w i t h  diameters 

of  7, 9.33, 14, and 19.80 in., which were simulated by cadmium i r i ses  placed adjacent t o  the 28-in.-dio LLI-SF 
source plate, ore being measured and compared to  predic t ions based on standard transformations. The experimental 

work i s  coinplete, and the analys is  i s  i n  progress. 

7.8. A GENERAL-PURPOSE MONTE C A R L O  GAMMA-RAY C O D E  
5 .K .Penny  ................................................................................................................................................................. 314 
A general Monte Carlo code i s  being wr i t ten for the purpose of studying the transport of garniila rays. It i s  

presently being “debugged” on the IBM-70YO computer. 

7.9. THE DfFFERENTI.4L ENERGY AND ANGULAR SPECTRA OF; NEUTRONS FROM A POINT 

ISOTROPiC S O U R C E  IN LNFiMIPE GEQMEBRY 
1-1. E. Stern, R. E. Maeiker, and D. K.  Trubey ........................................................................................................ 314 
The Monte Carlo technique of s ta t i s t i ca l  est imat ion has been applied to  the ca lcu lat ion o f  d i f ferent ia l  energy 

source of  neu- 

A comparison of the resu l t s  w i th  inornents  method 

ond angular spectra, angulnr co l l ided dose rutes, and to ta l  dose rates from a point isot rop ic  8-Mev 

trons i n  an i n f i n i t e  medium of  hydrogen of  density 0.111 g/cm3. 

data shows reasonable agreement for source-detector separation d is tnnces of up to 60 cm. 

7. TO. DES1GN O F  A WlNDOW FOR A HQT CELL. 
J. M. M i l l e r  a n d  F. J. Muckenthaler ........................................................................................................................ 318 
Prel i ininary experiments leading to  the design of n hot c e l l  window for the Transuranium Processing F a c i l i t y  

have been completed a t  the L i d  Tank Shielding F a c i l i t y  (LTSF).  Neutron removal cross sections were measured 

for two commercial ly ovoi loh le y lasses and compared to ca lcu lat ions based on analyses of the glasses. The com- 

mercial glasses were mocked up w i th  ordinary plate g lass and lead slabs to  g ive an equiva lent  neutron removal 

cross section, and these mockups were then used in various configurations w i th  water i n  order to  opt imize the de- 

s ign o f  the window. O i l  w i l l  be used instead of  water i n  the octual  window. A fu l l -sca le mockup of the design 

resul t ing from the prel iminary experiments i s  now being tnsted a t  the L - I S F .  
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8. SHIELDING AGAINST HIGH-ENERGY RADIATIONS 

8-1. INTRANUCLEAR CASCADE CALCULATION 

........................................................ H. Ber t in i  .................................................................................................. 323 
The  completion of a prev ious ly  described Monte Car lo  program intended to  ca l cu la te  the types, energies, and 

d i rect ion cos ines of the cascade pa r t i c l es  resu l t i ng  from the in teract ions of  high-energy pa r t i c l es  inc ident  on com- 

p lex nuc le i  has been delayed by var ious d i f f i c u l t i e s  due t o  machine changes, etc. A new sampling technique has 

been subst i tu ted for the scheme o r ig ina l l y  used, e l iminat ing a need for us ing estimnted average cross sections, 

Some prel iminary problems, encompassing i nc iden t  proton energies of from 82 to 426 MeV, have been run and are 

compared w i t h  ava i l ab le  experimental data. 

8 , L  EXPERIMENTAL SPACE VEHICLE SHIELDING PROGRAM 

W. A. Gibson, W, R. Burrus, and T. A. L o v e  .I ...... ................... ........................ 325 
In order to invest igate the problems involved SP e from the n s  found in the Van 

A l l en  be l t s  and solar emissions, an experimental program has been in i t ia ted to study the secondary pa r t i c l es  em- 

erging from shie lds bombarded by high-energy protons from cyclotrons. Intensity, angular distr ibution, and spectral 

measurements w i  1 1  be undertaken on the secondary neutrons, protons, and gamma rays. Dosimeter measurements 

w i l l  a lso be made. In  order t o  cover the energy 

range from 50 to 700 Mev, cyc lo t rons at  d i f ferent  laboratories w i l l  be used. 

8.3. E L  ECTRON-PHOTON CASCADE SHOWERS 

The instrumentation for the neutron measurements i s  discussed. 
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1.1. THE REACTIVITY EFFECT OF AN AIR-F!LLED CAVITY W~~~~~ 
k CRITICAL ASSEM 

E. B. Johnson 

A previous investigation’ of the effect of ai r  voids on the reoctivi ty of pool-type reactors indicated 

that pos i t ive vo id coeff icients ex is ted i n  the over-moderated rod wel l  of a Bulk Shielding Reactor I con- 

trol-rod element central ly located i n  a cr i t ica l  core, In these measurements the air volume was defined 

by an aluminum box attached to an aluminum posit ioning tube. Since the presence of the nlwminum changed 

the metal-to-water ratio in the core, the measurements have now been extended t o  include reactivi ty effects 

of  an air volume defined lay a Luc i te  (methyl methacrylate) box. 

For these ineasurements, on array of BSR-1 fuel elements similar to that used in  the earlier work war 

loaded in  the Pool Cr i t i ca l  Assembly (PCA) os shown in  Fig. 1.1.1. The test  c e l l  was a standard control- 

rod element locoted in  grid posit ion Dd, essent ia l ly  in the center of the core. A Luc i te  box enclosing an 

air volume o f  5 in.3 (4 in. long, 2 in. wide, and in. th ick)  was positioned at various locatic~ns above and 

below the horizontal midplane of the fuel by 0 Luc i te  rod. The vert ical traverses were mads wi th  the plas- 

t i c  box f i l l e d  wi th  air and again wi th  the box f i l l e d  wi th  water. The changes in Feactivity observed during 

each of these traverses are plotted as functions o f  the posit ion of the center l ine of the box re la t ive to t h e  

center l ine of the fuel in Fig. 1.1.2. Also shown i s  the difference curve representing the effect od the a i r  

volume alone. For comparison, the difference cwrve obtained during the earlier experiment i s  also shown. 

Although the Pwo curves dif fer in  magnitude, bath indicote the existence of a pos i t ive vo id  coeff icient o f  

,$FF 

’K. M. Henry, E. B. Johnson, arid J. D. Kington, Applied Nuclear P h y s .  Ann. Prog. Rep. ,  Sept, 10, 1956. ORNL- 
2081, p. 10. 
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reactivi ty around the neactiss center l ine in  the control-rod well .  The disagreement in  shape between the 

two difference curves, however, i s  not readi ly explainable. 

The largest single source of uncertainty in  these data i s  that due t o  the error in the delayed-neutron 

data of Keepis.' used in the inhour equation to compute reactivi ty. Th is  error is given as +3.2%. Random 

errors in per iod measuremwfs (+%) and the uncertainty i n  the appropriate ef fect ive delayed-neutron frac- 

t ion (+2,5%) res l j l t  in B probable cumcrlcsted errof of -, +5% i n  the present measurements. 

'G. R. Keep!n, T. F. Wimett, and 2. K. Ziegles, J .  Nuclear Eng,  4, 1 (1958). 

The ORNL High Flux Isotope Reactor (HFsRj,  a beryl lium-reflected, water-moderated plate-type re- 

actor, i s  t o  be enclosed in a water-f i l led steel pressure shell, and the major portion of the nuclear in- 

4 
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< .  

strumentation will be located outside the shell. '  

in predict ing the performance of instrumentation in such a location, measurements of the attenuation of 

thermal neutrons and gamma rays from the Pool Cr i t i ca l  Assembly (PCA) by successive thicknesses of 

beryllium, water, and iron have been completed. 

In order t o  ass is t  the Instrument and Controls Div is ion 

The reactor configurations which were used are shown in Fig. 1.2.1. The fuel elements were arranged 

in as c lose an approximation t o  the proposed cy l indr ica l  geometry of the HFlR as was possible wi th  BSR- 
type elements in a cr i t i ca l  array. Beryl l ium oxide ref lector elements were used on twa sides of the fuel 

-- 
'y. E. Cole, High Flirx Isotope Reactor - A General Descript ion,  ORNL-CF-60-33-33 (March 15, 1960). 

33-A 
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Fig. 1.2.1. Loadings Nos. 33A, 338,  and 33C of the  Pool Critfcal Assembly. 
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region to prevent direct radiat ion from the core from reaching the detectors. ‘Three dif ferent thicknesses 

o f  beryl l ium ref lector were used across. the south face of the fuel region. The primary interest was in  

1-oading No. 33C, which had three rows (-9 in.) of beryllium, since th i s  was the thickness speci f ied for 

the HFlR reflector; however, in order to  determine the ef fect  of the beryl l ium thickness on thermal-neutron 

and gamma-ray attenuation, measurements were also made w i th  two rows (Loading 33B) and one row ( b o d -  

ing 33A) of beryllium. Thermal-neutron f lux and gamma-ray dose-rate ineasurements were made i n  the pool 

water behind each of these configurations. In addition, the thermal-neutron f lux  W Q S  measured th rough the 

beryl l ium layer and into the fuel region with cal ibrated gold foi ls. 

attenuation curves, an iron slab 3 in. th ick and 4 f t  by 3.5 f t  in area w a s  posit ioned 25.75 in. f rom the 

south face  of the beryl l ium of Loadings 33B and 33C i n  order to  determilie the effect of the presence of 

the HFlR pressure shell on radiat ion levels. A l l  measurements were mode along the north-south center 

line of: the reactor. 

Fol lowing the completion of the water 

The thermal-neutron f lux in  water  was measured w i th  u small spiral UZ3’ f iss ion chamber. The re- 

sult ing curve was normalized to  the f lux measured at three posit ions wi th th in U235 foi ls, which were 

prepared and calibrated by T. V. Blossere2 Since it w a s  considered unnecessary to deterwine the into- 

grated power level o f  the reactor, a l l  measurements were arbitrari ly adjusted to dth = 1.0 at the fuel-  

reflector interface. 

The gamma-ray dose rate was measured with a cal ibrated 50-cc spherical ionization thainber3 which 

was positioned a t  known distances from the reactor. 

it was necessary to measure the background attenuation curve for each ref lector configuration wi th the  i e -  

actor shut down and to  subtract th is curve from that obtained wit11 the reactor cr i t ical .  

Because of the relat ively high pliliflo-rGy background, 

The thermal-neutron f lux is plotted in Fig. 1.2,2 as a function of distance from the fuel-refleeto: inter- 

face. The slope of the curves became progressively smaller as the beryl l ium thickness was reduced, ap- 

proaching that of the curve measured from a BSR water-reflected l o a d i n c ~ . ~  The r ~ u t r o n  f lux measured be- 

hind the iron slab showed Q moderate increase over that rncosursd without the slab ai-id a somewhat steeper 

slope. 

The errors associated with these data are primari ly due t o  an uncertainty o f  about 15% i n  the thermal- 
~ 2 3 5  neutron f lux a t  the core-reflector interface. The probable error i n  the f lux  measured with the .thin 

foils, to which the f iss ion chamber data was normalized, i s  not greater than t2%. 

It should be noted that the  -5% uncertainty in  tlie thermal-neutron f lux in  effect simply s h i f t s  all data 

upward or downw~rd .  The internal consistency of the ineasurem~nts,  however, i s  essent ia l ly  good; thus 

the shapes of the curves are rel iable w i th in  narrow l imits. 

The gamma-ray dose rate i s  plotted in Fig. 1.2.3 as a function ob: distance from the fuel-reflector in- 

terface. These curves were i-iormo0ized by t h e  same factor (IS that required for the corresponding thermal- 

neutron attenuation curves. The gamma-ray attenuation frorn a water-reflec;cd reactor4 (BSK Loading No. 

2- 

3J. D, Kington rand R. K. Abele, Appl.  Nuclear  P h y s .  Ann. Prog. Rep . ,  Sept.  1, 1957,  ORNL-2389, p. 260. 

4F. C, Moienschein et nl., Atteniirrb?on i n  Wales o/ R a d z a t t o ~  /rom the  Bulk Shzeldtng Keartor: Meayurements o/ 

I .  V. Blosser, unpublished work. 

the Garnma-Rqc Dorp Rate Fast-Neutron Dose Rate  and I‘hermul-Neutron Flux,  ORNL -2518 ( J u l y  7, 19533. 
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- 
33) i s  also shown for reference. It  w i l l  be noted that the slopes of these curves are essential ly the same 

and that the magnitudes increased s l ight ly  as the beryl l ium ref lector thickness was reduced. The introduc- 

t ion of the iron slab resulted in a reduction in  dose by a factor of about 7.5 a t  120 cm and a sl ight hardening 

of the spectrum behind the iron. 

The errors associated wi th  these data are due to the previously noted uncertainty of about 5% in the 

thermal-neutron f lux a t  the fuel-reflector interface and to  a probable error of about +5% in the measured 

dose. 

The fact that the magnitudes of the measured doses from the water-reflected core (BSR Loading 33) 
and the beryll ium-reflected loadings are different i s  not surprising because the leakage flux from the two 

cores was obviously not the same. 

1.3. TOWER SHIELDING REACTOR II ~ ~ ~ ~ ~ T ~ O ~  AND CALlBRATlON 

L. B. Holland D. R. Ward J. Lewin  
V. R. Cain J. H. WiIson' J. L. ~ u l l  

Preliminary experiments with the Tower Shielding Reactor II (TSR-II) have previously been described,' 

During the past year the completely assembled reactor, including control systems and cool ing systems, 

has been checked out, and the reactor i s  being operated a t  powers to 100 k w  (thermal) on a 24 hr  per day 

basis. The reactor has been used wi th  no shield external to the pressure vessel, wi th  an asymmetric 

shield for measurements required by the now-abandoned Aircraft Nuclear Propulsion program, and wi th  

two nesting, lead-water shields (designated as COOL4 and COOL-ll) designed to provide spectrum 

changes for experiments reported e l  ~ e w h e r e . ~  

During the operation of the reactor, power l inearity has been improved, a comparison technique has 

been developed to  measure absol Ute reactor power, and studies leading t o  improved coolant circulat ion 

have been carried out. 

.-. 

Power L inear i ty  

For a reactor system which i s  to be used as a source for shielding studies, it i s  important that the 

relat ion between the actual power generated wi th in  the reactor to the power reported by the reactor in- 

strumentation be l inear over the entire range of useful powers. Three aspects of th is  problem have been 

studied during operation of the TSR-II. They are separately discussed below. 

~ ~ ~ ~ a t j n ~  Rod Position. - The power leve l  in the TSR-II i s  routinely he ld at  a predetermined value 

by manual or servo rod adjustments based on the current output o f  neutron-sensitive ionization chambers 

located wi th in  the pressure vessel. Because of their location, these chambers cannot be calibrated. Other 

--I-._--- 

'On loan from Lockheed Aircraft Company, Marietta, Georgia. 

*Le 5, Hol land et al,, Neutron Phys .  ATIY~. Prog. Rep. .  Sept. 1, 1960, ORNL-3016, p.. 42. 

3Section 1,4 of this report. 
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calibrated ionization chambers are positioned at n f ixed distance from tho reactor and monitor the leakage 

radiation from the reactor shield. During the f i rs t  series of experiments perfsrrrted w i t h  the TSR-11, varia- 

t ions i n  leakage were  noted from run to run, even though the reactor was supposedly a t  the same power. 

Measurements were then made of tlie leckags radiotion as a function o f  regulating rod position, with the 

results shown in  Fig. 1.3.1. 
by s h i n  rod adiustinent as the regulating rod position was changed. A total o f  0.178 in. movement of the 

shim rods ~ a s  required for a change in the regulating rod posit ion of 1.6 in. 

of regulating rod posit ion on leakage f lux sterns from the rod location wi th in  the reactor, since i t  depresses 

the flux in  the core region nearest the ionization chambers which set the reactor pownr level. Variat ion i n  

shim rod posit ioi i  should not produce such effects. 

i s  now routinely held in  the range of 0.9 to  1.1 in. withdrawn from the core. Th is  confines t h e  vnriation i n  

leakage to  f 1.0%. 

In obtaining these data the reactor power was maintained ut a nominal 10 kw 

.- 
i he evident st rong influence 

-_ 
I Rerefore, whi le datu i s  being taken, the regulating rod 

UNCLASSIFIED 
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REACTOR REGUL ATlNG ROD POSITION (in.) 

Fig. 1.3.1. Lookage Flux from the  TSR-li In Cool48 Shield os o Functlon of Regulating Rod Positlon. 

Instrument Modification., - A second source of d i f f i cu l ty  in  obtaining power linecrity W Q S  a lso  dis- 

coverzd in e ~ r l y  experiments wi th  the TSR-II. Th is  d i f f icu l ty  was due to  the nonlinear response of the 

micromicroammeter in  the instrumentation channel control l ing the reactor power. 

of +5,5% were observed. The manufacturer's specif icat ion had claimed an accuracy of f2% on ranges 

n b v e  10"' amperes and 54% on lower ranges, both values being somewhot high for satisfactory use in 

tlic piesent application. Modifications have bean made to  th is  instrument which have resulted in reducing 

the nonlinearity error to less than 11%- The performance of the instruiiient before and after modification 

i s  compared i n  f i g .  1.3.2. 

Variations of t h e  order 
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Gamma-Ray Compensation of Ionization Chambers. - For a f iss ion source the gamma-ray decay at  re- 

actor shutdown differs from the neutron decay. It is therefore important that the ionization chambers which 

control the reactor power leve l  be insensit ive to changing gamma-ray f ields. In  the TSR-II the effect of 

gamma rays i s  reduced by the placement o f  12 in. o f  lead between the core and the chambers. The gamma- 

ray compensation of the chambers was checked by placing detectors t o  monitor the leakage radiation from 

the reactor and increasing the reactor power in steps from 2 watts to 100 kw, then returning it to 2 watts 

in similar steps. Had any signif icant gamma-ray effect existed, the monitors would have shown a di f -  
ference in the leakage level observed for any pair of up versus down steps. Since the leve ls  remained 

the same, it i s  concluded that the 12-in. lead protection i s  adequate for operation a t  powers below 100 
k w. 

Power Calibrat ion 

Principle of Calibration. - The absolute power determination for the TSR-II at i t s  design power of 

5 Mw w i l l  employ the conventional method of measuring the rate of cool ing water f low and i t s  tempera- 

ture r i se  as it f lows through the reactor. Heat losses can be calculated and the power determined from 
- 
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the corrected data. 

lend i t se l f  to the above method. A technique was therefore developed in  which the rate of heating o f  the 

wuter i n  the pressure vessel a t  a nominal reactor power of 40 kw i s  compared t o  the rate of heating by an 

electr ic heater rated at 40 kw. The electr ic power input to the heater can be measured acciirately, and i f  

losses are minimal the change in system temperature as a function of t ime i s  directly rs lated to the power 

input by P h  = I< d?’/dt. Since the system constants, except for losses, are essent ia l ly  the same for heating 

by the reactor, the reactor power i s  related t o  the heater power by 

The present operation of the TSR-II a t  powers less than 100 kw, however, does not 

where the subscripts T and h identi fy reactor and heater terms. 

111 practice, i f  environmental conditions are held ident ical  for the two heatings, the only losses which 

need be considered are electr ical  l ine loss and heat loss f rom the water as i t  moves from tha r lec t r i c  heater 

to the reactor core. L i n e  loss can be calculated, and heat loss can be minimized by proper choice of water 

flow rates. To further reduce possible error, the comparison between tempetature changes in the system due 

to electr ic and reactor heat, respectively, i s  made at the temperature where the heat gain from pumping powet 

i s  equal to the heat loss from the system. 

Physical Arrangement. - The physical arrangement for the cal ibrat ion i s  diagrammed in Fig. 1.3.3. The 

water cool ing system and the shim pump l ines are disconnected from the reactor. A gasoline rnotor-driven 

pump is connected so that it w i l l  take water from the reactor outlet at a rate of 200 gpm and circulate it 

through a ?40-v, three-pliase electr ic heater rated a t  40 kw and thence into the reactor pressure vessel. A 
portion of the discharge from this pump i s  G I S O  fed to two Roth turbine pumps, connected i n  parallel, which 

supply high-pressure water to operate the shim-safety rods. Copper-constantan thermocouples are placed 

in  the reactor ex i t  lines and in any shields placed around the reactor. Ammeters, voltmeters, and watt- 

metzrs, a l l  standardized, are connected to measure the power input to the heater, and a recording watt- 

meter i s  included to  detect possible power changes occurring hetween readings on the standardized in- 

struments. 

Pscced~~m,  - Wafcr, usual ly taken from the reactor pool, i s  f i r s t  flushed through the modif ied system 

unt i l  a desired temperature, we l l  below ambient, i s  reached. The ex i t  standpipe valve i s  then opened and 

the water al lowed t o  drnin to the level of the valve, a procedure which ensures that exactly the same VOI- 
U M ~  of water i s  contained in the system far a l l  cal ibrat ions. The valve i s  then closed. 

The water i s  then electr ical ly heated, wi th both c i rculat ing pump and shim pumps running, unt i l  an 

equil ibr ium temperature is found such that the heat input from the pumps equals the losses from the system 

Th is  temperature is noted, and the system drained and re f i l l ed  w i th  cool water to  begin the cal ibrat ion run. 

Before stui t ing a hcater or reactor run, p u ~ i p i n g  i s  begun and measurements are made o f  the water tem- 

perature C I S  a function of time, in sider +o verify that the heat input from the pumps is  approximately correct. 

‘Then the heater i s  turned on, the electr ical  power input to  the heater i s  monitored, and  thermocouple read- 

ings are made a s  a function o f  time. When the water teiiiparature exceeds the previously noted equil ibr ium 

12 
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... 
temperature by * IFF, the heater  i s  shut off  and the heat  loss from the system i s  fo l lowed a s  a function 

o f  t ime long enough to de tec t  any abnormalit ies.  
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Fig. 1.3.3. Functional Arrangement for Heat Power Callbrotion of the TSR-I! at Low Powers. 
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The system i s  then flushed arid the run repeated wi th  the reactor operating. During the reactor run the 

regulating rod i s  held in  the range from 0.9 to 1.1 in. to minimize the effect of variat ions i n  i t s  posit ion on 

reactor power, us discussed previously. The reactor normally i s  suspended 6 f t  above the ground. Cal i -  

brated ionization chambers are placed at a f ixed distance from the reactor to observe the change in radia- 

t ion leakage a5 the temperature of the water in the system ~ ~ C T ~ Q S I ? S .  

The norninal power of the reoctor may d;ffer from the actual power determined by the cal ibrat ion run. 

An adjustmcnt i s  then made upon the demand sett ing of the SWYO amplif ier to give the desired power, wi th  

the change in  leakage observed hy the monitors being noted to  ensure that the change i s  made corrcctly. 

The reactor power is  calibrated in  the above rnananer at the beginning and near the end o f  a particular 

experiment or whenever the reactor sh ie ld  i s  changed. The power may be checked at any time by replacing 

the reactor in  the posit ion whew the calibration runs were rncrdc and checking the leakage rodiation with 

the monitor chambers. 

The neutron leakage decreases l inearly wi th  system temperature increase during a cal ibrat ion run, as 

shown in  Fig. 1.3.4. 
number of thermal neutrons to reach the ionization chambers control l ing the reactor power, an effect w h i s h  

can be calculated, Since the per cent change in leakage i s  the scirne as the per cent change in the calcu- 

lated number of thermal neutrons reaching the ionization chamber, the observed leakage change can be 

assumed to  ref lect an actual power change. The curve  of Fig. 11.3.4 can therefore be used to  correct 

the power readings when the reactor i s  operated nt temperatures other than the cal ibrat ion temperature. 

Because of decreased water density, an increase in  temperature permits a greater 

U NCLASSIFIFD 
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The system temperature can be maintained at  a selected temperature by a servo system, SO that there 

w i l l  be no power variations due to  temperature change during a run. 

Results. - Figure 1.3.5 presents typ ica l  results from a cal ibrat ion run wi fh  the TSR-II placed wi th in  

the Cool-ll shield.3 The thermocouple readings, in mil l ivolts, are plotted as a function o f  t ime for both 
heater and reactor runs. Tangents have been drawn t o  both curves at the pump-heat-heat-loss equil ibrium 

temperature (Q 1.8 mv) and show that the slopes of both curves (dT /d t )  are essential ly the same. Usually 

two or more reactor runs are required t o  determine the reactor power demand sett ing that  w i l l  result in  such 

close agreement in the slopes of the reactor run and heater run curves. Once the demand setting has been 

fixed, however, repeated runs agree wi th in  +2%. In  the cal ibrat ion run shown, the heater power found by 

electr ical measurements was 34.4 kw. Since the rat io  of (dT/Jt)!, and (d?’/dt)? in th is  example was unity, 

the reactor power was a lso 34.4 kw a t  the equil ibr ium temperature of 1 IFF. 
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Fig. 1.3.5. Temperature of Water in the  TSR-It as a Function of T i m e  Durlng Heat P o w e r  Calibratlon with Cool-ll 

Shleld. 

Eirors. - The optimum arrangement for the comparison method of  measurement would be to  replace the 

fuel elements wi th  the heater and run under identical condit ions for both the heater and the reactor. Since 

this i s  obviously impossible, the heater is connected a s  c lose to the core as practical, and runs are then 

made under condit ions o f  temperature, wind, t ime of day, etc., as nearly the same as possible. 
- 
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The slopes of the temperature versus time curves are measured a t  that temperature where the heat in- 

put from the punips equals the heot losses froni the system. Therefore, no losses need be considered ex- 

cept heat l o s s  between the electr ic heater and the reactor, Th is  loss i s  minor, since the 200-gpm f low 

rate and the 35-kw operating power combine to  raise the temperature of the water passing through the 

heater less than 2OF above the system temperature. Nevertheless, the piping between the heater and the 

core i s  wel l  insulated os a precautionary measure, Measurements o f  the electr ical  power input to  the 

heater are made with instruments having an accuracy o f  k% of fu l l  scale. Considering the accuracy o f  

the measurements and the possible hsat losses, the heat input t o  the system i s  probably known t o  better 

than +0.5%. 

Since the important quantity i s  the slope of the temperature versus t ime curve, i t i s  not necessary 

that the accuracy of individual thermocouple readings be better than +0,5%. The thermocouples are 

calibrated at 32OF and 212OF before each run. Experience has shown that the slope of the temperature 

versus time curve can be determined to  *2% with the number of readings usually taken. 

After taking into consideration the possible error in  power level  resul t ing from regulat ing rod posi- 

t ioning (f I%), the accumulated error in  the power cal ibrat ion at equi l ibr ium temperature i s  less than i3%. 

During routine reactor operation the reactor power may vary an crdditional t 1% due t o  the prev io i~s ly  

discussed error in  l inearity of the electronics. 

probably known to better than 5%. The level  can be checked routinely wi th cal ibrated ionization chamber 

monitors which are accurate to  within +5%. 

1-hus for nornial operations the reactor power level is 

Codant F l Q W  Studies 

In the TSR-II there are four fuel regions in  which coolant f low distr ibut ion must be considered. These 

regions are the upper fuel, the fuel-loaded cover plates on the control mechanism housing, and the lower 

fuel, a l l  coaled by the “ f i rst  pass” of the coolant, and the annular fuel, cooled by the “second pass” o f  

the coolant. 

The coolant f low distributiori among the channels of the upper fuel region and the channels o f  the 

lower fuel region, both included in the f i rs t  pass of the coolant, was studied in  a special ly constructed 

test rig. The r i g  consists of a ful l-sized reproduction of the central cyl inder of the reactor. Complete 

upper or lower fuel assemblies (unfueled plates) were instal led in  the rig, wi th actual entrance and ex i t  

conditions fu l l y  reproduced, and water flowed through them at rates identical with those to  be used in  the 

reactor. 

The veloci ty of the water f lowing through the channe!s was measured by the conductivi ty probe 

method, wi th the probes being inserted through the Plexiglas end cap of the r ig  and extending into ci 

fuel element channel. The conductivi ty probe method essent ia l ly  involves the inject ion of a sal t  solu- 

t ion into the water f lowing through the channel under test  and measuring the t ime required for the solu- 

t ion t o  pars two probes which sense the change in  res is t i v i t y  of the water. 

ables as salt inject ion location and velocity, probe location relat ive t o  the Channel walls, and turbulence 

in  the f lu id  stream. To reduce the probabil i ty of serious error, therefore, a t  least 20 readings were mads of 

each velocity and an average veloci ty used, provided that agreement between the 20 readings was g o d .  

It i s  sensi t ive to such  ti- 
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The veloci t ies obtained by th i s  method can be regarded neither as average veloci t ies nor as peak veloc- 

i t ies, and therefore cannot be used as absolute values. They are, however, an excel lent  indicat ion of 

predominant relat ive velocit ies and are used as a basis for calculat ion of average veloci t ies in the fuel 

e lement coo I ant channel s. 

Upper Section of Centre! Fuel.  - The upper fuel region of the TSR-II i s  located immediately below 

the ionization chamber guide assembly lead-water shield can4 a t  the beginning of the f i rst  pass region. 

The shield can i s  penetrated by 133 he l i ca l  tubes through which all cooling water must f low to  make the 

f i r s t  pass of the core. A screen had been developed t o  f lat ten i he  veloci ty prof i le at the in le t  to  the f i rst  

pass.5 It was found, however, that  the screen did not produce a Uniform veloci ty at the ex i t  o f  the upper 

section of the f i rs t  pass (bottom of the upper fuel element). It i s  here and at the entrance t o  the lower 

fuel uni t  that the highest heat f lux exists, and therefore these regions have the most stringent f low re- 

quirements.6 After an extensive series of t r ia ls  involv ing various designs, a tapered thickness baff le 

plate with dr i l led holes W Q S  substi tuted for the original screen at the entrance to the f i rs t  pass region. 

I t s  location i s  shown i n  Fig. 1.3.6. 

The f low distr ibutions obtained by the use of the tapered thickness baff le p la te  are shown in Figs, 

1.3.7 and 1.3.8. Figure 1.3.7 gives the resul ts of three sets of measurements, two at $00 gpm and another 

.... 

4L. B. Holland und C. E. Clifford, Descr ip t ion  o/ the T o w e r  Shielding Reactor  II and Proposed  Preliminary E x -  

'W. R. Gambil l ,  TSR-I f  Fluid  Flow Studies, ORNL-CF-59-10-104 (1959). 
6L. B. Holland et al., Neutron Phys .  Ann. Frog. Rep,, Sept. 1. 1960, ORNL-3016, pa 50. 

periments, ORNL-2747 (1959), 
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Fig. 1.3.6. Locotion of Baffle Plates Ralotive 
the TSR-I1 Core. 
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a t  400 gpm i n  one quadrarit of the upper f u e l  clement. 

urements in  each of the other  three quadrants of the upper fuel element, a l l  at 800 gprn. Each point repre- 

sents the  arithmetic overage of 26 readings at the same location. The spread of the readings i s  shown by 

the “error bars” on the points of Fig. 1.3.8, where the upper and lower lirnits are the two extreme readings 

mode during the test. 

Figure 1.3.8 shows results of single sets of meas- 

It i s  obvious from Fig. 1.3.7 that test results do not make possible the assignment of one def in i te ve- 

loci ty to  the f low through a given chatinel. Careful examination of the data does seem to just i fy the con- 

clusions that the f low is properly distr ibuted and adequate for proper cool ing of the fuel plates. 

The differences in velocit ies measured in  on individual channel may be ascribed t o  current eddies in 

the water which cause the iniected salt to opproach the probes at angles other than zero degrees. 

explanation is based on two observations: first, the obvious eddies seen direct ly in  the water through the 

Plexiglas end plates; and second, the nonrepetition of the negative veloci t ies observed i n  some channels. 

It w i l l  be seen in Figs,  1.3.7 and 1.3.8 that the negative readings did not reappear when the test was re- 

peated, usually after reassembly of the r i g  or change of the probes. 

This 

The pressure drop through the improved Loffle remained approximately the same as in  previous tests 

land i s  7 psi  at 858 gpm for water at 77OF’. 
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Lower Section of Central Fuel. - A satisfactory f low distr ibut ion through the lower section of the 

central fuel W Q S  achieved by using a hemispherical baffle, located as shown i n  Fig. 1.3.6. Development 

fol lowed the same pattern as that discussed for the upper baffle. The f low veloci ty distr ibut ion obtained 

i s  shown in  Fig. 1.3.9. 

Annular Fuel Region. - The annular fuel elements are cooled by  the “second pass” of the coolant 

after it has reversed direct ion and i s  directed toward the cooling water outlet. Tests wi th a Plexiglas 

model of the second pass region were reported p r e v i ~ u s l y . ~  When the reactor core was being assembled 

for the f i r s t  c r i t i ca l  experiments, the conductivi ty probe method was used t o  test  the f low distr ibut ion i n  

the annular elements after they were ful ly assembled i n  the pressure vessel. A special ly made “cap,” 

simulating the inner surface of the lead-bora1 region and providing f i t t ings for probe mounting, was fabri- 

cated for the test. Veloci t ies i n  a t  least  some channels of eight of the annular elements were measured. 

’L. 8. Holland et al.. Neutron P h y s .  Ann, Prog. Rep., Sept. I, 1959, ORNL-2842, pa 49. 
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F l y .  1.3.9. Coaling-Water Flow Distribution In Lower F u e l  of the TSR-lil. 

The tests showed that the flow distr ibution was very sensi t ive to  proper seal ing of the equator of the 

annular fuel elements, i,e,, i f  any water was al lowed to leak around t h e  elements instead af going through 

them, the f low distr ibution deteriorated seriously. PI lend gasket was  therefore developed for th is seal. 

Velocity distr ibutions ohtained in  the tests were cjenerally satisfactory and in good agreement wi th the 

Plexiglas model tests. The experimentally obtained veloci t ies arc compared to  the calculated velocit ies 

required to maintain saturation temperatures a t  the fuel p late S I J ~ ~ C K ~ S  in  Fig. 1.3.10. 
Tests on the fu l l y  assembled TSR-II have shown that the coolant pump i s  capable of maintaining a f low 

rote of  800 gpm with the baff le plates installed. 
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Fig. 1.3.10. Coollng-Water Flow Dlstrlbutlon In the TSR-II Annular Fuel  Element. 
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1.4. IN-AIR MEASUREMENTS OF RABIATIQ FROM THE TOWER SHIELDING R ACTOR II (TSR-ll) 

F. J. Muckenthaler and L. B. Holland 

An extensive program of “free-field” mapping of radiat ion from the Tower Shielding Reactor II (TSR-II) 
i s  in  progress at the Tower Shielding Fac i l i t y  (TSF). The term “free f ie ld”  i s  here used t o  describe ra- 

diat ion measurements taken in air at various distances from the reactor, wi th minimal interference or bias 

caused by ground scattering, structures, equipment, etc. The measurements include thermal-neutron fluxes, 

gamma-ray dose rates, and fast-neutron dose rates as functions of reactor-detector distance and detector 

height above ground level for two reactor heights and t w o  reactor shields. A general description of the 

purpose and scope of th is work has been published elsewhere.’ 

Reacbsr Shields 

AS normally consti tuted the TSR-II embodies a lead, boral, and water shield. For the purposes of 

these tests the permanent shield was augmented by two special ly bu i l t  shields, Cool-I andCool-11, which 

were intended to  produce certain speci f ic  modif icat ions in the leakage spectrum. 

two shields would dif fer only in  the relat ive hardness of their fast-neutron leakage spectra, and that they 

would have ident ical  fast-neutron-gainma-ray dose rate ratios, thermal-neutron-gamma-roy f lux ratios, and 

the same relat ive air-capture gamma-ray spectra. The goal was only approximately achieved, since the 

actual fast-neutron-gamma-ray dose rate rat io i s  about 3 for Cool-I at distances of a few hundred yards 

and i s  only about 2 for Cool- l l  under similar conditions. 

It was intended that the 

At the present t ime only the measurements wi th the Cool-I shield have been completed. Suff icient data 

wi l l  be taken with the Cool- l l  shield to  establ ish any signi f icant differences between the two not included 

in  a leakage normalization factor. 

etector Stations 

A plan view of the TSF si te showing the locations of detector stations i s  shown i n  Fig. 1.4.1. Test 

Stations I and II (modified) are located on the concrete apron o f  the I S F .  Measurements at Tes t  Stations 

I and II were made only a t  a detector height of 40 in. 

low a crew compartment shield which could be raised or lowered with the TSF hoist  equipment. Special 

towers 150 f t  high were erected a t  Stations Ill, IV, and V for the purpose of elevating the detectors to 

various heights above the ground. 

station, the detectors being posit ioned so that there was no detector shadowing of the direct beam, 

Detectors at Station II (modified) were suspended be- 

For most measurements several detectors were located at each tower 

In addit ion to the stations, a truversing mechanism was developed to posi t ion detectors uniformly 24.66 
ft from the reactor center. 

neutron and gamma-ray dose rates and thermal-neutron f luxes as functions o f  azimuthal and polar angles 

with tho reactor at a height of 150 ft. From these data the degree of anisotropy of the radiat ion leakage 

could be deduced. 

Th is  mechanism was used i n  Combination wi th reactor rotat ion to  measure fast- 

’5. C, Dominey, Data Plan /or Ordnance Cotps Tes t s  at ORNL-TSP,  FZK-126 (Dec. 115, 1960). 
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Detectors 

Gold foils, bare and cadmium covered, were used t o  map the thermal-neutron f lux  in  air  outside Cool-I. 
A total o f  14 pairs were exposed at 10-ft intervals, start ing a t  a point 5.33 f t  from the reactor shield sur- 

face. The reactor was at a height of 175 ft, and the fo i l s  were mounted on cards attached to  a cable ex- 

tending from the reactor center l ine to a point on one of the tower legs 145 ft above the ground. Sulfur 

pel lets were placed at the same locations as the foi ls to measure the fast-neutron f lux  above the sulfur 

threshold energy of 2.9 Mev. At the reactor and fo i l  heights given, the gold f o i l  ac t i v i t ies  were assumed 

t o  be unaffected by ground effects. 

The thermal-neutron f lux at each detector stat ion was measured with a BF, chamber w i th  one exception. 

Because of the extreme sensi t iv i ty o f  the BF, chamber, a 

leakage at a paint 24.66 f t  from the centcr of the reactor. 

f iss ion cowrster was used to map the shield 

Gainma-ray dose rates were measured with an anthracene crystal sc in t i l l a t ion  counter using a 5819 
photomultiplier tube. Gamma-ray spectra were also obtained w i th  a Na l (T l )  crystal sc in t i l l a t ion  spectrom- 

eter, but these results have not yet been analyzed. 

Fast-neutron dose-rate measurements employed a t-iurst-type proportional counter. Fast-neutron leakage 

spectra were measured with photographic einulsions, but again the data has not been analyzed. 

The error of measurement for a l l  of the detectors used i s  estimated as k5%. However, because of dif- 
f icul t ies in  maintaining reproducible power levels in  the TSK-II, the over-all accuracy of a l l  measurements 

i s  estimated at 5 10%. 

Results 

The experimental values of the fast-neutron lcokage frorn Cool- l  as a function of slant range, obtained 

at a detector height of 145 bt above the ground and a reactor height of 175 ft, are approximately 20% higher 

than the values calculated by Stokes2 and Maerker3 for an in f in i te  air medium. In  Fig. 1.4.2 the experi- 

mental fast-neutron dose-rate values hove been mult ip l ied hy 4nK2 and plotted as a function of R ,  the 

slant range from the reactor. After the in i t ia l  buildup that peaks in  the v ic in i ty  of R = 200 ft, the relax- 

at ion length for Cool-I neutrons in air  i s  approximately 190 yd. 

The agreement between the experimental and predicted values o f  the gamma-ray dose rate i s  somewhat 

poorer, the experiniental values being about 50% higher than the predicted values. 

ray dose rate, mult ip l ied by 4nR2, i s  plotted as a function of slant range. The relaxation length for Cool-I 

gatnma rays in air i s  approximately 260 yd at distances greater than 1000 ft. 

In Fig. 1.4.3 the gamma- 

2J. R. Stokes and W. C. Farr ies,  Preanalys i s  o/ Ordnance Corps T e s t s  at ORNL-I*SF,  FZK-132 (June 30, 1961). 

3R. E. Maerker, Preanalysis  on T e s t i n g  o/ Main Bat t le  rank T e s f  Pod ut the Tower  Shielding Faci l i ty ,  ORNL- 
3173 (Aug. 17, 1961). 
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Fig. 1.4,2. F o s t d e u t r c n  Dose Rate  from Cool-! oa 
n Function sf Slant Range. 
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E FITTING OF INTERPOLATION F ~ ~ C T ~ ~ ~ S  TO SClNYILLATION 
S ~ ~ ~ T ~ ~ ~ E ~ E ~  ~ ~ ~ S E - ~ E I ~ ~ ~  SPECTRA 

R. W. Peelle, R. 0. Chester, ’ and F. C. Maienschein 

An order t o  determine the spectrum o f  prompt gamma rays from thermal-neutron f ission of U235 f r o m  

the exist ing pulse-height spectra obtained with scint i l lat ion spectrometers, it i s  necessary t o  have avai l-  

able the detai ls of the response of the spectrometer. In the unscrambling technique descrikjed by B u r r u ~ , ~  

for instance, it i s  r5quired to know the expected count i n  each pulse-height channel OF bin per gamma m y  

emitted by the source a s  a function of the source energy. Any other technique would require equivalent 

information. Thus, once the spectrometer has been “cal ibrosed” by measuring the pul  se-height spectra 

froin a number of monoenergetic gamma-ray Sources of known disintegration rate, a d i f f i cu l t  interpolat ion 

task i s  required before the “unscrnrnbling” work i t s e l f  can he started. ‘This must be true unless cal ibra- 

t ion sources ore avai lable a t  c losely spaced intervals throughout the energy range o f  interest, a condit ion 

d i f f i cu l t  OF impossible t o  achieve. 
- 

1 h i s  need fcr careful ly determining the  response of each t ype  of  spectrometer used ( in th i s  case pair, 

Cornpton, and  single-crystal) as  u function o f  both pulse height, p (kev), and gamma-ray energy, e (kev), 

and for having rel iable estimates of the errors i n  these parameters has led to the use of methods more 

complex than those previously described3 for the pair spectrometer. Further, the earlier methods did not 

yield t h e  shape of the “peak” of the response, 

Other workers4 h a t e  interpolated between measured distr ibutions for similar purposes, but as far as 

i s  known only in  the earl ier work of Chester was the interpolat ion done with the aid of quanti tat ive and 

f i ~ l l y  object ive i 7 1 e t h ~ d ~  al lowing val id error estimates. In the  present work, o s  in the work of Wastley,’ 

the mcthad of nonlinear least-squares estimation is employed to determine the desired parameters. 

L e t  /(Cine) L’t, be the number o f  pulses observed i n  the energy increment i$ per photon of energy e 

emitted by the source o f  radiat ion under study. [&p i s  not written a s  a differential because the discrete 

nature o f  the original pulse-height spectra in  pri f iciple does not al low / ( { ) ,e )  t o  be known pointwise. Of 
C O U F ~ ~ ,  there is good reason to  t r u s t  the smoothness of 1 everywhere cxeept at the x-ray csbTorption edges, 

and tihere the discontinuity is only a s  a function of energy.] The ovni!ab!e cal ibrat ion data, i n  the  c a w  

of the Compton spectrometer, consists of pwlse-height spectra for 1 1  sources of known strength, some of 

which simultaneously emit two gamma rays. A number of spectra are availablcR i n  each case so that it i s  

possible to  note the degree of consistency i n  ihe response of the sy5ttem. (More so than far a single- 

crystal spectrometer, the Compton and pair spectrometers hove a response dependent upon proper align- 

ment of electronic equipment.) Thus, whi le the detai l  i n  the data a s  0 function of pulse height i s  quite 

’ lnstrurnentafion arid Controls Division. 

2yi. R. ~ u r r u s ,  ~ c c t i o n  2.2 of t h i s  report .  

’ f = *  C. Maienschein and K ,  iris PeeIBe, Neutron Phys .  Ann. Prog.  Rep, ,  S e p t .  1, 1960, ORNL-3016, p. 82. 
4R. 0. Chester, paper presented  u t  the Total Absorption G a m m a - R a y  Spectrometry  Sympasiuni, Gatlittburg, Yen* 

wssee, May 10-11, 1860; N, I-(. Lazar ,  I R l i  Trans. on Nu(-lear Sr i .  6115-5, 138 (1958); J. H. Hubbell and N. E. 
Scofield, I R E  7’runss on  Nuclear S c r .  615-5, 156 (4958). 

- ..... .. . 
’t4. 0. Hnrtlcy, Terhnomctrjcs 3, 269 (1961). 
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fine, only a few points are avai lable for :he interpolation as a function o f  energy. 

per kcv i n  the zth energy channel of the observed pulse-height spectrum for monoenergetic gamma rays i s  

f ina l ly  approximated by the relat ion 

The observed count 

where 

y ,  - observed nuinber o f  counts per kev in zth pulse-height channel from emission f rog the source of  

p ,  - pulse height corrzsponding to yz, i n  energy units, 

Qt gamma rays o f  energy e ,  

d = vector whose components are the sot of parameters required to  completely describe the spectrom- 
eter response, 

Since it i s  d i f f icu l t  to introduce the two-dimensional function and a l l  the dofa rat once, the procedure 

i s  actual ly carried out by considering only the pulse-height spectrum from the source 772 and writ ing 

where now the parameter vector b" i s  only supposed to describe the behavior for the energy e m  of the mth 

source. 

counts pes kev, y j ,  i s  approximated essential ly by a sum of terms o f  the type (2). When a l l  the observed 

y j ' s  have been f i t ted i n  th is  manner, it i s  then necessary to  interpolate the volues of the  bp,.'s a s  a func- 

t ion of the energy e i n  order 1.0 determine a l l  the components o f  d. As we shal l  see, the two f i t t ing pro- 

cedures are similar except for the weighting of the corresponding "observations." 

I f  two species o f  gamma rays are given o f f  by the isotope i n  question, the observed number o f  

The remainder o f  th is  report summarizes the  f i t t ing r i lehods used, i l lustrates the degree o f  success 

which has so for been obtnined, and indicates how the information on the parameters and their  uncertain- 

t ies  may be obtained from the combination of the many cal ibrat ion experiments. 

Methods U s e d  to  Fit Parameter5 6s In te rp~ Ia t ion  Formulas. - The f i rs t  step in the interpolation pro- 

cedure i s  the choice of an equation whose shape i s  bel ieved to  be adaptable t o  the experimental data. A s  

an e x a m p l e ,  we choose the f i t t ing of  the Compton spectrometer pulse-height spectrum from an individual 

gamma ray of fa i r ly  l o w  energy. In  generating such formulas, an attempt i s  made t o  obey the fol lowing 
1 '  rules": 

1. 'The expression should be the sum of terms, each o f  which represents UCI obvious shape feature of 

the observations when plotted a s  a function of pulse height. 

2. Each term in the sum should b e  CI continuous function of pulse height and should have the form of 

an amplitude coeff icient t imes c1 shape function having uni t  area. 

3. For convenience i n  combining source strength information wi th  information from the f i t s  o f  counts 

per kev versus pulse height, a single normalizing constant should appear for the entire expression, repre- 

senting either the entire area of the f i t ted functioip or that  of  the peak corresponding to  the fu l l  gamma-ray 

energy. 
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.... 

4. Whenever possible, the form should be arranged so that the derivatives of the entire expression 

with respect to  the various parameters are reasonably orthogonal t o  each other. 

The example below i s  a simpl i f icat ion of the expression used for the Compton spectrometer data: 

the main t a i l  function, T(p) ,  by 

[ I  - e  
T(p)  = I if p b ,  , 

,4(b, I b ,  , b2) 
T ( p ) = O ,  i f p ;  b , ,  

where A ( b , ,  b,, b7)  normalizes ‘r(p) to unit  area; and the s‘low energy r i se“  by 

It can be seen that the expression for / ( / I ;  b), for each m, i s  nonlinear in the parameters which deter- 

mine the shapes of the various features. In  pract ice the parameter b ,  was “frozen” to  a stated function 

o f  the energy e m  t o  reduce the number of poorly determined parameters. T h i s  technique i s  arbitrary, but 

i t s  occasional use with relat ively unimportant parameters i s  considered appropriate. 

Because of the form of Eq. 3, and of Eq. 2 for resuft ing y r ’ s ,  it was necessary to re ly  on an i terat ive 

method for the solut ion of the nonlinear least-squares problem. The type of analysis required i s  repso- 

duced below. No claim of or iginal i ty i s  made except perhaps for the application t o  the present problem. 

The method i s  designed to ref ine ( in the least-squares sense) the approximation o f  Eq. 2 above, which 

we now write more simply by redefining / t o  include the source strength and integration o f  Eq. 2: 

(2 ’) n, 

Y,’ /bz; b , , . . ’ ,  b m f  * ‘ * I  b + / ( P Z I k  

where the refinement i s  produced by  adjustment of the 1 parameters b ,  to fit the I experimental data points 

y,  obtained a t  respective pulse heights labeled p,. This approximation involves the expected inexactness 

of the fit, which must “miss” the points i f  only because o f  stat ist ical  errors in the yz’s. I terat ion i s  per- 

formed on the second approximation: 

This second approximation involves the truncation after the f i r s t  order o f  the above Taylor expansion 

of / in  the F differences ,& 
mated values of the components of the parameter vector. More sophisticated techniques have been devel- 

oped which attempt to use addit ional terms o f  the Taylor expansion. The present code uses the method 

b ,  - b:, where the b:’s ( in th is section only) represent previously est i-  

- 
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o f  weighted least  squares to  obtain estimates of the correction vector /3. 

i s  iinmediately used as the b 
when no further reduction in the weighted sum of sqiinred residuals can be obtained. The detailed pro- 

cedure follows. 

The result ing b bo 4 ,El value 
0 for the next i terat ive least-squares procedure. The process i s  concluded 

0 For compactness we define a vector o f  estimates of the data wi th  components y,  - / (pt;  bo), dim yo({), 

which must be compared to  the observations y ,  to  obtain an improved estimate. We also definc the ele- 

ments of a derivative matrix 

where the values of the arguments denote the point a t  which the derivatives are t o  be evaluated. The 

dimensional notation dim F.’ ( l ,  2.) indicates the maximurii values o f  the r ight  subscripts of F .  

found most convenient to compute the derivatives of Eq. 5 numerically. 

It has been 
1 P’ 

The least-square equations are 

where S may be defined i n  various ways depending on the weighting systerii to be used. For instance 

so ;1= ( y ,  - r; - z , 2 & J 2 ,  (7) 
2 U 

i f  an tinweighted fit i s  desired. The result ing equations are 

0 z F z p ( D y z  - z ,A&J p -  1, ..., I, 
I U 

where 

It can already be seen that the equations have exactly the same form as for a l inear fit to  observed 

vcslues o f  by,.  However, because of the Taylor expansion truncation, nn i terat ive process i s  required. 

Equation 8 makes no exp l i c i t  arrangement for the introduction of the experimental errors o f  the y i ’ s  

into the fit. Since we want such a weighted fit, i t  i s  necessary to  complicate the equations i n  the manner 

prescribed below. I n  the weighted cuse, i f  the input data are uncorrelnted, 

where we take 

1 
- 

1 
u, ~ 

variance o f y i  CI? * 
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Were we have actual ly assumed that no  correlation ex is ts  between the quanti t ies (y, - y p  - Syz), which 

amounts to  the assumption that the resul t  of the whole process w i l l  be a satisfactory f it w i th  no syste- 

matic deviations. T h i s  i s  the point at  which an evaluation of the ef fects o f  systematic lack of f i t  would 

have to begin. 

The normal equations become 

To  cast this i n  the form o f  Eq. 8, we could define 

Note that t h i s  definit ion, required i f  the computing code being used does not include a weighting ma- 

t r ix ,  has the resul t  that yP'and F i u ,  estimates which one thinks of a s  being determined by the estimates 

bz. and the values o f  Pi, also depend upon the experimental uncertaint ies i n  the part icular set of data 

under analysis. The program or ig inal ly used i n  th is work handled'weighting in th i s  manner.* 

It is most general t o  introduce at once the matrix W, dim W ( I ,  I),  which i s  cal led the weighting matrix. 

In  the case of uncorrelated differences Sy,, W is a diagonal and the normal equations reduce to Eq. $a 

above. It can be shown7 that an appropriate definit ion o f  S i n  t h i s  case i s  given below, where W = V-' 
and V i s  the error or variance matrix o f  the input differences Syi, i.e. V = E { 6 y S y T } :  

.... .. . 

It w i l l  be best to go over now to matrix notation. We have already defined the vector quanti t ies 

Y, YO, PI dim (1) 
5 ,  dim (C) 
F, dim ( I ,  X) . 

The superscript 1' wi l l  denote the transpose. Then Eq. 7b, above, becomes 

S & = ( S y -  F@)TW(Sy- FP). 

The normal equations are s t i l l  derived from (as/apu) = 0 (Eq. 6). They lead to 

0 (&Y - Fp)T WF.w-+ ( F . u ) T  W(Sy - Fp) , for a l l  cr= I ,  2 ,  ... 1, 
where F e u  i s  defined as the vector composed of the 0 t h  column of F. 

'Parkhurst 8. Woad, NLLS, A 704 Program /or Fitting Nonlinedr Curoes b y  Least Squares, K-1440 (Jon. 28,  1960). 

7Henry Scheffe, Thc A n a l y s i s  oj Vuxictnce, p. 19, John Wiley and Sans, New York, 1959. 
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Since W must be symmetric, the two terms above are equal, and since the equation holds for a l l  O ’ S ,  

we have 

O i  

F7’WFF - F’W b y .  

We define the “least-squares matrix” A - F ‘WWF, J im A ( X p  2;) and the “least-squares vector” r 7 

F“W h y  = FTW(y - yo), dim ~(1)~ I f  A has an inverse, the solution of  the improvements ,3 i s  

p = A l ’ r .  (8b ‘) 

Note that  Eq. 86 ’ i s  just  the usual expression of  the least-squares solution except for the definit ions 

o f  r and p, which here hove the estimates o f  the function and parameters, respectively, subtructed out. 

‘Therefore, as long as the truncation of  the Taylor expansion i s  adequate, certainly true i n  small-error 

theory, the usual manipulation of errors for least-squares analysis s t i l l  holds. The only difference i s  

that the f inal  solution for b must be obtained by iteration. 

At  each step o f  the iteration, progress may be assessed in  a number of ways. At  the converged re- 

sult, the ,2’s should be very small, so the program used ins is ts  that  each p ,  be a small fraction of the 

error (see below) i n  the corresponding parameter b i  before convergence i s  assumed. In  the program pres- 

ently used, an adaption o f  one written by Busing,* we also inspect the weighted square of residuals from 

the calculated function, 

5 2  7- byTW b y  . 

) ;2 2 ( I  -- I) . 

(9 )  

I f  the weighting matrix i s  appropriate, 

In addition, i t  i s  possible to  estimate, assuming the va l id i ty  of the truncated Taylor expansion, the 

values ST: or x2  expected to  be real ized after the current refinement of  the parameter estimates. Thus 

s;,, ~: (by  - F p ) T  W(Cy - 6/3) : b y 9 4  by - (Fpy W ( 0 y  - Fp) - o y T W F P .  

The middle term drops out by appl icat ion o f  the equation for the least-squares solution [I, and the 

last  term becomes 

so that 

or 

For iterations t o  bc concluded, the program requires a small dif ference between the estimated T i ,  and 

The degree o f  agreement *which should x2, as wel l  as a small change in  x 2  since the previous iteration. 

8W. R. Busing, Chemistry Div is ion,  pr iva te  corninwnication. 
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be required here i s  uncertain, but once the l inearized equations become accurate, convergence i s  usually 

quite rapid. About 0.01% agreement i s  presently required. 

In  recognit ion that use of the truncated expansion can resul t  in sizable errors when the estimated 

parameters are far from the f inal solution, l im i ts  ore placed on how great a change may be made i n  any 

parameter i n  a single cycle. Such constraints can be applied i n  any manner which aids f inal convergence. 

It i s  assumed that a unique minimum ex is ts  for St:,, and no evidence of nonuniqueness has come to  our 

attention so far, though convergence has sometimes been d i f f i cu l t  to obtain. 

Recently the suggestion of Perey9 and Hartley’ has been adopted to ensure more rel iable conver- 

gence. One writes b - bo + g@ and al lows g to  take values dif ferent from unity, the value previously as- 

sumed; g is chosen to  minimize the value of 

gion 0 5 g - gill, where gM is smaller than 2 and small enough SO that the largest value of Igp,/bzl = 0.9. 

Experience shows th i s  technique to  be helpful i n  a number of cases studied i n  which a large number o f  

parameters must be determined. In simple cases th is  “refinement” i s  not needed when good f i rst  est i -  

mates are avai lable for the parameters. 

2 . A small search i s  made for such a minimum in the re- 
< 

An example i s  presented i n  Fig. 2.1.1 of the type of f i t obtained with the analysis outl ined above. An 

observed spectrum, y,, i s  shown for a Na24  source which emits gamma rays of 2.754 and 1.368 Mev. The 

f i t ted  function, / ( b ,  h ,  . . . b , , ) ,  i s  a lso  shown with i t s  major components which include from Eq. 3 four 

Gaussian peaks, G ( p ) ;  two ta i l  functions, ?’(/I); and one “low-energy” rise, R ( p ) .  The physical  processes 

which give r i se  to  the three higher energy peaks are indicated on the figure. The causes o f  the other fea- 

tures are not uniquely determined but include bremsstrahlung and electron escape from the sodium iodide 

crystals and various scattering phenomena leading to  coincidences between the two scint i l lators used. 

The stat ist ical  deviat ions may be judged from the scatter of the points, y,, and are about average for the 

cal ibrat ion spectra used. The qual i ty of f i t  i s  indicated by  the values o f  x 2 / ( f  - ><) = Si,/([ - 1) - 1.01, 
an atypical ly low value. Th is  spectrum represents one of the most complex types which has been fitted. 

Parameter Error Motriccs and Weighting Procedures in the Interpolat ion 

A s  described by Eq. 1, the goal of the interpolat ion process i s  the production of the vector, d, o f  

coeff ic ients capable o f  describing the pulse-height and energy response of each o f  the spectrometers. In 
addition, it i s  necessary to characterize the first-order error properties among the coeff ic ients o f  d. The 

purpose of th is  section i s  t o  indicate how the second object ive can be realized, The previous section 

suggested how the d’s  might be obtained by f i t t ing  the energy dependence of the coeff ic ients h ,  but com- 

plet ion of t h i s  work requires proper weighting, a lso discussed in th i s  section. 

First,  we must understand the f luctuations i n  the be's, the parameters which f it the pulse-height de- 

pendence of the observed counts per kev from one experimental Calibration. These f luctuations in the 

bo’s  and any function thereof are produced by f luctuations i n  the y z ’ s .  If, a s  we assume, the uncsrtain- 

t ies  so result ing in the bU’s  are suff ic ient ly small that  the first-order Taylor expansion in the fluctuo- 

t ions i s  adequate, the equations derived in  the previous section can be u t i l i zed  i n  the analysis of such 

fluctuations. 

<-*... 

9 F .  G. J. Perey, Neutron P h y s i c s  Division, private communication, 1961. 
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L e t  the superscript (0) represent the expectation value of a given quantity, for our purposes the value 

which would be observed i n  the mean from an in f in i te  series of experiments equivalent to  the one under 

study, We have assumed that differences between values o f  b calculated for a part icular case and E(b) = 

bo are so small that the first-order Taylor expansion i s  adequate. In th i s  notation, we automatical ly have 

0 E ( y - y  ) = O ;  E ( / 3 ) -  0. 

The assumption inherent i n  these simultaneous statements i s  discussed later. 

F i r s t  it i s  necessary to compute the covariance matrix o f  b, which gives the varionces of  the elements 

of b on i t s  diagonal and the covariances between them i n  the remaining terms. L e t  V(b) be th is  matrix: 

V ( b ) = E { ( b - b ’ ) ( b -  b o ) T } - f ~ { P ~ T } ,  (1 1) 
0 where it i s  understood that the bD’s are unknown. Note that in t h i s  section /3 represents dif ferences be- 

tween converged parameters and their expectation value. B y  using the least-squares equations, Eqs. 8, 
which lead to  the establishment of the be's, 

V(b) = E{A-’F‘W 6y[A^’FTW b y I T } .  

Since A, F, and W are not affected by  the averaging process, A - ’  i s  symmetric, and since we have 

chosen W - ’  - V(6y) = E {  6y b y T ) ,  we quickly obtain 

V(b) - A- = (FTWF)” . (12) 

This i s  the usual resul t  for least-squares analyses, y ie ld ing experimental errors i n  the parameters which 

are determined by the weighting matrix o f  the input data. The observed residuals between the f i t ted curve 

and the data points have not entered. Th is  resul t  stems from the assumption that the correlations and 

variances of the f luctuations among the I differences by,  ore fu l l y  taken into account by the weighting ma- 

trix. This w i l l  usual ly require the unreal ist ic assumption leading to  E l .  12 that E(b) inserted into the 

chosen “perfect” f i t t ing  function wil l  y ie ld  E ( y ) ,  In our problem i t  i s  not expected that enough param- 

eters have been properly incorporated into the chosen f i t t ing  function to perfect ly match the expectation 

value of any part icular response curve, so the s ta t i s t i ca l l y  “best” sets o f  data should not f i t  well by a 

x 2  criterion, though, as seen above, the f i t s  obtained are good even i n  th is  sense. 

For t h e  usual case of a diagonal weighting matrix, a standard procedure i s  avai lable for sidestepping 

th is  dif f iculty, probably appl icable i f  the systematic errors are not too large. The method i s  based on the 

observation that x2/(r  - F) i s  an empirical estimate of the average value of any diagonal element of 

WV(6y). The rather conservative standard procedure can be summarized a s  fol lows: 

1. If x2/(f - 2) i s  less than unity, use the errors from E l .  12 based on the input weights. 

2. If x 2 / ( f  - 2) i s  s igni f icant ly greater than unity, adjust the experimental weights by the scale fac- 

tor needed to make i t  unity. Propagated through the matrices defined for the least-squares fit, th is  leads 

to a new valuc o f  A-’ in Eq. 12. 
Though th is  procedure is widely used, it i s  considered reasonably va l id  only when random errors i n  

the input data may wel l  be greater than those estimated. 

t a n  be well  estimated from Poisson stat ist ics, so t h i s  method will  not be  used. Instead, in cases of f i t s  

For QUT pulse-height distributions, input errors 
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to  raw data, we ignore the lack o f  f i t  and use the computed error matrix. 

components of  the data which are systematical ly not f i t  are unimportant t o  the problem. 

Essential ly th is  assumes that 

In similar cases involving weighted averages o f  f i t t ing parameters, lack o f  agreement wi th in  the 

random error presumably implies a lack o f  reproducibi l i ty i n  the spectrometer. 

sumed not t o  affect d i rect ly  the covariance terms between averaged parameters which are induced by the 

input doto, 

among tho various runs. 

Such d i f f icu l t ies are as- 

However, the variances o f  averaged parameters ure increased to  cover the scatter observed 

From 2 t o  16 cal ibrat ion specfro were obtained for a given isotope during the course of the experi- 

Ineilts. Though i n  some cases the less  signif icant data can be ignored, it i s  usually necessary t o  obtain 

a set o f  averaged parameters [I: by combining the information from several experimental runs using iso- 

tope m. Reasonable averaged weights for the parameters are essential ly proportional t o  the relat ive nvm- 

ber of counts per kev ( i n  every energy interval)  in  the various spectra. Values of  the diagonal elements 

o f  the least-squares matrix, A ~ , A ,  were actual ly used for the re lo f ive weight of  bh except i n  the case o f  

b,, the normnlization constant. 

volves the strengths of the cal ibrat ion sources, and SF a least-squares average i s  performed, taking into 

account the rather important correlations among the various source strengths determined. 

Combining values of  t h i s  parameter t o  g ive spectrometer eff iciency in- 

Parameters obtained by the above averaging process were used to  calculate the Compton spectrometer 

response functions shown i n  F i g .  2.1.2. A cuive i s  shown at the energy o f  each avai lable cal ibrat ion 

source, but for sources emitt ing twc photons, only the response to  the higher-energy photon i s  shown. 

The increase i n  importance with increasing gamma-ray energy may be seen for the ta i l  function, the pair  

peak, and the “low-energy rise.” The Compton spectrometer was used From rv 300 to 2300 kev  and was 

the only instrument avai lable from 800 to  1400 kev. The ta i l  i s  re la t ive ly  l e s s  important for the pair  

spectrometer. 

An integrol under a pulse-hsiyht distr ibution shown i n  Fig. 2.1.2 corresponds to h3/qt, the peak ef f i -  

ciency of  the Compton spectrometer, Data, shown i n  Fig.  2.1.3 for individual spectral measurements 

rather than for the average, are self-consistent within the errors (not shown), except for the MnS4 points. 

The decrease i n  eff iciency at  high energy i s  due to  the diminishing cross  section foi Compton scattering. 

The decrcase at l o w  energy fo l lows from the f a c t  that  pulses arising from the Compton-scattered gamma 

rays have insuff ic ient  energy to  overcome the pul  se-hcight b ias on the “side” crystal. 

Ignoring the problem of the 113’s, i t  was found possible to  esti inate the error matrix o f  averaged param- 

eters by combining the least-squares matrices o f  a l l  the runs L o f  the same type a s  follows: 

Covariance mai i ix  of nveragcd parameters ~ [ Z A l l - ’  , (13) 
L 

where A; i s  a s l ight ly modified least-squares matrix to take account of having performed original f i t s  on 

data not divided by the number o f  source disintegrni ions 91. 

B y  analogy w i t h  Eq. 12, i t  i s  C I E O ~  that i f  the fu l l  parameter vector d can be cbtained at the output o f  

a least-squares f i t t ing procedure, the inverse of  the corresponding least-squares matrix w i l l  g ive  the error 
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Fig. 2.1.3. Peak Ef f i c iency  o f  the Compton Spectrometer CIS B Funct ion  o f  Gamma-Ray Energy. Each hor izon ta l  

bar represents the  resul t  of  a spectral  tneasuiemsnt w i t h  a gamma ray  of the  energy indicoted b y  the ver t i ca l  l ine. 

The e f f i c iency  values were determined by d iv id ing  the area under the peaks of the f i t ted  response curves b y  the  

known source strengths, w i t h  appropriate cu'rrections for random backgrounds, count losses, eic.  E f f i c i e n c y  errors 

range from 2 t o  4% except for the CI3' source, where the error i s  roughly a factor of  two greater. The curve i s  

drawn by eye, since the weighted least-squares f i t  wos not ava i lab le  when the drawing w o s  made, 

rncrbrix Y(d) which w i l l  complete the solution, The remainder of th is  section describes how such c1 solu- 

t ion for d and V(d) can he expected ?o be obtained, 

The result of  the ohove work i s  a series o f  f i t ted functions f " ' ( ~ ; b " )  involving averaged sets of parom- 

eters b'". I n  order t o  study the behavior of each b 4  as a function of e ,  one must obtain f r o m  [Iq. 13 the 

weights to  assign to  t h e  b y  for a l l  m. The fo l lowing  simpli fying assumptions are made to avoid s t i c k y  

detai I s: 

1. One set of averaged parameters bm and the corresponding V ( b m ) ' s  represent the pulse-height dis- 

t r ibut ions obtained f r o m  each isotope uscd. 

2. A variance mat r i x  ex is ts  for the Rm's, the peak eff iciencies obtnined as b3/Qt.  Covariance terms 

between :he components of Q and of the b,'~ wil l  be ignored because the largest  part  of thc eff iciency 

uncertainty originates i n  the  source strengths. 
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. .  

3, Problems involved with inconsistent pulse-height spectra have been resolved. 

4. Parameters t o  be  chosen on physical  grounds, such as  “escape peak” positions, have been cleared 

away from the indexing system, and some solut ion has been attained for completing the separation of the 

pul se-height distr ibut ions from sources giv ing off two gamma rays. Result ing are the coeff ic ients < r r n ~  

obtained by these modif icat ions on the b y s ,  where, for instance, c m 3  = am, c m 4  = b:, etc. 

5. Equations can be found which ”f it” the e-dependence of the C,A’S for all m’s. 

With these assumptions, l e t  us approach the interpolat ion as a function o f  e .  We wont t o  minimize the 

appropriately weighted sum o f  squares of a l l  the quanti t ies of the form 

since we hope t o  “f it” the quanti t ies cmh- with the functions gh .  Note that we accept here that each of 

the original parameters for f i t t ing  pulse-height distributions, represented by  different A’s, may require 

different functional forms g x ,  and that we assign the parameters of the vector dA to f i t  the c ’ s  for a given 

A. The number o f  parameters d h a  required for a given A i s  A(A) .  

For each h we have 

For convenience, we define as before 

and 

A weighted solut ion i s  required using the weights implied by assumption 2 above, The fol lowing error 

matrices are avai lable to  provide these weights: 

1. V(cS3), the covariance matrix o f  the average peak efficiencies, from the resul t  of the least-squares 

averaging procedure including the correlat ions between ob served source intensities. 

2. V(cnl) for each rn, giv ing the variances and covariances establ ished by  averaging the shapes of 

the pulse-height distr ibutions for a given source isotope m. 

3. V(c, ,  c m  p )  for each m and m ;  corresponding to gamms-ray energies from the same isotope, giv ing 

the covariances coupling the parameters describing the distr ibutions for the two dif ferent energies. 

In order t o  perform the f i t s  implied in Eq. 14, one must know V(c.h) for each A. The nonzero terms 

could be extracted from the above and individual f i t s  performed for each A. Such a procedure would al low 

no ready means for est imating the important correlat ions between the dAu’s for different A’s, In practice, 

i t  i s  necessary to perform the independent f i t t ing  procedures, but as a f inal step t o  obtain a plausible set 

of variances and correlations, it i s  necessary to  perform simultaneously a l l  of  the L f i t s .  The process 

may be analyzed by  breaking up all the large matrices which appear in  the “macro” least-squares formu- 

lat ion in to  submatri tes corresponding to a given A. 
... 
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- 
Wealready hove the “micro” param&er vectors e!*. i hese can be combined into a mocravector d, dim 

d(P), where P - X h A ( A ) :  

Here we hove writ ten d x  for dah. 

Next w e  ident i fy the appropriate macro c-vector: 

where dim c ( N ) ,  where N = hi x L ,  and d i m  c A(!\!), let t i i lg c A 1 E A .  

necessary to form the macro derivative matrix 6,  dim G ( N ,  P ) ,  

Eqaation 17 g ives the information 

0 0 
0 

0 0 

The elements of  the above are given a s  

- 

The over-all least-squares equation whose solution we desire is, o f  course, 

(GTWG) 6 2 GTW AC . 
Here 6 and h c  are the usual differences from previous estimates (or, for error analysis, expectation 

values): 

b = d - d o  

A c = c  - G o  c 
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Only the weight matrix W = V-’(C) has not been described i n  detail, though the input error matrices 

l i s ted  above are adequate to  determine it. B y  appropriate rearrangement o f  indices, V(c) takes the form 

of submatrices along the diagonal, the inverse of each submatrix being the least-squares matrix from an 

earl ier part o f  the problem. 

matrices, W P y’ 

Fol lowing th i s  evaluation of W, it, too, can be broken into L2M by M sub- 

most of which are diagonal. 

Solution o f  Eq. 22 becomes tractable when the matrices have been broken down into the 151 x sub- 

matrices, The intermediate resul ts are 

GTW AC = [i: P 
2 
h 

z x 

1x 

YJx 

W L A  

The inverse of th is  latter matrix i s  the desired V(d). The off-diagonal submatrices of GTWG, for A + 3, 

have elements 

where A f ~ p  i s  an element of the weighting matrix from Eq. 12. 
While th is breakdown into submatrices may not prove necessary for machine calculations, it appears 

helpful t o  an understanding of the problem. While the inverse of Eq. 24 i s  the best avai lable estimate of 

V(d), for numerical reasons i t  may occur that  values of dkfrom the many individual fits are more reliable. 

Conclusions 

From the empir ical resul ts and the methods presented above, we can draw the fol lowing conclusions 

at the present time: 

1. It is possible to  f i t  the pulse-height cal ibrat ion spectra from the Compton spectrometer with es- 

sential l y  unique sets of  parameters describing the amplitude and pulse-height dependence OF the observa- 

tions. The combination of a series of such resul ts i s  suf f ic ient ly d i f f i cu l t  that methods of averaging com- 

parable raw cal ibrat ion data prior t o  f i t t ing  might have been worth while. 

2. Parameters averaged over a series of comparable runs adequately f i t  a l l  the data obtained, though 

a perfect f i t  i s  not attained. 
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3. The parameters obtained for a series of energies e” can be made to behave reasonably as a Func- 

t ion uf e ,  depending on the cleverness of choice of the interpolation formula i o  which the data are fit. 

4. A procedure of the type used is expensive in  both manpower and computer time, though both types 

of expense can opparently be controlled by (a) reducing the amount of input data for a given isotope - 
quite possible for workers using a spectrometer whose response can be shown to  be time-independent; 

(b)  clever choices of interpolat ion formulas to  ensure smooth energy dependence of the “features.” of the 

spectrum and use of a f i t t ing program which avoids divergence problems; (c) careful ly assuring that early 

formulations of the f i t t ing methods to he used w i l l  smoothly go over in io the more complete formulations 

t o  be  nepded later, w h i c h  can appreciably reduce ”debugging” time and repeated production costs ns the 

various complications are introduced. 

5. It i s  possible to estnbl ish a plausible error matrix of the many parameters required for the descrip- 

t ion of the response of the spectrometers used. 

2,2. UNSCRAMBLPNG OF SClNTlLLATlON SPECTRA 

W. I?. Btirrus 

In scint i l lat ion spectroscopy, the aim i s  to estimate the spectrum o f  a source of radiat ion (or, more 

generally, to estimate some function o f  the spectrum such as dose, heating, etc.). 

spectrum direct ly, however, a set o f  numbers i s  observed which represents the accumulated number o f  

coun:s in  the “bins” o f  a multichannel pulse-height analyzer. 

which i s  the problem of est imating h e  desired spectrum or quanti t ies from the observed count data, 

Instead o f  measuring the 

Thus an “unsciambling” problem resul ts 

The principal aim in developing a new unscrambling method i s  to  avoid the necessity for making any 

subiective assumptions. In the method discussed here, th is  aim has been accomplished, and a l l  results 

fol low direct ly froin the observational data. In essence, the problem o f  est i i i iat ing any linear function o f  

h e  spectrum (including the spectrum i tse l f )  is formutated as a problem o f  minimizing a certain “obiect ive 

function” subiect to certain inequali ty c o n s t i u i n t s .  The solut ion to the problem is obtained by “mathe- 

ma t i ca l  piograriiming”l (not to be confused with the “programming” of d ig i ta l  computers). I h e  resul t ing 

estimates are obtained in  the forin of  confidence intervals for the desired l inear function o f  the spectrum. 

The method produces the “best,” in  :he sensc of the norrowest,  confidence interval for the estimate 

which can be obtained from the observational data. The method is not a panacen, since i f  the experi- 

menter asks  for on estimate of an unreosonaLle quantity the confidence interval may be so wide cis to be 

U S C E ~ S S .  But t h i s  i s  the faul t  o f  the questioner or the spectrometer uild not of the method. Unfortunately, 

estimates for the spectrum, ,q(e), usually turn out to be t r i v ia l  (i.e., 0 2 g ( e ’ )  5 Po for oriy e ’ ) ,  but 

meaningful estimates tnoy be o b t a i n 4  for o part ia l ly  unscsarnbled spectruiii or for quanti t ies such a5 

dose, efc. 

- 

-. . . . . . . . ~ . _ _ _ _ ~  ........... 

’ V e r a  R i l a y  and S. I .  G o s s ,  Lineur Progrumrning d n d  Associated ‘Techniques, A CornpTehenszve Bibliogruphy, 
apcrctions Research Of f i ce ,  Johns Mopkins University,  Chevy Chase, Marylond, 1958. 
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The Problem 

In sc in t i l la t ion spectroscopy, part ic les (e.g., photons, beta rays, neutrons, etc.) interact  with a I ight- 

producing “scint i l lator.”  The intensity of  the resul t ing sc in t i l la t ion i s  approximately proportional to the 

net energy deposited in  the scint i l lator, A photowultiplier then converts the l ight  f lashes in to electr ical  

pulses which are amplif ied and sorted according to  amplitude by a pulse-height analyzer, 

In an ideel sc in t i l la t ion spectrometer, source part ic les of energy e would g ive rise to e lect r ica l  

pulses o f  a def in i te amplitude 1). But pract ical  spectrometers produce a spread of  pulse heights, which 

can be denoted by K(v ,e) ,  and in most applications the source part ic les ore distributed in energy. The re- 

sul t ing pulse-height distr ibut ion i s  thus given by 

where 

f ( v )  dv - average number of  pulses which have amplitudes between v and Y + d v ,  

~ ( e )  dc = average number o f  “source part ic les” which have energies between e and e + d e ,  

K(v ,e )  dv = probabil ity that a “source particle’’ o f  energy e w i l l  resul t  in  a pulse wi th amplitude be- 

The function f ( u )  i s  not real ly observed, however, because o f  the f in i te  number o f  bins of  a mult i -  

tween v and v + dv. 

channel pulse-height analyzer and because o f  the s tat is t ica l  f luctuations i n  the number of  pulses which ore 

counted i n  a particular bin. I f  the pulse-height analyzer has m bins corresponding to m equal pulse-height 

intervals, then the average number o f  pulses counted in the ith bin i s  given by 

... 

i = 1 , 2  ,..., m ,  (2) 

where Ci i s  the average number of  pulses counted i n  the i th bin, and A i s  the channel width. 

Under conditions which usual ly (but not always) prevai l  in sc in t i l la t ion spectroscopy, the number o f  
A counts observed, ci, have approximately independent Poisson s tat is t ica l  distributions, wi th  average values 

given by Eq. 2, and standard deviations, or dispersions, given by 

Di%&-, i = 1 ,  2 ,  ... , m . (3) 

The average number of counts, Fi, may be expressed d i rect ly  in  terms of the spectrul d istr ibut ion 

function, g ( e ) ,  by combining Eqs. 1 and 2 to give 

where 

i -  1, 2 ,  ..., m (5) 

i s  the probabil ity that a “source“ part ic le of energy e w i l l  resu l t  i n  D caunt i n  the z’th bin. 
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A s  stated above, “unscrarriLling” a spectrum means estimating the value of a linear function of the 

spectrum. For generality the form of the quanti t ies to  be estimated can he taken to be ail inner product of 

the spectral d istr ibut ion function g ( e )  and a window function w(e) .  Thus 

where <! i s  the unknown quantity to be estimated and um(e) i s  the wiildow function which relates ci, to 

d e ) .  
Even though estimates of several quanti t ies o f  the above form niay be desired, there is no loss o f  

generality in  considering them one st a time. Not ice that th is c lass of quanti t ies includes the s m c t r u m  it- 

self, since & = g ( e ’ )  i f  tu(.) = S(e - e’), and also such quanti t ies as dose which are related to thc s rxc t ra l  

distr ibution function by a cross section. The function u ( e )  i s  cal led o “window function” for the estimate 

$, since  lie influence of g ( e )  on the value of I / /  i s  control led by the value of w(e). [ T h e  term “window 

function” i s  sometimes used dif ferently to  denote the response function o f  the spectrometer, K(v ,e) ,  which 

occurred i n  5q. 1, but here “response function” w i l l  be used for th is  meaning.] 

;4s mentioned previously, sornctimes a part ia l ly  unscrombled spectral function i s  o f  interest, since the 

estimation of the actual spectral function, g(2 ) ,  leads to a t r i v ia l  estimate wi th 0 2 g ( e ’ )  -< 
A part ia l ly  unscrambled spectral function, R*(e ’ ) ,  may be obtained by correcting far only a portion of the 

instrumental smearing introduced by K(v,e) and al lowing a residual smearing K*(v,e)  to remain. Thus, the 

part ia l ly  uriscrurnblcd spectral function to be estimated i s  given by 

for any e ’ .  

where g * ( e ’ )  i s  the part ia l ly  unscrambled spec’iral distr ibution function an( 

smearing that i s  al lowed to remain. 

K*(e’,e) i s  the residual 

Usual ly any unsymmctric portion o f  the instrumental smearing should be removed and a smal l  amount 

of symmetric residual smearing left. The amount o f  residual siiiearing i s  to  be chosen so that the precision 

of the result ing estimates for g k ( e ’ )  i s  satisfactory. 

times a window function k’”(e’ ,e) ,  so that the general theory mny be used to estimate g * ( e p ’ )  also. 

concept of residual smearing i s  certainly not new, having been used by A. SornrnerfeId i n  1591 (ref 21, but 

i t s  appl icat ion for improving the accuracy o f  spectral estimates in  scint i l lat ion spectroscopy i s  bel ieved 

to  be new. 

Equation 7 i s  o f  the form of an inner product of g ( e )  

The 

Since K(v,e) i s  al lowed to contain a l l  contr ibutions to the i ionideal spread of /(v), ~ ; ( e )  must  IJSUCIII~ 
I ,  be determined part ly by experiment using known “sources. 

tainty associated with it. I t  has been shown, however, that small stat ist ical  uncertaint ies iii K i  ( e )  can be 

Thus, ~ ~ ( e )  w i l l  hnve n stat ist ical  uncer- 

2 A .  Sornrnerfeld,  D i e  C’ilkurlichen F ~ l n c l i o n e n  in dpT Maib,oma~ischen P h y s i k i  Ph.D. DI s s e r f a t i o n ,  Konigsberg 
U n i v e r s i t y ,  1891. 
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taken into account by increasing the effect ive variance of the observed counts, E ,  above the value given 

by Eq. 3 (ref 3). In th is  paper it i s  assumed that the response functions K l ( e )  are known exactly. 

In summary, the unscrambling problem, with the above assumption, can be completely stated as 

fol lows: Given 

h 

c2 I I K r  ( e )  , and 4 f 7 )  , i = l , 2  ,..., m ,  

and knowing that 

find 

The Estimation Method 

In th is  section, a new solution to Problem 8 i s  obtained. Ideal ly, on the basis of the data alone, 

without addit ional assumptions, i t i s  desired to make the “best” probabil i ty statement possible of the type 

p r [ $ -  5 4/. i $ + I =  a ,  (9)  

where 

9 = true value o f  the quantity to be determined, 

$ -, 3’ = random variables used as upper and lower estimates o f  I+, 

a = confidence coeff icient. 

Thus, i f  an experiment were repeated a large number o f  times under the same conditions, the experi- 

mentally obtained estimates $- and rir , for a- 0.95, would bracket the true value i n  95% o f  the experi- 

ments and miss the true value in 5% of the experiments. “Best” i s  used i n  the sense that no narrower 

confidence interval could be found for a part icular value of a. 

A +  

A 
Upon further examination, it i s  found that values of I,!!- and 3’ which will satisfy Fq. 9 cannot be 

obtained from the observational data. The explanation l ies  i n  the f in i te  number o f  bins which are used to 

accumulate the counts. Even i f  the spectrometer had no other source of pulse-height broadening and the 
true average count distr ibution were known, the width of the bins would make it impossible to experimen- 

ta l l y  dist inguish f ine detai l  in  a spectrum which occurred wi th in  the width o f  a bin. Thus, there are an 

in f in i te  number o f  phys ica l ly  possible spectra which w i l l  y i e l d  exactly the same average accumulated 

count distribution. But not a l l  these spectra would resul t  i n  the same value o f  $/I. The approach taken i s  

t o  consider the whole c lass of spectra which are consistent wi th  the observational data and to p ick  one 

which y ie lds the largest possible value o f  I,!J and one which y ie lds  the smallest possible value o f  41. These 

can be ca l led “nature‘s most adverse spectra.” Then no matter what the actual spectra happen to be, the 

3Waltar R. Burrus, The Theory o/ Correctionr /or Instrumental  Ycrnmbling of S p c c t m ,  (Preliminary copy o f  
dissertation), t o  be submitted to Ohio State University; a lso to  be published a s  an ORNI- memorandum. 
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truc value of cb w i l l  be somewhere between the largest possible and smallest possible. Th i s  technique of 

interval estimation can be thought of as an extension of the minimax method of stat ist ical  estimation. 

There are two maior d i f f i cu l t ies  with the above approach. First ,  the true count distr ibut ion can never 

be found. 

define the c lass of  spectra which are consistent wi th the observational data, Second, since “nature’s 

most adverse spectra’’ might have any number of discrete co rn~oner~ ts  as wel l  as a continuous component, 

these spectra would be d i f f i cu l t  to find. 

by treating an equivalent problem formulated in terms of a f in i te  number o f  components, u l ,  u 2 ,  . . . urn .  

The problem formulated i n  terms of the u ’ s  i s  said to  be “dual” to the or ig inal  (or “primal”) problem. Once 

the solut ion to the dun1 problem h o s  been obtained the primal problem can be solved. 

‘The idea o f  the duo1 formulation i s  to f ind a combination of response functions, 

Rather only a stat ist ical  sample from a random population i s  observed. Thus, i t  i s  d i f f i cu l t  to 

In the fo l lowing development, both these d i f f i cu l t ies  are bypassed 

u : K i ( e ) ,  which 
i = ?  

n 

l i es  entirely above the window function and another combination, 

the window function as shown in  Fig. 2.2.1. Then 

ulT Ki(e), which l ies  entirely below 
ZZI 

UlUCLOSSlF IED 
2-01-058 ~ 0 1 - 6 5 3  

Fige 2.2.1. The Upper  and bower Raundo for a Window 
Filnction in  T e r m s  of  Respanee Functions. 

Now since g ( e )  i s  nonnegative, the terms in  the above inequali ty 

integration over e may he made without affect ing the inequality. Then 

may be mult ip l ied by g ( e )  and an 

-rn 02 m 2 *FJom K i ( e )  g ( e )  de w ( e )  g ( e )  de 2 u [ j -  K i ( e )  g ( e )  de . 
2 = 1  i = l  0 

Now by using Eg. 4 a n d  Eq. 6, 

m m 
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In order to obtain the best possible estimate o f  I+!!, uz+ must be chosen SO that the r ight side o f  Eq. 1 1  
i s  as small as possible and Z L ~ ~  must be chosen SQ that the le f t  side i s  as  large as possible. Thus upper 

and lower bounds for w(e)  would be found which would hug w(e)  closest in  the most important regions, per- 

hap5 a t  the expense of a c lose f i t  in regions which are not so important. I f  there were no uncertainty i n  

the true average counts, the oroblem of  choosing uL+ and uz: could be concisely stated as fol lows: 

+ t Find numbers u : ,  z i 2 ,  . . . , Z L ~  which minimize u;' Ci subject 
i =1 

m 
t to the restr ict ions that ui K . ( e )  2 w ( e )  for all e .  

I 
i = l  

m 

Find  numbers U T ,  u ; ,  . . . , 2 1 -  which maximize uf Ci subject m 
i = l  

m 
t to the restr ict ions that lr( ui K i ( e )  2 7 . (e )  for a l l  e .  

i = l  

A basic theorem i n  mathematical programming asserts that these two problems are equivalent to  the 

fo l lowing problems: 

+ F ind  Q nonnegative function g ( e )  which maximizes 

t - 
subject to the restr ict ions Ki ( e )  g ( e )  de  = c. 1 '  

Find a nonnegative function g- ( e )  which minimizes g- ( e )  w ( e )  de 
JOm 

Do 

subject to  the restr ict ions Jo K(e)  g - ( e )  de :: Ci , 

Furthermore, 

m 

i=1 

and 

It can also be shown that the two most adverse spectra, gt (e )  and g - ( e ) ,  need have at  most m discrete 

components. 
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A A  A 
Now when the stat is t ica l  errors i n  the obseivational counts c 1  , c 2 ,  . . . , em are considered, the 

( f u T P i )  and ( *A,:'.̂ ; which would appear i n  Eq. 1 1  should be 

I C ,  

u:ci)  w i l l  be normolly distributed with standard deviation, given by the usual rule for coinbination o 

stat is t ica l  distr ibution of 
\ i = l  i = l  

A A  A considered. Assuming that e l  , c2, . . . , cm are normally distr ibuted wit11 standard deviations a, , a2, . . . 

( i:1 

errors, o f  

Similarly ( u T $ i  ) w i l l  be normally distr ibuted wi th  standard deviation 
~ i'l 

A .  If Problems 12 and 13 are solved by using ci instead o f  Ci, i t  may be found that some coeff icients, 
t 

ui or u . - ,  of large magnitudes (posit ive o r  negative) w i l l  be required to obtain the best upper and lower 

bounds. These coeff icients w i l l  result i n  large standard deviations, s'or s-. Thus, Problems 12 and 13 
should be modified to taka into account the s tat is t ica l  distr ibution of c ,  , c 2 ,  . . . , cm. A A  A 

m m 
A A ?  + A  I-  

= E ui ci + K s , 
A 

It has been shown3 that for the estimntors rlr - = u2T ci .- K s- and $ 
i=l i = l  

0.6827 for K - 1 , 

0.9373 for K - 3 . 
0.9545 for K = 2 ,  

A A 
Pr[i,!- 2 ~ (= $ '1 2 

An inequality rather than an equality OCCUTS because a s l ight  approximation i s  made by assuming that the 

m o s t  unfavornble correlation ex is ts  between ( u; cI ) and ( u:c, ) and,  more iiiiportantly, 

because there i s  an inequali ty i n  Eq. 11 which was used in  deriving the result. 

compared with Eq. 3. Equation 17, with K 2 2, implies that i f  an experiment i s  repeated o large nuinher o f  

times under t h e  same conditions, in a i  least 95% of the experiments c', 

of $1, but in  favorable cases (depending on the true spectra), the fraction may be m u c h  higher than 0.85. 

2 =1 2 =1 

Equation 17 should bz 

A -  and $ t w i l l  bracket the t r u e  value 
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A A  A When the s tat is t ica l  f luctuations i n  c , ,  c2, . . . , cf12 are considered, Eq. 19 suggests that the best 

for some value of K which de- estimates o f  $J would be obtained by minimizing the interval from $ -  t o  

pends upon the confidence level desired. Then the result ing upper and lower bounds for w ( ~ )  w i l l  represent 

a compromise between Q c lose f i t  and one which can be obtained using small coeff icients lit- and ut  . t 

t To summarize, the problem o f  choosing ul- and z i z  , when stat is t ica l  f luctuations i n  the data are con- 

sidered, can be stated as follows: 

t t  F ind  numbers v , ,  7 ~ ~ '  ... , u: which minimize 

for a l l  e .  F i n d  numbers u;  , 7 ~ ;  , . . . , u- which maximize m 

for a l l  e .  

It i s  possible to solve Problems 18 and 19 by standard l inear programming methods i f  the functions 

$'and y+- are approximated by l inear functions o f  the c's and (its. A FORTRAN code has been written 

for th is  problem using the Simplex l inear programming method but has not yet been completely checked out. 

Conc Ius ions 

A stat is t ica l  estimation technique based on mathematical programming has been developed for est i-  

mating the solutions to  the integral equations result ing from a sc in t i l la t ion spectrometer (and from many 

other instruments a5 well). The technique i s  based on expressing the quantity for which an estimate i s  de- 

sired i n  terms o f  a window function, and, by proper choice o f  the window function, estimating a par t ia l ly  

unscrambled spectrum wi th  some residual smearing or any l inear function o f  the spectrum. Generally, est i -  

mates of the actual spectrum are t r iv ia l .  

The resul t  of the estimation method i s  a confidence interval for the desired quantity which i s  based on 

nature's most adverse spectra," consistent wi th  the observational data; consequently the Confidence in- ' I  

terval i s  nearly always conservative (i.e-, too wide). The reduction of the mathematical problem to Q nu- 

merical problem i s  also done in such a way that the numerical approximation due to a f in i te  ntimbrr o f  

breakpoints also gives a conservative result. 

An attract ive feature o f  the method i s  i t s  ab i l i t y  to use a l l  the s tat is t ica l  information about the 

observational data. Another characteristic, which i s  pleasantly opposed to  some methods, i s  that the re- 

sults never become worse when the  number of  response functions i s  increased. 

response functions would worsen the  answer, the  method automatically ignores the function. 

If the inclusion of the new 
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By replacing the continuous variables by discrete variclhles, the same method moy be used to esti- 

mate the solution to a poorly conditioned matrix equation whose solution i s  known to  be posi t ive but i s  

obscured by errois i n  the constant vector or matrix. 

to  the incorporation into the problem of the  nonnegativi ty of the solution. 

t ions which would result i n  a negative value can riot occur. 

The improvement over regular matrix inversion i s  due 

Thus spurious osci l latory solu- 

2.3. EXPERIMENTAL DETERMBNATION QF FLUX DEPRESS10 BTHE 
CORRECTllONS FOR GOLD F88LS EXPOSED ilk4 WATER 

&. Zobel 

An investigation leading to an accurate evaluatian of the total  correction required for the determina- 

t ion of the unperturbed thermal-neutron f lux in  l ight  water by the use of gold fo i l s  has recently heen com- 

pleted. The desigii of the experiment, experirriental materials, and experimental arrangement were detui led 

in  previous reports and some preliminary values '#ere given.' In  the paragraphs below some addit ional re- 

sul ts nni! n f inal  analysis of a l l  the experimen'tal data are presented. 

Normalization of Data 

Since the several rutis  makiiig up t h i s  experiment were rather widely separated i n  time, it was neces- 

sary to norrrielire the data from dif ferent runs i n  order to compare the results. T w o  normalizations must be 

considered. The f i rs t  takes account of the small short-term f luctuations i n  the source power during a run; 

the second corrects for possihle long-term dr i f ts between runs. 
- 
I he short-term correction for changes in  source power i s  based on the output of n boron-lined ioniza- 

t ion chamber which monitored the nevtrori f lux incident upon the L id  Tank Shielding Fac i l i t y  source plute. 

While it i s  known :hat the output of the chamber is not quite l inear over a large change i n  reactor powerr 

e.g., froili 1700 to  3400 kw, the f luctuations to be expected during a r i m  w i l l  not exceed 100 kw, and over 

that interval the l inearity of the instrument i s  adequaie. 

The long-term normalization, i n  h e  case of square foi ls, was accomplished by using the average of 

the normalization factors obtained from the rat ios of the saturated ac t iv i t ies  per unit mass of 0.001-in.- 

th ick and 0.003-in.-thick fo i l s  in  the different runs. 

based on the comparison of 1-cm-square, 0.002-in.-thick fa i  Is exposed during each run for th is  purpose. 

In  the case of i he  circular fo i l s  the noimalization was 

Expwimentnl Results 

'The results of the foil activations for the square fo i l s  are presented in Figs. 2,3.1 and 2.3.2. Satu- 

rated ac t iv i t y  per unit  mass i s  plotted as a function of fo i l  thickness. 

from four to eigl i t  deterrnincitions. 

Each point shown i s  the average o f  

'W. Z o t z l ,  Neutron P h y s .  Ann. Prog. R e p . ,  Sept ,  7; 1960, ORNI. -3016, p. 267; W. Zobel, Neutron Phys. Ann- 
Pmg. R e p . ,  Sept .  1 ,  1959. ORNL-2842, p. 202. 

52 



P E R I O D  E N D l N G  S E P T E M B E R  7 ,  1961 

( X l G ?  

3.0 

2.5 

2.0 

1.5 

1 .0 

0.5 

0 

UNCLASSIFIED 
0RNL:l.R-DWG 62838 

~1 ..~ ........... . . . 

I 

f 
- 

G 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
T H I C ~ N E S S  ( r~g/crn21 

Fig. 2.3.1. Saturated Activity per Unlt Mass as a 

Function of Thickness for Thin Square Gold Foils. 

( x  409) 

2.4 

2.2 

2.0 

4 .B 

t.6 

1.4 

'# 
(2 

t.0 

0.8 

0.6 

0.4 

0.2 

0 
0 100 200 300 400 500 

TI-IICKNESS Org/cm21 

Fig. 2.3.2. Saturated Activity per Unit Mass o s  a 

Function of Thickness for Thick Squore Gold Foils. 

In order to compute the " f lux depression factor," the value by which an experimentally measured f lux  

must be mult ipl ied t o  obtain an unperturbed flux, it i s  necessary to  determine the value of the unperturbed 

f lux i n  the present measurements. Th is  value can be obtained by extrapolation of the f ini te-thickness f o i l  

data to zero fo i l  thickness, since such a foil should not affect the flux. To permit th is  extrapolation, 

straight l ines were f i t ted t o  the thin f o i l  data by the method of least squares, using an IBM-7090 program. 

The thick f o i l  data wos f i t ted wi th  exponential functions, again using a least-squares program for the IBM- 
709OV2 The function chosen was the simplest smooth function which appeared t o  f i t  the data. 

The subtraction of the cadmium-covered act iv i t ies  from the bare act iv i t ies  was faci l i to ted by addi- 

t ional IBM-7090 computations of the value of the function at certain predetermined points chosen to  be the 

thecretical masses of the fo i ls  for the thicknesses used, Subtraction of these paints should el iminate er- 

rors due t o  small f luctuations i n  the masses of fo i l s  wi th  the same nominal thickness. For the very thin 

foi lsl  arbitrary masses were chosen at convenient intervals. The errors on these computed paints were de- 

termined from the errors of the individual points from which the curve was determined and the scatter o f  

the points about the curve. 

The f lux depression factor for each fo i l  thickness was calculated by using the cadmium difference 

act iv i t ies  per un i t  mass. The factor was taken to be the saturated act iv i ty  per unit mass  for a foil o f  

llll_.l_l_._.- .._.__._-.___-II .,.-. 
2Some of the proyrums of R. W. Peelle and R. 0. Chester were used in this work. 
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the f in i te  thickness involved divided by the saturated ac t iv i t y  per unit  mass for a fo i l  of zero thickness. 

These factors are plotted in  Fig. 2.3.3. Also shown on th is  figure ore theoretical curves computed accord- 

ing to  several different 

hove the same area as the square foi ls. 

FOF these comparisons, the fo i l s  were assumed to be circular but to  

The data obtained for circular fo i l s  of different diameters were treated i n  the some way as those for 

the square foils, except thcst the value for the unperturbed f lux  was taken to be the same as that obtained 

for the square fo i l s  and not redetermined for each diarnetsr, The data are shown i n  Figs. 2.3.4 through 

2.3.7. 
____.._ . . . . . . . 

3W. Bothe, 2. P h y s i k  120, 437 (1943). 

%. 1-1. F?. Skyrme, Redtrcf ion in Neutron D e n s i t y  Caused b y  an Absorbing D i s r ,  MS-91 (n.d.) .  

5R. H .  Ritchie and H.  B. Eldridge,  Nuclear Sci. and Eng .  8, 300 (1960). 

6G. R. Dalton and R. K. Osborne, Nuclear Sci. and Eng. 9, 198 (1961). 
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Conclusions 

It i s  obvious from Figs. 2.3.3 through 2.3.7 that the best agreement is  obtained with the calculat ions 

of Ritch ie and Eldridge5 and those of Dalton and Osborne6 using isotropic scattering. 

The discrepancies apparent for thick fo i ls  may be due to  the absorption of the 41 1-kev gamma ray in  

the f o i l  i tself .  Th is  effect i s  included i n  the experimental results, bu t  as yet no correction has been made 

to the theoretical calculations. Further work along th is  l ine i s  i n  progress. 

Calculat ions are being performed in  cooperation with Dalton to  include the effect of higher harmonics 

on h i s  results. It i s  expected that th is  may lead to  a reduction of the present discrepancy for thick 

(>O.Q05 in.) foils. 

An apparent shape discrepancy also exists between experiment and calculat ion for fo i l  thicknesses 

<0.0015 in. and diameters of 0.5 and 1 cm. This  i s  due to the model chosen to f i t  the experimental data. 

Since the model was chosen as the simplest f i t  t o  the data, i t i s  probably not correct i n  detai l .  

2.4. THE MODEL I V  GAMMA-RAY SPECTROMETER: STATUS REPORT 

G. T. Chapman and K. M. Henry 

The development of the Model IV "total-absorption" gamma-ray spectrometer has continued. The 
1 9-in.-dia, 12-in.-long Nal(TI) crystal described previously has now been in  almost constant use for about 

nine months without any noticeable deterioration of the cemented interface. Figure 2.4.1 shows n recent 

determination of the response of the spectrometer t o  col l imated gamma rays ranging i n  energy from 0.51 1 
to  2.754 MeV. 

A complete study of the background associated wi th  the Model IV spectrometer has indicated that the 

maior contribution to  the high-energy region (>4 MeV) may come from cosmic-ray interactions w i t h  the com- 

ponents of the spectrometer shield. Th is  was implied when measurements made w i th  the spectrometer 
___._... ..- 

'G. T. Chapman, Neutron Phys .  Ann. P r o ~ .  Rep . ,  Sepr. I ,  1960, ORNL-3016, p. 264. 
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Fig. 2,4.1. R e s p o n s e  of the Composite 9-in.-dia, 12-in.-long b(al (Yi)  Crystal  to Callimnted Gamma Rays.  

covered r i t h  19 f t  of water showed a decrcase of  -30% i n  the magnitude of the high-energy background. 

As shown in Fig. 2.4.2, there are peaks i n  the distr ibut ion up t o  116 Mev. 

Below 4 Mev the background counts appear t o  ar ise largely from the long-l ived ac t i v i t y  of impurit ies 

in the spectrometer shield. Measurements made w i th  the reactor operating a t  a power of 2 w a t ~ s  and wi th  

the spectrometer located - 6  f t  f r o m  the reactor surface resul ted in spectra unchanged from the spectrum 

observed at  the same po i i l i  but w i th  the reactor shut down. It i s  therefore r e u ~ o n u b l e  t o  conclude that 
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under the circvinstances of the measurement, a t  least, capture gamma rays result ing f r o m  reactor neutron 

interactions in  the shield are negligible. A second measurement, made 72 hr after exposure of  the shield 

to  reactor neutrons, fa i led to show any time-dependent decay of the peaks, indicating that the peaks could 

not logical ly be associated w i th  neutron act ivat ion of any isatope expected i n  the spectrometer. 

The energies shown for the peaks in  Fig. 2.4.2 were obtained by comparison w i th  the energies Qf known 

gamma-ray sources up to  3.26 MeV; the energies above this point were assigned by an extrapolat ion based 

on the l inearity of the system as determined by a standard pulser. 

Although the structure of the curve has not yet been completely explained, the measurenients indicate 

that backgrounds due to  high-energy part icles or photons may become a serious problem when large sc in t i l -  

lat ion detectors are used, even i f  the detector i s  completely shielded w i th  a very massive shield such as 

that of the Mark I V  spectrometer. 

spectrometer may be reduced. 

- 
I he data shown indicate the minimum t o  which  the background in th is 

2.5. SOLID-STATE FiSSIBN DETECTORS 

T. A. Love and K. M. H e n r y  

Sil ican-gold surface barrier diodes have been successful ly used as  part icle detectors and spectromreters 

in many situations. The general concept and methods of fabrication have been described elsewhere.’ The 
properties of such diodes suggested that they might be adapted for use as f i ss ion  part icle detectors, speci- 

f i ca l l y  for employment i n  the small water spaces between the fuel plates of MTK-type reactor f i ie l  elements, 

A number of probes incorporating surface barrier diodes in  conjunction w i th  U235 f i lms wete therefore fab- 

ricated,2 and three were obtained for test ing a t  the Bulk Shielding Fac i l i t y .  S i i lce no part icular d i f f i cu l ty  

was anticipated i n  the proposed application of surface barrier diodes, a detniled series of tests w a s  not 

or iginal ly scheduled, and the somewhat random nature of the experinwilts to  be described i s  primari ly due 

to  the surprisingly bad resul ts observed in  the f i rst  tests. 

Experimental Materials 

The three probes or ig inal ly obtained ut i l ized surface barrier diodes made in  conventional fashion. The 

starting material w a s  low-resistance (150 R . c m )  si l icon, i n  the form of a 0.2-in. square, 0.050 in. thick. 

The thickness was reduced to 0.030 in. by lapping before evaporotion of the gold barrier. The diodc was 

cast in a plast ic m o l d ,  and a l-rng/cm2 U 2 3 5  f i l m  evaporatpd on aluminum fo i l  was mounted c lose  to but 

not in  contact w i th  the gold surface. The arrangement was f i t ted  a t  the bottom of a th in aluminum tihe, 

’T.  A. L o v e  et al., N e u t m n  Phys .  A n n  Prog. Rep.,  Sept. I, 1960, ORNL-3016, p. 280, incl. references; also, 
G. Oearnley and A.  0. Whitehend, T h e  Semrcondurtor Sz~r face  E a m e r  /or Nuclear Pslrtzcle Detectors ,  AERE-R-3662 
(Feb., 1961); see 0150 Sec. 2.1.5, t h i s  repolt. 

2 A l l  diodes were prepared under the supervision o f  Fa. E, Zellcr,  lnsirumentotion and Controls Division, 
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. .  

26 in. long, 0.75 in. wide, and 0.10 in. thick. The space remaining i n  the tube was f i l l ed  wi th Luci te,  so 

that the reactor would not "see" a void when the probe was introduced. 

Original Tes ts  and Resul ts 

The f i rs t  diode probe to  be tested was connected to a suitable preamplifier and a DD-2 amplif ier w i th  

a 100-v diode supply. The PHS c i rcu i t  of the DD-2 ampl i f ier  and a scaler were used t o  obtain a curve of 

the response t o  alpha particles, which was used to  set the PHS t o  discriminate against the alpha particles. 

The unit was then inserted into a c r i t i ca l  array of BSR-I fuel  elements in  the Pool C r i t i ca l  Assembly op- 

erating wi th a f lux of * lo6 neutrons.cm-'-sec-'. The resul t ing f i ss ion  part ic le response curve was com- 

pletely unreproducible. The electronic system, including the diode supply, and the reactor power were 

checked and found t o  be stable. The probe was then withdrawn f r o m  the reactor and again tested for i t s  

response t o  alpha part icles. The response was both unstable and decreasing, and it was tentat ively diag- 

nosed that moisture due t o  water leakage into the probe was causing the di f f icul ty.  

A second probe was then prepared w i th  part icular care being taken to  ensure complete waterproofing. 

When tested in  the same fashion, the behavior of th is  second probe was the  same as the f irst,  thus proving 

that the cause of the d i f f i cu l t y  was not moisture. Subsequent dismantl ing of the f i rs t  probe showed no in- 

dication of attack by  water. 

T o  test  the speculat ion that damage might be resul t ing from the  fast-neutron f lux i n  the reactor, the 

third probe was exposed i n  the thermal column of the ORNL Graphite Reactor without electr ical  connections 

of any kind. Measurements made after removal showed a large change in  res is t i v i t y  of the material, and a 

check of the response to  alpha part icles showed that it was unsteady. 

A t  the end of these tests a l l  three diodes had been exposed t o  a large number of alpha part icles from 

the 

the f i rs t  two diodes tested had been exposed to  10 
conclusive and addit ional investigation was c lear ly  required. 

foi l ,  t o  between lo7  and 10' thermal neutrons, and t o  relat ively low gamma-ray f ields. In addition, 
7 and lo8 epicadmium neutrons. All the resul ts were in-  

Addit ional Tests and Reswlts 

Prel iminary t o  further tests wi th the diodes, the behavior of the base material was scrutinized. Two  

s i l i con  wafers, a bare one used as a monitor and another wi th a U235 f o i l  attached, were exposed to -IO8 
thermal neutrons in  order to determine the probable depth of addit ional impurity centers produced by f iss ion 

products impinging on the si l icon. The electr ical  resistance of the bare wafer d id  not change as a result 

of the exposure, but the resistance of the wafer t o  which the U235 f o i l  was attached decreased tremendously - 
off scale a t  the low end o f  the meter used. The change was obviously due t o  fission-product accumulation, 

and lapping was begun on the surface of the contaminated piece to determine the probable depth of pene- 

tration. The f i r s t  lapping restored the original resist iv i ty,  indicat ing only surface contamination by  f iss ion 

products. 

An original and basic cri ter ion for the use of surface barrier diodes a s  f iss ion part ic le detectors was 

that the diode must remain stable in response unti l a suf f ic ient  number of counts above the alpha-particle 
. .-. . 
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cutoff could be obtained t o  completely map the f lux in a reactor care. Thus primary attention was placed 

on accumulated count rather than to ta l  dosage, although the latter should also  be known. The experiments 

which followed werc” intended t o  further investigate stabi l i ty .  

Since fabrication of addit ional probes was cleor ly premature at ;his stage of experimentation, the re- 

mainder of the work to  be described ut i l ized conventional ly sized and packaged “stock” diodes, sirnilor 

to those described by Love. 3 

2 3 5  A Fresh start was rnede w i th  an arrangement consisf ing of a low-resistance (-206-11) diode, a U 
foil, a preamplifier and DD-2 amplifier, and a 256-channel analyzer. The diode was selected only on the 

basis that i t  was to  operate w i th  an applied bias of 100 v, no other conditions being imposed. With the 

rapid Failure of the f i r s t  three diodes in  mind, test ing was begun at a slow pace, using D-T neutrons from 

the BSF purt ic le accelerator. The sequence of operations was as fol lows: D beam off, alpha check; beam 

on, accumulate 1000 counts; beam off, alpha check and comparison; beam on . . . etc. Some 3 x lo4  counts, 

a t  a rate of 2 counts/sec, were accumulated in th is manner wi th no evidence of sh i f t  of f i ss ion  spectrum or 

change in posi i ion of alpha peak. 

Since no apparent progress was being made, the diode was then shifted to a posit ion near the BSH-I 

reactor for a series of runs w i th  the ieactor a t  2 watts. A total  of 2 x lo6 f iss ion counts was thus accumu- 

lated. 

for the 256-channel analyzer was 25% of the run time. 

counts were extrapolated on the basis o f  the reactor power. S m a l l ,  random gain shi f ts (tl%) had been ob- 

served, and the alplla peak appeared somewhat broadened as if from gamma-ray smearing. A total of 2 x IO7 
counts of eneigy > 6  MeV, corresponding to a total count of 1.4 x l0l2 neutrons, had been accumulated. A n  

increase in  reactor power t o  330 watts for 2300 sec, corresponding t o  1.5 x 1013 neutrons, jamljled a l l  the 

counting equipment and termiriated the run. 

The reactor power was then incrementally increased to 33 W Q ~ ~ S ,  at  which level the “dead t i m e ”  

Beyond this power level, therefore, irradiations and 

Postir iadiat ion tests of the diode indicated a capacitance reduction (apparent gain increase) of 6% iin- 

mediately, then 8%, 24%, and 24% at half-hour intervals. One day later the shi f t  had decreased t o  18% above 

the original value, and small changes were observed in the alpha-part icle response distr ibution. 
5 A later run, amounting to  a n  integrated power of 3.3 x 10 watt-sec, resulted in 10% terminal, 18% maxi- 

mum, and 0% long-term capacitance reductions. These values were repeated in  addit ional runs. 

The diode had at  th is time survived an exposure 1.0 3.6 x 1013 thermal neutrons. An addit ional exposure 

to 1 x 1014 neutroils (reactor power level a t  1 kw for 1300 S E C )  produced a capacitance reduction which re- 

quired 4 hr for recovery. The alpha peak became a smear and tl-ien part ia l ly  recovered. 

Since no part icular account had been taken of diode temperature during the above runs, it was of interest 

to determine, in grossly qual i tat ive fashion, the ef fect  of temperature changes. 

above rim, therefore, the detector in i ts  container was plunged into water a t  -75°C. The result, as shown 

in  Fig. 2.5.1, w a s  a rapid and large gain shi f t  i n  the direct ion of diode capacity increase. 

hot water and immersion in l iqu id  nitrogen produced an immediate and dramatic gain s h i f t  in  the oppasi ie 

direction. ?’Re t ime scale of these data was greatly influenced by poor heat transfer. 

Imtnediately fo l lowing the 

Reinoval from the 

J- I .  A. I. ove  et al., op. c i t ,  p. 281. 
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A s  the alpha-particle response curve was recovering from the above treatment, a run at a reactor power 

of 40 watts was terminated a t  309 s e t  when an apparent breakdown of the diode occurred. To ta l  exposures 

in t h i s  run were: 1.4 x 10" thermal neutrons, 2 x 1013 fast neutrons, and >5  x 10 8 alpha particles. 

Two weeks later the alpha-particle response curve for t h i s  diode indicated a large amount of recovery. 

Four more exposures of * 1 x 1014 thermal neutrons each resulted in smeared alpha peaks, w i th  diminishing 

amounts of recovery after each run. A f i fth exposure of -, 1 x 1014 thermal neutrons resulted in  l i t t l e  evi-  

dence of iecovery after four days. A potential of 150 vol ts was then applied to  the diode and for a short 

time appeared to somewhat accelerate recovery, but it may also have contributed to  the complete fai lure 

due to breakdown which occurred shortly thereafter. 

The experiments repotted nhove have a l l  been  performed with low-resistance diodes. A high- 

resistance diode (1500 0 - cm) was also exposed t o  the BSR-I in  the same fashion. The results were 

opposite in  sense; that i s ,  the gain s h i f t s  in the high-resistance diode \.vere i n  the direction of irrcreascd 

capacitance. Small gain shif ts and alpha-peak distort ions occurred for exposures up to  -, IOl3 neutrons; 

relat ively large shi f ts and sinall recoveries at exposures > 3  x 1013 neutrons. 

Concl us ions 

Neutran-induced gamma-ray ac t iv i t ies  in the diodes and mozrnting structures could account for some of 

the alpha-peak distort ions and subsequent recovery but would not account for the obswved gain shifts. 

This was verif ied by exposing diodes to  the high residual gamma-ray f ie ld  of the shut-down reactor. There- 

fare, most, i f  not a l l ,  of the observed effects must  resul t  from diode structure changes. A. future experirncnt 

w i l l  use two ident ical  diodes operated a t  10 and 100 vol ts bias, respectively, t o  test  the hypothesis that 

bias voltage has a strong influence upon diode l i fe  and stabi l i ty .  

Experimental studies nf the response of act ivatzd ionic crystals sbich as Nal(TI)  and Csl(TI) t o  heavy 

charged part icles indicate decreasing scint i l lat ion ef f ic iency w i th  increasing part ic le mass and a ntn l in-  

ecrsity in pulse height vcr~cis  energy for heavier part;cles. 

lat ion ef f ic iency to  electrons, however, is less than that t o  protons. 

effects, th is  paper prescnts a calculat ion based on a model of the process of energy transfer from the in- 

coming particle t o  the activator s i tes.  In  th is  model, the energy carriers are taken t o  Sc excitons resu!t- 

ing from recombination of electron-hole pairs i n  the wake of the  particle. The migiat ion of carriers to  

Rocent eAperimcnts indicate that the scint i l -  

In an attempt to  account for these 

'Abstract of published paper: P h y s .  Rev. 122, 815 (1961). 
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activator si tes i s  described by a one-velocity d i f fus ion equation in  which the  density of unoccupied acti-  

vator sites, N a ,  i s  a function of space and time. The d i f fus ion equation i s  coupled w i t h  a second dif fer- 

ential equation describing the time dependence of N a .  The solut ion t o  these equations indicates that the 

depletion of avai lab le activator si tes by a part icle w i t h  high J U d x  can account for observed saturation 

effects. Th is  model further contains the activator concentration as Q parameter and permits a prediction 

of sc in t i l la t ion ef f ic iency as a function of both d E / d x  and concentration. The low sc in t i l la t ion eff iciency 

t o  electrons i s  predicted as a consequence o f  the  smaller recombination probabil i ty for part icles of very 

low dfVdx. Final ly ,  for a low-dE/dx part icle in a crysta l  of O.l-rnole 7% activator concentrotion, the di f -  
fusion length of energy carriers is found to  be of order 20 A. 

2.7. INTRlNSlC LINE BROADENING IN Nal(TI) GAMMA-RAY SPECTROMETERS' 

C. D. Zerby, A. Meyer, and R. B. Murray 

Previous experimental studies of the response of Nal(TI) t o  gamma rays have indicated that the 

pulse height i s  not s t r ic t ly  proportional to  the energy of the absorbed gamma ray. It i s  the purpose of th is  

paper to  point out that the nonproportional response to gamma rays implies a nonproportional response to 

electrons, which results in  an in t r ins ic  broadening o f  the full-energy peak in the pulse-height distr ibution 

from a monaenergetic gamma ray. The magnitude o f  th is  effect i s  such that i t  results i n  a signif icant con- 

tr ibution t o  the total l i ne  width for sc in t i l la t ion crysta ls  of typ ica l  dimensions. The  work reported here i s  

based on Monte Carlo calculat ions us ing the nonproportional response o f  Nal (TI )  to  electrons, an energy- 

dependent function which was deduced from previous experimental work with gamma rays. Results o f  cal- 

culat ions for a 2.5-in.-dia by 2-in.-high crystal indicate a d is t inct  broadening in the total absorption l ine 

i n  the case of  Compton and pair-production events. The calculated fractional l ine  width from th is  effect 

alone i s  negl igible for energies below about 0.1 Mev and amounts to 2.6% a t  0.15 MeV, 5.0% at  0.4 MeV, 

and 1.5% at 2.5 MeV. The dependence o f  th is  effect on the crystal s ize and source geometry i s  discussed. 

'Abstract  of published paper: Nuclear Instr, & Methods 12, 115 (1961). 

2.8. STUDIES OF THE SClNTlLLATlON PROCESS IN Csl(T1) 

R. Gwin and R.  B. Murray 

A phenomenological theory of the sc in t i l l a t ion  process i n  thall ium-activated a lka l i  iodides, based on 

a description of energy transport from the incident charged part icle to the luminescence ceniers, has re- 

cently been proposed.' Th is  model leads to several spec i f ic  predictions of the behavior of sc in t i l la t ion 

- 
'R. 6. Murray and A. Meyer, P h y s .  Rev. 122, 315 (1061). 
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eff iciency as a function of thal l ium concentrution of the crystal and as a function o f  the speci f ic  energy 

loss of the incident particle. 

test of the va l id i ty  of the proposed model, consti tute the primary motivation for the program reviewed 

here. The experimeritol program to  be described encompasses a study of the sc in t i l l a t ion  response of 

several Csl(Tl j  crystals of varying thal l ium content t o  monoenergetic gamma rays and protons, wi th 

attention to effects dependent upon the scint i  Ilation-pulse c l ipping time. 

These predictions, lahich are subiect to experimental investigution as a 

Scintillation Response of Csl(Tl) to Gamma Rays 
- 
I he results of experirnents on the sc in t i l l a t ion  response of a particular crystal of Csl(TI) to gamma 

rays were reported i n  the preceding annual progress report.2 These experiments have been extended to  

include a total  of three CsI(TIj crystals whose thal l ium contents hove been determined as follows: Crystal 

1, 0.0041 mole %; Crystal 2, 0.046 mole %; and Crystal 3, 0.18 mole %. I he experiinental method employed 

in  deterrnining h e  sc in t i l l a t ion  response of these crystals to  gamma rays has been indicated previously.2 

Br ief ly stated, the pulse height I ,  corresponding t o  a gamma ray of energy E y  i s  measured relative to the 

pulse height corresponding to  a “standnrd” gamina-ray l ine  which was chosen to be the 662-kev gamma ray 

of C s T 3 ’ .  With this inethod the results do not depend upon such factors as the l inearity of the ampli f ier 

and pulse-height analyzer, the long-time stabi l i ty  of the gain of the electronic system, or n knowledge of 

the zero of the pulse-height analyzer. 

- 

In a l l  experiments preformed to date wi th gamma rays, the sc in t i l l a t ion  pulse W Q S  ampli f ied i n  a DO-2 
amplifier which had been modified by the substi tut ion of 7-psec delay l ines i n  place o f  the standard 1.2- 
psec de!ay l ines. Pulse-height analysis was then performed i n  o 20-channel analyzer which was equipped 

with a long-pulse adapter. Thus analysis of a scint i l lat ion pulse occurred 7 p e c  after the gamma ray was 

absorbed in  the crystal.  This i s  a signif icant feature of the present work, os the long cl ipping time guar- 

antees col lect ion of a l l  l ight  from the fust luminescent component (decay t ime about /2 psec) plus col lec- 

t ion of some l ight from a slower luminescent component (decay t ime of the order o f  several microseconds). 

In the analysis of data points for which the pulse height i s  very small (viz., low-energy gamma rays 

1 

on the low-thal l ium content crystal), i t  i s  necessary to take into account the deviat ion of the peak of the 

goliii’rin-rny spectruni from the mean, The asymmetry of the observed peak occurs when a small  number of 

electrons are emitted, on the average, froin the photocathode of the photomultiplier tube. A theoretical 

calculat ion of th is asyniineiiy has been made by 1;. T. Wright3 and served as  the basis for the corrections 

applied in th is  work. The average number of electrons reaching the f i rst  dynode W Q S  measured by using 

U233 alpha particles (6.8 Mev) to produce the l ight  pulses i r i  the crystal. Th i s  was done by disconnecting 

a l l  of the tube elements except the photocathode, the f i rs t  dynode, and the focusing electrode, und riiecrs- 

ur ing the current f lowing ouf of the f i rs t  dynode wh i le  other physical condit ions w e r e  the same as during 

the normal scint i l lat ion experiiiients. The maximum value o f  th is  correction w a s  4% for the (32.88- 

2 R .  Gwin and R. B. Murray, Nerrirotr P h y s .  Drv. Ann. Prog. Rep .  Sept. 1, 1960, OKNL-3016, p.  293. 

3G. T. Wright, I. Scz. Insfr. 31, 377 (1954). 
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kev) K x ray for the Csl(T1) crystal  having a thall ium concentration of 0.0041 mole %. An uncertainty of 

t25% was placed upon t h i s  correction. 

Data resul t ing from gamma-ray experiments on the indiv idual  crystals are shown i n  Figs. 2.8.1-2.8.3 
and are shown superimposed in  Fig. 2.8.4. It was not possible t o  obtain data helow 30 kev i n  Crystal  1 
as a consequence o f  the very low pulse heights. The error l im i ts  shown include contributions ar is ing from 

the reprodwcibil i ty of the indiv idual  experiments, uncertainty of the K x ray energies, low pulse-height asym- 

metry corrections, and uncertainties in  corrections for K escape peaks. The uncertainties involved in 

comparing the curves are shown in  Fig. 2.8A and are reduced essent ia l ly  to  the uncertainty in  the meas- 

urements. The ordinates on Figs. 2.8.1-2.8.3 are f ixed relat ive t o  the value of I , / E y  for 662-kev gamma 

rays on Crystal  2; L / E  for t h i s  point i s  arbitrari ly assigned a value of  1.00. With this value fixed, the 

l ight output for Crystals 1 and 3 relat ive to that for Crystal  2 was determined i n  a separate experiment 

which w i l l  be described below. 
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Y rcspon=e It i s  to be noted in  connection rviih Figs. 3.8.1-2.8.4 that all three crystals exhibi t  J ! / F  

functions which are basical ly similar. The L/’E 

bet*een pulse  height a i d  gamma-ray energy. Further, the sc in t i l l a t ion  response of these crystals PO 

gamma rays is  very nearly tlie same CIS that observed a t  other laboratories iil N ~ l l ( T l ) . ~  

functions indicate a d is t inc t  nonproportional relat ion 

4For  acferences to  work on Nal(  P i ) ,  see C. Zcrby, A, Msyer, and R. R, Murray, N u c i ~ a ~  Insir. G Methods 12, 
115 (1961). 
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Scintillation Response of CsS(T1) t a  Electrons 

It i s  not possible t o  compare t h e  results of Figs. 2.8.1-2.8.4 direct ly w i th  the predictions of the scin- 

t i l l a t ion  model,’ as the experimental results refer to the interaction of ~arnirza ray7 with the crystal, where- 

as the model desciibes the interaction of electrons with the crystal.  It i s  thus necessary to  obtain the 

electron response Furictions from the experimental results w i th  gnmrna rays. The m o l y t i c a l  methods neces- 

sary to perform this operation have been described elsewhere in  conjunction w i th  studies of Nal(Tl).4 
The only difference introduced in CsI(TI) i s  that both iodine and cesium have K absorption energies 

which intist be considered and h i s  complicates h e  elactran spectrwm arising from gamma-ray absorptions. 

The pulse height per unit  energy, [ > / E e ,  for electrons has been obtained in  the energy region below 70 
kev for the throe different thal l ium concentrations. T h i s  derived curve for L / E ,  as a furiction of the elec- 

tron energy E e  i s  shown in  Fig. 2.8.5 for the  0.046 mole 06 thal l ium crystal. 

ray response of the crystal  can be calculated and i s  shown i n  Fig. 2.8.6 along with the experimental 

points. The agreement between the derived carve and the experimental points i s  considered good. 

fact that the curves as shown in  Figs. 2.8.1-2.8.4 show a decrease below 60 kev means that another de- 

crease in the gamma-ray curve w i l l  occur at about 20 kev. This behavior i s  shown by the experiments and 

gives increased confidence in  the precision of the experiments. 

Froin th is  curve the gamma- 

The 
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Pulse Height as a Function of Thallium Concentration 

In  the formulation of the sc in t i l la t ion process model, the relat ion between sc in t i l la t ion eff iciency and 

the tha l l ium concentration enters in a very basic way. It i s  thus of considerable interest to  measure the 

relat ive pulse height as a function of the thal l ium concentration for a series Q f  Csl(TI )  crystals. Accord- 

ingly, a number of Csl(TI) crystals of varying tha l l ium content were obtained, both from Harshaw Chemical 

Company and by growing at  th is  Laboratory. A s l i ce  3 mm i n  thickness was obtained from each ingot, and 

the pulse height corresponding to 662-kev gamma rays was recorded for each sample. Pulse heights were 

determined wi th  a test  pulse generator and precision potentiometer as described previously.2 Care was 

taken to  ensure that the optical coupling between the crysta l  and the l ight  guide was the same for every 

crystal. Uniformity o f  optical coupling was indicated by the fact that any given crystal systein could be 

disassembled and remounted wi th  a change i n  pulse height amounting t o  3% at  most. The pulse height 

associated wi th  any one crystal was determined several times. 

... 

Two sets of measurements of pulse height versus concentration were performed. In  the f i rs t  set, 

pulses were ampli f ied wi th  the DD-2 ampli f ier and analyzed a t  7 psec as indicated above. In the second 

set of measurements, pulses were ampli f ied and analyzed in a Nuclear Data 256-channel analyzer. The 

cl ipping time of the internal amplif ier (hence the time at which analysis occurs) in th is  system was 1.25 
psec, in contrast with the 7-psec c l ipp ing time in  the f i rs t  set of experiments. The shorter c l ipp ing time 

permits col lect ion of most of the l ight from the fast sc in t i l la t ion component and has the advontage of ex- 

cluding a l l  but an insignif icant amount o f  l ight from the longer component. The data are shown in Figs. 

2.8.7 and 2.8.8. 
The experimental data was f i t ted t o  a Johnson and Will iams5 function, 

c ( l  - c y  
L -  

c + 0j/cra ( 1  - c )  , 

5P. D. Johnson and F. E. Wil l iams,  1. Chem. Phys.  18, 1477 (1950). 
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Pulse  Anolys is ) ,  

where c i s  the mole fract ion o f  thallium, vl and ua are the cross sections for capture at a trapping s i t e  and 

an activator site, respectively, and z i s  the ef fect ive number of lat t ice s i tes surrounding a given activator 

s i te such that concentration quenching w i l l  occur i f  another act ivutor atom i s  contained w i th in  z .  'The two 

curves are normalized with respect to  each other at the low t t ial l ium concentration point. A z of 75 was ob 

tained for the 1.25-psec pulse analysis and 43.5 for the 7-psec pulse analysis. 

The behaviors of the curves at the 1.25-psec and 7-psec pulse nnalysis dif fer from each other consider- 

ably. Note that there is no evidence from the data a t  7 psec to say that there i s  a lmaximum in the pulse 

height versus Concentration relation. The difference in  the two curves can be explained qual i tat ively by 

suggesting that a second luininescent s i te  i s  present in the  crys ta l  which increases i n  density as the oc- 

tivator concentration increases and which has a longer decay time than the other luminescent site. One 

such s i te  could be two thalliurii ions associated w i th  each other in the lntt ice. 

The maximum in the pulse height versus thal l ium concentration for the 1.25715ec pulse analysis accurs 

between 0.12 and 0.16 mole %thal l ium. Th is  i s  in  disagreement w i th  the work of Ts i r l i n  et uL6 who con- 

cliide that the maximum occurs at about 0.02 mole '% thallium. Th is  conclusion does not seem to  be borne 

out by their published data. 

Sclfitillotion Response of @sl(TI) t o  Protons 

The sc in t i l l a t ion  response of Crystals 1, 2, and 3 to monoenergetic protons was examined Q V W  the 

proton energy range from 0.2 to  5.5 Mev. Monoenergetic protons in  th is  energy region were obtained by 

61u, 4, Tsirl in,  S. N. Kornnik, and L. M. Soifer, O p t i c s  and Spectroscopy ( U . S . X R . )  6, 265 (1959). 
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accelerating protons in the ORNL 5.5-Mev Van de Graaff generator. The primary proton beam was scat- 

tered from a thick tantalum foil; the scattered beam was +hen analyzed in a 60-cBeg charged-particle a m -  

lyzing magnet, The Csl(TI) crystal was placed immediately beyond the focus o f  the analyzing magnet. 

?he energy of the proton beam str iking the crystal was we l l  known from a magnet cal ibrat ion which was 

performed immediately before starting the series of sc in t i  l lat ian response experiments. 

The experimental method in determining the response t o  protons w5s very similar to that in the gamma- 

ray experiments. In all cases the pulse height L corresponding to monoenergetic protons o f  energy I? was 
P 

determined relutiue t o  the pulse height associated wi th  662-kev gamma rays. A gamma-ray cal ibrot ion point. 

was obtained in  conjunctian with each proton point. In the series of proton experiments, data were ob- 

tained both wi th  a 7-psec c l ipp ing time and wi th  a 1-psec c l ipp ing t ime (using on A-8 amplif ier and a 

Nuclear Data onalyrer). 

The results for Crystal 2 are shown i n  Fig. 2.8.9 (7-psec c l ipp ing time) and in F ig.  2.$,10 (I-psec c l ip-  

ping time). The ordinate on each f igure i s  pulse height per un i t  energy, arbitrari ly normalized t o  unity for 

662-kev gamma rays. Results from Crystals 1 and 3 exhibit  qual i ta t ive ly  similar features arid are not 

shown here. ?here are two signif icant features i n  Figs. 2.8.9 and 2.8.10 t o  be noted. First, wi th  the 7- 
psec cl ipping time (Fig. 2.8.3) the pulse height per un i t  energy at  662 kev i s  s ign i f icant ly  smaller for 

protons than for gamma rays. With a 1-ftsec cl ipping time, however, the pulse height per unit  energy for 

protons i s  greater than thJt for gamma rays. This latter behavior has been previously observed in  sev- 

eral a lka l i  iodide sc in t i l la t ions (see Ref. 1 for summary). The signif icant difference in pulse height per 

unit energy re la t ive to gamma rays which i s  observed in  Figs. 2.8.9 and 2.8.110 i s  a ref lect ion o f  the fact 

that in  Csl(Tl) the pulse shape depends on the specif ic energy loss of the incident particle.’ It i s  th is  

property o f  Csl(TI) which permits discrimination between charged part icles by suitable electronic inspec- 

t ion of the pulse shape. The fQCf that the L / E  at 662 kev, depending 

on the time of analysis, i s  a consequence of the detai led nature of the pulse shape from Csl(TI). 

may be greater or less than L / E  c Y 
In the 

Fig. 2.8.9. Relat ive  Light Output per Uni t  Energy o f  Fig.  2.8.10, Relat ive  Light Output per Unit Energy 
of Csl(Tl) (0.046 m o l e  R TI) for Prctonr ( 1 - p e e  Pulse Cs!(TS) (0.046 male % TI) for Protons ( 7 - p e c  P u l s e  

Analysl s ) ~  Analysis). 
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series of proton experiments it was possible to observe simultaneously the ampli f ied pulses from both 

662-kev protons and gamma rays. The proton pulse was observed to have a faster in i t ia l  r i se  than the 

gamma-ray pulse, such that L/E i s  greater than ! > / E y  at 1 psec. At longer times, the proton pulse be- P 
comes relat ively f la t  and crosses the increasing gamma-ray pulse, such that L J E  i s  less  than L / E y  at 

/ psec. It i s  to be noted that th is  particular si tuation holds at  662 kev. The rat io of ( L / E  ) / ( L / E y )  

wi l l  be reversed at lower energies for the 1-psec cl ipping t ime and a t  higher energies for the 7-psec 

cl ipping t ime since both L/E and L/E are energy-dependent functions. The detai led nature of the 

relat ive proton and gamma-ray responses is  thus a rather complicated function of energy, analysis time, 

and, to a smaller extent, thal l ium concentration. 

P - 
P 

P Y 

The second feature t o  be noted i n  connection w i th  Figs. 2.8.9 and 2.8.16 i s  the fact that L / E  i s  a P 
function of E 

tween pulse height L and proton energy E 

A plot  of I ,  versus E 
P 

t ional i ty. 

Mev con bc we l l  f i t ted by a straight l ine which intersects t h s  energy axis at about 0.2 Mev (see Fig. 

2.8.11). Th is  “linear” relct ion, however, is i l lusory; the straight l ine i s  simply a good approximafion 

to  an energy-dependent function, This fact emphasizes the relat ive crudeness of a pulse height versus 

energy plot  and i l lustrates the necessity of interpreting the data i n  terms of pulse height per uni t  energy. 

throughout the energy range of the present experiments. Th is  means h a t  the relat ion be- 

P 

P 
i s  nonproportional; i.e., L # A E p ,  where A i s  a constant. 

(Fig. 2.8*11), taken from the &a of Fig. 2.8.10, demonstrates this t~nnpropor- 

From a pulse height versus energy plot, as in Fig. 2.8.11, it appears that the data above 1 

Fig. 2.8.11. Re la t ive  L ight  Output of Csl(Y1) (0.046 
Bern- m o l e  % 71) for Protons (1-psec Pulse Analysis): 

onstrotion of Nonproportionality. 
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Scint i l la t ion Ef f ic iency o s  a Function of SpecIfic Energy t o s s  

The data presented above can be expressed in terms of sc int i l la t ion ef f ic iency as a function of spe- 

c i f i c  energy loss of the incident particle. Sc int i l la t ion ef f ic iency i s  defined as dL,/dE, the slope of the 

pulse height versus energy curve. The speci f ic  energy loss, d ~ / d x ,  for protons was obtained from curves 

collcuiated by Murray and Meyer for Csl . ’  
A graph of  dL/dE for protons a s  a function of &/dx i s  shown in  Fig. 2.8.12 for the three Csl(TI) crys- 

tals used. The behavior of the &/dt; versus &/dx fo l lows the predictions of Murray and Meyer’ in  a 

qual i tat ive manner. This curve i s  quite steep and has a maximum where previous data have indicated that 

the pulse height as a function of energy was constant and, therefore, dL/& was constant. The curve 

d t / d ~  versus d e / &  for electrons also exhibi ts a maximum and in  the same dE/dx  range i n  which the 

proton maximum OCCUTS. This occurrence of a maximum for the sc in t i l la t ion ef f ic iency as a function of  

dE/& i s  predicted by the model of Murray and Meyer.’ 
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Fig. 2.8.12. Scintil lation E f f i c i e n c y  of Various 

Csl(TI) Crysta ls  for  0.2. to 5 . 5 4 ~  Protons and 0.662- 
Mev Gamma Rays. 
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Discussion 

The experimental program ta date neither conclusively confirms nor denies the val id i ty of  the scin- 

The difference in response of  the photomultiplier system to l ight t i l l a t ion  model o f  Murray and Meyer.’ 

emitted by Csl(TI) for exc i ta t ion by different part ic les must be investigated in  order to interpret the above 
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data. Hrehuss7 has measured Q difference in  the emission spectrum of Csl (T l )  for exci tat ion by electrons, 

deuterons, and alpha part icles. 

Storey et al.' have shown that the shape o f  a sc in t i l l a t ion  pulse in  Csl(Tl) i s  dif ferent for various ex- 

c i t ing  part icles. Robertson and Lynch' have performed experiments which indicate that the  shape of the 

scint i l lat ion pulse i s  a function of -the thal l ium concentration i n  Cs l (T i j  for certain part icles (5.3-Mev 

alpha part icles and 3.14-Mev protons). These experiments indicate the necessity of investigating the 

emission spectrum as a function of tl-ie thal l ium concentration i n  order t o  make a va l id  comparison of 

theory and experiment. In  addition, the variation of the pulse shape and emission spectrum from one 

part ic le to another suggests that two or more luminescent centers may be present i n  the crystal  and 

that the theoretical model nay  have to be extended to  include th i s  possibi l i ty .  

7G. Hrehuss, Nurlear Instr. & Methods 8, 344 (1960). 

'R. 5. Storey, W. Jack, and A. Ward, Proc. Phys .  Soc. (London) 7'2, 1 (1958). 
'J. C. Robeitson and J. D. Lynch,  Proc. Phys.  Tor. (London)  77, 751 (1961). 

2-9. EFFECT OF DELTA RAYS QN RESPONSE OF 1NORGAWIC 
SCINTILLATORS TO H E A V Y  IQHS 

A. Meyer and H. B. Murray 

Prel iminary results have been obtained i n  a study of the effect of delta rays (energetic secondary 

electrons) on the response of act ivated inorganic scint i l lotors t o  heavy ions. 

A seniempir ical model of the sc in t i l l a t ion  process proposed by the authors i n  a recent paper' ac- 

counts for the major features of the sc in t i l l a t ion  resparise of thal l ium-activated a lka l i  iodides to charged 

particles. These features ore the nonproporiionol response t o  electrons and the reduced ef f ic iency in  re- 

sponse to heavy ions relat ive to  protons, Figure 2.9.1 i l lustrates the behavior of the sc in t i l l a t ion  e f f i -  

ciency of Nal(TI) to various charged part icles whose specif ic energy loss  (dE /dx )  varies over four orders 

of magnitude, 'The data points and dashed curves are experimental results. Attention i s  especial ly cal led 

to  the dashed curves, which correspond to heavy ions ranging from B ' '  to Ne2'. The smooth C ~ J F V ~  of 

Fig. 2.9.1 i s  c1 theoiet ical curve based on the model of Ref. 1. It may be noted in  the figure that the re- 

sponse function for these crystals i s  a discontinuous, mult ivalued function. The present study i s  an at- 

tempt to modify the earl ier model to account for t h i s  bshcrvior. 

duced external to  the primary ionization column by delta rays formed os  the incident pnrt ic le slows down 

and stops i n  the crystal. 

original model, exhibi ts saturation of the luminescence centers for part icles of high d E / d x .  The over-al l  

sc in t i l l a t ion  eff iciency i s  the weighted uverage o f  the primary column and delta-ray eff iciencies. Such a 

calculat ion has been coir ied out and the results indicate that a discontinuous behavior as i l lustrated i n  

To th is end we calculate the l ight  pro- 

The l ight  produced within tl-ie primary column, assumed to be described by the 

'R .  5. Murray and A, Meyer, Phys .  Rev. 122, 815 (1961). 
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Fig. 2.9.1. Scinti!loPion Ef f ic iency  vse Stopping 

Power for  Nal(T1). Experimental data are shown CIS 

points and dashed curves; the  solid curve is calcuiated 

from the model ob Ref.  1, 

Fig. 2.9.1 for heavy ions can arise through the action of delta rays. These delta rays s ign i f icant ly  

change the over-all response because of the h igh sc in t i l l a t ion  ef f ic iency of Nal(TI) t o  electrons. 

Much of the present calculat ion i s  devoted to ascertaining the fract ion of energy lost  by the incident 

particle, in  a small thickness of crystal, which goes into delta-ray formation and i s  subsequently de- 

posited outside of the primary ionization column. In  order to make an estimate of th is  fraction, several 

items of input information are necessary. These include knawledge of ( 1 )  an approximate range-energy re- 

la t ion for electrons i n  the scint i l lator, (2) an assumed spatial distr ibution of electrons d i f fus ing from a 

l ine  source i n  an absorbing medium, (3) an overage energy d is t r ibut ion characterist ic of delta rays created 

along the part icle track, (4) an estimated radius of the primary ionization column, and (5) the total  stop- 

ping power of heavy ions in the scint i l lator. 

... 

For present purposes i t  i s  useful to  assume for electrons from about 500 ev t o  20 kev that the range 

R o  con be described accurately enough by a single relation: 

where E i s  the in i t ia l  electron energy and a and n are constants which were obtained from the current Iit- 

era t u re. 

The second item involves the spatial distr ibution of electrons dif fusing from a l ine  source i n  an ab- 

sorbing medium. Th is  i s  unknown for such extremely low-energy electrons. We assume for s impl ic i ty  that 

the number of electrons per square centimeter arising from a point isotropic source and reaching radius R 

decreases as [ l  - ( R / R o ) ]  for values of i? removed from the origin. Under th is  assumption, n transforma- 

t ion  to cy l indr ica l  geometry can be effected by methods wel l  known i n  neutron d i f fus ion theary, Th is  re- 

sults i n  an expression for the dif ferential number of electrons stopped between y and y + dy:  

.- 
where y i s  the rat io R / R o .  
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2 n e 4  2 %!V, 

( d E / d x )  ,~. mu A Y 
F -  

i f 0  ; Lie) jl -.E 

I n  connection w i t h  item 3, i t i s  assumed that the Rutherford energy distr ibution applies, so that the 

contribution PO the specif ic energy loss arising from delta rays of energy E to E A d~ i s  

- 

dY I (4) 1 1 I c - - y y  

1 --&T 
In 

In calculat ing ( d L / d k ) T  fruin Eq. 5 it i s  assumed that (dl./dF)(y = 1; an 

the s l ight  interdependence of F and ( d l , / d E )  
P ‘  

tesative procedure i s  required by 

The results reported here ate preliminary in  the sense that the methods for choosing the values of cei- 

ta in  parameters i n  the input information are not the best available. We are presently engaged in efforts t o  

improve th is  information. For t h i s  reason the detailed methods for calculat ing these quantit ies w i l l  not be 

sliown here. On the other hond, the results of an improved calculat ion cannot be very different from our 

current values and for t h i s  reason these results should have quali tat ive val idity. 

Figure 2.9.2 shows the Eby and Jentschke3 results for alpha part icles and those of Newman and 

Steigert’ for heavy ions B’O through Ne2’. These can be compared with the results of the preliminary 

. . . . . - ___ 

2E. Newnion  and F. E. Steigert, Phys .  Rev. 118, 1575 (7960) .  

3- k. S.  Eby and W. K. Jentschke, Phys .  Rev. 96, 911 (1954). 
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- 
calculat ions for the same part icles shown in  Fig. 2.9.3. For further comparison, the primary response 

curve obtained previously i s  also shown in Fig. 2.9.3. This  indicates that delta rays can account for sep- 

aration of the: response curves for individual ions. These f igures a lso point up the s imi lar i t ies  i n  the ex- 

perimental and calculated eff iciencies t o  heavy ions, in attaining higher values and i n  decl ining wi th  

steeper slopes than predicted by the earl ier model. These effects a l l  derive from the Fact that delta rays 

deposit outside the primary column about 25% of the energy lost by the highest ve loc i ty  par t ic le  con- 

sidered and th is  fract ion diminishes rapidly t o  zero a5 the part icle ve loc i ty  decreases. Fcir th is  reason 

the separation between the QVEX-CIII and the primary response curves i s  greatest a t  the highest energy ( low 

dE/dx ) .  The separation diminishes wi th  decreasing energy unt i l  the two C U ~ Y ~ S  merge at  low energy (high 

dE/dx) .  

Another aspect of the response behavior ref lects th is  decreasing importance of delta rays wi th  in- 

creasing stopping power. Figure 2.9.4 shows the dif ferential l ight  output &/& plotted against dE/dx  for 

.. .. - . 

Fjg. 2.9.2. Scinti l lat ion Ef f ic iency Y S .  Stopping 

Power: Observed i n  tad(T1) for Alpha Part ic les  b y  

Ehy  and Jentschke ond for  Heavy Ions 6” Through 

Ne” by Newman and Steigert. 

IJFlCl ASSlFlEil 
ORNl LR-DWG 62870 030, ~ 

I ] - -  
0 75 

I E“ 020 I i i  
\ I - 6 015 

0 0 5 IO 1.5 2 0 2.5 3 0  3.5 4.0 4 5 

dE/dx (MeV crn2/rng ) 

UNCLASSIF IED 
ORNC-LR-CI IG G 2 8 6  

10 

0 8  

0 6  

0 4  

0 2  

0 
5 1  102 2 5 i o 3  2 

dF/d ( p x )  , STOPPIPIG POWER ( k e d  r m 2 / m g )  

14 

Fig. 2.9.3. Calculated Scinti l lat ion Eff ic iency VS.  

Stopping Power for Heavy  Ions I n  Ma\(TI). The indi- 

vidual curves merge with the primary r e s p o n s e  base  l ine  

u t  the high-(&/dx) end of each curve. 

Fig. 2.9.4. L i g h t  Output, dl . /dx ,  Y S .  Stopping Power 

for Heavy Ions 6” Through Nez0, from Newman and 

S tei  g er P. 

the Newman and Steigert results already quoted. Th is  exhibits the unusual behavior that dL/dx declines 

wi th  increase i n  stopping power above a certain value. This, i n  turn, implies that the l ight  output f rom a 

s l i ce  of crystal along the par t ic le  track ~ c t u a l l y  decreases as more energy i s  dissipated there. This can 
- 
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be traced direct ly to delta rays. A high-velocity part ic le converts much of i t s  energy into energetic delta 

rays which produce l ight wi th high eff iciency. On the other hand, a low-velocity part ic le lases a larger 

amount of energy, to  be sure, but t h i s  energy i s  dissipated w i th in  the primary column where the sc in t i l l a -  

t ion eff iciency i s  very low owing to the saturation o f  act ivator centers. The l ight  produced by del ta rays 

at low d E / &  i s  thus responsible for the maximum occurring in  the over-al l  dl , /dx  for each individual par- 

t ic le. The d[./& curve far the l ight  from the primary ionization column i s  a curve without a maximum, 

and, owing to  the decreasing importance of delta rays for high d E / d x ,  the over-al l  dL /dx  and the primcmry 

column &/dx nlso merge a t  high dk/dx. 

A more complete descript ion of th is work w i l l  be given upon completion of the calculat ion now i n  

progress. 

A standard method for tracing neutron f lux w i th in  a medium is  to  measure the gamma-ray ac t iv i t y  in- 

duced in  suitable f i ss ion  or activation fo i l s  exposed in  the medium. T o  convert measured fo i l  ac t i v i t y  t o  

neutron density or f lux, i t  i s  necessary to  know, among other quantities, the perturbation of the neutron 

density caused by the presence of the fo i l .  Th is  perfurbation is  most readi ly defined when the f lux con- 

s is ts  of thermal neutrons only. 

act ivat ion a t  any point of the f o i l  i s  proportional t o  the neutron density at that point. The perturbation 

con then be defined as the rat io of specif ic ac t i v i t y  actual ly induced to  that which would be induced were 

there no perturbation, i.e., i f  the fo i l  were in f in i te ly  thin. 

In th i s  case the act ivat ion cross sections usually vary a s  l / v  and the 

Although consideroble experimental data ex is ts  for perturbations by fo i l s  exposed in  a graphite me- 

diumI3 there i s  a scarcity of information from water  experiments, Wuter as a medium is  interesting be- 

cause, in  addit ion to the lowering of the f lux inside a fo i l  due to  self-shielding, there i s  a considerable 

depression of the f lux  outside the foi l .  It i s  here that differences between various theories of fo i l  per- 

turbation appeor. 4 

The wwk reported here dif fers from similar measurements reported elsewhere largely in  the use of an 

ef fect ively “pure” dwrmal-neutron source, which el iminated the need for the furiii l iar cadmium-difference 

measurements general ly used, as wel l  as in  the extension t o  niatarinls other than gold. 

~ ...... .. . . .....- 

’Present address: Pakistan Atomic Energy Commission, Karachi, Pakistan. 

2Present  Address: c / o  Third  Secretary, Embassy of Pakistan, Washington, D,C. 

3 A .  Sola, Nucleonics 18, 78 (1960). 
A 

R. H. Ritchic and H. B. Eldridge, Nuclear Scz. and Eng. 8 ,  300 (1960). 
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E xper i menta I P ro  ced u re 

In work described here the perturbations due to the presence of an absorbing f o i l  were studied by 

means of a series of exposures made in the water thermal column of the  ORNL Graphite Reactor, using 

sets of gold, indium, copper, and uranium foils. Gold and indium were chosen because they are among 

the materials commonly used for fo i l  act ivat ion measurements; copper i s  an example of a material wi th  a 

low absorption cross section, and uranium exempli f ies a material w i th  a high absorption cross section. 

In each set there were about a dozen fo i l s  of the same substance, a l l  having the same diameter but  dif- 
ferent thicknesses. By exposing the fo i ls  singly t o  the same f lux it was possible to  evaluate the ac t iv i t y  

per un i t  weight as a function of the thickness of the fo i l ,  Extrapolation to zero thickness and renormali- 

zation then yielded the desired neutron perturbation factors. 

The thermal column of the ORNL Graphite Reactor is  a 5-ft x 5-ft x 6-ft-deep, 1/-in.-thick-waIled Q I U -  
1 minum tank, f i l l e d  w i th  water and resting w i th  i t s  /,-in.-thick aluminum base an the top of 7 ft of graphite. 

Below the graphite i s  an 8-in.-thick layer of bismuth bricks, lying on top of the reactor proper, which ut- 

tenwates the gamma-ray flux. The neutrons in the tank are thus wel l  thermalized. The cadmium ra t io  at 

the base of the tank has been measured to  be about 3000 for indium and 5000 for golda5 

A t  a reactor power of 3400 kw, the magnitude of the thermal-neutron f lux in the water i s  given by 

+ ( x ,  y ,  z) = 9.2 x lo6 cos (0.018~) cos (0.018y)e-0*36" n/cm2. SFC , 
- ... . 

where x and y are the horizontal coordinate distances from the center of the tank, i n  centimeters, and z i s  

the vert ical distance from the base of the water tank, in  centimeters. For a given reactor power the 

thermal-neutron f l u x  remains fa i r ly  constant i n  a horizontal plans over a central area of some 28 x 20 in. 

There were small variat ions from one f o i l  exposure t o  another due either t o  off-center posit ioning of the 

f o i l  or t o  the movement of control rods or the insert ion of core experiments in  the reactor. These varia- 

t ions were taken care of by placing a gold monitor f o i l  i n  t h e  same mount as  the f o i l  to be exposed, but 

a t  a f ixed distance of several centimeters below the test  fo i l .  

Since the neutron f lux in the thermal column has a relaxation length o f  about 2.7 cm, it i s  not iso- 

tropic- However, as far as the perturbing ef fects  of fo i l s  are concerned, the small anisotropy i n  the f lux 

i s  unimportant. Th is  was veri f ied by comparison of three sets of data which are shown in Fig. 2.10.1. 
The f i rs t  set cons is ts  of data from 1.11-cm-dia go ld fo i l s  exposed in  the thermal column. The second set 

consists of results from exposure of similar 1.11-cm-dia gold fo i ls  in the ORNL L id Tank Shielding Fa- 

c i l i t y  (LTSF) at a point in the tank where the thermal-neutron f lux i s  essential ly isotropic. The third set 

of data i s  that of ZobelI6 who exposed 1-cm-square fo i l s  in the LTSF a t  the point a t  which the f lux is  

isotropic. The comparison indicates that wi th in  the assigned errors the small nonisotropy o f  flux in  the 

thermal column does not make a signif icant difference, 

5R. 0. Bagley et ale, MIT Practice School Memorandum, EP5-X-269 (1956). 

Section 23, th is  report. 
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Foil Preparation. -- The thicknesses of fo i l s  used ranged from roughly 

about 4.5 pg/cm2 (gold). Thicker fo i ls  were prepared by normal rol l ing mi l  

1602 mg/cm2 (copper) down to  

techniques and were weighed 

on a conventional microbalance. The very th in  fo i ls ,  however, were made by evaporating gold or indium 

on a 0.25-mil-thick Mylar sheet. Weights of these extremely th in f i lms were determined by  chemical anal- 

ysis.  The accuracy of the analyses, unfortunately, was only of the order of +3%, causing apprecinble 

scatter in the data points. 

I n  wder to  circumvent the uncertainties in  the chemical weights, an act ivat ion analysis technique 

was tr ied in which the 8-in.-dia steel beam tube described b y  Mustafa and 5 1 0 s s e r 7  was used to  provide 

a beam of thermal neutrons in  air. The saturated ac t iv i t y  induced in the extremely th in  gold f i lms when 

placed in  th is beam was compared to  the saturated ac t iv i t y  induced i n  a 0.25-inil-thick gold foi l  placed 

in  the same location. The thicker fo i l  could be accurately weighed on a microbalance. The comparison 

of the thin fo i l  ac t i v i t y  wi th that of the thicker fo i l  then gave the weight of the th in fo i l .  Since the only 

important perturbation arises from the self-shielding i n  the foi l ,  a correction for t h i s  zffect could readi ly 

be made for the beoin geometry used, 

given by 

For a unidirect ional thermal-neutron beam, the self-shielding i s  

where  

x a  = macroscopic absorption cross section, cm-I,  
t - thickness of the fai l ,  cm. 

' Sectian 2 13, t h i s  report. 
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The product Eat  also gives the foil thickness in terms of mean free paths of thermal neutrons in  the fo i l  
mater i a  I .  

B y  using the activation weights, mare consistency and less scatter were obtained. However, the ex- 

trapolated va lue at  zero thickness was essent ia l ly  the same w i t h  either act ivat ion or chemical weights. 

The d i f f i cu l ty  encountered wi th  the activation method lay i n  obtaining a monodirectional thermal- 

neutron beam of suf f ic ient  intensity to y i e l d  good counting stat ist ics. A i  the mouth of the beam tube 

where the beam i s  sensib ly  unidirectional, the in tens i ty  was low; c lose t o  the bottom of the tube where 

the intensity was useful ly high, neutrons are entering from many directions. 
1 1 The very th i r  uranium fo i l s  were made by evaporating uranium on h-rn i l  Mylar f i l m  or on /3-mil copper. 

In  the latter case the copper ac t iv i t y  was subtracted from the to ta l  count t o  obtain the ac t iv i t y  of the 

uranium alone. 

The p a r ~ ~ ~ ~ t e r s  assigned to  the various moterials in th is  experiment were as fal lows: Au density = 

- 7.30 cm-I ;  Cu  density = 8.94 19.32g/cm4 X:n2200 = 5.83 an-’; In density = 7.28 g/cm 3 , X:a2200 

!dcm 3 I x:n22GG - 0.326 cm-’; and U (93.18 wt% U235) density - 18.7 2Ca2200 = 31 crn-’. 

Foil Mownts. - The sketch of the L u c i t e  fo i l  mount shown as F i g .  2.10.2 i s  self-explanatory. After 

the foil was placed in posit ion it was covered w i th  L u c i t e  disks, w i th  the  top d isk  sealed w i t h  Vasel ine 

t o  make it watertight. The distance of the detector fo i l  from the monitor fo i l  was held constant for any 

single  set of foils, but  was varied for f o i l s  of widely  dif ferent act ivat ion cross sections. 

u‘wL&sciri u 
DNG 2 0 C53 0 b i d  

LUCITE FOIL HOLDER 
(LUCITt COVtHS 

NOT ‘%OWN) 

t 

LUCITE STAYI- 

Fig. 2.1(xZ 
Irradiations. 

Foil  Holder  Used for 

MONlWH FOIL 

ILEA0 WEIGHT 

Thermal Column 
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Gamma-Ray Counting. - The gamma-ray ac t iv i t y  induced in  the fo i l s  was observed w i th  the two- 

crystal Nal(TI)  sc in t i l l a t ion  counter previously described by Blosser and Irubey.8 

rangement provided an approximate 4n geomefry, and fo i l  placement was excel lent ly reproducible. Pulse- 

height discritii inator sett ings used were 0.314 Mev for gold, indium, and uranium, and 0.419 Mev for 

copper. 

Ti le two-crystal ar- 

An important factor which must be taken into account i n  the use of th is  or similar counters i s  the 

counting loss correction. The counting loss suffered a t  high count rates i s  a function of the counter 

electronics and must be checked each t ime any element i s  replaced OF any alterat ion made to  t ime con- 

stants. 

act ivated by thermcjl nelitrons and counted unt i l  i t s  ac t i v i t y  has decayed to  we l l  below the stage where 

any count loss exists. The correction factor then i s  simply the rat io of the true act iv i ty,  extrapolated 

buck on the basis of the known decay rate, to  the observed act iv i ty.  A typical  curve of counting loss 

correction as a function of count rate, in  th is case for indium, i s  shown in Fig. 2.10.3. The threshold 

for counting l o s s  appears t o  be a t  about 4 x 10 counts/rnin when the X I  switch i s  used, and a t  about 

6 x lo4  counts,/min when the X10 switch, which brings i n  a Burroughs tube circuit, i s  used. Counting 

l o s s  increases w i th  increasing count rate in  a roughly linear manner. 

In determining the counting loss a s  a function of count rate, a sample of the material i s  strongly 

4% 

VarioPion of  Counter Response with Foil Thickness. - T w o  effects exist  which tend to  make the ob- 

served ac t iv i t y  per unit  weight of a f o i l  di f ferent froin .the true ac t iv i t y  induced by the neutron flux. Both 

increase w i th  fo i l  thickness. The f i r s t  i s  the geometry effect, which in  effect considers the variat ion in  

the WQY the detector "sees various thicknesses of fo i l .  This effect i s  minimized in  the double-crystal 

arrangement of the counter used. 

9 )  

The second effect i s  due to  the attenuation of the gamma rays originating w i th in  the fo i l  by the outer 

layers of the foi l .  This i s  the more important of the two. The combined effect, however, may be con- 

sidered to be a variat ion of counter ef f ic iency w i th  fo i l  thickness. A correction must therefore be applied 

t o  convert the observed count rate to that which would be observed in  an in f in i te ly  th in fo i l .  Such a cor- 

rect ion factor was determined experimentally for each of the materials studied. Several f o i l s  of a given 

material were exposed to neutrons and counted, f i r s t  s ingly and then in combinations simulat ing thicker 

fo i ls .  The saturated ac t iv i t y  per unit  weight ( in the case of uranium, the ac t i v i t y  after a 30-min wai t  

time) was calculated. The rat io of the overage ac t i v i t y  of the single fo i l s  t o  the ac t i v i t y  in  combinations 

WCIS then plotted against the combination weights, so that  the value of unity corresponded t a  the weight 

of o single foi l .  A n  extrapolation of the result ing ciirve t o  zero weight gave a normalization factor by  

which a l l  values were divided. 'The normalized curve then gave the correction factors b y  which the ob- 

served count rate per unit  weight for a fo i l  of given weight must be mult ipl ied ta  g ive  the ac t iv i t y  o f  an 

ideal fo i l .  These factors, cal led counter factors, are plotted in  Fig. 2.10.4 for gold, copper, and uranium. 

Interestingly, for indium fo i l s  not more than 10 mi ls th ick,  the factor i s  unity; in other words,  no self- 

absorption or geometry ef fect  was observed when indium f o i l s  were counted separately and as a stack. 

*T.  V. Blosser arid D. K.  Trubey, N e u m m  Phys .  Ann. P r o g .  Rep., SepL. I, 1960, ORNL-3016, p. 142. 
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F i g .  2.10.3. 
(lndi urn). 

Typical Counting Loss Correction Curve 

The factors appear t o  be pract ica l ly  independent of f o i l  diameter wi th in  the l imi ts  of the f o i l  dimensions 

used. 

Decay of Uranium Act iv i ty .  - The a c t i v i t y  exhibited by a uranium foi l  after exposure t o  thermal neu- 

trons is, of course, due t o  the decay of the f iss ion products farmed wi th in  it. Thus the shape of the count 

rate versus time curve for a g iven counter set t ing depends upon the t ime for which the sample was ex- 

posed. In order t o  obtain a standard decay curve for the counter sett ings and geometry used i n  the pre- 

sent work, the irradiat ion time was f ixed a t  1 hr for a l l  exposures. Foils of the same enrichment but of 

different weights were separately exposed for the standard 1-\IF t ime and counted. A wa i t  t ime (de!oy be- 

tween exposure and start of counting) of 30 min was arb i t rar i ly  chosen to  which t o  normalize all experi- 

mental decay curves. The curve for each run was used to calculate a set o f  values for the ra t io  of the 

count rate a t  a g iven wai t  t ime to  the couot rate after the arbitrary 30-min wai t  time. Only those portions 

of each experimental curve were used where the count rate was low enough so that there was no counting 

loss yet was a t  least 100 times the room background. The heavier foi ls, which were countable only after 

a wai t  of several hours, were correlated t o  the th in  foils by the use o f  data from fo i l s  of intermediate 

thicknesses which overlapped the two extremes. The  average of more than a dozen runs was taken as the 

standard decay curve and i s  shown in F ig.  2.10.5. The  errors on individual points are of the order of 1%. 
- 
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1 k =  M U L T I P L I E R  TO CORRECT OBSERVED C O U N r S  FOR 
C O L N i E R  EFFICIENCY AND SELF-SHIFI-DING OF GAMMAS 
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Fig. 2.10.4. Variation of Counter Ef f ic iency wiith Foi l  Thickness for Gold, Uranium, and capper  Foils. 

The curve i s  of course va l i d  only for the part icular C J ~ O ~ ~ P F Y  and counter sett ings used, since ?he ef f i -  

ciency o f  counting for gamma rays of dif ferent energies depends upon these variables. 

The results of the  work w i th  gold, indium, copper, and uranium fo i ls  are presented in  Tables 2.10.1 
through 2.10.8, (Not a l l  of the values for t h in  fo i l s  are shown.) The f o i l  perturbation factors are given 

i n  two  forms, the measured factor, which i s  t o  be used for fo i l  ac t i v i t y  corrections to  data taken under 

the conditions of geomMry and counter ef f ic iency of the present experiments, and a corrected factor. The 

corrected factor embodies the correction for counter ef f ic iency previously discussed and is  the factor t o  

be used for comparison w i th  theories of neutron density depression and self-shielding in  fo i ls .  

The corrected fo i l  perturbation factors of Tables 2.10.1 through 2.10.8 are plotted in  Figs.  2.10.6 t o  

2.10.9. By  presenting the perturbation factor as a mult ipl ier rather than a div isor of the f o i l  act ivi ty, 

it turns out that the plot of perturbation factor as  a function of f o i l  thickness i s  very nearly a straight 

l ine, although the points for the th ickest fo i l s  consistently f a l l  below the line. For very th in  fo i ls  there 
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- 
i s  the theoretical possibi l i ty  of Q complicated shape involving logarithmic functions. Since the straight 

l ine is admittedly an approximation and the error i s  cer ta in ly  wi th in  the experimental error associated 

..... 

wi th  the thin f o i l  points, the differences I T I Q ~  be ignored. 

Tab le  2.10.1. Foil Perturbat ion Fac tors  fa Variou Thi kne es 

of 1.11-cm-dia Go ld  Fai ls 
.......... . . . .- .. . ~~ . . ~ .......... ~ -. 

F o i l  Perturbat ion Factor  
Fo i l  Th ickness Foi l  Weight ~ __ 

Corrected for 

Counter E f f i c iency  ( m g / c m 2 )  (mg)  Mea svred* 

488.5 

346.8 

244.3 

102.8 

94.7 

50.2 

48.1 

10.9 

2.6 

473.6 

336.2 

236.8 

99.7 

91.8 

48.5 

46.6 

10.6 

2.5 

1.441 

1.345 

1.240 

1.127 

1.126 

1.037 

1.055 

1.010 

0.983 

1.380 

1.291 

1.205 

1.114 

1.114 

1.031 

1 A49 

1.009 

0.983 

*P.II f o i l s  were i r radiated at CI paint  4.3 crn abave the aluminum-water boundary of the thermal column. 

Toble 2.10.2. Foil Perturbat ion Factors  for Various Thicknesses 

of 1.59-cm-dia Gold F a i l s  

Foil Perturbat ion Factor  
.- Foil Thickness Foi I Weight 

Corrected for 
Measured* Counter E f f i c iency  

(mg) 
2 

(mglcrn 1 

245 

2 39 

103 

96.0 

54.7 

12.0 

11.1 

484 

474 

203 

190 

108 

23.7 

22.0 

1.319 

1.300 

1.13% 

1.129 

1.070 

1.013 

1.019 

1.281 

1.263 

1.125 

1.117 

1 .Ob3 

1.012 

1.018 

" A l l  f o i l s  were i r radiated at o point 4.3 cm above the aluminum-water boundary o f  the thermal column, 
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Tab le  2.10.3. Foi l  Perturbation Factors  for Various Thicknesses 

of 2.54-cm-dia G o l d  Foils 
___ ~ ~ ~ - - _ _ _  ~ ~~ - 

F o i l  Perturbation Factor  ____ _ ~ _ _ _  . Foil  Th ickness Foi l  Weight 
Corrected for 

Measured* Counter E f f i c i ency  
(mg) 

2 
( m g l c m  ) 

__ _ _ _ _ _ _  ___ 

259 1313 1.383 1.341 

23 1 1173 1.340 1.304 

126 

576 

638 

291.7 

1.179 

1.093 

1.162 

1.085 

52.2 264.5 1.082 1.075 

11.8 59.7 1.018 1.016 

10.7 54.1 1.014 1.012 
~. ___ ~ - _ _ _  ~ - 

* A l l  f o i l s  were irradiated at a point  4.3 crn above the aluminum-water boundary o f  the thermal column. 

Table 2.10.4. Foi l  Perturbation Factors  far Various Thicknesses 

of 3.175-cm-dia 6 o l d  Foi ls  
~~ ~ _ _ ~  ____ ___-- 

Foil Perturbation Factor 
~. F o i l  Th ickness F o i l  Weight 

(mg) Measured* 
2 

(mg/cm 1 
~ ~- - 

Corrected for 

Counter E f f i c i ency  

468.1 3706.5 1.693 1.603 

362.8 2872.5 1.551 1.486 

242.8 

158.4 

102.1 

1922.3 

1254.5 

808.2 

1.381 

1.261 

1.167 

1.342 

1.237 

1.153 

102.0 807.7 1.157 1.143 

56.4 446.4 1.092 1.084 

11.5 90.7 1.021 1.020 

11.2 89.1 1.015 1.014 

1.22 9.69 1.001 1.001 
~ ___ _ _ _ ~ _ _ _ _  ~ -__ ___ 

* A l l  fo i l s  were irrudlated at a po int  4.3 cm above the aluminum-water boundary o f  t h e  thermal column. 
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.... . . 

Table 2.10.5. Foil Perturbation Factors for Various Thicknesses 
of  1.11-cm-dia indium Foils 

Foil  Thickness Fo i l  Weight Foi l  Perturbation 
(mg) Factor* 2 (mg/cm ) 

184.6 

101.1 

94.0 

61.9 

39.4 

21.3 

178.7 

97.9 

91.0 

59.9 

38.1 

20.6 

1.570 

1.342 

1.307 

1.216 

1.146 

1.072 

15.4 14.9 1 .Q56 

13.8 

12.9 

10.9 

13.4 

12.5 

10.6 

1.057 

1.052 

1.046 

10.0 9.7 1.039 

2.85 2.76 1 .005 _ _  ...__.. ... . . . ._....._______. . . . .- . ............. . . . . .. . . . . .... 

*Since the correction for counter efficiency for indium foi ls i s  unity, corrected and 
measured factors are identical. All foi ls were irradiated at a point  7.5 cm above the 
aluminum-water boundary of the thermal column. 

Table 2.10.6. Foil Perturbation Factors for Various Thicknesses 
of 3.175-cm-dia Indium Foils 

__ - 
Foil Thickness Foi l  Weight Foi l  Perturbation 

(mg) Factor* 2 
( m g l c m  ) 

188.2 

120.2 

94.1 

80.5 

65.0 

34.4 

17.7 

11.6 

2.96 

1.40 

0.67 

0.27 

1489.9 

951.7 

745.1 

637.1 

514.6 

272. 

140.4 

91.6 

23.4 

11.05 

5.29 

2.11 

1.885 

1.634 

1.507 

1.4310 

1.339 

1.196 

1.088 

1.064 

1.024 

1.025 

1.005 

0.997 

*Since the correction for cuunter efficiency for indium foi ls i s  unity, corrected and 
All foi ls were irradiated a t  a point  8.7 cm above the measured factors are identical. 

aluminum-water boundary of the thermal column. 
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Tab le  2.10.7. Foil Perturbation Fac to rs  for Various Thicknesses 

of  3.175-cm-dia Copper Fo i l s  

Foi l  Perturbation Factor  
_~ __ _ _ _  F o i l  'I hickness F o i l  Weight 

Corrected for 

Measured* Counter E f f i c i ency  
(mg) 

2 
(rng/cm 1 

1602 12687 1.289 1.251 

1172 9282 1.221 1.195 

854 

430 

114 

113 

87.0 

86.5 

69.1 

23.6 

22.4 

7.25 

6758 

3405 

903 

895 

689 

685 

547 

187 

177 

57.4 

1.159 

1.089 

1 .O 19 

1.025 

1.028 

1.015 

1.014 

1.012 

0.999 

1.001 

1.141 

1.080 

1.017 

1.023 

1.026 

1.013 

1.013 

1.012 

0.999 

1.001 

* A l l  f o i l s  were irradiated at a po int  4.3 crn above the ulurninum-water boundary of  the thermal column. 

Tab le  2.10.8. Foil Perturbotion Fac to rs  for Various Thicknesses 

of 93.18 wt% U235-Enriched Urunium F o i l s  3.175 cm in Diameter 
___ ... .... __ -- ....... .. 

F o i l  Perturbation Factor  
......... .- F o i l  Th ickness F o i l  Weight 

(mg o f  U) Measured* 
Corrected for 

Counter E f f i c i ency  
.......... .-  ...... ___ I 

80.45 637.0 1.589 1.488 

52.3 

52.3 

414.3 

414.1 

1.438 

1.419 

1.377 

1.359 

18.8 148.6 1.158 1.140 

9.35 

1.9 

1.86 

1.44 

74 

15.0 

14.7 

11.4 

1.079 

1.041 

1.004 

1.049 

1.070 

1.039 

1.002 

1.047 

0.8 6.30 1.023 1.022 

0.2 1.72 1.008 1.008 

0.2 1.70 0.992 0.992 
- .... .......... ._ - - .- ........... ~- 

* A l l  fo i l s  were irradiated ot a po int  4.3 crn above the aluminum-woter boundary of  the thermal column. 
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... 
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Fig. 2.10.5. Decay Curve for 93.18 wt% LJ235-Enriched Uranium Exposed for 1 hr in  Thermal Column of ORNL 
Graphite Reactor. 

The approximately linear relat ionship observed leads readi ly t o  the development of simple recipe- 

type formulas. Recal l ing that  the perturbation factor, as defined here, i s  the rat io  of unperturbed neutron 

density, no, t o  the actual neutron density, n, the straight l ine is  used t o  derive the value of K i n  the 

formula 

no/n : 1 + Km , (1) 
where 

2 
m = f o i l  thickness, g/cm , 
K = slope of line, cm /g . 

Equation 1 may also be writ ten as 

2 

n,/n = 1 + A T  

where 

r - Z , t ,  
1 Xo = 2 2 0 0 - d s e c  absorption C K O S S  section, cm- , 

t = foil thickness, cm . 
The dimensionless quanti ty A i s  obtained from K by mult iplying b y  the f o i l  density and d iv id ing by C,. 

Equations 1 and 2 should not be applied t o  th ick  fo i l s  w i th  T > 0.1; otherwise the perturhation factor 
._ . . 

will  be overestimated. Values for K and z4 are l is ted in  Table 2.18.9. 
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Fig. 2.10.5. Corrected Foil Perturbation Factors for Gold Foils of Various Diameters i n  Water. 

From the  values of A i n  Table 2.10.9, it i s  apparent that the numbers are similar from one substance 

to another, part icularly in  the case of the measured values. The variat ion from substance t o  substance 

may be attr ibutable to  neutron scattering in the foi l .  For no scattering, theory predicts that the pertwrba- 

t ion  i s  independent of material i f  expressed in terms of T = C o t  (Rei. 9). 

The dependence of the fo i l  perturbation on the fo i l  diameter i s  displayed by  the plot  of the q w n t i t y  

A of Table 2.10.9 as a function of fo i l  diameter in  Fig.2.10.10. It appears that A increases w i th  fo i l  dia- 

meter but tends t o  reach a l im i t  for large diameters. Th is  i s  physical ly reasonable since increasing the 

diameter should no longer increase the perturbation once a diameter greater than a few mean paths i s  e x -  

ceeded. The experimental points appear ta  f i t  the empirical equation 

A 5.57(1 - ) ,  (3) 

where D i s  the fo i l  diameter in  centimeters. 

.... . .. .... . . ... . 

9G. R. Dalton and R. K. Osborne, Nuclear Sci. and kng .  9 ,  198 (1961); R. H. Ritchie and H. B, Eldridge, op. cit. 
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Table  2.10.9. Values of  K and A for Computation of  F l u x  Perturbation Factors*  

..... ~~~ ........ .______ ......... -. ....... ........ 

A (d i men si on I e s s) 2 
- ........ ~ 

Foi l  Diameter K ( c m  /g) 
Corrected Measured Corrected Measured 

........ ~~ _- .......... ..... 
(cm) ___ ....... ~ . _ _  

Materi a1 

Gold 3.175 1.57 1.41 5.20 4.67 

2.54 1.48 1.32 4.90 4.37 

1.5875 1.31 1.15 4.30 3.8 1 

1 . 1 1  0.99 0.83 3.28 2.76 

Indium 3.175 5.3 5.3 5.28 5.28 

1.11 3.4 3.4 3.39 3.39 

Copper 3.175 0.187 0.165 5.12 4.52 

Uranium 3.175 

(93.18 wt% U235) 

8.17 7.12 4.93 4.30 

* l h e  two columns headed “Corrected” give the values of the constants after correction for counter efficiency and 
gam ma- ray s e I f -  s h i e I d i n g . 
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2.11. DETERMINATION OF SMALL URANIUM CONTENT 1N FOlLS BY 
MEASURING INTENSITY OF NATURAL RADIATIONS 

S -  A. Hasnain,' T. Mustafa,' and T. V. Blosser 

The measurement of the intensity of the natural x and gamma radiat ions emitted by a sample of ura- 

nium provides a quick, accurate, and nondestructive method of measuring the uranium content of small 

specimens. A procedure has been developed by  which such measurements can be made w i th  high accuracy 

for foi ls, very th in  films, ar solutions of uranium. The method has been tested w i th  various samples of 

known composition. 

Experimental Procedure 

The experimental procedure consists essent ia l ly  of counting the gamma and x radiat ions emitted by 

the sample of unknown composition i n  a Nal(TI)  sc in t i l l a t ion  counter which has previously been ca l i -  

brated against standard samples of known uranium content. Ideal ly the sample t o  he tested should have 

the same isotopic composition as the cal ibrat ion standard. Th is  condit ion can usual ly be approximated 

or completely met in  practical appl icat ions. 
2 3 4  

Table 2.11.1 gives the energies and intensi t ies of the x and gamma rays emitted by  samples of U , 
U235, and U236 as measured by Be l l  et d 3  The gamma rays emitted by natural uranium hove been given 

by  Heath.4 The natural uranium spectrum may be considered as essent ia l ly  d u e  to U238, since only very 

weak gamma rays a t  0.08, 0.18, and 0.34 Mev suggest any contr ibution from U235. A s  Bell has shown, 

the spectrum t o  be  expected from uranium of any given isotopic cornposition can be obtained b y  a properly 

weighted summation of the spectra of the various isotopes. Such a procedure permits identi f icat ion of 

peak energies in an  experimental spectrum. 
u 2 3 4  The isotopic composition of the highly enriched uranium used in  the present measurements was: I 

0.963 wt%; U235, 93.18 wt%; u236, 0.037 wt%; and U238, 5.53 wt%. Figure 2.11.1 shows an experimental 

spectrum of th is material obtained w i th  a s ingle 1 /2 x 1 '/2 in. Nal(TI)  crystal a t  a distance of 10 cm in  

air. The sample was a 1.5-mil-thick disk 0.25 in. i n  diameter. The 32-kev barium K x ray emitted by 

C S ' ~ ~  was used for the energy cal ibrat ion of the  pulse height. The curve shown has only been corrected 

for background: no effort has been made t o  correct for self-absorption Q f  low-energy x rays by the sample 

or their absorption in the crystal or crystal housing. 

1 

The sc in t i l l a t ion  counter used for the present work i s  the dual crystal  device previously described 

by Blosser and Trvbey.' The spectrum of the sample described above as it appears in this counter i s  

shown i n  Fig.  2.11.2. The smearing evident by comparison w i th  Fig. 2.11.1 is  due t o  the presence of 

.,A v... 

'Present  address: Pakistan Atomic Energy Commission, Karachi,  Pakistan.  

'Present address: c/o Third Secretary, Embassy o f  Pakistan, Washington, DOC. 

'P. R. Bell et nl., Uranitim Gamma Spectrum. AECD-3224 (Aug. 23, 1951). 

4F?. L. Heath, Scintillation Spactrornetry Gamma-Ray Spactrum Calalogue. lD0-16408 (July 1, 1957). 

'1. V. Blosser and D. K. Trubey, Neufron  Phys.  Ann. Prog. Rep., Sept .  1, 1960, ORNL-3016,  p. 142. 
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0.25 in. of aluminum between the source and each crystal.  

biased a t  47 kev. 

For a l l  uranium weighings, the counter was 

Weight Calibrations 

The counter was calibrated for weight measurements by observing the count rates obtained from var- 

ious samples which had been accurately weighed on a microbalance. Since the primary goo1 was t o  

weigh uranium fo i l s  of given diameters it would have been best t o  have calibrated against weighed fo i l s  

Table 2.11.1. Principal Gamma Roys Emitted by Samples 
Containing U234, U235, and U 236 

(After Bell et a L a )  

Energy (kev) Relative Intensi ty b Sample 

u234 1 7 k 2  

53 * 2 

93 k 2.5 

118 k 2  

181C 

17 

93 12 

143 f 3 

184 k 3 

289 * 5 
385 k15 

1.0 

0.11 _. 0.31 

0.42 

,,235 

0.89 

0.22 

1.0 

0.12 

0.049 

,,236 17 

51 

9 3c 

1 1LlC 

1 4aC 

1 84c 

2 8 9 ~  

3MC 

R. Bell e t  nl,. Uranium Gamma Ypsctrum, AECD-3224 (Aug. 23, 1951). 
The U234 sample contained 94.7 wt% U234 and 4.02 wt% U235. The U235 

The U236 sample contained s o m p l e  was 99.9 wt% U235 and 0.03 wt% U234. 
95.13 WP% U236j 0.15 wt% U234, and 4.18 wt% U 235 . 

CThesa gamma rays appear to be due to t h e  UZ3* or U235 content of  the 
samp I e. 
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Fig.  2.11.2. Gamma-Kay Spectrum of 93.18 wt% U 235- 

Dual  Enriched Uranium Thraugh 0.25 in. of Aluminum: 

Nd(TI)  Crystal  Counter. 

of l i ke  diameters, since the counter eff iciency varies w i th  sample size. However, the accurately weigh- 

able fo i l s  were cut from I -mi l - th ick  stock, and for 1 /4-in.-dia fo i l s  containing -500 mg o f  uranium the 

count rate was so high that appreciable counting losses existed. There was no simple way to  evaluate 

these losses. Smaller samples were therefore prepared by  cu t t ing  str ips 3 cm long and from 0.1 t o  1 cm 

wide from the 1-mil-thick stock. These pieces were large enough toensure accurate weighing, and small 

enough so that no counting loss occurred. The improved counter ef f ic iency due to  better geometry wi th 

these str ips as  opposed to  d i s k s  was corrected for by a method which w i l l  be described below. The 

cal ibrat ion data i s  plotted as countd in in  per mi l l igram of uranium as a func t ion  of uranium weight and 

number of counts per minute in Fig.  2.11.3. From this plot  a preliminary cal ibrat ion value of 1434 + 5  

cownts/min per mil l igram of uranium was obtained for thin str ips. The shape of the curve clear ly indi- 

cotes where counting losses begin t o  be seen as samples become larger. 

1 

- 
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Fig. 2.1 1.3, Calibration Curve for Weight Determinations on Dual Crysta l  Counter. 

Two methods were used to  determine the proper correction t o  be  applied in  order to  take into account 

the differences i n  eff iciency due to geometry. 

used for BSR-I reactor elements were employed.6 The samples were in  the form of 20-mil-thick, 14- in.-  

d ia disks. About 20 of these f o i l s  were weighed by counting, after it had been ascertained that the self- 

shielding due t o  the aluminum was insignif icant. The experimental data are shown in  Table 2.11.2. The 

weights shown in the f i rst  two columns were obtained by using the preliminary cal ibrat ion value of 1434 2 
5 counts/rnin p e r  mil l igram of uranium. Also shown in the table are the results of chemical analyses of 

s ix  of the samples, Although there i s  some spread evident in  the data, w i th  the counter weighings more 

reproducible than the chemical analyses, it i s  clear that the chemical analysis consistent ly i s  about 4% 

In  the f irst,  samples of the uranium-aluminum fuel a l loy 

6 T h e s e  samples were furnished by E. 6, Johnson of the Bulk Shielding Faci l i ty .  



PERIOD E N D I N G  SEPTEMBER 7. 1961 
~ ~~ 

T a b l e  2.1 1.2. Uranium Content of Uranium-Aluminum Al loys  

~~~~~~~ ._ 

Uranium Content (%) 
............ _I..__ . I Counting-Chemistry 

Sample No. B y  Radiation Counting' By Chemical Analysis' Difference 
........... 

(%)C 
__ ___ 

20-mil Foils Av. 62-mil F o i l s  Run 1 Run 2 

81 13.08 

8 2  13.09 

8 3  13.17 

8 4  12.90 

65 13.02 

8 6  13.10 

2.1 to 215 13.12 

(Average) 

13.12 

13.10 

13.16 

12.94 

12.96 

13.11 

~- .... 

13.85 13.64 4 - 5.9 

13.50 13.66 3.1 - 4.4 

13.65 3.6 

13.41 13.22 2.2 - 4 

13.47 13.63 3.5 - 5.2 

13.56 13.71 3.4 - 4.7 

'Using uncorrected calibration value: 

'Analyt ical  Chemistry Division, Control Nos. D45382, D46041, and D46174. 
'Attributable to difference in counter ef f ic iency for disk foi ls  and strips. 

1434 c o u n t d m i n  per mill igram uranium. 

higher than the counter results. The correction to be applied t c  the counter results then i s  A%, which 

results in  a f ina l  cal ibrat ion value for 1 $-in.-dia circular foils of 1434A.04, or 1379 countr/min per rng 

of uranium. 

Confirmation of these results was provided by a second experiment, in which the fo i l s  weighed by 

counting consisted of 1 G-in.-dia, \-mil- thick copper, on which uranium had been electroplated to  a th ick-  

ness of the order of 0.1 rng/cm2. These fo i l s  were made by G. S. Pettit,' who estimated the thickness of 

uranium by alpha-part icle counting. A comparison of h is  values wi th  those obtained i n  the present ex- 

periment shows the same 4% difference noted earlier, thus g iv ing the same corrected Calibration figure as 

above. 

1 

It may be concluded that although the absolute weights obtained depend upon the accuracy of the 

chemical analyses, the method described provides a way of obtaining re la t ive uranium weights in  fo i l s  

w i th  an accuracy better than 1%. 

'ORGDP, 
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the center is at least a percent lower than that at the edges, This i s  a larger effect than has previously 

been est imated by calculat ions. 3 

The precision of the results given above can be improved by two modifications, which are suggested 

for future experiments. The f i rst  l ies in  the use of thinner fo i ls ,  say 1 m i l  th ick,  and the second would 

come from the use of reactor power levels higher than those of the present experiment. A.proposed study 

of neutron distr ibutions in  the stainless steel BSR-II w i l l  attempt to  include these modifications. 

,A. 6. Reynolds, Ph.D. Thesis,  Massachusetts Institute o f  ‘Technology (June 1959). 

2.13. ~~~1~~~~~~~ ~ ~ $ O N A ~  60UNFE 

l a r i q  Mustafa ’ and T. Y. Blosser 

In  the near future the Neutron Physics D iv is ion  w i l l  make measurements of radiat ion leakage through 

the biological  shields of a number of large reactors, including the reactor of the nuclear ship “Savannah.” 

Several highly sensit ive BF, proportional countess’ have been acquired for th is  purpose. They w i l l  be 

used t o  measure thermal-neutron fluxes and w i l l  serve as the detecting elements wi th in the “modified long 

counter” assembly used for measurement of epithermal- and fast-neutron doses. A cross section of a 

counter t ube  i s  shown i n  Fig. 2,13.1. The f i l l  gas i s  BF,, enriched to 96% i n  5’ ’  at a pressure of 76 crn of 

Hg, essential ly 1 atm. Such a pressure, several times that customarily used, not only increases sensi t iv i ty 

but. a l so  makes the counter better able to res is t  accidental damage during f ie ld use. Since the tubes are in- 

tended to  be interchangeable, response identical to  w i th in  + I %  was a condit ion of acceptance of the lot. 

A vacuum tube preamplifier i s  integral ly packaged w i th  the detector, and during the cal ibrat ions described 

below was pressurized to 9 ps i  wi th CO, to  prevent entrance of water. A l l  cal ibrat ions were carried out 

i n  the vert ical thermal column of the ORNL Graphite Reactor, operating at a nominal power of 3800 kw. 

A t  th is  power level the  thermal f lux at 1 cm from the bottom of the column i s  approximately 10 
cm-2.sec-1, nnd the cadmium ratios for indium and gold are -3000 and -5000, respectively. 

3 neutrons. 

Cal ibrat ion in  Water 

The general plan for a l l  cal ibrat ions consisted of a comparison of the counting rate of the BF, tube 

w i th  absolute f lux measurements made w i th  fo i l s .  

of the thermal column, w i th  the counter lying in  the x - y  (horizontal) plane. A relaxation leiigtli of 2.71 _+ 

0.03 cm was obtained for the therinul-neutron f lux down to  a distance of 29 crn from the bottom of the 

column. A t  th is  point, owing to the high sensi t iv i ty of the counter, counting losses became appreciable. 

In i t ia l ly ,  vert ical  traverses were made on the z a x i s  

’Present Address: c/o Third Secretary, Embassy  of P a k i s t o n ,  VJoshington, D.C. 

’Purchased from Reuter-Stokes Electronic Components, Inc., No. RSA-42A. 
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Fig. 2.13.1. Diagram of BFg Proportional Counter. 

About 95% of the tube surface was then masked wi th  40-mil-thick cadmium, u l lowing the traverse t o  pro- 

ceed t o  about 20 cm from the bottom. The relaxation length observed over th is  region was, wi th in  experi- 

mental error, identical t o  the value previously noted. At  this point the thermal-neutron f lux W O S  estimated 

t o  be % lo4 neutrons.cm-2.sec-’, giving Q count rate almost high enough to  jam the  counter but too low 

t o  obtain a satisfactory measurement of the saturated ac t iv i t y  of a gold foi l .  The use of indium foils a t  

th is  location was rejected because of the attendant d i f f i cu l t ies  and uncertainties in  translat ing saturated 

ac t iv i t y  of indium into absolute f lux values. Instead, gold fo i l s  were exposed i n  the  lower 10 cm of the 

column, where t h e  flux ranges from - 2  x lo5 t o  lo7 neutrons-cm-2.sec-1. These data were then extra- 

polated to  the posit ion of the counter by using the relaxation length of 2.71 crn previously measured. The 

excel lent f i t  to the data evidenced in F ig.  2.13.2 indicates that t h e  relaxation length remains about the 

same down to  -1 cm from the bottom of the thermal column. 

The determination of absolute f lux values from the induced ac t iv i t y  in  gold fo i l s  w0s carried out by 

two independent methods. 

eff iciency Nal (T l )  sc in t i l la t ion counter. The saturated ac t iv i t y  of a gold foil, A s ,  can be expressed as 

As = /+Xacl, in  which f i s  the f lux perturbation and depression correction, Cot, i s  the macroscopic acti-  

vation cross section for gold, and + i s  the thermal-neutron f lux. 

la t ion counter w i th  a detection eff iciency 7,  then 

In the f i rs t ,  the gamma-ray ac t iv i t y  induced in the f o i l  was counted on a known- 

If C i s  the count per minute of a sc in t i l -  

- 
C --- 60 f + X a c t 7  I 

and 
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2,DISTANCE ALONG VERTICGL. AXIS OF THERMGL COLUMN ( c m )  

- 96 t 10 barns 
For the 1.11-cm-dia, 5-mil-thick, 0.2368-g fo i l s  used, Zac+ = , where 1.128 i s  the factor 

1.128 
required t o  convert the 2200-m/sec cross section to an average over Q Maxwell ian distr ibution. The ef f i -  

ciency, q ,  was experimentally determined t o  be 0,093, and the factor f to  be 1.24. 
The second method for determining the absolute f lux value was by direct comparison of the act iv i t ies 

induced in  a gold fo i l  when it is alternately placed in  the unknown f lux and i n  the cal ibrated f lux of slot 

No. 1 of the ORNL Standard Pile. The comparison was made 0i-1 a double-crystal Nal(TI) scinti l lat ion 

counter a t  the same cutoff bias and ampli f icat ion. 

The results of the f lux determinations by both methods are given in Table 2.13.11. 
During the 231-min fo i l  irradiations in  the thermal column, the BF, charnber,which W Q S  positioned 

w i th  i t s  leading edge 31.3 cm above the bottom, was continuously countiiiy. It accumulated a total  of 

5,055,086 counts in  the 231 min a t  a mean count rate of 21,883 counts/min. Before the extrapolated f lux  

104 
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can be combined w i th  the counting rate of the detector t o  g i ve  a cal ibrat ion factor, however, some con- 

sideration must be given to  the posit ion of the center of detection o f  the counter tube. The most simple 

approach i s  t o  assume that the center of detection coincides w i th  the geometrical a x i s  of the tube. A 
more sophist icated attock, since the f lux varies logdrithmical ly w i th  z, i s  io assume that the center of 

detection l ies  a t  the logarithmic mean between the leading and t ra i l ing  edges. In  the case of the counter 

being calibrated, th is method places the center of detection a t  a point 0.4 cm before the geometrical axis. 

Such an  analysis seems acceptable for o counter tube w i th  square cross section but i s  questionable 

for a tube w i th  c i rcular cross section. A numerical method was therefore devised in  which the counter 

was considered t o  be div ided into 20 longitudinal str ips. The response of each strip, placed i n  a 2.71- 
crn relaxation length f ield, was then separately evaluated. By th is  method the center o f  detection fell at  

a point only 0.7 cm ahead of the geometrical axis. Resul ts for a l l  three methods are shown in  Table 

2.13.2. The numerical method seems t o  b e  the most physical ly rea l i s t i c  of the  three, and the response 

of 275 courits.min-l.unit f l u x - ’  obtained by  i t 5  use w i l l  be used in  practice. 

Table  2.13.1. Average Thermal-Neutron Fiux at Three Posi t ions in the 

Thermal Column o f  the ORNL Graphite Reactor 

Thermal-Neutron F lux  (neu+rons.cm-2.sec-’) --- -_ - Distance from Bottom Saturated Act iv i ty  
..... ..._ 

of Thermal Column of Gold Foi l  F i r s t  Second 

(cm) (count s/m in) Method Method Average 
- ................................... __ .... ... .~ .......... - ..... .,._ ........................... _ _  ~ .__._......_.. ~... 

11.2 5.664 x 104 2.07 i( lo5 2.09 lo5 2.08 lo5 

6.2 3.528 lo5 1.28 x lo6 1.31 x lo6 1.30 x I O 6  

1.2 2.252 x lo6 8.19 x lo6 8.33 Y lo6 8.26 x lo6 

Table  2.13.2. 3F3 Counter Response for Three Assumptions of Center of Detection 

Assumed Center o f  

Detection of 

Counter 

Distance of Center 

Above Bottom of 

Thermol Col umn 

Counter Response 

(cpm p e r  unit flux) 

Average Flux from 
Gold F o i l  Data  

(neutrons. cm-2-sec- ’) (4 

On geometrical a x i s  32.57 

At  logarithmic meon of edges 32.2 

0.7 cm before geometrical nxi s* 32.5 

77.5 

88.9 

79.6 

282 

246 

275 

. .~ .  ...... 
*Computed by  numerical method described in  text. 
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Calibration in Air  

Since the BF, counter w i l l  often be used in air, an indcpendent cal ibrat ion was made in a thermnl- 

neutron beam i n  air.  The general method consisted in  cal ibrat ing tht? counter against known fluxes de- 

termined by comparison of fo i l  ac t i v i t ies  induced successively by  a thermal-neutron beam in  air  and by 

the known f lux  in  s lot  No. 1 of the QRNL Standard P i le .  
1 An 8-ft-long, 7%-in.-ID, /4-in.-thick-walled hol low steel cyl inder w i th  closed bottom was placed i n  

the center of the thermal column of the ORNL Graphite Reactor to provide a pure thermal-neutron beam. 

Four inches of lead was poured i n  the bottom t o  reduce the gamma-ray dose t o  15 mr/hr. The device 

i s  diagrammed in  F ig .  2.13.3. The f lux  distr ibut ion across the beam, measured w i th  indium fo i l s  5 mils 

th ick and either 3.175 cm or 1.1 1 cm in  diameter, is shown in Fig. 2.13.4. It wi l l  be noted that  the flux 

i s  v i r tual ly f la t  t o  +1.5% across a central B-iri.-dia zone. Although no signi f icant interaction between 

fo i l s  was expected i n  such a geometry, the measurements were repeated with 3 . 1 7 k m - d i a  fo i l s  spaced 

5.08 cm apart. No signif icant interference effects (> 1%) were noticed. 

The measurements w i th  1.11-cm-dia fo i l s  were normalized to  the measurements w i th  3.175-cm-dia 

fo i l s  by mult iplying by an experimentally determined factor of 8.97. 
4 The average thermal-neutron f lux i n  slot No. 1 of the O R N l  Standard P i l e  i s  1.354 x 10 neutrons. 

- 7  cm 

within a 30-mil-thick cadmium cover. The saturated ac t i v i t y  of the bare foil was 5.94 x l o 4  counts/min, 

and that of the  cadmium-covered fo i l  W Q S  1.13 x 10 
neutron f lux was 4.81 x 10 
ac t iv i t y  due t o  thermal neutrons is  therefore 1.354/4.81, or 0.2815, for a 3.175-cm-dia indium fo i l  weigh- 

ing 0.641 g. 

Ssec-’. A 3.175-cm-din indium fo i l  weighing 0.641 g w a s  exposed in slot No. 1, both bare and 

4 counts/min; thus the ac t iv i t y  due to  the thermol- 
4 counts/min. The ratio of the average thermal-neutron f lux to  the saturated 

UNCLASSIFIED 
2-01-058-0-633 

Fig. 2.13.3. Sketch Showing Posit ion of 8=in.-dia 
Beam Tube i n  Graphite Reactor Thermal Column, 

1 Oh 
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Fig. 2.13.4. Thermal-Neutron F lux  Distribution Across Top of 8-in.-dia Beam Tube. 

gaturated ac t iv i t ies  of eight 3.175-cm-dia indium fo i l s  placed in the 6-in.-dia centrol zone of the 

beam from the steel pipe in the thermal column are l is ted in  Table 2.13.3. The average saturated ac t iv i t y  

per gram was 11.27 x lo3 counts/min. The average thermal-neutron f lux over th is  region then i s  given 

by: 

(11.27 x lo3) (0.641) (0.2815) (0.84) 1.71 &= z neutrons.cm-2.sec- , 
f f 

where 

0.84 = f lux perturbation factor for a 5-mil-thick, 3.175-cm-dia indium f o i l  in graphite, 

/ =  self-protection factor for the fo i l  in beam geometry in air, 

and other terms are as identi f ied above. The self-protection factor for an  absorbing fo i l  placed in  a uni- 

direct ional neutron beam is  calculated as fol lows: 

Number of neutrons absorbed in  thickness element = 

The to ta l  number absorbed i s  the integral of th is  quanti ty over the fo i l  thickness: 
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T a b l e  2.13.3. Saturated Act iv i ty  and Saturated Act iv i ty  per Gram: 

Indium Foi ls  i n  Thermal-Neutron Beom 

F o i l  Weight Saturated Act iv i ty  Specific Act iv i ty  

(9 )  (countdmi  n) (counts-rnin-l-g- ’1 

0.648 

0.642 

0.6333 

0.641 

0.649 

0.641 

0.6333 

0.642 

3 7.23 x 10 

7.20 lo3  

7.18 x lo3 

7.13 x lo3 

7.39 x lo3  

7.29 x lo3 

7.25 lo3 

7.11 x lo3 

11.16 lo3 

11.21 lo3  

11.35X lo3 

1 1 . 1 3 ~  lo3  

11.38 X l o3  

11.37 X lo3  

11.45 x io3 

11.08 x lo3 

therefore, 

The resul t  of the computation gives value for the self-protection factor of 0.965 for the indium fo i l s  
3 used. The average flux, based on the use of th is value in  Eq. 2, i s  thus 1.78 x 10 neutl.ons.cm-2.sec*‘1. 

A s  a check on th is  value, the same procedure was carried out w i th  a 3.175-cm-diaI 2-mil-thick gold 

fo i l  weighing 0.8082 g. The rat io of the average f lux to  the saturated ac t iv i t y  for such a fo i l  in  slot No. 
1 i s  quoted as 1.069. The saturated ac t iv i t y  per gram for the gold fo i l  V I O S  1.9 x l o 3  countdmin,  g iv ing 

an average f lux seen by the gold of 

- (1.069) (1.9 x lo3 )  (0.91) 1.85 x lo3  
__ .. . . . . . - - 6 z= ....... ____ __ - 

I f 
The factor 0.91 is  thc self-protection factor for the gold fo i l  in grnphite. The self-probection factor for 

the gold fo i l  in the beam was computed according to  Eq. 5 t o  be 0.981. Based on the gold iiiecsurenient, 

therefore, 4 2 1.88 x 10 3 1 neutrons.cm-2.sec- . 
3 The overage of the gold fo i l  arid indium fo i l  determinations i s  1.83 Y 10 neutrons.cili-*.sec-’, which 

was adapted as the value of the thefinal-neutron f lux emitted by the thermcll column beam tube. 

Two methods were used to evaluate the total  B E ,  counter response :o th2 thermal coluriin beam. The 

f i rs t  i s  diagrammed in  Fig.  2.13.5. The bare counter was placed over the beam and gave a total  count 

rate of 564,3QO counts/min. 

The area under the f lux distr ibution curve of Fig. 2.13.4, by  Simpson’s Rule, i s  96.4 w i t s  over ai1 

effect ive counter length of 9.75 in. The average value of the saturated ac t iv i t y  t h e n  i s  96,419.75 : 9.89 

counts/min, and  the maximum value i s  11.3 counts/min. The rat io of maximum t o  average i s  11.3/9.88 = 

1.145, meaning that the counter, i f  placed i n  n unifoim f lux equal to that over the f la t  6-ip1. zone, would 
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give 1.144 t imes the number of counts as when placed CIS shown in  Fig. 2.13.5. Therefore the count rate 

in  a uniform f lux would have been 5.64 x lo5 x 1.144, or 6.45 x lo5 counts/min. 

The second method used to  determine the BF, counter response to  the thermal-neutron beam consisted 

i n  d iv id ing the tube into zones by using 40-mil-thick cadmium covers t o  shield a l l  but a single zone, and 

placing each zone in turn over the f la t  portion of the beam. The summed response of a l l  zones was 

6.56 x lo5 counts/min. 

The average of the responses obtained by the methods above i s  6.5 x lo5 counts/min, and, dividing 

th is  by the value o f  the thermal-neutron f lux noted above, the counter response i s  355 counts/min per 

un i t  average f lux. 

Conclusions 

In ais, then, the BF, counter response i s  355 counts/min per unit  flux, while in water it i s  275 
counts/min per un i t  f lux. The difference may be attr ibuted t o  the differences i n  f lux perturbations pro- 

duced b y  the counter in  air and water. When used in  air, there i s  only self-shielding of the sensit ive 

volume, but in water two addit ional effects show up - buildup of flux, due t o  displacement of water by 

the body of the counter, and f lux depression i n  the neighborhood of a BF, absorber. Since the latter two 

effects tend to cancel, the net perturbation i n  water i s  only about 30% larger than that in  air. 
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2.14. DEVELOP Y OF A LOW-LEVEL ~ ~ ~ ~ A - ~ ~ ~  &a 

RACENE CRYSTAL 

T. Mustafal  and T. V. Blosser 

A projected study of the radiat ion leakage through the biological  shield of the N.S, Savannah entai ls 

the measurement of to ta l  dose rates as low as 0.5 rem/yr (about 0.06 mrem/hr for continuous exposure) 

from a l l  radiat ion sources, i.e., gamma rays and fas t  and slow neutrons. The usual methods of measure- 

ment are not suitable for such an application. For example, W. J. Ramm2 notes that the integrated cur- 

rent ouput method, often used, i s  capable of dose measurements only to  a minimum of l mrem/hr wi th a 

1-g anthracene crystal.  

A dosimeter has therefore been developed which u t i l i zes  an anthracene crystal  i n  conjunction w i th  a 

special pulse-counting technique. With th is  combination it appears t o  be possible t o  measure t issue dose 

rates as low as 0.02-0.03 mmd/hr, t o  observe gamma rays of energies as  low as 100 kev, and, in  addi- 

tion, t o  obtain a good ideo of the energy spectrum of radiat ion str iking the detector. 

Theory and Pr inc ip les  

If a plot  i s  rncadc of the integral count rate as a function of energy (or pulse height) of the gamma rays 

impinging on a detector, then the area under the resul t ing curve w i l l  be a measure of the t issue dose rate 

a t  the detector, provided that the response of the detector relat ive to t issue is  sensibly constant over the 

range of energies involved. Corr and Hine have shown that dosage measurements w i th  anthracene crys- 

ta ls  show a t issue equivalence for gamma rays from 0.2 to 3.0 MeV. From the plot  of t h e  f i rst-col l is ion 

dose rate as a function of energy shown i n  F ig .  2.14.1 for t issue and anthracene, it can be seen that the 

response of anthracene i s  theoretical ly t issue equivalent wi th in k l %  from 100 kev to  a t  least 7.0 Mev, 

provided electron balnnce can be assured. The present solut ion to the problem of electron balance i s  

discus sed be low. 

3 

The d i f f i cu l ty  inherent in the measuring scheme outlined l ies  in  the  fact that for each point where a 

dose measurement i s  desired a gamma-ray spectrum must be plotted. This i s  not necessary, o f  course, if 
dose measurements are to be made in n gamma-ray f i e ld  such that the energy spectrum does not vary ap- 

preciably. Under these circumstances the count rate a t  a f ixed energy bias can be related to  the area 

under the spectrum, which in  turn is a rneasurc of the dcse rate. In  the present application, however, the 

spectrum may not remain constant, sincc the shield inuy be penefrated by heom tubes, loops, cooling c i r -  

cuits, etc., may have configuration change;, or may be inhomogeneous. 

The pulse-counting method has been mode applicable, however, by the development of a small, tran- 

sistorized integrator,4 having t h e  equivalent of 80 input channels, which can be mounted w i th in  a standard 

'Present Address: c/o Third Secretary, E m b a s s y  o f  Pakistan, Washington, D.C. 
2 

3R. T. Cart and G. J. Hine, N u c l e o n i c s  11, 53 (1953). 
4Designed by P. 1. Perdue, Instrumentation and Controls Division. Th+r..in4qglatsr-hos-heen m a d e  the subject 

Radiation D o s i m e t r y .  cd. by G. J. Hine and G. L. Brownell,  Academic Press, New 'fork, 1956. 

&-an Q ~ L ~ a t ~ f . . Q i . s d a  s ur. . . a . n . d . ~ ~ ~ . ~ . , ~ . ~ d - e , 5 c r i b e d . . i . n d e ~ n . - a _ ~ - o . r b h r a n i i ~ 1 ! a r t .  
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and Anthracene as Functions of Photan Energy. 

AlDampl i f ie r  and whose response is  linear t o  wi th in  +5% over ,,,e entire pulse-height range of interest, 

The design of the integrator i s  such that rather high gamma-ray f ie lds can be measured without significant 

counting losses, the maximum dose rote presently measurable being about 108 mr/hr. 

The f i rs t -co l l i s ion  dose-rate values for t issue plotted in  F ig .  2.14.1 are taken from Appendix 1 of the 

draft report on "Measurements of Absorbed Dose  of Neutrons and of Mixtures of Neutrans and Gamma 

Rays," by Task Group M-3(1) of the National Bureau o f  Standards. The anthracene data are based upon 

the fol lowing development. 

The f i rs t -co l l i s ion  gamma-ray dose, D , ( E ) ,  can be written a s  

(1)  

where CJ;, ril and K~ are respectively Cornpton scattering, photoelectric, and pair-production cross sections 

per atom, N i  i s  the number of atoms per gram of ith species, and E ~ ,  

transferred to the electron undergoing Compton scattering, a photoelectric process, or pair production, 

respectively. B y  substi tut ing 

E ~ ~ ,  is the average energy 

and 

Eq. 1 reduces to  

D , ( E )  5 1.602 x 1 0 - * E y  p m , .  
i *  

1 1 1  
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- 
She computed values are tabulated for reference in Table 2.14.1. 

Table  2-14-1. First-Col l is ion Dose Rate  Values for Tissue and for Anthracene 

_ _ _ ~  ~ _ _ _ _ _ _ _ _  __ ___ _ _  ___- - 

Dose  Rate ( rad.photon. - ’ .~rn-~ .  lo9) Ratio of 
Tissue Dose to 

Anthracene Dose 

___ - 
Photon Energy 

(MEW) Tissue Anthracene 

0.0 1 0.702 0.294 2.39 

0.02 0.150 0.0614 2.44 

0.03 

0.05 

0.063 

0.029 

0.0261 

0.0181 

2.39 

1.60 

0.07 0.031 0.0231 1.34 

0.10 

0.20 

0.30 

0.50 

0.70 

1.0 

2.0 

3.0 

5.0 

9.0 

10.0 

0.038 

0.094 

0.151 

0.260 

0.357 

0.488 

0.816 

1.07 

1.49 

1.89 

2.43 

0.0363 

0.0910 

0.146 

0.251 

0.345 

0.492 

0.791 

1.033 

1.425 

1.793 

2.276 

1.047 

1.032 

1.034 

1.036 

1.034 

1.034 

1.032 

1.036 

1.046 

1.054 

1.067 

Canstruetian od thc Dosimeter 

The detecting elemet i t  consists of a 1-in.-dia, $-in.-thick anthracene crystal,  wrapped in  aluminurn- 

coated Mylar ref lect ing fo i l  200 pg/cni2 thick, in  a 3-mm-thick Luc i te  case and l ight  piper i n  contact w i th  

the cathode of a low-dark-current type RCA 6655 photoniult ipl irr  tube. A l ight-tight, 5-mil-thick aluminurn 

jacket protects the crystal.  The entire arrnngcment i s  shown in  Fig. 2.14-2. 
- 
i h e  3-mm-thick Luc i te  cover serves t o  balance the loss in l ight y ie ld  which would resul t  from ener- 

getic photoelectrons and Comptcn electrons leaking out of the anthracene crystal without losing a l l  of 

their energy in  producing the scini i l lot ion.  The Luc i t s  serves i o  scatter a pott ion of the leaking elec- 

trons hock into t h e  crystal. Since an electron needs to  possess an energy greater than 1.4 Mev to  pene- 

trate 3 iiicn of l uc i t t r  and 5 mi ls of aluminum, the balance i s  complete and the e!ectron l o s s  i s  fu l l y  corn- 

pensated for at 1.4 Mev, whish i s  the overage energy of recoi l  elec.f.rons result ing from 2.6-Mev gamma 

rays. 

the Luc i te  case. Such a mensuie, however, would attenuate low-energy gamma rays excessively and thus 

EIcctron balance a t  higher energies could have been accomplished by  increasing the thickness of 
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misweight the dose rate. The 3-mm thickness is  considered a good compromise. Taking into account the 

thickness of the  anthracene crystal, it i s  estimated that -30% of the energy of a 6-Mev gamma ray w i l l  

be lost  by leakage. 

Cal ibrat ions 

The in i t i a l  cal ibrat ion of the dosimeter was carried out by  using known-strength gamma-ray sources 

of various energies, swch as Hg203, A u ’ ~ ’ ,  Cs13’, Co6’, Y8* ,  No24, and Ra, both s ingly and in various 

Combinations to  give continuous spectra of up to 2.76 MeV. Care was taken t o  prevent any scattered 

component from reaching the detector by posit ioning it at least 8 ft away from the nearest wall ,  floor, or 

cei l ing. Gamma-ray source strengths were measured t o  +3% wi th  a gas ionization chamber which had 

been previously compared with the cal ibrated gas ionizat ion chamber of the National Bureau of Standards. 

Two  quanti t ies were obtained from the exposure of the detector t o  these sources. The f i r s t  was the 

pulse height corresponding t o  the photopeak. Figure 2.14.3 plots the pulse height corresponding to  the 

photopeak against maximum energy of the reco i l  electrons. The excel lent l inear i ty of the curve shows 

that over this energy range, at least, the height af  the pulse in  anthracene i s  direct ly proportional to  the 

electron energy. The second quanti ty of interest, the pulse-height spectrum, was obtained for all of the 

sources and the area under the integrol count rate versus pulse-height curve w a s  obtained by numerical 

integration. With the source strength and the distance f rom the  source t o  crystal known, the dose rate can 

be computed from the relat ion 

.,.. r... 

where 

k ==dose rate, mrad/hr, a t  1 m from a 1-mi l l icur ie source, 

C = source strength, mil l icuries, 

d = center-to-center source-detector distance, cm, 

D = dose rate, mrad/hr. 
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Fig. 2.14.3. Pulse Height o t  Photopeak o s  a Function of Maximum Recoi l  Energy. 

Dose rates computed in the above fashion were calculated for each of the sources, and the ra t io  of dose 

rate from a part icular source t o  the area under the corresponding pulse-height spectrum w a s  calculated. 

These data are shown in  Table 2.14.2, i n  which the values are the avc-raps of several runs. It can be 

seen that w i th  the exception of HgZo3 a l l  sources g ive  a f igure for thc doss per unit area which is  inde- 

pendent of source energy t o  w i th in  +5%. The behavior of WgZo3 i s  not unexpected, since an appreciable 

proportion of i t s  dose comes from pulses which are not energetic enaugh t o  overcome the discriminator 

bias, which was set a t  a pulse-height sett ing of 10 ( 1  volt), corresponding to an energy bias of -50 kcv. 

Below t h i s  level the A I D  amplif ier used i s  not quite linear and these i s  a l s o  possibility of noise pickup. 

From the data of Table 2.14.2 the dose i n  t issue, in  mrad/hr, can be expressed as 5.1 x 10- A ,  where 

A i s  the area undec a curve of integral counts per minute a s  a function of pulse-height settings such that 

the maximum pulse-height dial  setqing is token as 1000. 

7 

137 Culibrat ion of the dosimeter and associated electronics i s  made during operation by m a n s  of a C s  
source, which i s  mounted in  an aluminum cap snugly f i t t ing  ovcr the crystal housing, thus giv ing rcadi ly 

repr od u c i b I e ge onietr y . 
The 661-kev photopeak of Cs13’ i s  made to  correspond to  a pulse-height sett ing of 130, which  gives 

a sensibly linear energy range for the ampli f ier f r o m  n ~ 5 0  kev to  5 Mev. A pulse lnrger than 5 Mev the17 

appeors to  the ampli f ier just l i ke  o 5-Mev pulse wi th a f la t  top. 

height seit ings o f  130 and 10, respectively, and the A I D  amplif ier gain i s  adjusted t o  bring the counts 

In calibrating, counts are taken a t  pulse- 
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Table  2.14.2. Ratio of Computed Dose R o t e  from Various 
Gamma-Roy Sources to Area Under  Observed 

Pulse-Height Spectra 

Source 
Ratio: 

Dose/Areu 

Hg2Q3 0.279 6.94 x IO-’* 

Au 

c s  

0,412 5.24 x 

0.662 5.30 x 

198 

137 

RCJ Av. 1 .O 5.04 x lo-’ 

60 co 

HaZ4 

1.17 
1.33 

1.38 
2.76 

4.94 x 

5.00 x lo-? 

Average 5 .1  x I O p 7  
____ ............. . 

*Excluded from average. 

into agreement w i th  previously established values. Calibrat ion a t  two settings not only adjusts the over- 

a l l  gain of the system but insures the l inearity of the amplifier, i.e., that the energy bias i s  directly pro- 

portional to the  pulse-height setting. 

Neutron Sensitivity 

A Po-Be neutron source was used t o  check the response of the dosimeter t o  fast neutrons. At a 

distance of 1 m from a Po-Be source of 1.4 x IO6 neutrondsec,  the response was equivalent to 0,056 

mr/hr, after due al lowance had been mode for the gamma radiation from Po2’’. Marion and Fowler 

2 mr/hr as the dose rate to  be expected 1 m f r o m  a source of IO6 neutrons/sec, thus the sensi t iv i ty  of 

the dosimeter t o  Po-Be neutrons is  only about 2%. 

S give 

Conclusions 

After taking in to account a l l  of the uncertainties due variously to the t issue equivalence of anthracene, 

the electron balance of the detector, and the uncertainties involved i n  calEbration procedures, it i s  believed 

that the gamma-ray dosimeter described can readi ly measure f i rs t -co l l is ion dose rate in t issue to within 

t20% for a more or l e s s  continuous gamma-ray spectrum ranging from about 100 Lev t o  5 Mev, for doses 

as low as 0.03 mrad/hr in  a f ie ld  of mixed radiation. 

It i s  planned to  further check the behavior of the dosimeter against the 6- to 7-Mev N” gamma-ray 

source provided by coolant water act iva j ion in  the B u l k  Shielding F a c i l i t y  Pool, and a l s o  to  examine 

more c losely  the energy region below 100 kev by means of an x-ray machine. 

~ ................................. _. .......... -. .... 7... 

5 F ~ r s t  Neutrorr P h y s i c s ,  Part 1: Techniques, ed. by J. B. Marion and J. L .  Fowler, Interscience, N e w  York, 4960. 
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2.15. FAST-NEBIYRO SP ECTW0PCBP-Y WITH SlhlCON 
SURFACE-SAWRBER COUNTERS 

T. A. Love  and K. M. Henry 

The possible use of  a neutron-sensitive semiconductor detector for neutron spectroscopy has been 
6 discussed prev ious ly . lJ2 Basical ly, the detector consists of a th in  layer of Li  F; between two si l icon- 

gold surfncc-barrier counters, the neutrons being detected by observing the 

L i  (a,  (x)T reaction. The routing of the signal from each detector i s  shown by the block diagram of the 

counter and the associated electronics depicted i n  Fig .  2.15.1. 
which in turn feeds a DD-2 double delay l ine ampli f ier3 w i th  a 0.7-psec cl ipping time. 'The output of the 

amplif ier i s  fed in to  a discriminator c i rcu i t  biosed to  reject  a l l  pulses which represent l e s s  than some 

predetermined cne rgy  deposit ion in the diode (* 1.5 Mev in the experiment discussed here). The coinci- 

dence c i rcu i t  rejects a l l  pulses which are separated i n  t ime by more than 

+- T pnir  resul t ing from the 
6 

- 
I he signal is  f i r s t  fed into a preamplif ier 

sec. 

-- i 

ORNL IJNCl -LR-C'.VG bSSIFIEG 57'95R 

L 

3.- + (0C 'b 

SO0 K 

M ~ X t P 

c RCUI I 

Fig.  215.1. Black Diagram of Electronic System For Silicon-Gold Semiconductor Detector. 

Since the accuracy of  the iirensimment of a spectrum of Fast neutrons always depends to a large ex- 

tent  on whether the gamma-ray- and neutron-induced backgrounds can he subtracted, recent experiments 

w i th  the defector have been directed toward the  understanding of the backgrounds. The gamma-ray-induced 

background apparently causes l i t t l e  di f f icul ty.  The pmrna-ray counts are essent ia l ly  a l l  rejected by  the 

discriminator c i rcui t ,  since thc probobil i ty that  a gummi3 ray wi l l  produce an  electron which w i l l  g ive up 

a t  leost enough of  i t s  energy in  one of the  counters t o  trigger the counter discriminator i s  fa i r ly  smnl l ,  

and the probabil i ty t h a i  the same electron w i l l  appear in  the other counter w i t h  enough energy t o  trigger 

' T .  A. Love ,  R. B. Murray, J. J.  Manning, and H.  A .  Todd, Neutron Phys.  Ann. Prog. R e p .  S e p k  1, 1960, ORNL - 
3016, p. 280 

2T.  A. L o v e  and R. R. Murray, f R k  Trans.  h u r l e a r  Sci.  8 (11, 91 (1961). 

3Edward Fuirstcin, Rev.  Scr. fns t r .  27 ( i ) ,  475 (1956). 
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i t s  discriminator is  extremely small. Thus only in  very high gamma-ray f ie lds where counts p i le  up and 

where the chance rate i s  high w i l l  any gamma-ray background appear. Measurements have been mode i n  

gamma-ray f ie lds up t o  -200 r w i th  no appreciable background and only small degradation in resolution, 

The neutron-induced background i s  important when the counter is  used in  a neutron f l u x  where neu- 

trons of energy above a few Mev are present. Whenever neutrons str ike one of the counters several re- 

actions may occur which resul t  in  the emission of charged part icles provided the threshold energy of the 

reaction i s  equalled or exceeded by the energy o f  the incoming neutron. Since the to ta l  mass of these 

counters i s  composed almost entirely of si l icon, essent ia l ly  a l l  the reactions are of the Si (n, charged 

part icle) type where i n  every case the reaction is  endothermic. For the reaction to  produce a background 

count, however, the energy of the incoming neutron must not only exceed the threshold of the reaction but 

a lso impart enough energy to the charged part icle t o  al low suff icient energy deposit ion in each counter t o  

trigger the discriminator circuits. Thus only neutrons of energy equal t o  or greater than about 3 Mev plus 

the threshold energy of the reaction can produce count. From experiments wi th  these diodes exposed t o  

monoenergetic neutrons where background is  c lear ly  defined, a calculat ion indicates a foreground t o  back- 

ground rat io which would be observed in  a pulse-height spectrum from f iss ion neutrons. Th is  rat io i s  

about 5:l. 

The magnitude of the neutron-induced background has been further investigated b y  comparing the 

response of a pair of L i  F-coated counters t o  14.7-Mev neutrons wi th  the response of a pair of uncoated 

counters. The sensi t ive area of each counter was - 2  cm2, and the thickness of Li6F on the coated pair 

was q.200 pg/cm2. 

6 

A pulse generator was used as a reference i n  order t o  adjust the gain of the uncoated pair to  be the 

same as the coated pair. A f i r s t  attempt was made by simply adjusting the electronic gain of the system 

t o  g ive  equal pulse-height output for equal charge deposited in each diode. Th is  approach fa i led because 

these simple ga in adjustments do not take into account the difference in res is t i v i t y  of the individual 

diodes. The capacity, C, of the diodes, and i n  turn the barrier depth, depend on the res is t i v i t y  according 

to  the equation C = l / \ /VP, where V i s  the bias voltage across the diode and p i s  the res is t iv i ty .  Clearly, 

the uncoated diodes must have the same barrier depth, as wel l  a s  area, i f  the background measurements 

are to  be meaningful. Thus, a change in voltage i s  necessary t o  compensate far the difference i n  resis- 

t i v i t y  of the t w o  diodes; in fact, i f  the individual diodes dif fer by only a small amount, then gain adiust- 

ments (using the pulse generator as a reference) made by varying the b ias voltage i s  a l l  that i s  necessary. 

A comparison of the pulse-height spectra obtained when the coated and uncoated counters were ex- 

posed t o  14.7-Mev neutrons is  shown in  F ig .  2.15.2. 

In addit ion to  the background measurements, the ef f ic iency of the sandwich-type counters lins been 

investigated. A pair of coated diodes w i th  dimensions the same Q S  those given above was exposed in the 

ORNL Graphite Thermal Column, and the number of counts under the thermal peak was compared to those 

from a gold foil exposed the same length of time. Th is  comparison yielded an ef f ic iency of the counter 

for thermal neutrons of 3 x The calculated ef f ic iency differed by -15%. 
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6 Fig. 2,15.2. Pulse-Weigh? Spectra of Li %-Coated and !.!.scooted Silicon-Gold Semiconductor Detectors. 
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The ef f ic iency of the diodes was a lso  investigated w i th  14.7-Mev neutrons, and it was observed that 

6 when the plane of Li F on the diodes was paral lel t o  the incoming beam, the ef f ic iency was almost twice 
6 that real ized when the plane of Li  F was normal to  the beam. Thus earlier estimates of losses due t o  the 

forward scattering of the alpha part icle and the tr i ton are too small.* 

From the above measurements it is concluded that neutron spectra may be measured w i th  s i l icon 

counters provided proper cars is  exercised in  obtaining the background. Tests  for adequacy of the method 

described above for obtaining backgrounds w i l l  be mode for monoenergetic neutrons other than 14.7-Mev 

energy. It i s  a lso planned to use the method to determine the spectrum of neutrons leaking from a reactor. 

6 *Attempts have been made i o  increase the ef f ic iency of the  counters by substituting Li6 metal for L i  F, but,they 
have been unsucessful thus far because of t h e  high react ivi ty  of the lithiwnr. 

2.16. THE DISTRIBUTION IN ENERGY OF ALPHA-TRITOH PAIRS RESULTlMC 
FROM NEUTRON BOMBARDMENT OF LlTHl 

F. S. A lsmi l ler  

The use of paired si l icon-gold surface barrier counters (with an intervening L i6F  layer) t o  record the 

sum of the energies, W, of the tr i ton and alpha part icles produced in a Li6(n,a)T reaction, as Q measure 

of the incident neutron energy, has been described elsewhere. 1 

In  th is  report we consider the problem of calculat ing the distr ibution in  to ta l  energy, N(Ct'), of the pairs 

reaching the  si l icon. The analysis has been generalized from that given previously2 i n  two respects: 

f irst, the neutrons are not restricted to normal incidence, and second, the variat ion of the stopping power 

w i th  energy over the path length of each part icle is taken into account. 
6 A uniform beam of neutrons of energy En is assumed t o  impinge on a Si-Au-Li F-Au-Si sandwich at  an 

arbitrary angle of incidence, V ,  with respect w i th  the z axis, which is taken as normal to the plane of the 

sandwich. The (n,a) reaction takes place at  some point z ( O < Z <  7) i n  the LiF layer of thickness 7.. 

In the laboratory system, the angles of emergence of the t r i ton relat ive to  the incident neutron velocity 

vector, vn, and to the z-axis are 4 and 7, respectively. Similarly, the alpha part icle angles relat ive t o  

un and to the negative z ax is  are x and tJ, respectively. Figure 2.16.1 depicts the geometry of the 

problem. 

4 

-+ 

The part icles are assumed to travel in straight- l ine paths in their in i t ia l  directions wi th  a continuous 

rate of energy loss, - d F / d r  = S ( E ) .  (Subscripts t or a w i l l  be used to  denote tr i tons or alpha particles 

and L or A the stopping materials, L iF or Au.) 

'T .  A. Love,  et al.. Neutron Phys. Ann. P r o g .  Rep, .  S e p l .  I ,  1960, ORNL-3016, p.  280; also, Section 2.15, th is  

2F. S. A l s m i l l e r ,  Neutron Phys .  Ann. Prog. Rep.,  Sept. I, 1960. ORNL-3016, p. 289. 

report. - 
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Fig, 2,16.1. G e ~ m e t ~ y  for Calculat ion of Energy Distribution of Alpha-Triton Pairs  Resulting from Li (n ,a )T  

Reactions. 
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The to ta l  energy available, Fn plus the reaction @valuel and the tr i ton scattering angle 0, in the 

"0 10 
center-of-mass system, determine the angles $ and x as we l l  as the in i t ia l  energies E 

of the alpha part icle and triton. 

(4'1) and E ($) 

If 

where M i  is the mass of the particular part icle or atom denoted by the subscript, 

then 

sin (0  - $1 
s in  $ 

= x ;  O < - O < - n ;  o q J ' 7 7 ,  

L e t  

cos (0  - $) 
R = cos 1j + ___ - ........ 

X 

.... then 

(4) 

( 6 )  E ($) = E n  t- Q -  E . 
aO '0 

The angles I/, $, and x, plus the t r i ton azimuthal angle, +, about Gn ( in  either center-of-mass or lab- 

oratory systems) determine the angles 77 and (. These, i n  turn, w i th  z, 'I, D , ,  and D 2  (the thicknesses 

of the two gold layers) determine the path lengths traveled in  each medium and hence the to ta l  energy 

loss 

A W - E  + Q - W ,  (7) 

where R i s  the to ta l  energy of the alpha-triton pair when each part icle has reached a (different) s i l icon 

layer. From Fig.  2.16.1, i t  i s  clear that 

cos 77 = cos v cos x + s in v sin $J cos 4 ,  (8) 

COS [ = -cos v cos x + sin v t sin x cos 4 .  (9) 

The energies of the alpha-triton pair are not recorded unless one part icle reaches each s i l icon layer. 

Hence, we consider only the two cases: 
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If X , X t A ,  X , and X represent the path lengths of the t r i ton and alpha part ic le in the L iF  and 
' 1  1 al_. a.4 

Au media, respectively, the equations for the path lengths are: 

T - Z  
.......... - 

1 cos 

Here E and F a  are the intermediate t r i ton and alpha-particle energies upon reaching a gold layer, 
' 1  I 

F 

part ic le energy. 

i s  the f inal  t r i ton energy when the t r i ton reaches a s i l i con  layer, and U - E i s  the f inal  alpha- 
I F  f F  

For a given 0,  4 ,  and v (or $, +, and v), Eqs.  10-13, together w i th  E q s .  1-9, determine an impl ic i t  

relat ion between z and I.t. Differentiat ion y ie lds  

which holds when and [are in the same quadrant, i.e., for cases A and B. 
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. .  

The energies E E and E (as we l l  as z) are obtained by numerical solut ion of Eq. 14 for 0 f ixed 
art $1  'I: 

f ina l  energy W and f i xed  angles 0, 4, and V. 

6 If ~ ~ ~ ( 0 )  denotes the dif ferential cross section for the L i  (n,a)T reaction, then 

i s  the probable fraction of alpha-triton pairs which are born in  the dif ferential distance interval 1 d z /  and 

the t r i ton so l id  angle element di!,,. The distr ibution N (W) [ =  N (A 8, E n ,  v ) ]  i s  the probabil i ty that a 

pair w i l l  be detected at  energy W, per un i t  energy range, and i s  given by 

where H ( 8 , + )  i s  a step function which equals unity when the conditions l is ted below are satisf ied and 

zero otherwise: 

(1) (and '7 are in  the same quadrant, i.e., cos [ c o s  '7 2 0. 
(2) O L z L T  

(3) E 2 L3 
' F  

(4) \v - P 2 B 
t F 

(5 )  A W 5 En + Q - 2L3 

Conditions 3-5 ref lect the fact that the counter w i l l  not record either part icle unless i t s  energy upon 

reaching a s i l i con  layer i s  a t  least B (=  1.6 MeV, tentatively). 

Numerical computations of N ( W )  for a range of neutron energies, En, and angles of incidence, V ,  are 

in  progress. 

2.17. DETERMINATION OF SELF-SHIELDING FACTOR BY US! 
MULTIPLY STACKED FOILS 

S. A. Hasnain,' T. Mvstafa,' and 7". V. Biosser 

A fundamental d i f f i cu l ty  inherent in the widespread use of th in  fo i l s  of indium, gold, and other ele- 

ments to  measure neutron f luxes l ies in  the lack of exact knowledge of the effects o f  the fo i l  upon the 

f lux it is measuring. One of these effects, the tendency for each successive layer of the material to 

shield the layer d i rect ly  beneath, has been studied in the present work. 

'P resent  address: Pakistan Atomic Energy Commission, Karachi, Pakistan. 

2Presen+ address: c/o Third Secretary, Embassy of Pakistan,  Washington, Q.C. 
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I f  several t h in  fo i ls ,  a l l  of the same diameter and preferably of  the 5ame weight are stocked together 

leaving no a i r  spaces, the mult iple fo i l  stack behaves as a single fo i l .  Af ter  an exposure t o  neutrons 

the f o i l s  may be separated and the i r  act iv i t ies  ind iv idual ly  counted. The specif ic ac t i v i f y  of a fo i l ,  as 

a function of i t s  posit ion i n  the stack, g ives a measure of  the variat ion o f  the neutron density ax ia l ly  

inside the siack. 

b l e  to  deduce the neutron self-shielding factor The shape of the curve of  specif ic ac t i v i t y  as a function 

of posit ion should be useful i n  checking theories of  neutron penetration, spectral hardening, etc., in thin 

fo i  1s. 

From the space variat ion of specif ic ac t i v i t y  throughout a th i ck  foil, it should be possi- 

A number o f  stacks of go ld and indium fo i ls  hove been exposed in the thernwl column of  the C'RNL 
Graphite Reactor. Although the interpretation of  the results to  produce numbers appl icable t o  theory has 

not yet been completed, the raw data i s  presented for information. 

Measurements were m a d e  i n  both water and a i r  media. A l l  water data were taken in a s ing le con- 

figuration in which the fo i ls  were supported in  a horizontal plane about 8 cm from the bottom o f  the ther- 

mal column by  a sirriple Loc i te  frame. 

A variety of arrangements was used to  obtain the air  data. For  convenience they are designated as 

A, B, C, and D. 
boitom o f  an &in.-ID aluminum pipe placed in  the thermal column. 

In  configuration A, the f o i l  stacks were held in a horizontal plane about 36 cm from the 
4 

In  configuration El, a monodirectional beam was approximated by using a two-piece cadmium-lined 

Each piece consisted of  a 15-cm-long, 2.5-rm-ID aluminum tube, l ined w i t h  cadmium sheet assembly. 

t o  leave a 2.25-tm-din air colutnn. The two tubes were placed end to end, w i th  the foil stack between. 

The edges of the f o i l s  were protected from neu t rons  by cadmium. Ei ids of  the composite were capped, 

the hottorn end w i th  aluminum, the top w i th  cadmium-lined aluminum. When th is  assembly w a s  lowered 

ver t ica l ly  into the thermal column, the fo i l s  a t  the middle were exposed to  n beam of  thermal neutrons 

which had traversed the 15-cm-long a i r  column of  the lower tube. 

Configuration C consisted of  a long (w I O - f t )  aluminum tube w i th  closed lower end, inserted ver t ica l ly  

i n  the thermal column. 

air  space. 

The lower 50 cm of the tube w a s  l ined w i t h  cadmium so as t o  leave a 5-cm-dia 

The f o i l s  were placed aboui 25 cni from the bottom of the tube. 

Configuration D was ident ical  w i th  A, but for these data the f o i l s  were mounted on a Mylar film, which 

was slowly rotated about a horizontal ax is  by a motor t o  approximate an  isotropic geometry. 

The saturated ac t i v i t y  of a l l  fo i ls  was measured by counting the induced gamma-ray ac t i v i t y  on the 
5 two-crystal counter described by Blosser. 

Tables 2.17.1 and 2.17.2 g ive the actual saturated ac t i v i t i es  observed for each fo i l  of  a siack, the 

number of f o i l s  pes stack, and the total  thickness o f  the stack, for gold and indium fo i ls .  The gold f o i l s  

were essent ia l ly  a l l  of the same thickness. Since the indiuni fo i ls  varied somewhat in thickness, the 

distance of  the middle of each fo i l  frohi the bottom of the stack is given. 

3 G .  K. Dalton and R. K .  Osborne, Nucleur Sci .  .and E n g .  9 ,  198(1941); a lso  G. C. Honna, T h e  Depression o/ 

* T h i s  i s  the same apparntirs described by Mustafa and Blosser  in Section 2.13. 

'T. V. D losser  and 0. K. Trubey, Neutron P h y s .  Ann. Ping .  Rep. ,  S e p t ,  1. 1960, ORNL-3016, p. 142. 

? 'hemal  Neutron F l u x  and Densi ty  b y  Absorbing F o i l s ,  t o  be published. 
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To display the shape of the variat ion of specif ic a c t i v i t y  through the f o i l  stacks, the numbers were 

normalized to the  act iv i t y  of the bottom f o i l  of a stack. The normalized ac t iv i t y  i s  plotted for various 

configurations in Figs.  2.17.1 and 2.17.2. 

Table 2.17.1. Neutron-Induced Gamma-Roy Act ivi ty  in Stacks of Gold Foi ls  

Foi I 

Number 

..... ~ ...... ~ ___ Saturated Activi ty  per Milligram (Arbitrary Units) . . 

1 1 .  (,-in.-dia Foils 1.1 1-cm-dio F o i l s  

Total = 19.65 mils Tota l  .- 18.68 m i l s  Totnl = 11.4 mi ls  Total = 10 m i l s  Total -9.83 m i l s  
. .. . . . .. . .. .. ................ ~~ ~ _ _  . . . . ... .... ... .... 

... ................. _ _ _ - - - - - - -  _.___ 

Water Conf. A* Conf. D Water Conf. A Conf. B Water Conf. A 

... 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

768 

74 1 

723 

707 

697 

682 

677 

657 

659 

65 1 

642 

633 

628 

635 

628 

63 1 

627 

629 

641 

652 

1205 

1176 

1151 

1137 

1120 

1112 

1102 

1101 

1094 

1087 

1087 

1094 

1096 

1106 

1107 

1116 

1137 

1145 

1174 

1202 

1000 

9 77 

9 57 

943 

931 

916 

913 

904 

902 

a95 

a90 

890 

884 

888 

892 

89 5 

904 

913 

929 

946 

1590 

1554 

1508 

1480 

1444 

1425 

1406 

1386 

1369 

1360 

1341 

1333 

1318 

1314 

1309 

131 1 

1313 

1310 

1323 

1337 

167 

165 

163 

161 

159 

157.2 

155.7 

154.3 

153.1 

151.8 

150.7 

149.7 

148.8 

1912 

1868 

1840 

1821 

1808 

1799 

1796 

1804 

1820 

1840 

1657 

1619 

1583 

1559 

1545 

1526 

1513 

1503 

1500 

1509 

2080 

20 30 

2008 

1985 

1973 

1963 

1959 

1957 

1971 

2016 

.... 

*Configurotians ore  described in text. 
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I able 2.17.2. Neutron-Induced Gamma-Ray Activity in  Stacks of  14-in.-dia Indium Foils 

.. .......... .. ~ . -  - ......... _ _ _ ~ ~  ~~ _I__ 

Saturated Activity per Milligram (Arbitrary Units) 

Water Conf. A *  Conf. R Conf. C 

Distance from 

Stock Bottom 

(mils) 

........ .......... ........ ......... .~ 

- 

20 Foils: Totnl Thickness = 21.5 m i l s  

0.7 

2.1 

3.5 

4.7 

5.9 

7.0 

8.0 

8.9 

9.8 

10.6 

11.3 

12” 1 

13.0 

13.8 

14.7 

15.7 

16.9 

18.1 

19.4 

20.8 

0.40 

1.26 

2.20 

3.24 

4.41 

5.64 

6.79 

7.81 

8.74 

9.59 

679 

646 

432 

615 

60 1, 

59 4 

585 

579 

577 

575 

57 1 

575 

57 i 

572 

572 

576 
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238 

10 Foils: Total Thickness = 10 m i l s  
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58 1 

563 

547 
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526 

*Canfigurations are described in text. 
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3.1. HOMOGENEOUS CRITICAL ASSEMBLIES OF 3% U2”5-ENRICHED UF, IN PARAFFIN 

J. T. Mihalczo and J. J. Lynn 

The program of cr i t i ca l  experiments w i t h  homogeneous hydragen-moderated assemblies of 2 wt% U235-  
enriched UF, i n  paraff in reported previously’ has been extended t o  include a mixture of 3 wt% U235- 
enriched UF, i n  paraff in wi th  a H:U235 ra t io  of 133. T h i s  mixture contains 92 wt% UF, and has a uranium 

density of . 4 ~ 5  g/cc. The c r i t i ca l  height of a rectangular parallelepiped w i th  a square base, as a function 

of base dimensions, i s  shown in Fig. 3.1.1. From these data, the minimum cr i t i ca l  volumes for bare and 

ref lected spheres are 208 and 121 l i ters, respectively. 

-7, t 

’J. T. Miholczo and J. J. Lynn,  Neutron Phys. Ann. Prog. Rep. S e p t .  1, 1960, ORNL-3016, p. 71. 
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Fig.  3.1.1. Critical Height a s  o Function of t h e  Base 

Dimensions of Rectangulnr, Square-Based P a r o l l e l e -  

pipeds: 3 wt % U235-Enriched UF in  Paraffin. 4 

45 48 21 24 27 30 33 36 

SIDE Or SQUARF RASE (in ) 

3.2. CRITICAL PARAMETERS OF WLUTIONS OF U235-ENRICHED 
URANYL NITRATE IN CYLINDRICAL CONTAINERS 

J. K. Fox 
Cr i t i ca l  experiments which extend the exist ing data on f issionable solutions have been performed wi th  

solutions of UO,(NO,), at two U235 enrichments. The f i rs t  material consisted of CI solut ion of UO,(NO,),, 
enriched to  93.15 wt% i n  U235, i n  a D,O-H20 mixture containing 70.1 wt% D,O. The U235 concentration 

in th is  solut ion was 105.9 g per l i ter, the specif ic gravity 1.226, the H:U235 atomic ra t io  70.9, and the 

D:U235 atomic ra t io  166.3, Experiments wi th  th is  material were carried out i n  two types of vessel. The 

f i rs t  w a s  a 40.0-cm-ID cyl inder or ig ina l ly  constructed for the preliminary mockup studies’ of the ORNL 

High F l u x  lsotop 

th ick w a l l  and o+%§-mm-thick bottom. A 15.24-cm-OD type 1100 aluminum shel l  was ax ia l l y  located 

Reactor. The outer vessel was constructed of type 6061 aluminum and had a 31.8-mm- 
b‘35 

- 
’J, K. Fox, L. W. Gilley, and D. W. Magnusoo, Neutron P h y s .  Ann. Prog .  R e p . ,  Sept. I, 1960, ORNL-3016,  p. 59. 
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3.3. NUCLEAR SAFETY TESTS OF THE HIGH FLUX ISOTOPE REACT0 FUEL ELEMENT 

J. K. Fox 

A number of water immersion tests were performed on the fuel element for the High F l u x  Isotope Re- 

actor Cr i t i ca l  Experiment No. 2 (Sec. 3.4) i n  the absence of the beryl l ium reflector and prior to  instal la- 

t ion  i n  the c r i t i ca l  experiment equipment in order to establ ish some measure of i t s  nuclear safety during 

fabrication and storage. All tests were performed in a large tank which could be f i l l ed  wi th  water to 

provide a moderator and an ef fect ive ly  in f in i te  reflector. The element was supported on a 12-in.-high 

P lex ig  I as table. 

The fuel element i s  shown in F ig.  3.3.1. It consists of two annular and concentric components, each 

consist ing of two concentric aluminum cyl inders between which are mounted aluminum-clad, 93.14 wt% 

U235-enriched uranium-aluminum fuel plates. The fuel plates are rectangular i n  profile, wi th  a cross 

section that i s  a part ial  involute of a circle. 

The inner annulus, having a 5.067-in. inside diameter and a 10.590-in. outside diameter, contains 171 
fuel plates wi th  a to ta l  of 2.31 kg of U235 and 8.7 g of boron distr ibuted throughout the plates. The 

volume surrounded by th is  annulus w i l l  be the region o f  high thermal-neutron f lux  in  the operating reactor 

and i s  cal led the target region. The outer annulus, having a 11.366-in. inside diameter and a 17.125-in. 

outside diameter, contains 369 fuel plates, wi th  a to ta l  of 5.68 kg of U235. The fuel section of the ele- 

ment i s  26 in. long. 

The f i rs t  series of experiments was performed using only the outer annulus. Complete submersion of 

the annulus in  water gave no appreciable source neutron mult ipl icat ion. When the central 11.366-in.-dia 

region inside the annulus was f i l l e d  w i th  Styrofoam (polystyrene, density = 0.028 g/cm3) csnd the annulus 

completely flooded, a source neutron mul t ip l icat ion of - 2  was observed. The diameter of the Styrofoam 

was then reduced by small increments, increasing the amount of water between opposite s ides of the 

annulus, but l i t t l e  effect on the mult ipl icat ion could be seen. Thus it i s  evident that handling the outer 

annulus, even in  the presence of water, i s  quite sofe. 

The second series of tests was performed wi th  the complete element except for 12 removable fuel 

plates and a 0.050-in.-thick aluminum cyl inder which was added a t  the inner boundary of the outer annulus. 

The data are summarized i n  Table 3.3.1. The f i rs t  entry in  the table shows that the complete element, 

l i k e  the outer onnulus alone, i s  subcri t ical when completely submerged i n  water; hence the two annuli can 

be safely handled as a unit, Subsequent experiments showed that the addit ion of the 12 plates and the 

cyl inder reduced the react iv i ty  by about 1.2 dollars, so that their presence would increase the margin of 

safety . 
For the above measurement w i th  the complete element submerged in water the neutron source was 

centered on the ax is  and two BF, counters were placed in  the ref lector about 9 in. from the element and 

in  i t s  midplane. Neutron background was measured wi th  the element replaced by an $-in,-ID by 11-in.- 
OD annular aluminum can f i l l e d  wi th  air. 

- 
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Fig. 3.3.1. Fuel Elemant far High-FIsm Isotope Reoctor Cri t ical  Experiment No, 2, 
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.... 
T a b l e  3.3.1. Effect o f  Void in Target  Region of Fuel  Element of HFIRCE No. 2: 

Cr i t ica l  Height  of Moderator and Reflector Water 
~ 

Void Fract ion in Void Diameter p/A h Crit ical  Water 

Target Region (in.) ( c e n t d i n . )  Height*  (in.) 
_I_ 

Distributed Voids 

0 

0.47 

0.56 

0.64 

0.80 

0.34 

0.47 

0.6 1 

0.77 

0.97 

Not Cri t ica l * *  

7.9 -0.16 

-0.55 

11.4 -0.83 

11.4 -0.67 

Central Void with Water Annulus 

4.5 

4.0 

3.5 

3.0 

5.1 

7.9 

9.8 

+0.32 

-0.43 

-0.79 

-0.59 

+0.79 

*Water height measured from top of fuel; 12 p l a t e s  and aluminum shell removed. 

Source neutron mult ipl icat ion > 30 when completely flooded. ** 

T h e  remaining measurements i n  the second series investigated the effect of removing water from the 

target region, accomplished by displacing water wi th  Styrofoam. Two methods of adjusting the void fra- 

t ion were used. In  the first, voids were effect ively "distributed" by  insert ing i n  the target region a 

Styrofoam cylinder through which vert ical holes had been dri l led. In the second method the voids were 

formed by ax ia l  cyl inders of Styrofoam of various diameters. A s  i s  evident from the turves of Fig. 3.3.2, 
the two methods produced somewhat different results. Generally, however, as  voids were introduced the 

react iv i ty  increased, reaching a maximum wi th  a vo id fraction of between 0.55 and 0.65 of the region 

volume, depending on the method o f  introduction of the void. Fur the r  increase in vo id fraction decreased 

the reactivi ty. Completely f i l l i n g  the target region wi th  Styrofoam, result ing in a vo id fract ion of 0,97, 

produced a c r i t i ca l  condit ion wi th  a top water  reflector of 0.99 in. thick. In the latter experiment the 

Styrofoam cyl inder was 26 in. long, whereas in a l l  the others the cyl inder was 20 in. long and was jux- 

taposed to the fuel region of the element. 

The values of p / A h ,  also shown in Table 3.3.1, were  obtained From measurements of posit ive periods. 

These results make possible an estimate of the  react iv i ty  to be expected i n  the event of complete 

flooding of the element. 
... 
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3.4. HIGH FLUX ImTQPE REACTOR CRITICAL ~ X P ~ ~ ~ ~  

D. W. Magnwsan 

Ef 

The High F l u x  Isotope Keoctor Cr i t i ca l  Experiment No. 2 (HFIRCE No. 2) i s  the second series nd 

measureinen~s made i n  support of the nuclear design of the High F l u x  Isotope Reactor (HFIH) . ’R~ The 

HFlR i s  to be a highly U235-enriched uranium-fueled reactor designed to prsduce a f lux of greater than 

10’’ thermal neutrons for the production of transplutonium nuclides; it w i l l  be moderated and cooled by 

water and ref lected by beryllium. The f i rs t  series of c r i t i ca l  experiments supporting i t s  design was 

completed last year3a4 and cansisted of solution-type experiments i n  annular geometry. Th i s  second 

ser ies  consists of experiments wi th a mockup more nearly representing the design of the reactor. 

Descript ion of the Assrwbly  

The HFlRCE No. 2 assembly consists of mockups of the reactor fuel elementi the centrnl target 

region, a side beryl l ium reflector, and top and bottom water reflectors. I t  also includes mockups of a 

’ R. D. Cheverton, N F I R  Preltrnrnnry P h y s i c s  Report ,  ORNL-3006 (Oct, 4, 1960). 

2R.  D, Chevarton, F u e l - C y c l e  A n a l y s r s  and PTO osed Fuel and Rrrrnable P o i s o n  Dis t r ibu t ion  and Loading for  

3 J .  K. Fox ,  C. W .  Gil ley,  ond D. W. Magnuson, Neutron Physics  Diw. Ann. Pmg. R e p . ,  Sept. I, 1960, ORNL- 

f h e  H F I R  and HFCE-2, ORNL-CF-61-2-36 ( F e b .  2, f961). 

3016, p. 59. 

4 J .  K. Fox, L. W. Gilley, and B, W. Magnuson, Prel iminary Solution Critical Experiments  for High Flux Isotope 
Reactor Parameter  Study (to b e  published o s  an BRNL report). 
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- 
nuclear target, the control plates, and the three beam tubes, referred to  as tangential, radial, and through 

beam tubes, 

The fuel element, described i n  Set. 3.3, consists of two concentric cyl indr icol  annuli of involute- 

shaped uranium-aluminum fuel  plates, It i s  surrounded by an annulus of beryl l ium which i s  * 12 in. 

th ick u t  the midplane and i s  shown being lowered over the fuel element i n  F i g  3.4.1. (The beryl l ium 

was salvaged from another reactor program and remachined for th is  experiment.) The assembled fuel 

element and beryl l ium are shown in F ig .  3.4.2, the two annuli  of the element bcing clear ly visible, The 

interior and exterior wa l ls  of the fuel element extend 12 in. above the fuel plates and form the boundaries 

of the moderator-water system which i s  separate from the water system that f loods the target region 5nd 

the beryllium. Fo l low ing  the safety tests described in Sec. 3.3, a 0.050-in.-shiek aluminurn cyl inder was 

placed between the fuel annuli, i n  contact wi th the outer annulus, t o  reduce the water gap  thickness in 

that region. Th is  cylinder, which i s  not shown in Fig. 3.4.2, reduced the inside diameter of the outer 

011nuJus t o  11.266 in. and was i n  posi t ion for a l l  the measurements described liere unless otherwise 

specified. In Fig. 3.4.2 t h e  tangential and through beam tubes are also clcor8y seen, a s  is thc annular 

s lot  between the fuel  element and the berylliwm i n  which two cyl indr ical  control plates move. 

The control plates are vert ical  coaxial  cylinders, the inner cyl inder having a 17.8-in. outside d i m  

meter and the outer cyl inder having an 18.5-in. outside diameter. The inner cyl inder is 88 in. long and 

the outer one 75 in. long. Two  of the three roller guides for the outer  control plate are v is ib le  on top of 

the beryl l ium in Fig. 3.4.2, and a l l  the guides, both above and below the beryllium, are apparent i n  Fig, 
3.4.1. 

1 Each control p late is constructed of three /4-in.-thick, 20-in.-long active sections: one of nluniinurn, 

a poor therm$-neutron absorber; a central section of nickel, a moderate absorber; and a th i rd section of 

copper-+#% si lver alloy, a strong absorber. The orientation of the plates i s  such t hn t  the order of 
27.7 6 ”% , G yy> 

the three control materials i n  one i s  reversed with respect to  the other, aluminurn being the wpper section 

of the inner plate and the lower section o f  the outer plate. Thus, wiph the inner plate lowered rand the 

outer plate raised both aluminum sections are adjacent to the fuel, whi le w i th  she plate posit ions re- 

versed both copper-silver sections are adjacent t o  the fuel. This arrangement al lows symmetric posi- 

t ioning of the absorber sections about the fuel. The  sectional construct ion of the control plstes i s  shown 

i n  Fig. 3.4.3. The difference i n  appearance i s  due to  the fact  that the outer plate had been pointed w i th  

Arnercoat 31* for corrosion resistance. Later the inner plate was also painted, but the Amercoat 31” was 

subsequentjy removed from the aluminum sections of both control plates because of i t s  undesirable chlo- 

r ine content. 

In Fig. 3.4.4 the outside tank wa l l  i s  shown being lowered into posit ion on the bottom plate flange, 

which also supports the control plates i n  their fu l l y  inserted position. 

Not shawn i n  any of the photographs i s  the target mackup that w a s  placed in the central region sui- 

rounded by the inner annulus of the fuel element. Th is  target mockup consists of th i r ty z-in.-dia vert ical  

.... *Arnercoat 31 is the trade name for resin base (Bakel i te  YYMH) paint .  T h e  resin i s  a copolymer o f  85% poly- 
vinylchloride and 15% polyvinyl acetate. 
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Fig. 3.4.3. Inner and Outer Control Plate Cyl inders for HFIRCE No. 2. 

aluminum tubes containing a nuclear mockup of a future HFlR target and seventy-eight 5/,,-in.-dia alumi- 

num tubes (0.025-in.-thick walls) which could be corked to  introduce voids in  the target region. The two 

types of tubes were uniformly distr ibuted i n  the target region. A cadmium cylinder, encased i n  stainless 

steel, could f a l l  between the target and the fuel element as a safety rod for the c r i t i ca l  experiment. 

A complete design and descript ion memorandum of the HFIRCE No. 2 i s  being written.' 

Control Plate Posi t ions a t  Cr i t ica l  

The cr i t ica l  posit ions of the control plates w i th  and without the target assembly i n  posit ion and i n  

the absence of known perturbations such as counters and thermocouple leads in the core are reported 

i n  Table 3.4.1. The posi t ion w i th  the target inserted i s  important because it determines how much ex- 

cess react iv i ty w i l l  be avai lable for the l i f e  of the reactor fuel element. Removing the target assembly 

decreased the react iv i ty approximately $1.1, based on the l imi ted control plate cal ibrat ion presently 

available. 

'R. E. Hoskins, to be published as an ORNL report. 
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Fig. 3.4.4. Tank Assembly for HFIRCE No. 2 
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Table 3.4.1. C r i t i c a l  Pos i t i ons  of Control P l a t e s  

Control P l a t e  Pos i t i ons*  (in.) N icke l  or “ G r e y ”  

Inner Outer Window Height  (in.) 
___I..._ __.__ Condi t ions 

-_._- 

With target i ns ta l l ed  17.24 19.24 10.5 

Without target 18.59 18.69 13.4 

* T h e  pos i t i on  ind icator  o f  each control p la te  was adjusted to 22 in. when the n i cke l  or 
g r e y ”  sect ions were syrnrnetricol about the fue l  element.  An increase in t h e  pos i t i on  indi- 

cator reading represents withdrawal of n icke l  and inser t ion of aluminum in the control region. 
A decrease in the reading represents withdrawal of  the n i cke l  and inser t ion o f  the copper- 
s i l ver  section. 

‘‘ 

The outer control plate was calibrated over a l imited range by the rod bump method i n  which the 

inhour equation y ie lds the react iv i ty  from the posit ive periods arising from successive plate displace- 

ments. It i s  possible to  cal ibrate two plates simultaneously because the second is used t o  restore the 

reactor to c r i t i ca l  from the supercri t ical condit ion established by the displacement of the first. The 

results of this  cal ibrat ion are shown i n  Figs. 3.4.5 and 3.4.6 and were obtained primarily for interpre- 

ta t ion of the measurements of the temperature coeff icient of reactivi ty. 

UNCI. ASSlf !EO 
OANL-LR-O‘NG 52130 

17 ce 13 20 

OUTER CONTROL PILATE POSITION ( i n )  

Fig. 3.4.5. Outer Control P i a t e  Calibrat ion: HFIRCE 
No. 2. 

The sensi t iv i ty  of the outer control plate at  various posit ions was a lso determined from posit ive 

periods and i s  shown in Fig. 3.4.7 (see also Table 3.4.4 below). An integration under the curve was 

used t o  obtain the large increments in  react iv i ty  observed during measurements of void coeff icients of 

reactivi ty. 
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Fig. 3.4.6. Inner Control Plate Calibration: HFIRCE Fig. 3.11.7’. Outer Control Plate Sensitivity: HFBRCE 
No. 2. NQ. 2. 

The presence of delayed photoneutrons from the beryl l ium was neglected when estimating reactivi ty 

i n  cents from the stable pos i t ive periods. 

Temperature Coeff icients of Reactivity 

The isothermal temperature coeff icient of react iv i ty  up to the operating temperature i s  important be- 

cause i t s  sign and magnitude influence the m o u n t  of control required for the reactor. More important 

for safety arethe s ignand magnitude of the fuel temperature coeff icient of react iv i ty  since there would 

not be t ime t o  transfer heat from th is  region during any power transient. Both these coeff icients WEW 

measured. During the measurements the moderatot water W Q S  circulated through both a heater and the 

fuel element in  Q piping system independent of the system used to circulate water through additional 

heaters and the target and control regions. Therefore, not only could the temperature throughout the 
.- 
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ussembly be altered, but the fuel element temperature could be made 8 to 10°C hotter than the average 

of the remainder of the system. The water which circulated through the target and control plate regions 

and through the beryl l ium could also be cooled by tap water i n  n heat exchanger. Temperature homo- 

geneity of the water wi th in the tank was improved by a stirrer located adjacent to  the beryllium. 

Each temperature cyc le  consti tut ing a series of temperature coeff icient measurements extended over 

24 to  30 hr becnuse of the t ime required to  heat the large vclume of water and for the. temperature t o  

equilibrate, and because the quasi-equi libriurn temperature dif ferential between fuel and ref lector re- 

quired olrnast an hour to establ ish a stable control plate position. The react iv i ty changes associated 

wi th  the changes i n  temperature were fol lowed with the control system, maintaining c r i t i ca l i t y  u t  con- 

stant power. There are reasonable explanations for the control plate movements required to compensate 

for the react iv i ty changes during the nonequilibrium temperature periods immediately fo l lowing changes 

in  heating or cooling. 

Two  temperature cycles between room temperature and 7Q°C were made both wi th and without the 

target asseinbly installed. Tables 3.4.2 and 3.4.3 and F i g e  3.4.8 summarize the teiiiperwture and reoc- 

t i v i t y  data. The hour of each observation i s  included in the tables to  show the duration of each part 

of the experiment. The ove i -c~ l l  temperature coeff icient of react iv i ty w i th  the target inserted i s  -3.7 x 

lOS5/"C over the range 25 to  70°C, The coeff icient without the target exhibi ts a point of inf lect ion 

changing from posi t ive to  negative over the same temperature range, I n  Fig.  3.4.9 it can be seen that 

wi th in the precision of the measurements +he fuel-moderator temperature coeff icients of react iv i ty as a 

I I I 
I I 

I 
I 

W l T h  T A R C E -  

UNCL4SSIFIED 
ORNL-LR D W G  52t33 

I 

I 

ISOTHERMA 
0 UODERATOR HEATED ABOVE AMBIENT 

i o  

4 
LL 
t 
m 
u 40 

t 
I 5 3 0  

z 

a 
.~ 
> 

w n 

w 2 20 
i l l  

U w 0 

10 

0 

0 

I o  

O I  

l o  I O 1  

I I 
W I T Y O d T  TARGET 

.r 
t 

I' I 

F i g ,  3,QA Effect  of Changes in Fuel-ihAadaraBar Tern- 
per'ature on Reocvivity i n  H F I R C E  No. 2: With and 
Without Target in  Position. 

20 3 0  40 5 0  60 70 80 
FUEL-MODERATOR TEMPERATURE ( " C )  

144 



Tab le  3.4.2. Temperature Coef f ic ient  of Reac t i v i t y  Data: With Target i n  Pos i t i on  

Reac t i v i t y  Isothermal Cr i t i ca l  

Beryl1 ium Control Region = P o s i t i o n  o f  Outer (Arb i t rory  React iv i ty  

Temp erat ur e, T2 - T3 Control P la te *  Zero) (Corrected 

Target and 

Time Temperature, Temperature, 

TI (OC) T q  (OC) (" C) (in.) (cents) to AT = 0) T j  ('C) 

10:05 AM 

10:45 AM 

7:OO PM 

8:20 PM 

11:40 PM 

12:30 AM 

12:15 PM 

1 : l O  PM 

3:dS PM 

4:40 PM 

7:OO PM 

7:45 P tv\ 

10: 15 P M  

11:05 PM 

9:lO AM 

10:15 AM 

23.4 

24.0 

71.0 

72.0 

50.0 

50.9 

25.6 

27.5 

48.4 

50.5 

68.7 

69.0 

57.5 

58.3 

32.2 

34.5 

24.7 

35.6 

79.0 

72.0 

50.0 

59.5 

26.4 

35.6 

51.0 

57.1 

70.0 

74.6 

57.7 

64.2 

32.5 

42.0 

23.5 

25.7 

72.3 

72.7 

50.0 

52.5 

25.6 

28.2 

51.2 

51.3 

70.8 

59.7 

58.3 

58.7 

32.1 

35.2 

1.2 

9.9 

6.7 

-0.7 

0.0 

7.0 

0.8 

7.4 

-0.2 

5.8 

-0.8 

4.9 

-0.5 

5.5 

0.4 

6.8 

18.16 

18.79 

20.26 

19.26 

18.65 

19.42 

18.33 

18.79 

18.64 

19.20 

19.22 

19.94 

18.82 

19.47 

18.38 

18.86 

28.5 

45.0 

74.8 

55.6 

41.5 

59.0 

33.2 

45.0 

41.3 

54.4 

54.8 

69.2 

45.8 

60.0 

34.6 

46.7 

27.2 

57.4 

41.5 

31.8 

41.7 

56.8 

47.0 

33.8 

1.90 

2.59 

2.50 

1.79 

2.18 

2.53 

2.37 

1.89 
d 

* A n  increase in  these values represents c1 withdrawal of absorber and an increase in  react iv i ty .  i n  these experiments, o f  course, changes in 
A 
VI 

p late pos i t ion are balanced by the temperature effects. 



Tab le  3.4.3. Temperafure Coef f ic ient  o f  Reac t i v i t y  Data: Without Target in Pos i t i on  

A13 
A ( A T )  

TarGet and Cr i t i ca l  Reac t i v i l y  ! sa?hermal 

Seryl l  ium Fuel-Moderator Region A? = ? o s i t i s n  of Outer (Arb i l rary  React iv i ty  

Temperature, 7 2  - 1 3  Control Plate* Zero) (Corrected T ime Temperature, Temperature, 

T ,  (OCj T 2  (@C) 73 P C )  (@ C) (in.) (cents) to 37' = 0) (cents/OC) 
- 

9:55 AM 

10:25 AM 

12~25 PM 

1:10 PM 

3:15 PM 

4:03 PM 

6:lG P M  

7:00 PM 

11:30 P M  

I 2 1 0  AM 

10:20 AM 

11 :  70 AM 

12:55 PM 

?:45 PM 

3:35 PM 

4 2 5  PM 

7:00 Ph4 

E:OO PM 

11:oo PM 

12:OO AM 

2:30 ? M  

3:15 PM 

25.6 

26.4 

3%. 5 

38.4 

54.4 

55.0 

70.2 

71.0 

52.4 

53.0 

34.1 

34.9 

46.0 

47.0 

59.5 

6.3.5 

68. i 

68.5 

53.0 

53.5 

25.0 

25.3 

25.7 

35.3 

39.1 

47.6 

55.0 

62.1 

71.6 

77.8 

52.2 

59.3 

34.9 

43.9 

47.0 

54.9 

6S.O 

67.2 

67.5 

74.9 

52.5 

60.9 

25.7 

34.9 

25.5 

27.3 

38.5 

40.1 

55.3 

55.6 

72.3 

71.4 

52.2 

53.7 

34.3 

35.8 

46.7 

47.5 

61.4 

61.0 

67.7 

69.0 

52.5 

54.1 

25.1 

26.9 

0.1 

8.0 

3.6 

7.5 

-0.3 

6.5 

-5.7 

6.4 

0.0 

5.6 

0.6 

0.  I 

0.3 

7.4 

-0.4 

6.2 

-G.2 

5.9 

0.0 

6.8 

0.6 

8.0 

17.38 

17.79 

17.24 

'1 7.74 

17.24 

17.85 

17.48 

18.14 

17.22 

17.72 

17. '4  

17.61 

17.08 

17.66 

17.22 

17.85 

17.37 

18.05 

17.20 

17.83 

17.31 

17.68 

:0.4 

21.9 

6.2 

20.5 

6.2 

23.5 

13.3 

31. I 

5.7 

20.0 

3.3 

17.0 

1.5 

18.4 

5.7 

23.5 

10.1 

28.7 

5.0 

23.0 

a. 3 

19.2 

10.3 

5.0 

1.0 

15.1 

5.7 

2.2 

0.0 

6.8 

10.7 

5.0 

7.4 

1.46 

2.07 

2.54 

2.51 

2.55 

'1.83 

2.38 

2.70 

3.05 

2.65 

1.45 

~~ 

* A n  increase i n  these values represents a withdrawal of absorber and an increase i n  react iv i ty .  In these experiments, of course, changes i n  
p la te pos i t ion  are balanced by t h e  temperature effects. 
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Fig. 3.4.9. Effect of  Changes in  Target and Control 

Region Temperature on React iv i ty  i n  HFIRCE No. 2: 
With ond Without Target in Position. 

20 3 0  40 50 60 70 60 
AVERAGE TARGET AND CONTROL P L A T E  TEMPERATURE ("C) 

function of the average target and control region temperature are not affected by insert ion of the target. 

The straight l ine in F ig.  3.4.9 i s  given by the equation Ap/A (AT)  =[1.1 + 0.025T(OC)I cents/*C, 

yielding a value of -1.8 x 10'4/0C for the fuel temperature coeff icient of react iv i ty  a t  70°C and a value 

of -1.1 x 10-4/0C at 25OC. The ef fect ive delayed neutron fract ion was assumed t o  be 0.0064. 

Void Coeff icients o f  R e a c t i v i t y  i n  Target Region 

The void coeff icient of react iv i ty  W Q S  measured by displacing water from the center o f  the target 

region by '/,-in.-OD ai r - f i l led polystyrene tubes (1/14-in.-thick walls), by Styrofoam* cylinders, and, in 

some experiments, by a i r - f i l led aluminum tubes in the target assembly i tself .  These data are given in 

Table 3.4.4 and i n  Fig. 3.4.10. The maximum posi t ive reactivi ty, $4.4, was observed wi th  a 70% 
equivalent void of Styrofoam. 

Fuel and Void Coeff icients of  R e a c t i v i t y  i n  Fuel Element 

The react iv i ty  effects of replacing plates in the fuel element wi th  aluminum and wi th  water were 

also measured. This was made possible by the fact  that the fuel element was constructed wi th  12 re- 
movable fuel plates, s i x  i n  the inner annulus and s i x  in  the outer annulus, primari ly for the power dis- 

tr ibution measurements described in the fol lowing section. Each of the removable plates i n  the inner 

annulus contained 13.51 g of U235 and each i n  the outer annulus contained 15.09 g. Both the fuel 

plates and the aluminum plates wi th  which they were replaced were 0.050 in. thick and 24.00 in. long, 

although the f u e l  section was only 20 in. long. The widths of the inner and outer plates were 3.345 and 

.-_____ 
3 * A  trade name for polystyrene with nonintercannecting a i r  bubbles  and having an over-all density o f  0.029 g/cm . 
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T a b l e  3.4.4. V o i d  C o e f f i c i e n t  of  R e a c t i v i t y  Data fo r  T a r g e t  R e g i o n  

.... ~ .... ..... __ ...... ..____ 

Number  o f  Number  o f  D i a m e t e r  o f  E q u i v a l  en+ C r i t i c a l  Con t ro l  Ou te r  C o n t r o l  
A i r -  F i l  I e d  A i r -  F i l led C e n  t r o  I T a r g e t  R e g i o n  P l a t e  P o s i t i o n *  P la te  

A l u m i n u m  P o l y s t y r e n e  S ty ro foom F r a c t i o n a l  ( in.) Sens $t i  v i  i y  

Tubes T u b e s  C y l i n d e r  (in.) Area Inne r  Ou te r  ( c e n t d i n . )  
- 

.____ ~ ~ ...... ~ 

0 

20 

39 

59 

78 

0 

78 

__ 

0 

0 

0 

0 

0 

24 

24 

0 

6 

18 

36 

60 

With T o r g e t  

0.000 

0.054 

0.105 

0.158 

0.209 

0.158 

0.368 

Wi thou t  T a r g e t  

0.000 

0.040 

0.119 

0.237 

0.396 

43, 0.861 

' ilM 'i' 0.709 

374 0.573 

3 j4 0.403 

2316 0.183 

17.21 30.5 

15.92 

14.87 

13.95 

13.19 

14.19 43.8 

11.45 44.1 

17.21 30.5 

16.18 33.0 

14.205 43.2 

11.47 45.4 

8.068 38.0 

7.28 35.8 

5.87 26.3 

6.69 31.4 

9.182 43.9 

13.15 45.4 

_i ~ ~~-~ ~ ~ ~ ~ ~ __ ~- ~ _ _ ~  ~ 

* T h e  p o s i t i o n  indicate; o f  e o c h  c o n t r o l  p l o t e  w a s  a d l u s t e d  t o  22 on. w h e n  t h e  n i c k e l  or "9;cy" e e c t l o n s  
w e r e  symrne t r i co l  abou t  the  f u e l  e lement .  A n  i n c r e a s e  ~n the p o s l t l o n  i n d i c a t o r  r e o d j n g  reorcsents  wi+hdrowa l  
o f  n icke l  a n d  insert ion o f  aluminum tn the c o n t r o l  reg ion.  A d e c r e o s e  I n  t h e  r e a d l n g  rep resen ts  w i t h d r o w o l  o f  
t h e  nick-l a n d  i n s e r t i o n  of  t h e  c o p p e r - s i l v e r  sec t i on .  

17.50 

17.50 

17.50 

17.50 

17.50 

17.50 

17.50 

20.195 

20.195 

20.195 

20. 195 

20.195 

20.195 

20.195 

20.195 

20.195 

20.195 
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7 
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! 
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I 

\ . y T R O L  WlTHOliT TARGET ;ILfiTE AT INNER 20195 in 

! 0 AIR F ILLED TUBES 
CENTRPL S T Y R O F O A V  CYLINDER 

1 1 ' '  I /  

0 
0 0 40 0 20 0.30 0 40 0.50 060 0.70 0 80 0.90 

VOID EQUIVALENT FRACTION IN TARGFT RESIOY 

Fig. 3.1.10, Outer  Control P la te  Posit ion IPS a Func- 

tion of Void Fraction i n  Target Region of HFlRCE No. 
2: With and Without Target  in Position. 
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... 

3.010 in., respectively. These experiments are summarized in Table 3.4.5. Substitution of aluminum 

plates for fuel plates in the inner and outer annulus showed the fuel to be worth 0.342 and 0.204 cents 

per gram of U235, respectively. When the aluminum plates in  the inner and outer annulus were replaced 

by water, the react iv i ty  was increased 2.38 and 2.25 cents / i r~ . ,~  respectively. The water displaced out- 

side the 20-in. fuel height was neglected in this calculation. The experiments were performed wi th  the 

target in  place. 

The  react iv i ty  effect of removing the 0 . 0 5 0 - i n ~ h i c k  aluminum cylinder placed between the fuel 

annuli was estimated to  be $0.80 from the change i n  the c r i t i c a l  posit ion of the outer control plate from 

16.82 t o  14.55 in. It was necessary to provide a 0.4-in.-wide s lo t  in the lateral surface of the cyl inder 

t o  permit entry o f  the neutron source in to the original water gap. The result of th is  experiment shows 

an increase in  react iv i ty  of 2.27 ~ e n t s / i n . ~  incurred by replacing aluminum by water i f  the replaced 

volume i s  considered to  be only that adjacent to  the 20-in.-high fuel. T h i s  value i s  i n  close agreement 

wi th  those obtained by the removal of aluminum plates from the inner and outer fuel annuli. 

T a b l e  3.4.5. Fuel  and Vo id  Coeff ic ient  of React iv i ty  Data for Fuel Region 

Number of Removable P l a t e s  Cr i t ica l  Control Outer Control 

Loaded in  Fuel  Element P l a t e  Posit ion* (in.) PI  ate React iv i ty**  
~ 

Inner Annulus Outer Annulus Inner Outer (cents) 

6 Fuel  6 Fuel  16.825 m o a 0  

0 6 Fuel  16.825 17.335 

6 Aluminum 6 Fuel  16.825 19.075 

6 Fuel  6 Fuel  16.825 17.990 

6 Fuel  0 16.825 17.260 

6 Fuel  6 Aluminum 16.825 18.675 

24.0 

4.0 

51.7 

23.7 

1.7 

42.2 

* T h e  position indicator of each control plate was adiusted to 22 in. when the nickel  or "ggrey" sections 
were symmetrical about the fuel element. An increase in the position indicator reading represents with- 
drawal o f  nickel  and insertion of  aluminum in the control region. A decrease in the reading represents 
withdrawal of t h e  nickel  and insertion o f  the  copper-silver section. 

* *React iv i ty  referred io an arbitrary zero with outer control p l a t s  positioned at 17.20 in. a s  shown in 
Fig. 3.4.5. 

Power and F i s s i o n  F l u x  Qistr ibution Measurements 

I t  was pointed out in the preceding paragraph that the duel element was mtlde wi th  12 removable fuel 

plates. In the outer annulus, which contains a total of 369 plates, the f i rs t  of these removable plates i s  

designated as b-1 and i t s  center l ine intersects the axis of the radial beam hole. The other removable 

fuel plate posit ions are b-78, b-155, b-209, b-262 and b-316, the numbers referring t o  fuel plate posit ions 

in c lockwise rotation as viewed from above. Posi t ions b-1155 and b-262 are near the through beom hole 

and the tangent beam hole, respectively. Posit ions 0-1, a-37, 0-72, a-97, a-122 and 0-147 were designed 

t o  be the corresponding azimuthal posit ions in the inner fuel annulus which contains 171 fuel plates; 

however, the fuel element was assembled wi th  the inner annulus rotated clockwise approximately 19 deg 

from the design position. 
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Srnall fuel-containing areas ( k  x 1 '/2 in.) were punched from a number of the removable plates for use 

as f ission-rate detector f o i l s  (see Fig. 3.4,11 for the location of these fo i l s  i n  the duel plates). 

uranium content of these fo i l s  was determined6 by using scint i l lat ion counters to coiiipare the 0.18-Mev 

gamma-ray intensity of the foils with th3t of a known amount of U235 .  Corrections were made for the 

absorption of th is gamma ray in the uranium and i n  the aluminum foi ls.  The content of several f o i l s  was  

verif ied by chemical analysis. 

The 

Fo i l s  irradiated i n  fuel p la tes  occupying eight of the rernovclble plate posit ions showed the azimuthal 

variat ions i n  the f i ss ion  density at the outer edge of the outer fuel plates to  be no larger than elsewhere 

w i th in  the element. I t  was  concluded, therefore, that, for the posit ions of the control plates required for 

the present assembly to  be cri t ical,  the beam tubes in  the beryl l ium were not perturbing the f lux und 

power distribution. For th is reason irrndintions were not made in  the ather avai loble azimuthal positions. 

In  the power distr ibution determination, fission-product gamma-ruy energies greater than 0.5 Mev were 

counted. The observed ac t iv i t y  of the various fo i l s  was compared to  the simultaneously measured O C -  

t i v i t y  o f  a normalizing fo i l  exposed in an establ ished position. In  th is manner variat ions i n  exposure, 

from run to  run, were compensated for and the data were corrected for the gamma-ray decay. 

These re!at ive ac t iv i t ies  or relat ive power distr ibutions are given i n  Table 3.4.5 along w i th  the 

relat ive act iv i t ies per gram of U235 i n  each foi l .  The l ~ t t e r  q u n n t i t y  i s  proportional to the neutron f lux  

weighted by the f iss ion cross section and averaged over the foi l .  No signif icant change was observed 

in  the rad ia l  distr ibution when the water gap between the fuel annuli was increased 0.050 in. by removing 

the a!uminurn cyl inder described above. One l ine in  the table shows the f lux  distr ibut ion in  an outer 

fuel plate wi th rzversed radial  fuel distribution. Figures 3.4.12 through 3.4.15 show the relat ive power 

distr ibution and relat ive f iss ion f lux (relat ive power per gram of U 2 3 5  i n  the fo i l )  i n  both the vert ical and 

radial directions. A l s o  shown i n  the table und i n  the figures are the distr ibutions expected i n  fo i l s  con- 

taining the design m u s s  of 

F l u x  Measurements i n  the Reflector and Target Region 

A 6-in.-long, 3/-in.-dia f iss ion counter" was moved below the assembly to  map the f lux  distr ibution 

in  the lower water reflector. The axis of this counter w a s  2 4  in. from the axis of the fuel element,  oils 
were used to  normalize t h i s  f iss ion counter traverse to f luxes measured i n  the fuel  and i n  the target 

regions. One fo i l  was placad 5 in. above the fuel" * on the inner cyl indr ical  wall of the fuel  element at 

about the same distance from $he fuel  element axis as was the f i ss ion  counter traverse; another fo i l  was  

placed at the center of an inner annulus fuel plate; and the third one was suspended cit the center of the 

target region. The f o i l  above the fuel established the f lux there to  be 00.8% of the f lux  a t  the center of 

6D. W. Magnuson, T h e  d'5 Coalent o/ Foils  P7rarhed/rom H F I K  Ci i t ica l  E x p e r i m e n t  No. 2 Fuel Pla tes ,  O R N L -  
CF-61-7-50 (July 20, 1961). 

* O R N L  Type a-2609. 
3 .  *+Although the end of the  fission counter w o s  5 in. below the fue l ,  the center of the counter w a s  3 4  in. lower. 

Norrnolizution with this foil necessitated, therefore, extropolokion of the counter traverse to a v a l u e  ot 5 in. below 

the Fuel. 
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Table  3.4.6. Rela t ive  Power Distributions and F iss ion  F l u x  Distr ibut ians in Inner and Outer Fue l  Annuli 
..... 

P la te  
Pos i t i on  Fuel 
i n  F ~ ~ I  ' late 
E l a m ~ n t  

Inner ann"/ "*  

0 -  1 P-2 

a-37 P-1 

0.97 T-2" 

0-37 T-2' 

0-72 P -2  

0-97 P-1' 

0-37 U-7'J.h 

Outer ~ n n u l u s  

b- 1 F -4  

b-78 F-2 

b-155 F-4 

b-209 F-2 

b.78 0.9d*h 

b-78 0-32"  

Inner annulLJs 

0- 1 P-2  

a-37 P - 1  

0-97 T -2  

0 - 3 i  T -2  

0-72 P - 2  

0-97 P - 1  

0-37 U.7',fJ 

Cuter a " n " / " s  

b- 1 P - 4  

t -78  F - 2  

b-155 F-4 

b-209 F - 2  

b-78 0 -9 / *h  

b-78 0-32"  

Inner 0""" lUS 

cuter  O""UlU*  

__ 
1 

-. .. 

0.591 

0.578 

0.581 

0.386 

0.349 

0.395 

0.346 

0.386 

10.60 

10.36 

10.42 

5.66 

5.65 

5.79 

5.62 

5.82 

0.515 

0.332 

Foil Number 
~ 

2 3 4 5 6 7 8 9 

0.848 

0.819 

0.815 

0.813 

0.604 

0.550 

0.618 

0.543 

0.588 

R e l o t i v e  A c t i v i t y  i n  Foil ( R e l a l i v e  Powcr D i i l r i b u t i c n )  

0.985 1.083 0.950 0.798 0.559 0,630 0.589 

0.982 1.000 0.980 0.878 0.552 0.639 0.553 

0.939 

1.000 

0.949 1.045 0.952 0.789 0.574 0.588 0.571 

0.963 0 . 9 8 4 ' 0 . 9 6 5  0,813 0.553 0.605 0.593 

1.000 

0.797 0.75b 0,592 O.AI? l  0.439 

0.775 0.750 0.578 0.482 

0.774 0.803 0.747 0.603 0.416 0.523 0.420 

0.717 0.784 0.768 0.596 0.471 0.509 0.454 

0.749 

0.742 0,775 0.733 0.606 0.391 0.562 0.090 

Re lo t i ve  A c t i v i t y  p e r  grom of U235 ( R e l o t i v e  F i s s i o n  F l u x  Dist r ibut ion)  

14.58 

14.16 

14.03 

14.05 

8.50 

8.72 

8.71 

8.61 

8.63 

0.6R8 

0.512 

17.42 

16.72 

16.77 

16.40 

11.10 

10.62 

10.78 

0.8 I 3  

0.623 

18.29 

17.73 

17.69 

17.73 

17.64 

17.45 

17.73 

11.45 

11.07 

11.54 

11.20 

11.2? 

11.24 

16.58 

16.81 

16.62 

16.55 

11.07 

10.33 

10.94 

10.58 

10.63 

14.19 

15.13 

14.04 

14.02 

8.83 

8.44 

8.99 

8.71 

8.50 

10.25 

10.65 

10.53 

10.65 

6.20 

6.44 

6.26 

6.09 

15.51 

15.92 

14.47 

15.08 

8.28 

8.44 

10.69 

235  
R e l a t i v e  Ac t i v i t y  for Design Mass o f  U 

0.862 0,817 0,735 0.517 0.735 

0.650 0.606 0.496 0.367 0.476 

14.35 

14.74 

13.92 

15.81 

7.33 

7.31 

7.01 

6.89 

9.60 

0.681 

0.412 

__ 
10 

1.041 

1.103 

1.057 

1.079 

0.955 

0.927 

0.916 

0.929 

0.937 

0.816 

0.762 

17.51 

17.83 

17.77 

17.45 

24.74 

13.03 

12.72 

13.05 

13.01 

12.95 

13.18 

0.940 

0.7615 
-~ .. 

" F o i l  U-1-1 in  foi l  p o s i t i o n  4. 
b 

0 1 1  P-1-4 in  foil p o s i t i o n  4. 
=Fo i l  U-1-1 in f o i l  pos i t ion  4. 
" V a l u e s  norrna l i zcd  to 1.000 a t  0-37 posi t ion 4. 
r F o i l  U-1-1 w a s  used i n  P-1-4 pos i t ion;  t h i s  o c t i v i t y  has  been corrected for t h e  di f ference i n  U235 content.  

'Va lues  normal ized  to 17.73 a t  0-37 pos i t ion 4. 
'The radio1 fuel dis t r ibut ion in t h i s  p la ie  wo5 reversed .  

'Water  gaps  between f u r l  annuli increased  0.050 in.  

.___ 
11 

-~ 

0.997 

0.900 

0.986 

0.890 

1.095 

0.652 

0.670 

0.671 

0.657 

0.636 

0.781 

25.64 

24.84 

25.36 

?4.56 

18.05 

11.63 

11.71 

11.97 

11.49 

11.45 

11.54 

0.797 

0.549 
~ ._ 

. 

12 

D 433 

0.518 

0.441 

0.513 

1.147 

0.500 

0.300 

0.530 

0.283 

0.553 

0.689 

50.01 

47.66 

50.77 

47.67 

25.59 

13.57 

14.22 

14.37 

13.33 

13.85 

13.96 

0.766 

0.503 

_I_ 

13 

0.990 

1.044 

0.9 17 

1.026 

0.720 

1.030 

1.060 

1.044 

1.086 

1.085 

0.872 

26.97 

25.44 

24.98 

24.98 

48.13 

21.05 

20.52 

21.33 

21.03 

22.09 

21.12 

1.101 

0.849 
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O R N L - L R - D W G  62437 

FOIL NUMBER AND LOCATION 
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T- 
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. 

0 a - I ,  a--37, 0 - 7 2 ,  0-97 
* b - 1 ,  b - 7 8 ,  b-155, b - 2 0 9  

r----r-------- ‘I 
ALL DATA NORPJ1AL.IZED TO 0-37-4 = 4.000 - DISTRIBUTION WITH DESIGN VALUES O F  U235 I N  F O I L S  IN 0 - 3 7  AND b - 7 8  

NOTE: M E M B E R S  OF EACH GROUP OF POINTS 
I HAVE SAME A B S C I S S A  

-40 

> 

0 
3 

860 

0 5 - 5  

DISTCNCE FROM CENTER LINE ( i n . )  
10 

Fig. 3.4.12. Vertical Relative Power Distributian in  HFlRCE Na. 2. 

the inner annulus fuel plate. The data obtained from the f iss ion chamber and normalized by the foil ac- 

t i v i t ies  are given in Table 3.4.7. In Fig. 3.4.16 th is  relat ive f iss ion flux, riormolized t o  unity a t  the 

center of the target region, i s  shown as a function of counter position. Addit ional fo i ls  were activated 

in the equatorial plane beyond the beryl l ium t o  extend the radial traverse in to the water reflector, These 

fo i l  data are given in Table 3.4.8 and are plotted in Fig. 3.4.17, together wi th  the f lux contours i n  the 

fuel element made w i th  similar foils, and are not corrected for f o i l  self-shielding and flux-depression 

effects. 
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U k C L A S S IF IE D 
O R N L - ~ L ? - D W G  62138 

F O I L  NUMBER A N D  LOCATION 
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-1- 
7 8 

----I 9 1 
T 

o 0 - 1 .  a - 3 ? ,  0-72, 0-97 

5 - 1 ,  h - 7 8 ,  h-155, h - 2 0 9  

1 OLL D A l A  PdCRMAI I L E D  37---4 = 47.73 1 r0 a 

1 
I 0 

I so OB, I 0 
0 

0 

e>'* 

N O I E  rSEMBERS OF ELACH G k O U F  OF 
POINTS A A V E  SAME A B S C I S S A  

1- -~ I- 
- 5  10 0 -10 

D I S I A N C E  FROM C E l d T E 8  [LINE ( i n . )  

Fig .  3,4.13. Vertical Relat ive  F i s s i o n  Flux in  HFIRCE No. 2. 
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Fig. 3.4.14. Radial Relative Power Distribution i n  HFllRCE No. 2. 

155 



N E U T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  -. ...... 

UNCCASS IF  I E D  
O R N L -  L R - D W G  62140 

FOIL NUMBER AND LOCATION 
12 1 i  4 10 13 13 10 4 42 

60 

-J 

0 
I L  

-. 

NOIE :  MEMBERS OF E A C H  GHOUP OF ~ 4 ~~ 1 POINTS HAVE SAME ABSCISSA 

0 
2 3 0 1 2 3 0 1 

I N  NE R A N N  U1LLJ S O U T E R  ANNUL-US 

D l S l A N C E  FROM INSIDE EDGE OF FUEL. P L A T E  ( i n . )  
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........, , 

....... 

Table  3.4.7. Fission Cawnter Traverse in Water Reflector Below Fuel Element 

(Traverse Displaced 2 4  in. from Fuel Element Axis)  

Position of Rei at i ve Count Rate Count Rate 
Center of Counter Count Normol i zed  to 0.608 Normalized to 1.0 
Below Fuel (in.) Rate at 5 in. Below Fuel at Center of Target 

1 

__ 

.-..__I 

8% 1.000 0.114 0.01 16 

9% 0.628 0.0716 0.00728 

10% 0.370 0.0422 0.00429 

11% 0.230 0.0242 0,00266 

12% 0.138 0.0157 0.00160 

13% 0.083 1 0.0095 0.00097 

14% 0.0502 0.0057 0.00058 

0.00036 15% 0.0309 0.0035 

14% 0.0196 0.00223 0 .OOO227 

17% 0.0 124 0.00141 0.000 143 

18% 0.008 15 0.00093 0.000095 

19% 0.00523 0.00060 0.00006 1 

20% 0.00344 0.00039 0.000040 

21% 0.00230 0.00026 0.000026 

0.000 I24 0.0000 126 23% 0.00109 

24% 0.00077 o.ooooa8 0.0000089 

25% 0.00055 0.000063 0.0000064 

27% 0.00027 0.000031 0.0000032 
I .___I__ 

.,_ ... . 
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O R N L -  L R  DWG 52441 

1 ~ ~ - T  -1, 
I 

~ 

T R A V , ' ~ ~ ~  DISPLACED z ' +  in  

TYPE 0-2609 COUNTER 

1 FROM \ X I S  OF F U E L  E l  EMENT 

UNCCASSIFiED 
O R N L - L R - D W G  67142 T -  

t 
1 

I 

I I 

I t  
I I 
I 1  

I 

I* 
I '  

I 

-I 
4 

1 
24 28 

~ 

4 8 

1 1  

32 16 20 8 12 16 20 0 0 
DISTANCE OF FISSION COUNTER CENTER BELOW FUEL ( i n . )  RADIAL DISTANCE On.) 

Fig. 3.4.16, F iss ion  Counter Traverse in Water REP 
flector BCAOW HPIRCE No, 2 Fael  Element. 

Fig. 304.17. 
HFiRCE ho. 2, 

Radia l  Flux D is t r i bu t i on  a i  Midplane of 

Tab le  3.4.8. Re la t i ve  Radial Flwxrs from Foi l  Measurements 
..... ....... ~ 

~ .......... 
Radial Re la t i ve  Flux 

235) 
(Noimal ized F o i l  A c t i v i t y  ILocatian Pos i t i on*  

(in.) per g o f  U 
..... ___ ___~ ~ .... ..... .___ ..___ -- ~___.----- - ...... 

0 9.84 Cente;  o f  target region 

21.2 0.500 In contact wi th outer be i y l l i um surface a t  

rnidplanc 

2 in. beyond bery l l ium surface at midplane 

4 in, beyond bery l l ium surface at  midplane 

6 in. beyond bery l l ium surface at  midplane 

5 in. above the f u e l  (15 in. above midplane) 

23.2 

25.2 

27.2 

2.5 

0.0896 

0.0158 

0.0028 

0.608 

- 4  2 1.000 F s s i t i o n  4 o n  an inner fue l  plate; nnrmnlized 

to un i t y  
__ - _ -  ___ __ ~ _ _ _ _  -___ ___ ______ 

*Measured from f u e l  element axis. 
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P E R I O D  E N D I N G  S E P T E M B E R  1 ,  1 9 6 1  

3.5. CRITICAL ARRAYS OF N ~ ~ ? ~ O N - ~ ~ T ~ R A C T ~ ~ ~  UNITS1 

L. W. Gil iey, D. F. Cronin,* J. K. Fox, and J. T. Thomas 

A series of experiments using as many as 100 subcrit ical vessels of U235-enr iched uranyl nitrate 

aqueous solut ion has been performed. I n  one group o f  experiments neither reflector about the arrays nor 

moderator between the uni ts  was present. (The terms "moderator" and "reflector" when used in th is  

text refer to  the addit ion of hydrogenous material between the units or about the array.) In another set 

the thickness of the moderator and part ial  reflector was varied t o  exhibit  i t s  maximum effect. Addit ional 

experiments simulated various conditions of interest to nuclear safety. A brief description of the ma- 

ter ia ls  used i s  presented, and the results appear i n  both tabular and graphical form. 

Units and Arrays 

Each uni t  consisted of a quantity of 92.5 wt% U235-enriched UO,(NO,),, having an average concen- 

trat ion of 410 g of uranium per l i ter  and a specif ic gravity of 1.55, contained in one o f  three dif ferent 

types of vessels. The Type A container was a 5%-in.-OD seamless polyethylene bottle, approximately 

48 in. long, which had a 1 &-in.-dia copped opening and a nominal capacity of + 13 l i ters. Th is  container 

had a wall  thickness which varied from 0.45 in. a t  the bottom to 0.20 in. a t  the top, result ing in a volume- 

averaged inside diameter o f  -4.67 in. The Type B container was a 5$-in,-OD polyethylene bottle, ap- 

proximately 48 in. long, which had a wide capped opening, a welded bottom, and a nominal capacity of 

* 15 l i ters. The wal ls  had a uniform thickness of 0.25 in. The Type C container was an aluminum cy- 

linder, Seven of the Type C containers had a 6-in. inside diameter, a 72-in. height, and a 0.06-in. wal l  

thickness. An addit ional 1 2  Type C containers had a 6-in. outside diameter, a 60-in. height, and a wal l  

thickness of 0.05 in. The  &in.-ID cyl inders could be remotely f i l l e d  w i th  solut ion and were those used 

in previous interaction experiments. 

Un i ts  in each array were arranged w i th  the vessel axes vert ical and their bases in a linear, in a square, 

or in a triangular pattern. Most of the experiments wi th  unreflected and unmoderated arrays were performed 

w i th  a single t ier of units, that is, wi th  a l l  bases in a common horizontal plane, although i n  one series 

two such t iers  were arranged, one above the other, w i th  the solut ion separated vert ical ly. The outer 

boundary of an array was either square or hexagonal, depending upon whether a square or tr iangular pat- 

tern was used. Figure 3.5.1 i s  a photograph of a double-tier array eontaii-iing 98 Type A units. The 

method of securing the units i n  the aluminum framework i s  c lear ly  visible. Each uni t  i n  th is  array con- 

tained -5 kg of U235 except for f ive control un i ts  locoted in tho center of the lower tier. Cr i t i ca l i t y  

wns achieved by remotely f i l l i ng  the f i v e  control units. 

' A  portion of th is  work has previously been published in T7an.s. ~ 4 m  Nuclear SOG 4, No. 1, 54 (1961), 
*Present address: 
2J. K. Fox, L. W. Gilley, and A. D. Collihan, Crit ical  Mass Studies, Part  I X ,  Aqueous d35 Solutions, ORNL- 

National Lead Company of Ohio, Cincinnati. 
.-_ 

2367 (Feb. 1958), 

159 



09 I 

G 

c 
lUOd3U SS3U301d S31SAHd NO11n3N 



P E R l O D  E N D l N C  S E P T E M B E R  7 ,  1967 

Experimental Results wi th  Type  A Containers 

The  experiments conducted w i th  Type A uni ts  i n  contact, wi th  no moderator between units and re- 

f lector present only i n  the l inear arrays, are summarized i n  Table 3.5.1. I t  may be seen that s l ight ly  

more than 18 units i n  a l inear arrangement against a hydrogenous reflector are required t o  form a cr i t ica l  

array. 

Table 3.5.1. Crit ical  Conditions for Type A Units in Contact 

Number of Un i ts  Geometry of  Solution Height 
in Array Array (in.) Comment 

3 

4 

4 

5 

5 

19 

18 

44.25 Not critical 

44.25 Not critical 88 
@ 
a 

34.56 Critical 

15.70 Critical 

44.25 Not critical 

Linear 

Linear 

44.25 

44.25 

Critical with array against a 

6-in.-thick PI  exiglas wall; 
solution height in  5 control 

units in center of  arroy, 

41.70 in. 

Not critical with array against 
6-in.-thick Plexiglas wall 

I n  the unreflected and unmoderated arrays i n  which containers were separated, three different solu- 

t ion  heights were used: 22$, 33%, and 444 in., corresponding to  5.90, 9.30, and 12.76 l i ters  per unit, 

respectively. Thus, the variables studied were the volume content of the container, the spacing, and the 

geometric pattern wi th in  an array. The number of units i n  a c r i t i ca l  array as a function of their surface- 

to-surface separation i s  shown in Fig. 3.5.2 for each of three different solut ion volumes. The data are 

also reported in Table 3.5.2. The  results from the experiments wi th  the double t ier are plotted wi th  or- 

dinate equal to  the number of units i n  one of the tiers, i.e., one half the to ta l  number at a particular 

spacing. I n  th is  manner a double t ier  i s  shown to  have characteristics resembling a single t ier  but wi th  

extended solut ion height. It i s  clear that for f in i te  arrays the triangular pattern i s  more reactive than the 

square-pattern arrays; i.e., they require a greater surface-to-surface separation. 

Experiments were conducted wi th  16 Type A units that were ref lected and moderated w i th  Plex ig las 

(methyl methacrylate). 

un i t  containing 12.76 l i ters  of solution. 

square ce l ls  in  each of which a unit was central ly located; however, i n  one experiment the Plex ig las was 

For these experiments, the vessels were arranged in  a 4 x 4 uni t  array wi th  each 

In most of the experiments the  Plex ig las formed a matrix of - 
16 1 



N E U T R O N  P H r s I c s  P R O G R E S S  R E P O R T  

1 i n  the form of 4-in.-thick cyl indrical shel ls which were placed t ight ly  around each uni t  in  the array. The 

data are shown in  Table 3.5.3. Included in  the table, for comparison, are the number of units required t o  

achieve c r i t i ca l i t y  a t  the same surface-to-surface separation in  the absence of Plexiglas, obtained from 

Fig. 3.5.2. It may be seen that a 1-in. thickness of P lex ig las centered between the uni ts  of an array ef- 

fects the greatest change in  the c r i t i ca l  number. The f i rs t  t w o  entr ies of the tab le describe arrays wi th  

equal quanti t ies of P lex ig las associated wi th  each unit. The Plex ig las is  seen to  be more effect ive when 

UNCLASSIFIED 
O R N L - L R - D W G  56j50Rl 

UNITS' POLYETHYLENE BOTTLES; 5y8 - in. SQUARE PATTERNS 
O.D., -13-11ter CAPACITY. 

SOLUTION: U0,iNO3),: AT 410 g of U per 
0 SOLUTION HEIGHT = 22% in.; 5.90 Iiters/unit, 

A SOLUTION HEIGHT = 33% in ; 9.30 Iiters/unit 

I SOLUTION HEIGHT = 44% in.; 12.76 Iiters/unit, 

0 SOLUTION HEIGHT = 44% in.; (2.76 Iiters/unit. 

SINGLE TIER. 

SINGLE TIER. 

TRIANGULAR PATTERN SINGLE TIER. 

liter AND SPECIFIC GRAVITY f 55, 
ENRICHED TO 92.6 wt. % IN U235. 

DOUBLE TIER. A SOLUTION HEIGHT = 44% in.; I 2  76 
Ihters/unit, SINGLE VERTICAL SPACING BETWEEN SOLUTION IN 
TIER. TWO TIERS WAS 5.6 in. 
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Fig. 3.5.2. Number of T y p e  A Units i n  a Cri t ical  Array a s  a Function of Surface-io-Surface Spacing. 
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P E R I O D  E N D l N G  S E P T E M B E R  I ,  1961 

arraciged in  a matrix than when the same amount t igh t ly  surrounds the  units. Later experiments, de- 

scribed by the  los t  two  entr ies in  the same table, show that the  presence of the 4-in.-thick ref lector i s  

not ent i re ly responsible for th is  increased react iv i ty.  

l 

An  addit ional series of experiments w i th  Type A containers was conducted in a 9.0-ft-dia hy  I O - f t -  
high stainless steel- l ined tank into which water cou ld  be introduced as a moderator and n reflector. 

uni t  contained 12.76 l i ters and a constant surface-to-surface separation of 5.44 in., corresponding to the 

spacing required for a c r i t i ca l  unreflected and unmoderated 4 x 6 array, was maintained. Tab le  3.5.4 

Each 

Table 3.5.2. C r i t i c a l  Spacings for Type  A Containers 

Number of Un i t s  Sur faccto-Sur face 

in Array Geometry of U n i t s  Separation (in.) 

9 

16 

25 

36 

64 

100 

9 

16 

25 

9 

16 

25 

36 

81 

7 

19 

32 

50 

98 

5.90 l i t e r s  per Unit; Single T i e r  

3 x 3 Square pattern 

4 x 4 Square pat tern 

5 x 5 Square pat tern 

6 x 6 Square pattern 

8 x 8 Square pattern 

10 x 10 Square pattern 

9.30 l i t e r s  per Unit; Single Tier 

3 x 3 Square pattern 

4 x 4 Square pattern 

5 x 5 Square pat tern 

12.76 l i t e r s  per Unit; Single T i e r  

3 x 3 Square pat tern 

4 x 4 Square pattern 

5 x 5 Square pattern 

6 x 6 Square pattern 

9 x 9 Square pattern 

Triangular pat tern 

Triangular pattern 

12.76 l i t e r s  per Unit; Double Tier* 

4 x 4 Square pattern 

5 x 5 Square pattern 

7 x 7 Square pattern 

I. i a  
2.16 

3.00 

3.58 

4.43 

5.04 

1.59 

2.89 

3.92 

1.75 

3.32 

4.55 

5.64 

7.79 

1.53 

4.56 

3.72 

5.35 

8.33 

*Ver t i ca l  spacing between so lut ion in two  t i e r s  was 5.6 in. 
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Table 3.5.3. Comporisan of Plexiglas-Moderated and Unmoderated Arrays of Type A Contaifiers 

Sixteen 12.76-liter uni ts in 4 x 4 array 

Configuration and Surface-to-Surface Number of Units in Ratio: 
Separation IJnreflected and Unmoderated N‘ 

16 

Plexiglos 
Ref1 ector 

Description o f  
........ 

P I  exi g las (in.) Array, N’ 

0.50 in. surrounding None 
each unit 

(3.72-f- 1 )  

0.50 in. centered in 0.25 in. 4.94 
open space 

1.00 in. centered in 0.50 in. 5.38 
open space 

1.50 in. centered in 0.75 in. 5.26 
open space 

28.5 

33 

1.78 

2.06 

31.8 1.99 

1.50 in. ccntered in None (4.8 2) * 27.3 1.7’1 
open space 

.............................. ~ 

*Interpolated vol ue. 

Table 3.5.4. Effect of  Water as a Moderotor and Reflector on o 
Critical Array of  Type A Units 

Surface-to-Surface Separation 5.64 in. 

__._____ _________ .. ~____.___ 

Number of Geometry Solution Height 
Units in of in  5 Control Comments 

Array Array Units (in.) 

36 

36 

30 

6 x 6  

6 x 6  

5 x 6  

36 6 x 6  

32.6 5 x 6 + 2.6 

32 5 X 6 t 2  

44.25 

29.03 

34.67 

44.25 

39.70 

39.16 

Outside tank; no water 

reflector or moderator 

Inside tonk; no water 

reflector or moderator 

Inside tank; bottom re- 

flector only and no 

moderator 

Inside tank; subcritical 
fully submerged 

Inside tank; no water 

reflector or moderator 

Inside tonk; water 

sprayed a t  66.8 
I i t e r d m i n  
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summarized the results. The f i rs t  three entr ies indicate that a fu l l  array of 36 f i l l ed  containers in  the 

tank would be  supercri t ical.  Although these units are subcr i t ical  when submerged a t  t h i s  spacing, inter- 

act ion between subcr i t ical  units has been observed 

two entr ies evaluate the ef fect  of water being sprayed by a nozzle centered about 3 ft above the array. 

The react iv i ty value of water being introduced a t  t h i s  rate i s  less than that of an addit ional unit. 

2 up to distances s l igh t ly  less than 12 in. The last 

Experimental Resul ts w i th  Type 

Experiments were performed w i th  the solut ion i n  the Type B plast ic cyl indr ical  containers a t  a con- 

stant height of 2 2 t  in., corresponding t o  7.41 l i ters per unit. The units in  a l l  arrays were arranged in a 

square pattern and were unreflected and unmodernted. The number of units in  a c r i t i ca l  array a s  a func- 

t ion of surface-to-surface separation i s  presented i n  Table 3.5.5 and Fig. 3.5.3. The resul ts of the ex- 

periments w i th  Type A units a t  a solut ion height of 22\  in. are reproduced in  Fig.  3.5.3 for comparison. 

The data show that the increased solut ion content of the Type B units requires an  increase in  spacing 

over that for the T y p e A  units for the same uniform solut ion height. The resul t  of a l ter ing the over-al l  

geometry of the array from il square t o  a rectangle i s  seen t o  require a decrease in the  surface-to-surface 

separation, as  i l lustrated by the  two cases of 3 x 8 and 3 x 9 arrays. The effect of introducing a plast ic 

l iner into the Type B units, thus reducing the inside diameter of the units t o  -4 .7  in., which approxi- 

mates the inside diameter of the Type A unit, i s  to  require a decrease in surface-to-surface separation. 

Although the diameters and heights of the contained solut ions were approximately the same, the  two ar- 

rays are observed not to  be  equivalent because of the  increased amount of plast ic among the Type 8 
units and the  s l igh t ly  larger solut ion volume of the modif ied Type B units, 6.33 l i ters per un i t  compared 

t o  5.90 l i ters per uni t  for Type A units. 

Table  3.5.5. Cri t ical  Spacings for Type 8 Units  

7.41 l i ters per unit  

Surface-io-Surface 

Separation 
Number of Uni ts  Geometry of 

in Arruy Array (in.) 

9 

16 

36 

64 

27 

24 

16* 

3 x 3  

4 x 4  

6 x 6  

8 x 8  

3 x 9  

3 x 8  

4 x 4  

1.43 

2.69 

4.25 

5.32 

2.82 

2.80 

2.34 

*P las t ic  l iner 9.20 in. thick inside bottle, result ing in  a contained 
volume of 6.33 l i te rs  per unit. 
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Fig. 33.3. Number of Type 5 Units i n  a Cr i t ica l  Array 
ns a Function of Surface-to-Surface Spocing. 

0 I 2 3 4 5 6 7 8 

SURFACE -TC -SURFACE SEPARATION ( in  1 

Experimental Rcsrslts with Type C Containers 

The experimenfal results obtained with aluminum c y l i n d e r s  are presented i n  Table 3.5.6. All arrays 

Bath triangwlar- and square-pattern arrays were as- were unrefletted, unmodernted, and single t ie r  only. 

sembled. The 6-in.-ID cylinders are more reactive than the cS-in.-QD cylinders, a s  expected. This was 

confirmed by experimants which compared two 3 x 3 arrays, containing in one case  seven and in the other 

only three 6-in.-ID cylinders. 
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T a b l e  3.5.6, Cri t ica l  Spacings for T y p e  C U n i t s  

e = Remotely F i l l e d  Units, 6-in.-ID 
0 = Fixed-Volume Units, 6-in.-OD 

Uniform Solution Sur fa ce-to- Surface 
Number of Units Geometry of Height  i n  Array Separation 

in Array Array (in.) (in.) 

e e  26.33 0.15 .e 

.......... 

4 

4 

7 

19 

9 

9 

16 

0 0 0  

09.90 

0 0 0  

00.0 

oeeo 

e e o  
o e e  
. S O  

0 0 0  
9 @ 9  
0 0 0  

0000 

0000 
0 0 0 0  

e e  0 0  

42.8 

9.76 

15.40 

27.47 

39.16 

20.00 

30.00 

40.00 

50.00 

21.67 

30.65 

40.0 1 

49.60 

0.38 

0.15 

1.00 

2.00 

2.50 

3.51 

4.95 

5.94 

6.64 

1.70 

2.30 

2.70 

3.00 

20.26 1.50 

20.00 2.58 

30.00 3.77 

40.08 4.50 

50.40 5,OQ 
...... .... -. 
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3.6. NEW CRITICAL E X ~ ~ ~ ~ ~ ~ ~ T  MAC 

E. R. Rohrer, W. C. Punnell, and B. W. Magnuson 

Two new cri t ical-experiment machines were recently instal led and operated in the  Oak Ridge Cr i t i ca l  

Experiment Fac i l i t y .  Both devices u t i l i ze  the spl i t- table technique for combining subcr i t ical  amounts of 

sol id f issionable material into c r i t i ca l  assemblies by controls operated in G shielded area. 

One of the  machines, identi f ied as  the Cr i t i ca l i t y  Test ing Un i t  (CTU), was designed for cr i t i ca l  ex- 

periments on uninoderated metal systems w i th  minimal ref lect ion from the support structure and the room. 

Ex is t ing  equipment was not suited t o  th is type of program because of the  large mass of the supporting 

members and the  slow speed of separation, especial ly s i n c e t h e  separation of components i s  t he  only 

safety mechanisiii proposed for the  systems t o  be studied. 

The CTU consists primari ly of two tables: a f i xed  tab le  wh ich  i s  manually adiustable in elevation, 

and a vert ical ly movable platform powered by an air-actuated hydraul ic system to bring the parts of an 

assembly together. The f ixed table, which consti tutes the upper section o f t h e  unit, i s  a circular stain- 

less stee! membrane, 24 in. i n  diameter, clamped in a n  aluminum tension r ing and set i n  an aluminurn 

frame supported by  ver t i ca l  legs at the corners 06 a 4-ft square. Thicknesses o f  the membranes that have 

been constructed range from 0.005 to 0.025 in. The table elevat ion niuy be varied from 6 to 8 f t  above 

f loor level. The movable platform support device i s  shown schematical ly in Fig. 3.6.1. The platform it- 

sel f  i s  an 18-in.-dia by I- in.-thick circular stainless steel plote attached tn the magnet housing. 

expeiiments the  lower sect ion o f  the c r i t i ca l  assembly w i l l  res t  LJPOI-I a law-density structure, mounted on 

th is platform, in  order t o  further reduce neutron reflection. 

In sottie 

During normal operation the magnet is energized and the platform fol lows the motion of the hydraul ic 

cyl inder piston. F u l l  t ravel  i s  24 in., a t  n maximum l i f t  ra te  of 34 in. per minute withowt load. This rate 

may be decreased b y  throt t l ing the hydraulic flow, a s  the  table nears i t s  upper limit, t o  speeds of the 

order of k i n .  per minute, permitting safe combination of t es t  pieces mounted on the tables. 

lowering rate of the platform exceeds the maximum r i s e  rate and i s  40 in. per minute. Magnet characted- 

ist ics l imi t  the permissible load or1 the iiiovable platform tu 500 Ib. \vitl-t th is  load the inaximwrn r ise rate 

i s  16 in. per minute arid the  lowering rate i s  58 in. per minute. 

- 
I he minimum 

Two safety mechunisms are used i n  the CTU. When or1 emergency condit ion occurs, the niogns? is  

de-energized and the platform drops a t  least 5 in. under gravity. Separation of the  sections of the as- 

serribly i s  a lso  effected b y  a reversed hydraulic force on the  piston, provided by o i l  under high pressure, 

which moves the piston through i t s  to ta l  downward displacemeqt in  less than 2 sec. A characterist ic 

scram performance curve is  shown in  Fig. 3.6.2. The motion over  the f i r s t  9 in. of t ravel  is essent ia l ly  

free fa l l .  At the end of th is  in i t ia l  interval, contact i s  made between the platform a n d  the nylon bumper 

attached t o  the top of the piston rod, so that ensuing motion is g w m n e d  by  the hydraulic system. Down- 

ward motion bagins abowt 35 msec after in i t iat ion of the signal t o  the electr ical  circwits. This delay 

depends, of course, upon the load and the magnet current. Minimal release t ime can be achieved for a 

particular load by adlust ing the  magnet current; a value as low cis 18 nisec ~ Q S  been measured. 
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UNCLASSIF IED 
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PLATFORM --, 

.- 

MAGNET -- 

/ - - - S H A F T  

CYLINDER- 

"BI J M P E H "  

PISTON 

,. . Fig. 3.6.1. Schematic of  Criticality Testing Uni t  MognetshydrauIic Support Device. 
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In i t ia l  accelerations greater than 1 g are poss ib le  through the hydraul ic action, although in experi- 

m n t s  in  which the  assembly consists of s imply  stacked components such rapid motion undesirably d is-  

turbs the assembly, part icularly during the dai ly  t e s t  o f  t h e  safety system. 

The second cri t ical-experiment machine, designated as the  Spl i t  Table Apparatus, cons is ts  of t w o  

tables, a stationary one, 6 x 6 ft, and a movable one, 4 x 6 ft, both in the same horizontal plane. Each 

table is designed for a maximum deflect ion of 0.005 in. under a load of 2000 ib. The maximum table 

separation i s  54 in. 

The movable tab le i s  f i rmly  fastened t o  the piston rod of a combination air-hydraulic cyl inder which 

i s  the prime mover for the complete 54- in .  travel. The piston of t h i s  cyl inder i s  actuated b y  low-pressure 

air during normal motions and i t s  speed i s  governed primari ly b y  t h e  resistance t o  f low of the oil in  the 

closed hydraulic system. The cyl inder i s  designed so that t h e  return stroke, even under normal operation, 

is faster than the forward stroke. I-iiyh-pressure air, employed during emergency (scram) conditions, ef- 

fecis a much greater speed of component separation. 

The rate of forward motion is  adjustable, by a manual regulat ing va lve i n  the hydraulic l ines, t o  a 

maximum of about 30 in. per minute under t h e  normal operating a i s  pressure of 20 psi. The rate of ad- 

vance over the f ina l  16 in. of t ravel  to closure i s  further l imi ted b y  a retarding block which i s  moved, 

i n  turn, a t  a continuously decreasing rate b y  a mechanism s imi lar  t o  that embodied i n  a “scissors-jack.” 

The mechanism consis ts  of a screw and nut, driven b y  o constant-speed motor and mounted perpendieu- 

lar ly  to the d i rect ion of tab le travel. Translatory motion of the nut  i s  transferred t o  the  retarding block, 

guided i n  the direct ion of table trave!, b y  a l ink ing arm. The speed o f  the nut and i t s  posit ion on the 

UNCLASSIFIED 
ORNL-LR-DWG 61173 

(FAST RETURN) 

SCREW- p 

HIGH -PRESSURE 

Fig. 3.6.3. Schemotic of Drive Arrangement for Split-Table Machine, 
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screw determine the  speed o f  the block. The m x i m u m  speed of t h e  block, 1 1  in. per minute, occurs when 

the tables are separated 16 in. and the nut i s  farthest from the l ine of motion o f  the block. A S  the nut 

advances, the b lock speed decreases to  0.44 in. per minute a t  table closure. About 7 rnin i s  required 

for th is  displacement. 

mechanism and linkage. 

F igure 3.6.3 i s  a sketch of the drive arrangement, showing the scissors-jack 

In operation, the tab le i s  moved forward at a f ixed rate b y  the piston rod unti l  it makes contact wi th  

the guided block, a t  which t ime interlocks al low a motor t o  rotate the screw. The retarding b lock and 

the table, since they are i n  contact, are allowed t o  move at a rate dependent on the location o f  the nut. 

With th is  arrangement, the table i s  held constantly against the b lock during forward motion but  is  free to 

UNCLASSlFlED 
ORNL-LR-DWG 61174 
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move back from the block and from the f ixed tab le  at  any time. When it i s  required t o  separate the tables 

quickly, high-pressure a i r  from an accumulator i s  introduced into the return side of the a i r  cylinder. A 
typ ica l  rate of separation w i th  an 80-psi scram pressure and a 15-psi normal operating pressure, shown 

on F i g .  3.6.4, was observed w i th  a 2000-lb load on the movable table. Under these condit ions the table 

moved about 1 in. in  200 msec and 13 in. in 1 sec. 

3.7. EQUIPMENT FOR TIME-DEPENDENT N E ~ T R ~ N  ~ ~ ~ ~ i ~ $  
AT THE CRlTlCAL ~ X ~ ~ ~ ~ M E ~ ~  FACiLiTY 

B. W. Magnuson and J. T. hrihalczo 

A 150-kv posit ive-ion accelerator, recently acquired b y  the Cr i t i ca l  Experiment Fac i  l i ty, ’  i s  being 

used to produce 14-Mev neutrons b y  bombarding a th ick t r i t ium target w i th  deuterium ions. The rrrmxiinum 

y ie ld  i s  a t  a rate of -I, IO’* neutrons/sec. A postacceleration ion beam def lect ion method i s  used to  

produce neutron bursts. T w o  variat ions of the method are avai lable. In  the  first, the  burst width and 

repeti t ion rate vary continuously from 1 to  10 psec and from 10 to 10 cycles/sec, respectively. In the 

second, fixed-frequency (50 and 500 kc) sine wave voltages of various amplitucles are used t o  produce 

neutron bursts a s  short as 0.7 and 0.06 psec, respectively. A background neutron production rate of less 

than 

bends the pulsed beam onto the target. Th is  scheme became necessary when i n i t i a l  tests showed ev i -  

dence of an accelerated bu t  neutral beam that was undeflected b y  the def lect ion plates. Without second- 

ary deflect ion there was a background ra t io  of -0.02. 

4 5 

of the  rate when t h e  beam is on target is  achieved b y  a secondary deflect ion scheme which 

A Technical  Measurement Corp. Model CN-110 multichannel analyzer, w i t h  plug-in logic controls for 

pulse-height analys is  and pulsed-neutron t ime analysis, operates in  a time-analysis mode when the 

varying frequency pulsing method i s  used. Channel widths are variable from 10 t o  2560 psec. 

printout and punched-tape output are accomplished w i t h  a Monroe M-205 coupled t o  the analyzer. 

Data 

For the fixed-frequency pulsing, the pulse-height analyzer i s  used w i th  a time-to-pulse-height con- 

verter built by t h e  QRNL Instrument Department according to specif icat ion Q-1813-4A. 

The equipment w i l l  be used for react iv i ty  and buckl ing s tud ies on geometrically simple assemblies 

of f issionable materials as we l l  as for studies of reactor mockups such as the High Flux Isotope Reactor 

Cr i t i ca l  Experiment No. 2. Mixtures of UF,, containing uranium of 2 and 3 wt% U235 enrichment, and 

paraffin are presently being studied with the variable-frequency pulsing system. A typ ica l  arrangement 

i s  shown in  F ig .  3.7.1. The fixed-frequency system was used in  coniunction w i t h  the Fas t  Burst Reactor 

mockup, but modif icat ions t o  the electronics are necessary t o  obtain interpretable data. 

I- 

’ T h e  accelerator was purchased from Texas Nuclear Corporation, Austin, Texas,  

173 



N E U T R O N  P H Y S I C S  PROGRESS R E P O R T  

.- 

A 
Fig. 3.7.1, Typical  Experimental Arrangement far Time-Dependent Neutron Studies. 

3.8. CRITICAL EXPERIMENTS AND CALCULAVONS ON 
THE ORNL FAST BURST REACTOR 

W. E. Kinney and J. T. Mihalczo 

Cr i t ica l  masses and vo id  coeff icients of reac t iv i t y  of three unmoderated, unreflected assemblies and 

the cr i t ica l  masses of ten unmoderated, ref lected assemblies have been determined at  the  ORNL Cr i t i ca l  

Experiment F a c i l i t y  t o  support the design of the ORNL Fast  Burst Reactor, an unmoderated and unre- 

f lected research reactor capable of producing intense bursts of fas t  neutrons. Multigroup and one-group 

transport theory calculat ions, as we l l  as perturbation theory calculations, have been performed t o  pre- 

d i c t  the results of the experiments w i th  the unreflected assemblies. Detai ls are g iven elsewhere. 1 

'W. E. Kinney and J. T. Mihalcso Oak Ridge  National Laborato*y Fas t  Burst Reactor:  Cri t ical  Exper iments  
and Calculat ions,  ORNL-CF-61-8-71 (in press). 
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4.1. NEUTRON CAPTURE CROSS SECTION OF GQLD AT 30 AND 64 ksv 

1 L. W. ‘Neston and W. S. Lyon  

The capture cross section of gold has been measured with kinematical ly col l imated neutrons from the 

reactions. The cross sections a t  30.2 and 63.9 kev were found t o  be Q.767 * 3 Li7(p, n)Be7 and T(p, n)He 

0.060 and 0.456 10.040 barn, respectively. Deta i l s  have been published elsewhere. 2 

’ Chem i s try  Division. 
2 P h y s .  Rev. 123, 3, 948 (1961). 

4.2. NEUTRON RADIATIVE CAPTURE ME 

R. C. Block,’  F. C. Vonderlmage,2 and L. W. Weston 

Addit ional radiat ive capture measurements have been carried out wi th the 28-in.-dia spherical l iqu id  

scint i l lator instal led at the 11.5-m f l ight  stat ion of the ORNL fast  chopper. The b h l  high-intensity chop- 

per was used for these measurements a t  a rotor speed of 9500 rpm, result ing in CI resolut ion of 0.17 
psec/m. 

the transit ion range from low energies, where the caDture cross section i s  almost exclusively. due to s- 

wave neutrons, to  kev energies, where p-wave contr ibutions become important. 

el sewhere. 

The elements measured l i e  i n  the intermediate t o  heavy atomic weight range, and the data cover 

- 

Detai Is are presented 
3 

:Physics Division. 
3Directors Division. 

R. C. Block,  F. C. VonderLage, and L.  W. Weston, Phys.  Div.  Ann. Prog. Rep. I:eb, 10. 1961, ORNL-3085,  p.48. 

4.3, THE MEASUREMENT OF a AS A FUNCTl 

G. desaussure, L. W. Weston, J. D. Kingbon, 
R. D. Smiddie, and W. S. Lyonl  

Introduction 

One o f  the most important parameters of reactor theory i s  the value of 0 ,  the rat io of the capture cross 

section to the f iss ion cross section. Suff iciently precise values of th is quanti ty now ex is t  for the thermal 

energy region for the uranium isotopes,2 and Hopkins and Diven3 have recently measured a for U233, U235, 

‘ C h e m i s t r y  Division. 
28.  R. Leonard, Jr., Survey o/ the Stntzrr o/ Low Energy  Cross Sections o/ Frsss le  Nurlides. HW-69342 (1961); 

G. J. Safford and W. W. Havens, Jr., Nucleonzrs 17 ( l l ) ,  134 (1959); J. E, Evans  and R. G, Fluhurty, Nuclear §cis 
and Fng. 8, 66 (1960). 

3J. C. Hopkins and B. C. Diven, Bull .  Am. Phys.  Soc.. Ser. I 1  5, 494 (1960). 
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and with monoenergetic neutrons a t  30 kev, 45 kev, and > 150 kev. In  the important energy region 

from 1 ev to 30 kev, however, no re l iable data existI4 and a series of experiments intended to accurately 

measure the value of a for U2”, U235, and Pu239 over a wide energy range has therefore been initiated. 

In addit ion to i t s  primary use in  reactor analysis, an accurate value of a o f  U235 i n  the kev region is  ex- 

pected t o  assist  in  normalization of the many exist ing capture cross-section measurements in  th is  energy 

range. Present values disagree in  absolute magnitude, owing in  part to  the d i f f i cu l t ies  of measuring ab- 

solute intensit ies of neutron beams. The f ission cross section of 

thus an accurate value of a o f  

to which other capture cross sections can then be normalized. The progress to date in th i s  experiment 

includes the design and construction of a special f iss ion chamber, a study of suitable experimental 

methods for various energy regions, and development of suitable detection and counting apparatus. 

however, i s  wel l  established; 

w i l l  permit a determination o f  the absorption cross section o f  U2”, 

Experimental Method 

The experimental method t o  be used generally throughout these experiments resembles that o f  Hopkins 

and Diven,’ except that neutron energies w i l l  be measured by t ime-of-f l ight techniques. The method con- 

sists o f  simultaneously measuring neutron absorptions and neutron-induced f issions within a sample, de- 

tect ing the absorptions by the result ing gamma rays. If the gamma-ray detector and the f i ss ion  counter 

both have ef f ic iencies close to  unity, then the rat io of the number o f  absorptions i n  anticoincidence with 

f iss ion to  those in  coincidence with f iss ion is  equal to a ,  after proper correction for background. Three 

plans w i l l  be followed. In the f irst,  a for U2” w i l l  be measured a t  30 t 7 kev and at 45 * 20 kev. The 

neutron source w i l l  be the Li7(pln) and T(p ,n )  reactions near threshold, using protons from a 3.5-Mev 

Van de Graaff. The detector w i l l  be a newly designed mult iplate U235 f iss ion chamber placed i n  the 

center of a 1.2-m-dia tank f i l l ed  wi th a l iqu id  scint i l lator.  The second plan proposes to examine the 

range from - 5  kev to 150 kev for U2”, U235, and P u ~ ’ ~ .  Thick samples w i l l  be placed a t  the center 

of a 1.2-in-dia tank of l iquid scint i l lator poisoned with gadolinium. The bombarding neutrons w i l l  result 

from the Li7(pln) reaction in  a th ick target, the 3.5-Mev Van de Graaff again being used. Neutron energy 

w i l l  be measured by time of f l ight. Prompt-fission neutrons w i l l  be thermalized i n  the sc in t i l l a t ion  tank 

and subsequently captured i n  the gadolinium, result ing in a detectable gamma-ray pulse in the scint i l lator. 

Final ly, for U235, the energy region from 1 ev t o  -20 kev w i l l  be explored with neutrons from the 

Wensselaer Polytechnic Inst i tute Electron Accelerator. A mult iplate 

of a large tank of l iqu id  scint i l lator w i l l  again be used for these measuremerits. 

f iss ion chamber at  the center 

Measurements at 30 and 65 key 

Although measurements of a of U235 for energies of 30 f 10 kev and 65 f 20 kev have been made,’ 

an independent measurement, u t i l i z ing  a different technique t o  detect f issions, i s  iust i f ied by the im- 

portance o f  these values. The arrangement of the apparatus for the proposed experiments a t  30 and 45 
kev i s  shown i n  Fig. 4.3.1, the electronic arrangement for measuring t ime spectra in  Fig. 4.3.2, and the 

4J. A.  Harvey,  Compilat ion of R e q u e s t s  for Nuclear Cross Section Measurements ,  ORNL-CF-60-11-8 1960); 
J. J. Schmidt, Nuclear Data Requirements  for  Fust  and intermediate Reactor  Calculations (unpublished); i . Y iftah, 
D. Okrent,  and B. A. Moldouer, Fast  Reactor Cross Sections, Pesgamon Press,  New York (1960). 
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- 
electronics  for measuring pulse-height spectra in F i g .  4.3.3. A major source of d i f f icu l ty  inherent in the 

use of the  large V O I u i l ~ e  o f  l iqu id  sc in t i l l a tor  shown l i e s  in the  large backgrounds encountered. T h e s e  

backgrounds stem from cosmic rays or other outs ide sources, from the rad ioact iv i ty  of t h e  sample, from 

UNCLASSIFIED 
ORNL-LR-D'WG 49319R 

Fig. 4.3.1, Experimental Arrangement 

inent o f  a t  36 and 65 kev. 
for Measure- 
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gamma radiation born in  the Li’ target, and from capture gamma rays created in  the solution, the sample, 

or the structural materials. From the evidence in F i g .  4.3.4, background from cosmic or other external 

sources i s  expected to be large despite the proposed &in.-thick lead shielding o f  the detector, and the 

oddition of boron-loaded paraff in t o  the top and sides w i l l  probably be required. Since only  a small 

sample o f  U235 (“5 g) w i l l  be used, background f rom sample radioactivi ty should be small. Since +he 

radiation from the Li7 target persists only while the proton beum i s  h i t t ing thc target, it w i l l  be el imi- 

nated by the t ime-of-f l ight techniques proposed. Final ly, poisoning the sc in t i l la tor  solut ion wi th  5 
l i ters of 3-methyl borate, i n  which the boron i s  97 wt% B’O, w i l l  reduce the capture background by re- 

placing the 2.2-Mev gamma ray from captures in hydrogen by the less bothersome 478-kev gamma ray 

from the B”(n,u) reaction.’ 

The requirements for the f iss ion chamber for these experiments were rather contradictory. In order to 

obtain a reasonable counting rate, a maximum quantity o f  U235 was required in  t h e  chamber; on the other 

hand, for time-of-fl ight discrimination against backgrounds and for time-of-fl ight neutron energy measure- 

ments, the chamber thickness had t o  be minimized. 

the maximum tolerable uranium thickness i s  on ly  1 mg/tm2. 

For high eff iciency for detection of f iss ion fragments, 

’J. H. Gibbons et aLB P h y s .  Rev. 122, 182 (1961); B. C. Diven, J. Terrell,  and A, Wcmmendinger, Phys .  Reu.  
120, 556 (1960). 
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Much work has been expended on the design of a f iss ion chamber f i t t ing these requirements. For pre- 

liminary investigations, a set o f  U235-c0ated plates wus obtained from the QRNL Isotopes Division. 1Jn- 

fortunately these plates wi ! I  not be usable for f inal  measurements because of coating inhomogeneities. 

They were useful, however, i n  experiments to  determine the feasibi l i ty  o f  ef f ic ient ly detecting f iss ion 

fragments i n  the high background due to pile-up o f  alpha-part icle pulses. Became o f  the very large 

electr ical  .capacitance of the mult iplate chamber, pulse-height discrimination was especial ly di f f icul t .  

The most satisfactory of many arrangements of the dielectr ic regions in series and i n  paral lel i s  shown 

in  Fig. 4.3.5. 
Sased on th i s  arrangement, pressure in  the chamber and interplate voltage were optimized, a special 

charge-sensitive preamplifier and an ampli f ier were designed, and the t ime constants of the preamplifier and 

ampli f ier were careful ly optimized. Figure 4.3.6 shows a pulse-height spectrum obtained with h e  chamber 

...-. 
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Fig. 4.3.5. Optimum Arrangement of F iss ion  Counter 
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in  a fast-neutron f ie ld  compared with the pulse-height spectrum due t o  the alpha particles. From the com- 

parison it appears that  w i th  a judicious sett ing of the discriminator bias a detection ef f ic iency close to 

80% for f iss ion fragments can be obtained w i th  a counting rote due to  alpha pi le-up less than lo3 counts 

per second. 

The f ission chamber f ina l l y  constructed i s  shown in  Fig.  4.3.7. It represents a cornpromise between 

the conf l ic t ing requirements, being 1 in. th ick and containing about 5 g of U235. The f i ss i l e  material i s  

coated on both sides (except for end plates) of 29 plates to a thickness o f  1 mg/cm2. The plates have a 

&in. outside diameter, are about 1 mm apart, and are contained in  a spherical t6- in.- th ick magnesium 

shell. 

During the series of measurements of a t  30 kev, the eff iciency of the f iss ion chamber w i l l  be de- 

termined by observing coincidences between events detected by the chamber and by the fast-neutron de- 

tector described in  another part of t h i s  report.' The arrangement i s  shown in Figs. 4.3.2 and 4.3.3. 

6Section 4.4. 
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Comparison of Pulse-Height Spectrum Due t o  Alpha Particles with That Due to Both Alphas and 

The sc in t i l la t ion tank to be used w i l l  be that developed by Gibbons et aL5 for capture cross-section 

measurements. A transistorized time-to-pulse-height c i rcu i t  to be used i s  a modification of a design by 

Bertozmi at  MIT and has a t ime resolut ion of t 2  x sec. 

Measurements in the Energy Range 5-150 kev 

The general scheme for measurements i n  the 5- to  150-kev energy range was outl ined above. A sketch 

In connection wi th  th is  portion of the experiment, of the experimental arrangement i s  shown i n  Fig. 4.3.8. 

some work has been done toward the development of the sc in t i l la t ion tank. Optimization of the scint i l lator 

solution i s  described i n  a fo l lowing paper.'l The solut ion QS f ina l l y  adopted contains 1 wt% gadolinium. 

For test  purposes, th is  solution was contained i n  a 1-ft-diu, 1-ft-high tank accommodating four 5-in.-dia 

photomultipliers. A small Cf252 spontaneous f iss ion chamber was used wi th  th is  apparatus to prove the 

feas ib i l i ty  of detecting f issions by the gamma-ray pulse from copturcs in gadolinium. For the arrangement 

used, f iss ion neutrons were i i ierinalized i n  about 8 psec and had a mean l i fet ime of 12.5 p e c .  

The electronic c i rcu i t ry  required for this method of detection i s  diagrammed i n  F ig .  4.3.9. The prin- 

c ip le  o f  the method has been described by Hopkins and D i ~ e n . ~  In essence, each prompt event in the 
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Fig. 4.3.8. Experimental Arrangement for Measure- 

ment of a ( E )  from 5 to  150 kev. 

sample generates two gates of about 10 psec each, the f i rs t  immediately and the second o random, rel- 

at ively long time after the event. The second gate thus measures the background in  the scint i l lator.  An 

excess o f  counts i n  the f i r s t  gate over the second i s  attr ibuted to gadolinium captures and identi f ies the 

prompt event as a f ission. 

Dackgrounds due to radioactivi ty of the sample i t se l f  were examined during these preliminary ewperi- 

ments by placing several 1-mil-thick disks of U235 i n  the center o f  Q 1.2-rn-dia tank of l iquid scint i l lator.  

The increase i n  background due to the disks was negligible. Tests were also made with an “9-9 sample 

of lJ233, containing only about 1 part per b i l l i on  of U232, at the center of c1 1-m-dia tank of scint i l lator. 

The count rate result ing was within acceptable l imits. A sui table sample of Pu239 for similar tests i s  

not yet  avai lable. 

Measurements over the range from 1 ev to -20 kev, using neutrons from a l inear accelerotor, w i l l  
generally fo l low the scheme described for the 30- and 65-kev measurements. The time-of-flight technique 

w i l l  be used not only to dist inguish against background, however, but a lso  to  determine neutron energies, 

The response of the f i ss ion  chamber and the scint i l lator w i l l  determine if the scint i l lator pulse i s  associ- 

ated with a f i ss ion  e v m t  or w i th  Q capture. Time distr ibutions of capture and f i ss ion  events w i l l  be stored 

in  separate sections of a t ime analyzer. The ra t io  of the two spectra, corracted far background and dif fer- 

ences in detection eff iciency, will  be equal to  u as a function o f  time of f l ight. It i s  estimated that wi th  a 

l inear accelerator giving an intensity of lo9 neutrons per pulse, the capture rate in the uranium o f  the f i s -  

sion chamber w i l l  be - 1.5 captures per pulse. 
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The design of a large U235 f i ss ion  chamber for use in  measurements of a of the f issionable isotopes 

In order t o  determine the absolute ef f ic iency of has been described i n  the preceding paper (Section 4.3). 
th is  chamber, and also for possible nieasurernents of 9 of the f issionable isotopes, a high-efficiency, low- 

background fast-neutron detector which was insensi t ive to  neutrons of energies < 100 kev W Q S  required. 

These requirements have been met i n  the construction of a proton-recoil detector u t i l i z ing  a 2-in.-dia, 2- 
in.-thick trans-st i lbene crystal and c1 pulse-shape discrimination circuit .  

'Instrumentation and Controls Division. 
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The pulse-shape discrimination c i rcu i t  chosen was that of Fortet2 modified for use w i th  a 681014 photo- 

multiplier. The c i rcu i t  was selected because of i t s  ab i l i t y  to  operate in  relat ively high gamma-ray f ie lds 

( lo4  counts/sec) w i th  good discrimination between gamma rays and fast neutrons. A trans-st i lbene crystal 

w a s  used because of i t s  superiori ty for pulse-shape discrimination over the l iquid scint i l lators sometimes 

used. 

Qecouse of the unusual pulse shape, posi t ive for neutrons and negative for gamma rays, from the c i rcu i t  

ndopteci, a special amplifier, due to Lefevre' and having minimum overshoot characterist ics for negative 

pulses, was constructed. 

Tes ts  of the completed detector show an ef f ic iency of -30% for detection of f i ss ion  neutrons, wi th a 

discrimination against gamma rays of 10'. 

2M. Forte, Proc. 0. N .  Intern. Con/. Peaceful  U s e s  A tomic  EneTgy, 2nd, Geneva ,  1958. 14, 300 (1958). 
3Harlan Lefevre, Dept. of Physics, University of K s c o n s i n ,  private communication. 

.... . . . . . - 

4-5. SELECTION OF A LllQUlD ORGANIC SCINTILLATO 
AN E W E  TAL DETERMINATION OF cx. 

L. Weston, W. S. Lyon, '  J. D. Kington 

A previous paper (Sec. 4,3) has discussed various plans for on experiment to measure a, the rat io of 

the capture cross section to  the f iss ion cross section, for the  principal f iss ionable isotopes. A l l  of the 

plons discussed envisage the use of a large tank containing a l iquid scint i l lator suitably poisoned w i th  a 

neutron-capture agent. 

t ions have been tested by comparing their re lat ive responses, in  terms of pulse height, t o  the 1.1-Mev 

gamma ray from Zn65. The midpoint of the Compton edge was taken to  be proportional to  pulse height. 

The solut ions tested ore shown i n  Table 4.5.1. Gadolinium, because of i t s  larger cross section for 

In  connection w i th  optimization of the scint i l lat ion tank, a number of organic solu- 

thermal-neutron capture, was chosen over the more commonly used cadmium a s  a poison. For the in i t ia l  

tests the volume of solut ion was either 30 m l  or 200 ml. The solut ion container was internal ly coated 

w i th  an a-alumina reflector, and a 2 - i n A i a  photomult ipl ier having an S-11 response was placed in  direct 

contact w i th  the solution. A l l  solut ions were bubbled for 15 min, i n  order to  reduce the quenching effect 

of dissolve$ oxygen, before pulse heights were observed. The internal consistency of the data was excel- 

lent, being within 3% or better. Since the behavior of scint i l lator solutions is  strongly dependent upon the 

purity of the ingredients, agreement with published data was not always achieved. 

The data show that mast of the solvents and solutes commonly used (xylene, toluene, p-terphenyl, PPO, 
PBD, POPOP, a-NPO) do not di f fer  greatly i n  performance, from the standpoint of pulse height. Pr iethyl-  

benzene, which is  popular as a solvent because of i t s  low flammability, was somewhat disappointing. TS 

28M, a petroleum byproduct,2 seems t o  offer the same advantages as triethylbenzene a t  a much reduced 

' chemis t ry  Division. 

2 A  Shell O i l  Co. product; suggested by V. N. Keri ,  L o s  Alamos Scientif ic Laboratory, private communication. 
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cost (about that of gasoline). The only puri f icat ion of the TS 28M was f i l t ra t ion through an alumina column 

to  remove i t s  s l ight ly  yel low color. Both T.5 28M and triethylbenzene were unsuitable for loading with 

gadolinium because of the low so lub i l i ty  of gadolinium 2-ethylhexoate i n  either solvent. 

From the results shown in  Table 4.5.1 it was concluded that the most promising gadolinium-loaded so- 

lut ion was that of Solution No. 5. The small amount of e thy l  alcohol was added because the material tended 

to be very viscous without some diluent. 

In order to test  the praperties of n larger volume 04 solution, a tank containing 7 gal of Solution No. 5 
was constructed. The behavior of th is  volume was identical with that observed for smaller volumes. The 

fast-neutron ( f iss ion spectrum) hal f - l i fe  for absorption was measured as 12 psec. 

Three hundred gallons of Solution No. 5 are being prepared for use i n  the experiments described i n  Sec. 

4.3. 

Table 4.5.1. Re la t i ve  Pulse-Height  Response of Various Scint i l la tor  Solut ions 
65  to 1.1-Mev Gamma Hays from Zn 

So I u t i  on 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

Sol ut ion  Composit ion 

- ~ ~ . - .. . . ~ _ _ ~ _ _ _ ~ .  . . ~ ~  ~ 

Tr ip le-d is t i l ledn xylene, 4.0 g/ l i ter  p-terphenyl,b 0.3 g/ l i ter  POPOPb 

T r ip le -d i s t i l l ed  xylene, 4.0 g/ l i ter  PPO,h 0.3 g/ l i ter  POPOP 

Tr ip le -d i s t i l l ed  xylene, 4.0 g/ l i ter  PBD,b 0.3 g/ l i ter  POPOP 

Tr ip le -d i s t i l l ed  xylene, 4.0 g/ l i ter  p-terphenyl, 0.1 g/ l i ter  S N P O  

Tr ip le -d i s t i l l ed  xylene, 4.0 g/ l i ter  p-terphenyl, 0.3 g/l i ter POPOP, 

b 

1.0 wt% gadolinium 2-ethylhexoate, 1.0 vol% ethy l  a lcohol  

Spectro-quality toluene, 4.0 g/ l i ter  p-terphenyl, 0.3 g/ l i ter  POPOP 

Spectro-quali ty toluene, 4.0 g/ l i ter  PPO, 0.3 g/ l i ter  POPOP 

Single-d is t i l led TEE, 4.0 g/ l i ter  PPO, 0.3 g/ l i ter  POPOP 

IS 28M,' 4.0 g/ l i ter PBD, 0.1 g/ l i ter  G N P O  

TS 28M,= 4.0 g/ l i ter  PBD, 0.1 g/ l i ter  GNPO, 6 vol% CH3B03 

NE 313d (conta ins 1 wt% gadolinium) 

Relat ive 

P u l s e  Heighi  

1.00 

0.90 

1.00 

0.90 

0.95 

0.96 

0.87 

0.8 1 

0.73 

0.74 

0.56 

a A l l  d is t i l l a t ions  over l i q u i d  sodium by Chemical-Medical Laboratory, Knoxv i l le ,  Tennessee. 

bFurchosed from P i l o t  Chem.icals, Inc., Watertown, Massachusetts. 

'A Shell Oi l  Co. petroleum byproduct. 

dNuclear Enterprises, Ltd. solution. 
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4.6. FISSION GAM E AS A FUNCTION 

F. C. Maienschein 

During the past several years a number of measurements of the energy spectra of gamma rays associ- 

ated wi th  f iss ion have been reported by Oak Ridge National Laboratory. No additional experiments have 

been made at th is  Laboratory, but ex is t ing data have been summarized and combined wi th  new and revised 

results from other laboratories. All of the data except that of Walton pertain to f iss ion of U235 by thermal 

neutrons. 

as a function of time after f iss ion in Fig. 4.6.1. At the shortest time interval i s  shown the y ie ld  obtained 

from the so-called “prompt” f iss ion gamma-ray measurements of Peel le, Maienschein, and Love’  meas- 

ured wibh a resolving t ime of “ 5  x 

course, much less. For the t ime interval between 6 x l o m 8  and 1.1 x l o m 6  s e t ,  tl-le “short-l ived isomer” 

data of the above-noted authors are shown.’ An integration over energy o f  the previously published spec- 

t ra l  data for th is  t ime region agrees, t o  wi th in  ?25%, with integral experimental measurements of the time 

dependence for the energy range above 0.17 Mev. The time-dependent data were obtained wi th  a single 

Nal (TI )  crystal, and thus the errors i n  the energy release are large. The factor-of-two l imi ts  shown, how- 

ever, are surely conservative. 

F iss ion  gamma-ray energy release per un i t  time, integrated over gamma-ray energy, i s  plotted 

sec. The actual time required for the f iss ion pracess is, of 

The noticeable gap i n  the data i n  the interval from 1 x l o m 6  to  5 x see after f iss ion results from 
,, -. 

the breakdown, due to  excessive background, of the method used to obtain the data for shorter t ines.  It i s  

hoped that th is  gap may eventually be f i l l ed  by an extension of the method of Wcslton2 to t h i s  region. 
2 For the t ime range from 5 x to 10 sec, new data of Walton are shown. These were obtained 

wi th  a pulsed gamma-ray source provided by an electron linea;. accelerator. The measurements were made 

wi th  a p last ic  sc in t i l la tor  observing gamma rays fol lowing photofission in a U238 saiiiple, The p last ic  

scint i l lator, l i ke  the single NaI(‘TI) crystal, does not permit a determination of the  energy release, since it 

i s  a poor gamma-ray spectrometer, 

energy spectra do not vary w i t h  t ime over the t ime region studied, and (b) that the U238 photofission data 

could be normalized i n  the 1- to  10-sec time region to that obtained from thermal f iss ion o f  U235m The de- 

tector eff iciency was shown to be constant t o  wi th in  i50% for gamma-ray energies above -0.3 Mev, and 

Walton estimated that the number of photons per f iss ion per second obtained by normalization should be 

va l id  to  wi th in  a factor of two. If the assumption of a constant spectrum with time i s  tenable, the value 

for the energy release would also be va l id  to  wi th in  a factor of two. 

In  order to ~ a l c u l a t e  the results shown, Wulton assumed: (a) that the 

._...._ 
’F. C. Maienschein et ale, Proc. U.N. Intern. Conf. Peace fu l  U s e s  Atomic Energy,  2nd. Geneva,  1958 15, 366 

(1959); T .  A. Love et al.. Neutron Phys. Ann. Piog. Rep. ,  Sept. 1. 1959, URNL-2852, p.  33; R.  W .  Pealle et al.. Neu- 
&on Phys. Ann. Flog. Rep.. Sept. 1.  1958, ORNL-2609, p. 45. 

2R2. 3. Walton, Emiss ion  of Gamma Radiation a s  a Function of T i m e  Af ter  Photof iss ion of U238,  AFSWC-TR-61-10 
(Feb. 1 1 ,  1961). 
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For times from 1 to 1800 sec after f ission, the data of Zobel et nl. are unchanged from those previ- 
3 ously reported. 

For tii i ies longer than 100 sec, revised data were received from J. F. Perkins, of the George C. Mar- 

shal l  Space F l i gh t  Center. Perkins’ earl ier data4 were based on fission-product gamma-ray spectra avai l -  

able i n  July, 19.57, H i s  ninjor revisions ref lect  the work of Johnson, O’Kelley, Eichler, and Lazar, wi th  

rubidium and iodine  isotope^.^ The inclusion of spectra for these isotopes resul ts in  a larger calculated 

energy release for times between 

ment w i th  the experimental data of Zobell et a l .  No noamalizotinn has been made. 

100 and 1000 sec after f ission, which i s  now i n  remarkably good agree- 

Far a l l  t ime regions the errors in t ime determination are insigni f icant at the scale of the plot. 

31#. Zobel e t  al.. Neutron Phys. Ann, Prog. Rep., Sept, 1, 1958, ORNL-2609, p. 50. 
4 

5N. H. Lazar ,  E. Eichler, and G. B. O’Kelley, Phys.  Rev. 101, 727 (1954); G. D. O’Kelley, N. H. Lazar, and E. 
9. F. Perkins and R. W. King, Nuclenr Sci. and Eng. 3, 726 (1958). 

Eichler, Phys.  Rev. 102, 223 (1956); N. R. Johnson andG. De O’Kelley, Phys.  Rev. 114, 279 (1959); G. D. O’Kelley, 
E. Eichler, and N. R. Johnson, PTQC. U . N .  Intern. Con/. Peace fu l  Used  Atomic Energy, 2nd, Geneva, 1958 15, 469 
(1959). 

4-9. USE OF 4~ HIGH-PRESSURE ~ ~ ~ ~ ~ A T ~ ~ N  CHAMBERS AS SECONDARY 
STANDARDS FOR CALIBRATION OF GAMMA-RAY SOURCES 

R .  W. Peel le 

Both geometrical complexi ty and imprecisely known c r o s s  sections prevent the computation of the ef- 

f iciencies of the Compton arid pnir scint i l lat ion spectrometers used i n  a previously reported measurement 

of gamma rays associated w i th  f i ss ion . l r2  E f f i c iency  determinations, therefore, depend upon the use of 

known-strength radioactive sources, wi th energies ranging from 20 kev to  about 3 MeV. At  a few energies 

it was possible to  use absolute coincidence counting3 to  determine the strength of a source used to obtain 

test pulse-height spectra. However, in  most cases th is  direct method was unusable because o f  timing, i n -  

tensity, or decay scheme di f f icul t ies.  A secondary standard was therefore required to  determine source 

disintegration rates. 

A t  the beginning of the experiment the high-pressure 4n so l id  angle ionization chamber located in  

Bui lding 3038 was selected a s  the secondary standard, since i t s  known cal ibrat ion, presumed simple energy 

dependence, and presumed low long-term dr i f t  seemed t o  make it ideal for the task. Somewhat Inter a s i m i -  

la1 chamber, located in  Bui ld ing 450’1, was a lso  used. 

of these chambers from 1 t o  50 times, w i th  f ive readings per source being typical.  Only toward the end of 

Each of the important sources was measured in each 

’F. C. Moienschein, R. W. Peelle, W. Zobel, and I”. A. l o v e ,  Proc .  U.N. Intern. Con/. Peace fu l  Uses  Atomic 

2 R .  W. Peelle, F. C. Mnienschein, and T. A. Love, NeutTon Phys .  Ann. Prog. Rep. Sept. I ,  1958, ORNL-2609, 
Energy, 2ndD Geneva,  1958. 15, 366 (1959). 

p. 45; T.  A. I..ovP, F. C. Maienschein, and R. W. Peelle, Neutron Phys .  Ann. Ptog.  Rep. Sept. 1, 1959, ORNL-2842, 
p. 93. 

3 R .  W. Peellc, Neutron Y h y s .  Ann. Prog. R e p .  S e p t .  I ,  1960, ORNL-3016, p. 116. 
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the 3-yr period spanned by the gamma-ray experiments was the method of data analysis f ina l l y  developed; 

thus some of the early measurements did not include as complete information as now seems desirable. 

The objective of the work, then, was to  obtain accurate, defensible values of the strengths of about 50 
Error estimates on each source strength determination were sources, representing about 25 radioisotopes. 

required so that such errors could be considered in  evaluating spectrometer ef f ic iencies and in  the f inal 

assignnient of errors t o  the measured gamma-ray spectrum. 

Drawings showing the design of the ionization chambers are on f i l e  i n  the ORNL Instrumentation and 

Controls Division. The chambers essential ly are heavy-walled iron r ight-circular cylinders, 12 in. in  height 

and about 10 in. in  diameter, f i l l ed  wi th argon a t  a pressure of -40 atrn. Along the axis of the cyl inder 

from the top i s  a reent ran t  steel thimble into which the source to  be measured i s  placed, tradit ional ly wi th 

glass and plast ic layers interposed. The entire chamber i s  shielded with 4 in. of lead, which reduces the 

background to  - 2  x amp. The current col lected from ionization i s  observed by measuring the vol t -  

age across a chosen resistor (four ranges are available, having lo8-  to lO”-ohrn resistors), using a 

vibrating-reed electrometer to  measure the difference in  voltage between the unknown voltage and the out- 

put of a standard potentiometer. 
4 Lyon and co-workers have cal  ibrated these chambers against stondard sources covering the entire 

range of the instrument up to nearly 

Cod’ solut ion which had been standardized by beta-gamma coincidence techniques. Sets of obseived out- 

put voltages obtained by the use of these sources have been obtained from time to  time, part icularly in 

January, 1957, and September, 1959, These two cal ibrat ions dif fer by from 3 to  7% because of long-term 

drifts. In addit ion to  these intensity calibrations, byon obtained a series of re lat ive ef f ic iency factors, 

based on counting techniques, which essent ia l ly  give the ionization produced by one disintegration of a 

stated isotope relat ive t o  that produced by one disintegration of Cob’. Others have used a combination of 

these data to  obtain the strength of any unknown source in  the appropriate energy range. 

amps. Their standard sources were prepared from al iquots of a 

f o r  the application toward which the present work i s  directed, however, a somewhat modified method 

for ascertaining unknown source strengths was required, part icularly since the experimental measurernents 

were spread over a long time. 

The method developed for the measurement of unknown source strength in  the ionization chambers de- 

scribed make s the fol lowing as surnpt ions: 

a. The height of the source in  the thimble of the chamber does not seriously af fect  the result.  Although 

a few experiments showed that for the roughly 1-in. variat ions in  the present work the effect was small, 

better control of th is  variable might have improved the results. 

b. A simpl i f ied theory ignoring mult iple interactions i s  adequate to  handle self-absorption of garnirlu 

rays irs the sample capsules. Th is  approximotion is  good in  nearly every case. 

c. The cal ibrat ion of the chamber can most useful ly be broken down into a reln/irje intensity calibrn- 

tion, based on the data of L.yon, a re lat ive correction based on observed ion-chamber sensi t iv i ty drift, and 

an absolute  cal ibrat ion constant for each isotope. Th is  constant takes into account the energy dependence 

of the ion chamber eff iciency. 

4 W .  S. Lyon, unpublished (September 1959). 
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~ .... 
d. Systematic errors >0.5% should be corrected; random errors or systematic errors of unknown magni- 

tude should be estimated a t  their  sources and combined in a proper manner. 

e, Data obtained in  the present experiment should be used whenever possible, thus making the experi- 

ment a self-contained unit. 

Implementation of these assumptions involved the fol lowing operations on the occumulated data: 

a. Each voltage reading was converted to  an equivalent “Co60 disintegration rate.’’ (The quotation 

marks indicate that the values were used only i n  a relat ive sense.) 

b. Each reading w0s corrected for radioactive decay and for the time-dependent d r i f t  of the ion chamber 

sensit ivi ty. 

c. Readings were averaged and corrected for the transmission of the capsule (usually brass) i n  which 

the source is contained. 

d. These averages, one for each source in  each ion chamber, were divided by the respective ef f ic iency 

factors, y ie ld ing the strength o f  the main gamma ray in  the disintegration scheme. 

e. At each step i n  the process, error estimates were propagated. 

The manner i n  which the above steps were taken has been detai led in a previously publ ished memo- 
5 randum 

measurements. Since the methods used in  general evolved slowly during the course of the experiments and, 

in  the fu l l  i l luminat ion of hindsight, are not necessari ly the best possible, they w i l l  not be further dis- 

cussed. However, the treatment of the absolute ef f ic iency and i t s  energy dependence i s  bel ieved to  be of 

potential value t o  other ion chamber users and therefore i s  outl ined below. 

and w i l l  be  presented a t  some future date as port of the complete report on the gamma-ray spectral 

It was noted above that for a few sources it was possible t o  determine strengths by absolute counting 

techniques. Since most of these sources emit more than one gamma rcry it was not possible t o  plot direct ly 

the ion chamber ef f ic iency as a function of energy a s  i s  required for the completion of the source strength 

analysis. 

Knowledge of the ion chamber geometry and composit ion permits the chamber ef f ic iency t o  be computed 

using gamma-ray cross-section data. Such a calculat ion was performed, although uncertaint ies in  the 

method of calctrlation, the exact gas pressure, the amount o f  self-absorption caused by  the thimble, etc. 

prevent th is result from being used as a f inal result. The calculated curve instead was used as a zero- 

order estimate of the shape of the energy dependence of the ion chamber efficiency, and the absolute source 

strength determinations were then used t o  normalize the curve and t o  determine small  changes from the 

calculated shape. 

The energy-dependent ef f ic iency function calculated was f (E), the average fract ion of energy deposited 

in  the gas of the ion chamber by  0 gamma ray of energy E ,  The number of ion pairs produced b y  such CI 

gamma ray i s  then E f(E)/wargon, where w i s  the average number of electron vol ts per ion pair for argon 

w i th  electrons as the primary radiation. Since only an approximate shape of the curve was required, many 

simpli f icat ions were employed in  estimating a l l  of the primary and secondary interactions in the chamber. 

Over the  entire energy range of interest the main contr ibution t o  the absorbed energy results from Compton 

- ’R. W. Peelle, Use of 4n Hrgh Pressure  Ionization Chambers as Secondary Standard9 for Calrbmtzon o/ Gamma- 
Ray S o u r c ~ s ,  ORNL-CF-61-4-32 (April 17, 1961). 
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scattering of the primary gamma rays i n  the argon gas and the subsequent absorption of the Conpton recoi l  

electrons. Absorption in the iron, plastic,and glass thimble containing the sourc? produced a cutoff i i i  / ( E )  

at low energy. The exact posit ion of t h i s  cutoff wos d i f f i cu l t  t o  estimate accurately. 

The values result ing from the calculat ion are plotted in  Fig. 4.7.1. The primary characterist ic of  inter^ 

est in  / ( E )  i s  the maximum predicted in the neighborhood of 80 kev, where the curve r ises a factor of two 

above the value a t  about 1 Mev. Since / ( E )  i s  not flat, E / ( F )  i s  not a straight line, and the ionization P T  

gamma r i y  is not proportional to  gamma-ray energy as  might intui t ively be supposed. I t  i s  evident that the 

chambers are 

strung function of gas pressure. 

“ thin,” absorbing a t  most 4% of the incident energy. Thus the energy dependence i s  not a 

The descript ion of the actual ion chamber ef f ic iency as a function of energy can be wri t ten as 

where 

e r ( E )  = energy absorbed in  the ion chamber from one gamma ray of energy E (MeV), 

Eo = 1.25 Mev (arbitrari ly chosen), 
r 

= free parameters to  be determined by the chamber response to  sources of known strength. The 

superscript implies that the values of each a’ may be dif ferent for the two  ion chambers used. 

An expansion of three terms ( L  - 3) gave a n  adequate representation of the data, While Eq. 1 formally 

gives a corrected energy dependence, it must be adapted to  the case of a source emit t ing gamma rays of 

more than one ~nclsgy .  Such an isotope, m, yields a series of emitted energies E;  wi th  relat ive emission 

b r ,  where b ,  

Then the amount of energy absorbed i n  ion chamber f per “ground state” gamma-ray emission i s  

1 for a l l  m. (The transit ion for K = 1 i s  arbi t rar i ly  ca l led  the “ground state” transition.) 

By  substi tut ing the expression for el ( E )  given by Fq. 1, one obtains 

where 
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The use of Eg. 3 permits data from isotopes w i th  complex decay schemes t o  be employed in  deter- 

mining the a ~ .  The numbers G l n ~  are required i n  the use of the ion chamber cal ibrat ion a s  we l l  as  in 

the cal ibrat ion process. These G m ~ ’ s  w i l l  change as decay schemes become better known; for the pres- 
ent work data was obtained from Way’s compilat ion6 n s  wel l  a s  frurn work performed for th is  purpose. 7 

If measured values of eJm are avai lable in  greater number than the number of a’s to  be determined, a 

solut ion for the a ’ s  can be found and values of elm computed f r o m  Eq. 3 for any other source w i th  known 

decay scheme. Values of e I ( E )  w i l l  a l s o  be known from Eq. 1.  

The f inal  values of the a ’ s  found i n  t h i s  work are l is ted in  Table 4.7.1. 
The sol id curve of Fig.  4.7.1 gives the value of e g ( E )  - E  for the Bui ld ing 3038 chamber obtained by 

using the values of Table 4.7.1 i n  Eg. 1 .  The cuive has nearly the same shape as the calculated / ( E ) ,  

and the deviat ions were even less for the chamber of Bui ld ing 450’1, Computed interpolat ion errors are 

shown at various points on the curve. The input values shown in Fig. 4.7.1 are shown pr incipal ly to in- 

dicate the degree of consistency between output and input and to indicate the region over which input 

data was avai lable. Since no substantial amount of datu was avai lable for energies below 160 kev, the 

curve which has been extrapolated below that energy may be wrong to a degree in  excess of the interpo- 

lat ion errors shown. Th is  point should be noted in  making use of the curve, whish can be used to  est i -  

mate the ion chamber ef f ic iency for any gumma-ray source w i th  a known decay scheme. 

Table 4.7.1. Values of the Free Barometer, a, Computed 
for Use in Ion Chamber Efficiency D, -terminations 

Ser ies  Index, 
x 

Free Farametea a~ 

Bldg. 303% Bldg.  4501 
Chamber Chamber 

.......... _~____ 

x x 

1 0.17 2 0.61 1.28 k 0.75 

2 -3.75 -i 0.9% -1.37 f 1.21 

3 0.51 k0.95 -0.71 f 1.18 
........... - 

In applying the resul ts of th is  work, source strength determinations from the two ion chambers were 

averaged. 

as 1.5 standard deviat ions based on the relat ive error. F ina l  error estimates took into account the strong 

mutual dependence of the ef f ic iency factors for the two chambers. 

In only a few cases did independent values from the two chambers show differences as large 

6 K .  Way e t  al., NuclenT Data  Sheetsp Notional Academy of  Sciences and National Research Council. Data to 
January, 1960 w a s  used. 

7R. W. Peelle, Neutron Phys .  Ann, Prog. Rep. Sept. I ,  1960. ORNL-3016, p.  110; R. W. Peelle and T. A. Love,  

Scinfi l lation Spectroscopy Measurements of Gamma-Ray Energies f7om Sources  of f18, Mn54. arid ZnG5. 0 RN1.-2790 
(1959). 
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F ina l  quoted errors in  the calibrated sources ranged from ? , 5  t o  3% except for a s ing le case far which 

the ion-chamber readings were quite inconsistent and two cases in  which the decay schemes were poorly 

known. Table 4.7.2 shows a breakdown on the origins o f  typ ica l  f ina l  error estimates ( to  be summed as 

squares). It i s  bel ieved that source strength Calibrations result ing from th is  work are substantial ly more 

precise than would atherwise have been possible and are adequately precise for cn l ibrat ion of the Compton 

and pair spectrometers used i n  the gamma-ray spectral measurements. 

Table 4.7.2. Origins of Typ ica l  Final Error Est imates  

in Source Strength Calibrations 

Error I n  
Runge o f  Percentage Error  

Including 92% of Cases 

Average ion chamber reading 

Transmission 

Im Interpolation error in e 

Decay scheme error in e 

Ion chamber over-all cal ibration 

lm  

error  

0.2-2.3 

0-0.6 

0.6-1.9 

0.3-2.5 

(token as) 1 

4.8. COLLIMATOR OPYlMlZATlQPl FOR REACTOR ~ ~ M ~ ~ A ~ ~  
SPECTRA MEASUREMENTS 

G. T, Chapman 

A prime purpose of the gamma-ray spectroscopy program at the Bulk  Shielding F a c i l i  I( (BSF) i s  to a t -  

curately determine the energy distr ibution of those gamma rays that ore born in the reactor, A totnl-ab- 

sorption Nal(TI) spectrometer' has been developed at  the BSF and i s  currently being used for such meas- 

urements. The spectra measured wi th  th is  type of spectrometer may be strongly influenced, especia l ly  at 

low gamma-ray energies, by the col l imator used to al low the gamma rays t o  reach the crysta l  through the 

necessarily th ick spectrometer shield. In  addition, the spectra may be furthos influenced by gaint~~a rays 

that penetrate the shield either d i rect ly  without energy change as scattered photons which hove been 

degraded in energy by scattering processes in the shielding material and coll imator. Since such effects 

were anticipated, a series of experiments was run at  the BSF t o  determine their magnitudes w i th  the Model 

IV gamma-ray spectrometer. 

'G. T. Chapman, Neutron P h y s ,  Ann. Prog.  Rep., Sept, I r  1960, ORNL-3016, p. 264. 
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For th is  series of experiments a core of “cold” BSR-I fuel elements was assembled i n  the Pool C r i t i -  

cal A s s e i i ~ b l y . ~  In order to  diminish the number of gamma rays scattered or otherwise attenuated by the 

reactor core before escaping, n loading only three fuel elements thick along the spectrometer-reactor 

center l ine was used. 

The basic coll imator configuration used for one series of variations is shown in  Fig. 4.8.1. r h e  

“lead shutter section” consisted of a 2-in.-dio hole through an 8-in.-dia lead cyl inder which, when rotated 

90 deg on the axis shown, blocked the coll imator with 6 in. of lead during background measurements. 

In i t ia l l y  the front surface of the lead section of the coll imator (point A in  F ig .  4.8.1) was placed 80 
cm from the reactor. Choice of th is  distance was based on eortier work which showed excessive back- 

ground counts at  distances -50 cm. Part a of Fig. 4.8.2 compores “shutter open” and “shutter closed” 

data from the in i t ia l  configuration. 

greater thickness of water between the reactor and the spectrometer shield, a 2-ft-long a i r - f i l led cone con- 

structed of very th in  aluminum was attached t o  the front of the lead collimator. The cone was shaped to  

include only the coll imator so l id  angle. The spectrometer was positioned so that the base of the aluminum 

cone wns 80 cm from the reactor. The “shutter open” and “shutter closed” curves of part b of Fig. 4.8.2 
demonstrate clearly that the greater thickness of water greatly reduces the number of capture gamma rays 

created i n  the coll imator and spectrometer shield, 

< 

Background contributions are seen to be large. In an effort to u t i l i z e  a 

In  Fig. 4.8.3 are shown the difference spectra result ing from subtracting the shutter-closed data of 

Fig. 4.8.2 from the shutter-open data, also from Fig. 4.8.2. The effects of interactions in the col l imator 

and shield when the air cone was not used ere again emphasized. Results obtained wi th  a 5-ft-long cone, 

which may be more desirable for certain experiments, were the same as those with the 2-ft-long cone. 

2”Cold” elements are those which have not been used during reactor operations a t  power leve ls  greater than 
about 1 watt and have. not suffered any considerable amount of fission-product buildup. 

UNCLASSIFIED 
2-01 -058 - 0 - G O q  

P A X I S  OF ROTATION 

/- 
3/4 In.-* t ~ 

1 CEN.itIR SECTION 
SHUTTER 

Fig. 4.8.1. Diagram of CoIlirnotar Arrangement Used in  Spectral Measurements with Madel IV Spectrometer. 
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Subsequent experimentation, not reported herein, has determined that  with the coll imator configuration de- 

scribed above background i s  minimized3 by a reactor-spectrometer separation d istance of not less than 

140 cm. 

A meosurerner-it of the gamma-ray spectrum of the s ta in less  steel Bulk Shie ld ing Reactor  II, u t i l i z i n g  

the rssults of the pre l iminary  experiinents described above, i s  now in  progress. 
I_- 

3Backgrovnd contributions from causes other than those discussed above arc: described in Section 2.4. 
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5.1. AN EXPERIMENTAL DETERMINATION OF THE AGE OF U 2 3 3  
FISSION NEUTRONS IN WATER 

T. V. Blosser and D. K. Trubey 

The strong probabil i ty that a successful breeder reactor w i l l  be based on U233 f iss ion has made an ac- 
2 3 3  curate knowledge of a l l  important U233  parameters imperative, One important quantity i s  the age of U 

f iss ion neutrons in water, since it w i l l  have a bearing upon the losses due to  fast-neutron leakage from a 

u~~~ system. 

Faber and Zwei fe l ’  have calculated the age to indium resonance energy (1.45 ev) o f  U 2 3 3  f iss ion neu- 

trons i n  water, using as source terms a Watt spectrum of the form N ( E )  -= 0.484 sinh 

hand and the experimental spectrum measured by Henry on the other. B y  the use of the Wutt spectrum they 

arrived at  an age to indium resonance of 25.3 cm2; by using the experimental spectrum the resul t  was 

23.0 k 3 cm2. They concluded that an experimental measurement must be performed because of the f a i i l y  

large errors on the experimental U233  spectrum, but were able to  estimate that the U233 age i s  probably 

about 8 OF 9% lower than the U235 age. 

e-‘ on the one 
2 

An experimental determination of the age to indium resonance of U233 f iss ion neutrons i n  water has 

been made u t i l i z ing  the equipment and techniques earlier developed for CI similar measurement for U235 f is- 

sion neutrons, which has been extensively discussed i n  previous reportsO3-’ While the U235 work u t i l i zed  

sources and indium detectors of various diameters and thicknesses, however, only one U233 source, 3.64 cm 

i n  diameter and 0.0635 cm thick, was readi ly avai lable for the present work. I ts dimensions are consider- 

ably larger i n  a l l  respects than those of any of the U235 sources used. In order to  apply the information 

gained in  the U235 measurements to the present work, a supplementary experiment WQS performed i n  which 

the slowing-down distr ibution from a U235  source of the same dimensions (3.64-cm-dia) 0.0635-cm-thick) 

was measured. Th is  gave a basis for comparison from which the success o f  the geometric transformations 

from large d isk source to  point-to-point detector kernel could be evaluated, as wel l  as a means of est imating 

the absorption o f  f iss ion neutrons wi th in  the th ick source, A l l  measurements were made in the thermal 

column of the ORNL Graphite Reactor. 

A s  in the U235 work, the effects o f  dif ferent thicknesses of cadmium covers on the absorption of neu- 

trons were measured, as wel l  as the effects resul t ing from displacement o f  water around the f o i l  by the 

covers. Within experimental error the results agreed wi th  the previous U 2 3 5  results. 

Not all the data has been analyzed, and extrapolation of the age t o  in f in i te  d i lu t ion or zero thickness 

has not been completed, However, wi th  only geometric corrections applied, an age determined wi th  5-mil- 
th ick indium fo i l s  within 30-mil-thick cadmium covers has been computed to be 26.4 + 0.5 cm2. The age 

measured for a U 2 3 5  source under similar condit ions i s  26.7 cm2, 

.-, ... . 

’M. Faber a n d  P. F. Zweifel, Nuclear S c i .  and E n p  6, 81 (1959). 
2K. M. Henry, Rppl. Nuclear P h y s .  Ann, Pros. Rep . ,  Sept. 1, 1957, ORNL-2389,  p .  1 1 1 .  
3T. V. Blosser, D. K. Trubey, and E. P. Bl izard,  Neutron Fhys.  A n n  Prog. Rep,, Sept. 1,  1958. ORNL-2609, pa 55. 
4T. V. Blosser and D. K. Trubey, Neutron Phys, Ann. P r o p  Rep., Sep t .  I, 1959, ORNL-2842, p. 109. 

5T. V. Blosser and D, K. Trubey, Neutron Phys. Ann. Prog. Rep.,  Sept. I, 1960, ORNL-3016, p .  142. 
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5.2. CALCULATION OF T H E  TRANSMISSRON FUNCTION F O R  A NEUTRON CHOPPER 

V. V. Verbinski and J. D. Jarrard’ 

A neutron chopper used i n  conjunction w i th  a neutron source such as a reactor produces short bwrsts 

o f  neutrons at controllable intervals and burst durations. 

uated dr i f t  tube, the neutrons become separated as a consequence of their various velocit ies. A bank of 

neutron counters placed at the end o f  the dr i f t  t u b e  measures the neutron f l ux  and sends i t s  output pulses 

to a t ime-of-f l ight unaiyzer, resul t ing in a t ime-of-f l ight spectrum. A procedure for obtaining the neutron 

energy spectrum from a t ime-of-f l ight spectrum I-,as previously been described 

upon an accurate knowledge o f  the transmission function of the neutrons through the s l i t s  o f  the chopper 

employed. A numerical method has now been applied t o  the calculat ion o f  the transmission function for a 

generalized s l i t  chopper. 

If such a burst i s  a l lowed to move down an evac- 

2 and depends for success 

The Transmission Function 

A simpl i f ied sketch o f  the chopper mechanism considered herein i s  shown i n  Fig. 5.2.1. It consists o f  

n spinning rotor, penetrated by rows of s l i ts ,  only a few of which are shown i n  the sketch. When the rotor 

s l i t s  sweep post the coll imator slits, a burst o f  neutrons i s  al lowed to  pass  through the chopper mecha- 

nism. A neutron having a suf f ic ient ly high veloci ty can pass through the entire length of the rotor s l i t  be- 

fore it sweeps by a coll imator s l i t .  

depend on their velocity, or equivalently, on their t ime of flight, and on the rotor speed. 

In  general, the fract ion of neutrons transmitted through the s l i t  w i l l  

L N CL455 I FIE0 
2-01-05E-01-EU8 

Fig. 5.2.i. Typica l  Nelsarnaa Chopper Geometry. 

The act ion of the rotor on neutrons of a given veloci ty can be described in the fol lowing manner. Con- 

side: a beurn of monoenergetic neutrons dcfined by a coll imator and incident on CI rotor spinning w i t h  an 

angular veloci ty c:). 

s l i t  and rotor material), the probabil i ty of transmission, P ,  i s  given by 

If the path o f  a single neutron o f  veloci ty V i s  traced through the rotor (including 

.____... _~ ___ ~ _ . _ _ _ _  ....... 

’Co-op student  from Missouri School o f  Mines ( R o l l a ,  Missouri). 
2 V .  V. Verbinski, N ~ u t r o n  Phys.  Ann.  Prog. R e p . ,  Scpt. I ,  1960, ORNL-3016,  p.  130. 
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where 

C = macroscopic total cross section of the rotor material, 

7’ = thickness of rotor material penetrated by the neutron. 

The average transmission is obtained by averaging the values of P over a l l  the neutron paths. The chop- 

per transmission function, C ( o / V ) ,  can be determined, point by point, by repeating the averaging for neu- 

trons of other velocit ies. 

It w i l l  be noted that the total cross section i s  used as the removal cross section i n  Eq. 1. Th is  

very good approximation, because the very small so l id  angle usually viewed by the detectors implies 

a scattered neutron w i l l  be ef fect ive ly  lost from the beam. 

s a  

hiat 

Neutron Fl ight  Paths 

For the discussion to  fol low it i s  convenient t o  define a laboratory coordinate system centered upon 

the rotor axis. The x axis  i s  paral lel t o  the source-rotor-detector center line, the y axis  at a r ight  angle, 

and the z axis  coincident wi th  the rotor axis. 

i s  ca l led 8. If one considers for the moment that the neutrons enter the s l i t  paral lel  t o  the x axis, i.e. ut 

- 0, the straight- l ine equation of the neutron trajectory, y - H I  can be transformed into rotor coordinates 

The angle which the entering neutron makes wi th  the x ax is  

(primed) to get the fol lowing parametric equations: 

x ’ =  x cos$, t H s i n d  

y ’ =  t i  cosd - x s i n d  . 
(3 

(3 

Physica l ly  I1 i s  the value of y i n  the laboratory system a t  which the neutron passes the center of the rotor, 

The fo l lowing relat ions hold between the remaining parameters in Eqs. 2 and 3: 

where 

V = the ve loc i ty  o f  the neutron, 

7 =  time, taken to  be zero when the neutron crosses the midplane of the rotor, 

o = angular velocity of the rotor. 

At t ime r, according to  Eqs. 2 and 3, the axes of the rotor coordinates are paral lel w i th  the axes of the 

laboratory coordinates. 

In order  to obtain a reasonable degree of resolution, the rotor s l i t  width must be very sinall compared 

wi th  i t s  circumference. Thus the angular rotat ion required for complete cutoff o f  the neutron beam i s  also 

quite small. Th is  fact permits several convenient approximations. By  taking s i n 4  - 6 - 0x-r and c o s 6  - 
1, good to 1 part in  IO5 for a typ ica l  rotor studied, Eqs. 2 and 3 can be writ ten as 

- , *  -u 

X I =  Y.T+ H w T ,  
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F r o m  Eqs. 4 and 7 the parabolic equntion describing the trace of the neutron on the rotor grid system i s  

obtained by el imination of the pcrrarneter '/r: 

I f  the rotor i s  stopped a t  the instant ench neutron under consideration has reached the rotor midplane, 2q. 

8 w i l l  describe ?lie neutron trace on the rotor grid but in h e  laboratory system. By  the adoption of th is 

a r t i f i ce  t h e  primed coordinates w i l l  henceforth describe events i n  the laboratory system. Marseguerra and 

P a t h 3  have derived E q ,  8 for the special case when !I  = 0: 

The path length of ench neutron through the rotor m u t e r i a l  i s  obtained by computing the points of inter- 

section of the neutron trace, Eq. 8, and the straight l ines defining the s l i t  edges. 

been stopped at some angle of rotutiun <' : at, the upper and lower edges of the poiallel s l i t  are given by 

For a rotor that has 

where 

W .= half-width of sl i t ,  

A = distance from rotor axis to center of sl i t ,  

(2 7 angle of the rotor slits, i n  the laboratory system, at the time the neutron under consideration 
reaches the inidplane of the rotor. 

The plus s ign applies to the upper edge, the minus to  the lower. 

5.2.2. 

The geometry i s  diagrammed in  Fig. 

Simultaneous solution of the path length and s l i t  edge equations y ie lds 

" r 2  - - - x  
w 

- x ' t a n  Q t (,t i M')(cos Q + sin 4 tan li)) .- , 
2 

i n  which the I sign again indicates upper and lower edges of the slit, respectively. 

-. ......... ____ .~ . 

3 M .  M a r s e g u e r r a  and G. Pouli ,  h'uclear IrJstr. G .h?i~ihods 4, 140 (1959) .  
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UNCLASSIFIED 
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COUNTERS / 

1 

I 
I 
i 

2 W =, S U T  WIDTH SOURCE \ 

' I  
0 

Fig. 5.2.2. Diagram of  Chopper Burst Mechanism. The neutron trajectory N-N' i n  the laboratory coordinate 

system becomes a re la t ive ly  f lat  curve (7-C' in the rotating rotor coordinate system associated wi th  the particular 

neutron in question. 

The solut ion for the edge intercepts  i s  

where ( A  + W) is for the upper edge in tercepts  and ( A  - W )  for the lower. 
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’ir ’ir .-L 

By using the approximations s i n  (2 - tan 0 - Q, cos Q -- 1, and V >> Ha, Eq. 12 can be reduced t o  

the simple yet accurate expression 

The neutron veloci t ies involved are suf f ic ient ly large compared w i th  the rotor angular veloci ty t o  make 

the neutron trajectories i n  the rotor coordinate system relat ively f l a t  curves. 

approximation that the neutron path length in the rotor material, 1 ,  i s  the straight-line distance between 

the point where the neutron enters the rotor material and the point of exit. 

Th i s  al lows the convenient 

The chopper s l i t  has a breadth many times greater than the s l i t  width 2Cb, al lowing neutrons to  travel 

The ef fect ive value of 6 is l imi ted either by the 

I ts  importance l ies  i n  increasing the 

at  some maximum angle 6 with respect to  the s l i t  axis. 

entrance coll imator or by the s ize  of the bank of neutron counters. 

value o f  x by (cos a)- ’  
Beam divergence in  th is  direct ion has therefore been ignored. 

1 + (S2/2), where ( x S 2 / 2 )  i s  smaller than the “bin size” to  be discussed below. 

T ra n s rn i os  ion F 11 net  i o R E y uo t i on s 

A problem in the the C(a/V) analysis i s  created by the f in i te  length of the entrance and ex i t  co l l i -  

mators, which permits neutrons t o  enter the rotor s l i t s  at values nf /3 f 0, as i n  Fig. 5.2.3. The l im i t ing  

magnitude of /3 i s  determined by the coll imator design and i s  a function of IH -- A I ,  the height of the neu- 

trori above or below the longitudinal center l ine  of the s l i t  when it reaches the midplane o f  the rotor. 
- 
I he 

UNCLASSIFIED 
2-04-058-01-650 

Fig. 5.2.3. E f f a c t  o f  Csslliniutar Geometry on Angle at Which Neutmn Con Enter Rotor. 
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relat ion between Afl (the maximum departure from /3 = 0) and I f  i s  

I V -  I N - A I  W -  I H - A I  

L I ,  
AB = tan ?‘ -. , 

where L. i s  the distance from the center o f  rotat ion of the rotor t o  the ef fect ive end of the coll imator. 

For a fixed rotor speed o) ,  the transmission function C(fi,/V) for neutrons of ve loc i ty  v i s  just the 

average transmission P ( V )  of  Eq. 1. To  obtain th is  average the neutron trajectories must be sampled by 

varying /?, H, and 9. The proper averaging of P ( v )  over a l l  neutron trajectories i s  expressed by 

The quanti t ies C and T are as defined for Eq. 1. In the treatment below, C ( o / V )  i s  solved for a 

series of values o f  o/V, holding C ( V )  constant for the series. The ef fect ive variable i s  thus w/V.  The 

equation samples neutrons o f  velocity V arriving a t  the center o f  the s l i t  at a l l  poss ib le  times, that is, a t  

a l l  values o f  Q during the sweep o f  the s l i t  past the coll imator; a t  a l l  values of H permitted by the c o l l i -  

mator; and a t  a l l  poss ib le  &angles permitted by the coll imator. 

If the las t  integration i n  Eq. 15 i s  performed over 9 (= mt), the result i s  the time dependence or burst 

shape of the transmission. The t ime t = 0 corresponds to the center of the burst. 

Equation 15 can be further simpli f ied in  the fol lowing fashion: Consider a neutron path t i l t e d  at an 

angle 6 from the x axis  and reaching the center o f  the s l i t  after the rotor has turned through an angle Q. 

The transmission i s  ident ica l  to that of Q Q - 0 neutron reaching the center at the same height H when the 

rotor has turned through an angle 8 (= Q i p). The  re la t ive angle 8 then i s  the angle determining the neu- 

tron transmission probabil i ty f’. As the s l i t  sweeps past the col l imator a single burst o f  neutrons i s  re- 

leased Over a small range o f  angle g. The integral over 0 clearly contributes nothing for the larger values 

o f  the l imi ts  o f  (2, so that the exact l im i ts  on the integral over Q are re la t ive ly  unimportant provided that  

they are taken large enough. Also, C(a/v) I S  independent of the t ime a given neutron i s  transmitted wi th in  

the burst. Because of  these considerations, a new angular variable 8 (== Q + f l )  can be introduced, wi th  

l im i ts  of integrQtiOn - [ ( ~ / 2 )  + p,,,] and [ ( ~ / 2 )  t i n  which p,,,, = W / L .  
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After the order o f  integration i s  changed, the modified equation i s  written a s  

Since varying the l imi ts  o f  Q i n  the above case causes no change in  C ( w / V ) ,  the l im i ts  can be varied at  

wi l l ,  wel l  beyond the burst. These l i m i t s  then can be considered as not being functions of 0. 
possible an integration f i rs t  over /3. 

This makes 

The f ina l  simpli f ied equation i s  

2 

Equation 15 gives the proper transmission function i n  practice only when the neutron detector bank 

uniformly inteicepts a l l  the neutrons between + P m a x  and -fi,,,. I f  i t  uniformly intercepts only a smaller 

angle, i E, where E = 0, when /3 7 0 (the condition when the detectors are centered on the co l l imato i  axis), 

then the tr iangular weighting function ( W  - ~ H - A 1 ) / L  becomes flattened at the top to where IH .- AI /W = 

dfimaX. Both shape and magnitude o f  the C ( o / V )  curve w i l l  vary wi th  lateral misalignment o f  eidier rotor 

or counter bank with respect to the coll imators. The severe rzquirements for collirnotor-rotor aligii i i ient have 

led to  abandonment of f ine coll imotor s l i t s  for low-energy, low-resolwfion spectrometers, The result i s  de- 

creased remlu t ion  (increased burst width) and higher background. At low energies, however, the background 

can be decreased by the use of “b lack” materials such as  8’’ or Li6. Such spectrometers are cal led beam 

sweepcrs. For a beam sweeper, the weighting function (\4’ - 1 !i - A I)/L i s  simply deleted from Fq. 17. 

Numerical Evaluation of Transmission Function 

In Eq. 17 the integration over /3 i s  accomplished by weighting wi th  respect tu H .  From the iniegration 

over /3 i t  i s  seen that A f i ,  h e  range of /3 angles that the neutron trajectories can take and s t i l l  pass 

through both entrance and ex i t  coll imators, i s  i (h‘ - 1 lf - A 1 ) / L .  This  scheme makes it necessary to  

integrate over only B and 11, which has been done in  the numerical evaluations of Eq. ‘17. The el imination 

of the integration over accomplishes a great saving o f  computing machine time, but a t  the price of making 
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access to  the burst shape more d i f f icu l t .  The  burst shape s t i l l  can he calculated, however, and the method 

i s  described in a later paragraph. 

A program to numerically solve Eq. 17 has been writ ten for the IBM-7090 c o r n p ~ t e r . ~  It yields, as  a 

f i r s t  result, a table g iv ing a path length for each value of H and 8, which i s  then examined by the computer 

and developed in to a histogram o f  the number o f  rays penetrating a given amount o f  rotor material T ,  i.e., 

an N ( T )  versus T plot. 

Rather than compute e-cT for each mesh point, a neutron encountering an amount of rotor material 

wi th in  a range Ti to Ti + AT i s  recorded as a count in  the i th bin o f  a histogram. T h i s  count, before being 

placed in the histogram, i s  weighted by the function correcting for /? deviation, ( W  - I H - A !/I2). 

a l l  rays are examined, the transmission probabil i ty o f  the entire burst of neutrons o f  velocity V i s  given by 

After 

Ni(T)  = weighted counts in  i th  bin, 

AT 

I 2  
T. + - = mean thickness o f  rotor material encountered by rays of the i th  bin, 

T = 0 i s  treated as a special bin. 

i 

where 

The histogram i s  a property o f  the chopper s l i t  geometry, of the coll imator geometry, and of the ratio, 

o/v, of the rotor angular ve loc i ty  to the neutron l inear velocity. The construction of 10 t o  15 histograms, 

each for a given value of w/v, i s  adequate for construction o f  a complete ~ ( G J v )  curve. Once developed 

the Ni(T)  histogram i s  used in  Eq. 18, wi th  the proper value 04 Z t o  take care o f  the variat ion o f  neutron 

cross sections wi th  energy. 

The repeated use of the histogram wi th  several values of Z: accomplisties sizable savings i n  computer 

t ime and saves further time i n  permitting neglect o f  a l l  paths beyond a suitably chosen cutoff. For ex- 

ample, i n  a 200-bin histogram wi th  a bin width o f  0.02 in., a l l  neutrons traversing more than 4 in. (200 x 

0.02 in.) o f  rotor material were stored i n  the los t  bin, where N,,,,, e -  '' '2 0. Once the N ( T )  curve has been 

developed for any s l i t  geometry, the remainder of the cornputer program can be applied almost without modi- 

f ication. 

AS a check on the u t i l i t y  o f  the histogram device, the data of the exclmple given above was direct ly 

evaluated by taking each individual path length, computing i t s  attenuation, and d iv id ing the sum of the at- 

tenuations by the number of paths considered, The agreement, t o  wi th in  0.1%, val idates the method and 

... 4W. R. Burrus suggested several o f  the numerical techniques used and w a s  helpful i n  guiding the development o f  
the computer program. 

21 1 



- M E Q T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  - -I.- 

indicates that the chosen b in  width i s  suf f ic ient ly small, perhaps even excessively small for many prob- 

lems. The rotor material for the example cited wos K MoneI. 

Transmission Function for S l i t s  Displaced f rom Rotor Center 

A s l i t  at a distance A from the center o f  a rotor of radius R w i l l  not  have the same transmission or 

burst shape as a s l i t  at the center of the rotor because: 

J T ( A / R ) ~ ,  and (2) the component of the rotor veloci ty perpendicular to the s l i t  i s  a lso reduced by 

v m / $ .  The latter change i s  already included in the derivation of Eq. 9. An investigation o f  the 

dependence o f  the transmission function C ( w / v )  on A shows that the dependence i s  so weak (a quadratic) 

that  a single value of A could he chosen, corresponding to hie proper average o f  C ( w / V )  over the various 

values o f  A .  

(1) the s l i t  length i s  reduced by n factor 

Construction of c ( ~ / v )  Curve 

The f inal  output of the computer program consists of a series of values of transmission as a function 

of the total  cross section, 2, of the rotor material and the rat io of rotor versus neutron velocit ies, o / V .  

F r o m  th is data i t  i s  possible to  cons t r~ ic t  a family of parametric curves of transmission versus C for each 

value of w/v. Such a family of curves i s  shown in  Fig.  5.2.4. These curves make the output data very 

U N C L A S S I F I E D  
z-oi-o5a-o<-651 
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flexible, since from them i t  i s  easy t o  develop a transmission function curve for the same rotor geometry 

and for pract ical ly any rotor angular velocity, type of rotor material, or neutron veloci ty range of interest. 

The experimenter f i r s t  chooses a rotor speed, 0). Next  a value of neutron velocity, V , ,  i s  chosen such 

that the rat io of o > / V ,  corresponds to  one of the already plot ted parametric curves. For a neutron of known 

energy (or veloci ty)  the total cross section, C, is, o f  course, readi ly available. These values, m / V ,  and 

x ( V , ) ,  f i x  the value of C ( o / V , )  i n  Fig. 5.2.4. The value i s  plotted, as  in Fig. 5.2.4, and the process re- 

peated with v,, v, . , . . V i  unt i l  the smooth curve can be drawn. If resonances ex is t  i n  the cross section 

of the rotor material, the parametric curves must be more closely spaced in the nonlinear region, as  shown 

near the top of Fig. 5.2.4. Accurate interpolat ion i s  then possible for a l l  values of m. 

UNCLASSIFIED 
2-04-058- 03- 6 5 2  
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Fig. 5.2.5. Comparison of Transmission Function Curves for Black-Edged and Gray-Edged Rotor Sl i ts .  

A comparison of C ( w / V )  curves from black-edged and gray-edged slits i s  shown i n  Fig. 5.2.5. The 
gray s l i t  edges have the effect of distort ing the C ( o / V )  curve upward. From the magnitude of the distor- 

t ion it can be seen that the gray edge considerations are c r i t i ca l  in the determination of a neutron spec- 

trum, even with the use of an la-in.-dia K-Monel rotor, 
... 
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Burst Shape 

It has been noted earl ier thut the use of a weighting function faci l i tated computation by el iminat ing 

the integration over 0. 
lat ion 0 = Q + p, where the range of  /? i s  related to H by p,,, = f (W - 1 I! - A 1 /L). 

f i x ing  G value o f  Q generates a diamond-shaped region on the ( \ { ,e)  table which i s  the f i r s t  output of the 

computer program. F i x ing  a value for Q selects for consideration a l l  neutrons arr iving a t  the midplnne o f  

the rotor a t  a t ime t @'a. By evcsluating the transmission of the neutrons whose path lengths are en- 

closed within the diamond, the transmission of  the rotor a t  t ime t = L,/w thus obtained i s  CI point on the 

burst-shape ciirve. A plot  o f  transmission versus time, the burst shape, can thus be obtained by choosing 

various values o f  Q and evaluating the corresponding transmissions. 

In ordcr to calculate the burst shape, however, /3 must be factored in  from the rc- 

I t  can be seen that 

E rro r Cons i deaat io n 5 

In any numerical integration the accuracy of the value obtained is essent ia l ly  a function of the number 

Se./erol experiments were conducted of increments into which the region under consideration i s  divided. 

wi th the s l i t  transmission program to f ind the relut ion between the actual value o f  C(a/V) and that given 

by the use o f  a f in i te number of H and 8 inctements. 

In i t ia l l y  three sets o f  increments were chosen: 

Number of 8 Intervals Number of H Intesva!s 

24 50  

48 100 

96 2 00 

Since the symmetry of  the s l i t  permitted integration over only posi t ive values of 0, the mesh i n  8 given 

above i s  essential ly as f ine as the corresponding m e s h  i n  If. 

The pairs of 28 clnd A r t  intervals shown above were used to  compute the quantity C ( o / V )  for various 

values of W/V and 5., Plots o f  the result ing C ( O / V )  versus mesh increment were essent ia l ly  linear. Th i s  

indicated that the higher terms of the corresponding error polynomial for the relat ion between C ( o / V )  and 

the fractional change in rriesh increment were small. 

correct value a f  C ( W / V )  ~ C J  an estimated accuracy of 0.2%. 

Extrapolat ion to  zero-incremcnt width y ie lded the 

By  increasing the value of 2, i n  Eq. 17 to some enormous  value, an apptoxirnation of a black-edged 

s l i t  i s  obtained. 

paral lel benrn of neutrons at - 0, i n  order to  compare the results w i t h  the transmission function curve 

analyt ical ly obtained by Stone and S l o ~ a c e k . ~  For the f inest mesh used, over-al l  agreement was betfer 

t h a i  10.1%. 

Th is  w a s  done for a parallel-edged s l i t  passing through the center of the rotor and a 

'R. 5. Stone and R. E. Slovacek,  Reactor  Spectrum Measurements U s i n g  a Weutron Tzme-o/-Flight Spectrometer, 
KAPL-1499 (1959). 
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Conc lusians 

From the development earl ier i t i s  obvious that the method described can be applied to any shape of 

s l i t  which can be piecewise described by simple mathematical expressions. Reasonably correct character- 

i s t i c s  of a given s l i t  can be obtained wi th  only (2 few niinutes o f  computer time, making the method a useful 

tool for empir ical ly adjusting parameters of a chopper system or for investigating the effects of system mis- 

alignments. 

TRQN  EA^^^^ 

E. @. Si lver and 6. deSawssure 

Measurements of diffusion coeff icients in beryl l ium at temperatures ranging from 20 to 51 1.C hy the 

pulsed-ncutron method have been reported previously.’ An attempt has now been made to  extend th is  work 

t o  the region below 20°C for comparison wi th  calculat ions by Singwi ~t “ l a 2  wli icl i  predict large changes 

i n  the dif fusion coefficient, D, and the d i f fus ion cool ing parameter, 6, as the temperature of the material 

decreases. The apparatus and procedures used i n  the earlier part of this work were identical with those 

previously reported; a subsequent modif icat ion to a part o f  the equipment w i l l  be described below i n  in- 

troducing the results obtained by i t s  use. 

in the reported v a l u e s ’ ~ ~ ~ ~  of the d i f fus ion cool ing parameter, 6, i n  room-temperature beryl l ium has 

prompted a careful remeasurement of several beryl l ium assemblies a t  room temperature, as wel l  05  meas- 

urements using two beryl l ium assemblies sent by another investigator, whose results dif fered signif icantly 

from ours. 

In addit ion to the work noted above, a pessistinq disagreement 

Cold Beryl l ium Measurements 

A large number o f  measurements were mode wi th  various sizes o f  beryl l ium assemblies at tempem- 

tures o f  25, 0, - 25, - 58, - 75, and .- 100°C, in  an attempt to determine 6, and C at  low temperatwres. 

known nonuniforrnity of channel width in the Bulk Shielding F a c i l i t y  18-channel time-base analyzer was 

corrected for in  these measurements by applying a weighting factor to  the number o f  counts i n  each channel, 

The weighting factor was taken as the inverse of the number o f  counts recorded in the snme channel during 

a “channel width run’’ Rade immediately before or after the data run. During the channel width run, a 

total o f  about I O 5  counts from a random, steady-state source was co l lected in each channel. 

in blocks ranging in  size from 8 x 8% x 8% in3 to  20 

A 

About 100 decay-constant measurements were made, over the range of temperatures noted above, 

20?$ x 20l/, in. A careful analysis of tIrc results led, 

’G. deSaussure and E. G .  Silver, Appr. N u r l ~ n r  Phys.  Ann. Prog. R e p ,  Sept. I ,  1957,  ORNL-2389, p. 119;  
Neutron P6ys.  Ann. Prog. Rep. ,  Sept.  I ,  1958,  ORNL-26Q9, p. 59; Meritron Phys,  Ann.  Prog. R e p . ,  Yep! .  1 ,  1959,  
QRNL-2842, p. 115. . .  

2K. S. Sinpwi ond L. S. Kothari, Yroc. U.N. Intern. Coni. Peaceful Uses A tomic  E n e r g y ,  2nd, Geneva, 1958, 
Paper P/1638; K. S. Singwi,  Arkiu P y s i k  16, 385 (196Q).. 

%. M. Andrews, M c a s t m t n e n ~  o f  the Temperature Dapenctence of Ncrrtran Dzffosion Properties zn fiaryliirmn 

4F. A. Kloverstrom and T. T. Komota, Trnns. Am. Nuclear SOC.  1(1), 94 (1958). 
U y i n g  a Pulsed-Neutron Technique,  UCRL-6083 (1969). 
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I 

however, to  the conclusion that the decay constants could not be unequivocal ly understood because o f  ef- 

fects which prevent the establishment o f  an equil ibr ium spectrum, thereby changing the decay f r o m  a single 

exponential to a decay having G continuously changing slope. These effects, previously not suf f ic ient ly 

Understood, are qual i tat ively discussed i n  a fo l lowing section. It i s  clear that one cannot expect a cnn- 

stant eiiergy spectrum, and therefore cannot expect a single exponential decay. The relat ive number o f  

longer-lived neutrons, i.c., neutrons o f  lowe; energy persist ing i n  a low-onergy state, will  increase with 

buckl ing and with decreasing moderntor temperature. Th is  expectation i s  borne out i n  these experiments. 

Figures 5.3.1 and 5.3.2 give some examples of the relat ive change in  the decay constant as a 

function o f  time, i n  uni ts of the decay periods, for two assembly sizes and two temperatures in  each figure, 

Although the errors in the relat ive values o f  the decay constant are rather large compared to the changes 

involved, the systematic trend i s  clear ly present. 

I t  w i l l  be noted thcst the errors attached to  the points increase with increclsing slope of the turves. 

Thi5 effect i s  part ly due to the method of analysis, i n  whish deviat ions from a single exponential decay 

ovsr the time span of the nnnlysis are treated as experimental errors. Each o f  hie decay-constant mens- 

urements in  these figures was made over a t ime o f  about s ix  decay periods, so that there i s  a great deal of 

overlap in the time intervals i n  which the successive decay constants were measured. 
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. ... . 
While the existence o f  this spectrum-drift effect has so far prevented un occurate determinotion of 

and 

that the large values of D predicted by the  calculat ions are due to the very few persist ing low-energy neu- 

trons. The t ime needed for establishment o f  a "pure" population o f  such neutrons i s  much too lorig to be 

attainable wi th  the uvai lab lc  equipment, which possesses but modest source strength and re la t ive ly  h igh 

background, and may be unattainable under any circumstances. 

as functions of temperature in the temperature range where Singwi predicts large changes, it i s  clear 

Equipment Improvement 

Analys is  o f  the data presented above l e f t  open the poss ib i l i t y  that better channel-width uniformity 

might m a k e  possible a suf f ic ient  increase i n  wai t ing time to  achieve an equil ibr ium spectrum, and thus an 

unambiguous value of the decay constunt, Th is  motivated an attempt a t  improvement. The lack of uniform- 

ity in  channel width existed from channel to channel a t  any given t ime and olso from t ime to t ime in the 

same channel. The latter effect was particwlarly pronounced i f  the beam-switching tubes i n  the log ic  cir- 

cu i t  had been replaced in the interim. 

tlic: original equ ipmen t .  They were obtained by observing random counts from CI steady-state source in the 

Figure 5.3.3 shows several channel-width check plots typ ica l  of 
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t ime analyzer. The r ight ha l f  of the figure i s  a frequency histogram for these runs: compared with the 

Gaussian spread to be expected i f  only stat ist ical  virriation were involved. 

In order t o  overcome the very obvious channel-width nonuniformity effect, the equipment was modif ied 

by the addit ion of an extra gate c i rcu i t  which closes 1 p e c  before the end of each t ime channel, remains 

closed for about 4 psec, during which t ime the switch to the next channel occurs, and then  reopen^.^ 
Thus the variable factor o f  switching t ime from channel to  channel i s  eliminated. 

channel-width check plots and a frequency histogram obtained after the c i rcu i t  was modified. 

l i t t l e  evidence of  anything other than stat ist ical  factors i n  the spread of t h i s  distr ibution. 

Figure 5.3.4 shows 
I 
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Cold Beryl l ium Data with Improved Equipment 

A number of measurements have been made using the improved circui t ry described above, wi th wai t ing 

times extended in  some cases far beyond those previously ~ J S C ~ ,  to  the point where the last  t i n e  channels 

were recording almost pure background. 

The variat ions i n  the decay constant wi th t ime obsel-ved with the improved system are shown for 25 

and -25°C i n  Figs. 5.3.5 and 5.3.6. While the errors are l e s s  than those of previous data, the continuing 

change i n  the decay constant persists, and therefore i t  i s  s t i l l  impossible to  assign an unambiyuous best 

value to  the decay constant, a t  least as far as small blocks and low ternperotiires are soncerned. 

'This circuit  w a s  designed and installed by J. L. L o v v o r n ,  Insfrumentotion and Controls Division.  
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Further work toward the solution of  these d i f f icu l t ies i s  projected. There ex is ts  the poss ib i l i ty  that 

the method of analysis6 i s  introducing spurious variations, and other analyt ical  methods, such as least- 

squares f i t t ing  to the exponential-plus-background model, w i l l  be tried to check th i s  possibi l i ty .  

also possible that further theoretical consideration may resul t  i n  a rational scheme for p ick ing a best 

value o f  the decay constant for each case. 

It i s  

corn-Temperature Data wi ih  Brnproved Equipment 

In order t o  improve the values of the beryll ium di f fusion parameters vXa, D ,  and C previously re- 

ported,’ two sources o f  error inherent in  the enr l ier  measurements have been reduced. One source lay in  

the fact that some early work had  poor counting s tat is t ics  and therefore large associated errors, Some of  

these points have been redetermined by careful remeasurement of the ear l ier  assemblies wi th the present 

improved circui t ry.  

The second source of error resulted from choosing as the best value of  the decay constant, X, that 

analysis, out of a l l  those performed on each set o f  data (with various wait ing times and spanning various 

t ime intervals), which had the smallest associated variance. 

As noted above, it i s  now apparent that even at room temperature there ex is t  continuing variations in 

the value o f  h whose magnitude depends on the assembly size, being most appreciable in  the smallest as- 

semblies, The variance in  X determined i n  any one analysis depends upon the relat ive background as50Ci- 

ated with the decay during the time interval  spanned by that analysis. Th i s  background i s  a function o f  

burst duration and wait ing t ime to the start of counting. Since these factors are arbitrari ly picked, there 

i s  a certain amount o f  arbitrariness in the resul t  of A. The value o f  A, changing with time, w i l l  have a 

lowest variance for some one analysis depending 011 these arbitrosy Factors. 

In order to remove t h i s  d i f f icu l ty  f i ve  sets of  data taken with the new equipment have been analyzed. 

For each set an equal value o f  the “reduced” wai t ing time, T ’ =  t / T d ,  where t i s  the time from the end of 

the neutton burst to the beginning of  the analysis and ’Td = 1/A, was chosen. Two qui te different values 

of ?’”were selected and a set o f  di f fusion parameters calculated for each in  order to  assess the effect. of 

T’on the values. For one analysis 2” was in the range 1.5 + 1.7; for the other i n  the range 2.5 + 2.7. 
Table 5.3.1 gives the values of the di f fusion parameters obtained by these two methods. it   ill be noted 

the L) i s  not sensi t ive to the choice o f  T’. 

6R. G. Cornell,  A New Estiinntion Procedure for Lineiir Combination: of Exporientinls, ORNL-21120 (June 21, 1956). 
7G. desaussure a n d  E. G. Silver, op. til, 

T a b l e  5.3.1. Measured Diffusion Parameters in Beryllium for TWQ VctPeces ob T’ 
(Waid.ing T i m e  Between ‘’Beam Off*’ and Start of Data Qbservation) 

... ....... ........................ ................... 
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5.4. A NOTE ON MEASURE EBdTS OF DBFFUSION ~ ~ ~ A M ~ T ~ ~ S  
SOURCE TECHNlQUE 

G. deSaussure 

The pulsed-neutron technique has been extensively used to measure di f fusion parormeters in a variety 

o f  moderators. A description o f  the technique and an excellent suinmary o f  the present status of  experi- 

ments may be found in  a recent review by K. H. Beckurts.' It may be seen from Beckurts' review that 

the values o f  the absorption cross section and of the di f fusion constants obtained by the pulsed-neutron 

technique for the various moderotors are quite consistent. However, some very puzzl ing discrepancies 

are observed between various measurements o f  the di f fusion cool ing constant, especial ly for crysta l l ine 

moderators such as beryll ium and graphite. 

Beckurts proposes the fol lowing possible causes for th is  discrepancy: (1)  the role o f  H~ terms, 

(2) the ef fect  o f  higher harmonics, and (39 the importance of the data evaluation schemes, 

For the case of  beryll ium, at least, different laboratories measure different decay constants for the  

same value o f  the b u ~ k l i n g . ~ . ~  Such discrepancies cannot be blamed on B 6  terms. It i s  also d i f f i cu l t  t o  

see how the effect o f  spatial harmonics may not be properly accounted for, since, for CI smal l  assembly o f  

a moderator wi th  low absorption, the f i rs t  harmonic decays almost twice as rapidly as the fundamental 

iKl0de. 

The purpose o f  th is  note i s  to propose another possible C Q U S ~  for the observed discrepancies i r i  the 

measurements of decay constants. It appears that under certain conditions the decay of the neutron popu- 

lation out of  a moderating assembly may never be s t r ic t ly  exponential. In th is  case the "asymptotic de- 

cay constant" i s  not  d i rect ly  measurable and the di f fusion cooling constant i s  not a well-defined concept, 

The argument will  be presented in  some deta i l  for the case o f  beryIliurn; however, the general conclusions 

should certainly be va l id  for crysta l l ine moderators such as graphite and beryll ium oxide, and perhaps for 

other materials as well. 

R e m a r k s  on the Calcu!ation of the Diffusion Coosing Constant4f5 

The di f fusion cool ing effect i s  obtained by computing the equil ibrium neutron-energy spectrum ap- 

propriate to a f in i te  di f fusing assembly. Th is  equil ibrium spectrum i s  not distorted by diffusion, since the 

' K. H. Beckurts, Nuclear Insfr .  & Metbods 1 1 ,  144 (1961). 
2G. desaussure and E. G. Silver, Dpterrninntion of the Nevtran Diffusion Paratneters in Room-Temperature B ~ r y l -  

3W. M, Andrews, Measuremenl of the  Temperat iup I jependence 01 Neulron Dil lusion Proper t ies  in Beryl l ium U s i n g  

4G. F. VOR Dardel,  Kgl. Tek.. Hbgskol .  Hundl., N. 75 (1954). 
'Me Nelkin,  J .  Nuclenr Energy 18, 48 (1958); K. S. Singwi and L. S. Kothari, J .  Nuclear Energy 18, 59  (1958;. 

l ium, ORNL-2641 (1959). 

a PulsPd-Neutron Technique ,  UCRk-6083 (1 960) .  

... 
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removal of those neutrons that rapidly dif fuse out o f  the assembly i s  compensated for by the i r ic last ic scat- 

tering on the moderator. 

the decuy constant o f  an assembly o f  f in i te size may be computed. 

the dif fusion cool ing constant m a y  be obtained. 

spectrum i s  n e v e r  computed by using the true transport cross section of the moderator, but what i s  often 

used i s  the incoherent approximation of the transport cross section.6 It seems in  certain cases that i f  

the true transport cross section were to be used, no equil ibr ium spectiurn could be defined, and the decay 

of the neutron population would never be exponential. 

If the dif fusion parameters are properly averaged over th is  equi l ibr ium spectrum, 

From the value of th is  decay constant 

Because of muthematical d i f f i cu l t ies  the equil ibr ium 

- 
Ihe situation may be i l lustrated by considering a moderator whose total  cross section i s  due almost 

entirely to elast ic scattering arid varies rapidly wi th energy. I f  a group of n2utrons of various energies i s  

introduced in to  th is moderator, each n e u t r o n  'will di f fuse independently, wi th i t s  own t ime constant, arid it 

i s  clear that  the spectrum and the "decay constant" w i l l  change con~ invous ly  un t i l  the lost neutron has 

lef t  the  moderator. 

Two-Group Computertian of the Decay i n  a Finite Beryl l ium Assembly  

Thz elast ic transport c toss  section o f  beryl l ium hiss been computed by B h a n ~ l a r i . ~  Th is  cross section 

i s  shown in Fig. 5.4.1. I t  changes very rapidly wi th energy and reaches i t s  maximum value where the neu- 

tron wavelength i s  just equal to the distance between purul lel planes of Mi l ler 's index (1, 0, 1). Th i s  cor- 

responds to a neutron energy of 6.85 mv and to G veloci ty o f  1.142 x lo5 cm/sec. At th is  energy the trans- 

port cross section i s  uLout 18 barns und changes very l i t t l e  wi th moderator temperature. 

energy the cross section drops stepwise to a value of 5.5 barns. Above 6.85 mv i t  i s  inversely propor- 

t ional  to the square o f  the neutron energy, UD to about 11.6 mv. 

Below th is  

6K. S. Singwi, A r k r i  i:vTik 16, 385 (1959). 

7 U .  C. Ehandari, /. tZ1rici~nr E n e r g y  6, 104 (1957). 
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P E R I O D  ENDING S E P T E M B E R  I ,  1961 

In the energy region around 6.85 mv the inelast ic scattering cross section of  beryl l ium i s  a slowly 

varying function o f  energy, but it i s  strongly temperature dependent; at 300°K it has a value of 0.4 barn, 

and around this temperature i t  i s  proportional to the 7/2 power o f  the absolute tempera tum8f9  

The neutrons with energies just above 6.85 rnv have a very small d i f fusion coeff ic ient .  

have a very small probabil ity of  changing energy, since the scattering i s  almost ent i re ly elast ic.  Hence 

in  o small beryl l ium assembly neutrons o f  this energy ore “trapped” and remain longer than “average” 

neutrons. In  order to compute quant i tat ively the effect of these trapped neutrons, a two-group neutron 

di f fusion model w i l l  be introduced. Group 1 consists of the trapped neutrons; they have a di f fusion 

coeff ic ient  D ,  and a probabil ity p1 of being transferred out of the group. Group 0 consists of those neu- 

trons that are not in  group 1; they have a di f fusion coeff ic ient  D o  and a transfer probabi l i ty  P o .  Both 

groups have the same absorption probabil ity aa. The neutron densities in group 1, a , ,  and i n  group 0, 

no, obey the f o l l ~ w i n g  coupled di f ferent ia l  equations: 

They also 

u1 R 2  + aa + p,  4- - n 1  t pone =- 0, 
at 

(1 )  

The solution o f  Eqs. 1 and 2 shows that the neutron population of  an assembly having buckl ing ~ 3 ’  

- decays according to 

t 
I (3) 

+ -0. 1 + t2 - -  . - n t  n - n , + n Q - n e  

where the constants R’ and n- must be determined from the i n i t i a l  distribution, and where 

( D ,  - D o ) ( P ,  - P o )  
a B2 2 

D1 + D o  
a * - a  + _.._...II.- B 2 +  

2 

If 

P I  >> Po. This inequal i ty may be used to s impl i fy Eg. 4: 
the energy width o f  the trap i s  suff ic ient ly nurrow, it follows from the detailed balance condition that 

... 8K. S. Singwi and L. S. Kothari, Pruc. Intern, C‘onf. Peaceful U s e s  Atomic Energy, 2nd, Geneva,  1958, P/1638. 
9A.  Akhizar and I .  Pomeronchuck, J .  Erp. Theo7ei. Phys. U S S R  17, 769 (1947). 
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Th is  resul t  i s  not surprising: it shows that the asymptotic decay constant i s  either i l i c z  decay constant o f  

the average neutron or the probabil i ty o f  transfer or decay o f  the t rapped neutron, whichever o f  the two i s  

smaller. 

Now we shal l  evaluute ‘x* ,  assuming, somewhat orbitrari ly, that the trap consists of those neutrons 

of energy between 6.85 and 7.40 mv. The absorption probabil i ty i s  energy independent; i t  has been meas- 

ured a s 2  

a, = 288 i 60 sec^‘ l  . (8) 

The  diffusion coeff ic ient  in  the trap i s  

1.142 x lo5 

3 x 0.12 x 18 
- 

- 17600 cm2 5ec-l  , 
‘ 1  

3A’~r,,(l) 
-__ - 

where 

z l 1  - veloci ty corresponding to 6.85 mv 

= 1.142 x l o 5  cm/sec, 

A’ = density of  beryl l ium atoms 

0.12 atorn/cm-barn, 

~ , ~ ( l )  - tronsport stoss section a t  6.85 pnv 

-- 18 barns, 

and 

/3 ,  2 !vuin I 1.112 x lo5 x 0.12 x 0.4 = 5482 sec- l  at 300°K , 

(9 )  

where oin = 0.4 barn at 300°K i s  the inelast ic cross section at 6.85 iiiv. 

The true transfer probabil i ty rriay be somewhat smaller than the probabil i ty of an inelast ic scattering, 

since s o m e  of th is scattering may keep the neutron inside the trap, However, a snicsller trclnsfer Droba- 

b i l i t y  would make the trap effect even more important. For n buckl inq of 0.072 ~ r n - ~ ,  Eqs. 7, 8, 9, and 

10 resul t  in  a+-  7037 s ~ c - ’ .  

For an assembly of 0.072 cmR2 buckling, the “asymptotic” decoy constant measured i s 2  

i x -  85Q0 + 300 sec - l .  If reasonable parameters are used for the “average neutrons,” includir ig a di f fu-  

sion cool ing effect, th is  decay constant corresponds approximately to the value o f  2- defined in Eq. 7. 

Thus th is  two-group inadel shows that the decay of the neutron population in  an assembly o f  0.072 
cm- buckl ing may be approximately represented as 

( t  i n  se t )  . ( 3 a )  

Assuming that i n i t i a l l y  

n ( t )  n + , - - 7 0 3 7 f  ~ n-’ e - 8 5 0 0 f  

The constants n* and n- can be obtained i f  the in i t ia l  d istr ibut ion is  known, 

?he neutrons are i n  a Maxwell ian distr ibution a t  300”K, i t  turns out that ( n  V n - )  2 5 x 

226 



C SEPTEMHBER I ,  1967 

Measurement of the Asymptotic Decay Constant in  a F in i te  Beryll ium Assembly 

It i s  pract ical ly impossibie to measuredirect ly the asymptotic decay constant of a population decaying 

according to  Eq. 3a. It was shown above that i n i t i a l l y  the f i rs t  term o f  the right-hand side of  Eq. 3n i s  

about 5 x times smaller than the second term. It can eas i ly  be computed that these two terms be- 

come equal in magnitude when the neutron population has decayed for about 0.0036 sec. At  that  t ime the 

neutron population i n  the assembly has decayed by Q factor o f  5 x 10’ 
stant,” defined as 

and the instantaneous “decay con- 

1 c3n 
n(t)  = - - , 

at 

i s  s t i l l  more than 10% larger than the asymptotic decay constant. Furthermore, the instantaneous decay 

constant never changes by more than 1% over an e-fold decay o f  the neutron population. This  shows that 

the asymptotic decay constant cannot be measured direct ly unless one has avai lable an extremely highly 

pulsed neutron source and equipment ent i re ly free of  background. 

Furthermore, the neutron population o f  a beryl l ium assembly o f  0.072 cm-*  buckl ing does not rea l ly  

decay according to Eq. 3n, since Eq. 3n was obtained by a s impl i f ied two-energy-group treatment. A more 

rea l is t ic  model would show the decay to be much more complex, f i rs t  because there i s  more than one neu- 

tron trap - in fact, the transport cross section o f  beryll ium has a sharp peak every time the neutron wave- 

length is exact ly equal to the distance between two paral le l  planes o f  a given Mi l le r  index Q S  shown in  

F i g *  5.4.1 - and second, because within each group the decay constant keeps varying with time, s ince the 

cross sections in  each group show sham variations. Nevertheless, it i s  obvious from physical  considera- 

t ions that some neutrons must decay wi th  the constant a’= 7037 sec-’, so that the asymptotic decay con- 

stant i n  the assembly considered must be equal to or smaller than that value. 

Temperature Dependence of the Trap Effect  

It i s  important to note that the trap ef fect  just  described i s  Q very sensi t ive function o f  temperature. 

This  i s  because the inelast ic scattering cross section varies SO rapidly wi th  temperature. For beryl l ium 

above 300°K t he  trap ef fect  is almost ent i re ly negl ig ib le  for a l l  buckl ings o f  pract ical  interest, and the 

usual d i f fusion cool ing calculat ions performed under the incoherent approximation are probably valid. On 
the other hand, a t  a temperature o f  273’K the probabi l i ty  of  scattering out  o f  the 6.85-rnv t rap becomes 

PI = 3948 sec- ’  (insteod of  5482 sec- ’  at 300’K). The decay constant a’ (Eq. 7 )  for a buck l ing o f  

0.054 ~ r n - ~ ,  appropriate to  an 8-in. cube, becomes 5186 sec-’, whereas the experimental ly measured 

value” of a- i s  6400 lt200 s e c - ’ .  Th is  shows that, even in  this larger assembly, ot  the lower tempera- 

ture a true equil ibrium spectrum i s  probably never established. 

Conclusions 

The development presented above demonstrates that the apparent decay constant o f  neutrons di f fusing 

A more in  a small  beryll ium assembly keeps decreasing un t i l  most neutrons have le f t  the assembly. 

’‘E. G. Si lver  and G, deSaursure, Section 5.3 of this  report. 
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real ist ic model, taking into account the variat ion of the transport cross section w i th in  each neutron 

trap, would indicate that the decay constant keeps decreasing un t i l  the very las t  neutron has l e f t  the as- 

sembly and that no true equi librium neutron-energy spectrum i s  ever established. 
- 
I lis “asymptotic decay constant” apparently measured i n  a small assembly i s  actual ly a function of 

the intensity of the pulsed-neutron source available, o f  the l imitat ions imposed by the background condi- 

tions, and o f  the data evaluation scheme. It must a lso  depend somewhat on such things as the energy o f  

the source and the duration o f  the pulses, since these factors determine the rat io of the trapped neutron 

population to the total  number of neutrons i n i t i a l l y  present. I t  does not appear surprising, then, that  as 

the precision of the measurerrients i s  increased, the discrepancy between the “asymptotic decay constants” 

obtained for the same assembly under dif ferent experimental conditions a lso increases. 

Since the determination of the dif fusion cool ing constant and of terms proportional to n6 and n8 
must rely upon the measurement of the asymptotic decay constant of a small assembly, a quanti ty which 

has been shown above to be not measurable, the concept of the dif fusion cool ing constant i s  very queslion- 

able. 

These considerations, since they are l imi ted to small  assemblies, do not greatly affect the measure- 

ments of absorption c r n s s  sections and dif fusion constants by the pulsed-neutron-source method because 

these parameters can be obtained from measurements on large assemblies, in  which a true equil ibr ium en- 

ergy distr ibution can be attained. 

5.5. AN APPLBCATION OF PILE NOISE ANALYSIS TO MEASUREMENTS OF KINETIC 
PARAMETERS OF A POOL-TYPE REACTOR 

M. N. ,41om,’ A. (5010mb,2 and K. M. Henry 

Reactor k inet ic parameters such as neutron generation time, temperature coeff icients, void coeff i-  

cients, etc. can be estimated horn a study of the variat ion wi th frequency of the shape of the reactor trans- 

fer function. To measure th i s  transfer function requires that a reoct iv i ty input signal be injected into the 

system. Th is  i s  not always feasible, especial ly in  a power reactor or a large operation reactor such as the 

Oak Ridge Research Reactor (ORR), because the in ject ion apparatus i s  a bulky and del icate piece of equip- 

ment. 

therefore produce random react iv i ty fluctuntions. These f luctuations can be regarded as react iv i ty input 

signals, which wi II be trciisformed by the reactor transfer characteristics. If the f luctuations i n  neutron 

density are analyzed, the transfer function i s  obtained. The analysis can be carried out by performing a 

Fourier transformation of the neutron density fluctuation. A transformation froin the t ime domain to the fre- 

quency domain y ie lds the spectral density of the neutron density fluctuations. 

However, i t  i s  known that the nuclear processes taking place in  a reactor are of random nature and 

’On loan from Pakistan Atomic  E n e r g y  Commission. 
*Operotions Div is ion.  
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The spectral density o f  random f luctuat ions i s  a constant over the whole frequency range, 50 the 

spectral density of  the neutron level  f luctuat ions w i l l  be a measure o f  the reactor transfer function, Moore3 

has shown that the spectral density o f  the neutron fluctuations i s  direct ly proportional to  the square of the 

amplitude of the transfer function. 

The present  report out l ines the theory upon which an experimental measurement o f  various k inet ic  

parameters w i l l  be based and describes the apparatus which has been developed for the experiments. No 
data have yet been obtained, 

The mathematical model o f  a thermal reactor, wi th some simpl i fy ing assumptions, i s  known. The 

transfer function and the square of  i t s  amplitude can therefore be calculated. By comparing a measured 

spectral density wi th  the calculated square of  the transfer function amplitude, it w i l l  be possible to  de- 

termine the values o f  the parameters used in  the reactor mathematical model. 

The one-group reactor k inet ic  equations are 

where 

n = neutron density, 

K e  = effect ive mult ip l icat ion factor, 

Be = effect ive delayed-neutron fraction, 

4 = prompt-neutron l ifetime, 

hi = delayed-neutron fraction o f  ith group, 

ci =r concentration of  delayed neutrons of ith group. 

We use the notations 

( K e  - l ) / K e  AK/K 
reactivity, p,  = =- 

B P i  

.e* = f//& , 

and assume that (1 )  dif fusion theory applies, (2) space and t ime variables are separable, (3) slowing- 

down t ime i s  small compared to the di f fusion time, and (4) react iv i ty  variation i s  less than O.lf-3. 

react iv i ty variation i s  considered to  be a harmonic function: p ( t )  = p,, e i o f .  

The 

The transfer function, defined as 

Laplace transform of Ap 

Laplace transform of An ' 

3M. N. Moore, Nuclear Sct. and Eng.  3, 387 (19581, 
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can then b e  deduced to bc 

Ko(iw) = io 
6 P ,  

I‘* , E  ~ ...... 

i = i  [<,(io i A ; )  

- 1  

(3) 

The ilurnerical solution o f  Eq.  3 i s  obtained by taking i t s  reciprocal and senorating the real and 

imaginary parts: 

.- can thus be comouted for various values of the angular frequency, (0 ,  aild the 
1 - 

I he quantity 
Ko(ZO’)  

reciprocals of the computed quantities then give the ainplitude o f  the transfer function 1 K o ( i w )  1 .  
I t  can b e  seen from Eg. 4 that different valves of ?,* resul t  i n  different sets of values of 1 K o ( i o )  1 .  

Calculat ions using the values of Keepin, Wiinett, and Zeig1er4 for p i  and Ai have been mode for f ive di f -  

ferent values of I* and the result ing values of lK,,(iw)l are plotted in  Fig. 5.5.1. Since the value of e. for 

the Bulk Shielding Reactor I (BSR-I) has recently been determined to  be about 9 rnset by Perez-Belles et 

Q Z . , ~  the values chosen for the computatiori l i e  around this value. 
..... .- . ......... -. 

4G. R. Keepin, T. F. Wimett, and R. K. Zeigler ,  /. Xucl rur  I:‘ng. 6 ,  1 (1957) .  

5R. Perez-Bel les e t  ai.. Rieiifron Phys.  Ann.  P T U ~ .  R e p . ,  Sapl. I .  1960 ,  ORNL.-3016, p. 12. 

UNCLASSIFIED 
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F ig,  5.5.1. The Square ob the Reactor Transfer  Funct ion  Amplitude as a F u n d i o n  of Frrqerency for Yaiious 

Values of 4.. 
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From the curves o f  Fig.  5.5.1 it i s  evident that an angular frequency range from about 0.6 to  600 
radians per second, equivalent to the frequency range from 0.1 to  100 cycles per second, would be of  in- 

terest in  the present experiments. 

The experimental arrangement for the proposed experiments i s  shown in  Fig. 5.5.2. Sinee it was 

d i f f i cu l t  to obtain a commercially made low-frequency wave analyzer suitable for the present application, 

an analyzer using analog c i rcu i ts  ha5 been constructed and i s  shown in  Fig.  5.5,3. In it the frequency can 

be adjusted by changing the ef fect ive gain of  the two integrators and one amplif ier and adjust ing the po- 

tentiometer p , .  Bond width can be adjusted by the potentiometer p,. A band width of 10% far a voltage 

attenuation of  3 db, corresponding to a Q-value of  10, i s  being used for a l l  frequencies. 

The equipment has been tested for i t s  frequency response over the required range by deeding a 

constant-amplitude signal from a sinusoidal  function generator into the input of the f i rs t  d-c f i l te r  and 

measuring the output o f  the Phi lbr ick  amplif ier. The response i s  constant wi th in  +lo%, as shown in 

Fig. 5.5.4. 
A photograph of  the gamma-ray signal from o Co60 source, as displayed on a cathode-ray osci l loscope 

from the output o f  the Philbrick amplif ier, i s  shown in Fig.  5.5.5. Figure 5.5.6 i s  a simi lar  photograph of 

U N t L L t S S I F l E U  
? - - f ) i -  058-01-655 

L - .  - -1 

Fig. 5.5.2. Experimental Arrangement for Observing Reactor Faeactivity FI uctuations. 

L II C I. A S S  1 F I F D 
2.- G I -  058-01-656 

INTEGRATOR INTEGRATOR PAIJLTIPLIER 
S I G I J A L  

... 

COEFFICIENT COEFFICIENT 
POT EN TI OM FTER P O T ~ N  1 0  M F TC_R 

OUTPUT - 
Fig. 5.5.3. Low-Frequency Wove Analyzer Using 

Analog Carnponents. 

. ... . 
P, = "ld 
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0.4 0.2 0.5 2 5 

FREQUENCY (cps)  

Fig. 5.5.4. Output of the Philbriek Amplifier a s  

10 20 50 100 

0 Function of Frequency. 

Fig. 5.5.5. Gamma-Ray Signal from a Co6' Swuicc. Fiy. 5.5.6. Neutron Signal from PCA Core. 

the neutron signal obtained when the ionization chamber was exposed to  a Pool Cr i t i ca l  Assembly (PCA)  

core. 

The lost cal ibrat ion necessary before the equipment can be used to  measure the reactor noise spectral 

density i s  now in  progress. 'The cal ibrat ion i s  based on the pr inciple that the spectral density o f  the ran- 

dom f luctuation i n  the decay of a radioisotope i s  constant with respect to  frequency, and therefore the onal- 

ys i s  of such fluctuations w i l l  y i e ld  the frequency response of the instrumentation. The cal ibrat ion i s  being 

made with the PCP chamber located close to a 300-curie Co6' source * 15 f t  below hie surface of the Bulk 
Shielding Fac i l i t y  pool. 

In order to determine on odvaniogeous location for the ionization chamber, a series of flux rneasure- 

ments were made with gold fo i l s  at the BSR-I. The data show that u location against the raoctor face w i l l  

be adequate, the f lux a t  t h i s  location being only 20% lower than that a t  the center of the reactor core. 
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The progress to date indicates that the newtron population fluctuations wi th in  a pool-type reactor 

operating at low powers can be detected and suf f ic ient ly  ampl i f ied to make Q frequency analysis possible, 

D i f f i cu l t ies  have been encountered in the reduction sf spuri0us noise but can be overcome by careful 

grounding and matching of impedances. 

The f i rs t  series of measurements to be made w i l l  be that of .e* for comparison with the resul ts of 

~ e r e z - ~ e i l e s  et ala5 Measurements of the rnuItipIication factor of a subcr i t ical  reactor, void coefficients, 

and temperature coeff ic ients are proposed for future work, 

. . 

... 
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NkOCAL POTENTIAL MODEL F R T H E  SCATTERiNG QF NEUTRONS Ck El 

F. G. J. Perey and 5. Buck 

The empirical (local) optical model potentials introduced to describe the to ta l  and dif ferential cross 

sections for the scattering o f  nucleons by nuclei have been found t o  have strengths which vary with bom- 

barding energy. Th is  i s  to be expected since current theories o f  the propagation of nucleons through nu- 

clear matter lead to such energy-dependent effect ive potentials. l The energy dependence i n  general arises 

in two ways, part ly because the effect ive interaction i s  nonlocal and part ly because of can in t r ins ic  energy 

dependence. 

It i s  the purpose of the present work to study the consequences o f  using a nonlocal optical potential 

and t o  see how far the energy dependence of the phenomenological local potentials previously used can 

be accounted for purely i n  terms of the nanlocality. 

In  a coordinate representation, a nonlocal potential operating on a wave-function has the form: 

We are now faced wi th  an integrodifferential Schrodinger equation which we solve exactly by nwmerical 

integration and iteration. 

On physical grounds it i s  necessary that the kernel function V(r, r’) be symmetric,2 i.e., 

V ( r ,  r’) = V(r’, r) . ( 2) 

T o  fac i l i ta te  the numerical calculat ions a separable form was chosen for the nonlocal kernel function: 

Such a form ha5 been suggested before, but only used i n  the “effect ive mass” a p p r o x i ~ n a t i o n , ~ ~ ~ ~ ’  

which consists o f  taking only the f i rs t  nonvanishing term of the expansion o f  V i n  powers o f  ( k p )  where /r: 
i s  the range of the nonlocal i ty and k i s  the wave-number of the nucleon. Since the empir ical ly determined 

p i s  of order 1 fermi, (k /3)  i s  small only for very low energies, thus throwing doubt on the accuracy o f  the 

effect ive mass approximation. 

way i n  tha t  it gives r i se  to real potential contributions which are peaked i n  the region of the nucleor sur- 

face., These contributions mcry be spuriows in the sense that the higher terms i n  the expansion of V greatly 

redwce their effects. Hence it i s  o f  interest to solve the problem in  i t s  original integrudifferential form. 

In  addition, the effect ive mas5 approximation may be misleading in another 

’H. Feshbuch, Ann. Rev. N u c l p a r  Sci. 8,  49 (1358), T h e  reader is referred to  th is  review art ic le for an extensive 

k. E. Brown ond C. T. Dominicis, Pror‘ phys. Soc. (London) A71, 70 (1958). 

3W. E. Frahn and R. H. Lemmer, Nuvuo czmento 5, 523 (1564) (1957). 

4R. H. L e m m e r  and A. E. S. Green, Phys .  Rev .  119, 1043 (1950). 
5P. J. Wycttt, J. G. W i l l s ,  und A. E. 5. Green, Phys.  Rev. 119, 1031 (1960). 

bibliography on the optical model. 
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In  the course o f  the present work o different typc of approximation was discovered. It was or ig ina l ly  

developed o s  a guide t o  the choice of  suitable nonlocal parameters for use i n  the exact cnlculotions; but 

we found that th is  approximation gave resul ts  very close to those of thc accurate treatment. Since the ap- 

proximation essential ly reduces the problem to a local calculat ion of the usual type, i t  can he  used in 

conjunction wi th  ex is t ing opt ical  model machine codcs t o  g ive  a good imitat ion o f  accurate nonlocal cal- 

culations. 

The Nonlocal Model 

The integrodifferential Schrddinger equation i s  

In th is  equation we include a local  spin-orbit potential. The problem was actual ly coded ta  also in- 

clude the Coulomb potential due to  a charged sphere o f  radius K : T ~ A ’ ’ ~ ,  but since the Coulomb po- 

tent ia l  vanishes for neutrons, we drop th i s  term from the equations o f  t h i s  atticle. 

It i s  cissumed that the kernel V(r ,  r’) i s  separable and can be writ ten i n  the form 

Hence V(r ,  r’) depends o i l  the variables r ,  r’and cos x ,  where y i s  the angle between the vectors r and r’. 

I / ( l r  - r’l)  was chosen t o  be a Gaussian function: 

which i s  normalized so that 

$ H ( l r  - r’ l )  d r ’ =  1 . 
We define 

1 
2 

p z - - /  r + r’l . 

(7) 

The form chosen for U ( p )  i n  E l .  5 i s  similar to those ernplnyed in local  opt ical  model calculations: 

where 
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-. 

and 

l S ( p )  i s  the Saxon-Woods form factor whi le /,(p) gives a surface absorption term o f  the Saxon derivative 

type. Note that the variable i s  p = /2 Ir + r’ l  and not I ,  as i n  local  calculations. 1 

The spin-orbit function i n  E l .  4 i s  

where M = nucleon mass. 

An expansion of $(r), $(r’), and V(r,  r’) i n  part ia l  waves and substi tut ion i n  Eq. 4 resul ts in  part ial  

wave equations which were solved exact ly to g ive  the scattering phase shi f ts and hence the theoretical 

nuclear cross section. 

Our f i rs t  use of the nonlocal model was t o  investigate i t s  relat ion to the usual type of local  optical 

potential. We wished t o  determine whether it was possible to  reproduce the predict ions of the nonlocal 

model by using the local  calculat ions. In  particular, i t  was necessary to  examine whether the use of a 

constant set of nonlocal parameters for different neutron energies would imply the observed type of en- 

ergy variat ion for the equivalent local  parameters, 

It was found i n  every case that there i s  an energy-dependent local  opt ical  potential capable of giv ing 

a nearly perfect f i t to the nonlocal results. I f  the nonlocal and the equivalent local  resul ts are plotted 

out, the curves are indi st ingvishable over the whole angular range. 

This success made it plausible  that the resul ts predicted by the nonlocal model could always be re- 

produced by using an equivalent local opt ical  model. 

hope to  give a good account of experimental resul ts over a wide energy range w i th  a single f i xed  set of 

optical parameters. 

Furthermore, it was already evident that  one could 

We now developed a simple approximate formula relat ing the parameters defining the nonlocal model 

and the energy-dependent parameters of the purely loco1 model which reproduced the nonlocal results. 

Th is  relat ionship can be writ ten as 

On the basis of  Eq. 13 and using the experience gained in the preliminary work nofed above, w e  then 

determined a set of  nonlocal parameters required to  f i t  the experimental data avai lable for PbZo8 a t  7 and 

14.5 MeV. These parameters are given i n  Table 6.1.18 and for convenience are designed CIS Set A. 
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Table  4.1.1. Nonlocal Op:ical Potent ia l  Parameters Obta ined  

by Fitl'iny the Experimental Differential  Cross Section 

for Lead  at 7 and 14.5 M e V :  5ct h 
~ 

Parameter Value 
-~ - ___ 

C'R' 71 Mev 

1.22 fermi *O 
(I 0.65 fermi 

15 Mev n 
0.47 fermi 

1300 Mev 
L'so 

i 0.85 fermi 

Nonlocal calculat ions ver i f ied that Set A gave a good accouni of the data on lead at  7 o i i l  14.5 M e V .  

In As a further check w e  t r ied the  cffects of varying each of these parameters around the values quoted. 

each case fhe results were def in i te ly  worse than for Set A except for the spin-orbit depth Lrs,, which 

could be varied over an appreciable range without much affect ing the nonlocal predictions. We emphasize 

that Set A was decided upon ent i re ly by  f i t t ing the lead data at  7 arid 1.13 Mev. N o  attempt had been 

made at th is  stage to  get detai lcd nonlocal f i t s  for data on other elements or a t  other energies; i n  fact, 

s u c h  atteiiipts turned out t o  be unnecessary. 

We now regarded Set A as our def in i te nonlocal imodel and performed the nonlocal calculat ions for a 

wide range of elements at  4.1, 7, 14-5, and 24 MeV. The results, together w i th  the experimental data, are 

presented in  Figs. 6.1.1 and 6.1.2. l r i  the 4,l-Mev data of Fig. 6.1.1, the dashed curves are the direct  

predictions of  the nonlocal model, while the corresponding sol id curves are resul ts  which include theo- 

ret ical  corrections for compound e last ic  scattering. The cr i ter ion for applying such corrections and the 

detai ls of the method of including compound elast ic effects are described later. 

It w i l l  be observed h u t  the agreerrxnt i s  fair between the theoretical and experimental d i f ferent ia l  

Indeed, some o f  the nonlocal tilodel predictions are remarkably cross sections over th is energy range. 

good. 

and reaction cross sections. Theoretical values for these were ,  o f  course, obtained a s  a by-producl o f  

the calculat ions described above. 

It was now o f  interest  to examine whether the model gave on equally good account of  the total  

Total and Reaction Cross Sec$ions 

In Fig. 6.1.3 we g ive  the theoretical total cross sections, plotted aqainst A " 3 ,  together w i th  the 

avoi lnblc experimental data. 

ergics. The curves fol low the average trend o f  the data c losely  except, possibly, a t  the very highest 

mass numbers. 

Th- agreement between theory and experiment i s  fa i r ly  good at a l l  four en- 

The reaction or total  nonelastic cross-section theorei ical curves and cxpe:irnental data are plotted in 

Fig. 6.1.4, also as functions o f  A"3. The data i s  somewhat sparse, but the cornparisan revca ls  some 
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f i g ,  6.1.1. Comparison of Predictions of the Energy-Independent Manlocal Optical  Potent ial  Model Calculat ions 
with Experimental Values of the Dif ferent ial  E las t ic  Scattering Gross Sections for 4.1- and L M e x  Melstmns Incident 

on V Q ~ ~ U S  Elements, Some of the shape-elastic di f ferent ial  C T O S S  sections (dashed curves) h a v e  been corrected for 

compound elast ic  contribwtians in the manner described i n  the text to arrive at the so l id  curves. Parameter Set A. 
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very interesting featwres. The theory fol lows experiment c losely at 7, 14, and 24 Mev with several minor 

discrepancies. However, i n  the 4-Mev data there are a number of marked deviat ions from the thearetical 

curve. In particular, large discrepancies are found a t  mass numbers corresponding to Pb, Zr, Fe, Ti, and 

AI. It may be recal led that lend and zirconium are closed-shell nuclei,  so we have here n strong indica- 

t ion of shell effects, For elements l ighter than copper, the energy 4 Mev i s  i n  a transit ion region for the 

appearance of disagreement between theoretical and experimental nonelastic cross sections. This wil l  

be i l lustrated i n  more detai l  later. 

Reference to the angular distr ibut ion curves at 4 Mev i n  Fig. 6.1.1 shows that the direct  predict ions 

(dashed curves) o f  the model for the nuclei  mentioned above are Q I S O  i n  disagreement wi th experiment. 
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This correlation i s  suggestive. Mort precisely, the above facts i n  conjunction w i th  the  observation that 

the total cross sec t i ons  a t  4 Mev are i n  good agreement, indicate that the discrepancies arise from the 

prpsencc of a considerable amount of compound elast ic scottering. Moreover, +he consistency of the re- 

sults provides us with a relat ively unambiguous method of correcting for compound elast ic effects. 
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.... 

The to ta l  cross section or, the shape e las t i c  cross section us. and the reaction cross section 0;7, 

as predicted by  the model, are related by 

In our model, o - ~  arises mainly from the presence of the imaginary potential W D ,  and it includes the cross 

section, 

sorption. Hence, uR i s  the sum of GC 

, for the cornpound elast ic scattering, which i n  the model i s  treated a s  part of the total ab- 
.,* 

and t h e  true reaction or nonelastic cross section uNeE.: ,. ,* 

The experimentally measured quantity i s  o ~ . ~ . .  The cross sections 

perimentally distinguishable, so that the observed elast ic cross section cIzId i s  

and uc.e. are not as yet ex- 

and the observed di f ferent ia l  cross section i s  

Hence, i n  terms of observed quuntities, cT i s  

(18) 

O.T.E.  + O R  

- 
- (us. e* + Oc;. E") + ( O R  - '7c. E.) 

- 
L1,P'- cN.E. ' 

The last  step follows from Eqs. 15 and 16. Since we know that the observed total cross sections, gTI  

are reproduced very c losely by the fixed parameter model, it i s  highly plausible that we can determine the 

total  compound elast ic scattering merely by subt r i c t ing  the observed nonelastic cross section, gN. E., 

from the theoretical ly predicted quantity C J ~ ,  From Eq. 15, 

Having derived the compound elast ic cross section from the nonelastic data, we can use it t o  correct the 

nonlocal model predict ions for the elast ic scattering (see Eq. 17). A sl ight  d i f f i cu l ty  remains because we 

do not know the angular distr ibut ion of the compound e las t i c  Scattering. We assume that the compound 

elast ic angular distr ibut ion i s  isotropic, g iv ing 

... ci 
A c t u ~ l l y ,  a s l ight  peaking at forward and backward angles, which i s  the most probable shape for the 

angular distribution, would no t  make much difference to the results. Making the corrections to the 4-Mev 

245 



N E U T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  ...... -I_- ..... 

predictions resulted in  the sol id curves of Fig. 6.1.1 for the nuclei nientioned earlier. Note that these 

compound e last ic  corrections were applied only  when there was a marked discrepancy between the theo- 

ret ical  reaction cross section and the nceasurcd nonelastic cross section. Observe, also, tha t  the largest 

deviat ions occur for closed-shel l  nuclei, which have a lowier level  density and hence fewer possible com- 

pound reaction channels than neighboring nuclei ot a 4-Mev bombarding energy. 

Since we fe l t  that  we had a re l iab le model, we were encouraged t o  extend the calculat ions t o  energies 

below 4 MeV. 

Low- Energy Heartroe% Srattcri ng 

Parameter Set A was then used to calculate cross sections a t  3.7, 2.5, 2.1, 0.98, and 0.38 Mev. These 

energies werr chosen since there were data available. 

section was correct and then added t o  the predicted di f ferent ia l  cross sections the amount of compound 

e last ic  scattering indicated by the discrepancy between the reaction cross  sections. 

gave a reasonable account of the observations. 

For each element we ver i f ied that the total  cross 

Again, the resul ts  

It was noted previously thiit the neutron scattering from l ightcr  elements showed s0me compound elas- 

t i c  contamination at 4 Mev, even away from the closed shells, This becomes more pronounced o t  lower 

energies, ref lect ing the lower level  densit ies of l ighter nriclei at bombarding energies up to  and beyond 

4 Mev. 

coitlpound e last ic  effects, 

This bears out an ear l ier  remark that 4 Mev i s  a transit ion region energy for the appearance o f  

bow- Eneqy Pol  ari zotisn s 

We have a lso applied the model defined by parameter Set A to thc study o f  neutron polarization. 

wel l  known that the ordinary opt ica l  model has hi therto had l i t t l e  success in  accounting for these darn. 

Our study was feasible because the model had provided a good way of  correcting for compound elast ic 

contarn inat i  on 5. 

It i s  

In  an obvious notolion, the observed elast ic polarization P E L ( @ )  a t  each angle C Q ~  be representd  by  

c 1. 

The nonlocal model calculat ions predict what may he ca l led the shape-elastic polarization P s a E . ( U )  which 

i s  represented by 

Hence the observed and shape-elastic polarizations should be related as follows: 
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We see that, i n  general, the observed polarization i s  less than the pure shape-elastic polar izot iona6 

The neutron polarizations a t  2.1, 0.98, and 0.38 Mev have been measured ut three scattering angles, 

5Q0 or 559 90°, and 125" or 130", for many elements. These resul ts are plotted in  Fig. 6.1.5 as functions 

of the mass number A ,  along with the shape-elastic predict ions of the calculation.' It i s  seen that the 

observed polarizations show marked f luctuations and that such f luctuations are also indicated by the 

model curves. However, the theoretical polarization f luctuations at 2,l and 0.98 Mev have, i n  general, 

larger amplitudes than the observed f luctuations since they are as yet uncorrected by the use of Eq, 23. 
We also include in Fig. 6.1.5 the theoret ical ly corrected mode! resul ts for several mass numbers, 

These correspond to nuclei for which we had reaction cross-section data so that we could derive informa- 

t ion about C J ~ . ~ . ( B ) .  We see that some of the points which can be corrected in  th is  way are considerably 

reduced relat ive to the direct shape-elastic predict ions and are now i n  better agreement wi th experiment. 

It seems possible that, i f  the model curves could be completely corrected, the theory would g ive  approxi- 

mately the type o f  curve indicated by experiment, wi th a few exceptions. 

The compound-elastic corrections to the theoretical polarizations, which are required by Eq. 23, are 

strongly dependent on mass number and angle of observation. The reason for th is  i s  that the compound 

elast ic cross-section contr ibutions are only appreciable at the minima o f  the shape-elastic angular d i s -  

tributions. Since for most nuclei  a t  2.1 and 0.98 Mev the shape-elastic cross section i s  pecrked forward, 

the re lat ive contr ibution o f  compound elast ic scattering i s  negl ig ib le a t  50". Hence l i t t l e  correction i s  

required for th is  angle of observation. 

Th is  i s  true of the 0.38-Mev data at bath 50Oand 90'. However, a t  130q for masses i n  the range 

A = 100 to 130, relat ively large corrections would be required, since the 0.38-Mev shape-elastic angular 

distr ibutions for these nuclei  have o minimum near 130". However, we have no reaction cross-section 

data at 0.38 Mev t o  enable us t o  apply these corrections. 

The agreement between experimental polarizations and the compound corrected theory i s  fair, con- 

sidering that no attempt has been made to  force a f i t  to  the data and that the original parameters of Set A 
have been used unchanged. It i s  almost certain that the agreement would be improved i f  we sl ight ly ad- 

justed the spin-orbit depth c i s o .  Slight changes i n  U s 0  would not greatly affect any of the other results. 

The S-Wove Strength F u n c t i ~ n  

Our f inal appl icat ion of  the f i xed  model was to  calculate the strength function F:/D and the scatter- 

ing length R ' fo r  5-wave neutrons (see reference 1 for details). These calculat ions were done at 1 kev 

and the results normalized to 1 ev. The function I':/D i s  given in Fig. 6.1.5 CIS a function o f  the mass 

number, A. Also included are the experimental datm8 

%. Fsshbach, proc. Intern. Con/. on the Nuclear optical Model, Florida Stnte ( h i v e r s i f y ,  Tol lahnssee (1959). 

'The polarization data at 0.38 and 0.98 Mev i s  from J. D. Clement, F. Boreli, S. E. Darden, W, Woeberli, and 
ti. R. Striebel, Nzrclea~ phys.  6 ,  177 (1958). The polarization data at 2.1 Mev i s  from L, Cranbcrg (unpublished). 
See ['TOG Intern. Symposium on Polarization Phenomena of Muclcons, Easel (1960), published in H e i v e t i c a  Phys ica  
Acta, Supl. 6 (1961). 

'The  compilation o f  t h e  S-wove strength functions and t h e  scattering lengths R'are due to H. W. Newson and 
J. ti. Gibbons i n  Past Neutron P h y s i c s .  Vol .  11, Scc. V.[-.,  Interscience, N e w  York (to be published). 

.. _.... . 
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Fig.  6.1.5. Comparison of t h e  Shoya  EBostic Polar izat ion Pred ic t ions  of t h e  NonloroB. C3ptical Potent ia l  Model 

The  so l id  points at  2.1 Mev are  the shape-elastic with experimentally Measured Data o: 0.38, 0.98, isrid 2.1 Mev, 

polarizations corrected for c o m p o u n d  elast ic  scattering. 

We see that the nonlocal predict ions are not very different from the loca l  optical model results. The 

experimental values of k? 'are reproduced approximutely by  the model; but there are the usual discrepancies 

i n  the strength function. 

as would seem t o  be required b y  experiment. 

In  particular, the theoretical curve does not  reach very low values near A = 109, 

Some of the experinicntal strength functions in the region of A 7 100 were obtained by analysis of G V ~ P  

age cross-section shapes. T h i s  analysis has been shown9 to  be subject to large errors because o f  the 

neglect of P-wrive ef fects ,  which are qui te  large in t h i s  rcgion. 'The general effect of the suggested cor- 

rections i s  that  the experimental points should be appreciably higher a t  these mass numbers, i.e., they 

should be ii-r better agreement wi th  theory. 

The model  predicts on ly  G s iag le  peak i n  the strength function curve i n  the v i c in i t y  o f  A = 160. Ex- 

perimentally, there appears t o  be a double peak i n  th is  mass region and it has been accounted for by 

Chase, Wilets, and ESij1oi-rds, l o  i n  terms of nonsphericol distort ions o f  these nuclei. Our calcula:ion 

does not yet incl i idc the effects of  nUCleQr deformation. 

____ ~ ~_ 
'P. D. Miller,  J. 11. Gibbons ,  and R. L. Macklin, Bull. Am. Phys .  S O ~ .  IZ 5, 18 (1960)- 

'OD. M. Chase ,  L. Wilets, cind A, R. Edrnonds; phys .  Rev. 110, 1080 (1358). 
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Fig. 6.1.6. Comparison of Predictions of  the Nonloca! Optical Potential Model with Experimental Measurernerrts 
of the S-Wave Strength Function. 

Summary and Discussion 

We have shown that  the simple nonlocal optical potential model i s  able t o  g ive a unif ied account o f  a 

variety of experimental data on neutron scattering at energies up to 24 M e V .  The nuclei considered range 

from aluminum to lead. However, it i s  fa i r ly  certain that a t  energies above 50 Mev a volume absorption 

term would be reqwired, 

The most successful attempt at  f i t t ing the neutron experimental data between 4.1 Mev and 14.5 Mev 

wi th  il local optical potential i s  the work of  Biorklund and Fernbach. " We have purposely, i n  t h i s  energy 

"F. Bjorklund and S. Fernbach, Phys .  Reo. 109, 1295 (1958). 
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range, selected the same Elements i n  order that the compaiison between the two models could be  COSily 

made. The f ixed nonlocal model g ives as good a f i t  to t h e  data as the energy-dependent loca l  modcl. 

Comparison wi th  the work o f  Wyatt, Wills, and Green' can a lso  readi ly be made, and the marked improvc- 

ment of  the fu l l  nonlocal calculat ion over their  e f fect ive mass treatment i s  easi ly   see^. 

It i s  stressed that the parameters of Set A are probably not optlmum values, since they were Fixed by  

considering only two medium-energy angular distr ibutions ( l e d  ut  7 Mev and 14.5 Mev) and without look- 

ing at  polarization results. It would be di f f icu l t  to  determine the porameters from the low-energy experi- 

ments because of  the complications introduced by compound e last ic  scattering. Hence, it seems neces- 

sary t o  f i x  the model from the medium- or high-energy results where cornpound scattering i s  re la t ive ly  

unimportant. We have 5cen that  when the pornmeters can be f ixed o t  higher energies, the d i rect  extension 

of the model to  low energics enables one to  make adequate Corrections for compound elast ic scattering, 

but only when measured toto! nonelastic cross sections are available. 

Even with the calculat ion i n  i t s  present form, we can confidently p ied ic t  d i f ferent ia l  and total cross 

sections for a large nilanher of elernsnts at energies up to  30 MeV. At energies below about 5 Mcv it i s  

necessary t o  know only the experimental value of the nonelastic cross section so +hot suitable compound 

e last ic  corrections can be estimated and applied. 

Work i s  now i n  progress io use the model i n  a study o f  the e last ic  scattering and polarization o f  pro- 

tons, for which there i s  a vast amount of experimental data. 

to the scattering o f  deuterons, He3  nuclei, and alphG particles. l 2  

It w i l l  a lso  be  of interest to  apply the model 

12We acknowledge many helpful discussions with Dr, G. R. Satchler. 

ATlC PARAMETER SEARCH CODE FOR UCLEAR REACTlQEd CALCULATIQNS 

F. G. J. Perey and B. S u c k  

The investigation of the applicabi l i ty o f  any phenomenological model of  a nuclear reaction depends t o  

a large degree on the abi l i ty  t o  find that region of parameter space which wil l  give ;he best ngmemcnt wi th  

expcrimentol data. A s  models become mare complex or are extended t o  cover a wider rarige of experimental 

dato, the number o f  parameters tends t o  increase and a systematic investigation o f  the parameter space be 

comes impracticable. It was found necessrriy i n  connection w i th  several calculat ions reported e l sewhce"2  

t o  develop a flexible, automatic parameter search code which would vary the parameters unt i l  the minimum 

deviat ion of  the experimental points from thc theoretical predictions was obtained. 

t h i s  report to  g ive the essential deta i ls  of  the code progrninrnrcl for the IBM-7090 computes. 

It i s  the purpose o f  

'F. G. J. Perey and B. Buck, Section 6.1, this report. 

25. Buck, Section 6.3, this report. 
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Method Used 

The calculat ions for which the search code was designed predict some of the fo l lowing quantities: 

(Je1(8), the elast ic dif ferential cross section; 

oj,(6), the inelast ic dif ferential cross section; 

P(O) ,  the polarization; and 

mT and rR, the total  reaction cross sections. 

The program i s  writ ten so that up to 15 parameters may be varied simultaneously t o  adjust any com- 

bination of these quanti t ies to agree, in the least-squares sense, wi th the  experimental data. 

For exposit ional simplicity, l e t  us ca l l  A i  the theoretical quantity and B j  the corresponding experi- 

mental quantity which has a probable error of A D i .  L e t  there be M such points to be compared t o  the data 

and N parameters to  be varied by the program. The A i ' s  are functions of the N parameters Y,, which must 

be varied unt i l  the quantity 

i s  a minimum. 

At a central guess x C  = ( x ; ,  x;, . . . , x:) l e t  the A i ' s  be denoted by  A:. We would l i ke  t o  proceed to 

a new central guess xc 4- 6x so that we have .... 

I f  we l e t  A i  = A: + & A i ,  we have 

But 

to f i r s t  order i n  the 6x's. The fol lowing equation results: 
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T h i s  i s  the so-called normal equation for the parameter x , ,  We have it’ such normal equations which 

must be solved for the sh i f t  vector 6 x  - ( b y , ,  C A ~ ,  . . . , hw,) .  One can then proceed t o  the new central 

guess and repeat the procedure unt i l  the value obtained for 1‘ i s  stationary. No d i f f icu l ty  i s  encountered 

i n  using th i s  mnthod exccpt when at least one of the parameters varies by  more than 10%; Eq. 2 then be- 

comes inaccurate owing to  the fact that  only first-nrdrr terms are kept, and the new central guess pre- 

dicted i s  not much better than the or ig inal  one. In those cases the method i s  modified to  make calcula- 

t ions at two “points” along the predicted shi f t  direct ion where x 2  i s  computed. Then a second degree 

polynomial i n  z i s  computed and the n r w  central guess i s  taken at  the minimum of tha polynomial. 

Method of Tcjbirag Derivatives for the Normal Equations 

Before the normal equations are formed, the derivatives o f  the calculated quanti t ies A i  are required 

at each central guess. The normal procedure which i s  used w i th  the strong coupling code2 i s  to  calculate 

the ,ZF’s f i rst  at the central guess and then vary, one at a time, the parameters by 1% and use a i l i fference 

formula to obtain the derivatives. 

In  the opt ical  model calculations,’ i t  i s  possible, however, to obtain iiiore accurate f i rs t  derivatives 

by an analyt ical method a t  the same time as the calculat ion of  A i  at  each central guess. Such a method 

i s  much faster, part icularly in the case of  the nonlocal calculation. 

Since a l l  the z’ti’s are only functions o f  the S-l-ilatrix elements, it i s  only necessary t o  c i j lculate the 

For simplicity, the derivation w i l l  be given for a derivatives o f  the S’s  w i th  respect to  the parameters. 

local  opt ical  potential calculat ion without spin-orbit term. We want t o  compute the derivative of  an S- 

matrix element wi th  respect to  a parameter p.  The radial  d i f ferent ia l  equation t o  be solved i s  

lfC = Coulomb potential due to  a charged sphere, 

V ,  - complex opt ical  potential. 

Equation 4 is solvcd, starting with soiiie arbitrary value for the slope at T - 0, and u i s  taken out t o  some 

radius I< where the nuclear potential i s  negligible. 

and irtegular Coulomb functions to  y ie ld  the Y-matrix elements; the detai ls of the inethod are explained i n  

Kef. 3. 

The u’s  are then matched to  the appropriate regular 

We hove then 

35. B u c k ,  R. N. Maddisnn, and P. E. Hodgson, Phzf, Mag. 5, 1181 (1960). 
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where 

A z  = normalization constant, which i s ,  among other things, a function of the parameter p ,  

H I - )  = converging spherical wave, 

H j f )  = diverging spherical wave. 

In a simpl i f ied nototion, Eq. 4 becomes 

from which we obtain, by  dif ferentiat ion w i th  respect to p ,  

Combining Eqs. 6 and 7, 

B y  integrating Eq. 8 with respect t o  T from zero t o  R (the matching radius) and making use o f  Green’s 

theorem on the left-hand side, we have 

a u  du 

.,......... 

Substituting for u the expression given by Eq. 5, we have 

For the application t o  a nonlocal opt ical  potential calculat ion we shal l  g i v  only th 
the radial integrodifferential equation to  be solved i s  written i n  the fo l lowing notation: 

fir 

(9) 

(10) 

I result. I f  

we then have 

The above resul t  may not be new, but to  our knowledge it has never been published. 

The use of Eq. 11 in the nonloccal search code speeds the calculat ion by a factor of 10. 
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6.3. THE C.4LCULATlON OF INELASTIC SCATTERING CROSS SECTIONS 

8. Buck 

It has become evident in recent years that many inelast ic scattering processes cannot be explained 

satisfactori ly on the basis of the comDound nucleus theory. 

velop ai7 alternative theory for inelast ic scattering o f  nuclear part icles which leclve the  target nucleus in  a 

low excited state, since the observed cross sections for such reactions are much larger than those pre- 

dicted by the compound nucleus hypothesis. 

peaking which i s  expl icable only by a radical ly dif ferent type of treatment. 

In particular, i t  has been necessary to de- 

In additinn, the angular distr ibutions exhibi t  marked forword 

The fundamental idea behind the direct interaction theories i s  that d ie  incident part ic le interacts 

The inost SIJC- 

In th is  

only with a single part ic le o f  the target or wi th some type of col lect ive mode o f  the target. 

cessful formalism based on t h i s  hyDothesis i s  the Distorted Wave Born Approximation (UWUA). 

theory, the residual interaction o f  the incident part ic le wi th the target, after the elast ic scattering inter- 

act ion has been subtracted out, i s  treated as a perturbation. The zeroth-order functions for the first-order 

reaction matrix element are thus the elast ic scattering wave functions, and i t  i s  assumed that the residual 

interaction does not seriously affect the calculat ion of i l i e  elast ic scattering. 

theory arc br ief ly summarized in  the fo l lowing formulas: 

The calculat ions of th is  

where r denotes the coordinates o f  the incident part icle, f signi f ies the coordinates of  the target particles, 

and si/, are the in i t ia l  and f inal nuclear states, and x,(+) and xi-) are the i n i t i a l  and f inal  e last ic scat- 

ter ing wave functions (distorted waves) o f  the scattered part icle. The quantity i ( r , ( )  gives the sDatiol 

form of the residual interaction and \To i s  i t s  strength. 

without l im i t  as the square of the interoction strength, and thus the theory i s  only va l id  i f  \', i s  small. 

:'rom Eq. 1 wc see that the cross section increases 

The theory sketched out above gives a remarAably good uni f ied account of many inelust ic reactions. 

But in  some processes, the interaction strength i s  not sma l l  and the above treatment breaks down. Hence 

we must develop a more real ist ic type o f  calculat ion. 

The Strong-Coupling Theory 

t Most even-even nuclei  have a f i rs t  excited stote o f  spin-parity 2 and often t h i s  i s  strongly excited by 

nucleons or other part icles {d ,  lie3, o r  alpha part icles). 

excitat ion o f  the 2 A  state at 4-4 Mev i n  C12 i s  very large. 

to investigate the strong coupling of twu nuclear levels, specif ical ly, o ground state 0' and 12 f i r s t  exci ted 

state 2'. Hcnce elast ic and inelastic crass sections are calculated simultaneously. I t  i s  important to  note 

thcrt vhen the coupling i s  strong, the presence o f  inelnst ic scatterinq reacts aopreziably on the elast ic 

cross sections, 

In particular, the inelast ic cross section for the 

It was decided to  construct a p i lo t  calculation 
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..... .. . 

The Schroedinger equation for the system i s :  

[r + v(r,E)l +(r,5) = E th(.,t) , 

where T i s  the kinetic-energy operator, V(r,[) i s  the total interaction energy, $(r,E) i s  the complete wave 

function for the incident par t ic le  and the target, and E i s  the energy of the system. +(r,f) i s  expanded in  

eigemstates o f  to ta l  angular momentum: 

S(r,st) -= 2: a ] M  q r k )  0 ( 4) 
I M  

We assume that +"(r,[) can be adequately described by the superposition of the e last ic  and ine last ic  

states as follows: 

where 

(6) s J " ( $ ~ ~ )  = CgkAtz Z X A  Y~ ( r ) I  ( / f ( t ) .  r z  
h 

The functions I:, ( r )  are the radial  wave functions of part ic les scattered from nuclear states wi th spin I ,  

part ial wave I, and total angular momentum J. The functions 0;: ( r , t )  represent the nuclear wave functions 
A 

- vector coupled to  the angular part of the incident-part ic le wave functions. We neglect the spin of the inc i -  

dent particle. Other reaction channels, and hence the rest o f  the to ta l  wave function, are taken into QC- 

count only in  a general way v ia  the introduction o f  complex opt ical  potentials. 

Insertion of  the angular momentum eigenfunctions i n  the Schroedinger equation y ie lds the fol lowing 

set o f  coupled di f ferent ia l  equations for the radial  functions ( T )  : 

where 

and e ' = t? - E ,  where E i s  the energy of the exci ted state. 

For these nuc le i  of  ground state spin zero, J 7 1 always, where 1 = orbital angular momentum in  the 

entrance channel. In Eq. 7, 1' = I ,  I k 2. Equation 8 represents three equations corresponding to I' = I ,  
I 52; and the sum in  Eq. 8 also goes over 1" = I ,  I t2. We assume that only the scalar and quadrupole 

parts of  the interaction are effective, and th is  leads immediately to the above restr ict ions on the I values. 
,. -. 
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For portrol waves / - 0, 1, some of tliese equations and Darts o f  the sum drop out because of angular mo- 

mcntiim coupling coissideratiotts. 

Before the coupled equations 7 arrJ 8 can be solved, it i s  necessary to evaluate the matrix elements 

\f;*/ # : / / ( r )  of the interaction potential. \Me have 

- 
I he interaction i s  writ ten os a sum uf products o f  rnultipole tensor operators: 

Ey using the def in i t ion of Eq. 6, we can easi ly evaluate Eq. 10 to give a calculable formula for the 

potenti a1 rnatri x elements: 

where we h o w  assumed that Q ~ 2 (quadrupole interaction). The matrix elements of the scalar component 

(Q . 0) are the usual (complex) opt ical  potentials employed in  e las t i c  scattering work. 'These are taken to 

be a real Saxon potentinl p lus volume and surface absorption terms, together wi th a Coulomb interaction. 

* I  i s  the streng.ih o f  the interaction and I - ,  ~ ~ ( r )  denotes i t s  radial dependence. 

Exp l i c i t  values for \,', p ,  and r l ( r )  can only be found by the use of def in i te models of the nucleus. 

For instance, i f  a single part ic le excitat ion model i s  proposed, they inay be calculated i n  terms of assumed 

two-body forces. Very simple rotatiorial or vibrat ional models of the nucleus y ie ld  def in i te rat ios for the 

two coupling strengths Lio2 and \ , '22 .  On general theoretical grounds, the form factors F ~ ~ ( T )  and f : 2 2 ( ~ )  

should be zero at r = 0 nnd peaked in  the v ic in i ty  o f  the nuclear surface. 

In the present calculat ion we chose a simple parametric form for the coupling functions I;, P l ( r )  which 

was pecked near the nuclear surface, and le f t  the strengths I,', P I  as input numbers, Thus various nuclear 

models could be simulated by al tcr ing the strength rat ios and the radial form factors. 

For o part ial wave / ,  we have in general four coupled equations. We integrate the coupled set four 

times numerically, each t ime using different in i t ia l  values at the origin. The integrations are carried ou t  

to the nuclear surface where the opt ical  and coupling potentials eventually become negligible. 

independent solutions for each of the four radial functions are then superposed to y ie ld  the true wave func- 

tions. 

The four 

- 
I he superposition coeff icients are determined by sett ing up an 8 x 8 complex matrix equation which 

matches the i i l ternal nuclear functions and their derivatives to the known free-state Couloiiib wave func- 

tions. The same equation y ie lds immediately the elast ic and inelast ic scattering matrix elements, from 

which the corresponding cross sections are easi ly computed. 

from 1 = 0, un t i l  the phase shif ts are negl igible. 

Th is  i s  repeated for each part ia l  wave, up 
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The problem was coded for the IBM-7090 computer.’ For charged incident part ic les the calculat ion 

gives the total absorption cross section, the to ta l  inelast ic cross section, and the e last ic  nnd inelast ic 

di f ferent ia l  cross sections. In addition, a subroutine calculates the tensor functions necessary to account 

for the correlation of the ine last ica l ly  scattered paxt ic les’wi th the decay gamma rays from the exci ted 2’ 
state. I f  the incident part ic les are neutrons, we obtain a lso the total nuclear and the total e last ic  cross 

sections. 

The code i s  now operating successful ly and has been subjected to a series o f  exhaustive t e s t s .  

These were designed to  investigate the numerical accuracy and internal  consistency o f  the calculation. 

Unfortunately, there are no other independent calculat ions o f  exact ly th is  type avai lable as yet  so that a 

direct test  i s  impossible. However, when the coupling strengths are small, the calculat ion reproduces very 

wel l  the resul ts of the DWBA theory, as  i t  should. The behavior of the resul ts a t  high coupling strengths 

conforms to general theoretical expectat ions and can Le tested direct ly i n  one or two l imi t ing cases (e.g., 

the adiabatic approximation when the exci tat ion energy i s  set to  zero). 

§everat investigations were begun on the scattering of nucleons from various nuclei. For instance, 

some work has been done on the reaction C*2(p,p’)C::,* i n  the energy range 14 to 20 Mev and on t h e  reac- 

t ion Mg24(p,p8)Mg:P3*7 a t  13 Mev. For these cases a typical  calculat ion runs about 20 sec. The work has 

been faci l i tated by attaching to the code the automatic parameter search routine described elsewhere2 so 

that experimental data can be f i t ted directly. 

I f  the total inelast ic cross section i s  plotted against coupling strength, several interesting resul ts 
2 appear. For low strengths w e  obtain the some shape as predicted by the DWBA theory, i.e., clN a V, . 

8u t  th is  relat ion ceases to be obeyed when the strength reaches reasonable physical  values. The strong 

coupling resul ts eventually level  o f f  as Vo increases and, furthermore, always tend to nearly the same 

l imi t ing value whatever shape i s  used for the coupling form factor. Since th is  l imi t ing value, in  the case 

of C’2(p,p s)C:!4*, is close to  the observed value o f  the to ta l  inelast ic cross section, we see that the 

DWBA treatment i s  not va l id  for this reaction. 

Unless very large coupling strengths are required (to f i t  the experimental magnitudes), the inelast ic 

angular distributions given by the code are not very different from those of  the DWBA theory. However, 

the DWBA theory almost invariably overestimates the magnitudes since the observed cross sections for 

many reactions l i e  in the region where the DWBA and strong coupling resul ts are already appreciably di- 
vergent. Hence the perturbation theory can lead to serious underestimates of coupling strengths, distor- 

tion parameters, and the l ike. 

’ T h e  he1 p of D. E. Asnurivs, o f  t h e  Mathematics Panel, i n  writing the  codes i s  gratefully acknowledged. Many 

%ection 5.2, t h i s  repor?. 

valuable discussions ware held with Dr. G. R. Satchlar o f  t h e  P h y s i c s  Division.  
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The present calculat ion also demonstrates that strongly coupled excited states react on the elast ic 

scattering, and hence should be taken into account when interpreting elast ic scattering data. The main ef- 

fect i s  that the coupling can introduce remarkably sharp resonance-type phenomena into sorile of the elast ic 

part ial  waves. 

result of strong coupling. 

t ions more pronounced. 

Thus the elast ic cross sections can vary shaiply over s m u l l  energy intervals purely cis n 

In addition, the coupling usual ly makes the elast ic angular distr ibution osc i l la -  

The pi lot  code described above i s  real ly only appl icable to  the scattering of alpha particles, since the 

spin i s  neglected. Indeed, the preliminary investigations show conclusively that it w i l l  be necessary to 

include spin-orbit coupling before we can obtain a satisfactory theory o f  the above type for the elast ic and 

inelast ic scattering of nucleons. Therefore, t he  p i l o t  code i s  now being used to  study inelast ic olpha- 

part ic le scattering and the in i t ia l  results are very encouraging. 

The general success of the above theory has  stimulated the further development o f  the code. The 
program i s  being modified3 to calculate cross sections when the incident part ic le energy i s  below the 

threshold o f  the excited 2' state. 

fluence on the elast ic scattering (resonances). 

'['he presence of t h i s  strongly coupled state should have a marked in- 

Work on two Further codes i s  nearing completion. One i s  along the same l ines as the p i l o t  code but 

includes a second excited state o f  spin-purify 4'. This w i l l  be used for the theoretical study of various 

mult ip le excitat ion processes. 

code i s  designed for the study of nucleon inelast ic scattering and includes spin-orbit coupling. 

th is  i s  wel l  advanced. 

taneous strong coupling of states o f  spin-parity 2' ond 3- to a ground state 0 . 

The code i s  writ ten but has not yet  been thoroughly tested. The other 

Work on 

In addit ion to these, another calculat ion i s  projected which w i l l  treat the sirnul- 
f 

3 ~ y  S. K. P e n n y ,  ORNL. 

6.4, THE TDC PERTURBATION CODE 

W. E. Kinney ar,d G. E. Whitesides' 

Perturbation theory provides tlie I T I G S ~  economical and possibly the most satisfactory method for com- 

puting material replacement coeff icients of react iv i ty in a chain-reacting system. 

tems, at leos:, i t  i s  the only practical way to  compute neutron lifetimes, since the l i fet imes are 50 short. 

A Fortran code has now been writ fen t0 perform perturbation theory colculat ions wi th fluxes obtained with 

the TDC Code,2 a two-diniensional, cyl indr ical  ( r i z )  geortietry, transport theory code. Because i t  u t i l i zes  

the TDC fluxes, the new code is identi f ied as  the TDC Perturbation Code, 

For fast-neutron s y s -  

'Central Data P r o c e s s i n g  Group, Oak Ridge Gaseous Diffusion Plant .  

2B. Corlson, C, Leg, and J. Worlton, The DSN and TDC Neutron Transporf C o d ~ s ,  LAMS-2346 (1960). 
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The fractional change in  the mult ipl icat ion constant i n  the TDC Perturbation Code calculat ions i s  

given by 

where 

Though one i s  tempted t o  assume that 

in the last term of Eq. 1, such an assumption leads to  large errors toward the surface of an assembly 

where the f luxes ore anisotropic. 3 

The code input consists of the change in  vZr X T y . ,  SST,  and C(g’+g), the r and z range over which 

the changes are made, and the mult ipl icat ion constant o f  the unperturbed assembly where 

vC - vx  f iss ion cross section, / -  
C,, = total transport cross section 

= f Cs, 
C S ,  = scattering transport cross section = Z ( 1  - ,F i )Z ,  ., 

2 

Z(g‘-*g) = group g ’ to  group g transfer cross section. 

The fractional change i n  mult ipl icat ion constant may be reported either in each mesh interval o f  the 

range or summed over the intervals to  g ive a to ta l  change. A typical page of output i s  shown i n  Fig. 

6.4.1. Running time i s  about 20 sec per case on the IBM 7090. 

The code has been used to  compute void coef f ic ients  of react iv i ty  for the steel-core assembly o f  the 

ORNL Fast Burst Reactor cr i t ica l  e x p e r i r n e n t ~ ; ~  the results are compared t o  experiment in Fig. 6.4.2. 
The neutron l i fet ime for this assembly was 9.31 x sec, as calculated by the 6 k / k  result ing from 

3A. F. Henry, Nuclear Sci .  and Eng. 3, 52 (1958). 
4W. E. Kinnoy and J. T. Mihalczo, Oak Ridge Nntional Laboratory Fixst Burst  Reactor: Critical hxperiments 

and Calculations, ORNL-CF-61-8-71 (1961). 
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the insertion, thrsughout the system, of an absorber w i th  macroscopic absorption cross section n u m e r i -  

cul ly equal to 1,’~. The neutron l i fet ime measured in an earlier fast system, Godiva I ,  was  6.23 x loM9 

sec (ref. 5). The difference i s  believed to  be largely due t o  differences in the materials of the two s y s -  

6 terns. 

5T. F. ‘Nimett et 01,. , v ~ ~ l o a r  S r i .  and Eng.  8, 691 (1960). 

6Note  added i n  proof: The neutron l i f e t i m e  recently computed by perturbation methods for Godiva I i s  5.9 x 
sec.  

U NCILA SS IF I ED 
O R N L - L R - U W G  61476 

Fig. 6.4-1. A Typical  Poge o f  Qutput from the TDC Perturbation Code, 

UNCLASSIFIED 
O R N _ - L R - D W G  61175 

I 
I 

6 

Fig. 6.4.2 Comparison of Void Coeff ic ients Com- 

puted by Perturbation Theory with Resul ts  of Erperi -  

men?: CRNL Fast  Burst Reactor Crlt ical  Experiment. 

0 4 6 8 

RADIUS l cml  
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6.5. ~ ~ O ~ E ~ ~ ~ E T ~ ~ C  A OTHER ~ N E Q ~ ~ L ~ T I E ~  IN THE THEORY 
OF NEUTRON TRANSPORT 

L. Dresrier 1 

Some isoperimetric on$ other inequali t ies related to  the one-velocity theory of neutron transport have 

been derived, The quantit ies involved in  these inequali t ies a l l  refer t o  bare so l ids and isotropic scatter- 

ing, They are: the c r i t i ca l  multiplication, the f i rs t -co l l is ion probabil i ty of neutrons from a uniform, iso- 

tropic source, the nonescape probabil i ty of neutrons from a uniform, isotropic source, and the buckling. 

The inequali t ies proved provide upper and lower bounds for the quanti t ies considered. Numerous ex- 

amples of the estimation of  these quantit ies in cases not readi ly amenable to direct ca lcu lat ion are given 

in a detai led report published elsewhere.' 

Recently the author has generalized some of the theorems to the case of l inearly anisotropic scafter- 

ing; a report on th is  work i s  being written. 

' T h i s  work was  performed whi le  the author was assigned to the lnst i twt  f;r Neutronenphysik wnd Reaktortechnik, 

'K~rrrlorschungszentrum, Karlsruhe I N R  Arbritsben'cht Nr. 18 (Feb. 27, 1961). Also accepted far publication in 

Kernforschungszentrum, Karlsruhe, Germany. 

the Nov.-Dec., 1961 issue of t h e  /, Muthemnticul Phys. 

... 

6.6. SOME REMARKS ON THE EFFECT OF A ~ ~ N U N I F Q R M  TEMPERATURE DlSTRlBUTlON 
ON THE TEMPERATURE DEPENDENCE OF RESONANCE ABSORPTION 

1 L. Dresner 

Both the c r i t i ca l i t y  and the in i t ia l  time behavior of heterogeneous reactors fo l lowing a large, instanta- 

neous react iv i ty  addit ion depend to a great extent on the increase in resonance absorption wi th  increasing 

temperature. The temperature dependence of resonunce absorption has been the subject of much previous 

study, but in a l l  previous work the temperature distr ibution wus assumed uniform in the absorber lump, 

contrary to  the state of affairs i n  an actual reactor. In the present work the influence of a nonunifarm tem- 

perature distr ibution on the absorption of neutrons i n  a purely absorbing resonance of on isolated lump has 

been studied. 

The results of the  study indicate that in pract ica l  si tuations t h e  absorption in the lump depends only 

on i t s  average temperature and not upon the uniformity of i t s  temperature distribution. Detai ls of the de- 

velopment are published elsewhere. 2 

'Work performed whi le  the  author w a s  assigned to the lnstitut fbr Neutronenphyslk und Reaktortechnik,  

2Kern/orschungrzentrum, K a r k r u h e  I N R  Arbettsbcrzcht Nr. 10 (Nov .  9, 1960), a l s o  published i n  Nr~clear  Tct. and 

Kernfarschungszentrum, Karlsruhe, Germany. - 
Eng. 11, 39 (1961). 
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6.7. EdllMERlCAL CALCULATIQN OF THE EVAFORATION OF PARTICLES 
FROM EXCITED COMPOUND NUCLEI 

I., Dresner 

A Monte Ccrrlo program for the IBM-7090 has been writ ten to  analyze the evaporation of various nucleor 

fragments from highly excited conipound nuclei.  The program fo l lows the work of Dostrovsky et nl. ' very 

closely. The basis of the analysis i s  as fol lows: 

2 1. The emission probabil i t ies ore obtained from the stat ist ical  theory of Weisskopf. 

2. The energy dependence of the nuclear level density i s  taken to  be exp (2a[U - 
constant, U i s  the nuclear exci tat ion energy, and ij i s  the pair ing energy taken f r o m  the work of 
Cameron. 

where a i s  a 

3 

3. The to ta l  binding energy of each nucleus i s  either obtained from the tables of Wapstra' or calculoted 
5 from the semiempirical formula of Cameron. 

d- 4. Only the emission of neutrons, protons, deuterons, tritons, He3 nuclei, and alpha part icles i s  cons 
ered. 

The input data consists essent ia l ly  o f  the m a s s  and churge numbers of the compound nucleus and 

excitation. The output consists of: 

1. The number of each kind of fragment evaporated; 

2. The energy spectrum of each k ind  of fragment evaporated; and 

3. The number of each kind of f inal  nucleus reached. 

A t  the present t ime the prograin i s  being rewrit ten to include the emission of part icles heavier than 
the alpha particle. 6 

tS 

' I .  Dostrovsky, Z. Fiaenkcl,  and G.  Friedlander, Phys .  Rev.  116, 6 8 3  (1959). 
2V. F. Weisskopf, Phys .  Rev. 52, 295 (1937). 
3A. G, W. Cameron, Can. I .  Phys .  36, 1040 (1958). 
4A.  M. Wapstra, P h y s i c n  21, 385 (1955). 
5A. G. W. Cameron, Can. I .  Phys .  35, 1021 (1957). 
61 .  Dostrovsky, Z. Fraenkel,  and G.  Friedlander, Phys .  Rev.  118, 791 (1960). 
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7.1. ENERGY AND ANGULAR D ~ $ T R ~ ~ ~ ~ ~ ~ ~ $  OF ~ E ~ T ~ ~ ~ ~  P E ~ E ~ ~ A ~ ~ ~ ~  
SLABS OF DIFFUSING MEDIA. PART I: ENERGY SPECX 

V. V. Verbinski 

The in i t ia t ion of a program for obtaining basic information on the energy and angular distr ibutions of 

neutrons throughout various shielding materials was reported previously, along wi th  the results of a pre- 

l iminary experiment for investigating the angular distr ibution of low-energy neutrons emerging from poi- 

soned hydrogenous slabse2 A s  or ig ina l ly  conceived, the over-all purpose of the program was t o  determine 

the appl icabi l i ty  of several techniques for calculat ing neutron energies and angular distr ibutions wi th in  

high-performance materials, spec i f ica l ly  LiH. The evaluation of the calculat ional techniques was to be 

aided by experimental measurements made w i th  a proposed neutron chopperW3 Insofar as possible, both 

the calculated and measured data were to  be obtained as energy spectra of neutrons at several points in- 

s ide the shield, energy spectra of neutrons leaking from the surface of the shield, and angular distr ibu- 

t ions of the leakage neutrons. Later, however, plans for constructing the neutron chopper fac i l i t y  were 

cancelled, and the experimental phase of the program was altered to consist of energy spectral measure- 

ments at  the Linear Accelerator F a c i l i t y  of General Atomic, San Diego, and angular distr ibution measure- 

ments at the Bulk  Shielding Faci l i ty. 

A5 in the original plans, the calculat ional methods to be evaluated are the NDA NlOBE (direct numer- 

ica l  integration o f  the Boltzmann equation) Code, the moments method, and the ORNL OSR Code4 (a Monte 

Car lo  code used here wi th  biased Sampling). Where possible, the same source energies and LiH geometries 

are used in the calculat ions and experiments so that direct comparisons of the calculat ions can be made. 

The NlOBE Code i s  set up to handle only spherical geometry, which can consist of multi layered shells; 

the moments method u t i l i zes  only in f in i te  geometry; and the 0% Code can apply to almost any geometry. 

Of the three methods, the OSR Code wi th  biased sampling i s  the least e f f ic ient  in i t s  present state of 

5 

development, and it w i l l  no doubt remain so. However, it involves ~l minimum of assumptions and there- 

fore furnishes an excellent check on other calculat ions at intermediate penetrations. 

fact that Monte Carlo codes can be developed for a great variety of geometries makes the 05R Code useful 

for checking on the geometries used by the other codes, for example, the in f in i te  homogeneous medium and 

the point- isotropic or isotropic inf ini te-plane sources assumed for moments method calculations. The 65R 

Code can a lso serve t o  check the va l id i ty  of the spherical geometry o f  the NlOBE calculations, and agree- 

ment of the three methods would serve as a posit ive indication that the coleulnt ional methods are correct. 

However, only an experimental check can determine whether correct cross sections have been employed. 

Furthermore, the 

~ _. 

'See Set, 7.2 for companion paper. 

2V. V. Verbinski, Ncut7on P h y s ,  Ann, Prog. Rep. S e p t .  1. 1960. ORNL-3086, pa 202. 
3V. V. Verbinski, ORNL-3016, 00. cit, pa  130. 

4R.  R. Coveyou and J. G, Sullivan, ORNL-3016, op. cit, p. 193. 

'The NlOBE and moments method calculations have been performed by the United Nuclear Corparation (formerly 
Nuclear Development Corporation of A m e r i r a )  on subcontract w i th  t h e  Laboratory and are d iscussed  briefly in SEC. 
7.5, They wi l l  be intercompared a n d  discussed m o r e  fu l ly  in a paper to  be submitted to Nuclear Science and Engi-  
nee ring. 

_........ . 
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I t  i s  known that none of the calculat ions employed the proper cross sections for L i H  for neutrons below 

about 0,1 ev i n  energy because the scattering law for Li t - ]  in  th is energy region is  not known. Free-atom 

cross sections were used even though it was known that they are I-IQ~ correct i n  the energy region where 

molecular bonding and crystal structure hecorns important. The calculat ions, nevertheless, serve o valu- 

able purpose when compared with experiment. 

spectrum from the free-atom assumption und therefore give a measure of the effects of  scattering by bound 

atoms. 

- 
I hey indicate the degree of departure of the measured 

In t h i s  and the fol lowing paper (Sec. 7.2) the calculat ions are compared with experiments, th is paper 

deal ing wi th energy spectra and the fol lowing paper covering angular distr ibutions. While the calculat ions 

cover a wide range of energies, the experimental measurements inade thus far are for low energies only. 

Th is  energy region W Q S  chosen fnt- the in i t ia l  checks because of the interest in  two important problems n t  

the time the program was ini t iated: 

shielding layers of the  composite shield and (2) gamma-ray production by neutron capture in air  and other 

materials near ci compact shield. The air-capture problem has received considerable attention, the calcu- 

lat ions of Keller, Zerby, and Dunn6 being complete except for integration over the necessary inputs, which 

were locking at the time. These inputs are the energy and angular distr ibutions of leakage neutrons which 

the present investigation is attempting to supply. 

i n  air per unit  fractional incremerit in  energy (AE/E) for the equil ibr ium leakage spectrum from LiH, shows 

that the data for the low energies (a few ev) are the most important. 

(1) gamma-ray production by neutron capture wi th in the gamma-ray 

Figure 7.1.1, which gives the capture gamma-ray da5e 

r. L. Keller, C. U, 7 e r b y ,  and W. k‘i. Dunn, Gamrna-Ra?, Dosp R a t e s  Resrcltzng from Neutron Captures  in Air, 
ORNL-2162, p. 21 (Dec. 15, 1958). 

UNCLASSI- IED 
2 01 058-0-612 

1600 ~- 

1400 I 

Fig. 7.1.1. Contribution to  Gamma-Ray Dose by Neu- 
trons Leaking from a Thick  Slab of LIH. (6(f:’) = equi- 

librium leakage spectrum From a thick slab of L i H  

Fig. 7.1.1. Contribution to  Gamma-Ray Dose by Neu- 
trons Leaking from a Thick  Slab of LIH. (6(f:’) = equi- 

librium leakage spectrum From a thick slab of L i H  

( f iss ion neutrons); D/neutron = air capture gamma-ray 

dose6 from a point isotropic source of energy E and 

strength of 1 neutron per second at a distance of 50 ft. 

1 

joo io’ mE lo3 loa io5 
NEUlRON ENERGY (ev l  
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P E R I B Q  E N D l N G  S E P T E M B E R  I, 1967 

Spectral Measurements wi th  LiH 

The spectral measurements wi th  L iH are of three different types: (1) leakage spectra from a slab of 

L iH  us a function o f  slab thickness and angle of escape, (2) scalar f lux spectra wi th in  L iH as a function 

of posit ion within a slab, and (3) spectra o f  the forward-directed component of neutron f lux  from the bottom 

of a re-entrant hole as Q function of the slab thickness. The energy range o f  the measurements wos from 

abaut 0.01 ev to several hundred electron volts. 

Leakage Flux Msosuremenfs. - Earl ier measurements at General Atomic7 showed that low-energy 

spectral equil ibrium is  reached at  about 15 crn of penetration of i n i t i a l l y  fast neutrons i n  pure polyethylene 

and at  less than 5 cni in l ight ly  poisoned polyethylene, the presence of poison accelerating the attainment 

of equil ibr ium in the competing processes of slowing down and capture. These results were used as a 

guide in designing the Lih experiments and served to  reduce the number of spectral measurements re- 

quired. On the basis of the earl ier results, slab thicknesses of 2.5, 5, and IO cm were chosen for the 

measurements of the spectra of neutrons leaking normally from a slab of LiH. The IO-cm slah, in which 

spectral equil ibrium would certainly be reached, was then used for measurements of the leakage spectra 

as a function of angle. 

‘The experirnental arrnngeinent used for the leakage f lux measurements CIS a function o f  angle i s  shown 

schematically in  Fig. 7.1.2a. Five-microsecond bursts of IS-Mev electrons from the GA I inear accelerator 

s t r ike the lead target, producing a bremsstrahlung spectrum of gamma rays which i n  turn exc i te  the lead 

nuc le i  wi th  a result ing boil-off of neutrons that resembles a fission-neutron spectrum, The fast neutrons 

s t r ike the 45-cm-dia circular L iH slab and are slowed down, in past, by collisions wi th  hydrogen and lith- 
ium nuclei. Some o f  the neutrons escape from the opposite fuce of the s l o b  at an angle 0 (where 8 = 00, 
30’ and boo), enter a 1.25-cm-dia precoll imator tube which leads into a larger vacuum tube, and reach a 

bank of B’OF, counters. The angle 0 was varied by bodily rotat ing the Lit+ slab and lead target about a 

point which i s  the intersection of the precoll iniator ax is  on the surface of the LiH slab. 

The neutron energy i s  obtclined f r o m  the t rans i t  t i n e  required for the 16-m distance to  the counters. 

F3 ~ w c j  time-of-flighi. analyzers receive a start pulse from the accelerator and a stop pulse froin the 5’’ 

counters, one analyzer having a 16-psec interval between time channels and the other u 90-psec interval. 

Togetlies they covered *he energy range from about 0.01 t o  300 ev. After each run a background deterrnina- 

t ion  was made by placing a B i0C block over that portion of the slab “seen” by the precollimator. 

Two neutron manitom located in  the target room supplied the normalization data between foreground 

and background runs. The data were processed wi th  codes previorrsly developed and tested by the 68 
stagf. The CQ&S normalized the background counts t o  the monitor counts; subtracted the background; 

made corrections for the pulse duration, the mean f l ight  path i n  the B’OF, stack that vories with energy, 

and the detector energy sensit ivi ty; and converted the result ing time-of-fl ight rpect ra BO energy spectra, 

grouping the data over many channels i n  the low-energy region to about 10% energy intervals. The stat is- 

tical wncertninties were hand computed. 

.___....-.._....I.. ~ ..... .. . .... .. . .. .. .. . . .- ..... .. . 
7J. R. Bcyster et ala, Measurement o/ Low Energy Spectra, GA-1088 (NQv. 13, 1959).  
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P E R l O D  E N D l N G  S E P T E M B E R  1, 1961 

The experimental results for the spectra of neutrons leaking normally from 2 5 ,  5-, and 10-cm-thick 

s lobs  of L iH  are compared with the calculat ions i n  Figs. 7.1.3, 7.1.4, and 7.1.5, respectively. Siinilar 

comparisons for the neutrons leaking at angles of 30 and 60 deg are shown in Figs. 7.1.6 and 7.1.7, re- 

spectively. 

so l id  l ines represent NlQBE resul ts for n IO-cm-thick spherical shel l  wi th a 20Q-crn inside diameter. The 

source for the NIOBE calculat ions was taken to be a 30-cm-dia volume source, the source and L iH shel l  

being separated by vacuum. The s ta t i s t i ca l  uncertainty i s  given for most of the points at the lower end of 

the measured spectra. The data below 0.1 cv  i s  being reprocessed to  correct for an error i n  the code 

which rejects negative numbers before grouping the single-channel data, an error which has been subse- 

quently removed. 

In a l l  the figures the dashed l ines represent 0511 calculat ions for o slab geometry and the 

The bump apparent i n  the experimental data for the 2.5-cm-thick slob (Fig. 7.1.3) between 30 and 70 ev 

was also observed when the s lab was removed; thus it does not represent neutrons slowed down i n  the 

LiW. A part ia l  bump is also apparent i n  Figs. 7.1.4 and 7.1.5. It arises part ly from the lost  slow osc i l la -  

t ion i n  voltage i n  the detector-preamp-amplifier chain that ef fect ively lowers the bias of the discriminator, 

The osc i l la t ion  i s  caused by the burst of bremsstrahlung and fast  neutrons that overwhelms the elec- 

tronics. Note that for the 30- and 40-deg runs the posit ions of the slab and neutron source are such that 

the bremsstrahlung and neutron sources are far out of the precol l inator ’s view. The  data of these t w o  

’ ,. ... . 

2 5 lo-’ 2 5 100 2 5 10’ 2 5 102 2 
NEUTRON ENERGY leu1 

.- Fig. 7.1.3. Energy Spectrum of Neutrons Leaking Narmal ly from a 2.5-cm-Thick LiH Slob: Comporison of 

E x p e r i m e n t  with 05R Calculotions. 
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N E U T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  

U N C L A S S I F I E D  

106 

5 

NEUTRON ENERGY ( e v 1  

Fig. 7.1.4, Enorgy Spectrum of Neutrons Leaking Normally from a 5-cm-Thick LiH Slab: Comparison of 
Experiment w i t h  0 5 8  Calculations. 

5 lo3 2 5 lo-’ 2 5 loo 2 5 IO’ 2 5 IO2 2 

NEUTRON ENERGY ( e v )  

f i g .  7.1.5. Energy Spectrum of Neutrons Leaking Normally from a 10-cm-Thick LiH Slab: Comparison of 
Expevirnes i~  wi th  05W and NlOBE Calculations. 
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P E R l O 0  E N D l N G  S E P T E M B E R  1, 1961 

to6 

5 

2 

IO+ 2 5 6' 2 5 loo 2 5 40' 2 5 102 2 

NEUTRON ENERGY (ev) 

Fig.  7.1,6. Energy Spectrum of Neutrons Leak ing  o t  an Angle of 30 deg from a 10-cm-Thick L iH Slob: Con- 

parison of Experiment with 0 5 R  and NlOBE Calculations. 

Fig.  7.1.7. Energy Spectrum of  Neutrons Leaking a t  an Angle of 60 deg f r o m  a 10-cm-Thick LiH Slab: Can- 
. .  

p ~ r i s o n  of Experiment with 05R and NIOBE Calculations. 
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N E U T R O N  P H Y S I C S  P W O G R E S X  R E P O R T  

There is  l i t t l e  doubt that the 5- and 10-cm slabs produce the 5ame spectrum. Spectral equi l ibr ium i s  

therefore def in i te ly real ized at penetrations of less than 5 cm. The spectral shapes predicted by the 

NIOBE cnlculat ions are in excel lent agreement w i th  the 0-, 30-, and 60-deg measurements for the l0-ci-n- 

th ick s lab from 0.1 to 230 ev. Below 0.1 r v ,  the measured points drop below the NlOBE resul ts calculated 

w i th  free-atom cross sections; th is  drop i s  the least pronounced for the largest tilt angle (60 deg). 

The 05R calculat ions a l s o  agree w i th  experiment except that they tend to be  sl ight ly higher than the 

observed spectrum at a few electron volts. However, the s ta t i s t i cs  of the O5R calculat ion are not good iil 

th is  region. 

Forward-Directed and Scalar Flux Measurements. - The experimental arrangements used for the meas- 

urements of forward-directed and scalar f luxes are shown i n  Figs.  7.1.2h and c, respectively. For the for- 

ward-directed f lux measirrements a 10-cm-thick I-ibl slab t h r o i q h  which a 1.25-cm-dia re-entrant hole had 

been dr i l led was aligned w i t h  a 0,75-cm-$ia precollimator hole leading to the B’OF, counter bank. Another 

L iH slah with a thickness of 2.5, 5, or 10 cm w a s  positioned adincent to the dr i l led slah on the source 

side. A 2.5-cm-dia hole i n  the lead target w a s  aligned with the precollimator hole to reduce the effects of 

the beom f ln sh  at  the counter bank produced by fast neutrons and bremsstrahlung radiotion. Since the re- 

entrant hole was larger than the precollimntor, the precollirnator “viewed” only the bottom of the hole and 

not the sides. Background runs were mode with u Bloc plug inserted to the bottom of the re-entrant hole. 

For the scalar f lux  measurements a 28-cm-thick L iH slab through which a 1.25-cm-dio hole had been 

dr i l led  W Q S  positioned between the lead target and the precollimotor. A block of Bloc, black t o  the 

energy range of neutrons being measured, was always located at the source end of the through-hole. Scnlaa 

f lux spectra w e r e  then obtained from neutrons scattered by a zirconium slug placed a t  distances of z - 2.5, 
5, and 10 cm i n  the through-hole. z i rconium i s  a very pure scrittercr for neutrons and also has a f la t  

energy dependence up to several hundred electron volts. Ph is  technique had been tested earl ier a+ GAe 

by placing the neutron source behind the zirconium, as shown, and also laterally wi th  respect t o  the zir-  

conium slug. No change of spectra was observed. Background r u n s  were made simply by removing the 

zirconium slug. Th is  technique s l igh t ly  overestimates the background since for the background runs the 
zirconium slug i s  not i n  place to  attenuate neutrons that leave the sides. of the hole between the €3, 10 C 

block and the slug, and these neutrons can part ly leak through thc edges of the precollimator. 

The spectra of forward-directed f luxes w i th in  the L iH  are s h o w n  i n  Figs. 7.1.8 tlirocrgh 7.1.10 for 2.5, 
5, and 10-cm depths, respectively. As wi th  the leakage f lux data, the calculat ions and measurements 

agree in  spectral shapes. 

the same depths. 

This also holds true for the scalai f lux plots in  Figs. 7.1.1 1 through 7.1.13 for 

8J. R. Beyster, General Atomic, Son Diego, California, private cornniunication. 
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P E R l O D  E N D I N G  S E P T E M B E R  1, 1961 

NEUTRON ENERGY (ev) 

. ......_ 

...-. 

Fig. 7.1.8. Energy Spectrum of Forward-Directed Neutron F iux a t  a Depth of 2.5 em in o i i H  Slab: Com- 
parison of 05R and N l O B E  Calculations. 
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N E I J r K O N  ENERGY ( e v )  

IO‘ 2 5 IO2 2 5 

Fig. 7.1.9. Energy Spectrum of Forward-Directed Neutron Flux a t  o Depth of 5 cm in a hiH Slab: Comparison 

of 0 5 R  and NIOBE Calculations. 
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N E U T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  

UNCI ASSI'IED 
2-oi-058 o 621 

5 

- NlOBE CAL rIJLATlON5 
05R CALCULATIONS 

~ _ _ _  L ~~ 1 - ~ i _ _  

10-2 2 5 40.' e 5 100 2 5 10' 2 5 102 2 5 40' 
NtUrRON ENERGY (e")  

Fig. 9.1.10. Energy Spectrum of Forword-Directed Ncutron F lux at a Depth of 18 crn in  a LiH Slab: Corn- 

parison o f  OSR and NIQBE Calculations. 
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Fig. 7.1.11. Energy Spectrum of Scalar Neutran Flux a t  a Depth of 2.5 crn in o LiH Slab: Comparison of 
Experiment with OSR and NlOBE Calculations. 
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2--01-058-0-623 

0 MEASUREMENTS 
NIOBE C4LCULATIONS 
05R CALCULATIONS 

10-2 2 5 10-4 2 5 (00 2 5 10' 2 5 IO2 2 5 

NEUTROFJ L-PvERGY ( w )  

I o3 

Fig. 7.1.12. Energy Spectrum of Scalar Neutron Flux a t  a Depth of 5 cm in  a LIH Slab: Comparison of Ex -  
periment with 058 and NlOBE Calculations. 

... 

10-2 2 5 lo-' 7 5 io0 2 5 IO' 2 5 IO2 2 5 lo3 
NEUTRON EIUFRGY (ev)  

Fig.  7.1.13. Energy Spectrum of Scolcrr Neutron Flux at a Depth of 10 cm i n  o LlH Slob: Comparison of Ex-  

periment with Q5R and PIIQBE Calculations. 
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N E U T R O N  P H Y S I C S  P R O G R E S S  R E P O R T  

Several expressions relat ing the forwnrd-directed f lux t o  the scalar f lux have been used, one o f  which 

was derived with dif fusion theory  approximation^:^^'^ 

1 d’b, E )  
+(LO, p = 1, E )  = K d z 0  , E) x (1 -iL[ c ~ ( z ,  E ) ]  } 

7-2 0 

where 

$ ( z 0 ,  p = 1 , E )  = forward-directed flux, 

$ ( z ,  E )  = sccalnr flux, 

+ ’ ( z ,  E )  = f i rst  derivative of  the scalar flux, 

z o  - thickness of L iH between the source and the bottom of the hole, 

z .: distance from the source side of the LiH slab to a point wi th in the slab, 

p = cos 8, where 8 i s  the angle from the normal, 

K = a constant. 

Th is  expression is not expected BO be va l id  i n  a highly poisoned hydrogenous medium where the f lux  

gradients are strong, however, and to cover such cases a more general relat ionship between the forward- 

directed and scalar f luxes has been derived by F‘csrohit.ll 

calculat ions i n  Fig. 7.1.14. The top curve i n  the figure gives the NIBBE calculat ions for the scalar f lux 

a t  a 10-cm penetrotion and the bottom curve the corresponding forward-directed flux. The latter curve 

would be obtained from a re-entrant hole i n  a compressed gas o f  l i th ium and hydrogen. Apply ing Purohit’s 

corrections to  the scalar f lux curvel wi th the B J S ~  of f lux  gradients given by the NlQBE calculations, 

moves the curve downward un t i l  it i s  allnost on top of the forward-directed f lux curve. A correction by the 

di f fusion theory approximation, a lso using NIQBE f lux  gradients, completely fa i led for the L iH  i n  that it 

moved the scalar f lux  curve downward only about one-third as  much as it should have. 

Both expressions are compared with the NIOBE 

Discossion of Results 

As expected, the experimental data show good agreeiiient in  shape with NlQPJE calculat ions above 

about 0.08 ev i f  the discrepancies due to  gamma-ray f lash effects sometimes observed a: higher energies 

are ignored. From the behavior of the plots of NlOBE results above 0.08 ev i n  Fig. 7-1.15 it i s  observed 

that the shape o f  the neutron spectrum does not change w i t h  angle of emergence froin a IO-cm-thick slab. 

Also, the internal scalar flux, q5(z , E), has nearly ident ical  spectra a t  2 - 5 ,  5, and IO-cm slab thick- 

nesses, as does the forward-directed flux. 

spectral equi l ibr ium in  a poisoned, hydrogenous medium at remarkably small penetration depths. 

In summary, the neutron f lux  attains low-energy spatial and 

’Ma J. Poole, M. S. Nelkin,  and R. S. Stone, “Measurement and Theory of Reactor Spectra,” P r o g r e s s  in Nuclear  
P h y s i c s .  Ssr. I, Vol .  II, pp. 156-7, Pergornon Press (1958). 

’OF?. S. Stone and R .  E. Slovacek, Reactor  Spectrum Measurements U s i n g  a Neufron Time-of -Fl ight  Spec tsomefer ,  
KAPL-1499, pp. 15-18 (Mar. 15, 1956). ’ ’ S .  N. Purohit, Milne Problem with Capture,  ORNL-3005 (Sept. 28,  1960). 
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UNCLASSICIE3 
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5 1  

rd OBE CALCULATIONS 
I O - c i  ‘h ick.  20C-cm-10 L IH  SHELL 

_ _  1 ~- 

5 10-1 2 5 100 2 5 IO‘  2 5 1 0 2  2 5 lo3 
10’ 

10-2  2 

N E J I W N  ENFRGY ( e v ,  

Fig. 7.1.15. 
NlQBE Colccrlations. 

Energy Spectra cf Neutrons Leaking a t  Various Angles from o 10-cm-Thick, 200-cni-ID Libl Shell: 
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It was pointed out in  the preceding papei (Sec. 3.1) that a program i s  under way which i s  designed to 

provide basic data on the energy spectra and angular distr ibutions of neutrons throughout various shield- 

ing rnaterinls. Wherever possible, experimental dota and calculat ions are compared. It i s  the purpose of 

th is  paper t o  discuss that portion of the investigation covering the determination of angular distr ibutions. 

’See ~ e c .  7.1 for companion paper. 
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P E R I O D  E N D l N G  S E P T E M B E R  I, 1961 

Thus far, the experimental phase of th is study has consisted of measurements of the angular distr ibu- 

t ions of low-energy neutrons emerging from slabs of the fo l lowing media: (1) a non-slowing-down medium 

without capture (lead), (2) a non-slowing-down medium w i th  capture (lead poisoned w i th  B,C), (3) a 

slowing-down medium w i th  weak capture (water), (4) a slowing-down medium w i th  intermediate capture 

(boric acid solution), and (5) slowing-down media w i th  strong capture (methyl borate t methanol and Iith- 
ium hydride). 

The calculat ions which have been compared w i th  the experiments are both analyt ical  and numerical. 

The analyt ical  calculat ions, taken from t!ie literature, consist  of one performed by  Fermi and reported by 

Bethe 

Placzek 

speci f ical ly for th is program, consist of two machine computations for a highly poisoned medium by the 

NDA NlOBE Code (see Sec. 7.5) and the ORNL 05R Code.* Since the 05R Code gives poor s ta t i s t i cs  in  

the low-energy regions, however, only t he  NIOBE resul ts are used here. (Note: The 05R resul ts w i l l  be 

more rel iable for the higher energies to be reported later.) 

2 for a slowing-down medium without capture and another performed by Case, de Hoffman, and 
3 for a non-slowing-down medium with and without capture. The numerical calculat ions, performed 

To date, only the low-energy regions have been investigated experimentally, a l l  experiments u t i l i z ing  

the apparatus shown in  Fig.  7.2.1. Reactor neutrons pass  through a rough collimator, the slab of material, 

an air  chamber, b locking fo i l s  and collimator tubes un t i l  they reach a combination of f o i l s  placed a t  the 

end of each col l imator tube. 

the slab does not vary wi th  the angle of incidence of the input neutrons, measurements were a l so   node 
with the input neutrons incident a t  30 deg t o  the normal. T h i s  was effected by placing an a i r - f i l l ed  

adapter between the shield sample and the lO-in.-dia col l imator. Detai ls of the apparatus and the counting 

and background subtraction techniques have been presented i n  an earl ier report. 

In order to  veri fy that the angular distr ibut ion of the neutrons emerging from 

5 

Summary af Analytical CaB culat ions 

The analyt ical  calculat ions reported i n  the l i terature have used the so-called Mi lne geometry, which 

i s  described a s  a semi-inf inite slab at z :: 0 and a source at z = m. It was f i rs t  used by Fermi, although 

not identi f ied as such, i n  his calculot ions of the angular distr ibut ion of thermal and epithermal neutrons 

emerging from CI slowing-down medium (paraffin). Assuming isotropic scattering and a linear f l ux  plot  

near the z = 0 plane, Fermi obtained CI distr ibut ion2 of 

~ ..._....... .. . . ... .... .. ... . . .. 

2H. A. Bethe, Revs. Mod. Phys.  9 ,  132-133 (1937). 

3K. M. Case,  F. de Hoffman, and G. Placzek,  Introduction tu the Thcory o/ Neutron Di//z~.sion, p 147, IJSGPQ, 

,f?. K. Coveyou and J. G. Sullivnn, Neutron Phys.  Ann .  Prog. Rep. .Yep?. 1, 1960, ORNL-3016, p. 193. 

5V.  V. Verbinsk i ,  Neulron Phy.s. Aim. Prog. R e p .  Sept .  1, 1960, QRNL-3016, p. 202. 

Washington 25, D.C., 1953. 
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P E R I O D  E N D I N G  S E P T E M B E R  I, 1 9 4 1  

where 11 i s  the cosine of the scattering angle measured from the normal. 

r ived through the use of a general integral equation such as  that given by Purohit 

Fermi’s expression can be de- 
6 for a medium with iso- 

011: tropic scattering and no absorpi 

C$(Z==O 

where 

X:,(Eo) Q ( L ,  E O )  dz  = number of scattering events per interval dz at  z ,  

exp (-S,//L) = probabil i ty of a scattered neutron of direct ion / L  escaping through a distance 

d p  to  the surface without further scattering capture, 

C, -= X a  + X S ,  where X a  and Cs are absorption and scattering macroscopic cross 

sections. 

If it i s  assumed that + ( z ,  E o )  = a + b z  near the boundary, d(0, 1 1 ,  E O )  would be given by  

b 1 
+ ( O f  p ,  E o )  a 1 +- p : -  1 + ~ P !  

Z : a  1 z, Zo 

where, because the scattering i s  isotropic w i th  no absorption, C, = SS = 1/A = l /X t  (A, : transport mean 

f ree  path). z0 i s  the extrapolat ion distance a/b .  From the transport theory relat ionship the extrapolated 

distance of the nctzrd f lux (not t o  be confused w i th  the asympto t ic  f lux) i s  zo = A,/JT. Thus, the angular 

distr ibut ion for a medium w i th  no absorption and w i th  isotropic scattering (that is ,  a heavy medium) be- 

comes 

7 

Th is  equation may be applicable to  a hydrogenous medium by reinterpreting the total  macroscopic cross 

section C, appearing i n  Eqs. 1 and 3 as  the transport cross section l/A,. Equation 3 then agrees with 

experiment. The use of the transport cross section i n  Eq. 1 i s  then the only change made to  take into 

account the forward scattering of neutrons by hydrogen, that is ,  their “memory” of direction. 

The analyt ical  calculat ions used for comparison with experimental data obtained for a non-slowing-down 

medium are those performed by Case et a / . 3  They used the Mi lne  geometry and a hypothetical non-slowing- 

down medium containing various concentrations of poison. For the case of no poison (no Capture), their 

results agree approximately w i th  the expression given by E q .  3 above for a heavy scattering medium w i th  

no absorption. 

Campori son of Experiments w i th  Calculat ions 

on-Slowing-Down Medium with and without Capture. - The material used in  the experiments to  mock 

up a non-slowing-down medium without capture was lead. Since the resul ts were to be  compared w i th  the 

~ 

65. N. Purohit, ,Milne Problem With Capture, ORNL-3005 (Sept .  23, 1960). 

7.S, Glasstone and M. C. Edlund, The EZeVnents o/ Nuclear Reactor Thpory, p 403, Vun Nostrand, 1955. 
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Milnc g e o f i ~ t r y  calculot ions of Case et a ~ , ~  it wns necessary that  a s lab thickness be chascn which would 

properly mock up the semi-inf inite Milne geometry. Ecsrlier experiments5 w i th  a re la t ive ly  thin lead slab 

(6 in. of  powdered lead, equivalent t o  u 3-in. so l id  lead slab) fa i l zd  in  th is  respect since it W Q S  observed 

that for neutrons incident on the slab 30 deg t o  normal there w a s  a peaking of the angular d is t r ibut ion of 

the emerging neutrons a t  angles o f  emergence (0) between 0 a n d  30 deg and not ut precisely 0 deg. This  

i s  dernonstrntcd i n  F ig .  7.2.2 i n  which the angular d is t r ibut ion of  thermal neutrons i s  g iven for the th in  

slab. I f  the Milne geometry had been correctly mocked up, the experimental data, l i ke  the calculations, 

would have peaked n t  p = 1, where p = cos 8. 

scattering cross section t o  the to ta l  cross section; i.e., C -2 . 
The C value o f  0.98 on the figure represents the rat io of the 

2 

- t  
c 

In order t o  ensure that the Mi lne geometry was correctly mocked up, a 16-in.-thick lead s lab  w a s  fab- 

r icated for these experiments, and t h e  success of the mockup wa5 tested with a 30-deg incident beam. The 

results for thermal, indium resonance (1.5 C Y ) ,  and gold resonance (5 ev) neutrons are shown in Figs. 

7.2.3; 7.2.4, and 7 . 2 . 5 ,  respectively, along w i th  the corresponding calculat ions of  Case et  aZ, 

seen that here the cxperime,~tal data does peak a t  p = 1, so  that the Milne geometry i s  mocked up. 

a lso  observed that the experimzntal data agree w i th  the  calculat ions. 

betweon p = 1 ,in$ p 

small degree of fa i lure to  mock up the Milne geometry, but i t  can be ignored in comparing experiment w i t h  

theory. 

It can be 

It i s  - 
I he persistent bump i n  the C C J ~ Y ~ S  

- 
0.866 represents the uncnllidcc! and small-angle scattered flux. I h is  indicates a 

The ef fect  of adding poison to  B non-slowing-down medium, thus increosing the capture, i s  demon- 

sfrated by one set of measurements taken from the earlier thin-slab experiments and shown in Fig,  7.2.6. 

The sol id and open c i r c les  g ive  the experimental data for unpoisoned and poisoned lead, respectively, 

whi le  the sol id and dashed l ines show the corresponding calculat ions. 

mixture of powdered lead and B,C for which the C value a t  0.25 ev neutron energy i s  0-59, compared t o  a 

5 

The poisoned lead consis ts  of  CI 
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C value of 0.98 for the unpoisoned lend. Here the input neutrons are norrnully incident. The increase in  

forward peaking of the experimental points wi th added poison i s  in qual i tat ive agreement w i th  the calcu- 

lations. The excessive fotward peaking in the observed angular distr ibut ion i s  of course due t o  the small 

s lab t h ickne 3 s emp I oyed. 

Slowing-aown !Aedinnrn with Weak capture. - mentioned above, the Mi lne problem for a slowing-down 

medium (pnraffin) was solved by Feimi and reported by Bethe.' The experiments performed for comparison 

w i th  Fermi's calculat ions consisted of measurements of the angular distr ibut ion of low-energy (thermal, 

1.5-eu, and 5-ev) neutrons leaking f r o m  a 6-in.-thick slab of water, which should be equivalent t o  paraffin. 

The results have been reported pieviously; however, the thermal-neutron data are iepeated here in F igs .  

7.2.7 and 7.2.8. 

dent a t  30 deg shows that the Milne geometry was properly mocked up b y  the 6-in. thickness. 

The fact that the angular distr ibut ion did not change when the input neutrons were inci-  

Slowing-B~wn Medium wi4h Entemediatr Capture. - The experiments w i t h  ci sIowing-down medium wi th  

intermediate capture consisted of measurements w i th  a boric ac id  solution having a C value of 0.86 a t  

0.025 ev. 'The maferial th ickness was 6 in. Since the results agree with an earl ier set o f  meosuremenfs, 

they are not repented here; however, it i s  to be pointed out that a l l  the data for 0.0255-, 1.5-, and 5-ev neu- 

trons incident both normally and at  30 deg are in rather good agreement w i th  the + ( p )  = 1 -i- ~''3 p distr i -  

buti  on. 

5 

- 

Slowing-5own Medium w i t h  Strong Capture. - The experiments w i th  a highly poisoned slowing-down 

medium ut i l ized t w o  materials, a r i s ihy l  borate + methanol solut ion and a slab of l i th ium hydride. The 
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methyl borate + methanol experiments consisted of measurements of the angular d is t r ibut ion of neutrons 

emerging from 4- and 4-in. thicknesses of the material. The input neutrons were both normally incident 

and incident ot 30 deg on the 6-in. slab. Only normal incidence was used for the 4-in. slab. Since the 

angular distr ibution was the same for the 4-in. slab w i th  normal incidence as it was for the &in. slab at 

both normal and 30-deg incidence, it was assumed that the 4-in. thickness was adequate for a Milne 

geometry mockup. Note that the angular distr ibution i s  apparently constant for shield thickness greater 

than some minimum thickness. 

The measurements for 1.5- and 5-ev neutrons, which have been reported p r e ~ i o u s l y , ~  are i n  approxi- 

mate agreement wi th  the Fermi expression [ Q ( p )  = 1 + 0 PI.  The measurements of the subcadmium nn- 

gular distr ibution for the 4-in. slab, shown i n  Fig. 7.2.9, had t o  be repeated several t imes and thicker 

detector fo i l s  than those used for the 1.5- and 5-ev measurements had t o  be employed t o  improve the 

stat ist ics. The least-squares f i t t i n g  gives an angular distr ibution of 1 + A p  for th is  data, where A =- 

0.78 t 0.2. 
The lack of an analy t ica l  expression which w i l l  accurately describe the angular distr ibution o f  neu- 

trons emerging from highly poisoned media such as methyl borate and l i thium hydride has necessitated 

that the angular distr ibutions for such materials be obtained from numerical calculations, and, as men- 

tioned previously, an important phase of the current program i s  the performance of NlOBE Code calcula- 

t ions (see Sec. 7.5) and their correlation wi th  experimental data. Since l i thium hydride i s  of especial 

interest for shielding applications, it was the material selected for the study. 

Measured angular distr ibutions of neutrons emerging from a 4-in.-thick slab of l i thium hydride are 

compared w i th  NIOBE calculat ions for a 10-cm-thick, 200-cm-ID spherical l i thium hydride shel l  i n  Figs. 

7.2.90, 7.2.1 1, and 7.2.12, for subcadmium, indium-resonance, and gold-resonance neutrons, respectively. 
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Least  squares f i t t ing o f  the experimental data to the form 1 + A p  yielded A = 0.92, 1.9, and 2.3, respec- 

t ive ly .  In  the experiment the input neutrons were normally incident; for the calculat ions the f iss ion 

source was assumed to  be a 30-cm-dia sphere. 

The so l id  l ines in  the figures represent the least squares f i t t ing  t o  the data and the dashed curves 

show the NlOBE results for the energy specified. In  Figs. 7.2.11 and 7.2.12 the NlOBE calculat ions f i t  
the data rather well ,  indicating thnt the assumption of free-atom cross sections used i n  the calculat ions 

i s  va l id  for these energies. FOP much of the subcadmium region, however, the free-atom assumption i s  

known to  be inval id. Th is  i s  borne out by the fact thut the NlO5E calculat ion for 0.21 ev (the mean 

energy for act ivat ion of indium fo i ls )  does not agree w i th  experiment. The disagreement i s  in the direc- 

t ion  expected for molecular binding effects. 

Discwssion of R e s u l t s  

In summary, it can be concluded that the Mi lne problem can be experimentally mocked up w i t h  a slab 

whose thickness i s  several mean free paths for neutrons of a given energy. There i s  good agreement be- 

tween measured angular distr ibutions and the one-velocity analy t ica l  solution, without capture, as given 

by Case, de Hoffman, and P l a c ~ e k , ~  and Fermi's expression would seem to  apply for the COS& of a strong 

slowing-down medium wi th  weak absorption without exception providing an adequate thickness i s  used. 

Since the Milne problem w i t h  slowing down and w i t h  capture has not been solved analyt ical ly, the NlOBE 

Code of NDA, a semianalyt ical calculation, must be re l ied upon. It has produced results that are in  

agreement wi th  experiment in the epithesmol region where the correct cross sections are known. 

.... 

Experimental results presented previously5 showed that the angular distr ibution attains an equil ibr ium 

value before 10 cm of penetration, and recent NIOBE calculat ions w i t h  an extended fission-spectrum 

source indicate that  for the energy region below a few kev, spectral equi l ibr ium i n  l i th ium hydride i s  at- 

tained before 5 cni of penetration. It should fol low that the emergent angular distr ibutions a lso attain 

equil ibrium values a t  these smaller penetrations. T h i s  being true, shielding calculat ions need not be 

extended much more than Q few lethargy intervals below source energy for thick hydrogenous shields. For 

l i thium hydride, the calculat ions need not extend far below the k i lovo l t  region even i f  the last shielding 

layer is only about 5 cm th ick  since the avai lable low-energy spectra can be tacked on where the calcu- 

lations cut off i n  energy. Similarly, the angular distr ibutions g iven by the NlOBE calculat ions are use- 

ful down to  about 0.1 ev. Below th is  the measured subcadmiurn-neutron angular d is t r ibut ion of F ig .  7.2.10 
could be used i f  it i s  remembered that t h i s  i s  the angular d is t r ibut ion of neutrons weighted by a I/dF 
absorber. 
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7.3. MONTE CARLO CAb&URAT$ON OF NEUTRON REFhECTlOH FROM WATER 

D. K. Trubey 

In connection wi th shield design studies for the O R R  GCK Loop No. 2,’ the 05K neutron code2 wcis 

used to generate neutron histories for a 42-in.-dia, 6-fP-long cyl inder of water. A monoenergetic 10-in.- 

dia neutron beam was incident on the end of the cyl inder. One of the analysis codes writ ten to  process 

the col l is ions yielded the albedo energy spectrum which i s  reported here. F i ve  source energies were con- 

sidered. 

The 05R code generated fast-neutron co l l i s ions  at 0 1 1  energies from the source energy down to 1 ev, 

The code also generated a thermal history at which point the neutron was considered to  be thermalized. 

for each neutron. However, s ince most of the fast-neutron dose rate i s  due to high-energy neutrons, tl-le 

code writ ten to  process the co l l i s ion  data (writ ten on magnetic tape) considered only neutrons above an 

arbitrary cutoff which was taker1 to he 0.009.1 Mev. Th is  resulted in Q considerable saving in  machine 

time. Stat ist ical est imation3 was used t o  calculate t he  number ulbedo. In th is  problem the estimate was 

taken to  be the weight of the neutron mult ip l ied by exp [ -X(E) I ] ,  where % ( E )  i s  the total  cross section a t  

the energy of the neutron after n particular co l l i s ion  and I i s  the path length to the boundary. The energy 

albedo and energy distr ibution were also calculated. Since the water cyl inder was effect ively very I o ~ g e ,  

i t  was considered t o  be an inf in i te slab. Mony of the col l is ions d id  not give contribution to  the albedo 

as the neutron was either going in  the wrong direct ion or was below the cutoff energy, as i s  shown in 

Table 7.3.1. (3n1y 119; of the col l is ions generated by the 05R code gave an albedo contribution above 

0.0094 MeV. 

The computation was done in batches of 400 histories. Four batches per problem were run for a l l  

source energies wi th the exception o f  the 4 M e v  source. The analog albedo was a l s o  calculated; thrit 

is, each neutron which the QSR code tcibulated O S  leaking was recorded. With each batch considered, 

an estimate of the answer, the variance, and the standard deviat ion were computed. The albedos a v d  

per cent standard deviation, as computed with both methods, are given in  Table 7.3.2. As expected, 

the stat ist ical  est imation variance i s  generally smaller. The number albedo as a function o f  energy i s  

shown in Figs. 7.3.1-7.3.5. 
It can be seen that the albedo generally decreases as incident neutron energy i s  increased. Th is  is 

= 0.5 Mev due to the greater probabil i ty for forward scattering at higher energies. The low albedo at  E 

i s  undoubtedly dlue to  the oxygen resonance at  0.43 Mev. 

cident energies is  not seen for E 

E 

0 
(The single-scatter peak observed for other in- 

= 0.5 Mev.) The absence o f  a sinyle-scatter peak in  the histogram for 0 

= 8 Mev i s  believed to result from the large anisotropy in the cross section at t h i s  energy. 

The values in  Table 7.3.2 for 1 Mev may be compared to the results o f  Berger and 
0 

Their 

results determined from three runs of 3000 histories by the analog method ore shown i n  Table 7.3.3. The 

. . . . . . . . . . . . . . . . .. . .. . . . .. . . . .. __. . 

’D. K. Trubey, Neutron Phys.  Ann. Prog. R e p . ,  Sept .  1. 1960. ORNL-3016, p. 219. 
2R. R. Coveyou and J. G. Sullivan, Neutron Phys .  Ann. Prog. Rep., S e p t .  1, 19GQ. ORNL-3Q16, p. 193. 
3D. W. Drawbaugh, Nuclear Sci. and Eng. 9, 185 (1961). 
‘M. J. Bergar and J. W. Cooper, 1. Research Nut. Eur. Standards; A. Phys .  and Chem 438, 2 (1959). 
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Tab le  7.3.1. Summary of C o l l i s i o n  Data 

No. of C o l l i s i o n s  Lost  

Wrong Direc t ion  Below E Cutoff 

Source No. of No. of 

Co l  I i s i ons Energy Neutron 

(MeV) H is to r ies  Processed 

__ 

0.5 1,600 1,858 6,112 20,832 

1 .o 1,600 

2.0 1,600 

4.0 800 

3,006 

3,693 

2,131 

8 .O 1,400 3,568 

Tota l  7,200 14,254 

5,38 3 

6,067 

3,794 

6,90 1 

28,257 

17,153 

19,520 

10,747 

16,249 

84,50 1 

Table 7.3.2. Number and Energy Albedos for Monoenergetic Neutrons Impinging an Water 

Residual Energy >_0.0094 Mev 
Residual  Energy <0.0094 Mev Source 

Energy 
Sta t is t i ca l  

Est imat ion 

%) 

Analog Method Annlog Method 

(MeV) (%I (%I 

0.5 

1.0 

2.0 

4.0 

8.0 

O S  

1.0 

2.0 

4.0 

8.0 

0.0105 t 11 

0.1063 f6 

0.0430 f 11 

0.0147 f 1 

0.0042 f 9  

0.0498 t 2 0  

0.2322 * 6  

0.1222 * 5  

0.0695 ?I3 

0.0420 * 10 

Energy Albedo 

0.0099 *21 

0.0999 * 7  

0.0473 * 13 

0.01131 * 19 

0.0045 5 12 

Number Albedo 

0.0500 2 2 7  

0.2181 $ 4  

0.1281 * 10 

0.0698 f 2  

0.0407 f 10 

0.0003 

0.0001 

0.000 1 

0.0000 

0.0000 

0.9724 f 19 

0.1293 f 10 

0.1031 5 1 2  

0.0407 * 3  

0.0333 *22 

Table 7.3.3. Comporlson of Resul ts  of Calcu lat tons 

Number Albedo Energy Albedo 

Berger calculation 0.370 f0.009 0.135 

0.381 fo.009 0.148 *0.005 

0.367 * 0,009 0.115 

Present ca lcu la t ion  0.361 fO.023 0.106 *O.O07 
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Fig.  7.33. Number Albedo  for Water CIS Function of Energy: E o  = 8.0 Mev. 

last of the three Rerger values for each albedo are from a calculat ion which postulated the oxygen cross 

section to  be isotropic in the center-of-mass system. I h is  i s  equivalent to  the assumptions made in  the 

present calculation, s ince only the f l  term on the Legendre expansion of the cross section i s  used by the 

05K code and a t  1 Mev /, - 0 (Ref. 5) for oxygen. Thus, there is very good agreement between the cal- 

culat ions. 

- 

% 

5E.  Sa Troubetzkoy,  F a s t  Neutron Cross Sections o/ l ~o l i ,  Silicon, Aluminum, and O x y g e n ,  NDA-2113-3, Vol. C, 
No. VI (1959). 
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~ I ~ ~ O ~ ~ L  MONTE CARLO METHOD APPLIED TO NEUTRON 
SCATTERING IN AIR 

... 

W. E. Kinney and R. R. Coveyou 

A high-energy accelerator beam, by i t s  interaction wi th  the machine structure, produces neutrons which 

can escape into the air and create u radiat ion hazard. Thus, neutron scattering in air, the so-called “sky- 

shins,” determines the shielding requirements for an accelerator which are consistent wi th  the low toler- 

ance l imi ts  specif ied for the general population.’ In the past the skyshine problem for accelerators has 

been treated through simple one-velocity calculat ions for an in f in i te  air medium; 1 * 2  however, th is  treat- 

ment i s  inadequate since the calculat ional method y ie lds only crude estimates and the problem should be 

performed for two mediums (air and ground) rather than for an in f in i te  a i r  medium alone, 

The analog Monte Carlo method, which gives exact results and can be applied t o  more than one medium, 

offers an effect ive way to deal wi th  the skyshine problem. It was hoped that a variation of the method, the 

“conditional” Monte CarIor3y4 would be even better i n  that it would require less calculat ional effort for the 

same accuracy; however, i t s  appl icabi l i ty, even to the infinite-medium problem, had not been tested. 

order t o  test  the method for the infinite-medium case, it has been used t o  ca lcu late the spatial and energy 

co l l is ion density distr ibutions of the neutron f lux in  an in f in i te  air medium from a monoenergetic point 

isotropic source and the results have been compared wi th  the well-known moments method  calculation^.^ 
Further comparisons have been made with analog Monte Carlo and age theory calculations. These com- 

parisons are presented below and are preceded by a brief descript ion of the condit ional method. 

In 

The conditional Monte Carlo method i s  supposed t o  prescribe a way of assigning a probobil i ty of 

achieving an expanded or contracted neutron path identical to the original except that each f l ight  i s  

mult ipl ied by a “stretching factor.” Each neutron can thereby be made t o  contribute to the quantity 

of interest a t  any desired distance from the source and so  the variance can be reduced. 

For these calculations the composition o f  a i r  was taken to  be 79% nitrogen and 21% oxygen wi th  

a density o f  0.0012 g/cm3, and the energy of the source was assumed to be 2 MeV. The cross sections 

of Lustig, Goldstein, and Ka los f6  and Troubetzkoy’ were used. The neutron histories were generated 

by the O5R code8 stored on tape for later analysis. 

’H. c. DeStoebler, Jr., A R e v i e w  o/ Transverse  Shielding Requirements  /or the Sfanlord Two-Mile  Acce[era ior ,  

’ 5 .  J. Lindenbourn, “Sky Shine,” ConJerence  o n  Shielding o/ High-Energy Acce le ra fors ,  TI D-7545 (Dsc. 4, 1957). 

3D. W. Drawbough, Nuclear  Sci. and 5ng. 9,  185 (1961). 

4S. K. Penny and C. D. Zerby, Nuclear  Sci. and Eng.  10, 75 (1961). 

5S. S. Holland, Jr., and P. I. Richards, I .  A p p l i e d  Phys .  27, 1042 (1956). 
6H. Lustig,  H. Goldstein, and M. Kalos, Appl. Nuclear  Phys .  Ann. Prog. Rep .  Sept.  1, 1357, ORNL-2389, p. 145. 

7E. S. Troubetzkoy, Fast Neutron C r o s s  Sec t ions  o/ Iron, Sil icon, Aluminum, and Oxygen,  NDA 21 11-3 (Nov. 1, 

OR. R. Covoyou and J. G. Sullivan, Neutron P h y s .  Ann. Prog. Rep., Sepf. 1, 1360, QRNL-3016, p. 193. 

M-262, Stanford University (April 1961). 

1959). 
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Three forms for the function f n ( p ) ,  which appears in  the weighting factor for the conditional method,4 

were tried: 

2 
4np2 - ( ,o  / 4 T n )  

f , ( p )  = -.._I.... e 
I 

(4n% 1 3 / 2  

1 
the co l l i s ion  age form, where 7, =-- h2") for n th  co l l i s ion  neutrons; 

6 \ /  

1 
R 6  

the group ago form, where 7 - - (r2) for neutrons in the gth energy group of the group structure l i s ted  i n  

Table 7.4.1; and 

the exponential form, where = (I) for neutrons in  the gth energy group. 
R 

T a b l e  7.4,1, T h e  E n e r g y  G r o u p  SEruc tu ie  

Group L o w e r  E n e r g y  (ev )  U p p e r  E n e r g y  ( e v )  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

1 x lo6 

8 x io5 

4 x  10' 

2 x 105 

1 x lo5 

s x  104 

2 x  lo4 

1 x io4 

5~ io3 

2 x io3  

1 x i o 3  
5 x  102 

2 x  lo2  

1 x l o 2  

5 x  10' 

6 X lo5 

20 

10 

5 

2 

1 

2 x 106 

1 x 106 

8 x lo5  

4~ lo5 

2 x l o 5  
1 x lo5 

5~ lo4 

z x  lo4 

1 x 104 

s x l o 3  
2 x i o 3  
1 x lo3  

5 x  lo2  

2 x  102 

1 x 102 

6 X lo5 

50 

20 

10 

5 

2 
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...- , 

Co l l i s ion  densit ies computed by the use of these three forms are presented as a function of radius for 

the energy groups 1-2 Mev and 2-5 ev in  Fig. 7.4.1. There i s  no signif icant difference in  the results at  

high energy and they agree wi th  analog results. The results from the co l l i s ion  and group age forms remain 

in mutual agreement at  a l l  energies; however, a t  lo# energy the exponential form leads t o  results quite di f -  
ferent from the other two forms and none agrees with analog results. 

601 l is ion densities computed by the  condit ional Monte Carlo, the analog Monte Carlo, the age theory, 

and the moments methods are compared in Figs. 7.4.2 through 7.4.5 far several energies. The analog 

Monte Carlo method used 1000 neutrons, whi le  the condit ional Monte Carlo method analyzed 500 neutron 

histories. There i s  good agreement between the two methods down to  0.6 Mev. In the energy group from 

- .... . . . 

A C O L L i S l C b ,  ,Xi FORM 

' I  

Fig. 7.4.1. Coll ision Density as a Function of 
*... . Radius: Comparison of Resu l ts  from Three F o r m s  of  

/ , w e  

U N C L ASS I F I ED 

IO-" 

10 -i7 I . 1  1- -. J 
0 2 n 6 8 l X l 0 4 1  

RADIUS i c r n l  

Fig. 7.4.2. Collision D e n s i t y  as u Function of 
Radius:  Comparison of Variovs Calculational Methods 

for Energy Rungs 1-2 MeV. 
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Fig. 7.4.3. Col l is ion Density us a Function o f  
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for Energy Range 0.4-0,6 Mev. 
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Fig. 7.4.4. Col l is ion Density os  CI Function o f  

Radius: Compari ion of Various Calculat ional  Methods 

for Energy  Range 0.1-0,2 Mev. 

0.4 to  0,6 Mev the conditional Monte Carlo results begin to fa l l  below the analog results near the origin, 

but they are s t i l l  good from 1 to  8 source mean free patl-Is (1.2 x lo4 cm). The condit ional resul ts deviate 

more and more widely from the analog results as the energy is lowered, unt i l  in  the group from 0.01 to  0.02 
Mev there i s  disagreement everywhere and the conditional Monte Carlo curve becomzs somewhat errat ic 

near the origin. The plot  of the conditional results becomes even more erratic in  the group from 2 to  5 ev. 

It appears that the volume term, ( ~ / p ~ ) ~ - ' ,  from Eq. 5 of Ref .  4, outweighs the path shrinkage term, 

cis the paths are shrunk i o  a point near the origin, hut a real understanding of the fai lure of the condit ional 

method for the high orders of co l l i s ion  has not yet developed. 

The age theory results are in  reasonable agreement wi th analog resul ts around 0.4 Mev, which iepre- 

sents appromimntely 12 col l isions. The COnStGntS used in each group were obtained from K a t r a ~ e , ~  an 

9D. J. McGoff et al.. Ratrace. A ,Monte Carlo Code for Chatacterizing the  Slowin  Down o/ ,Yeutyoolzs in an 
In/ ini te  Homogeneous Medium, Mernoranduin EPS-S-389, MIT Engineering Pract ice Sc%ool (Nov. 13, 1958), 
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... 

0 COND 530 NEUTRONS 

F i g .  7.4.5. Col l is ion Density os a Function of 
- Radius: Comparison of  Various Calculational Methods 

for Energy Range 0,01-0.02 MeV. 

VNC, C S '5 IF I ED 
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Fig. 7.4.6. Col l is ion Density as a Function of 
Comparison of Various Calculational Methods Radius: 

for Energy Range 2-5 ev. 

infinite-medium Monte Carlo age code. The analog results are in  good agreement w 

results, except at lo5 cm, where a factor of 2 i s  the error in  the latter method.' It 
that the analog results appear to be good out to 8 source mean free paths. 

bh moments method 

s encouraging to note 

From the above results i t appears that the conditional Monte Carlo method has l imi ted appl icabi l i ty  t o  

the problem of neutrons dif fusing in an in f in i te  medium of  air because of i t s  fai lure as the order of co l l i -  

sions becomes large. The analog Monte Carlo method gives satisfactory co l l i s ion  densit ies in in f in i te  

air out to  at least 8 source m e m  free paths. Age theory becomes va l id  after about 12 col l isions. 

7.5. M O ~ E N ~ ~  METHOD AND NlOBE CALCULATIONS OF NEUTRON PENETRATl 
IN Be, BeO, LiH, AND OTHER MATERIALS 

H. Goldstein 
Nuclear Development Corporation o f  America 

A study of neutron penetration in  various reactor and sh ie ld  materials has been carried out by Nuclear 

Development Corporation of America on subcontract w i t h  the Laboratory. The program consisted o f  exten- 

sive Renupak (moments method) and Niobe Code calculat ions for Be, Be0, and LiH and some additional 
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calculat ions for D,O, Fe, H20, and C. In addition, a few computations were carried out for specif ic shield 

configurations. 

The Renupak calculat ions were performed both for ca f iss ion source and monoenergetic sources and in- 

cluded variations in  the cross sections and the  width of the integration interval in lethargy, A catalog of 

the Renupak problems i s  given in Table 7.5.1. The Niobe calculations, l i s ted  in  Table 7.5.2, were a l l  per- 

formed for a f iss ion source and spherical geometry. 

Although the analyses are incomplete, i t  i s  expected that the data on Be and SeQ w i l l  provide G defini- 

t ive picture of the neutron penetration in  these materials, The Reiiupak calculat ions included studies o f  

the effects of changes in the total  cross sections, angular distr ibution of elast ic scattering, (n,2n) cross 

sections, and the spectrum o f  neutrons emerging froin the (n,2n) reaction. Further, enough problems were 

computed for monoenergetic sources, w i th  the integration interval in  lethargy varied from 0.05 to 0.2, to 

al low any fast-neutron spectrum to be simulated. ( A  number of the  Renupak calculat ions were  repeated 

when new Be cross-section data became available.) The Niobe calculut ions for Be included studies of 

the effects o f  boundaries, and the angular distr ibutions of the neutron f lux were observed. Also, complete 

simulations were made of the geometry used for measuring removal cross sections. 

The Be calculat ions w i l l  y ie ld  information on ages, fast effects, f lux spectra, and neutron dose. Pre- 

l iminary resul ts '  for the indium resonance age  of neutrons from a f ission source in  Be  is  69 cm2, which i s  

definitely in  disagreement wi th the experimental value o f  80 + I )  cm2 obtained hy  Nobles arid W a l l a ~ e . ~  The 

calculated age for Be0 i s  89 cm2, in resonable agreement wi th the experimental value of 93.5 i 5 cin2 ob- 

tained by Coodiohn on? Young.3 

L i th ium hydride also received extensive treatment, part icularly with respect to the ex i t  spectra from 

f in i te  slabs, which i s  of interest for comparison wi+h current experimental data (see Secs. 7.1 and 7.2). 
Although the Renupak calculat ions for t h i s  material considered both f iss ion and monoenergetic sources, 

studies of the sensi t iv i ty to changes in the cross sections were not made. 

L e s s  extensive investigations were carried out for D,O, Fe, H,O, and C. Renupak calculat ions were 

performed for D,O (f ission source) by using the best data avai lable and treating the (n,2n) reaction as pure 

absorption; boundary and geoinetry effects were studied in  two Niobe problems with both sphere and shell 

configurations. Calculat ions for iron were made by Renupak for a f iss ion source and by Niobe with several 

shell tli icknesses fol lowed by  H 2 0  to simulate removal cross-section geometry. 

The H Q studies consisted of one Renupak and two Niobe calculotioris. In the Renupak calculat ion the 
2 

angular distr ibutions were assumed t o  Le as  close t o  isotropic as  the extremes of exist ing experimental 

data w i l l  permit, the purpose being to  observe the sensi t iv i ty of the dose curve t o  such changes i n  the an- 

gular distribution. 

tenintic study of H,O, however, and not unti I these Uncertainties are resolved can definit ive calculat ions 

The large uncertainties in  the nngiular distr ibutions above 3 Mev precluded any sys- 

'14. Goldstein and A. D. Krumbein, Trans. Am. Nuclear SOC. 4 (l), 131 (1961). 

2R. N o b l e s  and J. Walluce, T h e  Dillusion Length and Age i n  Beryl l ium, ANL-4076 (1947). 
3A. J. Goodjohn and J .  C. Young, TyanP. Am. Nuclear SOC. 3(2), 488 (1960). 
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Table 7.5.1. Cata log of NDA Renupak Moments Method Calcu lat ions of Neutron Penel rat ion in Various Moter ia ls  

I___..-. 

Lethargy Number of P r o b l e m  
Comments I nterva I I nterva I s N 0,  

Mater ia l  Source 

Be 

B e 0  

H2° 

D2O 

D20 + U238 

F i s s i o n  

F i s s i o n  

F i s s i o n  

F i s s i o n  

8.096 MeV 

5.427 MeV 

4.020 Mev 

2.978 M e V  

2.695 MeV 

2.438 MeV 

1.996 MeV 

1.634 MeV 

1.338 Mev 

99 1.4 kev 

544.0 kev  

F i s s i o n  

F i s s i o n  

F i s s i o n  

F i s s i o n  

F i s s i o n  

F i s s i o n  

F i s s i o n  

8,096 Mev 

8,096 Mev 

5.427 MeV 

3.291 MeV 

2.695 M e V  

1.996 MeV 

F i s s i o n  

F i s s i o n  

10.93 MeV 

2.206 M e V  

1.479 Mev 

F i s s i o n  

F iss ion 

F i s s i o n  

999.1 e v  

0.1 

0.1 
0.1 
0.1 

0.1 

0.1 

0.1 

0.1 
0.1 

0.1 
0.1 
0.1 

0.1 

0.1 
0.1 

0.2 

0.1 
0.1 

001 

0.1 

0.1 

0.05 

0.1 
0.1 

0.1 
0.1 

0.1 

0.1 

0.1 
0.05 

on1 
0.1 
0.1 

0.1 

0.1 

0.1 

0.02 

200 

200 

200 

200 

192 

189 

185 

183 

18 1 

181 
178 

177 

175 

171 

166 

100 

200 

200 

100 

200 

200 

200 
192 

192 

188 

183 

18 1 
178 

200 

200 

195 

179 
175 

200 

200 

200 

400 

1 

2 

3 
4 

5 

11  
6 

12 

7 

13 
8 

14 

15 
9 

16 

17 

18 

19 

220 

22b 

22c 

30 

31 

36 

32 

33 

34 

35 

10 
40 

41 

45 
46 

20 

21 

58 

37 

(n,2n) replaced by e las t i c  scattering 

Reduced (n,2n) 

Isot rop ic  e las t i c  scattering 

(72,272) treated as absorption 

Reduced anisotropy of elastic ticat. 

t e r i ng  

Changed 0:. I (new Be data), incorrect 

Same as Prob. 22a but correct se- 

response funct ions 

sponse funct ions 

0- ?' near ly  new Be data; incorrect CT 2n 

N e w  Be data; terminates a t  818 e v  

New Be data 

N e w  B e  data; (n,2n) treated as ab- 

sorpt ion 

New Be data 

New B e  dato 

New Be data 

New B e  data 

New Be data; terminates at  818 ev 

Now Be data 

New Be data 

New Be data 

Nonstandard (reduced) anisotropy of 
e las t i c  scat ter ing 

(n,2n) treated a5 absorptian 

Absorption of 66- and 36-ev U 238 

resonances added i n  proportion; 

f i v e  u23* nuc le i  to  one D nucleus 

30 1 



:e  

1. i t-i 

Table  7.5.1 (continued) 
.- ......... ___. .......... . ...... ....... ....... ~- 

Lethargy Number of Problem 
Co mrn e n t s Interval Intervals No. Material  Source 

___ ......................... 
238  DzO + U238 999.1 ev 0.02 400 38 Same a s  Prob. 37 except one U 

999.1 ev 0.02 400 39 Same as Pro$, 37 except one U 
nuc leus  to one D nuclews 

238 

riwcleus to f ive  D nuclei 

F iss ion  0.1 100 57 Terminates OP 818 ev 

12,08 MeV 0.1 196 24 
8.096 0.1 192 25 
5,997 0.1 189 26 
4.020 0.1 185 27a Purt ly  incorrect f lux reconstitution 

4.020 0.1 185 27b Sao-sie as Prob. 27a except improved 

2.970 Mev 0.1 182 28 
1.996 MeV 0.1 178 29 

Swedish Ferioconcrete F iss ion  0.1 200 23 

flux reconstitution 

.... ...... -. .................. 

be atfcrnpted. The two Niobe calculat ions were performed primari ly so that removal cross sections could 

be deduced koni i he  bf?l-yIliiJin and iron problems; howevsr, other valuable informution w i l l  a lso  be gained. 

‘The lone Niobe graphite problein was designed t o  simulate an experiment performed a t  Fontenay-aux- 

Roses, in  which the exi t  spectrum in  the forward direct ion through 160 cm of graphite was measured. 

spectrum so obtained shows a pronounced dip a t  about 5 MeV, and the calculat ions reproduced this behavior 

i n  even more str ik ing fashion. 

The 

Niobe Problem Nos. XIII, XV, and XVI and Renupak Problem No. 23 represent attempts to calculate the 

neutron penetration in  the Swedish Reactor R-3 Shield and the Windscale Reactor Shield Mockup for corn- 

piarissii wi th penetration calculwtions by fast removal u n d  rrwltigroup age-diffusion techniques used in  

England and Sweden. Unfortunntely, the Niobe problems fe l l  short of the accuracy and credibi l i ty  needed, 

but it appears that the d i f f i cu l ty  can be corrected. The Reriupak problem was performed pr imai i ly  to  check 

out the cross sections used for the concrete in  the Swedish Reactor R-3 Shield. O f  note W Q S  the foct that 

the calculat ions d id  reproduce Q “kink” in the dose curve that was observed experimentally. 

Renupuk Problem N o s .  3 7 4 9  were undertaken to  invest iyaie a phenomenon observed by P. E. Egel- 

staff4 on the D20-moderated research reactor u t  Harwell .  With a fast chopper he found that the spectrum 

near 4 oncl 9 e v  shows definite dips. These n r e  about k t h  the energy of two prominent U 2 3 8  resonances, 

and it WQS suggested that the dips might be discont inui t ies in the Placzek functions arising from the 

negative” sources caused by the high absorption occurring at the 36- and 66-ev resonances. The C B I -  I I  

culat ions were therefoie performed in an ideal ized situation which fol lowed the slowing down o f  neutrons 

4P. E. Egelstaff, pr ivate comrnunicotion to H. Goldstein. 

302 



Table 7.5.2. Catalog of NDA Niobe Calculations of Neutron Penetration in Vorious Materinl~. (Sphetieal Geometry, Fission Source) 

Materi Q I 

~ 

Lethargy Number of Cutoff Number of P r o b l e m  

Energy Angles N 0. intervals I nterva I Configuration* (from r = 0) 

~~~ _____ ~~ 

*Except for Problems XIII, XV, and XVI, the source region is considered t o  be a vacuum. 
w 
0 
W 

L iH 

Be 2 c m  Source + 38 cm Be 
2 crn Source + 38 cm Be + 60 cm H 0 

2 crn Source + 20 cm Be 
2 cm Source + $0 cm Be 
15 crn Source + 85 cm Vacuum t 40 cm Be 

15 cm Source + 85 cm Vacuum + 10 cm LiH 
15 cm Source + 85 cm Vacuum + 20 crn LiH 

15 crn Source + 85 cm Vacuum + 45 cm L i H  
15 crn Source + 85 crn Vacuum -P 65 cm L i H  

15 cm Source + $5 cm Vacuum + 85 cm L i H  
15 cm Source + 85 cm Vacuum + 105 cm LiH 
1 crn Source + 84 cm L i H  

60 cm Source + 340 cm Vacuum + 100 cm C 

15 ern Source + 85 cm Vacuum + 12 cm Fe 
15 cm Source + 85 cm Vacuum + 24 c m  F e  

15 crn Source + 85 c m  Vocuvrn + 24 cm Fe 

2 

C 

Fe 

+ 80 cm H20 
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15 cm Source + 85 cm Vacuum + 120 cm H20 

4 crn Source + 120 crn D 0 
45 cni Source + 255 cm Vocuurn + 60 crn D20 

190 cm D20-U238 + 30 cm DqO + 22 cm Fe 

100 cm C-U238 + 76 cm C + 20.32 cm Fe 

100 cm C-U238 + 76 cm C + 20.32 cm Fe 

H2° 

D*O 2 

Swedish Reactor R-3 Shield 
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Windscale Reactor Shield 
+ 213.68 cm Concrete 

+ 173.68 cm Concrete 

0.2 90 
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0.27 ev 

0.27 ev 
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0.037 ev  
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109.85 kev 
109.85 kev 
109.85 kev 
0.037 ev  

235 ev 

2.22 kev 
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2.22 kev 

2.02 ev 

2.02 ev  

0.037 ev  
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i n  D 0 from a monoenergetic source at 999 ew, using lethargy integration intervals only 0.02 wide. Ab- 
sorption cross sections were added a t  66 ev and 36 ev to the extent that thz integral over E corresponded 

to  o f ixed percentage of the two U 2 3 8  resonances, The results were completely negative. The Ploczelt 

function osci l lat ions from the rnaiii source were beauti ful ly portrayed, ns was the absorption in  the reso- 

nances themselves and A e  chonges in  the resonance absorption probability. 

the energies where t h e y  were observed expcrimentoily. On the basis of th is colculotion, it appears that 

Egelstaff 's observations do not ref lect  any intr insic phcnornenon but ar ise from some absorber i n  his setup. 

The calculat ions performed thus for indicate that the two codes have suff ic ient ly high rel iabi  l i t i cs  

2 

But there were no dips a t  

for their appl icat ion as production programs. Further, f inal  anoiyses of the data already obtained shouid 

resolve a number of heretofore unanswered questions. The results w i l l  be prepared o s  n series of papers 

which w i l l  be submitted to Nuclear Science and Engineering. 

7.6. A RECALCULATION OF F9E GAMMA-2AY ENERGY SPECTRUM 
OF THE BULK SPIlELDlNC REACTOR 1 

G. T. Chapman 

The gamma-ray eriergy spectrum of the Bulk Shielding Reactor I (3SR-I) was cxperimentolly deterniined 

i n  1953, ' e 2  and at least two attempts to theoretical ly calculate this spectrum havz since been r ~ t a d e . ~ 0 ~  

However, although the calculat ions showed close agreement wi th ecch other, the results of both gave a 

f lux which was lower than the measured f lux by as mdrh CIS a factor ofthree. The magnitude and part ic- 

ularly the direct ion of the differences were surprising, since the assumptions made for t l ie calculat ions 

should hcrve tended to give an overestimate of the flux, especial ly at lower energies, Although the cx- 

istence o f  dif f icult-to-evaluate experimental errors was recognized, their probable magnitudes did not 

seem to be suff ic ie i i t  to account for the discrepancy. 

Sincc the performance o f  the previous calculat ions, a detailed coinpilation o f  capture gamma-ray 

spectra has become n ~ a i l a b l e , ~  and  a more complete energy spectrum of prompt-fission gamma rays has 

bcen obtained.6 A new calculat ion of the BSR-I spectrum has therefore been made, u t i l i z i ng  the most 

recent information. The result, however, has served only to confirm the results of previous calculations, 

leaving the disagreeinent wi th experiment s t i l l  unresolved. 

' F .  C. Mnienschein and T. A. Love ,  Spectrum o/ Gamma R a y s  Emztted b y  the  B u l k  Shielding Reactor, ORNL- 

'F. C. Maienschein and T. A. Love ,  Nucleonics  12,(5), 6 (1954). 

CF-53-10-16 (Oct. 31, 1953). 

3G. desaussure, A Calculation o i  the  Gamma-Ray Spectrum o/ f h P  Bulk  Shielding Reactor,  ORNL-CF-57-7- 105 
(July 31, 19.57). 

4L. A, Bowman et a[., A Calculatioe o/ the  Energy  Spectiurn and Angular Distribution o/  Gumma R a y s  at the  

5E.  Troubetrkoy and 1-1. Goldstein, A Compilat ion o i  Inlormation on Gamma-Ray Spectra Resulting /TOT;, Thermal- 

6F. C. Maienschein, private communication. 

Sup/ace o/ t h e  B S F  Reactor, ORNL-CF-58-4-75 (Apri l  15, 1958). 

Neutron Capture, ORNL-2901 (Nay 17, 1960). 
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The present calculat ion fol lows the method o f  deSaussure3 exactly, wi th  the exception of some of the 

primary gamma-ray source terms. Consequently, only a brief discussion o f  the method w i l l  be presented 

here. 

The assumption i s  made that the f lux at the surface of the reactor i s  composed o f  both on uncol l ided 

and a Compton-scattered component. The former may be calculated without dif f iculty, provided the pri .. 
mary gamma-ray sources are known. To fac i l i ta te  calculat ing the Compton-scattered component, the 

gamma rays are assumed to scatter only once in the reactor core, subsequently proceeding to the reactor 

surface without further attenuation. It i s  also assumed that the energy distr ibution of the scattered gamma 

rays i s  given by the appropriate Klein-Nishina formula, although the direct ion of the photon i s  assumed 

unchanged by the scattering event. 

The energy spectra o f  the  primary gamma-ray sources used for th is  work are tabulated i n  Table 7.6.1 - 
and are plotted in  F ig .  7.6.1. The distr ibutions for the number of prompt-fission gamma rays [<,(E) pho- 

tons per f ission] and the fission-product gamma rays [v$,(E) photons per f ission] were obtained by con- 
- 

verting the measured6#' energy spectra o f  these gamma rays into histogram form. The uranium capture 

gamma-ray spectrum [vc ( E )  photons per fission] was estimated by assuming that these photons are dis- 

tributed i n  energy the some as the prompt-fission gamma rays. Consequently, the assumption is  made 

that 

I 

2 5  

0 - c 6.43 - v g s ( ~ )  = - . e  - " / ? ( E )  ptiotons per fission, 
ffr 7.45 

.................. 

W. Peelle, W. Zobel, and T. A. L o v e ,  Appl .  Nuclcar P h y s .  Ann. Prog. Rep.. S e p t .  10, 1956. QRNL-2081, p. 94. 

T a b l e  7.6.1. Photon Yield,  per Energy Interval,  from Primary Gamma-Roy Scurees 
.- 

Energy L imi ts  and 
Average  Energy Photon Y i e l d  (photons/fission) 

(MeV) I_ Prompt F iss ion  "235 Aluminum Hydrogen - Total  F iss ion Products Capture Capture Capture 
bk E E 

0 1.0 0.5 8.12 4.68 1.29 0.020 14.11 

1.0 2.0 1.5 1.69 1.21 0.27 0.124* 3.29 

2,Q 3.0 2,5 0.49 0.44 0.075 0.028 0.213 1.23 

3,O 4-0 3.5 0.16 0.17 0.026 0.022 0.377 

4,O 5.0 4.5 0.065 0.047 0.010 0.0 19 0.141 

5.0 6.0 5.5 0.02 1 0.007 0.003 0.009 0,040 

6.0 7.0 6.5 0.007 0,00 1 0.005 0.013 

780 8.0 7.5 0.022 0'022 

"Includes the AI2*  beta-decay line. 

__II.I.IIs ~ I 
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I C  

Fig. 7.6.1. Calculated Energy Spectrum of the Primary 

Gclm ma- R a y  Sources. 

where 

6.43 = the total photon energy, in  M e V ,  released per UZ3' capture, 

7.45 = the total  energy, in Mev, released per f ission, 
235 = the cross section for thermal-neutron capture in IJ (cm2), 

T = the cross section for thermal-neutron f ission in 1J235 (cm2), - / I 

vi,(!') = the number of prompt-fission photons, per fission, wi th average energy E Mev. 

The capture gamma-ray spectra for aluminum and hydrogen were taken from the compilations of Troubetzkoy 

and Goldstein.' The number of photons per f iss ion was calculated by mult iplying the number of photons 
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per neutron capture by the ratio of the macroscopic capture cross section ( X u ,  cm- ' )  of the aluminum or 

hydrogen i n  the to re  t o  the macroscopic f iss ion cross section (2: f' cm-') i n  the core. Thus, 

where 

A@') = the number of photons w i th  energy E ', in MeV, per 100 captures, 

B a ,  E b 

Among other sources which may contribute t o  the to ta l  garnma-ray f lux are: (1) ine last ic  scattering of 

fast neutrons; (2) annihi lat ion radiation; and (3) the decay of radioactive materials other than AI2*.  How- 

ever, the contribution of these sources i s  of l i t t l e  importance at  the higher energies where the calculation 

i s  expected t o  give the most accurate results, 

= l imi t ing energies, in  MeV, of the energy groups. 

The uncol l ided f lux was calculated, as discussed by d e S a u s s ~ r e , ~  by using the equation, 

- - -  
P ( E )  = K * v ( E )  ! ( E )  , (3) 

where - 
l''(E) - uncoll ided flux a t  the surface of the reactor, in  the direct ion iiormal to  the surface in cm-* *  

steradian- MeV- ' wat t - '  sec- ', 
L f i  ssions 

K := (2.7 x IO5 f issions. sec" wat t " ' *  crne3) x-- - 
4n''-E wat t -  sec. cm2 steradian a Mev 

L = length of the reactor core on the center l i n e  

= 45 cm, 

= width of the  energy group 

= 1 MeV, 

AE 

- - 
v ( E )  = number of photons per f iss ion of energy E ,  MeV, - 
- 1 - e - 1 4 E ) L  

/(E) = 
p(E)l . .  

= dimensianless function describing the attenuation of the radiat ion in the core, 

=e f fec t i ve  l inear absorption coef f ic ient  i n  the core. (The metal-to-water rat io i n  the BSR i s  
0.7, and the attenuation by the uranium i s  neglected.) 

On the basis of the crssumptions made t o  govern the scattered flux, only  those gamma rays arising from 

Compton scattering of primary photons original ly moving in the direct ion of the: detector were considered. 

Thus, the total number of photons fu l f i l l i ng  th is  requirement i s  obtained by sett ing / ( E )  = 1 i n  Eq. 3. T h i s  

number subtracted from the ~ c t ~ a a l  uncol l ided f lux i s  the number of photons that were or ig ina l ly  moving in 

I 
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the required di iect ion but were removed by some interaction in the core material. The portion that was 

Cornpton scattered i s  
c 

- - P J E )  
K v ( E )  [ l  - / ( E ) ] -  

&) ' - 
where F,(E)  i s  the linear absorption coeff icient for Compton scattering alone. - 

The probabil i ty that a primary photon of energy E ,  w i l l  be scattered into the k t h  energy group i s  given 

by 

where 
- 

G ( F  ) = total  Compton cross section, 
T A i  

d o r / d E ' =  energy distr ibut ion o f  the scattered photons. 
- 

Equation 4 was evaluated by taking the values of c T ( E i )  from Nelms.* 'I he integral i s  now readily evalu- 

ated by expressing the dif ferential c r o s s  section i n  terms of the Compton wave length (A = mc2/hu) .  Thus 

where' 

and CT i s  the c lassical  Thornson cross section. Thus, the desired probabil i ty i s  
0 

The values of a.  

using the values of Table 7.6.2, the total  Cornpton-scattered f lux i s  obtained by 

are given for I-Mev-wide energy groups over CI range of 0.5-9.5 Mev in  Table 7.6.2. Thus, rk 

- 

*Ann T. N e l m s ,  Graphs of the Cornpton Energy -Angle  Relat ionship and the  Klein-Nishinn Formula /Tom 10 kev to 
500 Mev,  NBS Circular 542 (Aug. 28, 1953). 

9 ~ b i d ,  p. 35. 
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.,......_ 

The results of the present calculation, corrected for the shape af the neutron f lux throughout the re- 

actor by the prescription of d e s a ~ s s u r e , ~  are shown in Table 7.6.3. A comparison of a l l  calculations wi th 

experiment i s  made in  Fig. 7.6.2. Agreement i s  good among the calculations, but a l l  three give a f lux 

much lower than the experimental f lux. The resul ts of the present calculat ion more accurately approach 

the shape of the experimental spectrum. The dispar i ty in magnitude, however, has not been ef fect ively 

decreased or explained by the present work. It may be resolved in  possible future experiments. 

T a b l e  7.6.2, Probabi l i ty  of Compton Scattering from I n i t i a l  Energy Group Ei* into F i n a l  Energy Group Ek* 

... ..... 

In i t ia l  

Photon 
Compton Scattering Probabi l i ty  

E k = 0 . 5  E - 1.5 E = 2.5 EL = 3.5 E k  = 4.5 E k =  5.5 Ek =6.5 Ek = 7.5 E k =  8.5 Ek -9.5 
Mev Mev MeV Mev MeV Mev Me v Me v Mev Mev 

~ 

k -  k 
Ei (Mev) 

0.5 1.000 

1.5 0.684 0.316 

2.5 0.611 0.202 0,187 

3.5 0.571 0.172 0.130 0.127 

4.5 0.544 0.159 0.108 0.095 0.094 

5e5 0.524 0.152 0.096 0.080 0.075 0.074 

6e5 0,508 0.147 0.089 0.071 0.064 0.061 0.060 

7.5 0.495 0.143 0,085 0.065 0.057 0,053 0.051 0,050 

8.5 0.484 0.140 0.082 0.062 0.052 0.047 0.045 0.044 0.0437 

9.5 0,475 0.138 0,079 0.059 0.049 0.044 0.041 0.039 0.0384 0.0383 

*Energy values represent the midpoint of a 1-MeV-wide group. 

Table 7.6.3. Calculated Gamma-Ray Spectrum of the BSR-I 
--I -- 

Energy L i m i t s  and Gamma-Ray Flux* 
Average Energy (Mev) (photons sec- ’  MeV-’  watt- ’ .  steradian-’) 

E Uncol l  ided Compton-Scattered Total  
I_ 

E ak E b k  

0 1.0 0.5 3,09 X lo6 2.13 x lo7 2 . 4 4 ~  lo7 

2.0 3.0 2.5 5.63 x lo5 2.89 x lo5 8.52 x lo5 

3.0 4 0  3.5 1‘97 X lo5 5.58 x lo4 2.54 x lo5 

4.0 5.0 4.5 7.23 x lo4 1.30 x lo4 8.53 x 10‘ 

6.0 7.0 6.5 8.37 x lo3 1.33 x TO3 9.71 x lo3 

7.0 8.0 7.5 1.47 x lo4 7.41 X lo2 1 . 5 5 ~  lo4 

1.0 2.0 1.5 1.19 x lo6 1.49 X lo6 2,68 X lo6 

5.0 6 .O 5.5 2.46 x lo4 3.84 x lo3 2.84 X IO‘ 

* A  correction for the thermal-neutron flux shape in she reactor has been applied. 
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0 2 4 6 8 10 
E. G A M M &  R A Y  ENERGY (MeV) 

Fig. 7.6.2. Comparison of Calcu lated nnd Experi- 

mental  Gamma-Way Spectra from the  Surface of the 
BSR-I. 

7.7. EXPERIMENTAL YERIFPCAIZON OF A GEQMETRhCAL SHIEkDlbaG TWA 
1 L. Jung, F. 4. Muckentholer, J. M. Mil ler, and J. K. Grant 

7-he “point keriiel” concept of shielding theory i s  widely used. B y  definit ion, the kernel represents 

the response of a nundirectional detector, recording biological  dose, to a unit  point source of radiat ion at 

a g i w n  distance R .  The specif icat ions attached to the use of the kernel require an isotropicnl ly emitt ing 

source located in a homogeneous, isotropic, attenuating 

’On loan from Lockheed A ; r ~ i ~ f :  Cnrp,, Marietta, Gcorgia, 

’E. P. Bl izard, In i rOduCi iOn  to Shield Desigz,  Pats Jn Revised, ORNL-Cf-51-10-70 (Jan. 30, 1952). 

. . . . . . . . . . . . . . . . . ~~ 
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..... 

.... 

Much of the data used in shielding calculations, however, derived from experiments at the L id  Tank 

Shielding Faci l i ty ,  where neither the source nor the shielding medium conform to all  of the exact ing con- 

dit ions prescribed for the point kernel. It i s  thus of value t o  determine to  what degree the theoretical cal-  

culations agree with resul ts of  experiment. The proposition under test  i n  the present experiment states 

that the dose rote due t o  a large disk source can be determined from measurements using a smaller source 

disk, the two being related by the point kernel concept. Experimental data has been obtained from several 

sizes of source plates, and i s  now being analyzed. Preliminary checks indicate good agreement between 

calculation and experiment. 

Theory 

Figure 7.7.1 shows the source-detector geometry pertinent to  the present discussion. L e t  G ( R )  repre- 

sent the response of an isotropic detector located a distance R from Q un i t  point-isotropic source situated 

i n  an inf inite, homogeneous medium. The function G ( R )  then i s  the attenuation kernel, and the dose rate 

at K from a disk source of uni t  strength S and the radius A i s  obtained by integration over the disk: 

A 
D ( R )  = 2vSI C ( R ) p  dp . (1) 

0 

Since, from the figure, R 2  = p 2  + z 2 ,  and R dR = p dp for constant z, Eq. 1 can be rewritten as 

G ( R )  R dR . 
By le t t ing 

D ( R )  = D ( z , A ) ,  ( 3) 

where D ( z , A )  i s  defined as the dose rate a t  a distance z along the ax is  of a disk of  radius A ,  and setting 

A = fi a, where a i s  the radius of a smaller d isk source and m i s  an integer, Eq.  2 becomes 

or 

By rewri t ing the second integral of Eq. 4 as 
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UNCLASSIFIED 
DWG 17071 R I  

do 

Fig. 7.9.1. Geometry for Disk Source and Homogeneous Sh ie ld .  

and recal l ing the def in i t ion accompanying Eq. 3, i t  becomes clear that 

Equation 5 can then be writ ten in  the notation 

or 

wliere 711 and 72 arc integers. 

In th is fashion the dose rates along the ax i s  of a disk source can be calculated from ax ia l  dose-rate 

measurements from a smaller disk source. 

Experimental  Procedure 

The values of the integer m used in  th is  experiment were chosen as 16, 9, 4, and 2, which, Froni the 

relat ion 11, = f i u ,  where A i s  the diameter of the I..TSF source plate G r i d  i s  equal to 28 in., gave source 

plate diameters of 7, 9.33, 14, and 19.80 in. These choices not only permitted a study o f  a reasonable 

range of diaineters, but a lso  w i l l  a l low a cross-check between t h e  7- and 14-in.-dio source plates. 

Since time and cost precluded fabrication of individual smal I source plates, they were simulated by 

placing a neutron-absorbing i r i s  between the thermal-neutron beam from the Oak Ridge Graphite Reactor 

and the exist ing LTSF Souice plate. Both bora1 and cadmium i r i s e s  were tried, but results of gold-foi l  

nioppings indicated that a much shcarp.sr definit ion of the i r i s  was obtained by using cadmium. Neutrons 

scattered from the core hole wa l l  or the lead gamma-ray suppressor and entering the s ~ u r c e  plate area at 
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fig. 7.7,2. Sectieraol View of the LTSF Source Plate Showing I t s  Pasition Relative to t h e  ORNL Graphite Wooctos. _- 
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anylei; other than normal were attenuated by the much thicker ($  in. v s  25 tilils) edge of the bora! i r i s ,  

F ina l  measurements were made with the cadmium i r i s  in  posi t ion and the gamma-ray suppressor removed 

from the beam i n  order to el iminate as much scattering as possible, 

AS shown in  Fig. 7.7.2, i t  was impossible to  place the cadmium i r i s  di rect ly in  contact wi th the source 

plate. A t  least a %-in. thickness of aluminum and an air space separated the uranium disk from h e  i r i s  

during a l l  measurements. The ef fect  of this separation was evaluated by interposing more aluminum be- 

tween the source and ir is, and a correction wil l  be applied io the f inal data. 

Gaiimia-ray dose measurements early in  the experiment indicated that thermal-neutron captures in  the 

cadmium i r i s  resulted i n  a secondary gamma-ray component from the source area, thus making the gamma- 

ray data suspect for use in veri f icat ion of the theory. The resul t ing increase in  gamma-ray-to-neutron rat io 

also made operation of the Hurst-type fast-neutron dosimeter impractical. F ina l  analysis of the experiment 

and comparison wi th theory w i l l  therefore be made solely on the basis of the thermal-neutron f lux  measure- 

ments. This annlysis i s  now in  progress. 

7.8. A GENERAL-B 

S. K. Penny 

A general Monte Carlo code i s  being writ ten for the purpose of studying the transport of gamma rays. 

The code i s  primari ly for research with Monte Carlo methods; however, it w i l l  be readi ly adaptable for 

data production. It i s  presently being “debugged” on the IBM-7098 computer, 

The code w i l l  handle a general source, heterogeneous media, importance sampling, and various geom- 

etries. 

magnetic tapes, which may then be processed as needed. 

It w i l l  operate much l i ke  the 0 5 R  Neutron Code’ in that gamma-ray histories w i l l  be writ ten on 

’R. R. Coveyou, J. G. Sullivan, and H. P. Carter, Ne,,frot P h y s .  Ann. Pwg.  R e p .  Sepf.  1, 1958, ORUL-2609, p. 82 

7.9. THE DlFFERENTBAL ENERGY AND ANGULAR SPECTRA OF NEISTRONS FROM A POINT 
ISOTROPIC SOURCE 1N I N F l N l T E  GEOMETRY 

H. E. Stern,“ R. E, Maerker, and D. K. Trubey 

An attract ive aspect of the application of the method of random sampling, or Monte Carlo, to radia- 

t ion shielding problems has long been recognized to  lie i n  i t s  adoptabi l i ty to a variety of geometries. 

The prohihit ive cost in  computing time, however, of solutions to practical problems obtained by the 

direct or analog method has led to the development of cs variety of sampling or biasing schemes in- 

tended t o  focus attention upon the part icles which w i l l  contribute to the f inal  answer. In order t o  ob- 

tain insight into the usefulness of one of these methods, the technique of “stat ist ical  estimation,” 

*On  assignment f r o m  L o c k h e e d  Aircraft  Corp., Marietta. 
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calculations have been performed to  determine the di f ferent ia l  energy and angular spectra of neutrons 

from an 8-Mev point isotropic source in an in f in i te  medium of hydrogen. The choice of an in f in i te  hy- 

drogen medium permits the resul ts to  be d i rect ly  coinpared t o  ex is t ing resul ts from moments method 

ca Icu lot ion s. 

The neutron histories used in  th is  calculat ion were generated by the 05R Code.’ Two different 

schemes have been tried. The f i rs t  employed point detectors and tabulated f lux contributions in four 

concentric, contiguous spherical intervals about each detector, The purpose of the tabulation was to  

provide o means of discriminating against high f lux contributions due to unusual co l l is ions near the 

detector. Test resul ts obtained wi th  th is  scheme were not satisfactory for two reasons. First,  for 

the number of neutrons considered (three batches of 480 neutrons each) an unreal ist ical ly high con- 

tr ibution to ihs f lux resulted from col l is ions occurring i n  the spherical intervals c losest to  the detector. 

Second, it  was uneconomical of neutrons, since a large fract ion of co l l is ions occurred at points where Q 

scatter toward the detector regions was physical ly impossible i n  hydrogen. 

The second scheme computes the neutron current, and from th is  the neutron flux, a t  various spherical 

surfaces centered on the point source. The neutron direction after co l l i s ion  given by the 05R Code i s  used 

directly, but any neutron whose projected path intersects one of the speci f ied spherical surfaces i s  forced 

to cross that surface irrespective of the location of a subsequent col l is ion.  Di f ferent ia l  angular and energy 

fluxes and currents are computed for 20 equal energy intervals and for as many as 20 arbitrary angular in- 

tervals. In addition, summations over energy and over angle are performed to  give di f ferent ia l  energy 

fluxes and currents, d i f ferent ia l  angular dose rates and currents, to ta l  current, and to ta l  dose rote. 

For the test  calculat ion of the second scheme, a to ta l  of 11 batches of  480 neutrons each was run. 

The hydrogsn densify used was 0.1 11 g/cm3 (that of hydrogen i n  water) for which the scattering mean 

free path was about 13.2 em, 

The col l ided di f ferent ia l  energy fluxes are shown in Table 7.9.1, together wi th  the computed mean 

standard deviations. The data for source-detector separation distances of 20, 60, 0nd 30 cm are com- 

pared i n  Fig.  7.9.1 with the moments method resul ts of Krumlaein.’ The sharp r ise in  the moments 

method data at  8 Mev i s  due to the inclusion of uncol l ided 8-Mev source neutrons which are spread 

over a small  energy interval, rather than being precisely monoenargetic. The agreement of the sta- 

t i s t i ca l  estimation results wi th  moments method values seems to  be reasonably satisfactory out to a 
distance of 60 cm, and the data at  90 cm might be used in  some applications i f  approprlats smoothing 

techniques were to  be applied. 

Angular co l l ided dose rates are presented in Table 7.9.2, and to ta l  dose rates are compared to mo- 

ments method resul ts in Table 7.9.3. For consistency with the inornents method results, flux-to-dose 

conversion factors from NDA 2092-9 (Ref. 3) have been applied to  the present reswlts. 

’R. R. Coveyou and J. G. Sulllvan, Neutron Phys .  A n n  Prog. Rep, ,  Sepi. I, 1960, QRNL-3016, p. 193. 

2A. D. Krumbein, Summary of N D A  U n c l a s s i f i e d  R e s u l t s  of Moments Method Calcula t ions  for the  Penetra t ion  

3H. Goldstein and H. Mechcanic, Penetrat ion of Neutrons from a Point  F i s s i o n  Source Through BerylIium and 

o f  Neutrons Through Various Materials ,  NDA 92-2 (Aug. 30, 1957). 

Beryl l ium Oxide,  NDA 2092-9 (June 23, 1958). 
.-. 
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Table  7.9.1. D;fferential  Energy F lux  (Coll ided Only) from a Point Isotropic Source 

of 8-Mev Neutrons in an Infinite Hydrogen Medium 

_- . . ~ .......... 

Differential  Energy F l u x *  (4nR2.neutrons' ~ r n - ~ .  set"'* MeV-')  
..... Lower  Bound of 

Energy Interval 

(Mcv) 

0.0094 

0.4089 

0.8085 

1.2080 

1.6075 

2.007 1 

2.4066 

2.806 1 

3.2057 

3.6052 

4.0047 

4.4042 

4.8038 

5.2033 

5.6028 

6.0024 

6.4019 

6.8014 

7.2010 

7.6005 

10 cm 
from Source 

.. ... - 
x 10-2 

25.6 t 2.15 

10-7 ' 1.20 

9.61 i0 .660 

7.65 -f 0.521 

7.19 1 0.415 

6.31 $- 0.530 

5.79 50.307 

5.95 k 0.536 

5.24 t0 .437 

4.46 tO.562 

5.81 50.345 

5.05 tO.424 

5.02 kO.577 

4.46 t 0.320 

4.59 t0.366 

4.87 10.324 

4.40 t0 .452  

5.18 50.292 

4.38 +0,503 

4.64 * 0.332 

20 crn 

from Source 

x 

27.4 t 2.12 

12.8 1.82 

10.0 t0 .616  

7.88 iO.577 

7.28 f0.631 

6.75 i 0 . 4 6 5  

5.72 iO.395 

5,87 f0.579 

5.29 F0.392 

5.22 f 0,292 

5.45 t0 .312 

4.89 iO.523 

4.5 1 + 0.470 

3.94 10.376 

&13 0.368 

4.33 iO.350 

4.81 f0.489 

5.03 f 0.448 

3.99 20.417 

4.39 f 0.246 

30 crn 

from Source 

- - .. 

x 10-2 

21.1 + 1"40 

10.2 f0.506 

8.99 1 0.856 

5.39 ' 0.453 

5.63 5 0.453 

4-70 t0 .212  

4.13 10.411 

4.42 * 0.337 

3.66 0.487 

3.52 5 0.267 

3.73 f0.422 

3.06 0.332 

3.07 iO.281 

3.10 f 0.234 

3.00 L0.204 

3.09 f 0.152 

3.53 0.244 

3.42 k0.231 

2.98 f0.368 

3.27 ' 0.199 

. . . . . . . 

60 crn 90 cm 

from Source h o r n  Source 

x 

54.2 f 7.73 

22.4 5.78 

10.2 t 1.78 

15.5 i 4.93 

13.3 f2.18 

9.82 i i .45 

8.d6 1.70 

8.66 1-70 

8.51 f 1.23 

7.12 + 1-09 

6.23 0.991 

7.13 ?r 1.21 

6.80 t 1-01 

8.85 f 1.05 

7.33 + 1.36 

6.09 t0 .933 

7.94 t 1.40 

6.94 f0.955 

6.20 k0.533 

7.11 i 0.973 

1 0 - ~  

8.26 k2.32 

7.66 + 1.08 

0.800 i 0 , 4 2 8  

3.87 + 1,25 

1.11 '0.338 

1.62 '0.825 

0,937 40,313 

1.15 +0,$04 

0,907 i0 .307 

0.768 kO.167 

1.11 t 0 - 3 3 0  

1.18 i 0.667 

0.543 f0.130 

0.770 f 0.183 

1.88 t0 .577 

1.34 1-0.539 

1.02 k0.299 

0.68 1 t 0,0746 

1.11 h0.388 

0.925 f 0.173 

*Normalized to one sourcc neutron per second. T h e  errors quoted ore the standard deviation of ?he mean of batch 
averages ( 1 1  batches o f  480 neutrons each). 
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Table 7.9.2. Dif ferent ia l  Angular Dose Rate (Col l ided Only)  from a Point I s o ~ r o p i c  Source 

of 8-Mev Neutrons in an In f in i te  Hydrogen Medium 

Di f ferent ia l  Angular Dose Rate* (4;.rR2. mrep. hr-’) 
Cosine of Lower 

Bound of Angular 10 cm 20 cm 30 cm 60 cin 90 cm 

Interva l  from Source from Source from Sourcc from Source from Source 

..... .. . 

x x 

461 f7 ,19  427 1 5.30 302 +a,38 64,6 ?3,99 87,3 10,7 0,80 

7a,8 k 4 80 15.8 * 1.55 23.1 + 5.69 0,60 95,2 t6,00 109 f 3.04 

0.40 39.4 t 2.71 49.4 f 3.21 38.2 f 2.51 7.03 4 1.20 14.4 f4.57 

15.2 t 1.83 19.4 5 2.12 4.25 k 1.07 7.19 t 3 . 3 1  0.20 19.9 4 3.20 

0.00 4.31 f 1.24 11.8 * 2.96 10.4 t 2.05 1.49 f0.633 0.204 f0.168 

-0.20 2.97 t o . a i 8  6.56 i 2.58 4.80 f 1.30 3.32 f 1.83 0.760 tO.726 

-0.40 4.54 40.966 6.87 * 1.02 2.99 f 0.652 1.61 10.487 2.14 1 1.40 

-0.60 2.76 f0.627 3.55 t 0.335 2.90 f0.685 1.15 f0.276 3.13 f 1.95 

-0.80 2.33 t 0.823 2.15 0.449 1.43 10.344 0.581 f0 .232 0.911 k0.730 

-1.00 1,39 k0.310 1.47 f0.343 1.3 1 t 0.330 0.585 f 0.242 1.09 t0 .643 

- I- 
*Normalized to  one source  neutron per second. The errors quoted are the standard dev iat ion of the mean of batch 

averages (1 1 batches of 480 neutrons each). 

Table 7.9.3. Fast-Neutron Dose Rote  (Coll ided Only)  from a Point Isotropic Source 

of 8-Mev Neutrons in an ln f in i te  Hydrogen Medium 

2 Fast-Neutron Dose Rate (4nR D*mrep-hr-’*cm2) 

(em) Moments Method Stat is t  i ta1  E s t  imation 

Dis tance from Source 

10 

20 

30 

60 

90 

133 

90,s 

55.2 

9.24 

1.25 

x 

138 

98,3 

62.7 

11.7 

1.57 

......... 
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Fig, 9-9.1. Neutron Flux from on 8 - k ~  Point Isc- 

tropic Source in an Inf in i te  Hydrogen Medium as a 

Function od Energy for Various Source-Detector Separa- 

tion Distances. M o m e n t s  method results include un- 

coll ided source neutrons; statistical estimation does 

not, 

7.10. DesaGN OF 

J. M. Mille: F. J. Muckenthaler 

The Transuranium Processing F a c i l i t y  now being designed hy  the Chemical Technology D iv is ion  i s  

to i i lclude a hot ce l l  cnpuble of containing point sources spontaneously f iss ion ing a t  a niaxirnum rate of 

7.8 x 10’’  f iss ions per sec. The window in th i s  ce l l  is required to  have approximately the sane shielding 

value for these sources as would magnetite concrete. ‘The experimental work required in the design of the 

window is being performed by the L id  Tank Shielding F a c i l i t y  (LTSF) and preliminary studies have been 

coin p I et ed, 
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The prel iminary work has consisted of two  phases. In the f i rst  the ef fect ive neutron removal cross 

sections of commercially avai lable glasses of variaus densi t ies have been measured and compnred w i th  

calculat ions based upon monufac fu re r s '  analyses of the glasses. The resul ts o f  th i s  work are shown i n  

Table 7.10.1. 
The proposed design of the  hot ce l l  window envisages the USE of various thicknesses of three types 

of glass  separated by thickriesses of oil.  The glasses to  be used are a nonbrowning g l a s s  af  density 2.7 
g/cm3# a lead-si l icate glass of density 3.3 g/crn3# and o lead-si l icate glass of density 6.2 g/cm3. In the 

second phase of the present study, ordinary plate glass and lead slabs were Bassiinated to  mock up the re- 

moval cross sections of the various high-density glasses and combined in various configurations wi th 

water to obtain the optimum arrangement for the most effect ive attenuation of both neutrons and (prompt 

and cupture)  gamma rays. Final  analysis of th is  data has not been comple~ed. 

Based upon the experimental data obtained, a 4.5-ft-thick window has been designed. 'This window 

consists of appropriate laminations of three l - in.- th ick pieces of cover plate glass, one 8-in.-thick piece 
of 3.3-g/cm3 ~ I Q S S ,  two 6-in,-thick pieces of 6.2-g/cm 3 gloss, and 31 in. of oil .  A fu l l -scale mackup of 

this window is currently under tes t  in the LTSF. 

Table 7.10.1. Measured and Calculated Neutron Removal 

Cross S e c t i o n s  for Various Classes 
................ ................. ... . .............................. - _____I____ ..... 

Removal c r o s s  Section, xR (cm-.') 
______ Density 

Measured Calculated* Type 3 
( d c m  

Pittsburgh Plate 
G l a s s  Na, 4966 

Corning No. 8362 

Corning No. 8363 

3.30 

3.30 

6.20 

0.076 5 0.004 0.080 5 0.008 

0.080 t 0.004 0.Q81 "L 0.008 

0.095 ~t 0.005 0.101 +0.010 

*The formulne  $or these glasses are proprietary and therefore are not g iven  in th i5  report. 
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8.1. I N ~ ~ A N ~ C L ~ A ~  CASCADE CALCULATION 

H. Ber t in i  

For the predict ion of the shielding requirements o f  space vehicles and ultrahigh-energy par t ic le  ac- 

celerators, a large volume o f  cross-section data d i f f i cu l t  or i inpossible to obtain by experiment i s  re- 

quired. The in i t ia t ion of a program to calculate some o f  th is  data was previously reported in  considerable 

detail. '  For  convenience, however, a b r i e f  review o f  the i n i t i a l  assumptions w i l l  be given. 

In  the nuclear model i t  i s  assumed that the reactions of high-energy part ic les incident on complex nu- 

c le i  can adequately be described as a series o f  individual part icle-part icle co l l is ions inside the nucleus. 

The nucleus i t s e l f  i s  assumed to consis t  o f  three concentr ic spherical shells, each with a uniform density 

o f  nucleons. Th is  i s  done to approximate the actual continuous change of nucleon density with the nu- 

clear radius. The momentum distr ibution o f  the nucleons i n  each of the shel ls i s  taken to be that of a 

zero-temperature Fermi gas, wi th  the zero-temperature Fermi energy given by the nucleon density i n  each 

shell. There i s  a potential wel l  associated with each shell, and the depth of each wel l  i s  g iven by the 

sum of the binding energy per nucleon and the zero-temperature Fermi energy. 

A Monte Carlo method i s  used for the calculation, i n  which every inc ident  particle, the co l l is ion prod- 

ucts of each particle, succeeding co l l is ion particles, etc. are traced wi th in  the nucleus. The problem i s  

coded for the lBM-7090 computer. 

The output of the calculat ion consists o f  a complete record o f  the types, energies, and direct ion co- 

sines o f  the escaping co l l is ion products (cascade particles). Th is  output w i l l  be writ ten on magnetic 

tape. From i t  can be computed the average number, per incident particle, o f  each of  the cascade prod- 

ucts considered: protons, neutrons, and each of the three pi-mesons. In addition, their energy and angu- 

lor distr ibutions a s  wel l  as the excitat ion energy and angular and momentum distr ibutions of the recoi l  

complex nucleus can be calculoted. 

The progress o f  the calculat ion has been agonizingly slow. L a t e  i n  1960 the low-energy portion (in- 

cident par t ic le  energy (350 MeV) was coded for the IBM-704 computer, and the code was found to be too 

big for the 704 memory. The code was then modif ied so that the calculat ion could be done i n  two steps, 

w i th  one-half the code in the memory at any given t ime and the other ha l f  stored on tape. When the IBM- 

704 was replaced by the IBM-7090, +he code then had to  be modif ied for the new machine. Recently i t  

was found that a di f ferent Monte Car lo  sampling technique2 which would el iminate the need for using 

estimated average cross sections, a weak point  i n  the calculation, could be  used. Th is  modification, 

hopeful ly the last, i s  a t  present in f low diagram form and i s  being coded. In addition, a rather general 

output data analysis code i s  nearing completion. Th is  code w i l l  analyze the cascade part ic le output and 

calculate cascade cross sections for the emission of  any combination of emitted particles, provided that 

the total  number i s  less  than 10 emitted part icles per incident particle, It w i l l  a lso  calculate a l l  the 

quanti t ies (energies, angular distributions, etc.) l i s ted  previously. 

_... 'H. Dertini and C. D. Zerby, Neirtron Phys. Ann. Prog. Rep . ,  Sepr. 1. 1961, ORNL-3016, p. 235. 
2The method w 0 s  suggested by C. D. Zerby.  
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Since addit ional coding assistance i s  now avai lable for the IBM-7090, i t  i s  expected that the ent i re 

problem, which w i l l  include incident par t ic le  energies to  30 Rev, can be completed i n  about 12 months. 

Before the most recent sampling modif icat ion ‘was init iated, some problems were run i n  order to  

roughly avaluate the effectiveness o f  the three-region nucleus model. Previously reported work3 had 

not accounted for ( p , ~ n )  cross sections very well. To properly compute th i s  cross section i t  i s  no’ces- 

sary to  use both an evaporation calculat ion and a cuscalle calculation. The evaporation calculat ion used 

here was coded by Dresnerm4 The resul ts o f  the present calculat ion are compared wi th  experiment rlnd 

with previous calculat ions i n  Table 8.1.1. 

T a b l e  8.1.1. Comparison of Computed and Experimental (p ,pn)  Cross  Sections 

T 0 7  get 

.... 

19 

c u 6 5  

Au19’ 

....... .- 

G- (mb! Incident Proton ( P # P R )  
....... .- - .^_I_____ 

E n e r g y  C o m put e d 

( P rev i ou s Work)* * 
Computed 

(Present Work) ( M e V )  E xper i men t* 

8 2  
225 
4 26 

82 
196 
4 26 

8 2  
282 
4 26 

46.0 k 1.5 25 
24.3 f 0.8 24 
23.1 * 0.8 31 

108.4 * 4.2 30 
64.3 i 2.5 24 
51.6 * 2.0 28 

121.6 * 9.8 63 
71.0 k 5.7 37 

70.5 k 5.7 46 
.............. ......... .- 

38 
27 
29 

48 
38 
35 

28 
24 
24 

*H. P. Yu le  and A. Turkevich, Phys .  Rev .  118, 1591 (1961). 
**Est imated from graphs. 

The comparison indicates a rather poor agreement wi th  experiment, and, i n  fact, i s  i n  poorer agree- 

ment than prcvious calculations i n  the case o f  a copper target. I t  was expected that the use o f  the three- 

region nucleus model would  improve the calculat ional results. A lhough  the rcsvl?s shown are hardly en- 

couraging, i t  would be premature t o  conclude tha t  improvement w i l l  no t  be made, The calculated value 

i s  h igh ly  sensit ive to the spectrum o f  excitat ion energies o f  the complex residual nucleus. I t  i s  over 

only very narrow ranges o f  th is  spzctrum that  the required evaporation o f  two, one, or n o  part icles t o  the 

f inal  state i s  likely, and over these ranges the spectrum varies qu i te  rapidly. The  numbsr of  input h is-  

tories for the cases run was not s ta t is t ica l ly  suf f ic ient  t o  define the shape of the excitat ion cncrgy spec- 

tra to  ony degree of satisfaction. Some o f  the cases w i l l  be repeated w i th  a greater number o f  histories. 

.... ........ 

3N. Metropolis et d., P h y r .  Rev .  110, 185 (1958). 
4Section 6.8, t h i s  report. 
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8.2. EXP ERIME TAL SPACE VEHICLE S 1 EbDlNG P ~~~~~* 
W. A. Gibson, W. R. Rurrus, and T. A. Love 

With the discovery o f  proton and electron radiation be l t s  around the earth by Van Al len in  1958’ and 

the observance o f  the intense proton radiat ion ar is ing from the sun,283 radiation shielding on space ve- 

h ic les became a major concern. The  Van A l len  protons range i n  energy from a few Mev up t o  hundreds 

of MeV, with in tens i t ies as h igh as about 4 x lo4 protons/cm’.sec. The energies o f  solar protons i l re 

a lso  high, and wh i le  the maximum energy found in most solar proton events i s  300 MeV, energies as great 

as 20 Bev have been observed in  some cases. Thus, except for low orbital f l ights and short probes i n to  

space, considerable shielding4 w i l l  be necessary to protect an astronaut from th is  le tha l  proton radia- 

tion. 

t ions within the sh ie ld  materials which can penetrate the shields and contribute s ign i f icant ly  t o  the radia- 

t ion dose. These secondary radiations are expected t o  be composed mainly of gamma rays, protons, and 

neutrons, wi th  the neutron in tens i ty  considerably greater than the in tens i ty  o f  either the gamma rays or 

the protons. (The Van A l l e n  electrons are no t  expected t o  create a problem i f  the proper proton shield- 

i ng  i s  employed.) 

The problem w i l l  be further complicated by the fact that  the protons w i l l  produce secondary radia- 

I f  the range o f  the inc ident  protons i s  greater than the thickness of the shield, the primary protons 

w i l l  represent a large fract ion of the radiation penetrating the shield. In principle a t  least, their  energies 

can be determined from range calculations. The calculat ions for secondary radiations ore l ess  straight- 

forward, however, and in any case w i l l  require experimental Confirmation. 

mental program has been in i t ia ted which w i l l  have as  i t s  primary goal the measurement of secondary radi- 

ations emerging from shields which have been bombarded by monoenergetic protons from cyclotrons. A 
primary proton energy range of from 50 t o  700 Mev w i l l  be covered by employing cyclotrons a t  several d i f -  
ferent laboratories . 

. ...._ . 
For th is  reason, an experi- 

The experiments wi l l  cons is t  o f  bombarding one side o f  a f la t  slab o f  shielding material with a co l l i -  

mated beam o f  monoenergetic protons from the cyclotron, keeping the area of  i l luni inat ion as small as 

practicable w i t h  the part icular cyclotron used. A typ ica l  bearn might have an area of 1 s q  in. Counters 

to  measure the radiat ion w i l l  be placed on the e x i t  s ide o f  the shield. 

In general, the shield w i l l  be of  simple composition, for example, carbon, olwrninum, or lead, but i t  

may prove interesting t o  investigate a sandwich sh ie ld  which has a s lab o f  material wi th  a lnrge neutron 

cross section on the exit  side. Several thicknesses w i l l  be used beginning w i t h  CI thickness equal t o  the 

range of the primary protons i n  order t o  el iminate these par t ic les from the penetrating radiation. Meas- 

urements wi th  thinner shields w i l l  a lso  be attempted, but  the large number of primary protons that w i l l  
~ 

*Work performed far the Notional  Aeronaut i c s  and S p a c e  Adrriinistration. 

’ J a m e s  A. Van Allen,  1. Grophys. Research 64, 1683 (1959). 
2J. R. Winckler, P7oceeding.s of Conference on Radiation Problems in Mrmned Space Fl igh t ,  jrine 1960, Wn.rhing- 

3S. Biswas  and P. 5. Freier ,  1. Ge0Qhy.s. R e s e a r c h  66, 1029 (1961). 
4R. I. Allen, A. J. Dessler, J. F. Perk ins ,  and 11. C. Price, “Sh ie ld ing  Prob lems  in  Manned Space Vehicles,” 

ton. NASA TN-D-588, p. 72. 

. .  . ..... . Semiannual Technical Surnmary Report  ( D e c e m b e r  31, 1 9 5 9 - j v n ~  30, 1960), N R - 1 0 4 ,  Lockheed Aircraft Corp., 
Georgi 0 .  
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penetrate is expected to dominate the picture, making measurements o f  thz secondary radiations d i f f i -  

cult. 

A s  currently envisaged, the  experimental program includes studies o f  the three maior secondary rodi- 

ation components (neutrons, protons, and gamma roys) and cilso dosimeter niieclsurements to determine the 

gross effects of the radiation. Thus far, however, only the neutron measurements have been considered 

i n  detail. ‘These measurements w i l l  detemine the intensity, the energy spectra, and the  angular distr i -  

bution of the emerging neutrons through the use o f  a spectrometer of known efficiency. It i s  hoped thnt 

neutron spectral measurements can be made with a 15 per cent energy resolution. The angular distribu- 

t ions w i l l  be obtained by measuring the energy spectrum at several angles with respect to the incident 

beam (for example, a t  15-deg intervals from 0 t o  60 deg). 

In  order t o  obtain some estimate o f  the neutron spectra which w i l l  be encountered, a rough estimate 

of  the energy spectrum o f  neutrons emerging from a 60-g/cm2 copper slab bombarded by 240-Mev protons 

was made by siniple extrapolation of  experimental data5 and cn lcu la t io is  on nucleon cascode6q7 and 

evaporation’ processes. The result ing spectrum i s  shown i n  Fig.  8.2.1. 

intensi ty i t  was assurtied tha t  7 x I O 7  protons/sec w e r e  inciderif on the shield. 

For  ui1 estimate of the neutron 

The estimate o f  the energy spectrum shown i n  Fig.  8.2.1 was made without regard t o  the angular de- 

pendence o f  secondary neutrons. However, i t  i s  to he pointed out that a strong angular dependence i s  

expected i n  the high-energy ta i l  w i th  a peak appearing i n  the forward direct ion near the primary proton 

energy. h t  large scattering ongles the high-energy neutrons wi II disappear almost entirely. 

In view o f  the l o w  intensity and wide range o f  neutron energies indicated by Fig.  8.2.1, the spectral 

rneasuretnents i n  th is investigation w i l l  be divided in to three energy regions, each region measured by a 

different type o f  spectrometer. 

proton and neutron background rejection, simplicity, and ease o f  co l lect ing data. Although actual experi- 

mental conditions miry necessitate modifications, the three energy regions and the spectrometers which 

w i l l  probobly be used are as follows: 

The factors considered i n  choosing the spectrometers were eff iciency, 

( 1 )  Thermal to  15 Mzv - measured by n method described by Bonner” i n  which the neutron intensi-  

t ies inside so l id  polyethylene spheres o f  various diameters are determined. From these rneasuretiietits i t  

i s  possible t o  deduce an energy spectrum. The advantages o f  the method are i t s  re lat ive high eff iciency 

and insensi t iv i ty  to backgrounds. The main disadvantage i s  the d i f f icu l ty  i n  determining the energy spec- 

trum from the data. 

’E. Gross, Abso lu te  Y i e l d  of Low-Energy  Neutrons f rom 190-Mev Proton Bombardment <if Gold, Silver,  Nicke l ,  

6 N .  Metropolis, H. Bivins,  M. Storm, A. Turkevich, J. M. Miller, and G. Friedlander, f’hys. Rev .  110, 185 (1958). 
7N. Metropolis, R. Divins, M. Storm, J. M. Miller, G. Friedlander, and A. Turkevich, f’hys. Rev .  110, 204 (1958). 
‘I. Dostrovsky et al., Phys.  Rev.  116, 683 (1957); P h y s .  Rev.  118, 787 (1960). 

9R. 1. Seigcl, “Nuclear Instrumentation 1 1 , ”  Encyciopediu of’ Phys ics ,  S. Fluyge, Editor, Vol. X L V ,  p. 487, 

’ O R .  L. Brambleti, I?. I. Ewing, and 1. W. Donner, Nuclear Instr. and Methods 8 ,  1 (1960). 

Alunzinuin, and Ccrrbon. UCRI..-3330 (1956). 

Spr ings, Berlin, 1958. 
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2 Fig. $.2. I. Differential Energy Spectrum of Secondary Neutrons Result ing from the Bombardment of o 6 Q - g / c m  
7 Copper Shield by 240-Mev Protons. Normalized from 10-240 Mev to a primary proton beam of 7 X 10 protons/sec. 

(2) 8 Mev t o  50 Mev - covered with a proton-recoil telescope 1 1 #  l 2  with two proportional counters i n  

coincidence with a sc in t i l l a t ing  crystal to measure the proton energy. Figure 8.2.2 i s  the ef f ic iency of 

such 01 recoi l  telescope with 10% energy resolut ion plotted against energy. Although the n-p cross sec- 

tion drops as the energy increases, the over-all ef f ic iency increases with energy because the increase 

i n  radiator thickness more than offsets the decrease in the n - p  cross section. The dotted l ines indicate 

the ef f ic iency with a part icular radiator thickness, and the sol id l i ne  i s  the ef f ic iency with a continual 

increase i n  the thickness o f  the radiator. Figure 8.2.3 i s  the dif ferential counting rate from a point new- 

t r ~ n  source with the intensi ty and energy spectrum described by Fig. 8.2.1. For measurements i n  th is  

region the proton backgrownd problem i s  expected to be severe and ef fect ive background rates are ex- 

pected to  be as high as 5 x lo4  counts/sec. Thus i t  w i l l  be necessary to  exercise care to prevent jam- 

ming o f  counters. 

"C. H. Johnson, Fart  Neutron P h y r z c s ,  J. B. Marian and J. L. Fowler, Editors, lnterscience Publisher, Inc., 

12S. J. Pame, Jr., E. Haddod, J. E. Perry, Jr., and R. K. Smith, Rev. Scz. Znsfr. 28, 997 (1957). 
New York, 1960. 
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Fig. 8.2.2 Eff iciency of Recoil  Telescope wi th  10% Energy Resolution. Dotted l ines indicate eff iciency with 

particular radiator thicknesses; solid l ine shows efficiency for a continual increase i n  the thickness of ttle radiator. 

( 3 )  50 Mev to  maximum energy -. measured with a recoi l  telescope which wi l l  use organic sc in t i l la -  

tors to detect the proton recoils. 

t ional  counters; hence, the background i s  not  expected to  be troublesome. 

The resolving ti ine o f  organic sc in t i l la tors  i s  much shorter than propor- 

In addition to  the above, i f  i t  proves t o  be feasible, riimsureilients w i l l  also be 11iaile with threshold 

counters to furnish a rough check on the neutron spcctrnl and intensity iiieasurements. 

Measurements for the secondary gamma radiatioil w i l l  be l e s s  extensive than for the neutrons since 

h i e  gamma rays are not expected to  pose an important biological problem. 

measurements are planned to  indicclte their importance, however. 

Rough spectral and intensi ty 

The measurements for protons w i l l  be similar t o  those for the neutrons, although ihc instrumentation 

i s  expected t o  be much simpler. 

It i s  t o  be uriderstood that the experimental prograin i s  in i t s  infancy and ideas concerning the inter-  

esting quantit ies to  be studied and the counters t o  perform these studies may prove to  be incorrect under 

actual experiiiiental conditions. 

progresses. 

I t  i s  expected thul i i iodifications w i l l  be necessary as the program 
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Fig. 8.2.3. Different ial  Counting Rate for Recoil Telescope Nith 10% Energy Resolution. Source is  point n e u -  

tron source descr ibed  i n  Fig.  8.2.1. 

8.3. EL ~ C T ~ ~ N - ~ ~ ~ T ~ ~  CASCADE SHOWERS 

C. D. Zerby and H. 5. Moran 

As a result o f  the many problems that arise during the design o f  high-energy electron accelerotors 

which require detai led information about electron-init iated cascade showers, a general-purpose etectron- 

photon cascade calculat ion which can provide some of the required data has been programmed for com- 

putation on the IBM-7090 data-processing machine. The Monte Car lo technique i s  used. The present 

version of the calculat ion was designed to study the longitudinal development o f  photon- or electron- 

in i t iated showers, and to th is  extent i s  simi lar  to  a calculat ion recently reported by Butcher and Messel. ’ 
_I____x. - 

’J. C. Butcher and H. Messel, Nuclear Phys. 20, 15 (1960). 
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However, the two caIcuIations di f fer  i n  detai l  and  to the amount o f  data that  i s  computed. The IBM-7090, 

having a larger fast  mernoty capacity than the machine used by Butcher and Messel, makes i t  possible to 

calculcsfe and tabulatc considerably inore useful data on both the photon and electron cascade pari icles 

for each run on the computer. 

In the f i rs t  two sections of t h i s  paper some o f  the dctn; ls o f  th is  calculat ion are described. They are 

followed by a se-t ion consist ing o f  a description o f  a l l  the data that  resul t  from one cascade calculation. 

Thc t w o  Icinal sections present  part o f  the results obtained fro111 ccilculations which have alrcody been 

corn p l  eted. 

Simulation o f  the Physical Processes  

Sincc the caIcvlat ion was desigiled for the investigation of cascade showers i n  h e  mergy  railge from 

6.5 Mev to 50 Gev, only interaction processes of  irnpartnncc in that energy range were retained. Thus, 

for photons only Compton scattering uno’ pair production processes were retained, and for charged par- 

t ic les only brernssfrnhliing and ionization co l l is ions were considered. 

The Klein-Nishina oxpression for the Cornpton cross sect ion2 w n s  used for determining the prahabi l i t y  

o f  scnttcring o f  the photons, and t h ?  rc lo t iv is t ic  foiiii of  the Qethe-HeitIer expression for the pair  produc- 

tion cross section was used for production everit%, 

includes the effects o f  screening, i s  given b y 2  

The d i f fc rcnt ia l  form a: the [otter expression, which 

wtluic k ,  E +  and E -  ai= the energies o f  the photon, positron, and electron, respectively. The quantit ies 

a, rO, and Z are the f i n e  structure constant, c lass ica l  electron radius, and atomic number, respectively. 

The func+ion as used in Eq. 1 di f fers s l ight ly  f rom the form or ig ina l ly  given by Bethe. An empirical cor- 

rection term has been added t o  compensate for h e  deficiencies o f  the theory when applied to materials o f  

high atoriiic i -~urnber.~ With the  empirical correction included, V ( Z )  i s  given by 

w h s c  

1 
/(L) 2 a 2  x_ 0.7020tj - o . 0 w n 2  + 0.00ma4 - o . o o ~ a b j  . 

( 1  + a 2  
- 
I h e  retxuining Functions cjl(y) and $,(y) were tabulated2 as a function of y = look m r 2 / E + E  ... Z1’3 tor 

y < 10. Fot y > 10 t hey  were represented by q5 ( ) = 4 ( y )  - 4 log (20O/y) - 3. 1 y  2 

For  bremsstrahlung events the  dcllowing expression was used for the di f fsrent ia l  cross section: 

21.1. A. Bothe and J. Ashkin, “Passage of Radiotion Through Matter,” Experimental  Mrrclerir Physics,  Edited by 
E. Segrk, ’dol. 1, p. 166, John Wi ley  and Sons, Inc., New Yo&, 1953. 
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where Eo and E are the energies of the electron or positron before and af ter  the radiat ive col l ision, re- 

spectively, It w i l l  be noted that an empirical correction term i s  not required in  Eq. 3 a s  i t  i s  i n  the pair  

production e q ~ a t i o n . ~  The functions $ , ( y )  and $ 2 ( y )  are the same as described above except that the 

argument of the function i s  now given by y = 1QOk nzc2/E0 E Z 1 ’ 3 .  In  both Eqs. 1 and 3 the usual factor 

of z2, which expresses the dependence o f  the crass sections on the nuclear charge has been replaced by the 

factor L(Z + 1) to approximately account for the interactions i n  the electrostat ic f ie ld o f  the atomic elec- 

tron s. 

The ionization col l is ions of the electrons and positrons were treated as a continuous energy degrada- 

t ion process i n  which the energy change per un i t  path length traveled i s  given by the stopping power ex- 
pression, 4 

In Eq. 4, B i s  set equal to 1/8 for electrons and equal to  log 4 - ( 2 3 / 1 2 )  for positrons. The quanti ty N i s  

the nuclear density, and I i s  the average ionization energy which can be obtained from a tnbulation given 

by Bethe and 4 ~ h k i n . ~  For mixtures i t  was assumed that the stapping power formulas were additive.2 

No account i s  taken o f  the shielding ef fect  of the polar izat ion o f  the medium in  Eq. 4 or in  the calculo- 

tion. Th is  i s  riot l i ke ly  to  introduce a serious error since the density ef fect  does not affect the stopping 

power formula except a t  high electron energies where energy losses by radiat ive co l l i s ions  dominate the 

energy degradation problem. 
... 

The Monte Carlo Procedure 

The Monte Carlo calculat ion was carried out i n  a straightforward manner which w i l l  be described very 

br ief ly i n  this section. 

For photons that appeared i n  the cascade, the total  interaction cross section, C, which i s  the sum of 

the Compton cross section and the total  pair production cross section, was calculated first. The distance 

traveled by the photons between interactions, x, was then randomly selected from the exponential d istr i -  

bution 2 exp (-Cx). A t  the point o f  interaction, the choice between a Compton event and a pair produc- 

t ion event wcls made i n  a random way according to  the  re lat ive probabi l i ty  of the events. I f  a Compton 

event was al lowed t o  take plocc, the energy and angle after the scattering were randomly selected from 

the Klein-Nishina distr ibution function. The recoi l  electron was then added to the cascade after i t s  en- 

ergy and momentum had been calculated from the kinematics o f  the col l ision. If a pair production event 

was al lowed t o  take place, the energy of one of the pair was randomly selected from a distr ibution which 

i s  proportional to the function given i n  Eq. 1. The energy of the other member of the pair was obtained 

from the energy conservation equations. Both these charged part icles were assumed t o  go straight ahead 

and were added t o  the cascade. 

~ 

3H. A. Bethe and L. C. Maximon, Phys .  RFW.  93 ,  768 (1954); a lso  H. Davies,  H. A. Eethc, und L. C .  Maximon, 

4E. A. Uehlnig, Ann. Rev. Nucleur S r z .  4, 315 (1956). 
P h y c .  Rev. 93, 788 (1954). 
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The treatment o f  the chnrged part icles in  the shower was s l ight ly  more complicated than that o f  the 

photons. T h i s  occurs for two reasons: 

has a singulari ty a t  k = 0; and (2) the charged part icles continuously change energy according t o  tho 

model that has been selected. The singulari ty was most easi ly avoided by arbi t rar i ly  sett ing the hrernr- 

strahlung cross section equal to  zero i n  the photon energy range from zero to  € E o  and using El. 3 for the 

remainder of the range. The appioximation leads t o  an underestimate o f  the energy loss by radiative col-  

l is ions by approximately F , ? ~ ,  which corresponds to  a fractional undeiestin~ate ?qual  t o  E. In the calcula- 

t ion i t  was convenient to  choose F t o  be constant and equal t o  2 x l ow4 ,  s o  that the error introduced by 

the approximation was small. 

(1) the di f ferent ia l  cross section for bremsstrahlung given i n  Etq. 3 

Suiprisingly enough, the integral o f  the altered bremsstrahlung equation, LB8  i s  very nearly constant 

for any mediuin i n  the energy range of interest i n  h i s  problem. ' T h i s  convenient fact leads t o  a simpli f ica- 

t ion which al lows the path lengths between radiat ive co l l is ions t o  be selected h a m  an exponential d i s -  

tribution. The procedure was to  f i rs t  select the distance, x ,  traveled between radiat ive co l l is ions from 

the exponential d istr ibut ion Z B  exp ( - X , X ) .  This  distance was then compared with the path length, y ,  

required by the charged part ic le to  be degraded to  6 Mev by ionization col l isions. 

determined from rangeenergy relationships obtained w i th  the use of the stopping power formula given i n  

Eq. 4. 
was deposited a t  that point. 

determined from the appropriate runge-energy relat ionship and a photon was then selected from the spec- 

t ra l  d istr ibut ion given by  the modified bremsstrahlung di f ferent ia l  cross section. Both the photon and the 

degraded charged part ic le were directed straight ahead after the col l is ion.  

The distance y was 

I f  x 2 y ,  the charged par t ic le  was assuiried to  be stopped a t  the distance y ,  and 6 Mev o f  energy 

I f  x < y ,  the energy o f  the charged par t ic le  a t  the co l l i s i on  point  was f i rs t  

The Computer Progrclm 

The present version o f  the computer program w i l l  develop cascades i n  slabs o f  a homogeneous ma- 

ter ia l  with mixtures o f  up t o  20 elements. The slab can be in f in i te ly  th i ck  or have c1 f in i te  thickness. 

The cascades can  he in i t iated by normally incident positrons, electrons, or photons a t  any incident en- 

ergy up to 50 GEV. 
Another feature of  the program i s  the variable nature of the energy bounds for the spectral data of the 

cascade. It i s  possible to arbi t rar i ly  select up to  15 such bounds other than the source energy which 

automatically divides the spectral data into the corresponding number of intervals. 

The results o f  a single cascadc calculut ion include such infotmqtion as the track length5 i n  each 

energy interval for each hnl f  radiation length o f  thickness for both photons and charged particles. I n  ad- 

dit ion, the f lux for each energy interval  integrated over the entire plane a t  each ha l f  radiation length 

depth i s  obtained for both photons and charged particles; th is  quantity i s  normalized t o  m e  incident 

par t ic le  pcr second. 

above each o f  the energy bourids a t  each hulf rrrdiation length depth out t o  a maximum o f  10 radiation 

4 th i rd sct o f  data gives the probabil i ty o f  f inding exactly n part icles w i t h  energy 

'Track length i s  equivalent to the f lux  which has been normalizPd to one source particle per second and inte- 
grated over o volume element. 1-rack 
lengfli times the macroscopic cross sec t ion  (mi-') gives the total number o f  reactions i n  the volurrie element pe: 
MeVA 

The un i ts  of  track l e n g t h  are, for example, cm per Mev per s o u r c e  particle. 
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lengths; these probabil i t ies are for IZ - 0, 1, ..., 9 and greater than 9 for charged part icles and for 

photons. 

The las t  set of data obtained from the calculat ion gives the energy deposited i n  the slab as a func- 

t ion of depth for charged part ic les and for photons. The data for the charged part icles was calculated by 

storing the energy deposited i n  each spatial interval by ionizat ion col l is ions before the part icles were 

degraded below some selected lower energy bound. Since the charged part icles were not fol lowed when 

their energy was degraded below the lower energy bound, the k ine t ic  energy o f  each electron OF the total  

energy of each positron plus one rest  mass unit o f  energy to  account for annihi lat ion was deposited a t  the 

posit ion where the charged part ic le was no longer followed. The energy deposited by the photons was 

calculated by assuming that photons degraded below the lower energy bound or created i n  the energy re- 

gion below the lower energy bound by bremsstrahlung col l is ions were to ta l l y  absorbed a t  the posi t ion of 

the event. 

Electrons Incident on Capper 

A series o f  calculat ions were run to study the cascades that develop when electrons are incident on 

an in f in i te ly  th ick slab o f  coppcr. Incident energies o f  50, 100, 200, 400, and 900 Mev and of 1.4, 3, 5, 

10, 20, and 45 Gev were selected. The 20- and 45-Gev cases were run with 400 source electrons each, 

and the remaining cases were run with 1000 source electrons each. The totol  running t ime on the ISM- 

7090 was 60 hr. 
The track lengths5 for photons and charged part icles in the entire volume of the slab are presented i n  

Figs. 8.3.1 through 8.3.4. The dashed l ine i n  each case represents the analyt ic results under “Approxi- 

mation A” from cascade theory.6 They were calculated from the equations7 

E ,  x, 
] ‘ ( E )  = 0,437 - for charged part ic les 

and 

E X  
?’(E) = 0,572 -L!? for photons , 

(5) 

where E ,  i s  the source energy, E the degraded energy, and X o  the radiat ion length (for copper X ,  - 1.43 
cm). These equations arc expected to hold when E C  << E << Eo, where t:’= i s  the c r i t i ca l  energy (for 

copper E c  = 21.8 MeV) and, indeed, i t  i s  easy ta see from Figs, 8,3.1 and 3.3.2 that the analyt ic solu- 

t ions do f i t  the Monte Car lo results rather wel l  for photons in the energy range below approximately 0.6t:’, 
and above the cr i t ical  energy. The comparison between the approximate analyt ic results and the Monte 

Carlo solutions i s  not nearly so good for the charged particles, a s  i s  shown i n  Figs. 8.3.3 and 8.3.4. 

61‘Approxirnation A” n e g l e c t s  a! 1 processes but pair production and bremsstrahlung and u s e s  the asymptotic e x -  

78. B. Rossi ,  N i g h  Energy  Particles.  Prentice-Hall, Inc., N e w  York, 1952. 
pressions to describe these interactions. 
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It can be shown that  the value for the track length for the charged part icles a t  the source energy for 

the case o f  incident charged part icles i s  given by 

(7) 
I 

T ( E )  ~ .. 
-S(Eo) ' 

where S ( L : ' ~ )  i s  the stopping power formula given in Eq. 4 and evaluated with li = E,. The derivative of 

E l .  7 at  the source energy i s  

2 
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Fig.  8.3,1, Photon Track Lengths I n  Cascods Showass Photon Track Lengths i n  Cepscade Showers 

In i t ia ted  by 5Q- t o  700-Mav E l e ~ t r ~ n s  ln r l don t  on an In i t ia ted  b y  1.4- bo 45-Gev Elect rons Inc ident  on an 

In f in i te  Slab of Copper. Dashed l ines are frsm the track I n f i n i t e  Slab of Copper. Dashed l ines  are From the 
length formula using Approximation A; doia points  are track length formula us ing Approxirriation A; data po ints  

From ihc Monte Car lo  calculat ion. are froln ?lie Monte Car lo  ca lcu lat ion.  
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where 2 ,  i s  obtained from Eq. 3 by mult ip ly ing by the nuclear density and integrating over a l l  photon en- 

ergies tram E E ~  to E~ - mc2. 
The energy deposition data are presented i n  Figs. 8.3.5 and 8.3.6. These data represent the sum of 

the energy deposited by both charged part icles and phatons using a lower energy bound o f  10 Mev as dis- 
cussed above. The fraction of the energy deposited which was contributed by photons was less than 25% 

i n  all cases. 

The energy deposition curves should be very accurate, although there might be some concern about 

the fact  that the photons can travel  a considerable distance after they are degraded below 10 MeV. The 
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fact is that most o f  the photons which make a contribution to the energy deposition are bremsstrahlung 

photons ?hat are created in the very-low-energy region where  the mean free path is very short because of  
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Fig.  8.3.5. Energy Daposition in a Copper Slob by Fhotcn-Electron Cascades Init iated by Nornaally Incldenl 50- 
to I4QQ-lsdev Eiactrans. 
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F i g .  8.3,6. Energy Deposition in a Copper Slab by Photon-Electron Cascades Initlatird by Normally lnsldent 3- to 

45-Gev Elec trons .  
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the high photoelectric cross section, and calculat ions show that over 50", o f  the photon energy i s  d iss i -  

pated within 1 mean free path i n  typical  materials for low-energy photonsS8 Thus the approximation used 

for the deposition o f  the photon energy should be very accurate. 

The bui ldup o f  intensi ty a t  the very low energy by the bremsstrahlung that was referred to above i s  

obvious from plots o f  the dif ferential cross section (see Eq. 3). These plots indicate that the intensi ty 

curve i s  an increasing function toward lower photon energies as a resul t  of a single radiat ive col l ision; 

thus, after many such co l l i s ions  in  which the charged part icles lose energy, the compounded intensity 

curve must be a very steeply increasing function toward the lower photon energies. 

Target Heuting Data 

In order to  provide data which would be useful for the design of  the cool ing channels i n  electron beam 

targets for machines o f  about 75 MeV, several energy deposition curves were obtained for water, iron, and 

. ..... 

'1. A. Bowmon ond D. K. Trutey,  Depos i t ion  o/ Gamma-Ray Heating i n  Siraiified Lead and Water Slabs, ORNL- 
CF-58-7-99 (1958). 
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lead which 3re repiesentative of low, medium, and high atomic number materials. 

o f  50, 75, and 100 Mev were investigated far each material. The results o f  these calculat ions ore pre- 

sented i n  Figs. 8.3,7 through 8.3.9. The energy deposition i s  presented as a function of depth i n  radia- 

t ion lengths i n  order to make interpolation easier for intermediate materials. The lower energy bound i n  

these cases was 6.5 MeV. Each run was the resul t  o f  2000 source electrons. The total  running time for 

the n ine cases was 1 /2 hr. 

Electron beam energies 

1 
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8.4. TRANSVERSE SHIELDING CALCULATION FOR A 4 5 - B e ~  ELECTRON ACCELERATOR 

R. G. Alsmil ler, Jr. and F. S. Alsrniller 

In the proposed Stanford 45-Bev electron accelerator i t  i s  expected that some electrons w i l l  str ike the 

walls of the accelerator tube and give r i s e  t o  penetrating photonucleons and photopions. The accelerator 
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tube w i l l  be surrounded by an earth shield; estimutes o f  the shielding thickness required have been made 

by the Stanford 

being carried out and i s  described here. 

An approximate cascade calculat ion to  provide a check on ihese estimates i s  

The energy and angular distr ibutions o f  photonucleons and photopions which ar ise when a high-energy 

electron str ikes a copper target have been calculated by D e d r i ~ k . ~ , ~ , ~  Since the electron stops i n  a very 

short distance compared to  the shielding thicknesses i n  which we are interested, we assume that the 

photonucleons and photopions all emanate from a point. The point sources are located on the  axis o f  a 

cylinder (we neglect the accelerator tube), and the various part ic le fluxes are calculated as a function o f  

energy and distance. 

The composition of  earth i s  approximated by using a single “average” element. In  the present cal- 

culation th is  average element i s  taken to  be aluminum. 

Using the straight-ahead approximation, i.e., ossurning that a par t ic le  and o l l  o f  the secondaries, 

tertiaries, etc. produced by this par t ic lc  travel i n  the same straight line, a set o f  coupled integro-differ- 

entia1 transport equations which g ive  the neutron, proton, charged pion, and muon fluxes as functions of 

energy and distance i s  obtained. (The neutral pions are not included i n  the equation; see discussion be- 

low.) Because there i s  very l i t t l e  experimental information about high-energy interactions, the equations 

include many quantities, e.g., cross sections, mult ip l ic i t ies,  etc., which are known only very npproxi- 

mntely. In  obtaining the necessary input information we have rel ied i n  so far as possible on cosmic-ray 

data, but even so, many interpolations, extropolatioils and ad hoc assumptions were required. 

An IBM-7090 code has been written tu solve the equations numerically.* Because o f  the approxima- 

tions involved the equations are va l id  on ly  at  reasonably high energies, and the code i s  written i n  such a 

manner that only the part ic le fluxes at  energies above 36 Mev are obtained. Of course, from the point o f  

view o f  shielding, the lower-energy part icles are quite important. To obtain the low-energy neutrons, we 

plan to normalize the measured cosmic-ray neutron f lux7 to  our calculated f lux above 30 MeV and use this 

renormalized cosmic-ray f lux as an estimate o f  the neutron flux i n  the sh ie ld  below 38 Mev. 

cedure w i l l  be val id  only i n  so  far as our calculated f lux has the same energy dependence as the rneas- 

ured cosmic-ray f lux in  an energy region above 30 Mev. 

- I h i s  pro- 

’Proposal  /or a ’Z-wo-Mile r.ztzeur 1:lectron Accelerator, Stanford University, Stanford, California (1957). 
2H. C. DeStaebler, Jr., A Revieni o/ Transverse Shielding R e q u i r e m e n t s  for the Stanford Tuo-Mile Accelerntor ,  

iV. W. Hansen Laboratories of Physics M-262 (1961). 
3K. G. Dedrick, Deuteron Model Calc 11lu t i0~  o/  Photonucleon Yields ,  W. Y. Hnnsen Laboratories of  P l i y s i ~ s  

M-777 (1960). 
4K. G. Dedrick, Cnlc-idalion o/ Pion i’botoproducliun from Electron Accelerators  .According lo the Slutistical 

5 K .  G. Deadrick, Mom Calculat ions o/ Photopion Y ie lds ,  \I{. W. Hnnsen Laboratories of Physics M-229 (1960). 
*‘l-his code and the nuinerical a n a l y s e s  involved were executed by J.  E. Murphy, R. S. Edwards, and R. S. Mash- 

6u. Carnerini, W.  0. Lock,  and D. 1-1. Perkins, “The Analysis o f  Eneggstic Nuclear Encounters Occurring in  

’W. N. Hess et al., Phys. Rev.  116, 2 (1959). 

Model, W. W. Hansen Laboratories o f  Physics M-228 (1960). 

burn at the Central Data Processing Faci l i ty  of the Oak Ridge Gaseous Diffusion Plant. 

Photographic Emulsions,” P r o g r e s s  i n  Cosmrc K a y  Phys i c s ,  VOI. 1, chap. 1, North Holland Publishing Co., 1952. 
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This  method cannot be used to obtain the low-energy charged-particle f luxes because there are no 

measured cosmic-ray f luxes for these particles. However, because these part icles are charged they wil  I 
be stopped eff iciently, and i t  i s  expected that their contribution w i l l  be negligible, compared with that of 

the neutrons. 

Because the equations are to be used only above 30 Mev, we have not included the neutral pions. The 

neutral pion decays very rapidly into two gamma rays; and thus, the primary ef fect  of these pions w i l l  

come from the photoneutrons produced by the decay gamma rays. These photoneutrons w i l l  be of suff ici-  

c ient ly low energy that they w i l l  contribute l i t t l e  to the neutron f lux above 30 EAev, and by using thecosmic- 

ray spectrum below 30 Mev these photoneutron5 should automatical ly be included i n  our  flux estimate. 

The equations which are employed and the IBM code which solves them are i n  no way special to  the 

Stanford problem, and i t  i s  hoped that they w i l l  be useful i n  solving other high-energy shielding problems 

i n  the future. 

. i . 
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9.1. lNSTABILlTlES IN A HOMOGENEOUS, A ~ ~ S ~ T ~ Q ~ ~ C  PLASMA 

Y. Shima 

It i s  wel l  known that a homogeneous (in x space) plasma which i s  situated i n  a constant magnetic 

f ie ld  and whose distr ibution function in  ve loc i ty  space i s  Maxwellian i s  stable against srnall perturba- 

tions. More generally, i t  was shown by Rosenbluth' that a suff icient condition for s tab i l i ty  i s  that the 

distr ibution function be isotropic and a decreasing function of u 2 .  

It has been conjectured that a l l  anisotropic plasmas are unstable, but no general proof has yet been 

given. A somewhat general investigation of the problem o f  homogeneous anisotropic plasmas has now 

been made. For the sake o f  simplici ty, on ly  systems wi th  no in i t ia l  e lect r ic  or magnetic f ie lds  were 

Considered. The results show that some general classes of such plasmas are indeed unstable. In oddi- 
tion, a suff icient condition for instab i l i ty  i s  derived. 

This  topic i s  discussed in deta i l  elsewhere.2 

'M. N. Rosenbluth, Lecture in  the Infernational Summer Course in Plasma Physics, Denmark, August 1960. 

2Y. Shirna, InstabiZities i n  a Homogeneous, Anisotropic  Plasma, ORNL CF-61-7-69 (July 31, 1961). 

9.2. A R E C A L ~ ~ ~ A T I O ~  OF THE H3 BREEDING RATIO IN A STELLARATOR 5LANKET 

W. E. Kinney 

Multigroup dif fusion theory calculat ions have been made of the  H3 breeding rat io result ing from the 

introduction of (D,T) neutrons into a stellarator blanket which mult ipl ies them by Se(n,2n) reactions, 

maderates them, and f ina l l y  captures them in the Li6(n,a)H3 reaction. Two homogeneous blankets, the 

second having a B e  density t en  t imes the first, and one heterogeneous blanket were considered. Breeding 

ratios as high as 1.45 were computed for the heterogeneous blanket. Deta i ls  hove been published else- 

where. ' 
3 'W. E. Kinney, A Recalcula t ion  of the li Breeding Ratio i n  n Stellarator Blanket ,  ORNL CF-61-6-63 (1961). 

9.3. PLASMA STABILITY ANALYSIS EMPLOYING EQ ILlBRlUM CONSTANTS OF MQTl 

T. K. Fowler 

By f i rs t  transforming t o  equil ibirum constants of motion as variables, a Green's function has been 

found by means of which the l inearized Vlasov equation governing hot plasmas of low density may be 

solved for the perturbed space and velocity distr ibutions in terms of  the perturbed electr ic and magnetic 

fields. The second step i n  s tab i l i ty  analysis, that of introducing the result in to  the f ie ld  equations and 

345 



determining the dispersion relation, hus been carr ied out for two examples. Detai ls have been published 

el scwhere. 1 

'.I-. K. Fo\Nler, Plasmn Stabili ty Ana lys i s  Employing t?quzlibri7rrn Constants  o/ Motion, ORNL-3123 (May 26, 
1961). 

9.4. "NEGATIVE MASS" INSTAB$&ITY B 

T. K. Fowle r  

The threshold for an instabi l i ty  by which space charge accumulates in  a r ing of ions c i rculat ing in  

a magnetic f ie ld  with negative radial gradient hos been calculated for DCX-1, using a model due to  the 

MUKA accelerator group. With prescnt low densities, the energy spread necessary t o  quench the insto- 

b i l i t y  i s  of the order of a few tens of kev. Detai ls have been published elsewhere.' 

'T. K. Fowler, Calculation o/ the  "iyegative ,Muss''  Inslabi l i ty  /or DC.A'-I, ORNL. CF-61-7-1 (Ju ly  3, 1961). 

- .... ... 

9.5. ENERGY BsSTRiBUTIQNS OF PARTOCLES IN DZX 

T. K. Fowler and M. Rankin' 

A code ha5 been completed which calculates f rom Fokker-Planck equations the energy distr ibutions 

o f  ions and electrons in  DCX in  steady state. The d-c plasma potential which develops to impede elec- 

tron escape i s  also determined. It has been found that, because most of the electron distr ibution i s  en- 

ergetical ly incapable of escaping over the potential barrier, electrons achieve a Maxwel I ian distr ibution. 

lons do not. Detni ls appear elsewhere.2 

'Thermonucleur Division. 

2T. K, Fowler  and M. Ronkin, IJnergy Distribrttion o/  l ons  and Electrons in D C X  alter fjumout: Oracle Code 
EDDrE,  ORNL-3161 (August, 1941). 

9.6,  EFFECT OF ENERGY ~~~~~~A~~~~ ON THE CRITICAL CU 
IN AN QGRA-TYPE DEVICE 

T. K. Fowler 

The relat ion between the trapped-ion density achieved in  machines l i k e  OGRA and DCX-2 and the 

molecular-i9n in ject ion current required, the "S-curve'' calculated by Simon, has been recalculated to 
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include the effect of  energy transfer from trapped ions to the continuous f lux of cold electrons released 

in  the ionizat ion of  the neutral background. The revised value for the c r i t i ca l  current i s  more than twice 

the previous result. Detai ls have been published elsewhere.' 

IT. K. Fowler, Ef fec t  of Energy Degrndution on the Crit ical  Current in an OGRA-Type  Devire,  QRNL-3037 
(Dec. 28, 1960). 

9.7. STABILITY OF PLASMAS A~AINST ELEETROSTATtC PE 

T. K. Fowler 

With the notation d / /&  + v/ = 0 for the l inearized Vlasov equation including electrostat ic perturbations 

only, it has been shown that it i s  suf f ic ient  for s tab i l i ty  that the operator v factor into a product of an 

anti-Hermitian operator and an Hermitian posi t ive def in i te operator. By  using this criterion, a c lass of 

stable functions ha5 been found which includes spat ia l ly  confined distr ibut ions isotropic in velocity. It 

has also been shown that electrostat ic instab i l i ty  in "mirror" machines requires perturbations lacking 

the azimuthal symmetry o f  the magnetic f ield. Deta i ls  have been published elsewhere.' 

.. . IT. K. Fowler, Stabili ty of Plasmas  Against Electrostatic psrturbaiions, QRNL-3162 (July 27, 1961); also 
accepted for publication in November 1961 issue of P h y s i c s  o/ Fluids. 

OF THE H,+ MOLEC LE BY ELECTRONS AND PROTONS 

R. G. Alsmi l ler ,  Jr. 

f n  a recent publ icat ion M. Gryzinski '  has introduced a formalism for calculat ing the ionization and 

exci tat ion of atomic systems by charged-particle impact. Since the theory appears to  give re l iab le re- 

sults i n  the low-energy region where t ! ~  Born approximation i s  not accurate, it has been used to  cal-  

culate the total cross section for the dissociat ion o f  the H, 
comparison wi th  the Born approximation results.2*3 

+ molecule by electrons and protons for 

In making the calculation, the ve loc i ty  distr ibut ion of the bound electron was obtained from the usual 

L.C.A.O. wave function for the ground state of the H, r n o l e ~ u l e , ~  the molecular protons were considered 

to  be f ixed force centers, and a c lass ica l  average was taken over molecular orientations. It was further 

t 

'Ma Gryzinski, Phys .  Rev. 113, 2 (1959). 

'E. V. Ivash, Phys .  Rev. 112, l (1958) .  

3R2, G. AlsmiIler, Ja., Cross Sect ions  jar  the Dissociation of I f 2  und D2 by n Vacuum Arc, QRNL-2766 (Ort. 6 ,  

'I-. Pausing and E. B. Wilson, Introduction to Qrranluin Mechanics, McGraw-Hill 5ook Co., Inc., New York, 1955. 

f + 
1959). 

, .'. 
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assumed that a l l  excitat ions o f  the molecule would lead t o  dissociat ion. 

electrons, election-electron exchange w a s  not included.* 

In the case of  d issociat ion by 

The total  cross section for dissociat ion by electrons i s  shown in Fig. 9.8.1 and by protons in  Fig. 

9.8.2.** Also shown are the Born approximation results. The two Born curves i n  Fig. 9.8.1 correspond 

to  including no electron-electron exchange and to  including the prior-exchange terms. 

postexchange te rms  gives CI peak which i s  considerably larger than those shown in the figure. 

The use o f  the 

*M. Gryzinski has calculated the ionization of the H2  molecule by electrons and ohtnined very good results 

* * A n  algebraic error in the published work of Gryzinski  W Q S  corrected before the proton calculat ion was done. 

1 without the inclusion of exchange. 
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9.9. FOKKER-PLANCK COEFFlClENTS F A PLASMA ~~~~~~~~~ 

CYCLOTRON RADIATBON’ 

Albert Simon2 and Norman Rostoke? 

K ine t ic  equations for a plasma have previously been obtained by starting wi th  the L i o u v i l l e  equation 

and making an expansion in powers o f  the discreteness  parameter^.^ To the lowest order in th is  expansion 

the VIasov equations are obtained. In f i rs t  order a Fokker-Planck equation is abtained where the coeff i-  

cients come from the time-asymptotic solutions of integra-differential equations for the pair correlation 

functions. 

Solutions have been published previously for an in f in i te  plasma wi th  Coulomb  force^,^ for o plasma 

with Coulomb forces and a constant magnetic fieldI5 and for a plasma wi th  the complete electromagnetic 

f ie ld  and no constant magnetic f ield.6 The problem has now been treated wi th  both the complete electro- 

magnetic f ie ld  and a constant magnetic f ield. The new feature o f  th is  problem i s  the inclusion of the 

electromagnetic radiation whereas it was absent i n  a l l  o f  the cases previously treated. 

At the outset the system consists of a large number of part icles that interact with each other 

and a denumerably in f in i te  number of vacuum osci l lators. The present s ta t is t ica l  treatment I-.ads to a 

k inet ic  equation for the one-body function that has a physical interpretation in  terms of  “dressed” par- 

t i c les  and renormalized osci l lators. A shield cloud of charge and current density envelopes a par t ic le  

and the radiat ion takes place in terms o f  osci l lators that satisfy the plasma dispersion relat ion instead 

of the vacuum dispersion relation. 

In the low-density l imit,  or when k >> Q /c, the resul t  agrees wi th  the vacuum radiat ion formula em- 

ployed by Trubnikov.’ I f  terms of order (o / k ~ ) ~  are retained, the principal effect i s  the renarmalization 

of the osci l lators. In the exact radiat ion formula longitudinal and transverse waves are coupled, i.e,, the 

normal modes do not have a simple polarization. The virtue of the present treatment i s  that it indicates 

the terms that represent electromagnetic radiation and the  proper par t ic le  dressing under those circum- 

stances. 

P 

P 

’Abstract of paper submitted t o  Conference on Plasma Phys ics  and Controlled Nuclear F iss ion  Research, 

’General Atomic, San Diego, California. 

Salzburg, Austria, September 4-8, 1961. 

3N. Rosfoker and M. N. Rosenbluth, Phys .  Fluids 3, 1 (1960); A. Simon and E. G. Harris, Phys+ Fluids 3, 
245 (1960). 

4A. Lenard, Ann. Phys .  ( N e  Y.1 10, 390 (1960); R. Balescu, P h y s .  ,Fluids 3, 52 (1960). 

’N. Rostoker, Phys.  Pluids 3, 922 (1960)- 

6A. Simon, Phys .  Fluids 4, 586 (1961). 

7B. Trubnikov and V. Kudryavtsev, Proc. U.N. Intern. Coni. Peacejul Uses Atomic Energy Zd, Geneva. 1958, 
31, p 93. 

.... 
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9.10. CONCERNING A POSSIBLE APPROACH TO THE MODE I-MODE II 
TRANSITIQN Pi? 

1 G. Guest and A, Simon2 

An attempt has been made, fol lowing the method of Kadomtsev and N e d o s p a ~ o v , ~  to  analyze the 

Mode \-Mode II instabi l i ty4 in  terms of a siinple model of the gaseous arc discharge in a uniform longi- 

tudinal magnetic f ield. The essential features of the iiiodel are the inclusion of streaming effects to the 

end wal ls as u t i l i zed  by Simon5 and the neglect of lower order terms in  the transverse motion o f  charged 

part icles due io electrostat ic f ields. Transverse motion of the ions and electrons i s  attr ibuted ent i re ly 

to  dif fusion processes and to  Ha l l  currents ar is ing from j x n terms in  the equations of motion. 
+ +  

The theory leads t o  a dispersion relat ion which predicts instabi l i ty  of the plasma for magnetic f ie lds 

greater than a c r i t i ca l  value, i j C ,  given by 

where T e  and T i  are the electron and ion temperatures respectively, mi i s  the ion-neutral atom co l l i s ion  

cross section, :I i s  the ion mass number and no i s  the neutral atom number density. 

'Research participont from Department of Physics,  North T e x a s  State University, Dentan, Texas.  

2Now at  Generol Atomic, Son Diega, California. 

3B. B. Kadointsev and A. V, Nedospasov, j .  Nucl, Energy, Part  C: Plasma P h y s i c s  1, 230 (1960). 

4R. V. Neidigh, The E//ect  o/ a P w s s u r e  Gradient on a Mufinetically Collimated Arc, ORNL-2288 (May 27,. 1957). 

5A. Simon, A n  Introduction to Thermonuclecrr Research, Chapter I X ,  Pergamon P r e s s ,  N e w  York (1959). 

9.11. ELECTROSTATIC ION-CYCLOT QMI PLASMA INSTABILITIES 1N A 
-FLUID ~ Y ~ ~ ~ ~ Y N A ~ ~ ~  THEORY 

H. K. Wimmel 

I t  has been deduced by E. G. Harr is '  from the Vlasov equations ( =  self-consistent col l is ionless 

Boltsinann plus Maxwell equations) that n stat ic homogeneous plasma in  a uniform magnetic f ie ld  Bo 
-+ 

may exhibit  unstable longitudinal plasma osci l lat ions w i th  a'= fnQc [o'- fie(o),  nc - ion cyclotron 

'E. G. Harr is,  Unstable Plasnin Osci l lat ions in a ,\laRnetic Field,  ORNL-2728 (June 5, 1959); Proceedings of a 
Conlerence on the  Thporetical A s p e c t s  o/ Controlled Fusion Research,  Gatlinbur , T e n n e s s e e ,  '4pril 27-28, 1959,  
TID-7582 (ORNL-2805), p 131; J .  ,vucl. Energy,  Part  C; P l a s m a  P h y s i c s ,  2, 138 71961). Compare also: P. 8. Burt 
and E. G. Harrisp U d I .  47n. P h y s .  Soc. 6, 300 (1961). 
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frequency, R = integer]. These electrostat ic ion-cyclotron instab i l i t ies  occwr for ct> > nQc (o = elec- 

tron plasma frequency) and for an ion pressure anisotropy ( l L / P , , )  greater than 8 or 9 (Ref. 2). There 

i s  expeainiental evidence that such instab i l i t ies  may exist in t h e  Oak Ridge DCX mirror machine.’ 

P I 

A theoretical analysis o f  these instab i l i t ies  for a mirror configuration on the basis o f  the V ~ Q S O V  
equations seems d i f f i cu l t  t Q  accomplish; therefore, die possib i l i ty  of using the moments method for 

an approximate treatment of certain Harris instab i l i t ies  WQS examined. The method works only for 

the levvest harmonics of the ion-cyclotron frequency ond generally predicts greater s tab i l i ty  than the 

Vlasov equations. 

The detai ls of this calculat ion have been p ~ b l i s h e d . ~  

2W. E. Drurnmond, M. N. Rosenbluth, M. L. J o h n s o n ,  Oull .  Am- P h y s .  SOC. 6,  185 (1961). 
3C. F. Barnett, Bull. A m  Phys .  Snc. 6 ,  196 (1961). 

4H. K. Wimmel, Electrostatic [on-Cyclotron Plasma Instabi!ities in  n Two-Fluid Hydrodynamic Theory. ORNL- 
3170 (Aug. 18, 1961). 
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