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Berr The  BSR-I and an 
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pulses. Using t h i s  value, 

measurements of mul t ido l lar  negotive reac t i v i t y  e f fec ts  of cont ro l  rods in BSR-I I  have been performed, and 

resu l t s  are given. 

has been measured for the BSR-I I  by the use of the pulsed-neutron method. 

B y  means of t h i s  method a value of l./,geff of 3.2 t 0.16 msec was obtained. 
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an apparent source neutron mu l t i p l i ca t i on  of about three. 
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J .  K. Fox, L. W. Gi l ley ,  R. Gwin, and D. W. Magnuson ...... ............................. 76 
235 Some data descr ib ing the c r i t i c a l  condi t ions of cy l i nd r i ca l  volumes of aqueous so lut ions of U 

and U233 are presented. The c r i t i c a l  parameters of one spherical volume of so lu t ion are a l so  given. 

I V  



3.6. C R l T l C A L  PARAMETERS FOR 20-in. -d ia  STAINLESS STEEL CYLlbJDERS CONTAlNENG 
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w i l l  For t h e  
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3-in.-dia pipe. Using shorter p ieces of smaller-diameter pipe (Raschig r ings)  w i l l  reduce t h e  percentage 
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remain subcr i t icn l  even for H:U23s atomic ra t ios  near those for minimum cr i t i ca l  volume, 
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3.8. 

Resul ts  are g iven in both tabular and gruphicul form. 
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enriched UF4 and paraffin, the H:U235 atomic r a t i o  for these later experiments being 404. The r e s u l t s  

have been combined with those of ear l ier  experiments, i n  which H:U235 ra t i os  of 195 and 294 were used, 

t o  present p l o t s  of minimum c r i t i c a l  masses and volumes. 
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k M P ( N )  = 1, where P(n), the nanleakage probabi l i ty  for a l l  neutrons from f ission, were obtairied from both 

one- and two-group models. Values computed for an assembly w i th  base d ~ m e n s i o n s  of 71.5 by 71.5 cm 

were Correspondii ig 

values for an assembly w i th  base dimensions of 86.7 by 81.7 crn were 1.200 t 0.016 and 1.202 ?0.086, 

respect ive ly .  

1.197 i 0.015 w i th  the one-group model and 1.197 -t 0.015 w i th  the two-groep model. 
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experiments aoth 

water-ref lected and unreflected cases were investigated. The estimated minimum c r i t i c a l  mass for n 

ref lected button assembly i s  about 22 kg of U235. The corresponding value for a ref lected br iquet te  

assembly i s  approximately 23 kg of u 

were performed i n  7- t o  12-in.-dia graphite c ruc ib les  and were moderated w i th  wuter. 
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5. EXPERIMENTAL REACTOR PHYSICS 

5.1. AN INVESTIGATION O F  T H E  SLOWING DOWN O F  FISSION NEUTRONS I N  WATER 

T. V. B losser  and D. K. Trubey ...................................................................................... 
An experiment t o  measure the s lowing down of U235 f i ss ion  neutrons to  indium resonance energy 

has been continued. The maior port ion of the experiment invo lves a determination of the magnitude of 

var ious perturbations not examined i n  previous measurements. The  e f fec t  of the source pos i t ion i n  the 

experimental arrangement, t he  source strength d is t r ibut ion as a funct ion of diameter, and the e f fec t  of 

cadmium covers has been invest igated.  A pre l iminary 30-mil-cadmium 5-mi l - ind ium age has been computed 

t o  be 26.7 cm2, in good agreement w i th  recent resu l t s  of other experimenters. 

5.2. NONLEAKAGE PROBABIL IT IES I N  C R I T I C A L  EXPERIMENTS AND T H E l R  

R E L A T I O N  T O  N E U T R O N  AGE 

R. Gwin  and D. W. Magnuson ......... ............................................................... 1 12 
A br ie f  out l ine of the theory of u s i s  given, and the theory i s  employed for the 

A neutron age ana lys i s  of some experimental data obtained at  the O R N L  C r i t i c a l  Experiments F a c i l i t y .  

t o  thermal of 25.7 cm 2 2 and an age t o  indium of 24.7 * 1.2 cm are ind icated by the analys is .  

5.3. MEASUREMENTS OF T H E  TRANSPORT MEAN F R E E  P A T H  OF THERMAL NEUTRONS 

IN BERYLLIUM AS A F U N C T I O N  OF T E M P E R A T U R E  

G. deSaussurc and E. G. Si lver .................................... ....................................... 1 15 
The var ia t ion of the transport mean free path of thermal neutrons in be ry l l i um w i t h  temperature has 

been invest igated for var ious temperatures higher than room temperature, and for one temperature belaw 

room temperature, b y  the pulsed-neutron technique. Measured va lues o f  for temperatures from "225 
t o  -790% are compared w i th  va lues ca lcu lated b y  Singwi and Kothari, and good agreement i s  found. 
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6. REACTOR THEORY 

6.7. FAST M U L T I P L I C A T I O N  E F F E C T  O F  BERYLLIUM 
W.Hafele .................................................................................................................................................... 121 
The bery l l iun i  (n ,2n)  react ion produces neutrons which can be used t o  increase the ava i l ab le  

reac t i v i t y  margin in a mu l t i p l y ing  assembly. An invest igat ion of the magnitude of t h i s  e f fect  has been 

carr ied out, T o  t h i s  end rev iews  of s imi lar  invest igat ions and the re levant  cross-sect ion data were made, 

and upper and lower l i m i t s  for the (n,2n) cross section were estimated. The  fast  mu l t i p l i ca t i on  ef fect  

was then determined by ca l cu la t i ng  the spectrum in  an in f in i te  homogeneous be ry l l i um moderator, assuming 

that  the source neutrons had a f ission-neutron d is t r ibut ion,  and considering the whole angular d i s t r i bu t i on  

of the e las t i ca l l y  scattered neutrons. The  upper l im i t  of the net mu l t i p l i ca t i on  e f fec t  i s  7.6%, the lower 

l i m i t  5.1%; however, after about 2 years, poisoning b y  the daughter products of the (n,a) react ion would 

lower the reac t i v i t y  by 5% for f l uxes  of about 5 x 1013 neutrons/cm /sec. 2 

6.2. ON T H E  THEORY OF THE DIFFUSION COOLlNG E F F E C T  I N  HOMOGENEOUS 

AND H E T  ER OG EN EO US A SSEM B L l  E S 
W. Hb'fele and L. Dresner ........................................................................................................................ 124 
The  f lux  d i s t r i bu t i on  of a homogeneous pulsed-neutron assembly has been expanded in terms of 

eigenfunct ions w i th  respect  t o  both energy and space. The d i f fus ion cool ing constant wa5 determined 

exac t l y  i n  terms of matrix elements w i th  respect  t o  these eigenfunctions. The matrix elements and the  

d i f fus ion cool ing constant have been evaluated for the specia l  case of a heavy gas moderator. It is a lso  

poss ib le  to  develop the theory for heterogeneous assemblies. There, i n  addi t ion $0 the normal d i f f us ion  

cool ing effect, a second cool ing e f fec t  appeared which has been ascribed t o  the d i f f us ion  of neutrons in to 

the lumped absorbers. 
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6.3. COMPARISON THEOREMS FOR THE ESl lMATlON OF A V E R A G E  COLLISION PWOBAB!L17!E"S 

L. Dresner ................ ........................................................................................................................... 128 
Theorems are g ive h i ch  permit the est imat ion of average c o l l i s i o n  probabi l i t ies  for convex 

so l ids of irregular shape by comparison wi th  so l ids for which the average c o l l i s i o n  probabi l i ty  i s  known. 

6.4. F I R S T - f L / G N P  MOMESCAPE PRORABlLl TIEX FOR NEUTRONS IN A S P H E R E  
E. InOnU ........................................................................ ......................................................................... 134 
F i rs t - f l i gh t  nonescape probabi l i t ies  for both a uniform and a pers is t ing neutron d i s t r i bu t i on  in a 

bare homogeneous reactor have been ca lcu lated by the second fundamental theorem of reactor 

Resul ts  arc compared to  accurate values obtained 

spherical 

theory in order t o  test  i t s  accuracy for s m a l l  reactors. 

from transport theory and to  prev ious ly  publ ished values for in f in i te  slab reactors. 

6.5. I N F L U E N C E  OF THE GEOMETRIC SYMMETRIES OF A HETEROGENEOUS REACTOR 

ON T H E  FLUX DlSTRlBUTfON 

L." Die sner .................................................................................................................................................. 138 
I n  a bare, homogeneous reactor the space and energy dependences of the f lux ore separable under 

quite general assumptions. It i s  found 

that for certain heterogeneous reactors of special shape and geometric symmetry, there care eight networks 

of points, each wi th  the fo l lowing properties: (1) the space and eneigy dependences of the f lux  are 

sepnrable at these points, and thus the spectrum i s  the same at a l l  po in ts  of a network; and (2) the space 

dependence of the f lux over a network i s  the same as that of the f lux  i n  a homogeneous reactor ly ing 

i ns ide  the same boundary. 

T h i s  theorem has  been exfended t o  some heterogeneous reactors. 

6.6. THERMALlZATlON QF PULSED NEUTRONS I N  A NOMMULTIPLYING MODEKATlNG MEDIUh4 

S .  N. Purohit .............................................................................................................................................. 141 
The t ime behavior of the thermal-neutron energy spectrum of neutrons from o monoenergetic pu lsed 

source i n  bery l l ium assemblies wi th  various geometric buck l i ngs  has been ca lcu lated us ing the heavy 

gas model. 

6.7. MONTE CARLO NEUTRON E X C A P E  P R o a m L i w  CODES 

R.  K. Coveyou, VJ.  E. Kinney, and J. G. Sul l ivan ...................... ......................................... 142 
Two  codes have been wr i t ten t o  compute the escape probabi l i ty  of neutrons from sol ids. One of 

the codes, ident i f ied as Lump I, considers a d i sk  wi th  sources dis t r ibuted exponent ia l ly  along the ax i s .  

The rad ia l  d is t r ibut ion resul ts  from col l in iu t ing neutrons from on i sot rop ic  d i sk  source and i s  roughly  

Gaussian. The other code, Lump II, computes escape probabi l i t ies  from paral lelepipeds, cy l inders,  

spheres, or e l l i pso ids  and considers the source t o  be uniformly d is t r ibuted throughout the sol id.  

6.8. ADDITIONS T O  CORN PONE - A fAULTlGRQblP, MULTIREGIOM REACTOR CODE 
W. E. Kinney .......................................................................... .............................................................. 1/13 
Several addi t ions have been made to  Corn Pone Reactor Code. They inc lude a program i o  compute 

neutron absorptions and f i ss ions  in specif ied elements, the option of using a f ixed or var iab le transverse 

buckl ing, the option of speci fy ing the thermal constants and number of space points  i n  each region, the 

ava i l ab i l i t y  of a number of i n i t i a l  source guesses, the option of punching the converged source on paper 

tape, and the ab i l i t y  to treat vacuum regions. 

6.9. NEUTRON REACTlON R A T E  CODES 

R. R. Coveyou and W. E. K inney .............................................................................................................. 144 

Neutron thermal cross sect ions i n  a mcrlium at a cer ta in  temperature may be computed from data 

taken at a lower temperature. Codes to perform the ca l cu la t i on  hove been wr i t ten for the IBM-704 computer. 

6.10. RESONANCE ABSORPTION OF NEUTRONS IN A LUMP 

K. Hasegawa ........................ ................................................................................................................ 146 
A new integral equation governing the slowing down of neutrons i n  a lump, assuming o spa t ia l l y  

uniform neutron f lux  ins ide the lump, has been derived from the Boltzmann equation. In the f i r s t  approxi- 

mation the equation i s  solved by using the asymptotic energy dependence of the neutron f lux nnd proposing 

a new resonance integral formula. I n  the l im i ts  of both the narrow resonance and the wide resonance, the 
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formula tends t o  be equal to that der ived in  the conventional narrow and wide resonance approximations. 

I n  the second approximation the e f fec ts  of the dev iat ion of the P lacxek  funct ion from i t s  asymptoyic form 

axe ca lcu lated by a method s imi lar  t o  that used b y  Weinberg and Wigner for homogeneous systems. It i s  

shown that the resonance in tegra ls  of the usual narrow and wide resonance approximations become equal 

for a cer ta in  value of r’n/iT, i r respect ive of the resonance width. Some numerical resu l t s  are given, 

6.11. C A L C U L A T I O N  OF T H E  PROMPT NEUTRON GENERATlON TIME FOR THE BSR-I! 

R. Perez-Bel les ........................................................................................................................................ 148 
A theoret ica l  calculat ion, based on a two-group treatment, of the prompt-neutron generation t ime 

in the BSR-II has been made. The computed resu l t  is 21.3 psec,  which i s  i n  good agreement w i th  the 

experimental resu l t  reported in Sec 2.2, 

6.12. A C O R N P O N E C A L C U L A T I O N O F T H E E N E R C Y - D E P E N D E N T N E U T R O N F L U X  

IN A N  U N R E F L E C T E D  69.2-cm-dia SPHERE 

D. W. Magnuson, R. Gwin, and W. E. Kinney ........................................................................................ 151 
The f i r s t  of a series of ca lcu lat ions of parameters of an unreflected 49,2-cm-dia c r i t i c u l  sphere, 

based on the use of the consis fent  P ,  approximation of the Corn Pone code, has been completed. Values 

of t he  squore root of the buckl ing, the extrapolated radius, and the extrapolated length are given for 

several ener,gy groups, and the  e f fec t i ve  extrapolated length i s  p lo t ted o s  a func i ion of energy group for 

the neutron source and f lux.  

6.13. REACTlON CROSS SECTIONS USING THE S T A T I S T I C A L  MODEL OF THE 

COMPOUNDNUCLEUS 

S .  K. Penny ........................................................................... 153 
Hauser and to consider the to ta l  cross sect ion for the in- 

e las t i c  scattering of neutrons. They further suggested that  the i r  formalism might be  altered to inc lude 

competit ion from other react ions and also to consider the p o s s i b i l i t y  of charged par t ic les a5 inc ident  and 

emergent par t ic les.  These changes have now been wr i t ten e x p l i c i t l y  for the to ta l  react ion c rass  sect ion 

for the case i n  which the s ta t i s t i ca l  model appl ies t o  the compound nuc leus only. (Abst ract  on ly  publ ished 

here, w i th  reference). 

6.l4.  E F F E C T S  OF CHEMlCAL BINDlNG ON NEUTRON SCATPERlNG 
F. S. A l sm i l l e r  .................................................................................................................................. 
A study of the e f fec ts  of chemical  b ind ing on the scattering of low-energy neutrons i n  c r y s t n l s  

and in f l u i d s  i s  in  progress. Appl icot ion of ex i s t i ng  standard formulations t o  the i i iatecials under study 

(ice, heavy ice) does not appear appropriate because of d i f f i c u l t i e s  w i t h  the H 0 and D 0 l a t t i ce  strwc- 

tures. 
2 2 

A suitable modi f icat ion of the theory i s  being sought. 

6.15. SLINKY: A MONTE C A R L O  CODE T O  SOLVE MULTIGRQUP, MULTlREClOH 

DlFFUSf ON EQUATIONS 

R. R. Coveyou and D. J. I rv ing .............................................................................................................. 151 
An IBM-704 code, ca l l ed  SLINKY, has been developed in an attempt t o  so lve the equutions of 

d i f f us ion  theory by the Monte Car lo  method. The  code i s  essen t ia l l y  complete and w i l l  be tested to 

determine i t s  value. 



7.1. PULSE-HEIGHT SPECTRA OF PHERMAb-NEUTRQN-CAPTURE GAMMA RAYS 

IN  VARIOUS MATERIALS 

F. J. Muckenthaler .......................................................... ............................................................. 157 
Pulse-height spectra resul t ing from thermal-neutrnn-captuie gaiiiina rays produced in  aluminum, 

Samples were exposed t o  thermalized neutrons from a Po-Be source, 

The 

Observed peaks 

lead, and iron have been measured. 

and gamma-ray spectra were measured from the bare sample and a boron-Plexiglas-covered sample. 

dif ference between the curves was attr ibuted to  thermal-neutron-capture gamma rays. 

are in  agreement w i th  publ ished datu. 

7.2. PREDlCTlON OF THERMAL-NEUTRON FLUXES I N  TNE BSF FROM LTSF DATA 
A. D. MncKellar ............................. 162 
Predic t ions of the thermal-neutron f luxes t o  be expected near the Bulk Shielding Reactor were 

made on the bas i s  of k i d  Tank Shielding F a c i l i t y  experimental data transformed t o  the BSR geometry. 

The predicted f luxes are higher than the measured f luxes by 15 t o  25% for d is tances closer than 60 cm, 

but they are essent ia l ly  in  agreement for larger distances. A t  a d is tance of 125 cm the predicted f lux 

was only  1% too low. 

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

7.3. RADIATION ATTENUATION PROPERTIES OF B A R Y T E S  CONCRETE AND ITS COMPONENTS 

W. J. Grantham, J r .  ......................................................................................................... 164 
A series of measurements of fast-neutron dose rates, gamma-ray dose rates, and thermal-neutron 

f luxes in  water behind samples of barytes aggregate, barytes aggregate p lus port land cement, and barytes 

concrete has been completed at the L i d  Tank Shielding Fac i l i t y .  The fast-neutron mass attenuation 

coef f ic ient  for burytes concrete wns found to  be 0.0301 cm /g, which i s  i n  good agreement w i t h  a ca lcu-  

lated value of 0.0313 cm2/g based on chemical analys is  of the concrete. 

2 

7.4. E F F E C T I V E  NEUTRON REMOVAL CROSS SECTION OF ZIRCONlUM 
J. M. Mi l ler  ..................................... ......................................................................................... 168 
The ef fect ive removal cro55 section of zirconium has been determined us 2.35 + 0.12 barns on the 

bas i s  of thermal-neutron f lux measuremonts made at the LTSF bcyond two  slabs of zirconium (1.8 wt % 
hafnium), each 54 x 49 x 2 in. A mass attenuation coef f ic ient  (E / ) based upon the removal cross 
section and a measured densi ty  of 6.54 g/cm3 i s  (1.56 t 0.08) x lo-’  cm R! /g. 

7.5. RECHECKS AND EXTENSIONS OF THE h EXPERIMENTS AT T H E  TSF 
D. R .  Ward, F. J. Muckcnthaler, and S. C. Dominey ............................................................. 169 
The 2n experiments performed by the General E lec t r i c  Company ut  the Tower Shielding F a c i l i t y  

in 1956 were checked and extended i n  la te  1958 by O R N L  personnel. Most of the experiments consis ted 

i n  measurements of radiat ion in  the C-E crew compurtment as a funct ion of a l t i t ude  for var ious sh ie ld  

configurations on the TSR-I  64 ft uway.  The fast-neutron dose rates observed in  the t w o  series were in 

agreement for all cases i n  which the 217 borated water shie ld  was on the bottom of the reactor; for some 

cases in  which the 277 shie ld  was removed the ORNL fast-neutron measurements agreed to  w i th in  15% 
wi th  the G-E data. Thermal-neutron and gamma-ray measurements were essen t ia l l y  in  agreement in the 

two  series. The extensions t o  the measurements largely consis ted in mapping the rad iat ion around the 

reactor shield and measuring the spectra of gamma rays in  the crew compartment. 

7.6 T H E  HIGH-ENERGY ACCELERATOR SHIELDING PROGRAM 
C. D. Zerby and H. W. Ber t in i  ................................................................................................................ 176 
I he condit ional Monte Car lo  method has been selected for ca l cu la t i ng  the deep penetrat ions of 

par t ic les through high-energy accelerator shields. T h i s  method was chosen because of i t s  adaptabi l i ty  

t o  various shield geometries and because complex chains of secondary rad iat ion can be handled w i th  

re la t i ve  pase. An intranuclear cascade ca lcu lat ion t o  compute the i ne las t i c  d i f ferent ia l  cross sections 

for complex nuc le i  required for the penetration ca lcu lat ion i s  being coded for tho IBM-704. 
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7.7. MONTE C A R L O  CODE FOR T H E  C A L C U L A T I O N  O F  D E E P  PENETRATIONS O F  
GAMMA RAYS: STATUS R E P O R T  

5. K. Penny ............................................................. 177 
During the development of the Monte Car lo  code for deep penetrat ions of gamma rays, several 

methods were investigated, the most successful being the "condit ional Monte Carlo" method. I n  a 

ca l cu la t i on  w i t h  t h i s  method the resu l t s  for f i c t i t ious  pa r t i c l es  were w i th in  20% of those obtained b y  an 

exact  calculat ion, but for gamma-ray sources the resu l t s  f luctuated badly. More work on the code w i l l  

be required. 

7.8. N E U T R O N  W E L D S  FROM (a,n) REACTIONS I N  VARIOUS MATERIALS 

F. S. Alsmi l l e r  and G. M. E stabrook .................................................................................................... 177 
A program has been in i t ia ted  t o  ca lcu late the neutron y ie lds  from ( a , n )  react ions in  cer ta in  uranium 

isotopes (U232 through U236), Th228 and i t s  daughters, and other elements often present in fabricated 

uroniurn. A method for the ca l cu la t i on  has been developed. 

8. RADIATION DETECTOR STUDIES 

8.7. T H E  MODEL I V  GAMMA-RAY SPECTROMETER: STATUS REPORT 
............................. G. T. Chapman and T. A. L o v e  ............................................. 18 1 

A l l  components for the model I V  gamma-ray spe received at the Bu lk  Shielding 

Fac i l i t y ,  and the  assembly o f  the components i s  almost complete. An extensive rad iat ion survey i s  be ing 

made of t he  lead- l i th ium housing in order t o  determine whether any vo ids might have occurred during the 

pouring and so l i d i f i ca t i on  o f  the material. 

8.2. NONPROPORTIONALITY OF RESPONSE OF AN N a / ( T I )  SCINTlLLATlON CRYSTAL 

T O  GAMMA RAYS 

R. W. Peel le  and T. A. L o v e  .......................................................................................................... 
The  nonproport ional i ty of response of a 3-in.-dia by 3-in. Nal(T1) c rys ta l  t o  gamma rays  has been 

studied br ie f l y  in a manner which does not depend c r i t i c a l l y  on the performance of the pulse-height 

d iscr iminator  system. "Sum" pulse-height d i s t r i bu t i ons  which corresponded to the simultaneous detect ion 

of cascade gamma rays were observed and compared w i th  the sum of peaks representing the i nd i v idua l  

gamma rays. I n  the experiment performed, cascade gamma-ray t rans i t i ons  of Y88 and Bi207 were used, 

and the  resu l t s  showed that t he  "sum peaks" occurred at  pulse heights  higher than would have been 

expected on the  hypothes is  that  the integrated pulse output of  t h e  phototube was proport ional to  the 

absorbed gamma-ray energy. The  d i f ference corresponded t o  an average of 30 k 6 kev. 

MONTE CARLO CODE FOR CALCULATIONS OF RESPONSE FUNCTIONS OF 

GAMMAaRAY S C l N T l L L A T l O N  DETECTORS 

C. D. Zerby and H. S. Moran .................................................................................................................. 185 
A Monte Car lo  code has been wr i t ten for the IBM-704 computer for ca lcu lat ions of the gamma-ray 

response funct ions of Na l  and xylene sc in t i l l a t ion  detectors. The  detector geometry can  be  e i ther  a r igh t  

cy l inder  or a r igh t  cy l inder  w i th  one con ica l  end. The  source i s  rest r ic ted t o  a monoenergetic source of 

a rb i t ra r i l y  chosen energy in the range from 0.005 t o  10.0 MeV. The  treatment of the primary inc ident  

rad iot ion takes in to  account Compton scattering, pair production, and the photoelectr ic effect; however, 

secondary bremsstrahlung and annih i la t ion rad iat ion are not considered. The part icular Monte Car lo  

method used i s  designed for minimum s ta t i s t i ca l  error in the so-ca l led "Compton t a i l "  of the spectrum. 

8.3. 
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8.9. CORRECTION FACTORS FOR F O I L - A C T I V A T I O N  MEASUREMENTS OF NEUTRON 

FLUXES IN WATER AND G R A P H I T E  

D. K. Trubey, T. V. Blosser, and G. M. Estabrook ............................................................................ 204 
A study has been made of the  various perturbing factors encountered in the use o f  f o i l - ac t i va t i on  

techniques for measurement of neutron f l uxes  in water and graphite. Values of J(T),  the se l f -sh ie ld ing 

factor, have been ca lcu lated for both resonance and thermal-neutron detectors  and are compared w i th  ex- 

perimental data w i th  good agreement. Data i s  a l so  g iven concerning the ef fects  o f  f lux  depression, 

cadmium covers, and angular d is t r ibut ion.  

9. THERMONUCLEAR RESEARCH 

9.1. ORBIT PRECESSION IN DCX 

...................................................................................... T. K. Fowler  ........................... 219 

in t roducing preces- 

It appears t o  be impract ica l  t o  reduce the  t ime spent in the 

The p o s s i b i l i t y  of caus ing ions in the OCX t o  avoid the arc, 

s ion  i n t o  their orb i ts  has been investigated. 

arc by more than a factor o f  10. 

9.2. ABSOLUTE CONTAlNMENT OF IONS IN DCX 

T. K. Fowler  and M. Rankin .................................................................................................... 2 19 
The study of orb i ts  of s ing le ions in  the az imuthal ly  symmetric DCX magnetic f i e l d  is being cor- 

r i e d  out, and a deta i led report concerning the absolute containment of i ons  enc i r c l i ng  the symmetry a x i s  

o f  the f i e l d  has been issued. I n  summary, t he  report presents a der ivat ion of t he  absolute-containment 

c r i te r ion  together w i t h  p l o t s  of the regions in space and momentum space to wh ich  absolute ly  conta ined 

pa r t i c l es  are confined. 

9.3. CODE F O R  CALCULATIONS OF ENERGY DISTRIBUTIONS OF P A R T I C L E S  IN THE DCX 

T. K. Fowle r  and M. Rankin ........... ......................................... 2 19 
An IBM-704 code i s  being designed to  solve coupled Fokker-Planck transport equat ions for the 

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

steady-state energy d is t r ibut ions of ions and electrons i n  the DCX. 

9.4. MlCROWAVE DIAGNOSTICS U T I L l Z l N G  T H E  FARADAY E F F E C T  

T. K .  Fowle r  ..... ................................................................ 
An ana lys i s  i c  presented wh ich  ind icates the p o s s i b i l i t y  of determining the low e lect ron den- 

s i t i e s  in the DCX plasma from meosursments of the Faraday rotat ion of the polar izat ion p lane of micro- 

waves in resonance w i t h  the e lect ron cyc lo t ron motion. The e lect ron c o l l i s i o n  frequency can a l s o  be 

determined. 

9.5. C R I T I C A L  CURRENT FOR BURNOUT IN AN OGRA-TYPE OEVlCE 
A. Simon ................................................................................... .......... 221 

A complete algebraic ana lys i s  has been obtained for the var ia t ion of the steady-state ion dens i t y  

n +  w i t h  i n jec ted  current I in an  OGRA-type fus ion dev ice (i.e., a dev ice based on trapping of ions b y  
breakup o f  energetic moleculor ions on c o l l i s i o n  w i t h  either the background gas or trapped ions) .  The 

most general var ia t ion of 71+ w i t h  1 i s  shown t o  be an  s curve w i t h  at  most three roots of n + f o r  a g i ven  

input I .  A phys i ca l  in terpretat ion o f  these three roots has been obtained. In addition, algebraic ex-  

press ions have been derived for the two  currents at wh ich  the bends in the s curve occur. It w i l l  be  

necessary t o  a t ta in  the larger current i n  order t o  bui ld up a h igh-densi ty  plasma when the densi ty  i s  

being increased from below. On the other hand, once the h igh  dens i t y  has been achieved, it may be 

maintained b y  steady i n jec t i on  of a current larger than the lower value. 

... 
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9.6.  COHERENT R A D I A T I O N  FROM A PLASMA 

E. G. Harr is  and A. Simon .................................................................. ..................................... 221 
B y  beginning w i t h  the I - iouv i l le  equation and t reat ing both the plasma pa r t i c l es  a n d  the e lect ro-  

magnetic f i e l d  in a completely s ta t i s t i ca l  fashion (the s ing le approximation invo lved being that  a l l  pair 

correlat ions vanish), the so-cal led “ r o l l i s i o n l e s s  Boltzmann equation” or “V lasov equation“ i s  deduced, 

as It i s  shown, as a consequence of t h i s  com- 

panion equation, that the entropy of the elect iomsgnetic f i e l d  i s  a constant and that, in gener l l ,  a plasma 

obeying the Vlasov equation can only  radiate coherently. 

w e l l  as a coinpanion equation for each f ie ld  osc i l la tor .  

9.7. PLASMA INSTABILIT IES ASSOCIATED WlTH ANISOTROPIC VELOCITY DISTRIBUTION 

E. G. Harr is  ...................................................................... ......................................................... 221 
An earl ier study of the ins tab i l i t ies  of an in f in i t  neous plasma in a uniform magnetic 

f i e l d  due to  anisotropic ve loc i t y  d is t r ibut ions suffered from the fa i lure t o  use the complete set of Maxwel l  

equations. T h i s  l imi ted the treatment to  longitudinal W C I V ~ S  and precluded oi ly consideration nf coupl iny 

between longi tud ina l  and transverse waves. The work has n o i ~  be3n extended to  remedy these defects. 
t 

9.8. C A L C U L A T I O N  OF THE CROSS SEC710N FOR DISSOC!ATIE)N OF R2 BY A CARBON ARC 

R G. Alsmi l ler ,  Jr .... ............................................................................................. 224 
A calcu lat ion of the cross sect ion for the d i ssoc ia t i on  of the D2+ i i iolecule by a pa r t i c l e  of charge 
. 

z e  has been carr ied out in Born approximation. 

9.9. DIFFUSION OF PLASMA PARTICLES ACROSS A MAGNETIC F I E L D  

A. l s ihara and A. Simon ...................................................... ............... ..................... 224 
A previous ca l cu la t i on  of the rate of d i f f us ion  of l i k e  charged par t ic les across a magnetic f i e l d  

No a pr io r i  assumption as t o  the re la t i ve  magnitude of certain terms was made, 

The f i n a l  re-  

has been generalized. 

and spat ia l  densi ty  gradients were permitted in  both d i rect ions perpendicvlnr to  the f ield. 

s u l t  agrees w i th  that g iven earlier. 

9.10. SOME EXACT RADIATING SOLUTIONS I N  VLASOV’S EQUATIONS 

........................................................................................................ 225 
A c lass of exact so lu t ions to  Vlasov equations wh ich  show e lect ro inagnetic rad iat ion has been 

constructed. Since ve loc i t i es  larger than c appear to  be poss ib l y  of importance i n  these solut ions, an 

exact rad iat ing so lut ion t o  the r e l a t i v i s t i c  Vlasov equations was constructed, which, though much more 

specia l ized thon the nonre lat iv is t ic  solut ions, shows that “unphys ica l ly ”  large ve loc i t i es  in the nnn- 

r e l a t i v i s t i c  solut ions are not essent ia l  for the rad iat ion there obtained. 

10.7. SPAClNGS O F  NUCLEAR ENERGY L E V E L S  

L. Dresner ............................................ ..................... 229 

A simple s t a t i s t i c a l  model, in ter 

but ion can be understood, has been suggested; it invo lves no specia l  assumptions other than that  of 
Porter and Thomas. 

10.2. 

The model i s  described in another publ icat ion. 

OPTICAL MODEL O F  lNELASTlC SCATTERING FROM N U C L E J  

T. K. Fowler  ....................................................................................................... 230 
It i s  found that the magnitude of the reo1 part of the opt ica l  potential,  from wh ich  d is tor ted waves 

i n  d i rect  interactions w i t h  nuc le i  are to  be calculated, should be I R ~ S  than that appropriate t o  e las t i c  

scattering. The correct ion derived agrees w i t h  corrections of th is  sort found t o  be necessary i n  some 

phenomenological f i t s  to experimental i ne las t i c  scat ter ing data. 
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10.3. T U €  QUASI-ELASTIC SCATTERING OF FAST P A R T I C L E S  BY ATOMlC NUCLEI 
T. K. Fowler  and K.  M. Watson ................................................................................................................ 231 
The scattering of fast  par t ic les by atomic nuc le i  for large momentum transfers and smaII energy 

loss  i s  studied. The  cross sect ions may be expanded in inverse powers of the energy of the inc ident  

part icle, using methods due t o  P l a c r e k  and Wick. The resu l t i ng  cross sections, when appl ied t o  ana lys i s  

of experiments, may be used t o  study short-range order i n  nuclei.  An onalys is  of electron, pion, and 

proton experiments shows consis tent  resul ts  and a l so  shows in a s t r i k ing  way the ef fects  of the "re- 

pu l s i ve  core" in two-body forces. 

11. EXPERIMENTAL NUCLEAR PHYSICS 

f 1.1.  MEASUREMENTS OF Y S 8 ,  ZnbS, AND M n 5 #  GAMMA-RAY ENERGIES BY S C I N T l L L A T l O N  

SPECTROSCOPY TECHNIQUES 

R .  W. Pee l l e  and T. A. Love  ........................................................... ...... .................. 235 
A series of experiments i s  described in which the energies of the intense gamrno rays in  the decay 

of Y E *  have been co re fu l l y  measured, using Na l (T I )  s c i n t i l l a t i o n  counters in a var ie ty  of geometries and 

w i t h  various combinations of known energy sources. L e s s  complete measurements were performed for the 

gamma rays in the decay of Z d 5  and Mn54. Care was taken t o  avoid ef fects  from dr i f t s  and to correct  

for nonl inear i t ies  of the system. Average values obtained were 1.840 f0.002 and 0.8988 +0.0012 Mev 

for Y88,  0.8347 fO.OO1l Mev far Mn54, ond 1.114 k 0.004 Mev for Z n 6 5 .  Energy determinations obtoined 

for wel l -known gamma-ray t rans i t ions gave resu l t s  consis tent  w i t h  recorded values w i t h i n  s im i la r  errors. 

77.2. CROSS SECTION FOR T H E  Li6(,,a)H3 REACTfON FOR 1.2 5 __ En $ 8.0 Mev 

The p rev ious l y  measured cross sect ion for the react i  

R. B. Murray, H. W. Schmitt, and J. J. Manning ............. .......... 238 
as been reeva lua ted  in terms 

The rnaior d i f ference w i t h  the previous 

The rev ised cross sec t i on  is in good agreement w i t h  thut meas- 

of o recent remeasurement of the Np237 f i ss ion  cross section. 

resu l t  occurs in  the 1- t o  3-Mev region. 

ured b y  Ribe and s l i g h t l y  higher than that reported b y  Gabbard et a]. 

7 1.3. NEUTRON-INDUCED FISSION CROSS SECTION OF Np237 

.................................................. 240 
The Np237 f i s s i o n  cross sect ion has been measured as CI funct ion of neutron energy in the range 

0.9 5 En 5 8.0 MeV. The bas is  of the measurement i s  a determination of the ra t io  U ( N P ~ ~ ~ ) / C ( U ~ ~ * )  
combined w i t h  p rev ious l y  determined values of g(U238). The uncertainty in absolute va lue of 0(Np237) 

i s  est imated t o  be k7%. The resu l t s  from t h i s  experiment d i f fer  somewhat from a corrected cross-sect ion 

curve reported previously, and considerable dif ference e x i s t s  in both low- and high-energy regions be- 

tween these resul ts  and uncorrected cross sect ions g iven in  standard compilat ions. 

H. W. Schmitt, R.  B. Murray, and J. J. Manning ..................... 
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Part 1 

RESEARCH FOR LIGHT-WATER-MODERATED REACTORS 





1.1. REACTIVITY EFFECTS OF LARGE VOIDS IN THE REFLECTOR 
OF THE POOL CRITICAL ASSEMBLY 

A. B. Reynolds’  K. M. Henry E. B. Johnson 

A method for simulat ing voids in  the reflector 
o f  a pool-type reactor was described previously.2 
Briefly, it consisted in placing a large aluminum 
tank against one face of the core and forming 
voids wi th in  the tank by separating water-f i l led 
Plex ig las boxes which were positioned in two 

adjacent layers inside the tank. The experimental 
arrangement is shown in Fig. 1.1.1. 
I 

lEnassochusetts of Technology. 
2A.  8. Reynolds, Neutron Pbys.  Ann. Frog. Kep. 

S e p L  I ,  1958, ORNL-2609, p 7. 

UN CL AS 5 IF I ED 
ORPIL- L R - O W G  37405 R1 
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SPRING PLATE 
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Fig. 1 . 1 . 1 .  Schemat ic  I l lustration of  Tank U s e d  to Form V o i d s .  
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N E U T R O N  P H Y S I C S  A N N U A L  P R O G R E S S  R E P O R T  

This  method was recently used in a study o f  
the effect on the react iv i ty of introducing voids 
in the ref lector of the Pool Cr i t i ca l  Assembly 
(PCA).3 The variat ion of react iv i ty wi th void 
was studied first, w i th  voids of approximately 
square cross section being located at the center 
of the core face. In order to determine the ef fect  
o f  the 0.375-in.-thick aluminum tank wal l  between 
the core and the void, that is, in order to separate 
the void effect from the wa l l  effect, measurements 
of react iv i ty were made with two addit ional th ick- 
nesses of aluminum between the tank and the 
core. The results could then be extrapolated to 
a zero wa l l  thickness. The measurements for the 
three wa l l  thicknesses and the extrapolated values 
are shown in Fig. 1.1.2. 

The dashed curve in Fig. 1.1.2 is  a stat ist ical  
weight correlation which was obtained by assuming 
that the af fect  of a void a t  the core-reflector 

3 E .  R. Johnson and K. M. Henry, Neutron Phys.  Ann. 
Prog.  R e p .  Sept.  I .  1958. ORNL-2609, p 3. 
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Fig.  1.1.2. React iv i ty  E f fec ts  of Central ly  Located  

Voids as  a Funct ion of Void Area. 

interface i s  the same CIS the effect of o gray 
absorbing plane. The react iv i ty effect, p, of 
the void would then be, w i th in  the l imi ts of  
first-order, one-velocity perturbation theory, pro- 
port ional to the “stat ist ical  weight,” a, of the 
portion of the interface covered by the void; that 
is, p = ma, where n? is a proportionality factor. 
The stat ist ical  weight of the void area in contact 
w i th  an interface in  the y , z  plane is defined as 

where y and L are the horizontal und vert ical 
directions, respectively, in the plane of the 
core-void interface, 6 i s  the real neutron flux, 
dx is  thc adjoint  flux, and the integration in thc 
denominator includes the extrapolated distances. 
It i s  evident, of course, that a void actual ly 
di f fers from a y o y  absorbing medium because o f  
neutron transport across the void surfaces to  
regions of higher or lower importance, 

In h e  s ta t i s t i ca l  weight correlation shown in 
Fig. 1.1.2, cosine distr ibutions were assumed 
for both the m a l  and the adjoint fluxes, and 
the curve was normalized to the zero wal l - th ick- 
ness curve at a void orecl of 235 in.2. The 
probable cause for the lower values in he ex- 
perimental curve for large voids is  the introduction 
o f  second-order perturbation effects caused by 
the large voids. 

The variation of react iv i ty wi th the posit ion 
o f  o void on the core-reflector interface W Q S  

a lso  observed. Voids of two dif ferent heights 
and 2 in. wide were placed at various posit ions 
in the y direction. The results are compared 
w i t h  the stat ist ical  weight correlation in Fig. 
1.1.3. In th is case the values of (6 used in  the 
stat ist ical  weight expression were measured 
f I uxes 

In  a study of void effects os a function of the 

water thickness between the void and thc core, 
two dif ferent voids, orbe 22 by 24 in. in cross 
section and the other 6 by 6 in., were placed 
a t  various distances from the reactor. The re- 
sults are shown in Fig. 1.1.4. Loadings A and 
C refer to the reactor core configurations. (Loading 
A included 2’/2 more elerrents than loading C, 
each element containing 140 g of U235.) 

I h e  superposability of mult iple voids was also 
studied. It was found that the react iv i ty effects 

- 
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Corr el a t  i on.  

of voids separated by 4 in. or more are super- 
posable. In each case in  which the water sep- 
aration was only 2 in., however, the sum of the 
indiv idual  void ef fects was greater than the 
ef fect  of  the voids measured together. A part ial 
explanation for the lower ef fect  o f  multiple voids 
i s  the introduction of second-order effects. Each 
indiv idual  void views a higher flux alone than 
i t  views when other voids are nearby. On the 
other hand, it was found that for a zero separation 
distance the sum of the effects of indiv idual  
voids was less than the effect of the large void 

alone. Hence a t  some separation distance, pos- 
s ib ly  of about a thermal di f fusion length in water, 
other ef fects which oppose the second-order per- 
turbation ef fect  apparently become important. 

A method based on two-group di f fusion theory 
was developed for calculat ing the react iv i ty  
e f fect  of a void which covers one entire face of 
a reactor wi th  a rectangulor parallelepiped core. 
The calculated value for loading A of the PCA 
i s  4.6 t 0.3 dollars. This is to be compared with 
an experimental value of 4.4 ?I 0.1 dollars. 

5 
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1.2. CRITICAL MASS CALCULATIONS FOR POOL-TYPE RESEA 

E. G, Silver 

Calculat ions of cr i t i ca l  masses for various 
loadings of the pool-type Bulk Shielding Reactor 
I (BSR-I) wi th  two different reactor codes have 
been presented previously.'-3 One of the codes 
used was the Oracle 3G3R, a one-dimensional 
dif fusion theory code l imited to three energy 
groups and three regions. For i t  to be applicable, 
i t  was necessary for the BSR-I to have special ly 
symtnetric and simple loadings. The other was 
the UNIVAC Eyewash code. It improved the 
nuclear model so that 30 energy groups were in- 
cluded and the Goertzel-Selengut slowing down 
in hydrogen was considered, but i t  was l imited 
to spherically symmetric geometry. 

The geometric l imitat ions of these two codes 
have been largely overcome by the new two- 
dimensional codes, one of which i s  the PDQ4 

W. Etze l  

Wul I Be- 

for the IBM-704 computer. The PDQ code not 
only makes i t  possible PO use rea l is t ic  loading 
shapes but also al lows control rods and small  
water voids, such as those left by withdrawn 
rods, to be considered even in arbitrary locations. 

A s  an extension to the earl ier work, the PDQ 
code has been used to calculate the mult ipl icat ion 

'E.  6. Silver, Appl. Nuclear Phys .  Ann. Prog. Rep. 
Sepia IO, 1956. ORNL-2081, p 47. 
2E. G. Silver,  Appl. Nuclear Phys .  Ann. Prog. Rep. 

Sept, 1, 1957, ORNL-2389, p 25. 
3E. G. Silver,  Comparison of RSR Crit ical  Experi- 

ments w i t h  Two-Group and Thirfy-Group Calculat ions,  
ORN L-2499 (1 958). 

t;. G. Bilodeau et al.. PDQ - A n  181V1-704 Code fo 
Solve the Two-Dimensional Few-Group Neutron Dif- 
fusion Equations, WAPD-TM-70 (1957) .  

4 -  

6 



P E R i O D  E N D I N G  SEPTEMBER 1 ,  7959 

constants ( k )  of four pool-type reactors: the 
Geneva Reactor, the Puerto Rican Research Re- 
actor (PRR), the BSR-I, and the Oak Ridge Re- 
search Reactor (ORR). The Geneva Reactor and 
the PRR contain U,O,-AI cores enriched to 20% 
in  U235, whi le  the BSR-I and the ORR have highly 
enriched U-AI cores. The calculations for these 
four reactors are discussed below. Calculat ions 
for a f i f th  reactor, the BSR-II, are described in 
Sec 2.1. 

Method of Colculot ion 

The input constants for h e  PDQ calculations 
were obtained from calculations with the GNU-II 
code,5 a one-dimensional 32-group diffusion 
theory code which ut i l izes the Goertzel-Selengut 
slowing-down model for hydrogenous material 
and provides for ine last ic  scattering from any 
lethargy group to any lower group. For these 
calculat ions a spherically equivalent model for 
each reactor case was set up by using the Pro- 
hammer method6 to determine the outer core radius 
and sett ing the volume fractions in the actual 
core and the model core equal to obtain the rad i i  
of the interior regions. 

The GNU-II code has provisions for calculat ing 
few-group constants for up to four energy groups 
for each region of the reactor. For example, the 
absorption cross section (Z )G  for the j th  region 
and few-group interval  G i s  given a. 1 by 

where g a  and g, are the lethargy group l imi ts  
o f  the few-group interval  G, and ra and T~ are 
the region l imits of the j t h  region. 

The removal cross sections for the few-group 
intervals are calculated from “manufactured” re- 
moval cross sections, (2; )g, for each o f  the 32 

R i  

’C+ L. Davis,  J. M. Bookston, and  B. E. Smith, 
GN~J-r l ,  a Muhigroup One-Dimension Di/frrs ion Program. 
GMR-IO’! (1957). 

F. G .  Prohammer, A Comparison of Orie-Dimensionnl 
Crrrio6~1 i$ktss Cornputations w i th  Experiments  for  Corn- 
pIr&ly Reflected Keactors. ORN L-2007 (1 956). 

lethargy groups, g., obtained by 
1 

These (2: )Vs are used to calculate (Z )” as 
shown above R ?  for (2 )?. 

cross sections were etnployed only in those cases 
involv ing stainless steel or 20%enriched fuel. 

The elemental cross sections from which the region 
cross sections were calculated were used as fur- 
nished wi th  the GNU-I1 code. in  computing the 
region averages, no account was taken of binding 
ef fects or of sel f -shielding in heterogeneous fuel 
pieces; in other words, the materials were treated 
as homogeneous mixtures of monatomic gases. In 
the cases where water spaces ex i s t  in the core in- 
terior, the cross sections for the interior water 
regions were calculated separately from the cross 
sections for the exterior water region (reflector), 
since the difference between the epithermal 
spectrum in the core interior and in the reflector 
causes considerable weighting differences in the 
two locations, leading to signi f icant ly di f ferent 
fast few-group cross sections. 

As mentioned above, the few-group cross sec- 
tions obtained from the GNU-II calculations were 
used as input to the PDQ code. Both three- and 
four-group models were used for the PDQ cal-  
cuiations, and both x-Y and K-% calculations 
were performed. The output of  the PDQ code 
includes the fluxes for each mesh point (maximum 
number, 2500) for each energy group, as wel l  as 
the  source strength at  each nlesh point. In a 
typ ica l  case, using about 2000 mesh points and 
four energy groups, the total computing time for 
each problem is  o f  the order of 2 hr. The con- 
vergence cr i ter ion i s  set so as to l i m i t  the con- 
vergence error to less than 0.1% in the mult ip l i -  
cation constant. 

R j  

In the work reported a 7  here inelast ic scattering 

Geneva Reactor Co !cu lo ti ons 

The calculat ions for the Geneva Reactor were 
undertaken as a step preliminary to calculat ing 
the mult ip l icat ion constants of the proposed U235 
loadings of the PRR. This step was included 
because the PDQ code had not previously been 
used for a 20%-enriched reactor, and, since an 
experimental loading of the Geneva Reactor was 
available, the appl icabi l i ty  of  the code could 
be tested. A GNU-II calculat ion was f i rs t  carried 

7 
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out for four regions to obtain the four-group 
constants. Descriptions of the regions and the 
results of the calculat ion are shown in  Table 
1*2.1. The PDQ calculat ion was then performed 
for the octuai X - Y  (horizontal plane) geometry 
of  the f i rs t  c r i t i ca l  loading of the reactor. The 
two-dimensional model is  shown in  Fig. 1.2.1, 
and the results of the PDQ calculat ion are given 
in Table 1.2.2. The calculated k value of 0.997 
i s  i n  good agreeriient wi th  the experimental value 
o f  1.0 and thus val idates the usefulness of the 
PDCl code for PRK calculations. 

PWR Calculations 

A s  mentioned above, the PKR calculations were 
performed in  order to predict the rnultiplicotion 
constants for the proposed loadings. A series of 
f ive GNU-II calculat ions was f i rs t  carried out 
for PRR loading No. 1 in order to study the 
effect of various fuel element loadings, The 

UNCLASSIFIED 
2-01-058- 0-482 

assumed reactor regions and the results o f  the 
calculat ions are shown in  Table 1.2.1. A curve 
o f  the mult ipl icat ion constant as a function of 
the fuel element content i s  presented i n  Fig. 
1.2,2, Shown i n  the figure for the PDQ code i s  
an adjusted curve result ing from a normalization 
of the GNU-II curve to the results o f  a PBQ cal -  
culat ion for the 178-9 loading. The model used 
for the PDQ calculat ion i s  given in Fig. 1.2,%, 
and the k result i s  shown in Table 1.2.2. The 
top curve shown in  Fig. 1.2.2 was obtained from 
a report issued by AMF-Atomics.’ 

An nddit ional PDQ calculat ion was performed 
to determine the amount of excess reactivi ty 
that could be obtained by replacing the partical 
elements in  PRR loading No. 1 with fu l l  elements, 
assuming that the fu i i  elements each contained 
178 g o f  U235. AS shown in Table 1.2.2, using 
only fu l l  elements increased the k value from 
1.0050 to  1.0512, a difference of 6 k / k  = 4,6%. 

On the basis of these results, a fuel loading 
o f  192 CJ af U235 per element was chosen, and 
an additioncll PDQ calculat ion was carried out 
for the 192-g elements i n  the arrangement shown 
in  Fig. 1.2.3b (designated a s  loading No. 5). 
The result of th is  calculat ion was k = 1.0042. 
Looding No, 5 was selected because the resul ts  
of on AMF coIculat ion7 indicated that it should 
be a c r i t i ca l  loading, 

BSR-I Calisu lations 

In  order to determine the va l id i ty  o f  the cal- 
culat ional methods for highly enriched cores, 
calculat ions were made for the 5 x 5 BSR-I loading 
which had previously been calculated by the 
Oracle 3G3R code and the UFIIIVAC Eyewash 
~ ~ d e , l - ~  A s  before, a GNU-lI calcwlation was 
f i r s t  performed to obtain three-group parameters 
for the s ix  regions of this reactor, the s i x  regions 
consist ing of (1) interior water spaces, (2) 140-9 
inner fuel elements, (3) a control-rod well, (4) 
outer 140-9 fuel ekments, (5) 70-9 part ial  ele- 
ments, and (6) the reflector water. The thick- 
nesses of the various regions in  the spherical 
model are given in Table 1.2.1. Accuracy of 
representation of the model was sacri f iced in  

Fig. 1.2.1. Two-Dimensional Model far PBQ Calcu-  
lat ion of Geneva Reactor Loading NO. 1. 

8 

7 R .  Powell, Design fo? U 3 8  0 Core Fuel Loading for 

the P u e r f o  Rico Nuclear Center, R e a c t o r  Engineering 

Section, AMF-Atomics (n.d.). 



Tab le  1.2 1. Descr ip t ions and Resul ts  of GNU-II Calcu lat ions far Various Pool -Type Reactors 

Reactor Descript ion 
No. of 

Regions 
Region Descr ip t ions and Outer Radi i  

Few- Group 
k No. of 

Few- Groups Lethargy L i m i t s *  

Geneva Reactor loading No. 1 4 Control rod wel l ,  5.78 cm; core, 23.92 cm; par t ia l  4 0, 7, 16.6, 19.8 1.0298 
element, 24.46 cm; water, 49.46 cm (19.8) 

Puerto Rican Reactor loading No. 1 

128 g of U235 per element 4 Control rod well, 12.26 cm; part ia l  elements, 4 0, 7, 16.6, 19.8 0.8985 
17.68 cm; core, 28.07 cm; water, 53.1 cm (19.8) 

153 g of U235 per element 

178 g of U235 per element 

203 g o f  U235 per element 

228 g of UZ3’ per element 

4 Control rod well, 12.26 cm; part ia l  elements, 4 0, 7, 16.6, 19.8 0.9491 
17.68 cm; core, 28.07 cm; water, 53.1 cm (19.8) 

4 Control rod wel l ,  12.26 cm; par t ia l  elements, 4 0, 7, 16.6, 19.8 0.9891 
17.68 cm; care, 28.07 cm; water, 53.1 cm (19.8) 

4 Control rod wel l ,  12.26 cm; portial elements, 4 0, 7, 16.6, 19.8 1.0211 
17.68 cm; core, 28.07 cm; water, 53.1 crn (19.8) 

4 Control rod well ,  12.26 cm; por t ia l  elements, 4 0, 7, 16.6, 19.8 1.0476 
17.68 cm; core, 28.07 cm; water, 53.1 cm (19.8) 

Bulk  Shielding Reactor I, 5 by 5 loading 6 Water, 8.98 cm; core, 22.63 cm; control rod well, 3 0, 16.6, 19.8 1.0157 
23.54 cm; core, 26.26 cm; partial elements, (19.8) 
27.60 cm; water, 52.60 cm 

Oak Ridge Research Reactor 

Fuel section of O R R  rod inserted 9 Control rod fuel, 8.04 cm; control rod structure, 3 0, 16.6, 19.8 1.1996 
9.89 cm; core, 22.11 cm; par t ia l  elements, 

26.16 cm; AI, 26.41 cm; Be I,** 31.55 em; 

Be !I,** 35.97 cm; AI, 36.22 cm; water, 

61.22 cm 

(19.8) 

Poison section o f  ORR rod inserted 9 Control rod structure, 9.51 cm; control rod 
cadmium, 9.89 cm; remainder as above 

3 0, 16.6, 19.8 1.0006 
(19.8) 

Fuel  section of PCA rod inserted 10 Control rod water, 7.76 cm; control rod poison 3 0, 16.6, 19.8 1.3229 
ond AI, 7.79 cm; control rod fuel, 9.89 cm; re (19.8) 
mainder as above 

7 *The lethargy zero i s  a t  10 ev; the number in  parentheses in t h i s  column i s  the lethargy of the thermal group. 
Q **The Be I region contoins more water for cool ing than does the Be II region. Both o f  these are standord Be elements. 

’tl rn 
5! 
0 
D 



Table 1.2.2 Descr ipt ions and Resu l ts  o f  PDQ Calculat ions for Var ious Pool-Type Reactors 
d 

0 

Reactor Descr ipt ion 
No. of No. of  

Groups Repions 
Region Descr ipt ions 

2 
Buck l ing  Mesh Axes o i  k 

B z ,  Vert ical  

Symmetry* 
(Cm-2) 

Geneva Reactor loading No. 1 

Puerto Ricon Reactor 

Load ing  No. I (w i th  part ia ls)  

Loading No. 1 (w i th  fu l l  elements 

only)  

Loading No. 5 

Bulk Shielding Reactor I 

5 by 5 ioading 

Loading No. 20 

Oak Ridge Research Reacfor 

"e! section of O R 2  rod inserted 

Poison sect ion of O R R  rod inserted 

Cadmium taken a s  d i f fus ing  medium 

Cadmium taken a s  biock 

Fuel sect ion of PCA rod inserted 

Po: son  sect ion o i  ? C A  rod inserted 

4 

4 

4 

4 

3 

3 

3 

3 

3 

3 

3 

4 

4 

3 

3 

5 

4 

5 

5 

5 

5 

6 

Water, care, part ia l  element, control 

rod wel l  

Water, core, part ia l  elements, contrai 

rod wel l  

Wafer, core, control rod we l l  

Water, care, control rod wel l  

Water, core, part ia l  elements, AI, 
central water 

Water, core, control rod well, central 

water 

Water, Be w i t h  water, care, control 

rod structure, control rod fuel 

Water, Be w i th  water, care, control 

rod structure, control rod poison 

Water, Be w i th  water, core, cont io!  

rod structure, control rod poison 

Water, Be w i th  water, core, control 

rod fuel, control rod sfructure 

Water, Be w i th  waier, core, controi 

rod structure, control rod poi son, 

control rod water 

0.002556 

0.002037 

0.002037 

0.00 2037 

5.002029 

0.002029 

0.002003 

0.002003 

C.00200 3 

0.00 200 3 

0.002003 

48 x 43 

35 x 70 

35 x 70 

50 x 42 

39 x 42 

46 x 39 

38 x 38 

46 x 46 

46 x 46 

39 x 39 

47 x 47 

0.9970 

1.0050 

1.0512 

7.00420 

1.0002 

1.0356 

1.2095 

0.8317 

0.8502 

1. I782 

0.9333 

~~~~ ~~ 

* A l l  cases used X,Y geometry. 
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Loading No. 1. 

E f fec t ive  Mul t ip l lcot ion Constant, keff ,  o s  a Function of Individual  Fuel Element Loading for P R R  
Comparison of resul ts  o f  three calculations. 

th is  calculat ion in order to  obtain a l l  the few- 
group parameters desired for BSR-I work in one 
GNU-II calculation, and the calculated value o f  
k = 1.0157 therefore has l i t t l e  significance except 
to  indicate that the model approximates the 
actual reactor w e l l  enough to make the few-group 
parameters obtained meaningful. 

A PDQ calculat ion in  X,Y geometry was then 
carried out for the model shown in  Fig. 1.2.3~. 
The resul t ing k value of 1.0002 (Table 1.2.2) 
i s  in  excel lent agreement w i th  the experiment. 
In view o f  this, another PDQ calculat ion was 
performed for BSR-I loading No. 20, which i s  a 
cold, clean c r i t i ca l  loading having a one-element 
water void in i t s  center. The two-dimensional 
model i s  shown in Fig. 1.2.3d, and the results 
of the ca lcu lat ion are included in Table 1.2.2. 
The k value of 1.0356 dif fers by a suprisingly 
large amount from the experimental value, and 
the discrepancy is  not w e l l  understood a t  this 
time. Further investigation is  planned. 

ORR Calculations 
The ORR calculat ions were performed t o  de- 

termine the worths of double-ended control rods 

in  the ORR, and more particularly, to evaluate 
a proposed design for double-ended control rods 
intended for ORR mockup experiments in the 
Pool Cr i t i ca l  Assembly (PCA). Cross sections 
of the fuel and poison sections for both the 
ORR and the PCA rods are shown in Fig. 1.2.4. 
The calculat ional method consisted in computing 
the worth of standard ORR control rods in a 
given loading and then computing the worth of 
the proposed control rod in  the same loading. 
Accordingly, three GNU- I I calculat ions were 
made to  obtain three-group cross sections for 
a l l  compositions required for the proposed cal- 
culations. The fuel cross sections were sep- 
arately computed wi th  and without the poison 
sections of the control rods in the core in  order 
t o  correctly take account of the spectrum changes 
imposed by the cadmium control elements. De- 
script ions of the assumed reactor regions and the 
results of the calculat ions are included in  Table 
1.2.1. 

The ORR model for the PDQ calculations was 
a rectangular loading, surrounded by a layer of 
beryl l ium ref lector elements, wi th  four control 
elements symmetrically located in  the core as 

1 1  
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F i g .  1.2.3. Two-Dimensional Models for PDQ Calculat ions of PRR, BSR-1, and 6 R R .  ( a )  PRR loading No. 1, 
( b )  PRR looding No. 5, (c) 5 by 5 BSR-I loading, ( d )  RSR-I loading No. 20, (e) ORR. 

shown in  Fig. 1.2.3e, With this model a large 
number of mesh points were made avai lable for 
calculat ing accurate flux shapes in the v ic in i ty  
o f  the control elements without an excessive 
to ta l  number of mesh points. 

The PDQ computation for which it was assumed 
that the fuel section of the standard ORR double- 
ended control element was inserted in the core 
resulted in a k value of 1.2095. For the case 
in which the cadmium poison section was in- 
serted, i t  was questionable whether the inter- 
mediate-energy group constants for the cadmium 
region should be used, thus treating the cadmium 
in  the energy range from thermal up to about 
0.9 ev as a d i f fus ing medium, or whether the 
cadmium in  t h i s  energy group should be treated 

as “black” wi th  o specif icat ion of the f lux 
gradient at the region surface. The calculat ion 
was therefore done by both methods as shown 
in  Table 1.2.2. The difference between the two 
k values i s  small enough so  that it was not 
considered necessary to investigate this problem 
further. The total calculated react iv i ty  worth 
of the standard ORR control rods in  the posit ions 
shown in Fig, 1.2.3e was thus calculated to  be 
A~/’kruel in = 30.4%. 

The PDQ calculat ions to determine the effec- 
t iveness of the proposed double-ended PCA con- 
t ro l  rods resulted in  o k value of 1.178 for the 
fuel section inserted and a k value of 0.933 for 
the poison section inserted. This gives a control 
elemznt react iv i ty  worth of !2k/kfUe, in = 24,5%, 

12 



P E R I O D  E N D I N G  SEPTEMBER I ,  1 9 5 9  

U N C L A S S I F I E O  
2-04-058-0-485 

.............. .-2,838 in ...................... 2,338 in 

_I '-1 

e .- 

FUEL SECTION POISON SECTION 

ORR STANDARD CONTROL ELEMENTS 

................... I k--", in 2'/8 in.---- 

I 
I 7 .- 

-e 
N 

-. ........ 

FUEL SECTION POISON SECTION 

NEW DESIGN CONTROL ELEMENTS 

...... 

0 

r4 

..... L 

Fig.  1.2.4. Cross S e c t i o n s  of Fuel and P o i s o n  S e c t i o n s  of ORR Double-Ended Control Rods and PCA Mockup Rods. 

which i s  5.9% less thon the worth of the standard i s  obtained. It i s  frequently of interest to observe 
ORR control rod in  the same core configuration. how core shapes af fect  these flux distributions; 
Th is  difference i s  due to  the smaller poison therefore contour plots have been made of the 
area of  the PCA rod. f lux distr ibut ions in the .Y,Y plane of several 

of the calculated reactor configurations. 
F lux Plots Figure 1.2.5 shows the thermal-neutron flux 

contour map for a portion of the PRR loading 
No. 5. The flux shape i n  the v ic in i ty  of the 

As a resul t  of a PDQ CQlCUlatiOn, the neutron 
f lux distr ibut ion in  the plane of the calculat ion 
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F i y .  1.2.5. lsof lux Contours Ca lcu la ted  by the PD? Code for tho Thermal-Neutron Flux in PRR Loading No. 5. 
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concave corner i s  o f  interest, CIS are the flux 
peaks in  the water voids formed by the control 
rad wells. 

A contour p lo t  for the thermal f lux in  BSR-I 
loading No. 20 is  shown in Fig. 1.2.6. The 
nonsymmetric corner elements were approximated 
in this calculat ion by ha l f  elements and quarter 
elements in the corner position, so that b iax ia l  
symmetry, wi th  i t s  attendant meshpoint economy, 
could be preserved. Figure 1.2.7 shows the inter- 
mediate-energy f lux contour for this same BSR-I 
case. 

Summary and Future Plans 

Since the GNU-I! and PDQ codes yielded satis- 
factory agreement in  most cases where direct  
comparisons wi th  experimental data could be 
made, it may be concluded that for compact core 
loadings such calculat ions may be re l ied upon 

to furnish useful c r i t i ca l  mass predictions. How- 
ever, a number of problems remain to be invest i -  
gated more adequately. There i s  f i rs t  the question 
of the ef fect  of large water regions in the core, 
and also the question of the best approximation 
for heavi ly absorbing materials such as appear 
in control rods. The latter problem i s  necessarily 
involved wi th  the basic inadequacy of diffusion 
theory to deal wi th  such regions. However, by 
proper choice of  boundary conditions, improve- 
ments may we l l  be possible. Future calculations 
to  investigate these problems ore planned. Cal-  
culations on part ia l ly  and completely inserted con- 
trol rods in nonsymmetric configurations are also 
planned, since i t  w i l l  be possible to make d i rect  
comparisons of the resul ts of  such calculat ions 
wi th  experimental information obtained by the 
pulsed-neutron method, which i s  discussed in 
Sec 2.2 of this report. 
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~ N C L A S S I F I E D  
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F i g .  1.2.6. Isoflux Contours Calculated by the PDQ Code for the Thermal-Neutron Flux in B S R - l  L o a d i n g  

No. 20. T h e  hal f -  and quarter-sized elements in  the corner repressnt asymmetrically placed elements symmetrized 

for the purpose of achiev ing a configuration wi th  two axes of symmetry. 
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Fig .  1.2.7. Isof lux Contours Colculated by the PDQ Code for the Intermediate-Energy F l u x  (Thermal to 0.9 ev) 
T h e  half -  and quarter-sized elements in the corner represent asymmetrically placed e le -  I n  BSR-1 Load ing  No. 20. 

ments symmetrized for the purpose of achieving a configurotion wi th  t w o  axes of symmetry. 
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Part 2 

NEW REACTORS FOR THE BULK SHIELDING 
AND TOWER SHIELDING FACILITIES 





2.1, BULK SHIELDING REACTOR II: STATUS REPORT 

K. M. Henry E. G. Silver 
E. B. Johnson 

Previous reports’ - 3  have covered rather thor- 
oughly the design and logic of the Bulk Shielding 
Reactor (BSR-I I), the UO2-stainIess steel reactor 
core for the Bulk Shielding Fac i l i t y .  Subsequent 
to  the most  recent of these reports, minor modi- 
f icat ions have been made in the design, and the 
fabrication of the reactor ha5 been completed. 
The BSR-II has now undergone preliminary c r i t i ca l  
tests i n  the Pool Cr i t i ca l  Assembly (PCA). The 
tests have included several c r i t i ca l  loadings and 
experimental determinations o f  the prompi-neutron 
lifetime, the react iv i ty worth of the control plates, 
and the worth of a double-ended react iv i ty-  
insert ion device. The insert ion device was de- 
signed for use i n  the tests on the reactor at the 
SPERT-I Fac i l i t y  a t  the National Reactor Test ing 
Station in lduho Fal ls,  Idaho. 

Addit ional calculat ions have also been per- 
formed for the reactor. These calculat ions u t i -  
l i zed  the recently avai lable GNU-I1 and PDQ 
codes for the IBM-704, the latter code al lowing 
culculat ions i n  R-% geometry. 

The BSR-I1 and associated components have 
now been shipped to  the SPERT-I Fac i l i t y  where 
stcltic tests wi th the reactor have begun. These 
wi I I  be fol lowed by dynamic excursion tests 
designed t o  determine the inherent sel f - l imi t ing 
characterist ics of the reactor and the effect iveness 
of i t s  control system. 

In  the discussion that follows, only the design 
changes are presented, and only the most recent 
calculat ions are described. The SPERT-I test  
plans are also discussed brief ly. 

Mechanical Design 

The mechanical design o f  the BSR-I1 is  essen- 
t i u l l y  as previously reported.’ - 3  In order to 
accommodate the dou ble-ended react iv i ty-  i n sert i on 

’E. G. Silver and J. Lewin, AppI. N u c Z ~ a r  Phys. Ann. 

’E. 

Prog. R e p .  Sept. 2, 1957, ORNL-2389,  p 33. 

G. Silver and J. Lewin ,  S a f e ~ u a r d  Report /or  a 
S ta in less  Steel Research Renc.107 10; the ( L I S R - I I ) ,  
0 ENL- 2470 ( 1958). 

’E. G. Silver, Neutron Phys .  Ann. Ptog. Rep. S e p t .  1, 
1958, ORNL-2609, p 15. 

plates necessary for the SPERT-I tests, which 
will  be described below, two 0,4 by 3 in, 
rectangular slots were machined in  the g r i d  plate. 
They are locnted 1.3 in. from the grid plate cenier 
line, on opposite sides of  the ~enttrml element 
hole, and permit t h e  passage of the pair O F  double- 
length rods through the plate into the space 
beneath. Design dimensions of the g r i d  plate 
were successful ly retained after heat taeatrnerat to 
Mockwel I hardness 42. 

The design of the fuel elements i s  unchanged. 
A standard 20-plate element contains 290 g of 
u~~~ i n  a cermet (-75 w f  % s ~ a i r i l e s s  steel ) ,  

Four ha l f  elements, each containing 145 9 at: 
U2”5, and four quarter elements, each conraining 
72 g of lJ235, hove been fabricated by  inodibiing 
the proportions of uraniurri and s ta in less  steal i n  
the cermet. Dimensions of the part ia l  elements 
are ident ical  wi th those of standard fuel elements. 

A standard control-plate element contain5 223 g 
of U235 in the same cermet as the standard firel 
element, the lower loading resul t ing from the use 
of narrower plates. The standard control plates 
(two per control element) now contain 6.0 g of 85% 
B’’ enriched boron dispersed in iron powder.  The 
f inished plate contains a core 2.5 x O.B%5 x 15 in. 
and has over-al l  dimensions of 2.8 x 0.085 x 18 in. 
The chafing str ips that previously extended the  
fu l l  length of the plate on the center l ine  h~ave 
been moved toward the edges and reduced i n  
size t o  0.05 by ’5;6 by 16.5 in, ‘[hey sewu to  
st i f fen the poison plute and posit ion it in  the 
element channel so that coolant passages are 
assured. The 3 by 3 in. coaxial control-plate 
drives, pcltterned affer the standard BSF drive, 
have been modif ied by the addition o f  a thrust 
bearing on the dr ive to the lead screw to  fac i l i ta te  
compressing the 66-lb spring that accelerates the 
scramming action. The drive magnets are de- 
signed to release within 10 msec after appl icat ion 
o f  a scram signal to the sigma bus. 

In order to provide the necessary sate and amount 
of pos i t i ve  react iv i ty insert ion for the current 
SPERT-I tests, a pair of react iv i ty insert ion 
blades has been designed, The upper section of 
these is composed of three control aIarrsen.g. fuel 
plates he ld  0.094 in. apart by s ide plates, A 
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lower section, attached to the bottom of the upper 
section by a 1-in. spacer, i s  a single steel box 
containing 28 g of 90 w t  % B'O powder. T i e  pins 
are located every 2 in. on the center l ine to ass is t  
i n  die maintenance of geometry under the proposed 
acceleration and shock conditions. No provision 
for cool ing passages within the boron was deemed 
necessaay, s ince during the time of operation a t  
high power the poison i s  to be out of the core, 
hence out of the high-f lux region of the reactor. 

FOF the PCA tests the electromagnet was re- 
placed by a posi t ively attached rod so that the 
poss ib i l i t y  of rapid insert ion of react iv i ty was 
excluded, 

Recent Calculations 

7 he c r i t i ca l  mass calculat ions employing the 
Eyewash rade for t h e  lJNlVAC have been de- 
scribed More recent calculations, 
discussed i n  the fo l lowing paragraphs, have been 
made w i th  the GNIJ-II and PDQ codes for the 
IBM-704. A detai led discussion of the theory 
and re l iab i l i t y  of the GNU-II and PDQ codes i s  
given i n  Sec 1.2. 

One of the calculat ions was performed t o  de- 
termine the worth of the control plates in  a 5 by 5 
BSR-ll loading containiny four control elements 
in  the four posit ions adjocent t o  the comers of 
the central fuel element. W i t h  water i n  dip control 
plate w e I I s ,  the calculat ion yielded a mult ip l i -  
cation constant k = 1.02, whi le wi th control plates 
in  klie fu l l y  inserted posit ion k = 0.899. The 
react iv i ty worth i s  therefore 12=0% A k / k .  By 
using the delayed neutron data of Keepin e t  n L 4  

cind assuming the relat ive effectiveness of prompt 
and de!oyed neutrons, y,  to be 1.1 k 0.1, the 
value of ,tqeff i s  determined to  be 0.0070 5 0.0007. 
The volere of the total react iv i ty worth of the 
csrrtrol system i s  thus determined to be 17. '1 t 1.7 
dol lars. For comparison, experimcntal measure- 
ment5 were made on BSR-II loading No. 14A, 
which has no corner elements and has a ha l f  
element adjacent to  one empty corner. Th is  
loading was supercri t ical by 44 cents wi th a l l  
control plates fu l l y  withdrawn, as determined by 

4G. R, Keepin, T. F. IVirneqt, and R. K. Zeigler, . 
Nuclear Eng. 6 ,  1 (1958);  see also G. R. Keepin, Y. . 
Wimebt e t  a[,* Delayed  Neutrons from Fissionable 
Isoto e s  of Uranium Plutonirim and Thorium, I-A-2118 
(1953. 

the inhour method. W i t h  all plates fu l l y  inserted, 
a negotive react iv i ty of 7.78 dallars WQS measured 
by the pulsed-neutron method. The total control 
p late worth was therefore 8.2% dollars- Thc 
absetlce of corner el ements, however, di mi n i  shed 
the control p late worth, the worth of the plates in  
one control element being 2.87 dollars wi th the 
adjacent corner filled, but only 2.3 bollnrs w i h  
tlic adjacent corner empty. No direct rimasvremont 
of the effect of the ha l f  element cadjncent to the 
corner was made, but examination of the react iv i ty 
worth of the ha l f  elemen? in this posit ion indicates 
that the worth of the control p lates in the nearby 
control element i s  diminished by a factor rza- 
sonably estimated at 1.1. A combination of the 
experimental data g iver  a total worth of ($8.22/4) 
(2.87/2.59) (3 + 1.1) - 9.70 + 1.0 doClars. 

I t  '6.505 or iginal ly expscted that the desired 
react iv i ty worth o f  the SPERI-I react iv i iy- in-  
sertion device would be cbtaincd by merely 
insert ing three fuel plates into sech of two wn+er 
spaces. PDQ calculat ions basad on h i s  model 
were therefore performed, giv ing a k 7 1.012 four 
water i n  the inssrt ion slots, and a k = 1.021 for 
fuel plates in the slots. Since the differefiec was 
insuff icient, the daubl e-ended devi ca described 
above was designed. A calculat ion of the effect 
of the ful ly  inserted poison sections of these 
devices gave a resul t  of k = 8.965, A comparison 
of th is  wi th k 1,021 for fuel plates inserted 
indicates a &/'k = 5.6%, which i s  equivalent to 
7.9 f Q.8 dollars, based nn the assumptions prc- 
v iously employed for ttie VQICIC of y. Experimental 
veri f icat ions using the pul s e d - n e ~ t r o ~  technique 
produced a value of 5.41 + 0.5 dollats, Since the 
model for the calculat ion employed an em!y  design 
using two dispersed-poi son plates per channel, 
whi le the experiment used the later single thick 
plate f i l l ed  wi th powder described above, th is  
difference is not surprising. 

Decause the BSR-II has a Q,8.!%ira.-thick stcel 
gr id plate, as wel l  as relat ively massive steel 
lower end boxes i n  very close proximity. to the 
fuel region (much closer tlion i n  thc corresponding 
alminerm structures of the BSR-I), a calcvlat ion 
of the effect of th is steel on the f lux and mult ip l i -  
cat ion 0 6  the BSR-II was performed. A PDQ 
calculat ion i n  R-% geometry was mode hoth with 
and without the steel nieinbers. For calculat ional 
ease the grid plate and end boxes were cssuined 
to  be ring-shaped structures of stainless steel 
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CURVES A 
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I A X I S  FOR CURVE C 
I IN FIG. 2.1, 2 

I 
I 
I 

I FIG. 2.1.2 I 

and water, as shown in  Fig. 2.1.1, wi th metal-to- 
water rat ios maintained as in  the reactor. The 
resul t  of the calculat ion without the steel members 
was k 1.019, while the calculat ion including 
the steel gave a resul t  of k =: 1.015. The small 
difference in the values i s  attributed to  the fact 
that steel i s  a good neutron reflector. Figure 
2.1.2 shows f lux plots along the reactor ax is  

. .. . . . . . . 

4 
2.06 

i...... 
0.952 

(passing through a water space in the gr id plate 
and end boxes) and along a vert ical  l ine displaced 
from the axis by 3.83 cm, so as to pass through 
the steel portion of both the gr id p la te and the 
end boxes. It i s  evident that the f lux shape in  
the core region i s  perturbed very l i t t l e  by the 
presence of the steel, thus accounting for the 
small ef fect  on the multiplication. 

U NCLASS I F l  ED 
2 - 01 - 058 - 0- 492 

1.270 
. ..... 

t 
2.73 

2.16 

j. 

NOTE : 
DIMENSIONS ARE IN CENTIMETERS 

Fig.  2.1.1. BSR-ll Model Used for PDQ Calculations ( R - 2  Geometry). 
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Fig. 2.1.2. Thermal-Neutron Fluxes A!ong Vert ical  b i n e s  Through BSR-I I  (PQQ Cade  Calculat ion i n  R-Z 

Along z axis,  end boxes and 

Refer to Fig. 2.1.1 for C O I C U I O -  
Geometry), 

grid plate present. 

t ion model. 

Curve A: Along z ax is ,  no end boxes or grid p la te  present, Curve 5:  

Curve C: 3.8 c m  from z axis, end hoxes and grid pla’ie present. 

F l u x  values are independently arbitrary. 

lsof lux plots of the thermal-neutron f lux in  the 
BSW-II i n  X-Y geometry have also been talcwlated 
by the PDQ code and are presented i n  Figs. 
2.1.3-2.1.6. The large f lux peaks in  regions of 
low absorption adjacent to the core are notable. 
Figure 2.1.3 gives isof lux curves for the core 
interior of the BSR-II without the control plates 
inserted, whi le  Fig. 2.1.4 shows the flux contours 
wi th the plates inserted, Figure 2.1.5 gives the 
thermal-neutron f lux exterior to the core. This 
region i s  l i t t l e  affected by detai ls of the core 
conditions. The isof lux contours for the low 
epithermal f lux in  the reactor without the control 
plates inserted are shown i n  Fig. 21.6. 

Experimental Measurements 

loadings of the BSR-II were made i n  
the PCA fac i l i t y  at the BSF. The existing three 
PCA safety-rod control c i rcu i ts  were used to 

Cr i t ica l  

control three of the four BSR-II safety rods, whi le 
the fourth was controlled by one of two recently 
instal led gui l lot ine drive control circuits. (The 
second gui l lot ine drive control was used to control 
the drive of the react iv i ty- insert ion device when 
used.) Since the BSR-II has no regulating rod,’’ 
the PCA SEF’VO channel WQS deactivated, and flux 
level  was controlled manually by adjustment of  
the shim-safety rods. (The term “rod” here refers 
ta Q pair of  the BSR-II control plates.) The 
remainder of the control c i rcu i ts  and a l l  of the 
safety c i rcu i ts  were le f t  as normally designed for 
P I A  operation. An aluminum support stand d e -  
vated the BSR-ll grid plate 20 in. above the PCA 
gr id plate, positioning the core near the control 
chambers and leaving roam under the fore for use 
w i t h  the double-ended reactivity-insertion device. 

The in i t ia l  c r i t ica l  loading (Fig. 2.1.7) con- 
tained 5.877 kg of U235 and had an excess re- 
act iv i ty  o f  16.5 cents wi th the shim-safety rods 
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Fig. 2.1.3. lsoflux Contours Calcu la ted  by the PDQ Code for the  Thetmal-Neutron Flux in t h e  X-Y PIOIIC of 

One Quarter of  the BSR-ll Core: No Control P l a t e s ,  Fuel in React iv i ty  Insertion Slots. 
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Fig.  2.1.4. lsaf lux Contours Colculated by the PDQ Code for the Thermal-Neutron F lux in the X-Y Plane o f  O n e  

Quartar of the BSR-ll Core: Control Plates Ful ly  Inserted, f u e l  in React iv i ty  Insertion Slots. 
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Fig. 2.1.5. lso f lux  Contours Colculoted by the  PDQ Code for t h e  Thermol-Neutron Flux Exterior to t h e  B S R - l i  
Core. 
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Fig.  2.1.6. lsoflux Curves for the Low Epitherrnol F lux  in the X - Y  P l a n e  in O n e  Quarter of the SSR-11 Core: 
Control Blotes F u l l y  Withdrawn, Fuel  i n  React iv i ty  Insertion Slots. 
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Fig.  2.1.7. BSR-II Core Loadings. 
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withdrawn to their 1-in. preinsertion stops. The 
extrapolated experimental cr i t ica l  mass i s  about 
5.84 kg. The previously calculated cr i t ica l  mass 
for a 5 by 5 element core was 6.02 kg of U235, cs 
difference of 3% i n  mass and 89 cents i n  reactivi ty. 

The other loadings shown i n  Fig, 2.1.7 permitted 
react iv i ty  cal ibrat ion o f  safety rods and a l imi ted 
knowledge of element importance as a function of 
position. They also demonstrate the effectiveness 
of additional fuel as the mass was increased. The 
reactivi t ies were obtained by inhour CUI ibrations 
of the control rods, unless otherwise indicated, 
and were reproducible to % 1%. The !sodings were 
restr icted to on excess reactivi ty of <1.0 dollar, 
F lex ib i l i t y  of loading was restr icted by the un- 
avai lab i l i ty  o f  three-quarter elements. 

Other core loadings were assembled in order to 
achieve configurations suitable for use in  the 
determinatior? of  the prompt-neutron I ifetime by 
the pulsed-neutron technique. This  measurement, 
needed t o  calculate the step and ramp rates of 
the reactivi ty insertion device, i s  reported i n  
Sec 2.2. The data, together wi th  tl ie delayed 
neutron data of Keepin et was used t o  plot  
the inhour equation for the BSR-I1 shown i n  Fig. 
2.1.8. 

The react iv i ty  worth o f  the shim-safety rods was 
determined by both the pos i t ive period inhour 
method and the pulsed-neutron method. Use of 

the inhour method was restr icted to  values of less 
than 1.00 dollar. Figure 2.1.9 shows the result 
of an attempt to evaluate the worth of a control 
rod and to determine the shape of the control-rod 
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cal ibrat ion curve when the rod i s  placed in  core 
posit ions of such low importance that the total 
worth of  the rod i s  less than the 1.00-dollar 
react iv i ty  l imit.  The worth of the rod in  a con- 
ventional posit ion i s  included for comparison. 

Since the use o f  the pulsed-neutron method on 
subcrit ical systems i s  not restr icted by react iv i ty  
I imits, react iv i ty  worth measurements could be 
made to full-shutdown rewctivity direct ly by th is  
method. A series o f  measurements, restr icted by 
the l imi ted time available, gave data on shading 
and the react iv i ty  wnrths shown in  Table 2.1.1. 
As the table shows, the worth of the No. 1 rod 
for fu l l  travel was 2.50 dollars i n  loading No. 14A 
arid 2.87 dol lars in loading No, 148. The worth 
of the fu l l  element placed in the corner next to  
rod No. 1 (which converts loading No. 14A t o  
148) i s  0.99 dollar when the sod i s  fu l ly  withdrawn 
and 0.62 dol lar when the rod i s  a t  i t s  lower l imit. 
The change i s  the result of f lux  depression by 
the poison. 

As noted above, a double-ended reactivi ty- in- 
sertion device w i l l  be used during the SPERT-I 
tests outl ined below. High-speed (Fastax) motion 
pictures have been used to analyze the drop t ime 
response of th is  device, and the results are 
plotted i n  F ig .  2.1.10. The curves show that the 
p la te achieved a velocity of -6 fps after 30 msec, 
and that the total time required to  drop the fu l l  
12-in. stroke was 175 rnsec. 

The pul sed-neutron method was used to inensuse 
the react iv i ty  worth of the react iv i ty  insert ion 
device, and the results ore shown in Fig. 2.1.11. 
The reactor was brought c r i t i ca l  wi th  the fuel 
section of the dev ics fu l ly  inserted, and then a 
series of measurements was made for various 
amounts of poison insertion. Thi 5 information, 
coupled wi th  the data on drop-time response, was 
used ta  determine the amount of inserted react iv i ty  
as a function of time after in i t ia t ion of a proposed 
excursion. This data i s  plotted i n  Fig. 2.1.12, 
where i t  i s  seen that enough reactivi ty to give a 
3-msec pos i t ive period can be inserted i n  -100 
msec, and a period o f  1 iiisec can be achieved - 150 inset after in i t ia t ion of the excursion. 

A s  noted in the early portion of t h i s  report, 
the RSR-II i s  now at  the SPERT-1 Fac i l i t y  o f  the 
NRTS at Idaho F o i i s  for extensive testing. $he 
primary ob isct ive of the tests i s  to determine 
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T a b l e  2.1.1. BSR-!I React iv i t ies  for Three Core Loadings* and Various Rod Posit ions 

Distance Above Full Insertion** 

(in.) 

Core React ivi ty  

(dollars) 
~ l..........._l....__.~ 

-_.._._-I_ Pul sed- Neutron lnhour Ca l i  bration 
Rod 1 Rod 2 Rod 3 Rod 4 

Method Method 

UL 

UL 

11.68 

UL 

LL 

UL 

UL 

LL 

UL 

LL 

UL 

UL 

LL 

UL 

12.00 

12.00 

LL 

LL 

UL 

UL 

UL 

UL 

LL 

UL 

IJ L 

UL 

11.42 

11.42 

11.42 

11.42 

11.42 

U I- 

LL 

LL 

LL 

LL 

UL 

LL 

L- I.. 

Laading  10 

UL 

UL 0.427 

UL 0.934 

u I- 3.285 

IJL 5.60 

Laad ing  14A 

UL 

UL 2.08 

UL 4.58 

L I- 4.22 

LL 7.78 

Load ing  148 

IJL 

UL 1.09 

UL 3.96 

Csi ti cal 

0.42 

0.92 

0.44 

1.43 (est) 

*Core loadings ore shown i n  Fig. 2.1.7. 
UL = u p p e r  limit; LL = l o w e r  limit. **  

whether the core, from the nature of i t s  self- 
regulating characteristics, can be safely operated 
i n  an uncontained research reactor fac i l i t y  wi th  
suff icient potential excess reactivi ty to override 
the effects of xenon poisoning, fuel burnup, 
temperature coeff icient and small beam tubes. A 
secondary objective w i l l  be to evaluate the per- 
formance o f  a typical control system for a pool- 
type reactor. For th is  purpose the control system 
which has been insta l led for the SPERT-I tests 
w i l l  be evaluated by using it  to  l im i t  some of the 
proposed excursions. A f inal objective w i l l  be 

to  provide data that can be compared with data 
previously obtained at the SPERT-I Fac i l i t y  
for other cores, as a further a id  in  the interpre- 
tat ion of reostor excursions. 

The current stat ic tests on the BSR-II employ 
a 5 by 5 element core containing an  ex^,^ o c s  re- 
act iv i ty  of over 3.00 dollars. Control rods w i l l  
be calibrated for th is  loading by the inhour 
method. The reactivi ty- insert ion device w i l l  also 
be cal ibrated to the extent of the avai lable excess. 
Void-coefficient measurements, using aluminum or 
magnesium as the void material, w i l l  be made to 
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obtain information about the effect on react iv i ty 
of steam-void formation, and the temperature co- 
ef f ic ients of the core and ref lector w i l l  be de- 
termi ned. 

Fo l low ing  the stat ic tests, thermocouples and 
pressure-sensing devices wi I t  be attached t o  the 
care. Power excursions o f  increasing severity 
w i l l  be induced by both linear ramp and step 
insert ions of reactivi ty, wi th the power surge 
control led either by standard ORNL reactor-control 
instruments or by the sel f - l imi t ing t ra i ts  o f  the 
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Fig. 2.1.10. Drop-Time Curves far the Double-Ended 

React iv i ty - Inser t ion Device .  

core. An attempt w i l l  be made to  schedule the 
degree of burst severity so that the maximum 
amomt  of information can be obtained before core 
damage occurs. 

IbNCl.ASSIFIED 
2 -01 -058 -498 

~ -..J ......... 

I +  
0 INHOIJR MET?OD 
0 PULSED NEUTRON METHOD 

0 4 6 8 2 I O  I 2  14 
DISTANCE AEOVE FlJLL INSERTION ( i i i  i 
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2.2. MEASUREMENT OF THE RATIO OF THE PROMPT-NEUTRON G ~ N ~ ~ A T ~ ~ ~  TIME 
TO THE EFFECTIVE DELAYED-NEUTRON FRACTION OF THE BSR*II 

E. G. Si lver 
G. desaussure E. B. Johnson 

R. Perez- Bel les 

K. M. Henry 

A method for determining the rat io  of theprompt- 
neutron generation time of a reactor to  i t s  effect ive 
delayed-neutron fraction (i.e., I,/PefJ consists i n  
pulsing neutrons into the reactor, either a t  delayed 
c r i t i ca l  or wi th  a known amount o f  negative re- 
activity, and measuring the decay o f  the neutron 
density fo l lowing the pulse. Th is  technique was 
used recently to determine L/,Oeff for the Bulk 
Shielding Reactor I I  (BSR-II) (see Sec 2.1). In 
the experiment short bursts o f  neutrons from the 
BSR-l impinged on the face o f  the BSR-It, and the 
decay o f  the neutron population i n  the BSR-II was 
observed after each burst. 

Experimental Arrangement 

A plan view of the experimental arrangement i s  
shown in F ig.  2.2.1. Neutrons from the BSR-I were 
thermalized in the D,O-filled aluminum tank ad- 
jacent to  the core and then col l imated through the 
long a i r - f i l l ed  p ipe coupling the tank wi th  the 
BSR-II. A motor-driven, rotary-type chopper,’ made 
o f  aluminum and f i l l ed  wi th  boron powder enriched 
to -90% in B’O, was located 106 in. from the 
D,O tank and 12 in. from the BSR-11. Three s l i t s  

’The chopper was designed by F. R. Duncan of the 
Instrumentation and Controls Division. 

in the rotor permitted the passage o f  thermal 
neutrons in to the south face o f  the BSR-II for 
approximately 10% of  each of the two cycles per 
turn of  the rotor. The rotor was direct ly driven by 
a reversible, shunt-wound, variable-speed d-c 
motor having a maximum speed o f  1800 rpm. With 
th is  speed 60 neutron pulses per second were 
attainable; however, in th is  experiment only about 
30 pulses per second were used. 

An aluminum disk integral wi th  the rotor carried 
two ferrous studs which furnished a time signal 
of known relat ionship to  the rotor posit ion as they 
passed a magnetic pickup. Both the motor-rotor 
assembly and the magnetic phase-signal pickup 
were enclosed in an aluminum housing, completely 
l ined wi th  bora1 except for the col l imator entrance 
and exit .  The entire assembly was pressurized 
w i th  a i r  for underwater operation. 

The detector used to observe the neutron decay 
i n  the BSR-II consisted of a I-in.-dia by 3mm- 
thick Li61(Eu) sc in t i l la t ion crystal mounted on an 
RCA 6655 photomultiplier tube. The detector and 
i t s  preamplif ier were housed in a watertight 
container whose forward portion was made o f  
Lucite. The entire assembly was suspended from 
a tube and posit ioned a t  the center o f  one of the 
lateral faces o f  the BSR-II. 

U N C  1. ASS I FI ED 
2 -04-053 - 0-466 

Fig. 2.2.1. P l a n  V i e w  of Experimental Arrangement for the Measurement o f  L/,Bert in the  BSR-ll. 
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The analysis equipment was primarily an 18 
channel time analyzer described by Glass' and 
modified3 as follows: A signal from the magnetic 
pickup in i t ia ted a counting cycle, which began 
wi th  an adiustable wait ing time of n time-base 
pulses, after which each of the 18 counting 
channels was in  turn gated open far the duration 
of one time-base pulse. The c i rcu i t  then was 
quiescent un t i l  the next signal from the magnetic 
pickup was received. The time-base frequency, 
u, was arbitrari ly determinable except that i t had 
to be such that (n + 18) /u was less than l /U,  
where cf WQS the neutron burst repeti t ion frequency. 

Theory of the Experiment 

The interpretation of the experiment was based 
I n  i t s  familiar form,4 the on the inhour equation. 

inhour equation is  writ ten as 

(1) 

D iv id ing th is  equation by c / j i y i r  where pi i s  the 

delayed neutron fraction o f  the it11 decay group and 
yi i s  the relat ive probabil i ty for a delayed neutron 
t o  y i e l d  a further f iss ion as compared to a prompt 
neutron, gives 

i 

In theory, i f  Q sinall change i n  reactivi ty i s  made 
on a cr i t ica l  system there w i l l  he an asymptotic 
period, Tr ,  which i s  given to very good approxi- 
mation by the second term on the right-hand side 
o f  (2). This  term depends only on the re la t ive 
delay fraction pi yi//3y and i s  thus independent o f  
the absolute value of py.  In practice, ci series 
of measurements i s  made wi th  posit ive periods 
(T,.Ii arid addi t iv i ty  i s  assumed for obtaining: 

. (3) 

Then the further assumption i s  made that the rod 
displacement corresponding t o  the Final pos i t ive 
reactivi ty can also insert. the same amount o f  
negative reactivity, starting from a c r i t i ca l  core. 
It i s  assumed that the mult ipl icat ion can be 
changed by using other control rods or making 
other core changes i n  such a way as not to alter 
the measured calibration. Thus a measurement ab 
Y'? yields a value of p/Py.  
3y using u short burst of neutrons, the decoy o f  

f lux at t imes small compared to  the delayed 
neutron periods may be observed, and th is  decay 
i s  given by the l imi t ing value of (2) for T --> 0, 
designated Q S  T p .  Thus, 

P I, 

or 

(4) 

I f  the reactor i s  close to crit ical, k c f f  i s  almost 
unity, and (4) can be written simply os 

Since the value of p /Py  i s  known from the measure- 
ments of (T )., a measurement of T p ,  the period 
measured by the pulsed method, immediately gives 
a value of  L / P y  or L/Perf ,  which i s  the desired 
quant i ty. 
Conversely, once L / @ y  i s  known, any other 

react iv i ty  may be measured by measuring T i n  
the new configuration and solving for p/@y i n  
(4d .  

P 

€ x ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~  Proeaduae and Results 

The method for obtaining the decay constants 
consisted f i rs t  in observing h e  counts pea channel 
without al-ry delay between tlre arrival of the t iming 

2-  I-. Glass, Inst.rwnentation and Controls Ann. Frog. 

Rep .  J u l y  1, 1957, ORNL- 2480, p 2 2  

3The modifications to  the t ime-base analyzer were 
designed b F. G l o s s  and H. Wilson of the Instrurnen- 
tation and Zontrols Division. 

4S. Glasstone and M. C. Ecdlund, The E l e m e n t s  o/ 
Nuc-lenr Reactor Theory, p 301, Van Nostrond, New 
York, 1952. 
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pulse and the start of counting. In this fashion 
the buildup of f lux during the pulse and the sub- 
sequent establ ishment of  the decay curve could 
be observed, and the proper delay for optimum 
observation of the decay chosen. Figure 2.2.2 
shows a typ ica l  curve of  this type. The upper 
curve i s  the data that was actual ly recorded, and 
the lower curve represents the data after the f la t  
background was subtracted. It w i l l  be noted that 
the decay curve becomes a clean exponential very 
soon after the peak of  the neutron f lux intensi ty 
i s  passed. 

After a proper delay, 3 to 4 mil l ion counts were 
then obtained for each case, and the resul ts 
analyzed by the method of Cornel15 into the sum 
of a constant background and a s ingle decay 
exponential. 

UNCL ASSlFlED 
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Fig .  2.2.2. Thermal-Neutron F l u x  P u l s e  Shape Meas- 
ured in t h e  BSR-11 a t  a R e a c t i v i t y  of -0.548 dollar. 

The value of L/Peff was determined by inserting 

into the BSR-II by means of control rods calibrated 
wi th  posi t ive periods using the inhour method. 
The decay curves obtained are shown as the top 
three curves of Fig. 2.2.3. The corresponding 
decay constants and L / R e , ,  values are given i n  
Table 2.2.1. 

was then used to 
obtain the react iv i ty  worth of  control-rod con- 
figurations having more negative react iv i ty than 

three reactivit ies, ranging from - 1 /2 to -3 dollars, 

The measured value of  

5R.  G. Cornell ,  A New Estimation Procedure for 
Linear Combinations of Erponenfials,  ORNL-2120 
(1956). 
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Table 2.2.1. Measurement of L I B e t r  for B S R - l l *  

“‘eff, Decay 
L’’eff 
(msecl  

React iv i ty  Measured by 

lnhour Method Constant  

(dollars) ( k c )  

-0.55 * 0.02 0.480 t 0.010 3.17 f 0.16 

- 1.00 * 0.04 0.618 f0.012 3.23 k0.16 

- 1.56 t 0.07 0.783 +0.016 3.27 t 0.16 
Avg: 3.2 f0.2 

* T h e  data above were obtained over a l imited time 
interval due to  scheduling of the BSR-11; therefore, a 
complete analysis of possible biasing factors was not 
possible. In particular,  a small dependence of L/fleff 
or p/Beff was not ruled out, and hence the uncertainty 

given for the average of L/,fleff is  that  due to each 

separate measurement. 

could be measured by the inhour positive-period 
method. The fuel loading configuration of the 
BSR-II used in a l l  the experimental work reported 
here i s  shown i n  Fig. 2.2.4, as are the locations 
of four pairs of control plates used in the BSR-II 
core. The worths of one and two pairs of these 
plates, marked (1) and (2) in Fig. 2.2.4, were 
measured by the pulsed-neutron method, The 
result ing decay curves are shown cis the two 
lowest curves i n  Fig. 2.2.3. The reactivi ty worth 
of No. 2 control p la te pair inserted ( A  = 1.36 I 
0.03 k c l  was -3.3 1- 0.2 dollars, and that of Nos. 
1 and 2 control plate pairs inserted ( A  = 2.11 
0.04 kc) was -5.6 f 0.3 dollars. Comparison of 
these results shows that shadowing effects occur 
when two pairs o f  plates are used. The usefulness 
of the pulsed-neutron method for this type o f  
measurement i s  therefore apparent. 
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Fig.  2.2.4. RSR- I I  Core Configurations for Pulsed- 
Ed e u tr on M e  a sur em en? s . 

Summary a d  Future Plans 

By use of the BSR-I as a radiation source, i t 
has been possible to make consistent measure- 
ments of the rat io of the prompt neutron generation 
time to the effect ive delayed neutron Fraction in  
the BSR-ll. The same experimental technique was 
used to measure shutdown mu1 tip1 icabion constants 
from which control-rod worths were obtained for 

configurations not readi ly mensurable by other 
means. Future work i s  planned to investigate 
these parameters for BSR-hype  cores, and also 
to  extend the application of th is  technique to the 
exploration of reactor configurations i nvolv i  ng 
mu1 t idol Icnr subcrit ical reactivi t ies. 
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2.3. THE TOWER SHIELDING REACTOR !I:  STATUS REPORT 

L, 8. Holland 
V. R. Cain J. Lewin  

D. R. Ward 

J. L. Hull 

The design o f  the Tower Shielding Reactor I I  
(TSR-I I), the spherical ly symmetric reactor that 
w i l l  be operated at  the Tower Shielding Faci l i ty ,  
has been presented previously.la2 A few modif i-  
cations have been necessary as a result o f  c r i t i ca l  
experiments and component development work, and 
the present discussion of the design i s  l imi ted to 
a descript ion o f  these changes. The c r i t i ca l  
experiments and development work that dictated 
the modif icat ions are a lso Dresented, with o 
discussion of the status o f  the reactor and a 
description o f  an associated “beam” shield. 

Mechanical Design3 

Tlie la test  design of the TSR-I1 i s  shown in 
Fig. 2.3.1. The maior changes have been made in 
the spherical internal ref lector region. The entire 
control mechanism assembly i s  now operated i n  o 

17-in.-dia aluminum sphere that almost completely 
f i l l s  the internal ref lector region, and much o f  the 
water ins ide the sphere i t se l f  i s  displaced wi th  
aluminum. This sphere i s  shown in the l e f t  of 
Fig. 2.3.2 and the aluminum wi th in  the sphere i s  
shown at the right. Much of the aluminum con- 
s i s t s  of  plugs attached to  the framework. The 
addit ion of th is  extra aluminum was necessary to  
increase the react iv i ty  of the reactor after the 
f irst set  o f  c r i t i ca l  experiments (see below) 
showed that the water-reflected fuel annulus 
alone was subcrit ical. The react iv i ty  was further 
increased by loading the aluminum cover plates 
thut form the 17-in.-dia sphere wi th  220 g of 
U235. (The fuel annulus contains 8.1 kg of 

The spherical housing for the control mechanism 
was a lso required for another purpose. It i s  used 
to  restrict. the water Flow through the internal 
reflector region to the small annulus between the 
fuel and the sphere. Th is  el iminates the possi- 
b i l i t y  of dangerous vo id formations wi th in  the 
reactor, since any voids which are formed in the 
annulus w i l l  be too small to cause severe re- 
ac t i v i t y  effects. 

An exploded v iew of  the control mechanism, i t s  
housing, and the s ix  control rods4 i s  shown i n  
Fig. 2.3.3. Except for the top rod, which i s  the 

U235.) 

egulating rod, each rod i s  keyed so that it can 
move over four aluminum plugs without making 
contact. 

Another design change consisted in the substi- 
tut ion of a t - in . -d ia  f ission chamber for the 2$- 
in.-dia chamber previously included in the lead 
shot and water region above the core. Th is  w i l l  
minimize the leakage of gamma rays through th is  
region. 

Status of the Reactor 

A l l  the major components of the reactor have 
been fabricated and shop assembly i s  under way. 
In Fig. 2.3.4 a technician i s  assembling the 
annular fuel elements on the central cylinder. In  
Fig. 2.3.5 a l l  the elements are i n  place and an 
aluminum baff le plate (see discussion o f  f low 
distr ibution studies below) covers the upper ha l f  
of the elements. Figure 2.3.6 shows the ionization 
guide assembly being lowered in to the central 
cylinder, which has already been mounted in the 
reactor tank. The tank i s  shown suspended from 
the reactor support platform. 

The water cool ing system and reactor control 
system have been insta l led and tested insofar 
as they can be without the reactor. The water 
cool ing system i s  shown i n  Fig. 2.3.7. At the 
le f t  o f  the photograph are the air-blast water 
coolers, and immediately to the r ight  i s  the pump- 
house, which i s  par t ia l ly  obscrired by the bui ld ing 
housing the emergency pump system. The 6-in. 
hoses that carry water to the reactor can be seen 
suspended from the towers. 

’C. E. Cli f ford and L. B. Holland, Neulron Phy.9. 
Ann. Prog. R e p .  Sept. 1, 1958, ORNL-2609, p 16. 

‘L. B. Hol land and C. E. Clifford, Descript ion of the 
Tower Shielding Reactot I1 and Proposed Preliminury 
Experiments ,  ORNL-2747 ( 1959). 

3 T h e  mechanical design of the reactor was done by 
members o f  o design group i n  the Engineering and 
Mechanical Div is ion,  i n  part icular  by F. L. t-fannon 
under the supervision of C. W. Angel, 

4 T h e  term “control rod” is used for all references 
to a neutron-absorbing device  i n  the TSR-II since i t  
has been almost universal ly  used i n  th is  manner. I n  
the case o f  the TSR-II, each control rod consists of 
dished, hermeticolly sealed p la tes  of s ta in less steel 
filled with boron carbide. 
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Fig. 2.3.1. Tower Shielding Reactor I I  Design (Vert ical  Section). 
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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 ,  1959 

UNCLASSIFIED 
PHOTO 48340 

Fig. 2.3.4. Mounting of TSR-II Annular Elements on Central  Cylinder. 
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UNCLASSIFIED 
PHOTO 48332 

Fig. 2.3.5. TSR-II Annulor Elements Mounted on Central Cylinder. Upper section of elements covered wi th  

bof f l e  plate. 

44 



P E R I O D  E N D I N G  S E P T E M B E R  1,  7959 

I 

ii 
L A  

.\ x 

UNCLASSIFIED 
-HOT0 48330 \ 

y, 
I 
I 

I 

Fig. 2.3.6. Insertion of Ionizat ion Chamber Guide Assembly into Central  Cylinder of TSR-[I.  
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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,  1959 

The control panel for the reactor and water 
system i s  shown i n  Fig.  2.3.8. The graphic panel 
for the water system i s  to  the l e f t  of center in the 
photograph. 

Permission has been requested from2 and 
granted by the AEC to  operate the TSR-I1 at 
powers up to  100 kw so that i t s  nuclear charac- 
ter ist ics can be determined experimentally and 
the neutron and gamma-ray leokoge spectra from 
the core can be measured. Fo l low ing  these tests, 
a report requesting permission to operate the 
TSR-II a t  i t s  f u l l  5-Mw design Power w i l l  be 
prepared. 

Cr i t i ca l  Experiments 

Two sets o f  c r i t i ca l  experiments have been 
performed w i th  the TSR-II fuel elements a t  the 
ORNL Cr i t i ca l  Experiments F ~ c i l i t y . ~  In the 
f i rs t  set, only the fuel elements were used, wi th 

water as the moderator and the reflector; in  the 
second set, the reactor core was completely 
assembled with the control mechanism interior t o  
the core and the lead-bora1 shield outside the 
core. The control mechanism, which nearly f i l l s  
the internal reflector, was modif ied after each set 
of experiments. 

In the f i rs t  set o f  experiments i t  was discovered 
that the water-reflected fuel annulus was sub- 
cr i t ical .  In order to make the annulus cri t ical,  
aluminum was used to displace some of the water 
i n  the internal region. It was then possible to 
obtain a rough estimate of control plate worth and 
to  measure the temperature coeff icient o f  reactivi ty. 

’These experiments were performed by members of 
the Critical Experiments Facility group, in particular 
by D. F. Cronin, J. K. Fox, and L. W. Gilley. 

Fig. 2.3.8. TSR-I1 Control Panel for Reactor and Cooling System. 
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N E U T R O N  P H Y S I C S  ANNUAL P R O G R E S S  R E P O R T  

The experimentally determined temperature coef- 
f ic ient  of  react iv i ty  for the water-reflected fuel 
elements i s  compared with the calculated value in  
Fig. 2.3.9. It was after th is  set of experiments 
that  it was decided to redesign the control mecha- 
nism housing as shown i n  Fig. 2.3.3 so that 
react iv i ty could be added to  the reactor and any 
hazard that would arise from a sudden displace- 
ment of water in  the internal region with air could 
be eliminated. 

When the redesigned control system had been 
fabricated, a second set of c r i t i ca l  experiments 
was performed with the complete core assembly. 
In these experiments it was discovered that the 
addi t ional  excess real ized by displacing water in  
the internal region wi th  aluminum was of fset  by 
the boron in  the control rods and the lead-bora1 
shield surrounding the fuel annulus. Therefore, 
the reactor was again subcrit ical. 

In order to obtain suf f ic ient  excess react iv i ty  to  
perform some co l i  bration experiments, fuel-bearing 
plates were placed on the outside of  the 17-in.-dia 
aluminum sphere housing the control mechanism. 
Th is  was so  successful that the 17-in.-dia alu- 
minum shel l  was refabricated from uranium-loaded 
aluminum as discussed above. (This  new shel l  
was not avai lable for the c r i t i ca l  experiments, 
however. ) 

The c r i t i ca l  experiments wi th the assembled 
core included the cal ibrat ion of the regulating rod 
by the inhour method and measurements of the 
shim-safety-rod worth by the rod-drop technique. 
The results of the rod-drop measurements, which 
were quite consistent for a number of  measure- 
ments and for different chamber locations, showed 
that fu l l  insertion of a l l  of the rods gave a re- 
act iv i ty  reduction of 4.25 dollars. A comparison 
of  the shim-rod worth vs the regulating-rod worth 
over a l imi ted range of the shim-rod travel ind i -  
cates that the shapes o f  the curves are similar. 
Based on the experimental ly determined infor- 
mation, the react iv i ty  worth o f  a l l  shim-safety 
rods i s  compared with the calculated worth in  
Fig. 2.3.10. The same experimental curve can be 
used t o  denote the regulating-rod worth, by re- 
duction of react iv i ty  values by a factor of 10. 

The series of  experiments with the shim-safety 
rods yielded the fol lowing additional information: 

1. The react iv i ty  controlled by the motion of  
boron-fil led rods and that controlled by the motion 
of cadmium-fi l l ed  rods were approximately equal. 
(Both are black to thermal neutrons.) 

2. Displacement of water wi th  the 20 aluminum 
plugs extending through the control rods added an 
excess of  approximately 0.5% Ak/k .  Air - f i  l l ed  
plugs added very l i t t l e  more react iv i ty.  

UNCLASSIFIEO 
2-01-060-79131 

- i o  -- 

6 0  70 80 90 100 110 120 130 140 150 160 170 180 
TEMPERATURE ( O F )  

Fig. 2.3.9. React iv i ty  of the TSR-It Fuel  Annulus wi th  Dif ferent  Ref lector  Mater ia ls  as a Funct ion 

Water Temperature (Calculat ion and Experiment). 

o f  Bulk 
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UNCLASSIFIED 
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DISlANCE BETWEEN SAFETY f7ODS AND FUEL (crn OF WATER) 

Fig.  2.3.10. Reoct iv i ty  Worth o f  the  TSR-II Safety 

Rods a s  a Function of Distance from the Fuel Region 

(Calculat ion and Experiment). 

3. Removing the aluminum plugs and f i l l i n g  
the holes in the rods wi th  boron reduced the 
react iv i ty  of the reactor by 0.15% 4 k / k  but did not 
meosurably change the react iv i ty  control led by 
motion of the control rods. 

4. The worth of a l l  the shim-safety rods in their 
fu l ly  withdrawn posit ion was 2.25% A k / k .  

In one c r i t i ca l  experiment i t was found that the 
lead-bora1 shield reduces the react iv i ty  by approxi- 
mately 0.9% ,2k/6. 

The bulk temperature coef f ic ient  o f  react iv i ty  
was measured and an excess of 0.77% A k / k  was 
required to  compensate for a temperature r ise from 
67 to  160°F (see Fig. 2.3.9). From this experi- 
ment the temperature coef f ic ient  of react iv i ty  a t  
140°F, which w i l l  be the mean core temperature 
at  5-Mw operation, was found to  be -8.5 j i  

hk/k. This i s  t o  be compared with a calculated 
value of -1.34 x l o " *  Ak/L per OF. 

P o w e r  D i s t r i b u t i o n  and H e a t  Flux in the Fuel 
The results o f  a Cornwash6 calculat ion of the 

distr ibution o f  neutrons born in  the core during 
5-Mw operation have been presented previously.' 
Th is  information has been used t o  determine the 
power distr ibution for each fuel plate. Results 
for several plates i n  a central fuel element are 
shown in Fig. 2.3.11, and results for plates in an 

annular fuel element are shown i n  Fig. 2.3.12. 
An integration over a fuel plate gave the total 
power generated in the plate. The total power 
generated in each fuel p la te of a central element i s  
shown i n  Fig. 2.3.13 and that i n  each p la te o f  an 
annular element i n  Fig. 2.3.14. The maximum heat 
f lux at 5 Mw i s  41,200 Btu*hr-1.ft-2; the average 
heat f lux i s  26,000 Btu.hr"1-ft-2. (Since heat i s  
removed from both sides of each fuel plate, the 
numerical value of the heat f lux at  c1 point on a 
surface i s  just ha l f  the value of the power 
generati on.) 

These calculat ions o f  the power generation were 
performed before it was decided to add fuel on the 
control-mechanism housing. Th is  may change the 
source distr ibution on which the calculat ions 
were based. The distr ibution w i l l  be determined 
experimentally; i f  necessary, recalculat ions w i l l  
be made. 

H e a t - T r a n s f e r  and F l o w - D i  stri bution Studies 

The development work required to  properly 
distr ibute the cool ing water f low i n  a l l  fuel 
channels o f  the TSR-II was divided in to separate 
studies, one for each of three fuel regions: upper 
central, lower central, and onnular. Each problem 
was attacked in a different manner. (All three of 
the fuel regions can be seen i n  Fig. 2.3.1.) 

Efforts were f i rs t  directed toward obtaining the 
proper flow distr ibution in the annular fuel ele- 
ments. The f i rs t  step was to determine the 
minimum flow required to  keep the water below the 
saturation temperature i n  each channel for different 
pressures in  the core. From the results of these 
calculations, which are shown as dashed l ines in 
Fig. 2.3.15, i t  became apparent that a f low of 
1000 gpm would not be suff icient unless it could 
be shown that laminar cool ing o f  the outer channels 
could be permitted. I f  laminar flow could be used 
and the pressure in the core maintained above 
10 psig, a f low much lower than 1000 gpm could be 
used. 

6 T h e  Cornwash code i s  the Corn Pone code (see 
Sec 6.8) modified so that the Goertzel-Selengut approxi- 
mation and cross  sections from the Eyewash code ore 
used. The Eyewash code i s  described by J. D. 
Alexander and N. D. Given, A Machine Multinroup 
C'alculation: 
1925 (1955). 

The Eyewash Program f o r  [Jnivac, ORNLI 
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Fig. 2.3.11. Power Generation in the Fuel P l a t e s  o f  a TSR-II Central Element as  a Function of Distance from 

the Inside Edge of the Fuel .  

An experiment7 performed to determine the 
fr ict ion factor vs Reynolds number for a typical 
f low channel in  an annular element showed a 
smooth transit ion from laminar to turbulent flow; 
therefore, i t w i l l  be possible to use transit ional 
f low to  cool the annular elements. F ina l  calcu- 
lations of the heat transfer from the annular fuel 
elements under a 30-psi head and optimized f low 
distr ibution indicate that, even wi th  single-pass 
flow, less than 600 gpm i s  needed to keep the 
water from exceeding the saturation temperature 
(see Fig. 2.3.15). Since the proposed f low rate i s  

1000 gpm rather than 600 gpm, no allowance was 
made in  the calculat ion for hot-channel factors, 
A complete summary of these calculat ions for 
laminar, transitional, and turbulent f low has been 
reported by L.ew in.8 

A s  an aid in the development of a baff le for 
the annular elements, a plastic model of an annular 
element was fabricated with f la t  rather than 
c u r ~ e d  plates (Fig. 2.3.16). Flow measurements 
were made by in ject ing n dye into the in le t  l ine 
and then photographing the dye as it moved through 
the cool ing passages. The actual baff le p la te i s  

'This experiment was performed by W. R. Garnbill of 
the Engineering Research Group of the Recrctor Pro iec ts  
Division. 

8J. L e w i n ,  TSR-11 Second P a s s  Heal 'l'ransfer, O R N L  
CF-59- 1-111 (1959). 
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Fig. 2.3.12. Power Generotion in  the F u e l  P lo tes  of  a TSR-II Annular Element o s  a Funct ion of Distance from 
t h e  Horizontal Midplane to the Edge of the Fuel. 

1 a /,6-in.-thick aluminum shell  that covers most o f  
the upper ha l f  or e x i t  end of each fuel element and 
has the hole pattern shown in  Fig. 2.3.5. The 
baff le plate i s  mounted '/8 in. above the ends of 
the fuel plates so that there i s  communication 
between the coolant channels a t  the exit. Th is  
baff le design produced the flow distr ibution shown 
as a so l id  l ine  in Fig. 2.3.15 for a total f low o f  
1000 gpm. 

Another aluminum baff le plate i s  being developed 
to distr ibute the f low in the lower central ele- 
ments. Th is  baff le p la te i s  hemispherical and i s  
spaced in. above the lower central elements. 
It i s  perforated wi th  a pattern o f  & in. holes. 
The f low measurements in  the fuel element 
channels have been made by in ject ing a s a l t  
solut ion in to  the water f lowing through the central 
cyl inder and measuring the time required for the 
sa l t  solut ion to  pass two probes which sense the 

change in  res is t i v i t y  of the water. Since each 
measurement, which i s  recorded by two pens on a 
s t r ip  chart, can be taken in mill iseconds, a number 
of readings have been taken for each point and 
averaged. 

The desired flow distr ibution i n  the lower cen- 
tral elements i s  nearly a straight l ine which runs 
from 2.0 fps for the channels with the smallest 
radius to 2.2 fps for the channel with the largest 
radius. A t  present, the average velocity reading 
for each point varies from the desired curve by as 
much as a factor of 2, but averages of several 
points in a channel and different distances into 
the channel give values much closer t o  the desired 
flow rate. 

The pressure drop measured across the control- 
mechanism housing, the baff le plate, and the 
lower fuel elements, arid around the end of the 
central cyl inder i s  approximately 18 psi. Since 
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Fig. 2.3.13. Power Generation in the Fuel. P la tes  of a TSR-I1 Central  Fuel Element as  a Function of the Fuel  

P l a t e  Number, 

th is value i s  higher than was expected, more 
development work w i l l  be done to reduce it and to 
improve the f low distribution. 

Very l i t t l e  has been done to obtain the proper 
f low distr ibut ion i n  the upper central fuel ele- 
ments. The cool ing water passes through the 
hel ical  tubes in the lead and wafer shield (shown 
in Fig. 2.3.1) before it reaches the upper central 
fuel; therefore, i t i s  distr ibuted roughly evenly 
across the ends of the elements but wi th a high 
veloci ty below the tubes. The variat ion in  
veloci ty as measured was from -t15 to - 5  f p s .  

A system o f  screens was fabricated to break up  
the f low before it enters the fuel element. It 
consisted of a 10-mesh base screen of 25-mil 

stainless steel wire upon which was tack-welded 
two layers of 120-mesh screen of 3.7-mil stainless 
steel wire. The finer screen was i n  t - in . -d ia  
patches direct ly below the e x i t  of each he l i ca l  
tube. The screen was mounted in. below the 
lead and water shield. The veloci ty variat ion 
was then +5 to - 1  fps measured just where the 
top of the fuel elements would be placed. The 
pressure drop due to the screens was 0.3 ps i  and 
that through the hel ical  tubes was 4.5 psi. 
Further development of the baff le screen has been 
suspended unt i  I veloci ty measurements can be 
made in the fuel elements. These experiments 
w i l l  be carr ied out i n  the same experimental setup 
used for the lower elements. 
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Fig.  2.3.14. Power Generation in  the Fuel  Pla tes  o f  a TSR-II Annular E l e m e n t  a s  a Function o f  the Fue l  Blute 
Number. 

Safety System Development 

Most o f  the safety instrumentation that w i l l  be 
used in  the TSR-II i s  standard ORNL e q ~ i p m e n t . ~  
Of the major components, only the control mecha- 
nism described previously'  and the scram solenoid 
(previously referred to  as an elecirohydraul i c  
transducer) which controls the water f low to  the 
control mechanism are completely new. During 
the past year development work t o  increase the 

9 T h e  TSR-I I  control system was designed by members 
of the Reactor Controls Group of the Instrumentation 
and Controls Division, in particular by L. C. Oakes. 

speed and re l iab i l i t y  of the control mechanism 
has been continued, and the scram solenoid has 
been redesigned and tested. 

The basic design of the control mechanism has 
not  changed. The maximum spring force has been 
increased from 42 to  95 Ib. Small ports have 
been placed in the drive nut (Fig. 2,3.17) so that 
the piston operates as a servomechanism and the 
force due to water pressure exactly counter- 
balances the spring force. The object of th is  
change was to reduce wear ond increase the l i f e  
of the mechanism. The ports were sized to i n -  
crease the water f low through the mechanism to  
a id  in cool ing the control-mechanism housing. 
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Fig. 2.3.15. Minimum F low Required in Each Channel of TSR-I I  Annular Elements for V o r i a ~ r s  

peratures ~ n d  o 5-Mw Total Reactor Hem Generation Rote. 

With these changes” the release time of the 
mechanism used in  conjunction with the scram 
solenoid was 22 msec and the total time for fu l l  
insertion of the safety rods from in i t ia t ion of a 
scram signal was 51 rnsec, The technique for 
measuring these times i s  described below. 

The test assembly included a simulated sigma 
bus circuit, a standard magnet amplifier, a serum 
solenoid, and a control mechanism wi th  connec- 
t ions between these components similar to those 
expected in  the f inal reactor assembly. A differ- 
ential-transformer type of linear motion transducer 
was mechanically connected to the control plate 
to  translate the positic-n of the plate into a 
3000-cps dif ferential voltage, Th is  voltage w a s  

”This  work w a s  performed by J. E. Marks of the  
Reactor Control s Group. 
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Saturation Tem- 

applied to an osci l loscope w i th  a 200-msec sweep 
period init iated by the same change i n  sigma bus 
voltage that ini t iated the scram. ‘The result ing 
p lo t  of posit ion vs time was calibrated i n  tenths 
of an inch between the l imi ts  of travel o f  the 
control plate. The p la te was considered to tiave 
started moving when the slope of the curve left 
zero, and to hove sfopped when til@ slope returned 
to zero. 

The delay time was measured by using the 
change of sigma bus potential that in i t ia ted the 
scram to  simultaneously trigger the sweep of 

the oscil loscope. The length of sweep from the 
point i t  began to the f i rs t  discontinuity was taken 
as an indication of the release time between 
in i t ia t ion o f  a scram signal and the f i rs t  per- 
ceptible motion of the control plate. 

The scram solenoid used previously was de- 
signed to cut off the water f low to the mechanisni. 
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F i g .  2.3.16. P last ic  Model of a TSR-II Annular Element for Baff le  P l a t e  Development. 
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e CONTROL PLATE 

/ 
I ,PISTON 

UNCLASSIFIED 
2-04 - 060-SORI 

( a )  Operoting Position: Piston Under Command of Drive Nut 

, DRIVE NUT AND SEAL RING i 

HOLES THROUGH 
DRIVE NUT 

' PISTON \ 

lbl Scrammed Position: Piston Independent of Drive Nut.  

DRIVE NUT AND SEAL RING 

\ ' PISTON 
\ 

IC) Drive Nut Traversed Outward and Reassummg Command of Piston 

Fig.  2.3.17. Schematic of TSR-II Control Rod Dr ive  in Three Posit ions. 
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Same misoperation was observed owing to col lec- 
t ion of debris i n  the mechanism. A new solenoid, 
which would both cut o f f  the f low of water to  the 
mechanism and hypass i t  to the main coolant 
stream, was designed. The solenoid part o f  th is  
mechanism operates i n  air, and the debris- 
accumulation problem does not exist.  

ReactorKore Kinet ics  Studies 

The performance o f  the TSR-II safety system 
has been predicted on the basis of three analog 
computer tests  simulating the reactor k inet ics  and 
heat transfer system. ' ' Each test represents the 
l imi t ing case for the type of accident considered. 
The configuration assumed for these tests  in- 
cluded the reactor tank and the associated in le t  
and out le t  pipes. It did not include the water 
coolant system external to the reactor tank, since 
the choice o f  the in i t ia l  conditions for the tests 
precluded the need for an analysis of the external 
system. 

In the f i rs t  test, a simulated rod-drop test, i t  
was found that for 5-Mw operations the safety 
system i s  capable of reversing a 14.5-msec period 
wi th  a power excursion to a peak power o f  1010 Mw 
without consideration o f  the advantage of the 
negative temperature coefficient. 

The second simulated test was rwn to  determine 
the ef fect  06  suddenly reducing the temperature o f  
the in le t  cool ing water while the reactor i s  
operating at a power o f  5 Mw, and the third test 
wos carried out t o  determine the effect o f  a sudden 
stoppage i n  the water flow. 

Rod-Drop Pest. - The TSR-II rod-drop test was 
performed to determine the minimum period for 
which the safety system could reverse an ex- 
cursion i n  less than a three-decade power r i se  
from the instant the instruments f i rs t  detected the 
excursion. In the analog technique used,12 the 
reuctor simulator (computer) at t ime t 1 0 i s  
clamped i n  transient a t  Q low leve l  represented 
by a voltage o f  0.1 t o  0.5 v. Th is  voltage i s  
proportional t o  reactor power or f lux and, by 
proper adjustment of the computer parameters, can 
be made to represent a speci f ic  nuclear power. 

' ' Th is  work was performed by R. K. Adarns of the 
Instrumentation and Controls Division. 

1.4 E. R. Mann and F. P. Green, Reeclor Sajety S y s t e m  
Kesponse ,  ORNL-2318, p 83  (1958). 

At  t - 0 the clamp i s  removed and the safety 
system is given the information that on excursion 
i s  in progress. The simulation al lows for the 
safety- system delay, provides the corrective 
action, and shows the reactor behavior, heat 
transfer characteristics, and component ternper- 
ature r ises during the complete transient. 

In the TSR-It, the in i t ia l  power of 0.5 corre- 
sponds to a power o f  5 Mw. A three-decade rise 
then would y ie ld  a peak power o f  5000 blw. Since 
the level safety o f  the TSR-II i s  intended to 
actuate a scram at 150% of  the muxirnum power, 
the level safety was assumed to  be 7.5 Mw. At  
7.5 Mw, information requesting Q scram was 

supplied to the safety actuator. A delay o f  
37 msec in  the safety device was simulated, 
during which time the excursion cantinwed un- 
altered. The corrective aetion was then init iated, 
after which the excursion was reversed and the 
simulated reactor was shut down. Since the test 
was for the safety system, the effect o f  the 
negative water-coolant temperature Coefficient, 
which would only have improved the performance 
of the safety system, was not considered. 

The power excursion curves obtained in th is  
test are shown i n  Fig. 2.3,18 along wi th  the 
safety-rod react iv i ty  profi le. The safety-rod 
prof i le  shown as a sol id  l ine was obtained from 
measured release and scram time o f  the control 
mechanism before the f inal development. Th is  
value was used i n  rod-drop studies. The dotted 
l ine indicates the safety-rod prof i le  as it i s  now. 
The associated reactor period i s  noted alongside 
each power excursion curve. From these data i t  
can be seen that the TSR-II safety system i s  
capable of reversing a power excursion caused 
by a 14.5-msec period with a maximum power r ise 
of 2.02 x lo2 above the in i t ia l  power, that is, 
with a peak power of 1010 Mw, 

The mean temperature increase of the fuel in 
the annular elements and the temperature r ise o f  
the water in the annular fuel region are shown in 
Fig. 2.3.19 for each of the power excursions 
plotted in Fig. 2.3.18. 

"Cold*Water Slugging" Test. - Because o f  the 
negative coeff icient of react iv i ty  o f  the TSR-II, 
an analog simulator test was performed to in- 
vestigate the effects o f  a sudden drop in the 
reactor- in  I et cool ing- wa ter temperature. Fi gure 
2.3.20 shows the effects on the reactor power and 
temperature of suddenly changing, wi th in  0.5 sect 
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Fig.  2.3.18. Effect iveness of TSR-I1 Safety  System in L imi t ing Power Excursions for Various Reactor P e r i o d s .  
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Fig. 2.3.20. Effect  on TSR-I I  P o , ~ e r  and Temperatures of Reducing the In le t  Water Temperature from 145.8 to 

32OF (Temperoture Coef f ic ient  = 6.5 x l o m 5  A k / k  per OF). 

the in le t  cooling-water temperature from 145.8 to 
32°F whi le  the reactor i s  operating at 5 Mw. 
Figure 2.3.20 i s  for an assumed coeff icient o f  
-6.5 x & / k  per O F .  Prompt gamma-ray 
heating was included i n  the simulation. No 
safety-rod action or control-rod action was per- 
mi tted, 

The simulation has no val id i ty  i n  the cross- 
hatched areas of the figure since no attempt was 
made to simulate bo i l ing conditions wi th in  the 
reactor. An assumed pressure of 10 ps ig  was 
used to  calculate the boi l ing temperature of 
2390 F . 

The “cold-water slugging” analysis was cnrried 
out without actuating the safety system. It should 
be noted that there i s  far more than adequate time 
for the system to shut the reactor down before the 
fuel temperature r ises appreciably since the 
safety system can complete i t s  oction i n  less 
than 150 msec (Fig, 2,3.18). The use of the 
actual coeff icient of -8.5 x Ak/k pea “F 
would not signif icantly changs the time scale on 
the figure. 

WateraFOow Stoppage Test. - Mechanical con- 
dit ions inherent i n  the design of the TSR-I1 
cooling-water system prompted a test to  determine 
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the effects of a sudden stoppage of the coolant- 
water flow. Figure 2.3.21 shows the results for 
an assumed temperature coeff icient of -4.28 x 
A k i k  per OF. Prompt gamma-ray heating was 
again included i n  the simulation, and no safety-rod 
or control-rod action was permitted. The simu- 
lat ion included only  the annular fuel region of 
the reactor, since th is  is where the highest 
temperatures are most l i k e l y  to be. Again the 
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simulation has no va l id i ty  for the cross-hatched 
area in Fig. 2.3.21. As before, the test  showed 
that the safety system could eas i ly  shut the 
reactor down before any appreciable change occurs 
in the temperature profi le. 

TSR-!I Beam Shield 
The f i rs t  shielding experiments with the TSR-II 

wi I I be “beam-di fferenti al ” exper i m e n t s  designed 

REACTOR POWER 

E X I T  SECTiON M E A N  F U E L  

U N CL OS S I Fl E 0 
2- 01 - 060 .. 74 

0 i 2 3 4 5 6 7 E 9 io  
TIME (sec)  

Fig. 2.3.21, Ef fect  of Sudden Water-Flow Stoppage on TSR-II Power and T e m p e r a t u r e s .  
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t o  supply information of a fundamental nature, In  
these experiments a coll imated source of radiation 
(neutron or gamma rays) i s  used and the direct ion 
of the beam, as well  as the energy spectrum, i s  
varied. The detector i s  also to be equipped wi th  
col limation, 

During the beam-differential experiments the 
TSR-I1 w i l l  be encased in  a beam ~ h i e l d , ’ ~  which 
i s  shown suspended from the reactor support 
platform i n  Fig. 2.3.22. Briefly, it consists of 
a lead-water gamma-ray shield followed by o water 
neutron shield. The lead i s  in the form o f  Raschig 
r ings which have a packing fract ion ~f 50%. The 
combined weight o f  the lead and water i n  the 
gamma-ray shield i s  32,250 lb. The neutron shield 
outside the gamma-ray sh ie ld  i s  78.7 cm thick 
and weighs 38,500 Ib. When structure weight i s  
considered (9,097 Ib), the total weight of the 
beam shield i s  approximately 4.0 tans. The radius 
from the outer surface of the shield to the center 
o f  the TSR-I I i s  172 cm. 

Two beam holes spaced 180’ apart extend 
through the shield. These beam openings are 
15 in. in  diameter a t  the outer periphery of the 
sh ie ld  and are stepped down to o diameter of 
10 in. halfway through the shield. They are 
designed so that both can be le f t  open or so 
that one or both can be plugged with various 
materials. Therefore, by f i l l i n g  one beam hole 
wi th  a lead and water plug having regions corre- 
sponding to the beam shield itself, a single beam 
of coll imated neutrons and gamma rays can be 
used to sweep a horizontal or vert ical plane. 
Other shielding materials can be used to  provide 
a beam wi th  a more useful spectrum. 

13Thc design work to determine the  dimensions of 
the beam shield was performed by  L. Bysnes of GE- 
ANP, Cincinnati ,  Ohio. 

When horizantal rotation of the beam i s  required, 
the beam shield w i l l  be supported from the reactor 
support platform. The shield and a l l  components 
of the platform have been fabricated, and the 
rotat ing mechanism has been tested. A l l  the  
components necessary to support the shield and 
reactor for vert ical rotation o f  the beam have also 
been fabricated, and the rotut ing niechani sm wi II 
be tested in the near future. 

In order to effect col l imation at the detector 
location, the detector w i l l  be housed in a spherical 
shield o f  lead and water, which i s  supported 
within a carbon steel structure and pierced by two 
collimators. The outer diameter of the shield i s  
127 in. A centrally located detector chamber, 
14k in. in diameter, i s  surrounded by 01 mixture 
o f  lead and water much the same as the gamma-ray 
shield region i n  the reactor beam shield. The 
total weight of the detector shield i s  30 tons. 

One coll imator opening through the detector 
shield i s  conical with an included angle of 15 deg 
and a 4 t - i n .  diameter on the inside. The second 
coll imator opening i s  cyl indrical and i s  16& in. 
in diameter. Either coll imator can be converted 
to a cyl indrical 4.4-in.-Jia opening by the use of 
plugs. These plugs have three separate compart- 
ments which can be f i l l ed  independently. The 
openings can be further reduced to 
diameter by inser+ing L u c i t e  l iners  in 
Also, one or both openings can be 
plugged. 

The entire sh ie ld  can be rotated 

3.3 in. i n  
the plugs. 
comp I etel y 

so that a 
coll imator can point in any direction; however, 
the support structure immediately above the sh ie ld  
would l im i t  the usefulness of data taken wi th  a 
vert ical collimator. The shield i s  now being 
fabricated, 
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Fig.  2.3.22. TSR- I I  Beam Shield and Support for Ver t ica l  Rotation. 
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CRITICAL EXPERIMENTS 





3.1. MULTlPLlCATlON MEASUREMENTS WITH SLABS OF ENRICHED URANIUM 

J. T. Mihalczo 

A series of neutron mult ipl icat ion measurements 
w i th  arrays of 1 x 8 x 10 in. slabs of 93.4% U235- 
enriched uranium metal have been made to  provide 
data from which safety cri ter ia for the storage of 
these f i ss i le  units can be established. Each slab 
contains 22.9 kg of U235. A maximum of 125 units 
was assembled, the arrays studied being cubic 
la t t ices of the units which were usually paral lel- 
epipedal in  shape. Arrays were both unmoderated 
and Plexiglas-moderated and were surrounded in  
most  cases by a 1-in.-thick Plex ig las reflector. 
The la t t ice densit ies (rat io of f i s s i l e  un i t  volume 
t o  la t t ice ce l l  volume) were between 0.023 and 0.06. 

The number of f i ss i le  units required for each 
la t t ice to  become cr i t i ca l  can be estimated by 
l inearly extrapolating the reciprocal mult ipl icat ion 
curve for the la t t ice t o  zero. The results of these 
extrapolations for the various arrays are shown by 
the open c i rc les on Figs. 3.1.1 and 3.1.2. 

Another method can be used t o  estimate the 
number of f i s s i l e  units required for c r i t i ca l i t y  of a 
part icular type of array provided that a good est i -  
mate of the number of units required for c r i t i ca l i t y  
a t  one la t t ice density i s  known. Th is  method 
becomes apparent by a comparison of the plots i n  
Figs. 3.1.1 and 3.1.2, which show the number of 
f i s s i l e  un i ts  required for specif ic reciprocal mult i-  
p l icat ions in the various arrays as a function of 
the rat io  of the f i s s i l e  un i t  volume t o  la t t ice ce l l  
volume ( la t t ice density). A s  the mult ipl icat ion 
increases, the l ines become more nearly parallel. 
Th is  indicates that the slope of the l ine repre- 
senting c r i t i ca l  arrays i s  the same as the slope of 
the l ines for higher mult ipl icat ions. Hence, i f  the 
number of f i s s i l e  units required for c r i t i ca l i t y  a t  

J. J. Lynn 

one la t t ice density i s  known and i f  the number of 
f i s s i l e  un i ts  required fer high mult ipl icat ions at  
other la t t ice densit ies is known, a l ine representing 
the c r i t i ca l  number af f i s s i l e  un i ts  for other la t t ice 
densit ies can be drawn. Th is  method may provide 
a better extrapolation of low mult ipl icat ion experi- 
ments. 

The extrapolation of the inverse mult ipl icat ion 
curve for unmoderated arrays w i th  a la t t ice density 
of 0.06 indicated that 145 1: 5 units would be 
required for cr i t ica l i ty .  The c r i t i ca l  l ine for other 
la t t ice densit ies i s  then obtained by plott ing th is  
point on F ig.  3.1.1 and drawing a l ine that passes 
through the point and has the same slope as *he 
l ine for the highest mul t ip l icat ion measured i n  the 
arrays. When the extrapolations of the inverse 
mult ipl icat ion curves for other la t t ice densit ies 
are a lso  plotted on F ig.  3.1.1, they fa l l  close t o  
the c r i t i ca l  line. 

The same procedure i s  used t o  determine the 
c r i t i ca l  l ine for the moderated arrays (Fig. 3.1.2). 
In th is  case the extrapolation of the inverse mult i-  
p l icat ion curve indicated that 27 units would be 
required for c r i t i ca l i t y  in a moderated array wi th  
a la t t ice density of 0.06. 

Dis t r ibut ing Foamglas (containing 2% boron) 
throughout Q moderated array increased the cr i t ica l  
number of f i s s i l e  units by a factor of 5, whi le  
Styrofoam had a small effect, 

The detai ls o f  these experiments are reported 
elsewhere.' 

'J. T. Mihalczo and J. J. Lynn, Multiplication Meas- 
urement w i th  Highly  Enriched Uranium !Meld Slabs ,  
O R N L  CF-59-7-87 (1959) .  

67 



N E U T R O N  PHYSICS A N N U A L  P R O G R E S S  R E P O R T  

'000 

500 

200 

m 
k 
5 
w 

m m 
71 

(00 
L L  
0 

0- 
W 
m 
.z 
3 
z 

5 0  

20 

10 
0.4 

UNCLASSIFIED 
O R N L - L A - D W G  39758Rt  

- -  

L m & I -  .-,-- 
o L NEAR EXTSADOLATIOY OF INVERSE ~ 

i 

~ h.l U LT I DL I CAT I ON CURVES - -  

FQOM INVERSE MULTIPLICATION CURVES ~ 

~ 

I I~ 

Po-' - 0 

I 

- 0 2c 

0 25 

1 0 3 0  

0 35 
c 

0 40 

0 45 

t 

A 

- 
- 

~ 0 5 0  

0.55 

0.60 

. 

1 
1 in .  OF PLEXIGLAS ON TOP AND SIDES 

OF ARRAYS;  f in, OF STEEL ON BOTTOM. 
SOURCE I in .  BELOW CENTRAL FISSILE 
UNIT OF TOP LAYER OF LATTICE,  - 

0 05 0.02 0.01 
FISSILE UNIT VOLUME 

LATTICE C E L L  VOLUME 
~ ~~ 

Fig. 3.1.1. Number o f  Unmoderated 93.4% U235-En- 
riched Uranium Metal Slabs ( 1  X 8 X 10 in.) o s  a Func- 

t ion of the Ratio of  Fissile Uni t  Volume to L a t t i c e  

100 

50  

2 0  

m 

2 
3 
Ill 

m u) 

k 

2 

LL 10 
11. 
0 
r 
w m 
z 
2 
z 

5 

2 

i 

UNCLASSIFIED 
GRNL.-LR-DWG 39760 RI 

o LINEAR EXTRAPOLATIOh OF 
INVERSE MULTIPLICATION 

FROM INbERSE M U J l P L l C A  
- CURVES 

0 60  TION CURVCS 

I in. OF PLEXIGLAS ON TOP AND SIDES OFARRA 
I i n .  OF STEEL O N  BOTTOM. I in. OF PLEXIGLAS I 
TWEEN FISSILE UNITS, SOURCE 1 in. BELOW C E N -  
T R A L  F I S S I L E  UNIT OF TOP L A Y E R  O F  L A T T I C E .  

0.1 0.05 0.02 0 01 
F I S S I L E  U N I T V O L - U X  

LATTICE C E L L  VOLUME 

Fig.  3.1.2. Number of Plexiglas-Moderated 93.4% 

U235-Enr iched Uranium Metol Slobs ( 1  x 8 x 10 i n . )  a s  

a Function of the Rat io  of F i s s i l e  Uni t  Volume to 

C e l l  Volume for Various Inverse Multipl ications. L o t t i c e  Ce l l  Volume for Various Inverse Multipl ications. 

68 



3.2. RADIAL FLUX ~ ~ A S ~ ~ E ~ ~ N ~ S  IN A CYLINDR CAL ANNULAR CRlT CAL ASSEMBLY 
OF k123508,F,-M,0 

R .  Gwin 

Radial f lux  measurements wi th  bare gold fo i l s  
have been made i n  a water-reflected cy l indr ica l  
annular c r i t i ca l  assembly. The assembly consisted 
of a 5.88-in.-dia water column located ax ia l ly  
wi th in  a cy l indr ica l  annulus of uranyl f luoride 
solut ion h igh ly  enriched i n  the U235 isotope 
(-86 g of U235 per l i ter).  The inside diameter of 
the annulus was 6.00 in., and the outside diameter 
was 15.00 in. At delayed c r i t i ca l i t y  the height of 
the annulus was 9.3 in., when ref lected wi th  water 
to  an equal height. The experimental vessels were 
made of ’/,,,-in.-thick 25 aluminum, coated with 
t ieresite, a plast ic  material, t o  prevent corrosion, 

--eo-- 
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REFLECTED 
0 UNREFLECrED 

_. . 

0 
~ 

0 

0. W. Magnuson 

The gold f o i l  detectors were 0,002 in. thick and 
0.50 in. in diameter. 

Table 3,2, I presents the relat ive act iv i t ies  de- 
termined, together w i th  values f rom an ~nre f l cc ted  
assembly far both bare and cadmium-covered gold 
fo i l s  measured during a previous experiment. ’ 
Figure 3.2.1 presents a p lo t  of the some data. 
Although no analysis of the data has been attempted, 
the information has been of interest for the design 
of the High Flux Isotope Reactor (I-1FIR). 

’D. W. Magnuson and R. Gwin# ~ e u t r o n  ~ i 7 y s .  ~ 9 i n .  

Prog. Rep, Sepia 1 ,  1958, ORNL-2609, p 27. 
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Fig. 3.2,l. A c t i v i t i o s  of Gold Foi ls  Exposed Along cs R Q ~ ~ U S  in a Cyl indrical  Annular Ctiticril Assembly of 
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Table  3.21. Activit ies of Gold Foi ls*  Exposed Along a Radius i n  a Cylindrical Annular 
Crit ical  Assembly of U23502F2-H20 

Distance 
from Axis 

(in.) 

Relative Activity 

Unref lected Assembly Reflected Assembly, 

Bare Foi ls  Cd-Covered Foi ls  Bare Foi ls  

0.822 

0.903 

0.981 

0.998 

1 .ooo 

1.008 

0.999 

0.996 

0.967 

0.901 

0.757 

0.488 

0.385 

0.355 

0.331 

0.314 

0.264 

0.216 

0.159 

0.094 

0.083 

0.107 

0.122 

1 .ooo 

0.969 

0.4 98 

0.40 1 

0.125 

0.369 

0.332 

0.080 

0.279 

0.282 

0.403 

0.400 

0.360 

0.308 

0.248 

0.202 

0.163 

*Fo i ls  0.002 in. t h i c k .  
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3.3. CRITICAL PARAMETERS OF SLiGHTLY ENRICHED ANNULAR CYLINDRICAL 
URANIUM METAL SLUGS 

J. K. Fox 

A study of some of the c r i t i ca l  parameters for 
water-rnoderated and -ref lected 0.94% U235-enriched 
annular cy l indr ica l  uranium metal slugs i s  in  
progress. The slugs are unclad, nominally 6 in. 
long, 1.365 in. in  outside diameter, and 0.485 in. 
in inside diameter. Thus far two arrays wi th  
regular la t t ices and a random array have been 
investigated. In a l l  the experiments the arrays 
are constructed wi th in  a 9-ft-dia tank and ref lected 
wi th  a minimum of 6 in. of water. 

For the experiments wi th  regular geometries the 
slugs were placed in Tenite (C,2H,,0,) tubes 
which were held in a triangular la t t ice by two 
’/-in.-thick aluminum spacer plates, one near the 
top of the array and the other near the bottom. 
Alignment of the tubes was ensured by placing 
mi l led p last ic  str ips horizontal ly through the 
assembly near the center or by using a third spacer 
plate made of \-in.-thick Plex ig las near the mid- 
plane. Th is  resulted i n  a triangular la t t ice of 
uranium “rods” i n  an over-all hexagonal array, 
whose height could be varied by integral numbers 
of slugs. Resul ts  of check measurements through- 
out the array indicated that alignment between rods 
was maintained wi th  a tolerance of n0.1 in., part 
of which was due to variations i n  thickness of the 
Teni te  tube wal ls .  

Two la t t ice spacings were used: one i n  which 
the distance between rod centers was 2.00 in. and 
another i n  which the distance was 1.78 in. Th is  
corresponded t o  water-to-metal volume rat ios o f  
1.70 and 1.14, respectively. The result ing c r i t i ca l  
parameters are given i n  Table 3.3.1. In  most cases 
it was not possible to at ta in  the condition of de- 
layed c r i t i ca l i t y  wi th  on integral number of rods 
fu l l y  reflected; therefore the excess react iv i ty  for 
the integral number of rods nearest t o  the c r i t i ca l  
number was determined. 

The minimum cr i t i ca l  number of rods for a specif ic 
assembly height and water-to-metal volume rat io  
was obtained by a process of “rounding” the 
hexagonal array by moving rods from the corners 
to the faces un t i l  the minimum condition was 
achieved. An indication of the ef fect  of th is  
rounding can be observed by comparison of the 
data given in  Table 3.3.1 for an assembly height 

L. W. G i l ley  

of 42 in. and a volume rat io  of 1.70. In  general, 
rearrangement o f  peripheral rods varied the reac- 
t i v i t y  by a few cents at most. A s  shown i n  the 
table, the approximate worth of a rod on the 
periphery i s  2 cents. 

Figure 3.3.1 shows the variat ion in the mass 
corresponding to  the minimum cr i t i ca l  number of 
rods as a function of c r i t i ca l  assembly height fox 
a water-to-metal volume rat io  of 1.70. The curve 
indicates that the minimum cr i t i ca l  mass for these 
slugs under the given conditions i s  greater than 
5 tons of uranium. 

For the experiments wi th  the random array the 
slugs were contained in  a 52-in.-diu stainless 
steel wire screen cylinder which was placed inside 
the 9-ft-dia tank. Random distr ibution of the slugs 
was obtained by dumping thein into the cyl inder 
from boxes at a height of about 5 f t  above the 
cylinder. Each box contained 180 slugs. The 
result ing water-to-metal volume ratio, determined 
from s ix  sets of measurements of assemblies o f  
various heights, was 1.06 f 0.05. Th is  corresponds 
t o  an H:U235 ra t io  2 156. 

Since an insuf f ic ient  number of slugs was avoi l-  
able t o  make the random array cri t ical,  reciprocal 
mul t ip l icat ion measwements were taken. The 
measurements were checked by assembling the 
array three times. In each cuse the procedure 
consisted in posit ioning a neutron source having 
a strength of -10’ neutrons/sec on the vert ical 
center l ine of the assembly approximately 1 ft 
above the bottom of the array and making successive 
additions of slugs while monitoring the neutron 
leve l  after each addit ion wi th  three BF, ionization 
chambers located direct ly below the center of the 
bottom of the tank. The f i rs t  two loadings con- 
tained a maximum of 4410 slugs (11.6 tons of ura- 
nium) ond had an average height of 34 in. The top 
of the array was somewhat rounded, the center 
being about 6 in. higher than the periphery. The 
third loading contained a maximum of 7174 slugs 
(18.8 tons of uranium), result ing in o nearly equi- 
lateral cy l indr ica l  array 53 in. high, 

The reciprocal mul t ip l icat ion measurements for 
the random array are plotted in Fig. 3.3.2. Al- 
though there i s  some variation between the curves, 

71 



N E U T R O N  P H Y S I C S  A N N U A L  P R O G R E S S  R E P O R T  

Table 3.3.1. C r i t i c a l  Parameters of 0.94% U23s-Enriched Annular Cy l i nd r i ca l  

Uranium Metal Slugs in Tr iangular  Lat t ices 

Slug dimensions: 

Slug density: 18.78 g/cc 

Slug mass: 2384 g of U; 22.41 g of U 2 3 5  

1.365-in.-OD by 0.485-in.-ID by 6 in. 

Minimum 
Diameter 

Spacing '4Jater:Metal H , ~ 2 3 5  of ~ ~ ~ ~ d ~ d  Height  Number B2, C r i t i c a l  Mass Excess 

c to c Volume of Array o f  Buckling,a Reactivi ty, 

kex (cents) 
U 2 3 5  Metal Array 

(in.) (in.) ' ' ~ o d s ' '  (cm-2) 
(kg) (tons) 

(in.) Rat io  

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

2.00 

1.78 

1.78 

1.70 

1.70 

1.70 

1.70 

1.70 

1.70 

1.70 

1.70 

1.70 

1.14 

1.14 

252 

252 

25 2 

285 

25 2 

25 2 

252 

252 

252 

169 

169 

34.4 

34.4 

35.4 

35.4 

37.6 

37.6 

37.6 

41.4 

41.4 

45.4 

48.5 

48 

4 8  

42 

42  

36 

36 

36 

30 

30 

4 8  

42 

io-* 

266 28.04 47.8 5.58 1.4 

271' 11.7 

284' 28.20 44.5 5.22 1 .o 
28SC 0.0 

320 28.21 43.0 5.04 3.0 

32 1' 3.5 

322' 6 .O 

389 28.43 43.5 5.10 0.0 

391' 2.2 

589 19.34 105.4 12.40 2.0 

673 19.10 105.4 12.40 0 

"Values of the buck l ing were ca lcu lated from c r i t i ca l  diniensions assuming an extrapolat ion d is tance of 7 cm. 

'Added rod(s) centered on faces o f  preceding assembly. 

'For the 284-rod array, the shape was roughly hexagonal, but f i ve  of  the s i x  corner pos i t ions were un f i l l ed  and 
f o r  the 285-rod array a l l  corner pos i t ions were f i l led,  t w o  rods were centered three rods were centered on each face. 

on each o f  four faces, and three rods were centered on each of  two  faces. 

T H l R C  L:A>lhG I 
P COUNTER NO 3 

I 

Fig.  3.3.1. Cr i t i ca l  Mass o f  Triangular L a t t i c e s  of  F ig .  3.3.2. Reciprocal Mu l t i p l i ca t i on  as a Funct ion 

0.94% U23s-Enriched Uranium Metal "Rods" os a of the Number or Moss of  0.94% U235-Enriched Uranium 

Funct ion o f  Assernbly Height. Metal Slugs i n  a Random Arruy. 
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the data for the three loadings are consistent in  comparison experiment showed that rounding the 
their general trends, showing on apparent source top of the 4410-slug array by placing a roughly 
mult ip l icat ion o f  about three. All the curves indi- hemispherical 16-in.-thick segment atop a 29-in.- 
cate that there would be l i t t l e  increase in  the high cylinder increased the neutron mult ip l icat ion 
reciprocal mult ip l icat ion wi th  additional slugs. A by about 2%. 

3.4. THE POISONING EFFECT OF COPPER LATTICES IN AQUEOUS SOLUTIONS 
OF ENRICHED URANYL OXYFLUORIDE 

J. K. Fox 

The use of metal l ic  copper i n  the design o f  
some uranium processing plant equipment has 
established a need for information on the effects, 
from a nuclear safety standpoint, of copper placed 
i n  or near uranium solutions. Accordingly, a series 
of experiments to measure the poisoning ef fect  
of la t t ices of copper tubes and rods on an aqueous 
solution of uranyl f luoride was performed. 

The solution used i n  these experiments was 
93.2% U235-enr iched U0,F2 in  water, at a con- 

centration of 0.4693 g of U235 per cubic centimeter 
of solution, corresponding to an H:U235 atomic 
ra t io  of  52.6. It was contained i n  a lO-in.-dia 
aluminum cylinder, which for most experiments was 
surrounded by a k- in . - th ick copper she1 I ,  except 
for the top and bottom. With the exception of one 
case, the cylinder was reflected with water on 
the sides and bottom. In several experiments the 
copper tubes and rods were held i n  a stainless 
steel basket consist ing of  s ix  F8-in.-dia by 6- 
ft- long rods equally spaced on a 9.Sin.-dia r ing 
and attached to  a perforated bottom plate. For 
most of the experiments, however, the copper was 
loaded direct ly into the containing vessel with 
edges i n  contact, forming a pseudo-triangular 
pattern. Using tubes having various diameters and 
wal l  thicknesses and placing small tubes inside 
larger tubes enabled the volume percentage of  
metal to be varied considerably. 

The resul ts of the experiments are given in  
Table 3.4.1, and typical  curves showing the 
cr i t ica l  solution height as a function of  the volume 
percentage of metal are plotted i n  Fig. 3.4.1. It 
can be seen that, for the case i n  which solution 
only was inside the cylinder, d isplacing a portion 
of the water reflector wi th the copper shel l  in- 
creased the cr i t ica l  solution height from 6.55 to 

L. W. GiI ley 

6.96 in. For the case in  which the cylinder con- 
tained 27.7 vol % of copper, displacing a portion 
of the water reflector wi th the copper shell in- 
creased the solution cr i t ica l  height from 21.3 in. 
to 58.7 in. Inserting the stainless steel basket 
in the otherwise unpoisoned solution increased the 
cr i t ica l  height from 6.96 in. to 7.33 in., the copper 

I 

A SVAI.L TUBES INSIDE L A R G I  TJEES 
NEAR CENTER . SM4LL 1 U Y E  INSIDE ILARGE I< 66.)" 
OD, 1368-1n ~ 101 Tb5EES NEA? 
OUTER E O G E  

~. . .. . . . . 

0 I O  2 0  30 40 
PER CENT COPTR ay VOILLW 

Fig.  3.4.1. Cr i t ica l  Height  of a Ref lected lO-in.-dia 

Aluminum Cylinder Contoining a Copper-Poisoned Aque- 

ous Solution o f  93.2% U235-Enr iched UOzF2  o s  o Func- 

t ion o f  Copper Content. 
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Table 3.4 1. Cr i t i ca l  Parameters of a lO-in.-dia Aluminum Cyl inder  Conta in ing an Aqueous Solution 

of 93.2% U235-Enriched U02F2 Poisoned w i th  Copper or Aluminum Tubes or Rods 

Solution concentration: 0.3195 g of U per g of solution; 0.4693 g o f  U235 per cc of so lu t ion 

H:U235 atomic iat io: 52.6 
Solution spec i f i c  gravity: 1.576 

Tube or Rod Cr i t i ca l  Condit ions 
Metal 

So I u t i  on Number Dimensions (in.) 

or Rods 

o f  Tubes Content Mass Descr ip t ion of Assembly 
("01 %) '-leight (kg of LJz3') Ins ide Outside 

Diameter Diameter (in.) 

12 
1 

12 
13 

12 
2 
2 

17 
18 

12 
3 
3 
8 

15 

26 

26 
2 

26 
3 

26 
4 

26 
4 

26 

26 

1.933 
1.272 

1.933 
1.272 

1.933 
1.368 
0.822 
0.495 

1.933 
1.368 
0.822 
0.495 

1.272 

1.272 
0.736 

1.272 
0.736 

1.272 
0.736 

1.272 
0.736 

1.368 

1.368 

~ ~ - 

H20 Ref lector  Only  

6.55 3.96 Contained solut ion only  

Capper Tubes and Rods; t- in.-thick Copper Shell PIUS H20 Ref lector  

6.96 4.21 Contained so lut ion only  

2'375 ] 37.6 60.2 (NQn 
1.66 

2.375 

:::: ] 30.8 35.2 
0.675 
0.25 

2.375 

;::: 1 30,3 59.3 (NC) 

0.675 
0.25 . 

6.53 

14.7 

Tubes uniformly d is t r ibuted 

12 small tubes ins ide large tubes; one 

small  tube outside 

2.375- and 1.66-in. tubes uni fo imly  dis- 

tributed; smaller tubes success ive ly  

p laced in one another and uniformly 

d is t r ibuted between large tubes 

Essen t ia l l y  same as preceding except 

one 2.375-in. tube near center f i l l e d  

w i t h  success ive ly  smoller tubes 

1.66 29.5 31.3 13.3 Tubes uniformly d is t r ibuted 

1*66} 30.7 60.4 
1.05 

1'66) 31.2 45,O 
1.05 

1*66) 31.8 50.8 
1.05 

1.05 1*66)  31.8 50.5 

Small tubes i ns ide  large tubes near 25.3 
center 

Small tubes ins ide lorge tubes 120° 18.7 
apart on outer edge 

Small tubes i ns ide  large tubes 90° 
20.9 

apart on outer edge 

TWO small tubes ins ide large tubes; 20.8 
two small  tubes outside; a l l  on outer 

edge 

1.66 23.0 14.5 6.75 Tubes uniformly d is t r ibuted 

1.66 23.0 58.4 (NC) 

26 1'368 1*66]  27.4 24.2 

1.368 1.66) 28.7 . 56.2 26 
10 0.736 1.05 

6 0.735 1.05 

Tubes uni formly distr ibuted; copper re- 

f lector on ly  

F i v e  small  tubes i ns ide  large tubes 10.8 
near center; one small tube outs ide 

Small tubes i ns ide  lorge tubes near 
24.2 

center 
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Table 3.4.1 (continued) 

I_------ 

Tube or Rod Cr i t i ca l  Condi t ions 
Metal 

Descr ip t ion o f  Assembly Solut ion Dimensions (in.) Number 

or Rods Ins ide O i ~ t s i d e  (vel Height  
of Tubes Content MOSS 

(kg of u235j 
Diameter Diameter (in.) 

Copper  Tubes and Rads; $-in.-+hicL Capper ShePI P i u s  H2Q RefCecPos 

Smoll tubes i ns ide  large tubes near 26 1’368 ’*“) 32.1 30.2 12.4 
16 0.736 1.05 outer edge 

26 
19 

Small tubes i ns ide  large tubes around 

outer edge 
33.7 S O h  24.1 0.736 1-368 1.05 ’.“I 

Copper Tubes con ta ined  in Stainless Steel Basket;c I/-in.-thick Copper Shell Plus H20 Reflector 

7.33 4.69 Contained on ly  stainless steel  h0ske.i  
plus so lut ion 

60 0.822 1.05 25.6 22.2 9.98 Tubes w n i  form1 y di  str i buted 

60 0.822 
10 0.495 0.675 

Ten 5 l 1 1 0 ~ ~  tubes  i ns ide  largo tubes 
25.7 

near center 
’‘Os ] 27.7 58.7 

Copper Tubes Contained i n  Stainless Steel HZs) Refiecaor Only 

60 0.822 1.05 25.6 15.5 6.97 Tubes uniformly d is t r ibuted 

60 0.822 Seven s m o l l  tubes i ns ide  large tubes 
27.1 19.2 8.196 

0.49s 0.675 near center 7 

l n o 5  1 27.7 21.3 
60 0.822 
10 0.495 0.675 

lsn smal l  tubes ins ide large tubes near 9.31 
center 

1 

1 
2 1.933 

1 
4 1.933 

1 
6 1.933 

1 
6 1.933 
2 1.272 

4-in.-OD Copper Rod P l u s  Tubes H e l d  in Sta in less Steel Basket;c %-in” Copper Plus H,O Reflector 

4.0 16.0 11.9 6.39 Single rod i n  center 

Two tubes adiacent to  copper rod on 6.79 
2.375 

4’0 ] 23.6 18.1 8.36 
2.375 

‘’O ] 27.4 29.8 15.6 
2.375 

adjacent sides 
400 } 19.8 14.0 

Small tubes p laced arownd center rod 

Small tubes p laced around center rod 

2.375 29.7 60 (NC) 
1.66 

Smoll tubes p laced arownd center rod 

7 2.062 
9 1.590 

7 2.062 
12 1 ~ 590 

Aluminum Tubes; k- in.-+hick Copper Shell Plus H20 Ref lector  

Tubes uniformly d is t r ibuted 
2.375j 18.7 9.88 4.86 
1.875 

2’375) 21.7 11.3 
1.875 

Tubes uni for ml y di stri buted 
5.35 

11-111111--111 

a~~ = n o t  c r i t i ca l .  

b T h i s  ossembly was not  cr i t ica l ,  hiit the moni tor ing instruments ind icated that removal of  one small  rod would 

=The co lcu lut ions of  c r i t i ca l  volwmes i n  these assemblies inc lude the volume occupied by the basket; hence the 
have been more thon su f f i c i en t  t o  make the a s s e m b l y  cr i t ica l ,  

volumes recorded are s l igh t ly  high. 
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shell displacing part of the water reflector in both 
cases. 

In some experiments the copper placenient was 
varied i n  steps radial ly from the center. I t  was 
observed that the metal was more effect ive in  
posit ions near the center, a 4-in.-dia rod at the 
center having the greatest effect, I t  was also 
observed that for a given volume fraction the 
smal ler-diameter tubes had a greater effect than 
the larger ones. 

An indication o f  the re la t ive effects of disploce- 
ment of solut ion and poisoning by the copper was 
obtained by substituting aluminum tubes for copper 
in two experiments, since aluminum has a very 
low absorption cross section. Comparison of 
aluminum data wi th  corresponding copper data 
where the tube sizes and distr ibutions are similar 
indicates that displacement of solution i s  more 
important than the neutron absorption effect. Th is  
i s  clearly seen by comparison o f  the curves in 
Fig. 3.4.1. 

J. K. Fox 
L. W. Gil ley 

The measurement o f  the c r i t i ca l  parameters of 
solutions of the f issionable uranium isotopes i n  
simple geometry has been a continuing program for 
a number of years. The data presented in  Tables 
3.5.1 and 3.5-2 are an extension of previously 
reported experiments. l a 2  

For the l J 2 3 5  experiments performed in aluminum 
containers, an aqueous uranyl oxyfluoride solution 
enriched to 93-27? in U235 was used. The U235 
solution i n  the stainless steel cyl inders was an 

'J. K. Fox et al.. Neutron Phys.  Ann. Prog. Rep. 

2 J .  K. Fox  and L. W. Gi l ley,  Appl. Nuclear Phys .  

Sept. 1. 1958. ORNL-2609, p 42. 

Ann. Prog. Rep. Sept. 1, 1957, ORNL-2389, p 72. 

Fa. Gwin 
B. W. Magnuson 

aqueous iiranyl nitrate solution enriched to  92.8% 
i n  U235. The nitrogen-to-wranium atomic rat io was 
about 3.8. An aqueous uranyl n i t ra te solution 
was also used for the U233 experiments. The 
uranium contained 97.4% U233 and the solution 
had a nitrogen-to-uranium atomic rat io of 2.4. 

The value of the cr i t ica l  height (and hence 
volume and mass) reported herein for a 10-in.-dia 
water-reflected aluminum cylinder a t  an H:U235 
rat io of 49.5 i s  in disagreement wi th  the previously 
reported value.' Since the present value i s  can- 
sistent wi th  other data for the IO-in.-dia cylinder, 
w h e r e ~ s  the earlier value i s  not, i t  i s  fe l t  that 
there was an unaccounted-for error i n  the earlier 
experi merat. 
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Tab le  3.5.1. Cr i t i ca l  Parameters o f  U23s Solutions in Simple Geometry 

Cr i t i ca l  Values So I uti on Concentrat ion 

Sol u t i on  Container 

and Diameter (cm) Mass Volume u235 H:U235 He igh t  

(dcc) Atomic Ratio (cm) (I i ter  s) (kg of $35) 

To ta l  I y Water Ref lected 

Aluminum cy l inders 

16.5 0.315 78.7 42.6 9.12 2.87 
20.3 0.488 49.5 18.8 6.09 2.97 
20.3 0.315 78.7 19.4 6.28 1.98 
25.4 0.488 49.5 12.6 6.25 3.10 
25.4 0.199 127 14.4 7.30 1.45 
25.4* 0.488 49.5 16,5 8.35 4.08 

Aluminum sphere 

55.9 

Stainless steel cy l inders 

50.8 
154.7 
154.7 
154.7 
154.7 
274 
27 4 
27 4 

0.0205 1270 

0.0259 
0.011613 
0.01422 
0.01359 
0.01 307 
0.01324 
0.01292 
0.01261 

No Ref lector  

1000 
1604 
1821 
1905 
1981 
1951 
2000 
2052 

38.3 
45.1 
72.7 

105.2 
203.3 

90.9 
122.4 
241.2 

91.2 1.87 

77.7 
848 

1,368 
1,978 
3,822 
5,340 
7,190 

14,180 

2.0 1 
13.68 

26.88 
19.45 

69.95 
70.8 
92.3 

178.8 
~ ___ 

* T h i s  assembly was not ref lected on top. 

Table 35.2. C r i t i c a l  Porarneters o f  Unref lected U233 Solutions in Simple Geometry 

Solut ion Container 

Cr i t i ca l  Values So I u t i  on Con ce n t ra t i on 
- 

Height  Volume Mass 

(kg of U233) 
H:U233 

u233 (g’cc) Atomic Rat io  ( c m )  ( l i ters)  

154.7-crn-dia sta in less s tee l  0.01412 1819 49.5 93 1 13.15 

0.01353 1900 59.2 1113 15.06 

0.0 1288 1966 77.7 1461 18.82 

0.01221 2106 139.0 2612 31.89 

cy1 inder 
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J. K. Fox 

The Nuclear Safety Group at the Y-12 Plant  has 
suggested that Pyrex glass, nominally containing 
4 wt % boron, might be a suitable poisoning 
material for ensuring nuclear safety in  large 
vessels containing aqueous solutions of u ~ ~ ~ -  
enriched uranium. An appropriate quantity of glass 
pipe contained i n  the storage vessels would 
prevent the achievement of cr i t ical i ty, even with 
optimum solution concentrations. Accordingly, u 
series o f  experiments has been performed to 
determine the volume per cent of glass necessary 
to  assure subcrit ical conditions i n  both water- 
reflected and unreflected 28-in.-dia stainless steel 
cylinders containing aqueous solutions o f  U235- 
enriched uranyl f luoride and uranyl nitrate. 

Various diameters of Pyrex glass pipe were used, 
either i n  3-ft lengths with their axes vert ical to 
form lattices, or as short pieces (Raschig rings) 
randomly placed within the vessel to a height o f  
3 ft. For ease of handling, both the latt ices and 
the randomly assembled arrays were contained in 
o stainless steel wire basket which f i t ted into 
the cy1 indrical experimental vessel. The results 
of all experiments are shown i n  Tables 3.6.1 and 
3.6.2. 

In G preliminary series of experiments, la t t ices 
of l .Sin.-dia Pyrex pipe coated with a /,6-inD 
thickness of Uniehrome, a po lyv iny l  chloride 
plastic, were used. The fuel solution was 93.2% 
UZ3’-enriched UO,F, with an H:UZ3’ atomic rat io 
o f  99,3, which i s  somewhat higher than the optimum 
ratio for minimum cr i t ica l  volumes. The result ing 
data are shown as Part A in  Table 3-6.1. The 
volume fraction of glass p lus coating required for 
poisoning was higher than that for the uncoated 
pipe used i n  subsequent experiments owing to 
the lesser poisoning effect O F  the Unichrome 
coating. Part A of Table 3.6.1 also shows the 
effect of replacing the UO,F, solution wi th  a 
UO,(NO,), solution, which has a lower H:UZ3‘ 
atomic ratio. The effect of substi tut ing a cadmium- 
l ined stainless steel cross for the pipe arrays in 
the UO,F, solution wgs also determined. 

La t t i ces  of uncoated pipes of three different 
diameters were used with an 87.4% U235-enriched 
UO,(NO,), solution having an H:U235 atomic 
rat io o f  81.4. This  concentration i s  very near that 

1 

L. W. Gi l ley  

for minimum cr i t ica l  volume of nitrate solutions. 
Data from t h i s  solution are given i n  Part 8 o f  
Table 3.6.1, and the cr i t ica l  height as a function 
of glass content i s  plotted in  Fig. 3.6.1. The 
observed scatter i n  the data i s  believed to be due 
to on effect of the three diameters of pipe used. 
The curves indicate that for a system ref lected 
wi th  water on the sides and bottom, 15 Y O I  % of  
glass, as 2-inS-dia pipe, would be suff icient to  
effect ively poison a 20-in.-dia cylinder 3 ft long. 
For unreflected assemblies, 12 vol % would be 
required wi th  2-in.-dia pipes and 14 vol % required 
with 3-in.-dia pipes, 

Parts C and D of Table 3.6.1 show the effect of 
two successive increases i n  the n:u235 atomic 
rat io for 87.4% WZ3’-enriched UO,(NO,), solutions. 
A t  an H:UZ3’ rat io of 141 the increased inoderation 
increased the cr i t ica l  height o f  an unreflected 
cylinder containing 7.80 vol % of 2-in.-dia pipes 
from 16.7 in. to above 36 in,, while the cr i t ica l  
height of a reflected cylinder was increased from 
9.75 in. to 12.5 in. For the same pipe assembly, 
a change i n  the H:U235 ratio to 276 made the 
ref I ected 20- i n.-di a cy i i nder subcr i t i  crr I .  

The thickness of fuel above the top of the 36- 
i n.-hi gh‘ Pyrex pipe assembly required for cr i t ica l  i t y  
i s  noted i n  the last column of Table 3.6,1. Com- 
parison of these data with the clean cr i t ica l  height 
gives an indication of the neutron mult ipl icat ion 
wi th in  the assembly. For example, the data in 
Part B show that an unreflected cylinder containing 
th i r ty four  2-inS-dia pipes was not c r i t i ca l  un t i l  
the solution reached height of 40.8 in., which 
was 4.8 in. above the top of the pipe assembly. 
This may be compured wi th  a clean cr i t ica l  height 
for an unreflected system of -5.5 in. 

The results of experiments using Pyrex Raschig 
rings (1.469 in. OD by 1.28 in. ID by 1.56 in. long) 
i n  random arrays are presented i n  Table 3.6.2. 
Since a more homioyeneous distr ibution of the boron 
poison resulted, the rings were more effect ive than 
any of the pipes used, a glass content of only 
11 vol % being required to  effect ively poison the 
X)-in.-dia reflected cylinder. The data indicate 
thot the effect o f  larger rings (2.375 in, OD by 
2 in. ID by 2.375 in. long) i s  approximately the 
same as that of a pipe array occupying the same 
volume. 
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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  7 ,  1959 

Tab le  3.6.2. C r i t i c a l  Parometers of Enriched Fue l  Solut ions Poisoned w i t h  Pyrex 

(-4 w t  '% Boron) Glass Rasch ig  Rings in Random Arrays 

Fuel  solut ion: 87.4% U235-enriched UOz(NO,), 

H:U235 atomic ratio: 81.4 

Kaschig Ring Dimensions Cr i t i ca l  Values 

M a t s  

( kg  o f  U235) 

Glass 
Outs ide Ins ide Reflector ~ ~ l ~ ~ i ~ ~  

Diameter Diameter Condit ion* Height Leng th  Content 

( in" )  (VOI 
(in.) (in.) (in.) 

Remarks 

1 469 1.28 1.56 10.97 Ref lected No t  c r i t i ca l  Cr i t i ca l  when so lut ion was 1.0 in. 
above top of r ings 

2.375 2.00 2.375 13.3 Reflected 19.6 25.1 

2.375 2.00 2.375 13.3 Bare No t  c r i t i ca l  Cr i t i ca l  when so lut ion was 4.0 in. 

above top of  r ings 

*No top ref lector  i n  any of the experiments. 
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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 ,  15’59 

atomic ra t io  of 297 have been studied in a variety 
of configurations. The data are shown in Table 
3.7.2. Figure 3.7.2 presents a p lo t  of c r i t i ca l  
height as Q function of edge-to-edge spacing for 
vurious in - l ine arrays of these cylinders. The 
graph demonstrates that the effect obtained by 
udding a cyl inder decreases as the total number 
o f  cyl inders i n  l i n e  increases, as expected. The 
addit ion of a s ix th  cylinder to  an ex is t ing row of 

Table 3,7.2. C r i t i c a l  Parameters of an Aqueous Solut ion 

of 93.2% U235-Enriched Uranyl F luor ide Contained i n  

Unreflected 9.5-in.-dia Cyl inders in  Line, Triangular, 

Square, and Hexagonal Arrays 

Solu t ion  concentrat ion: 0.0841 g of U per g of solution; 
0.0868 g of U235 per cc of 

s o l  ut ion 

ti:U235 atomic rat io: 297 
Specif ic gravity: 1.109 

C r i t i c a l  Values Edge-to- Edge 

(in”) 

Cyl inder  Spacing He igh t  Volume Mass 

(in.) ( l i ters)  (kg of U235) 
I 

1.0 
3.0 
6.0 
8.0 

2.0 
6.0 

10.0 
15.0 

3.0 
6.0 

10.0 

3.0 
6.0 

10.0 

3.0 
10.0 

Three-Cylinder Tr iangular  Array 

1 .o 13.4 47.0 4.08 
4.0 20.3 70.8 6.1.5 
8.0 28.1 98.2 8.52 

12.0 36.3 127 11.0 
18.0 49.7 174 15.1 
22.0 60.1 21 1 18.3 

Four-Cy! inder Square Array 

3.0 15.8 73.8 6,4# 
10.0 27.2 127 11.0 
22.0 47.4 220 19.1 
30.0 62.5 292 25.3 

Seven-Cylinder Hoxogonul Array 

3.0 12.1 98.6 8.56 
10.0 20.1 164 14.2 
22.0 32.9 26 8 23,3 

-Y- _.. 

UN C L 415 5 IF IF 0 
ORNL-LR-DWG 4t983 

Two-Cylinder L i n e  Array 

24.1 56.1 
31.7 73.9 ’ 

44.5 104 
54.0 126 

Three-Cyl inder  L i n e  Array 

22.3 78.1 
33.2 116 
43.8 153 
60.1 21 1 

Four-Cyl inder L i n e  Array 

22.7 106 
30.0 138 
38.5 180 

F ive-Cy1 inder L i n e  Array 

21.7 127 
28.3 165 
36.2 211 

Six-Cyl inder L i n e  Array 

21.3 149 
34.8 243 

6.41 
9.03 7 0 

I 

10.9 
5 60 ._ 
k 
I 
2 

50 
6.78 

10.1 .J 

13.3 2 

18.3 

< 

$ 40 
V 

30 

9.20 

12.0 20 
15.6 

10 
8 10 i z  14 0 2 4 6 

11.0 EDGE-TO-EDGE SPACING (IQ.)  

14.3 

18.3 Fig. 3.7.1. C r i t i c a l  Solut ion Height  os a Funct ion O F  
Edge-to-Edge Spacing o f  Unreflected Triangular and 

Hexagonal Arrays o f  6- and &in.-dia Aluminum Cyl inders 

Conta in ing Aqueous Solut ions of 93.22 U235-Enr iched 

Uranyl  F luo r ide  (H:U2” Atomic Rat io  :-- 309). 
12.9 
21.1 
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f i ve  increased the over-a1 I reactivi ty by approxi- 
mately 26 cents. The effect of the addition ap- 
pears to be insensit ive to the edge-to-edge spacing. 

UNCLASS~‘IE0 
ORNL-LR-DWG 41990 

60 

50 

k I 

W 
c7 
r 

J 
U U 

; 70 
0 

20 T h i i E  CYLINDFRS 
I FOUR CYLINDERS 
A FIVE CYLINDERS 
V SIX CYLINDERS 

Figure 3.7.3 shows the variation i n  c r i t i ca l  
height as a function of the cylinder edge-to-edge 
spacing for the triangular, square, and hexagonal 
arrays of 9.5-in.-dia cylinders. In this  figure, a s  
opposed to  the data in  Fig. 3.7.1 for smaller 
cylinders, the variation i s  l inear out to a spacing 
of about 20 in. 

UNCLASSIFIEO 
ORNL-I  R DWG “195 

-~ -~~~ - -_ ~ 

THREE CYLINDERS IN TRIANGULAR ARRAY 
FOUR CYLINDERS IN SQUARE ARRAY 

I 
80 I SEVEN CYLINDERS IN HEXAGONAI ARRAY i 

I 1 
I 

70 

!: 
0 
IJJ 50 
L 
i 

I_, 
a 

40 
V 

30 

20 

io - IO I ~ 

0 2 4 6 8 10 12 14 16 18 0 5 10 15 20 25 3 0  35 
EDGE-TO-EDGE SPACING ( i n  ) EDGE TO-EDGE SPACING ( i n  1 

Fig. 3.7.2. Critical Solution Height a s  a Function of Fig. 3.7.3. Critical Solution Height a s  a Function of 
Edge-to-Edge Spacing of Unreflected Straight-Line Edge-to-Edge Spacing of Unref l cc tcd  Trsongulor, Hex- 
Armys o f  9.5-in.-dio Aluminum Cylinders Containing agonal, and Square Arrays of 9.5-in.-dia .4lurninum 
Aqueous Solutions of 93.2% U235-Enriched Uranyl Cylinders Containing Aqueous Solutions o f  93.2% U 235- 

Fluoride (H:U235 Atomic Rof io  - 297). Enriched Uranyl Fluoride ( H : U 2 3 5  A t o m i c  Ratio - 297). 

84 



J. J. Lynn J. T. Mihaiczo 

Cr i t i ca l  experiments with n homogeneous mixture 
of  2% U235-enr iched UF, and paraff in with an 
H:U235 atoinic ra t io  of 404 have been in i t ia ted to 

extend the data previously reported. ’ t 2  This fuel 
mixture contains 84.8 w t  % UF, and has Q brclnlun1 

density of 2.2 g/cc. 

Both cy l indr ica l  and parallelepipedal geonietries 
hove been assembled, some of which were sur- 
rounded wit17 an ef fect ive ly  in f in i te  reflector of 
paraff in and Plex ig las.  The minimum critical 
voluines and minimum critical masses have been 
establ ished and are shown in Figs. 3.8.1 and 
3.8.2, along with the resul ts of the previous ex-  

periments2 with mixtures having H:U235 atomic 
ratios of 195 and 294. 

.___. J ................ i . 1 ~ ~ ~  .............. L 
150 700 2 50 30C 350 400 

i i . lJe15Al~OMlC R A l  11) 

Fig. 3.8.1. Cri t ical  Volume of 2% U235-Enrichcd 
U F , - C ~ ~ H ~ ~  os u Function of  the H : u ~ ~ ~  Atoinic ~ o t i o ,  

since the las t  repor!’ suff icient fuel wit13 an 
H : U 2 3 s  atomic: ra t io  of 195 was obtair~ed io m a k e  
unreflected assemblies cri t ical.  The T C S U E ~ S  are 
included i n  tFie figures. 

I50 2 00 2 5 C  300 350 400 
H:UZ3’ N 0 I v : I c ‘  ;?ATIO 



N E U T R O N  P H Y S l C S  A N N U A L  P R O G R E S S  R E P O R T  

3.9. ~ € T ~ R M I ~ A T ~ O ~  OF THE INFINITE €MUM MULTIPLICATION FACTOR 
FOR 2% U235-ENRICHED UF, IN PA 

J. T’. Mihalczo 

The in f in i te  medium mult ip l icat ion factor for a 
mixture of 2% U235-enriched UF, and paraff in 
wi th an 11:U235 atomic rat io o f  195 has been de- 

th is  material was previously reported.’ The ma- 
terial i s  a homogeneous mixture which contains 
92 wt % UF, and 8 wt % paraffin and has a density 
o f  4.5 g/cc. The average UF, part ic le s ize i s  
0.020 in. 

From (3) and (4) 

termined. A series o f  cr i t ical  experiments wi th K d ( B )  -t 

a n z K d ( B )    AB^)" 
-I6 . (5) 

( d B 2 ) I n  

The  experiments consisted in  making known 
changes i n  the buckl ing of cr i t ical  systems and 
measuring the result ing stable periods. The 
interpretation was based on the cr i t ical  equation 

and the k ine t ic  relat ion 

(3) 
km pi 

T E  . 1 + h i T  
Ak = - t- - K d ( B )  

~ , 

where 

P ( B )  = nonleakage probabil i ty for a l l  neutrons 

K p ( R )  = nonleakage probabil i ty for prompt neu- 

K d ( / 3 )  = average nonleakage probabil i ty for de- 

For T * 100 sec the term VI’ i n  (3) can be ignored. 
For an incremental change in the buckling, (2) 

can be writ ten as 

from fission, 

trons from fission, 

layed neutrons. 

d m ~ p ( ~ )  ( A s ’ ) ”  
Ak ( 1  - B )  k ,  t 

(a$)” m! 

‘J. T. Mihalcro et al., Preliminary Report on 2% 
U235-Enriched UFq-C25H52  Critical Assembl i e s .  ORN L 
CF-59-4-120 (1959). 

The nonleakage probabil i ty was obtained from both 
one- and two-group models by the usual expres- 
sions: 

where 

L = thermal dif fusion length, 
M’,.M; = migration area for prompt and delayed 

P 

7 p , r d  - a g e  to thermal for prompt and delayed 

Expressions for M 2  and ‘I can be obtained by 
combining (5) and (4 or (5) and (9)  i f  P,  L 2 ,  B 2 ,  
AB2, Ap, 6, and T~ are known. The thermal dif- 
fusion area L~ i s  computed from thermal cross 
sections’ and i s  1.8 cm2. The buckl ing R 2  i s  a 
measured quantity obtained from the c r i t i ca l  s ize 
of the assernbl ies  and the measured extrapolat ion 
distance. The change in buckl ing AB2 i s  known 
from the perturbations mode on the systems. The 
change in react iv i ty Ap i s  determined from the 
analysis of the stable periods produced by the 
perturbations. In  determining Ap from the inhour  
equation, fast  f iss ion i n  the U238 i s  accounted for. 
The fast  f i ss ion  factor E i s  measured by using 
both depleted and enriched uranium fo i l s  and also 
by using depleted and enriched f ission chambers. 
The neutron age to 0.8 ev for prompt f iss ion neu- 
trons and delayed neutrons o f  several in i t ia l  

neutt on s, respecti vel y ,  

neutron s, re  spec ti ve I y . 

P 

~ ~ ...... . _. . . . . . 

2D. J. Hughes a n d  R. B. Schwartz, Neutron Cross  
Sections,  2d ed., BNL-325 (July 1, 1958). 
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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  1, 1959 

energies was determined by a Monte Carlo moments 
method calculat ion on the Oracle.' The results 
are shown in Table 3.9.1. The average delayed 

Tab le  3.9.1. Neutron Age to 0.8 ev far a UF4-CH2 
Mixture w i th  an H:U235 Atomic Rotio of 195" 

Neutron 

Age t o  0.8 ev 
Source Energy 

(cm2) 

47.20 * * Prompt neutron spectrum 

460 24.98 

4 50 

420 

25.00 

24.86 

40 5 23.87 

250 21.50 
.ill 

*Calcu lat ions by J. G. Sull ivan, Neutron Phys i cs  D i v i -  

* * Ine las t i c  scat ter ing of prompt neutrons was neg- 

sion. 

lec ted . 

neutron age, 7b, used in the analysis of the ex- 
periments was 25.6 f 2.5 cm2. The result ing 
values o f  M 2  and r were then used to determine P P 
KP '  

The relat ion for the in f in i te  medium mult ipl ica- 
t ion factor obtained from (1) and (2) i s  

The parameters for the various assemblies are 
given in Table 3.9.2, along wi th  the values of 
k,, which are to be compared with a k ,  value o f  
1.216 k0.013 determined from a Physica l  Constants 
Tes t  Reactor experiment a t  Hanford. 4 

3 R .  

4V. I .  Neeley, Truns. Am. Nucleur Soc. 2, 67 (1959). 

R. Coveyou, Appl. Nuclear Phys .  Ann. f r o g .  
Rep. Sep t .  10, 1956, ORNL-2081, p 144. 

Tab le  3.9.2 Parameters of 2% U235-Enriched U F 4  in Para f f i n  

___ 
71.5 x 71.5 cm Assembly* 81.7 x 86.7 cm Assembly* 

Two- Gr ou p One-Group Two- Group One-Grou p 
Model Model Model Mode I 

46.1 k3.6 

r (,In2) 43.3 t 3.5 44.4 rf: 3.6 

k m  1.195 k0.015 1.197 k 0.015 1.200 $0.016 1.202 k 0.0 16 

ij2 (cm-2) 0.004332 0.004355 

P 

E 1.0407 5 0.002 1.0398 t 0.002 

C r i t i c a l  he ight  (cm) 94.1 66.7 
- ._____ ...i.._... __..I I 

*Base  dimensions. 
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N E U T R O N  P H Y S I C S  A N N U A L  P R O G R E S S  R E P O R T  

3.10. CRITICAL MASSES OF 93% U * ~ ~ - E N R I C H E B  URANIUM METAL 
“BUTTONS” AND “BRIQU ETT ES” 

J. K. Fox 

A series o f  experiments has been performed to  
provide data for the safe handling o f  uranium metal 

buttons” and “briquettes” i n  processing plants. 
The buttons were each about 4 in. in diameter and 

The 
briquettes consisted of metcll shavings compressed 
into cy l indr ica l  shapes 4 in. in diameter and from 
2 to  4 in. thick. One experiment was a lso per- 
formed wi th  uranium metal pel lets which were 
k - in . -d ia  rods approximately ’/4 in. long. 

In most o f  the experiments the uranium wi th  
water moderator was held in  cyl indrical graphite 
crucibles 7, 9, or 12 in. i n  diameter. The crucibles 
were approximately 1 in. thick and had heights 
that were about 50% greater than their diameters. 
Both ref lected and unreflected cases were in- 
vestigated. A few experiments were performed i n  
a 6.7-in.-din stainless steel beaker in order to 
obtain information on the relat ive ref lect ing 
properties of graphite and stainless steel. In 
some additional experiments the iT-in.-dia graphite 
crucible was placed in a firebrick annulus sur- 
rounded by copper cool ing co i l s  to  simulate a 
remelt furnace. 

In  a l l  cases the buttons and briquettes were 
stacked in  the crucibles with a minimum of voids. 
I t  was discovered that the briquettes expanded 
appreciably w i th  use owing to the absorption of 
water. Th is  increased moderation reduced the 
c r i t i ca l  mass by several per cent. 

The loadings o f  the cr i t ica l  assemblies are 
shown i n  Table 3.10.1 and those of noncrit ical 
assemblies i n  Table 3.10.2. From these data the 

I‘ 

to  1 in. thick, weighing from 4 to 6 kg. 

L. W. Gillsy 

estimated c r i t i ca l  mass for n fu l l y  ref lected button 
assembly in  the 7-in.-dia graphite crucible i s  
24 k g  o f  metal, whi le  the estimated cr i t ica l  mass 
for the buttons in the ref lected 6.7-in.-dia stain- 
less  steel beaker i s  27 kg. The difference i s  
attributed to the difference in  the ref lect ing 
properties of the two containers, The estimated 
cr i t ica l  masses for the fu l ly  ref lected 9- and 
12-in.-dia crucibles ure 27 and 36 k g  of metal, 
respectively, the difference being due to the di f -  
ference in  geometry. The cr i t ica l  masses o f  the 
unreflected button assemblies are less well  de- 
f ined than those for the reflected assemblies, 
since there was some reflector effect from the 
graphite containers and in  some cases the modera- 
tor-water height was higher than the uranium. The 
estimated c r i t i ca l  masses vary from about 42 k g  
o f  metal for the 7-in.-dia crucible to about 49 k g  
for the 12-in.-dia crucible. The minimum cr i t ica l  
mass for a ref lected button assembly i s  about 
22 k g  of U235. 

Excluding the experiments with the water-soaked 
briquettes, the lowest cr i t ica l  mass for a ref lected 
briquette assembly occurred in  a 12-in.-dia cruci- 
ble; th is  was no doubt caused by the fact that the 
packing density of the briquettes was lower i n  the 
larger container. The estimated minirnurn c r i t i ca l  
mass for n fu l l y  ref lected briquette assembly i s  
approximately 23 k g  o f  U235. 

Since only one experiment was performed wi th  
the metal “pellets,” the results are inconclusive, 
but the data indicate that the pel lets are less re- 
act ive than the buttons. 
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Table 3.10.1. Crit ical Loadings of 93% U235-Enriched Uranium Metal Buttons and Briquettes 

Average 
Fuel Water Height (in.) 

Height Moderator Reflector 

Metal 
Container Loading 

(ks of U) (in,) 

Remarks 

7-in.-ID graphite crucible 

9-in.-ID graphite crucible 

12-in.-ID graphite crucible 

7-in.-ID graphite crucible 
surrounded with fire- 
brick and Cu co i l s  

6.7-in .-dia stain less  

s tee l  beaker 

%in.-ID graphite crucible 

12-in.-ID graphite crucible 

47.3 
40.0 
23.9 
26.0 

26.9 
40.4 
38.5 

36.5 
47.4 
44.0 

38.0 
35.2 
27.0 

26. a 
27.5 

31.1 
28.4 
26.2" 
22.7* 

37.2 
34.9 
26.3 

8.0 
6.2 
4.5 
4.8 

3.8 
5.0 
5.0 

2.3 
3.5 
3.5 

Uranium Mefal Button 

7.1 
8.8 
7.0 7.0 
6.1 6.1 

7.0 7.0 
5.7 
7. a 
6.1 6.1 
4.8 
5.3 

6.5 7.5 
6.5 8.4 
5.0 6.6 6.6 

4.7 a. 3 8.3 
4.7 7.0 7.0 

Uranium Metal Briquettes 

9.8 9.7 9.7 
9.5 10.1 10.1 
8.3 9.1 9.1 
7.5 12.0 12.0 

7.8 8.3 
7.0 9.1 
5.5 6.9 6.9 

No reflector; buttons not all submerged 
Assembly had 2.6-in. top reflector only 

No reflector 
Assembly hud 2.8-in. top reflector only 

Assembly had 1.3-in. top reflector only 

Assembly hud 1.8-in. top reflector only 

Assembly had 1-in. top reflector only 

Assembly had 1.9-in. top reflector only 

Assembly had 2.1-in. top reflector only 

*These runs were made after briquettes had expanded with use in water. 

99 



Table 3.10.2. Noncritical Loadings of  93% U235-Enriched Uranium Metal Buttons, Briquettes, ond Pellets 
-..-__l._l.___ -.- ..........lll_.. ..._______.._....... .._...._.._I__ 

Average 
Fuel Water Heiuht [in.) Metal 

Container 
Moderotor Reflector Height Loading 

(ks of U) (in*) 

Remor k s 

7-in.-ID graphite crucible 

9-in.-ID graphite crucible 

12-in.-ID graphite crucible 

7-in.-ID graphite crucible 
surrounded with fire- 
brick and Cu coi ls  

6.7-in.-dia stainless s tee l  

beaker 

7-in.-ID graphite crucible 

9-in.-lD graphite crucible 

12-in.-ID graphite crucible 

6.7-in.-dia stainless s tee l  

beaker 

23.0 

26.4 

35.3 

41.0 
46.6 

33.5 

25.0 

40.6 

23.5 

25.4 
43.8 

34.0 

23.5 

21.8 

Uranium Metal Buttons 

4.0 9.5 9.5 

3.8 10.8 10.8 

2.3 10.0 10.0 

3.5 9.6 
6.0 11.0 11.0 

6.0 10.1 

4.5 9.5 9.5 

6.7 6.7 0.6 

Uranium Metal Briquettes 

10.4 15.1 15.1 

8.3 14.3 14.3 
13.8 13.8 

7.0 12-0 

4.5 12.1 12.1 

Uranium Metal Pellets 

3.4 8.5 8.5 

5 m a  I I neutron source mu I t i  p l  i c o t i  on 

observed 
Assembly had 6.1-in. top reflector only 

Fuel formed an 8-in.-ID by 12-in.-OD 
annulus 

Assembly had 4.1-in. top reflector only; 

moderate neutron source multiplico- 
tion observed 

Moderate neutron source multiplication 
observed 

Bottom reflector; s m o l  I neutron source 

mu1 t i  p l  i c a t i  on observed 

Small neutron source m u l t i p l i c a t i o n  

observed 

5 m a  I I neutron source inu I ti p l  i ca ti on 

observed 

Assembly had 5.0-in. top reflector only; 

high neutron source multiplication 
observed 

Smal I neutron source m u l t i p l i c a t i o n  

observed 
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4.1. PRELIMINARY RESULTS FROM A DETERMINATION OF THE LOW-ENERGY PORTION OF THE 
GAMMA-RAY SPECTRUM EMITTED PROMPTLY AFTER FISSION OF U235 BY THERMAL NEUTRONS 

T. A. Love F. C. Maienschein R. \V. Peel le 

The energy spectrum of gamma rays emitted 

promptly (<5 x10-* sec) after f i ss ion  of U235 by 
thermal neutrons has previously been studied for 
energies above 400 kev, and the results obtained 
from a prel iminary analysis of part of the data have 
been reported.’ The f inal  analysis has been 
carried forward and is  complete except for cor- 
rect ions for the nonunique spectrometer response 
and for the var iat ion of spectrometer ef f ic iency 
w i th  gamma-ray energy. At the lowest energies 
considered i n  these measurements (-350 kev), a 
peak in the spectrum was observed. In  order t o  
ver i f y  the rea l i t y  of t h i s  peak and the possible 
existence of other peaks, an addit ional measure- 
ment of gamma rays in  the 10- t o  800-kev range 
was init iated. (A similar measurement, not on an 
absolute y ie ld  basis and without discrimination 
ogainst neutron effects, has been reported else- 
where. 2 ,  

Knowing the low-energy prompt-fission gamma- 
ray spectrum i s  important for reactor heating con- 
siderations, since the energy of these gamma rays 
con be deposited in  a re la t i ve ly  th in layer of 
redactor material. For the study of th is  lower 
energy region it appeared feasible t o  employ a 
s ingle-crysta I spectrometer, since the peak-to-toto I 
rat ios are not too small  (for the crystal  used the 
ra t io  was >0.5 for energies below -0.5 Mev). A 
t ime-of-f I ig ht technique, made possible because 
the high inherent ef f ic iency of the single crystql  
al lowed a suf f ic ient ly long f l igh t  path,was ut i l ized 
t o  exclude pulses from neutron interaction effects 
in the scint i l lator.  Without th is  extra discrimination, 
the neutron effects i n  the single crystal  would 
hove been appreciably greater than those which 
have been observed for a mult iple-crystal spec- 
t r  ometer. 3 

’R. W. Peelle, F. C. Maienschein, and T. A. Love, 
Neutron Phys .  Ann. Prog. Rep. S‘ept .  1 ,  1958, O R N L -  
2609, p 45-46; F. C .  Maienschein ef al., Pmc. U.N. 
Intern. Conf. Peaceful Uses A~ovzic Energy,  2nd, Geneva, 

2V. K. Voi tovetsk i i ,  B.  A. Levin, and E. V. Marchenko, 
J .  E x p t l .  Theoret. Phys.  ( ( J . S  S. R.)  5,  184-88 (1957). 

’F. C. Maienschein, R. W. Peelle, and T. A. Love, 
A p p l .  Nuclear Phys .  Ann. Prog. Rep. Sept. 1 ,  1957, 
ORNL-2389, p 103. 

1958 15, 366-72 (1959). 

The crystal  used i n  the spectrometer was an 
Na l (T I )  sc in t i l l a t ion  crystal  1.75 in. i n  diameter 
by 1.0 in. thick, protected on the end by  a th in  
cover. I t  examined the gamma rays from a four- 
plate f i ss ion  chamber, containing approximately 
14.0 mg of U235, through a 342-cm f l igh t  path of 
helium contained w i th in  th in foils. A largely 
thermal neutron beam from the ORNL Graphite 
Reactor produced about 25,000 f i ss ion  counts/sec 
in  the f i ss ion  chamber. Extensive shielding of 
lead and l i th iuted paraffin reduced the background 
t o  an unimportant level. Studies were made of the 
response of the spectrometer to numerous mona- 
energetic gamma-ray sources i n  order t o  ascertuin 
the pulse-height spectral response i n  the presence 
of the shielding and col l imator system. Gomma- 
ray  and x-ray sources were a l so  used repeatedly 
t o  determine the energy vs  pulse-height cal ibrut ions 
for the spectrometer. 

I n  order t o  discriminate against f i ss ion  neutrons 
which might t ravel  down the f l igh t  path ond interact 
exoergical ly in the scint i l lator, the output of the 
gamma-ray spectrometer was examined a t  a time 
after a f i ss ion  event corresponding t o  the f l igh t  
t ime for u photon (“, lom8 sec). The resolvir ig time 
employed in  the coincidence c i rcu i t  used t o  estab- 
l i sh  time coincidence was (7.0 k 0.1) x sec, 
Because of the j i t ter  i n  t ime due t o  the poor 
electron s ta t i s t i cs  a t  the photocathode of the 
electron mult ipl ier for the low-energy gamma rays 
studied, i t  was necessary t o  determine the “eff i-  
c iency” of the coincidence c i rcu i t  as a function 
of gumma-ray energy. T h i s  determination was made 
w i th  a short f l i gh t  path (-\,15 cm) and a variable 
time delay betweenthe two signals. Representative 
prel iminary values for the coincidence-circuit  e f f i -  
ciency are given i n  Table 4.1.1. 

For the very approximate calculat ions of absolute 
spectral y ie ld reported below, the Spectrometer 
ef f ic iency was guessed on the basis of measure- 
ments for a similar c rys taL4 Th is  approach is 
poor for continuous spectral distr ibutions because 

4W. E, Mott and R. 8. Sutton,  I f a n d h w h  der P h y s i k  
(ed. by S. Flugge), v a l  X L V ,  p 128, Springer, Berl in, 
1958. 
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T a b l e  4.1, l .  Coincidence Circui t  Ef f ic iency 

( Pr e I i m in or y ) 
I......____I_ 

G a 111 lma - R a y E t i  e r g  y Ab sorb e d Coincidence 

i n  the Scintillator Circuit  

( M e V )  Ef f ic iency*  

0.0 1 

0.015 

0.025 

0.035 

0.050 

i 0.05 

0.97 ? 0.03 

0.89 0.02 

0.97 k 0.02 

0.98 5 0.01 

1.00 J?- 0.005 

1 .ooo 

*Def ined as the fraction of pulses from true prompt 

gamma rays which were accepted as such by the coinci-  

dence circuit ,  using a (7.0 * 0.1) x lo-* S P C  resolving 

time. 

no correction has been made for the Compton ta i l s  
resul t ing from the spectrometer response t o  higher- 
energy gamma rays. 

The calculated subtraction of chance background 
was demonstrated t o  be correct by  delaying the 
signals from the gamma-ray detector by  0.96 psec 
and noting :he agreement of the observed spectrum 
due t o  random coincidences w i th  the predicted 
spectrum. 

The data points i n  Fig.  d a I . l  show coincidence 
count rates obtained by delaying the s iynol  from 
the f iss ion chamber channel. The peak at 1.5 x lo-' 
sec corresponds t o  the prompt-fission gamma rays. 
Greater t imes correspond to delayed gamma rays 
or neutrons. The expected contr ibution due t o  
gamma rays from short-l ived isomers which would 
penetrate a 1.75-mm-thick lecld f i l te r  between the 
f iss ion chamber and f l ight  path is shown by the 
dashed curve, which was normalized t o  the prompt 
peak at 1.5 x sec. Th is  contribution was  
obtained w i th  a t ime analyzer and a f l ight  path of  
on ly  a few centimeters. It has been corrected for 
the resolving t ime used i n  the measurement. The 
expected neutron contribution, indicated by the 
dotted curve, corresponds to  the known prompt- 
f i ss ion  neutron spectrum converted t o  CI t ime scale 
appropriate t o  a 342-cm f l ight  path and smeared t o  
account for j i t ter in the gamma-ray detector and 
the coincidence resolving time. Constant eff iciency 
v3 energy was assumed t o  obtain th i s  curve, which 
i s  normalized arbitrari ly. The clash-dot curve, 

which i s  the sum of the plotted isomer and f ission- 
neutron effects, f i t s  the shape of thc observed 
delayed data. 

Spectral data (wi th  panr s ta t is t ics)  w ~ r e  obtained 
a t  a delay t ime of  3 x lo.-' sec, corresponding t o  
the maximum fission-neutron effects i n  the crystal. 
These spectra showed the most prominent of the 
usual peaks3 (o t  0.06 ond 0.21 Mev) due t o  inter- 
act inn of neutrons ond sodium iodide. 

Pulse-height spectra obtained w i th  a t ime delay 
corresponding to  the gamma-ray peak of F'ig. 4.1.1 
are shown in  Fig.  4,1.2. The results of three runs 
at different ga ins are given. A to ta l  of 14 runs 

I 
I 
i 

1 
TIME DC-PY IN FISSION-CHAMeER CHnNNFL i s e c )  

Fig.  4.1.1. Caincidence Count Rate a s  a Function of 

T i m e  D e l a y  (from UII Arbitrary Zero)  of the F i s s i o n  

Chambes Signal. Errors shown are stat is t ica l  only. 

Gamma-ray channel s e t  t o  accept pulses corresponding 

to energies in the range 0.035 Mev - E ' 0.99 Mcv; 
1.75-mm-thick lead absorber. 

< '  
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2 tANAl.YSlS I S  PREI.I?dlNARY; THEREFORT 2oo ~ 1 
I i E  ENERGY S C N E  15 APPROXIMATE 1 p 1 

K Y , n  -...I .......... ..... 2 .................. A.L 
~ .. . -  

0 0.1 0.2 0 3  0.4 0.5 0.6 0.7 0 8  0.9 
GAMMA -RAY €NE RGY (Me4 I 

F i g .  4.1.2. Pulse-Height  Spectra of Prompt Gamma 

R a y s  from the Thermal  F i s s i o n  of U235. T h e  top curve 

is  the data of Voitovetski i  et al., the middle and lower 

curves are obtained wi th  a coincidence resolving time 

of (7.0 ? 0.015) x sec and a 342-cm f l ight  path. A 
9.0-mm-thick lead disk was inserted in  the f l ight  path 

adiocent to the f ission chamber to obtoin the bottom 

curve. 

was completed at these three gains. The energy 
scale i s  approximate wi th an error of 2% or 2 kev, 
whichever i s  greater, an error estimate which w i l l  
be s igni f icant ly reduced i n  the f ina l  data analysis. 
Energies of the apparent peaks in the spectrum 
are shown on the graph. The corresponding data 
of Voi tovetski i '  are a l s o  shown. He used a smaller 
crystal  of sodium iodide and no t ime-of-f l ight 
discrimination against neutrons and therefore a 
much smaller detector-source separation distance. 
The curve at the bottom of Fig.  4.1.2 shows the 
resul ts obtained with a 9.0-mm-thick lead sheet 
placed i n  the f l igh t  path. With t h i s  gamma-ray 
absorber present, any neutron-induced peaks should 
be greatly enhanced relat ively.  Similar data, not 
shown on the figure, were taken for a thicker 
piece of lead a t  the lowest gain, and the absorption 
effects of the lead were experimentally checke.4 

w i th  monoenergetic sources of gamma rays and 
compared w i th  good-geornetry calculat ions. As 
shown by the lead data, any neutron peak at 60 kev 
i s  less than 10% as intense as the f i ss ion  gamma 
rays, and at other energies the neutron-induced 
pulses are negligible. The very broad peak in  the 
lead data at "260 kev may include the effects of 
lead x rays. 

The data of Fig. 4.1.3 represent the resul ts of 
app I y i ng the approxi mate spectrometer ef f ic iency 
values tabulated above to the spectral data  of 
Fig. 4.1.2. The logarithmic energy scale makes 
more apparent the low-energy peaks due t o  the 
x r i y s  emitted by  the l ight and heavy f ission 
fragments. The absolute intensit ies i n  th is energy 
region are affected appreciably by the gamma-ray 
absorption i n  the f i ss ion  chamber, but no correction 
has yet been made. 

The new data substantiate the existence of a 
peak at -350 kev as previously indicated by the 

F i g .  4.1.3. Prel iminary Spectrum of Gamma Rays  of 
Energ ies  from 10 to 800 k e v  Emitted Within -'10-7sec 
After F iss ion  of  U235. Assumed spectrometer ef f ic iency 

and no correction for nonunique response of  spectrometer. 

Previously obtained higher-energy data i s  a l s o  shown. 

The peaks due to the x rays from the light and heavy 

f ission fragments show clear ly a t  R, 15 and '"30 kev.  
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Compton spectrometer, but the marked discrepancy 
i n  y ie ld  at  energies above 0.4 hilev between these 
sets of data indicates the magnitude of the errors 
induced by the use of an  assumed spectrometer 
e f f ic iency and the lack of a correction for the 
nonunique response of the spectrometer. Al l  of 
the above data must be  regarded as preliminary. 

A meaningful comparison of these data wi th  the 
earlier resul ts for higher energies must await a 
careful a n a l y s i s  of the data. However, the simi- 
lar i ty  of the spectral shape t o  that  observed by  
Voi tovetsk i i  i s  str ik ing and indicates that his 
separation of peaks into neutron and gamma-ray 
effects was correct. The peak i n  the data of 
Voi tovetsk i i  a t  60 kev i s  due t o  neutions, and that 
a t  " ,75 kev i s  due t o  lead x rays. The more rapid 
fa l l -o f f  w i th  energy for his data would be expected, 
since he used a smaller crystal. 

Fortunately i t  was possible i n  th i s  experiment 
t o  mensure at suf f ic ient ly  low energies t o  separate 

c lear ly  the x rays due t o  the l ight  fragments (at 
-15 kev) and those due t o  the heavy fraginents 
(at -30 kev). The y ie ld  of x rays from the lighter 
fragments i s  less, as would be expected, since 
internal conversion i s  less probable for the lower 
Z nuclei and since the K x-ray fluorescent y ie ld  
i s  lower. The other more-or-less defined peaks 
w i th  energies as shown i n  Fig.  4.1.2 are presumably 
superimposed on a continuum of gamma rays from 
the decay o f  a s ta t is t ica l  ensemble of many of the 
nuclear levels formed i n  f iss ion. The number of 
peaks separated i n  th i s  measurement i s  probably 
l imi ted by  the f i n i t e  resolut ion of the spectrometer, 

It would be instruct ive t o  determine whether 
similar spectral structure i s  observed in  fast 
f iss ion or in  the thermal f iss ion of other nuclei. 
Studies wi th  Cf252, which are re la t ive ly  easy 
because of the low backgrounds associated w i th  
spontaneous fission, would d isp lay the gamma rays 
from f i ss ion  fragments in  a higher mass region. 

4.2. THE ~~~~~~~~A~~~~ OF 7 OF U233 BY DIRECT ~~~~~R~~~~ OF 
CRITICAL EXPER! ENTS IN LARGE SPHERES' 

D. IN. Magnuson R. Gwin 

The method for the determination of 7 of U233 (the number of neutrons produced per neutron absorbed) 

q h i c h  involves the direct  comparison of c r i t i ca l  assemblies of U233 and 1J235 i n  ident ical  geometries 

has been described previously.2 The experiments have now been extended t o  include measurements 

w i th  f i ve  concentrations of aqueous U23302(N03)2 solutions and four concentrations of aqueous 

U23502(N03)2 solutions i n  a 63.2-cm-dia sphere, i n  which boric ac id  was used as  a poison t o  enable 

variat ion i n  the uranium concentration. In addition, unpoisoned solut ions of  U23302(N@3)2 and 

U23502(N0,)2 have been made c r i t i ca l  i n  a 122-cm-dia sphere. 

In the c r i t i ca l  equation used for the 17 comparisons, the neutron energy spectrum was assumed t o  

and an epithermal flux,h/E, where h i s  the proportionality factor. The consist of a Maxwell ian flux, 

equation, which includes corrections for epithermal absorptions and fissions, i s  

CaU dE + hu - dE 
(1  + L 2 i 3 2 )  

L .I 

keff = - 

~ ~~ 

' A  inore thorough analysis of these data, in which more recent cross-section volues were used, w i l l  be reported 
T h i s  paper was presented at the Annual Meet ing of the American Nuclear Society, Gatlinburg, Tann., elsewhere. 

June 1959. 

2D. Vi. Magnuson, Neutron Phys .  Ann. Prog.  Rep .  S e p t .  1, 1958, ORNIL-2609, p 29. 
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where C i s  the macroscopic f i ss ion  cross section, K ( B )  the nonleakage probabil i ty of f i ss ion  neutrons I 
t o  thermal energies, B 2  the buckling, sal the total  macroscopic absorption cross section, the macro- 

scopic absorption cross section for the uranium isotope, L the di f fusion length, and v the number of 

neutrons produced per f ission. 

Values of X were calculated by a neutron balance at the thermal cutoff from 

A -  x 
Experimental values of X, evaluated from the fission-product gamma-ray ac t iv i t ies  of bare and cadmium- 

covered U233 and U235 fo i l s  introduced at the centers of the spheres, are in  close agreement w i th  the 

ca I cu lated va I ue s. 

F l u x  traverses made v i t h  miniature f iss ion chambers were used t o  obtain B2, which represents the 

The ef fect ive extrapolat ion distances 6 were calculated from the f i ss ion  distr ibut ion in  the sphere. 

vglues of B 2  and the volume average radii. 

The inf in i te-di lut ion resonance integrals for U233 and U235 employed in  the c r i t i ca l  equation were 

those calculated by Kinney.' The Maxwellian-averaged cross sections are those of BNL-325,4 and the 

/ factors nre from Harvey and  sander^.^ 
Table 4.2.1 summarizes the experimental and calculated data. The value of 7 of U233 determined 

from the data for the 122-cm-dia sphere should be the best value because of smaller neutron leakage and 

smaller resonance effects. Th is  value i s  2.295 k 0.036. 

'W. E. Kinney, unpublished Oracle calculat ions.  

4D. J. Hughes and R. €3. Schwartz, Neutron Cross Sec t ions ,  2d ed., BNL-325 (July 1, 1958). 
'J. A. Harvey and J. E. Sanders, Progr. in Nuclear Energy ,  Ser. I 1, 1 (1956). 
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Tab le  4.2.1. Experimental and Calcu lated Data for C r i t i c a l  Spheres 

__I_ 

Solution Concentrat ion 
2 3  ( d . c )  

?7(6,c) r7 
6 

K ( 5  )(a’ Sphere Radius (g/ l i ter)  
(cm) ~---II____ (cm)* 

U 2 3 3  U 2 3 5  Boron 

34.6 18.75 
21.92 
24.94 
26.51 

61.0 14.1 1 

34.6 16.74 
17.45 
18.10 
18.74 
19.36 

61.0 12.93 

0.000 
0.0935 
0.187 
0.230 

0.000 

0.000 
0.0239 
0.046.5 
0.0688 
0.0912 

0.000 

0.0434 
0.0483 
0.0555 
0.0602 

0.0368 

0.0417 
0.0423 
0.0428 
0.0433 
0.0439 

0.0343 

1.9 
1.9 
1.9 
1.9 

1 .o 

1.9 
1.9 
1.9 
1.9 
1.9 

1 .o 

0.8394 
0.8391 
0.8418 
0.8403 

0.9342 

0.8391 
0.8397 
0.8404 
0.81 17 
0.8412 

0.9400 

2.061 k 0.036 
2.060 ‘r 0.036 
2.066 ? 0.037 
2.061 k 0.038 

2.065 k 0.319 

2.266 1 0 . 0 4 6  2.277 * 0.038 
2.268 + 0.047 2.279 A 0.038 
2.270 k 0.047 2.281 * 0.038 
2.269 2 0.047 2.285 f 0.038 
2.273 ‘r 0.047 2.283 * 0.038 

2.281 t 0.027 2.295 * 0.036 

* A  subsequent analys is  has shown that better values o f  6 would be 2 2  and 2 4  cim instead of 1.9 and 1.0 cm. 

(“Values of q assumed for the K ( 5 )  calcu lat ions are r7235  = 2.076 and 1 7 2 3 3  = 2.28. 
(6)Values of K(B)  used to determine 7 were  calcu lated from the assumption that K ( 5 )  = 1/(1 + T H ’ ) ~  i n  wh ich  

7 = 25 cm2; the numerical values are K ( R )  - 0.8437 for the 69.2-cm-dia sphere and 0.9397 for the 122-cm-dia sphere. 

(C)Probable errors are based on f ract ional  errors of 0.1 in  T ,  h, [ @ / / E )  dE,  and f ( x a u / E )  d E ;  0.01 i n  uaU and 

r 7 2 3 5 ;  and 0.005 i n  NU ( the uranium atom density in  the solut ion). 

@)The values of K(B)233 used t o  determine 1 7 2 3 3  were assumed t o  be equal t o  the average volues of K(B)235 
calcu lated from the U 2 3 3  experiments; the numerical values are K ( 5 ) 2 3 3  = 0.8401 for the 69.2-cm-dia sphere and 

0.9342 for the 122-cm-dia sphere. 

4.3. CALCULATlONS 6 F  7 OF U’35 AsdB U a 3 3  F 
IN CYLINDRICAL GEOM 

RTlCAL EXPEWlME 

D. W. Magnuson 

The c r i t i ca l  experiments which were performed 
in 5- and 9-ft-dia stainless steel cyl inders and 
which are described in  Sec 3.5 of th is report have 
been analyzed to determine the values of q, the 
f iss ion neutron y ie ld  per neutron absorbed, for 
both U233  and U235.  For this analysis the method 
outl ined in Sec 4.2 was used, the required now 
leakage probabil i t ies being calculated by the 
method described in Sec 5.2, For the nonleakage 
probabil i ty calculations, an age to  thermal energy 
for delayed neutrons of 9 crn2 was assumed. The 
errors include a 4% error in  the delayed neutron 
yield, in addition to the experirnenfal errors.  

R. Gwin 

The nonleakage probabil i t ies a i d  9 values are 
summarized in  Table 4.3.1. Errors of 1% in  the 
uraniuiii cross sections and of 0.5% in the 
chemical analyses were included in  the estimated 
errors for the 7 values. World consistent V ~ ~ U O S  

of the cross sections were used to obtain these 
data, 

* A  mors thorough ana lys i s  of  these data, i n  which 
more recent cross-section vol i ies were used, w i l l  be 
reported el  sewhere. ’ J. A. Harvey, ORNL, pr ivate communication, Ju ly  
15, 1959. 
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Tab le  4.3.1. Experimental and Calcu lated Data from C r i t i c a l  Experiments with Aqueous Solut ions 

af U23502(N0,)2 and U23302(N0 , ) ,  in Cy l i nd r i ca l  Geometry 

Cy1 inder Solut ion 

Dimensions Concentrat ion 
7 (in.) (g/1 i ter)  Experimental Nonleakage - I___ 

Pr oba bi I ity, P( R )  u 2 3 3  ~ 2 3 5  
Diameter  Height*  U233 U235 

60.92 19.49 14.12 
23.31 13.53 
30.58 12.88 
54.69 12.21 

60.92 17.75 
18.68 
28.64 
41.42 
80.03 

107.7 35.8 
48.2 
94.9 

~~ 

0.8865 f 0.0077 2.290 * 0.025 
0.9093 f 0.0059 2.283 * 0,021 
0.9341 k 0.0040 2.281 f 0.016 
0.9602 f 0.0022 2.284 k 0.014 

16.13 0.8683 f 0.0090 
15.83 0.8790 & 0.0082 
14.22 0.9298 5 0.0042 
13.59 0.9517 k 0.0027 
13.07 0.9678 f 0.0016 

13.24 0.9599 f 0.0025 
12.92 0.9730 k 0.0016 
12.61 0.9861 5 0.0007 

2.072 f 0.025 
2.052 * 0.023 
2.049 f 0.014 
2.055 k 0,012 
2.066 & 0.012 

2.062 k 0.014 
2.057 k 0.014 
2.055 k 0.014 

I 

* C r i t i c a l  volumes and masses for these data are inc luded in  Tables 3.5.1 and 3.5.2 o f  Sec 3.5 in t h i s  report. 

~ ~ 

4.4. MEASUREMENTS OF 7 OF U233 AND U235  BY A MANGANESE BATH TECHNIQUE 

G. deSaussure 
J. D. Kington 

An increased emphasis on the investigation o f  
the poss ib i l i t ies  of breeding reactors operating in 
the thermal region, plus the recent publ icat ion 
of Br i t i sh  measurements, 3 * 4  has ernphosized the 
need for an accurate determination of the value 
of YI of U233. An experiment has been performed 
wi th  the Bulk  Shielding Reactor I (BSR-I) to 
meusure th is  value with an accuracy o f  +1% or 
better. In addition, a value of 7 of U 2 3 5  has 
been determined. 

The experiment consisted i n  measuring the 
intensity of a thermal-neutron beam and then 
measuring the to ta l  number of f iss ion neutrons 
produced by the beam i n  a U 2 3 3  or U235 sample. 
The ra t io  of the two measurements is, by 
definit ion, 7. The neutron detector used for these 
measurements was a 1-m-dia sphere f i l l e d  w i th  
an aqueous solut ion o f  manganese sulfate (MnSO,). 
A large fraction o f  the neutrons was absorbed in 

R. L. Mackl in’ 
W. L. Lyon2 

the manganese, the activation of which was de- 
termined by measuring the 0.85-Mev gamma rays 
emitted i n  the decay of 2.56-hr MnS6. 

A diagram of the experimental arrangement5 in  
the reactor pool i s  shown in  Fig. 4.4.1. Fiss ion  
neutrons emitted by the BSR-I were thermalized 
i n  a large tank of D,O immediately adjacent to 
the reactor. Thermal neutrons from the D 2 0  tank 

’Phys i cs  Div is ion.  

2Chemistry D iv i s ion .  

3C. J. Kenward, R. Richmond, and J. E. Sanders, A 
Measurement o/ the Neuiron Y ie ld  in Thermal F i s s ion  

o/ U235, AERE-R/R-2212, rev ised (1958). 
4From 7233 4 235 7 1.074 kO.015 of H. Rose, W. A. 

Cooper, and R. E. Tattersal l ,  Pror. U . N .  Intern. Conf. 
Peace fu l  U s e s  Atomic  Energy,  2nd, Geneva, 1 3 5 8 ,  

A/Conf 15/P/14, and q235 = 2.02 f 0.03 from re f  3. 
5This equipment was designed by F. R. Duncan, 

Instrumentation ond Contro ls  Div is ion.  
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w w e  then shaped i n t o  a beam by a long cadmium- 
I ined, air-fi I led coI limator containing two cadmi um 
diaphrayms, The beam terminated in the center 
of the sphere f i l l e d  wi th  the manganese sulfate 
solution. The target a t  th i s  point consisted o f  
four 1.44-in.-dia, 0.025-isa.-thick foi ls of highly  
puri f ied LJ233 or U 2 3 5  fol lowed by a 0,020-in.-thick 
cndwium foi l .  The f iss ion neutrons produced in  
the tnrget eTcaped into the manganese bath, which 
was large enough that the leakage of f iss ion 
neutrons from the bath was less h n  0.5%. 

The four uranium fo i ls  were spaced so that 
mul t ip l icat ion in the target, an effect which i s  
analogous to the fast effect i n  reactor fuel rods, 
viould be minimized. The cadmium foil was 
included so that the sample C G U I ~  be reversed for 
cadmium difference measurements, which were 
talien to ensure that the value of 7 measured was 
an averngc aver a thermal spectrum. Monitoring 
of the thermal-neutron beam was accomplished by 
a thin (20 rng/cm2) manganese foil ~t the entrance 
to the sphere. 

Act ivat ion measurements were made wi th  a 
special ly designed sc in t i l la t ion counter arramge- 
msnt cmploying a 3-in.-dia by 3-in. NaI(TI) 
crystal, The design of the counter permitted 
measurements of either the activated solution 
or the nionyanese foil monitor to  be made with the 
same crystal phototube combination and with 
accurately rsproduci ble geometry. 

For each measurement of q four irradiations 
were  made: one wi th  the fuel sample in place, 
another wi th  the target reversed so that the beam 
was incident upon the cadmium foil, a third wi th  
the open beam (no sample), and the last  with a 
cadmium disk in  the target position. For each 
irradiat ion the BSR-8 wc~s operated a t  a power of 
11 Mw, 

Fol lowing each irradiat ion the manganese S U I -  
fate solut ion was stirred for 30 niin. Then a 
I - l i t e r  sample was weighed and i t s  act iv i t y  
measured. In order to maintain a count rate of 
n~ I O 3  counts/sec, thus avoiding problems of pulse 
pi leup in the counting equipment, samples taken 
after irrcrdiation of the U 2 3 3  target were d i lu ted by 
a factor o f  2.5. The rutio of solut ion activation 
to monitor act ivat ion was reproducible to wi th in  

0.3% from day to day. All measurements were 
repeated wi th  several different crystol-phototube 
combinations to  guard against unsuspected error. 

T h e  value of i? was obtained by the relat ionship 

where the R i ’ s  are the rat io  of the ac t iv i t y  of on 
aliquot sample of the solution t o  the act iv i ty  of 
the manganese f o i l  inonitor, Since, as noted, 
both act iv i t ies  were measured on tlie same 
detector, the rnt io  WCIS independent of ssnal I 
day-to-day variations in detector efficiency, and 
because only the ratio between measurements was 
used, any constarit uctivration of the manganese 
bath due to leakage of ne~ltrons f r o m  the reactor 
was canceled, The asterisk in  Eq. ( 1 )  indicates 
that some minor corrections had to be applied to  
the mcasured value  to  obtain the f inal result. 

Table 4.4.8 summarizes the corrections which 
were applied. The largest correction wos due to 
the fast  e f fect  in  the target foil, even after this 
effect had been minimized by sp l i t t ing h e  foil. 
A second correction was required because the 
sample was not  to ta l ly  absorbing for oll neutrons 
below the cadmium cutoff energy, and another was 
necessary because some thermal neutrons wete 
scattered out of the sample befare being absorbed. 
Another correction i s  impl ic i t  in the probabil i ty 
that some f ission neutrons, after slowing down in  
the manganese bath, w i l l  be captured in  the 
sample and w i l l  produce further mul t ip l icat ion 
(“ indirect” multiplication). Unavoidable isotopic 
and chemical impurit ies in the sample necessitate 
an addit ional correction, as wel l  as the excess 
absorption of f iss ion neutrons is1 the 340-ev 
resonance i n  manganese. Parasir ic absorption 
of neutrons i n  structural materials involved u 
correction taking into account the differing 
absorptions of thermal and f iss ion neutrons. 
Because of the f in i te  radius of the sphere, some 
f ission neutrons escaped without capture; others 
escaped through the collirnafor (“dtict streaming”). 
The effects of ( n , t ~ )  and ( 1 7 , ~ )  reactions in the 
detector bath were also considered, and f ina l ly  a 
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Tab le  4.4.1, Corrections to the Measured Values of  q* 

Ratio of q* t o  7 
u 2 3 3  u 2 3 5  

-_I ._....._. 

........ ~ .._.I 

Fas t  mu I t  i p I i ca ti on 

l r n n s m i s s i o n  and energy dependence 0.9870 -1- 0.0035 0.99 t 0.01 

Scattering from the fue l  sample 0.9976 f 0.0012 0.9976 k 0.0012 

Ind i rect  mu l t ip l  icut ibn 0.9871 k 0.006 0.9861 * 0.006 

Impurit ies in  the fuel sample 0.9995 k 0.0005 0.9995 + 0.0005 

Excess resonance absorption in  manganese 1.0052 k 0.0005 

Absorption i n  structural mater ia ls  1.0057 0.0040 

Leakage of f i ss ion  neutrons 0.9976 t 0.0015 

Duct streaming 0.9998 k 0.0002 

(n ,  a )  and (n ,p)  threshold reactions 0.9960 0.0030 

1.0347 k 0.0030 1.0193 + 0.0020 

To ta l  effect: q/q* 0.9906 -k 0.0090 1.0035 k 0.013 

correction was made to convert the thermal value 
of 7 to the value for a neutron veloci ty of 2200 
m/sec. 

Table 4.4.2 presents the preliminary results of 
th is experiment and compares them with results 
of other experiments. The preliminary values of 
JI of U 2 3 3  and U 2 3 5  are in  excel lent agreement 
with the world-weighted averages6 but are incon- 
s istent wi th the recent UK v ~ l u e s . ~ * ~  

Since q* cart be measured in  this experiment 
to < _+0.2%, and since a l l  the corrections are of 
the order of 1%, excel lent accuracy can be 
achieved. It i s  anticipated that f inal evaluation 
of corrections w i l l  permit the determination of the 
absolute value of q to  wi th in k0.015. 

The method has a lso  been used to determine the 
value of 7 of  P u ' ~ ~ ,  but since the corrections 
have not been made no value w i l l  be quoted. 

6D. J. Hughes and R. B. Schwartz, Neutron Cross  
Sections, 2d ed., BNL-325 (Ju ly  1, 1958). 

T a b l e  4,4.2. Comparison o f  Various Values o f ?  

77 
~ ....... ~ 

u 2 3 3  "235 Reported by 

i3N L-3 25 a 2.29 F 0.02 2.07 k 0.015 

Uni ted Kingdomb 2.02 * 0.03 

Uni ted Kingdomc 2.17 f 0.03 

desaussure et al. 2.30 k 0.02 2.07 * 0.02 
(present invest igut ion)  

aD. J. Hughes and R. 6. Schwartz, Neutron Cross  
Sections, 2d ed., BNL-325 (July 1, 1958). 

bC. -1. Kenward, R.  Richmond, and J. E. Sanders, 
A Measurement o/ the Neutron Yzeld zn Thermal Fzsszon 

o/ L'235j, AERE-R/R-2212, rev ised (19.58). 
CFrom 9233/7235 = 1.074 kO.015 of H. Rose, W. A. 

Cooper, and R. B. ' Iattersul l ,  PTOC. U.N. Intern. Con/. 
Peace/ul Uses  Atonlzc Energy ,  2nd, Geneva,  1958, 

A/Conf. 15/P/14, and q235 = 2.02 + 0.03 from Kenward 
et al. (footnote b) .  
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4.5. PRELIMINARY MEASUREMENT OF THE GROSS SPECTRUM OF GAMMA RAYS A S ~ ~ ~ A ~ ~ ~  
WlPN THE INTERACTiQN OF THERMAL NEUTRONS AND U235 

F. C. Maienschein T. A. Love 
R. W. Peel le  

During the past several years extensive spectral 
riieusurements o f  gamma rays associated with the 
thermal f iss ion o f  U235 have been carried out a t  
the Laboratory.’ From these measurements energy 
spectra for both prompt and f iss ion product gamma 
rays have been obtained. It has been suggested 
by Goldstein2 that a spectral ‘measurement of the 
to ta l  gamma-ray production due to  the absorption 
of thermal neutrons in  U 2 3 5  would be desirable for 
shielding ca I cu I at ions. A pre I i m inary e x  per i ment 
has now been performed to  measure the gross 
spectrum, and the results are reported below. 
Only the re la t ive shape of the spectrum was ob- 
tained, since the f iss ion rate was not determined 
and several sources of error which were recognized 
could no t  be corrected for. A s  explained later in 
the paper, an adequate refinement of the experi- 
ment would be d i f f i cu l t  w i th  the exist ing apparatus. 

The pertinent features of the experimental 
arrangement are shown in Fig. 4.5.1. A three- 
crystal pc i r  spectrometer’ was used t o  examine 
the gamma radiat ion emitted by CI d isk  o f  U235 
positioned over the thermal column adiacent to 
the Bulk  Shielding Reactor. The disk was approxi- 
mately 0.700 in, i n  diameter and about 0.042 in. 
thick. The response of the pair spectrometer to 
nionoenergetic gamma rays i s  shown in Fig. 16 of 
ref 1, and the neutron response was estimated t o  
be smal l  on the basis of investigations described 
e l ~ e w h e r e . ~  The magnitude of the radiat ion not  
associated wi th  the interaction of thermal neutrons 
with U235, that is, the background radiation, was 
determined by replacing the U235 disk with a 
U238 d isk  of approximately equal weight. 

The experimental data obtained were not 
appreciably affected by the instrumentation errors 
such as analyzer nonlinearity, count losses, gain 

1 -  i-. C .  Maienschein ri ai., FTOC, U.N. Intern. Conf. 
peiaceful U s e s  Atomic Energy, 2nd, Geneva,  1958 15, 
366 (1958);  see also s e c  4.1 in this report. 
2H. Goldstein, FundnmPntnl A s p e c t s  of Reactor  

Shielding, p 63, Addison-Wesley, Reading, Mass., 
1959. 

3 F .  C. Maienschein, R. W. Peelle, and T. A. Love, 
Energy Spectrum of Prorripl Gamma R a y s  Accompnnying 

the F i s s i o n  O /  U2”, ORNL-2389, p 99-110 (1957) .  

drifts, etc. Thermal-neutron interactions i n  the 
spectrometer wal ls  and i n  the Nal(T1) crystals 
used in  the Spectrometer were minimized by the 
extensive use of l i thium shielding, and the short- 
time response o f  the spectrometer (about lom7 sec) 
to fast  capture or ine lust ic  scattering of f iss ion 
neutrons had already been shown to  be sinall for 
th is  g e ~ r n e t r y . ~  Interactions due to  part ial Iy 
tnoderated neutrons in the kev region were not 
eliminated as a source of appreciable background, 
Nor was a correction made for the nonunique 
response of the spectrometer. Th is  lattes cor- 
rect ion would probably vary from about 10% a t  the 
high energies to about 20% at  2 Mev and BO ci 
factor of 2 at  the lowest energy. No correction 
was made for the fact that the f iss ion product5 
were not quite saturated in  the 130QO-sec run, 
Examination of the f iss ion product spectrum’ 
indicates that th is  would have no appreciable 
ef fect  on the spectral shape, however. 

The spectral data obtained when the U235 disk 
was in  posit ion were combined in to energy bins, 
and Q subtraction was made for t h e  buckground, 
(The background caused by random coincidences, 
which amounted to n o  more than 2.5% at any 
energy, was not subtracted.) The results, arbi- 
t rar i ly  normalized to  give the best over-all fit, 
are shown in Fig. 4.5.2. The background spectrum 
i s  a lso presented. Both sets of data were cob- 
rected for the relative spectrometer eff iciency 
and thus represent the re la t ive number of gamii-ro 
rays as a function of energy. The errors shown 
are those due to counting s tat is t ics  only. It may 
be noted that these errors become oppreciable at 
the higher energies, since the background i s  about 
an order of magnitude larger thon the foreground, 
An indication of the success of the baskgrourid 
subtraction i s  given by the removal o f  the gamma- 
ray peak due i o  hydrogen capture, which i s  quite 
prominent in  the background. 

The so l id  curve in Fig. 4.5.2 was obtained by 
adding the prompt-fission and f ission product 
gamma-ray spectra reported in red 1. The sta- 
t i s t i ca l  errors shown there vary from about 26% at  
7 Mev to a negl ig ib le  error at low energies. The 
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f i g .  4.5.1 Arrangement of Apparatus for Determination of Integral Gamma-Ray Spectrum Associated with tho 
Interact ion of Thermal Neutrons and L1235. 

summation of these two  spectra i s  completely 
consistent in shape with the results of the present 
experiment when the error due to the nonuniqueness 
of spectrometer response i s  considered. It is 
probable that the data of Motz,' also shown in  
Fig, 4.5.2, are consistent with the results of h e  
present experiment, but this  cannot be veri f ied 

4J. W. Matz, Phys.  R e v .  86, 753 (1952) .  

104 

since no errors are ovai lnt l lc for the Motz 
experiment. 

It i s  reassuring to  observe the apparent agree- 
ment in spectrcrl shapes hctween the two integral 
measurements of U 2 3 5  gamma rays and the 
summation of the prompt-fission and f ission 
product spectra. However, the errors in  the 
integral measurements are so large that no 
meaningful conclusions can be drawn concerning 
the other saurces of gamma radiation, primari ly 
gamma rays result ing From neut ron  capture in 
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lntoract ion of Thermal  Neutrons and U235. All  data 

nomalized to g ive  the best  over-al l  f it .  

U 2 3 5  and very short- l ived f iss ion products 
(T,,2 < .1 set). For th is  purpose a much more 
accurate measurement would be required, and the 
f iss ion rate should be determined sa that the 
energy y i e l d  could be checked on an absolute 
basis. 

A measurement o f  adequate accuracy would be 
d i f f i cu l t  w i th  the ex is t ing apparatus, however. 

An accurate determination of the f iss ion rate 
would be made d i f f i cu l t  by the variation of the 
thertnal-neutron f lux in the region around the 
U235. In  addition, the presence of apparatus 
around the f iss ion source may lead to  the part ial  
moderation of f iss ion neutrons, thus increasing 
their probabil i ty of interaction i n  the sodium 
iodide crystals. Par t ia l ly  moderated prompt- 
f iss ion neutrons would not have been detected i n  
the prompt-fission gamma-ray experiment because 
of the time-coincidence requirement. F u l l y  moder- 
ated (thermal) neutrons are excluded from the 
crystals by the l i thium shield. 

It further appears desirable to  measure the 
gamma rays from the U235 a t  a backward angle 
with respect t o  the incident thermal-neutron beam, 
since the neutron beam i s  inevitably contaminated 
with gamma rays. The scattering of such gamma 
rays w i l l  be much worse at low energies, which 
were not studied in the present preliminary 
experiment. 

Because of the considerations outl ined above, 
it would appear that new experimental apparatus 
would have to be assembled i f  a meaningful 
measurement of the gamma rays due to  t i le inter- 
act ion of thermal neutrons with U235 were to be 
performed. The requirements for a well-coll imated, 
hi gh-intensi t y  thermal -neutron beam with I i tt le  
contamination and low general background could 
not eas i ly  be met. The interfering effects con- 
sidered i11 th is  section and the other sources of 

error would a lso need t o  be studied carefully. 
Some o f  the neutron-induced background problems 
might be al leviated by the use of n magnetic- 
deflect ion Compton spectrometer, but the extremely 
low eff iciency of such devices would aggravate 
the need for an intense beam and the determination 
o f  the f iss ion rate. It i s  not clear that the effort 
necessary for an accurate measurement would be 
warranted. 
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5.1. AN INVEST\GATlON OF THE SLOWING DOWN OF FISSION NEUTRONS 1N WATER 

P. V. Blosser 

An experiment designed to measure the s lowing 
down o f  U 2 3 5  f iss ion neutrons in  water to  indium 
resonance energy has been described previously.’ 
Th is  experiment i s  intended to resolve the long- 
ex is t ing  discrepancy between the measured values 
of the age of f iss ion neutrons in water and the 
many computed values, and to th is end the major 
portion o f  the experiment i s  devoted t o  the deter- 
mination o f  the importance of perturbing ef fects 
not examined i n  earl ier measurements. These 
effects have been discussed in  detai l  elsewhere;’ 
they include (1) the ef fect  o f  the water-graphite 
boundary inherent in the experimental arrangement 
on the f lux wi th in the noninf in i te medium, (2) the 
ef fect  of the fo i l  detector employed on the f lux 
detected, (3) the effect o f  the s ize  of the source, 
and (4) the ef fect  o f  the detector on the f lux 
impinging on the source. 

Because the neutron distr ibut ion fronl a f iss ion 
source in  water varies rapidly with distance, a 
large number of source-detector combinations 
must be ut i l ized, and since the perturbing ef fects 
noted vary wi th each arrangement, a tremendous 
amount o f  duta must be obtained. A large amount 
of information has already been col lected and a 
part ial  analysis has been made. Although fo i l  
ac t i v i t ies  have been measured by both gamma-ray 
and beta-part icle counting, only the gamma-ray 
data has been analyzed. 

The arrangement for most of the experiments 
has been described previously.’ The L id  Tank 
Shielding Fac i l i t y  (LTSF) has also been ut i -  
I i zed for measurements a t  large source-to-detector 
separotion distances. Data have been obtained 
to date for 1-, 2-, 4-, and 5-cm-dia by 0.004-in.- 
th ick U235 source fa i l s  and 1.1- and 3.2-cm-dia 
by 0.005-in.-thick indium detector foi ls. The 
thickness o f  the cadmium covers on the indium 
fo i l s  has been varied from 20 to 140 mils. Very 
thin fo i l s  were prepared by on evaporation 
technique for use in the determination o f  the 
effect o f  the fo i l  detector on the f lux detected, 
and for a future measurement of the ef fect  of 
source thickness. Useful  f i lms of indium as thin 

I T .  V. Blosser,  D. K. Trubey, and E .  P.  Blizard, 
Neritron Phys.  Ann. Prog. Rep. S e p t .  1, 1958. 
ORNL-2609, p 55. 

D. K. Trubey 

as 0.3 mg/cm2 (0.016 mi l )  and of 93.22% U235-  
enriched U as thin as 0.063 mg/cm2 have been 
deposited on a 0.25-mil Mylar base. In the use of 
such thin indium films, the problems of s l ight  
variat ion in  thickness over the evaporated sheet 
and s ta t i s t i ca l  variat ion in weight determinations 
have largely been overcome by the fol lowing 
techniques: The relat ive thicknesses o f  the 
indium fo i l s  cu t  from one evaporated sheet were 
determined by act ivat ion analysis. With th is 
information, an absolute thickness could be ob- 
tained for each f o i l  by dissolv ing only a few o f  
these fo i l s  and chemical ly analyzing the solutions. 
Thicknesses of the vacuum-deposited U235 fo i l s  
are determined by alpha-part icle counting and by 
counting of the natural gamma-ray ac t iv i t y  of the 

The ef fect  of the water-graphite boundary has 
been evaluated by placing the source direct ly on 
the bottom of the thermal calumn tank, and then a t  
varying distances from the bottom. It has been 
experimentally determined for the small sources 
used that the source posi t ion has no observable 
ef fect  for large (2  12-15 cm) source-detector 
separations. For small  ( < l o  cm) separations a 
distance of 9.6 cm from the bottom of the tank to  
the source i s  more than suff ic ient  to  overcome 
ony ef fect  due to  source position. 

The ef fect  of using cadmium covers on ii-idium 
detectors has been investigated for a 2-cm-dia 
source and a 1-cm-dia detector, and the results 
are shown in  Fig, 5.1.1, where saturated indium 
ac t iv i t y  i s  plotted as a function of cadmium cover 
thickness for source-to-detector distances from 
4.5 to 20.5 cna. A cadmium correction factor, 
FCd, derived from this data i s  plotted as a 
function of distance from the source for cadmium 
thicknesses of 40 and 140 m i l s  in  Fig. 5.1.2. 
The error shown i s  the standard error of the 
intercept in  Fig.  5.1.1 as establ ished by a least- 
squares straight- l ine fit, unless th is  was less than 
+ I $ % .  (A more complete discussion of the 
cadmium cover ef fect  may be found i n  Sec 8.9.) 

The ef fect  of the s ize of the source was studied 
by examining the source-strength distr ibut ion of 
the 2-cm-dia source used for most of the measure- 
ments. Concentr ic c i rcular 2-mil-thick gold fo i l s  
of various diameters were placed on each side of 

u 2 3 5 .  
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Fig. 5.1.1. Soturoted Acf iv i ty  o f  o 5-mil-thick, 1.11- 
cm-dio Indium Foil os o Function of Cadmium c o v e r  

Th ickness  for Various Distances from o 1.95-cm-dio 

u235 Source. 

the source. The act iv i t ies  of the foils, shown in 
Fig. 5.1.3, indicate that the variation of the source 
strength per un i t  area a5 a function of the diameter 
of the source i s  smull.  Since the geometric cor- 
rection (described below) for a 2-cm-dia source 
i s  a lso very sninll  (<2%), the source was assumed 
to  have a constant strength. (The over-all average 
source strength is about 5% greater than that at  
t h e  center.) 

Analys is  of experimental results requires a 
geometrical correction to  reduce the data obtained 
from a disk-source-disk-detector tonfiguration to 
the desired point-source-point-detector kernel. 
The ra t io  of the experimental detector response to 
the detector response i n  a point-source-point- 
detector geometry has been given’ as: 

A ( R  ) = -- 0 , 
G ( R o )  JJd .5  dS’ 

UNCLASSIFIED 
ORNL 1.R-DMG 4 2 5 3 4  

I . ..l . . 
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Fig.  5.1.2. Cadmium Correction Factor, F C d ,  as a 

Funct ion of  Distance from Source in  Water. F i v e - m i l -  
thick indium foils w i th  140- and  40-mil-thick covers. 

lo I 
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Fig .  5.1.3. Act iv i ty  Per Unit Area of 2-mil-thick Gold 
Source Monitor Fail as  a funct ion of  Foil  Diameter 

(Source i s  0.75 in. in  Diameter and 4 m i l o  Thick). 

where 

R ,  = separation distance of foils, 

G ( R )  = point-to-point kernel, 

ds, d?’ = differential source and detector areas, 
respectively . 

In contrast to previous experiments, in which 
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C ( R )  was approximated so that the transformation 
could be performed analyt ical ly, the present work 
employs an Oracle code for a numerical integration 
of the point-to-point kernel over the source and 
detector areas, beginning with an assunied G ( R )  
and using the calculated value of iI to immove 
the assumption in successive iterations. 

Various choices of the in i t ia l  kernel may be 
made, including results of previous experiments, 
measured data, etc., but the in i t ia l  kernel used 
in  general has been determined by the type of 
transformation used by H i l l  and Roberts.’ For 
c i rcular disks: 

a2 + b’ d G ( R )  

4 R  dR 
C ( K )  2 G m  ( R )  - -- , 

where 

r~ 7 source radius, 

h = detector radius, 

G,(R) - measured kernel. 

Therefore, 

G ,  ( R )  a2 t b2 d G ( R ) / J R  
A(R)  =- ___ -’ 1 t ____ 

G ( R )  = 4 R  G( 10 

In the calculat ion it i s  assumed that 

&( R ) / &  dC, ( R ) / d R  
- - 

G ( R )  G,(N I 

and that the kernel i s  a Gaussian over a distance 
of 1 cm. A smoothed set of data points a t  I-cm 
intervals was taken to be Gm([-?). It was found 
that the Hi I l-Roberts expression yielded the cor- 
rect  kernel to wi th in less than 1% for the source- 
detector combinations used. It i s  of interest to 
observe that resul ts obtained by th is code agreed 
within a few per cent wi th results obtained by the 
usual analyt ic transformation of LTSF data, and 
smoothed curves for the two sets o f  values agreed 
even more closely. 

Suff icient data to  deduce either an inf in i te-  
d i lut ion age or a zero-cadmium age have not ye t  

’J. E .  Hi l l ,  L. D. Rober t s ,  and T. E. Fitch,  The 
Slowing Down nis f r ibu l ion  from a Poin t  Svurre of 
Fission Neutrons in Light  Water, ORNL-181  (1948). 

been obtained from the experiment. However, a 
preliminary 30-mil-cadmium, 5-mil-indium age has 
been computed, based on data obtained a t  0-5, 
1.0, 1.5, 2.5, 4.5, 6.5, and 8.5 cm from the source, 
wi th a 1.1-cm-dial 4-mil-thick source and a 1.1- 
cm-dia, 5-mil-thick indium foi l .  These data plus 
the data from f i ve  other source-detector combi- 
nations were normalized at the overlapping portions 
to  y ie ld  one composite kernel, which i s  plot ted 
in Fig. 5.1.4. The data points shown are the 

UNCLASSIFIED 

DATA OF HILL, ?OSEYTS, CND 
FITCd,  ORNL-181 

DIP THICK. DlA(ccn) 
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F i g .  5.1.4. R e l a t i v e  Saturated Act iv i ty  of 5-mi l - th ick  
Indium F o i l s  (30-mil-thick Cadmium Covers)  as  o Func- 

t ion  of Source-to-Detector Separation Distance i n  Woter. 
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results of the geometrical trunsformation codes. 
The resul t ing age ( E 2 / 6 )  of 26.7 c m 2  i s  i n  good 
agreement with the results of Lombard and as a preliminary value. 

Blanchardf3 who report a value of 27.3 k 0.9 cm2, 
and Doerner and  marten^,^ who give 27.6 cm2 

3D. B. Lombard and C. H. Blanchard, “Fission-to- 
Indium Age in Water,” t o  be published in Nrirlear Sci. 4R. C. Doerner and F.  H. Martens, Trans. Am. 
and Eng. Nuclear Soc. 1(2), 30 (1958). 

NLEAKAGE ~ ~ ~ 5 A ~ l ~ ~ ~ ~  ES IN CRITiICAL ~ X ~ ~ ~ ~ ~ E ~ ~ ~  AND THEIR RELATION 
TO NEUTRON AGE’ 

R. Gwira D, W. Magnuson 

Th is  paper consists of a brief out l ine of the theory of unreflected reactors and a presentation o f  some 

cr i t i ca l  and kinet ic data obtained from experiments performed a t  the ORNL Cri t ical  Experiments Fac i l i t y  

and analyzed by use o f  the theoretical model. The analysis y ie lds the nonleakage probabil i ty for a given 

system as wel l  as a value for the migration area for a c r i t i ca l  in f in i te  system of f i ss i l e  material and 

water. 

The farmulation of the theory of unreflected reactors i s  given by Weinberg and Wigner.2 It states that 

the nonleakage probabi I i t y  for a bare (unreflected) homogeneous reactor and the neutron age in  water 

ore  related through the point-source slowing-down kernel, which i s  the function that gives the spatial 

distr ibution of neutrons of a specif ied energy which originate from a point f iss ion source i n  an in f in i te  

medi urn. 

The expressions For the neutron age and the nonleakage prpbabil i ty for f in i te  unreflected systems 

i n  terms of the point slowing-down kernel, g ( r ) ,  are 

-2 r 
JoW g ( r )  r 2  4nr2 d7 

JOW &) !!LE. 4nr2 dr  
Br 

K ( 5 )  = ...... 

The nonleakage probabil i ty for a given theoretical formulation i s  the Fourier transform of the point  

slowing-down kernel. Th is  statement i s  cal led the “second fundamental theorem o f  reactor theory.” 

I f  the reactor i s  large (B2 << l ) ,  then only the second moment, 7 ;  enters in  the expression for K ( B ) ,  

The present work describes a method of deducing K ( B )  direct ly from cr i t i ca l  that is, K ( B )  = ( 1  - r B 2 ) .  

experiments on bare reactors. From K ( R ) ,  r con be obtained. 
- .......... ___ 

’ A  more thorough anulysis of these dato, i n  which more recent cross-section values were used, will be reported 
T h i s  paper was presented at the Annual Meeting of the American Nuclear Society, Gatlinburg, Tann., 

2A. M. Weinberg and E. P. Wigner, The Physical Theory o/ Neutron Chairz Reactors,  Univers i ty  of Chicago 

elsewhere. 
June 1959. 

Press, Chicago, 1958. 
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The physical conditions required for the second fundamental theorem to ho ld are given by the f i rs t  

The persistent neutron f lux in  an unreflected c r i t i ca l  reactor wi th an energy- fundamental theorem. 

independent extrapolation distance i s  separable i n  space and eneigy, 

$(.,E) = +(E)  7m , 

v2 $ ( x )  + B 2  I ) ( X )  - 0 . 
and the spatial d istr ibut ion i s  given by a solution of the wave equation 

This means that the neutron fluxes of a l l  energies have the same spatial distribution. The use o f  the 

infinite-medium slowing-down kernel in the cr i t ica l  equation for f in i te  systems i s  based on an analyt ic 

continuation of  the solution of the wave equation through a l l  space. Since the extrapolation distance 

i s  i n  real i ty somewhat energy dependent, the theorem can be expected to hold more accurately for large 

bare reactors, i n  which the extrapolation distance i s  less important than for small ones. The equations 

used i n  the analysis are: 

___ J P ( H )  
Akerf  = 7 f I: - A B 2  . 

an 

Thus, K ( B )  can be determined i f  a l l  the other terms are known. However, from stat ic c r i t i ca l  experiments 

alone it i s  d i f f i cu l t  to evaluate the nonleakage probabi l i ty  because of  uncertainties i n  f and 7. 

An alternate, and more accurate, method of determining the nonleakage probabil ity, similar in  prin- 

c ip le  to the usual boron-poisoning method, i s  i o  change the buckl ing by a known amount. This con be 

done by increasing the height of a cr i t ica l  cylinder, observing the resul t ing stable period, and calcu- 

la t ing the change in k e f f  by the inhour equation. Th is  change i n  k e f f  can be combined wi th  the ex- 

pression for Akeff to y ie ld  the equation: 

Pi c- 

where Pi i s  the fraction of f iss ion neutrons emitted in  delayed group i, hi i s  the decay constant of  the 

delayed-neutron precursor of group i, T i s  the stable reactor period, and P d ( H )  i s  the average nonleakage 

probabi l i ty  of delayed neutrons. i f  i t  i s  assumed that P(B) can be represented by a group kernel of  the 

form 
1 
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then 

Note that the derivative of P ( B )  with respect to B’ i s  quite dependent upon the model when B 2  i s  large. 

For large systems, and therefore for small values af B’, the nonleakage probabil i ty can be obtained 

by the fol lowing method. In general, 

+ . . .  , 
2! 

and, for the in f in i te  cr i t ica l  system, 

For 8’ suff iciently small, a one-group formulation can De used to represent P ( B ) :  

Pi 

and in  th is  form the series can he summed, giving 

In  the multigroup formulation, the error in P ( B )  can be estimated from the series. 

I f  the period result ing from a change in  B 2  i s  measured at various values of  E’ ,  an analysis of the 

fol lowing equation yields a valwe of the inigration area at B’ = 0: 

Pi E T -  - p ( B )  
S ( B )  :-- ~ 

-AH’ p d ( B )  

Experimental data (included i n  Tables 3.5.1 and 3.5.2 of Sec 3.5) obtained from cr i t i ca l  systems of 

and U235 solutions contained i n  B 5-ft-dia cylinder have been analyzed i n  th is  manner and are 

displayed i n  Fig. 5.2.1. (Corresponding values of P ( B )  arc included in  Table 4,3.1 of Sec 4-3.) The 

indicated l im i ts  of error on the points consist of  both experimental errors and uncertainties in  the ex- 

trapolation length. The diagonal l im i ts  of error represent the sensi t iv i ty  

of both S ( B )  and B For the analysis of the data s constant 

extrapolation length of 3.0 + 0.3 cm was assumed, wi th  no uncertainty in the delayed-neutron fraction. 

“ 2 3 3  

The latter error i s  the greater. 
2 to variations in the extrapolation length. 
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0 0.001 0.002 0.003 0.004 0.005 

B2  ( ~ 6 ~ )  

Fig. 5.2,l. Neutron L e a k a g e  Parameter,  S, (IS a Func-  
t lon of Buckl ing ,  Bz. 

Measurements of the extrapolation length made wi th  U233 f iss ion chambers, bare and cadmium-covered 

U235 f ission chambers, and bare gold wires have a l l  yielded values wi th in  the range assumed. It may 

be noted that the data for U233 and U235 solutions i s  v i r tua l ly  indistinguishable. The difference that 

would be expected owing to the dif fering values of L 2  for the two isotopes at  a given 8' i s  apparently 

smal ler than the experimental reproduci bi I ity. 

From these data the migration area i n  a cr i t ica l  system wi th  zero buckl ing i s  29.5 10.3 cm2, leading 

to a neutron age to thermal o f  25.7 cm . An assumed error o f  4% in the delayed neutron fract ion produces 

an error of t1.2 cm2 in the migration area. The age to indium resonance i s  therefore 24.7 t 1.2 cm . 
2 

2 

This  analysis w i l l  be presented in detai l  in a separate report. 

5.3, MEASUREMENTS OF THE TRANSPORT MEAN FREE PATH OF THERMAL NEUTRONS 
IN BERYLLIUM AS A FUNCTION OF TEMPERATURE 

G. desaussure 

The variat ion of the transport mean free path of 
thermal neutrons in  beryll ium wi th  temperature has 
been investigated for various temperatures higher 
than room temperature, and for one temperature 
below room temperature, by the pulsed-neutron 
technique. The theory of the method and a 
description of the experimental arrangement, as 
we l l  as the results of earl ier measurements of 
dif fusion parameters in beryl l ium a t  room temper- 
ature, have been given previously.'12 Briefly, 
the method consists in irradiat ing the sample 
wi th  a short burst of neutrons and then observing 
the decay o f  the neutron density. 

In the experiments reported here, approximately 
cubical beryl l ium prisms o f  various sizes ,were 
assembled wi th in  a furnace3 located a t  the target 

E. G. Silver 

region o f  the 300-kv BSF par t ic le  a c ~ e l e r a t o r . ~  
The furnace, which has internal dimensions o f  
about 22 x 22 x 22 in. and i s  l ined wi th  steel- 
covered boral, can be flushed wi th  an inert gas 
(He) and attains a maximum temperature of 5OOOC. 

After the beryl l ium assemblies reached equi- 
l ibrium temperature wi th in  the furnace, they were 

'G. deSawssure  and E. G. Silver, Neutron Phys .  Ann. 

2G. deSousswre  and E. G. Silver, Appl. Nuclear Phys .  

3The furnace w a s  d e s i g n e d  and o s s e m b l e d  by F. R. 

4J. D. Kington, Neutron P h y s .  Ann. f r o g .  Rep.  

P T O ~ .   ret^, S e p t .  1, 1958, ORNL-2609, p 59.  

Ann. F'rog. Rep. Sept. 1,  1957, ORNL-2389, p 11.9 

Duncon of the Instrumentation and Controls D i v i s i o n .  

Sept. I, 1958, ORNL-2609, p 61. 
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irradiated with short bursts of high-energy neutrons 
produced by the T(d,n)He reaction, and the decay 
of the fundamental mode of the neutron density at 
the surface of the sample was observed. 

Figure 5.3.1 shows the decay of the fundamental 
mode o f  the neutron density in a 20 x 20\ x 208 
in. beryl liurii assembly for various temperatures of 
the beryllium. The decay constant, A, of the 
fundamental mode of the neutron population can 
be expressed as: 

4 

where ha i s  the reciprocal of the mean lifetime, 
v the average neutron velocity, C the dif fusion 
cool ing constant, htr  the transport mean free 
path, and B 2  the buckling. In Fig. 5.3.2, the 
decay constant of the neutron density in three 
beryl l ium assemblies i s  plotted as a function of 
the beryl1 ium temDerature. 

By replacing the average neutron veloci ty t. i n  
Eq. (1) wi th i t s  value i n  a moderator at temper- 
ature T ,  the fo l lowing expression i s  obtained: 

- 

x - xa  
I (2) 

where m i s  the mass of the neutron, k t h e  
Boltzmann constant, and I the absolute temper- 
ature. Previously determined' values of ha 
I(0.288 i 0.060) x lo3  sec- ' ]  and C ( 1 . 1  i 0.9 
cm2) and the measured values of X ( T )  sliowri in  
Fig. 5.3.2 were used to compute the variat ion of 
X t r  with temperature. The results are shown in  
Fig. 5.3.3, where they are compared with values 
calculated by Singwi and K ~ t h a r i . ~  Agreement 
between the experiment and the calculat ion i s  
excellent. 

Th is  work i s  being extended to further measure- 
ments below room teiiiperoture, and a refrigeration 
unit for t h i s  purpose i s  under construction. 
By measurement of the decay constant of small  
assemblies at various temperatures, the variat ion 
of the dif fusion cool ing constant C with temper- 
aturc w i l l  be determined, Th is  variat ion has been 
calculated by Singwi.6 Similar measurements wi th 
B e 0  arc also planned. 

5 K .  S. Singwi and I... S. Kothari, PTOC.  U.N. Intern .  
Con/. Peacelul U s e s  Atomic Energy ,  2nd, Geneva, 
1958, Paper  P/1638 (1958). 

6 ~ .  S. Singwi, private communication. 
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Fig. 5.3.1. Decoy of  the  Neutron Density in a 20 x 
2 O k  x 20k in. Beryll ium Assembly, for Various T c m -  
perotures o f  t h e  Beryll ium. 
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Fig.  5.3.2. Decay Constant of fhe  Neutron Densi ty  in T h r e e  Bery l l ium Assembl ies  a s  a Function of  Temperature. 
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6.1. FAST MULTIPLICATION EFFECT OF BERYLLIUM 

W. Hafe le l  

The beryl l ium (n,2n)  reaction produces neutrons which can be used t o  increase the avai lable reac- 

t i v i t y  margin in  a mult ip ly ing assembly. Especial ly i n  the neutron balance of thorium breeders can a 

react iv i ty margin of some per cent be helpful. T h i s  effect was therefore considered several times in  the 

past. M i l l s  and Smith,2 using only integral measurements of the beryl l ium cross sections made w i th  

Ra-Be and Po-Be sources, estimated that the order of magnitude of the oddit ional fast  mult ip l icat ion 

effect i s  10%. Although 

they used the best cross-section information avai lable at that  time, the ( n p )  values were wrong by a 

factor of about 2 ,  and the (~2,272) values that they used are not i n  very good agreement wi th present 

information. Their  f ina l  results i s  a react iv i ty increase of about 6.8%. At the Second Geneva Conference 

a paper by Krasin et a L I 4  discussing th i s  effect, was presented. They considered a c r i t i ca l  assembly of 

enriched uranium (10%) and beryl l ium i n  which it was required that there be a neutron balance. But th is  

way o f  determining the (72,272) effect i s  rather indirect, because a l l  other contr ibuting react iv i ty effects, 

(e.g., 8, E ,  p ,  f) have to be known exactly. They reported a react iv i ty increase o f  (12 k4)%. Another 

paper on th is  subiect, by Benoist et u I . , ~  was presented a t  the Second Geneva Conference. They were 

concerned w i th  c r i t i ca l  and subcr i t ical  experiments on U - B e 0  lat t ices and they careful ly investigated 

the fast mult ip l icat ion of beryllium. They used the latest cross-section data avai lable at that time. For 

example, they used the correct (n ,n)  cross section and a lso  calculated the spectrum carefully, taking 

in to  account one angular distr ibut ion of e las t i ca l l y  scattered neutrons i n  the most important region of 

2.9 MeV. 

In  order t o  obtain on upper and a lower l im i t  for the effect, we use the latest cross-section infor- 

motion and recalculate the effect from f i rs t  principles. For the (72,272) cross section we use the resul ts 

as reported b y  G ~ l d s t e i n , ~ . ~  the results of Marion e t  a1.,* and the resul ts of Fischer.' For the (n ,a )  

values we use the detai ls of Stelson and The estimated upper and lower l im i t  for the 

(n,2n) cross section, and the (a la )  cross section we have used are plotted i n  Fig. 6.1.1. We a lso  have 

Some years later Dillenburg, Jacob, and deToledo3 considered th i s  problem. 

'On leave  from Kernreaktor, Karlsruhe, Germany. 

2C. B. M i l l s  and N .  M. Smith, Jr., T h e  Contribution of t h e  (n,2n) React ion to  Beryllium-Moderated Reactor, 

3D. Dil lenburg,  G. Jacob, and P. S. deToleda,  Proc. U.N. l n t e r n  Con/. Peace fu l  Uses Atomic Energy ,  2nd,  

4A. K. Krasin et al., Proc. U.N. Intern. Con/. Peace fu l  Uses A ~ o r n i c  Energy ,  2nd,  Geneva ,  1958, P/2146. 
5P. Senoist  et al., Proc. U.N. In tern  Con/. Pearefrd Uses Atomic Energy ,  2nd, Geneva ,  1958, P/1192. 
6H. Goldstein, A Rev iew  o/  the C7os.s Sect ions  of Nonelas t ic  Neutron React ions  of B e 6 ,  NDA-2-65 (1957). 
7H. Goldstein and t i . Mechanic, Penetrat ion of Neutrons /ram a Point  F i s s i o n  Source Through Beryl l ium and 

*J. B. Marion, J. S .  Levin,  and L. Cranberg, Universi ty of Maryland Physics Dept., Tech.  R e p .  N a  124 (1958). 
9G. J. Fischer,  Phys .  Rev. 108, 99 (1957). 

AECD-3973 (1951). 

Geneva,  1958, P/2276. 

Beryl l ium Oxide ,  NDA-2092-9 (1958). 

'OP. H. Stelson and E. C. Campbell,  Phys.  Rev. 106, 1252 (1957). 
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Fig .  6.1.1, Upper and Lower  Est imates of the  (n ,2n)  Crass Section and the (n,a) Cross Sectior; of Beryl l ium. 

t o  employ angular distr ibutions, and here we use BNL-400 values," the distr ibutions presented by 

Marion,* and the values of Fowler and Cohn.12 

It i s  not d i f f i cu l t  t o  show that the expression for the fast mult ip l icat ion ef fect  of beryl l ium must have 

the fol lowing form: 

where 

n 

"D. J. Hughes and R. S. Carter, Neutron C r o s s  Section: Angular D i s t r i b u t i o n s ,  BNL-100 (1956). 
"J. L. Fowler  and H. 0. Cohn ,  P h y s .  Ann. Prog. Rep. Mar. 10, 1959. ORNL-2718, p 16. 
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The terms & denote the upper and lower l imits, respectively, of the (nr2n)  cross section, V, denotes 

the ( n , a )  cross section, and nT denotes the to ta l  cross section. In our calculat ions E ,  i s  1 Mev and we 

have employed the relat ion 

a- = WT , 
Here un i s  the e las t i c  scattering cross section. As sources we use uniformly distr ibuted f i ss ion  neutrons 

and employ for the f i ss ion  spectrum the ANL-5800 values.13 The spectrum S,, i s  the spectrum i n  an 

in f in i te  beryl l ium moderator after the vth e las t i c  col l is ion,  determined by  the formula 

for E 5 E o  . 

Here a i s  the relat ive maximum energy loss, and f i s  proportional to the probabil i ty of obtaining the 

angle of scattering which relates the energies E and E .  For  isotropic scattering / = 1. A l l  numerical 

integrations were carr ied out using Simpson's rule and 20 subintervals for each indicated interval  of 

integration. The resul t  i s  
t eBfe - 1 = p 2n - p a  = 7.6 x , 

'Be - 1 = p -  - p ,  = 5.1 x . 
2 n  

Attention has a l so  been given t o  the poisoning effect of the daughter products of the (n,a) r e a ~ t i o n . ~  

We have the fol lowing decay scheme: 

n + Be: -+ He; + He: . 

He; decays w i th  a hal f  l i fe  of 0.8 see; the daughter i s  Li;. The next reaction is  

Tr i t ium decays w i th  a half  l i fe  of 12.5 years; the daughter is He;. The next reaction i s  

n + H e z - - + H : + p  . 
This last cyc le  repeats. Thus we obtain the fo l lowing reac t iv i t y  losses due t o  poisoning (assuming a 

flux of 5 1013): 

(:IL, = 4.97 x 
(at saturation; the hal f  l i fe  of Li6 at th is  f lux  level i s  0.525 year) , 

= 1.12 x (after 5 years) . 
H e 3  

If we take in to  account the poisoning of the ( n , ~ )  daughter products we f ind  that after some t ime the 

most probable over-al l  value of i s  c lose t o  zero. 

The resul ts of t h i s  investigation have been issued as a separate report.14 

13Reactor P h y s i c s  Consfants, ANL-5800 (1958) .  
14W. Hb'fele, The Fast-Multiplicalion E//ecr in  Beryllium i n  Reactors,  ORNL-2779 (1959) .  
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6.2. ON THE THEORY OF THE DIFFUS16N C OLBNG EFFECT IN 
HOMOGEN EO8 S AND W ETERQGENEBUS ASS EMBLl ES’ 

W. Hafele’ I.... Bresner 

The f lux distr ibution o f  a homogeneous pulsed-neutron assembly i s  governed by the fol lowing 

equation: 

where 

and 

Q = space- and neutron-energy-dependent flux, 

D = diffusion constant, 

z/ = neutron velocity, 

“(E.,) = absorption (scattering) cross section, 

X ( E’-3 E )  = energy-exchange kernel, 

E = ratio of neutron energy to moderator tempernture. 

We consider an expansion i n  terms o f  eigenfunctions wi th respect to both energy and space. 

the usual space boundary conditions, we have the energy condit ions 

Besides 

+,O) = 0 , 

$I(X,W) = 0 , 

where x stands for a l l  space variables. Let us consider the ansatz 

where the w ’s are the normalized eigenfunctions of the operator R with the eigenvalue --2&,,0~, and 

the li, ’ s  ore the spatial eigenfunctions o f  the operator h with eigenvalues -B2 We define the fol lowing 
4 4‘ 

quanti ties: 

P 

’A  more ex tens ive  version of this paper has been submitted t o  Nuclear Sci. and Eng. 

’On leave from Kernreoktor, Karlsruhe, Germuny. 
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The absorption cross section obeys a l / v  law; the factor 2 f i 0  i s  used for convenience and introduces 

some simpli f icat ion o f  notation in the heavy gas model. Here So i s  the constant free-atom scattering 

cross section and p i s  the reciprocal of the mass of  a heavy gas atom in uni ts  o f  a neutron mass; r i s  

the moderator temperature. Using the two symmetric matrix elements 

m 
VPk = 4 Up(€) E - ” 2  mi(€) d€  / 

we obtain the equations 

r: a r , o ( a v p k  - Dp ark - B 2 U  ) = 0 / k = 0,1,2,3, . . ., m , (8) 

i f  we rest r ic t  ourselves to the lowest spatial mode. l o  these equations a i s  the eigenvalue, and in order 

to study the asymptotic t ime behavior we look for the lowest one. A l l  off-diagonal elements i n  (8) are o f  

the order a.  I f  we examine the value of a only to order B : ~  th is  fact can be used to establ ish the coef- 

f ic ient  of  the B: term exactly. We f ind that 

P 0 P k  

- 
= (+) + 77-D B ;  ( 1  - cn?) / (9)  

Al l  terms of  the sum in (10) contribute wi th  the same sign. 

a Maxwel l ian distr ibution. In the case of a heavy gas we have 

The averages (denoted by the bar) are over 

0- = p  / 

a+ = rdkl)(e) I 

P 

P 

P 0 = € e - E L p ( € )  . 
Here L , L 1 )  i s  a normalized associated Laguerre polynomial of the f i rs t  order. Thus 

(2k - l ) ! !  
(2k)!! 

2 

I 

where x!! = x(x - 2) ( x  - 4) .  . . (2 or 1). 
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Equation (12) can be used to check the convergence of an expansion in  Laguerre polynomials. The 

convergence i s  slow.  If we define Ck as the part ial  sum (12) up to the index k ,  we have: 
0 

0.1250 9 0.1652 

0.1484 10 0.1655 

0.1566 11 0.1657 

0.1603 12 0.1659 

0.1623 13 0.1660 

0.1635 14 0.1661 

0.1643 15 0.1662 

0.1649 

W e  propose i n  the case of a crystal l ine moderator, for example, an i terat ion process of the equation 

R ( o  ) = - 2 4 )  Op wp , P 
starting with the heavy gas eigenfunctions (11). 
(6) and (7) and which refers exclusively to crystal binding effects. 

Each i terat ion gives an improvement, which we use i n  

That is, i f  we define 

the change produced by a stepwise increase of I o  i s  due ent i re ly to the introduction of crystal l ine 

effects in  order lo.  

The procedure given here can be used also for heterogeneous assemblies. There we consider for 

h e  sake o f  s impl ic i ty only the one-dimensional case, although the two-dimensionol case can also be 

treated.3 Th is  one-dimensional assembly consists o f  N o  Wigner-Seitz ce l l s  and has no reflectors. The 

lumped absorbers have the width 2a and the distance d. The number of Wiyner-Seitz ce l l s  i s  odd, that is, 

No =1 Zit' + 1. Since there are no reflectors, the over"al l  length of tihe f in i te reactor is 2/ = iv0d. We have 

to consider i n  (1) i n  addit ion to the homogeneously distr ibuted absorber the expression for the lumped 

absorber represented by &functions o f  f in i te  absorption strength: 

31<. Meetz, Proc.  U.N. l n t e m .  Conf. Peaceful U s e s  Atomic Energy ,  2nd, Geneva, 1958, P/968. 
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We now apply the mathematics o f  plane heterogeneous structures as given by  meet^.^ With respect to 

the energy expansion w we rest r ic t  ourselves to the case that on ly  two terms mo and a, are considered. 

After cumbersome calculat ions we find the fol lowing result: 
P 

The term y2 i s  the root of the quadratic equation, 

2 ('loor - v o o 4  (UlIY + c, - v ,  la) - ( V I O d  - U,,Y)  = 0 I 

which i s  not o f  order a, and S(y) i s  defined as 

d 1  sin d f i  s( y) = - 
I 

7T 
cos 47- cos - 

NO 

2 f i  

and M, Q, and 1 are aux i l iary  functions which refer t o  the heterogeneous structure. 

follows: 

They are defined as 

fcI - 2  (1 - cos t) # 

1 
I 

I = -- sin d f i  I 

d f i  

where y 1  i s  the other root of (16). 
Since we considered only two terms, oo and ol, we have in (15) only the expression 

instead o f  (10). The f i rs t  l i n e  o f  (15) i s  completely analogous to  the homogeneous case, except that the 

corrected buckl ing f3: h f / Q  instead o f  B i  appears. An addit ional absorption effect wi th  i t s  own '4c001- 

ing" e f fect  appears i n  the second line. 

The physical reason is obvious. 

the fast neutrons are absorbed faster. 

Neutrons have to dif fuse before they get absorbed in the lumps and 

If we consider a process o f  homogenization ( N o  .+ w, d-+ 0, 

4K. Meetz, Z. Natur/or.sch. 12a(9) (1957). 
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,"\od - 21 : finite), only the smoothed-out absorber ZBu 2u /d  i s  al lowed to appear. 

scribes th i s  effect, for w e  have the fol lowing relations: 

Equation (15) de- 

I 
- =  1 for the honingeneous assembly , e 

y2S(y2)  = 1 + O(a2) for the honiogeneous assembly . 

It can a l so  be shown that the absorption-diffusion effect i s  a lways a negative effect and disappears in  

thc l im i t  of homogenization. 

I t  may be emphasized that (15) contains no appioximatior.is wi th respect to the heterogeneous struc- 

Furthermore, (15) i s  va l id  for 

For example, the influesice of one single fo i l  for measuring purposes i r i  -the 
ture, but only wi th respect to the expunsion defining the energy spectrum. 

al l  possible vn l i~es  of N o .  

middle of the assembly can be evaluated. In this case h' -- 1 .  0 -  

QJ* COMPARISON THEOREMS, FOR THE ESTIMA'I'JBN OF AVERAGE COLL.lS!ON PWOBA5ILITIES 

L. Dresner 

The co l l i s ion  probability, P,, of a uniform, isotropic volume source of neutrons in  a canvex r;o!id 

V i s  a quiantity of great ir-nportaiice in  reactor physics. For example, it enters either directly, or through 

use of a well-known reciprocity theorem, in  c n l ~ ~ ~ l a t i o n s  of the fast e f fec t j2  the resonance escape 

p r ~ b a b i l i t y , ~  and the thermal u t i l i ~ o t i o n . ~  I.lowever., it hns been exp l i c i t l y  ccslr:uloted on ly  for a few 

simple solids. the sphere, slab, and inf in i te r ight circular cylinder. These resul ts are cpoted (and 

tabulated) by Case, Placzek, acid deHoffmann. ' Chord-length distr ibution functions, from which P can 

be cbtained, though often af the cost of considerable labor, have h e i r  given for the hemisphere, oblate 

spheroid, and oblate hemispheroid by Dirac, FUCIIS, Pnierls, and P r e s f o i ~ , ~  Some values of P ,  for these 

sol ids have been given in ref 1. The chord-length distr ibution function for a f in i te  :ight circular cyl inder 

has been given by Skyrmet6 and discussed by Murray,7 who also gives the chord-length distr ibut ion 

1 .  

. . . . . . . . . . . . . . . . . . . .- . . . . . . . . . - .. 

'K. M. Case, G. P laczek ,  and F. delloffmonn, Introduction lo the  Theory o/ N e u t w n  Dif/rrrion, VOI I, USGPO, 

2A. M. Weinberg and E. P. Wiginei, T h e  Phys i ca l  Theory of Neutron Chain Reactors ,  chap. XX, Universi ty of 

Wusiiington, D,C., 1953. 

Chicago Press, Chicago, 1958. 
b i d . ,  chap. XIX. 
4.4. .4mouyaI, P. Benoist, and J. Hornwitz, /. Nuclear Energy 6 ,  79 ( 1 9 5 7 ) .  

'P. A. M. Dirac et al , ,  Approximate Rate  of Nei i t ron Mu!tipiication for a Colid Arbitrary Shape and L'nilonn 

6T. H. K. Skyrine, Reduct ion in Neutron Dens i ly  Caused by an Absorbing Dirc ,  9r i t ish  Report  MS-91, Appendix 

F. 1-1. Murray, Fusf E/ /ec ts ,  Self Absorption, Fluctuaf ion o/ Ion Chamber Readings, and the  Statist icnl D i s -  

Dens i t y ,  Brit ish Report MS-D-5, P o r t  I I  ( results quoted in  ref 1) (ma.) .  

(n.d.). 

tribution o/  Chord Lenglhs in  Fini te  Bodies ,  c P - G 2 9 2 2  (1945). 
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function for the cube. In order to extend the usefulness of these results, and occasional ly to avoid the 

labor of integration i n  cases where only the chard distr ibut ion i s  exp l i c i t l y  known, three comparison 

theorems are given with which the co l l is ion probabi l i ty  may be estimated. 

Statement of the Comparison T&~QVXIIS 

I n  this section the co l l is ion probabil ity w i l l  be defined precisely and the comparison theorems stated, 

and in the next section some i l lustrat ions w i l l  be given. Proofs w i l l  be given in the fol lowing section. 

The co l l is ion probabi l i ty  i s  given by 

where the uni t  of length has been chosen as the mean free path in  the solid. 

Theorem 1. - If a sol id V* i s  obtained from a convex sol id V by Steiner symmetrization, P , ,  2 P v .  

Steiner symmetrizatian is defined w i th  respect to some plane Q as foIlows:' (1) V* i s  symmetric 

wi th respect to Q, (2) any straight l ine perpendicular to 0 that intersects one of  the sol ids V and V *  

intersects the other also (both i n t t ~ s e r t i o n s  hmle the scme length), and (3) the intersection wi th  V *  

consists of  just  one l ine segment. 

It i s  a lso known that symmetrizotion i n  an appropriately chosen inf in i tude of planes reduces a l l  f in i te  

sol ids to spheres; and symmetrization i n  an appropriate inf in i tude of planes, u11 containing the common 

axis, reduces a l l  in f in i te  r ight  cylinders to r ight c i rcular cylinders.* From this the fo l lowing i s  evident, 

8 It i s  known that Steiner symmetrization leaves the volume invariant. 

Corollary. - Of a l l  convex solids of  given volume, the sphere has the maximum co l l i s ion  probabil ity; 

and, of  a l l  r ight  cyl inders of given base area, the circular cylinder has the maximum co l l i s ion  proba- 

bi I i ty. 

Theorem 2. - If V i s  the volume common to (u )  two perpendicular slabs, 5 ,  and T2(  ( b )  three mutual ly 

perpendicular slabs, S,, S2, and Y3, or (c) a convex r ight  cylinder, C, and a slab, S, Perpendicular to i t s  

axis, then 

or 

Theorem 3, Port 1. - Consider a convex solid V and an arbitrary line LA i n  space. L e t  the length 

Let  the intersection sf V and a plane P perpendicular to L at  

Let P,(z) be the co l l is ion probabi l i ty  of  an in f in i te  r ight  cylinder w i th  A ( z )  as 

along I, be measured by a coordinate z. 

z he denoted by A(z) .  

'G. PAlya and G. Szegii, Isoperinzctric Inequalities in Muthernaliral Phys ics ,  Princeton Univers i ty  Press ,  
Prince ton ,  N.J., 1951. 
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base and L as axis. Then 

where u and b are the l im i ts  determined by the planes tangent to V and perpendicular to I,. 

Theorem 3, Part  2. - Consider a convex sol id V and on arbitrary plane P i n  space. L e t  the posi t ion 

L.et the intersection of a normal L to P at  p and V be i n  P be measured by a coordinate two-vector p. 

a l ine  segment of length t (p ) .  

where A i s  the projected area 

Theorem 4. - I f r =  4V/S, 

L e t  P,(p) be the co l l i s ion  probabil i ty of a slab of thickness t ( p ) .  Then 

of V on P. 

whers V i s  the volume o f  a convex sol id and S i t s  surface, then 

II I ustration 5 

Theorem 1 provides close overestimates for fa i r ly  symmetrical sol ids (e.g., equi lateral cylinders, 

cubes, etc.). Theorem 2 provides fai r ly close underestimates i f  the P ' s  involved are a l l  fa i r ly  c lose to 

unity. Consider the example of a cube f ive rnean free paths on a side. The probabil i ty P for the V O ~ U M ~ -  

equivalent sphere i s  0.771; P obtained from theorem 2 (2) i s  0.730; P obtained from theorem 4 i s  0.711. 
Thus 0.730 =< Pcubc  5 0.771. Choosing the mean of these extremes to minimize the magnitude o f  the 

uncertainty gives Pcube 2 0.75 k 0.02. When the side of the cube i s  equal to one mean free path, P of 

the volume-equivalent sphere i s  0.344; P obtained from theorem 2 (2) i s  0.227; P obtained from theorem 4 
i s  0.270. Thus 0.270 5 P c u b e  =< 0.344, the lower bound now being obtained from theorem 4. Using the 

mean of the extremes as an estimate now gives P c u b e  2 0.31 I'L 0.04. 

Theorem 1 i s  not very useful in  the case o f  sol ids that ore not highly symmetrical. Consider, for 

example, a cyl indr ical  disk whose thickness i s  0.5 of a mean free patli, and whose radius i s  f i ve  mean 

free paths. The co l l i s ion  probabil i ty of a slab of the same thickness as the disk, which i s  an upper 

bound by theorem 2 (3, i s  0.443. A lower bound of 0.399 i s  a lso obtained from theorem 2 (3). Thus 

P 2 0.42 k 0.02, whi le P for the volume-equivalent sphere is 0.681, a gross overestimate. The value of 

P obtained from theorem 4 i s  0.343. 
Furthermore, when the diameter of the disk i s  of the order of one mean free path, theorem 2 i s  not 

For example, consider a disk whose 

An upper bound of 0.272 can be obtained from 

Thus P 2 0.24 k0.03. On the other 

very useful, and i s  expected to grossly under- and overestimate P .  

thickness and radius are each 0.5 of a mean free path. 

theorem 1; a lower bound of 0.213 can be obtained from theorem 4. 
hand, thesrem 2 (3) gives 0.443 and 0.179, respectively, as upper and lower bounds. 
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Theorem 3 i s  part icularly useful in obtaining upper bounds for quite unsymmetrical solids. Consider, 

for example, an oblate spheroid wi th  a rat io of major to minor ax is  of 5, and a minor ax is  0.342 of a mean 

free path in length. Us ing  theorem 3, part 2, and theorem 4 we obtain 0.322 5 - -  P 5 0.441 or 

P 2 -. 0.38 z+ 0.06, whereas the value of  P for the volume-equivalent sphere is 0.473. As a corol lary o f  

theorem 3, P v  should be less than that of a slab of a thickness equal to tw ice  the minor ax is  o f  the 

oblate spheroid. Th is  gross overestimate 

i s  not improved very much by a large increase in the eccentr ici ty. For example, for an oblate spheroid 

wi th  a rat io of major to minor ax is  of 30, and a minor ax is  one mean free path long, theorems 3 and 4 
g ive f 2 _- 0.49 It- 0.04, while the P for the thinnest circumscribing slab i s  0.610, 

In the case at  hand, th is  latter co l l i s ion  probabil i ty i s  0.517. 

Proofs of the Theorems 

Theorem 1. - L e t  the plane of symmetrization be taken as the x r y  plane for a Cartesian set of 

coordinate axes. L e t  us consider two cyl inders whose axes are paral lel to  the t ax is  and whose base 

areas are d x l d y l  at  x , ) y ,  and dx2dy,  at x2,y2. These cyl inders intersect the sol id V in two f in i te  

cy l indr ica l  volumes whose upper and lower ends ore %;,xi' and respectively. It i s  enough to 

consider the contribution, AF', of th is  pair of cyl inders to P,  This i s  

where K i s  an abbreviated notat ion for the integrand of Eq. (1 ) .  L e t  us choose a new or ig in  of co- 

ordinates so that the segment 242;' i s  symmetrically located wi th  respect to the x , ~  plane. Thus the 

l i m i t s  o f  integration of Eq. (2) can be taken as --a + +a + <for  z ,  and --b, +G for z2,  where 2a i s  

the length o f  the segment z ; z ; ' ,  26 i s  the length o f  the segment ziz;' ,  and ( i s  the dif ference in z 

coordinates of the midpoints of these segments. It i s  easy to veri fy that P has an extremum a t  5 - 0  
by a single dif ferentiat ion with respect to (; a second dif ferentiat ion shows that the extremum i s  a 

maximum i f  K i s  a monotonic decreasing function of i t s  argument. The proof i s  completed by noting that 

Steiner symmetrization consists in sh i f t ing the midpoints of all segments in to  the (same) plane o f  sym- 

metrization, that is, making < = 0. 
Theorem 2. - L e t  us begin by introducing the characterist ic function, / ( c ) ~  of the so l id  V ,  which i s  

defined to be unity in the interior of V and zero outside. Then 

Vf 7 JJ/(r) K(r .-. r ') f(r ') d3  T d3 T ' , ( 3) 

where the integrals are now over a l l  space, 

all space.) L e t  u s  introduce the Fourier transforms 

(All integrals without exp l i c i t l y  specif ied l imi ts  are over 
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It fol lows from Eqs. (4u) and (46) with the help of the identity, 

( 2 ~ ) ~  Hk) = S e i k S r  d 3 r  , 

that 

and 

( W 3 V  -$/(k) f ( - k )  d 3 k  . (7) 

Final ly, i t  i s  shown in  ref 1 that K(k) = (arctan k ) / k .  

L e t  u s  now consider V to be a rectangular parallelepiped of sides n l ,  a 2 ,  and a,. Then 

3 a i / 2  3 

f ( k )  = fl exp(ikjri) dr, = 11 fi(ki) , 
i-1 - a i / 2  i = l  

where r i  are the Cartesian coordinates of r, and ki are the Cartesian coordinates o f  k. I f  a 2  and a, 

become very large, /(k) i s  appreciable only when k 2 ,  k ,  are near zero. Hence k 2 k , ,  and 

The second equali ty fol lows from the one-dimensional analog of Eq. (7). 
Eq. (96) can be rewrit ten 

If a 2  and a, approach cp, 

I f  u 3  only becomes very large, then 

2 2 2  where k = k ,  t k,. Since, wi th k so defined, 

arctan k 1  arctan k 2  

I (12) > ~ 

- 

k - k ,  k 2  

i t  immediately fol lows from Eys. (10) and (11) that 

‘ V  >, P 5 1 a b ( u l )  P s [ a b ( u 2 )  (13) 

Th is  i s  the second inequali ty of part (1); the second inequali ty of parts (2) and (3) fo l low similarly. 
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The f i rs t  inequality of part (1) can be proven by, for example, inserting 

arctan k ,  arctan k ,  arc+an k 

k l  k ,  k 
or > 

i n  Eq. (11). The f i rs t  inequality of parts (2) and (3) follow similarly. 
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the inequality 

(14) 

Theorem 3. - To prove th is  theorem we again employ the method of  characteristic functions in- 

troduced above. For the f i rs t  part of the theorem le t  us wr i te the Fourier transform, /(k), of the charac- 

ter is t ic  function as 

where p i s  the coordinate two-vector in  plane P. 
order of  integration, we obtain 

Substituting Eq. (15) i n  Eq. (6) and rearranging the 

I f  we insert  K(kp) 2 K(k) on the right-hand side o f  Eq. (16) and then perform the k ,  and z ' integrat ions 

i n  that  order, we obtain 

If, in  Eq. (16), we le t  a + -00, b .+ +m, we obtain, by reasoning similar to that employed i n  connection 

wi th  Eqs. (9) and (lo), that the bracketed term in Eq. (17) i s  just  ( 2 n ) 2 A ( z ) P c ( z ) .  But then 

b 
V P ,  =< I, d z A ( 4 P c ( 2 )  , (18) 

which was to be proven. 

that we write f ( k )  as 

The second part o f  theorem (3) i s  proven in  an exactly similar manner, except 

where ~ ( p )  and b(p) are the intersections of  the normal L to P at  p with V ;  interchange the order of  

integration so that those over k,, p, and p'are last; and substitute K ( k 3 )  2 K ( k )  for K(k).  
Theorem 4. - According to  Eq. (7), Sec 10.1 of ref 1, 

1 

I 
P V = 1 -- 1 1  - J f ( Z )  e-' dl ] , 

where f ( l )  i s  the normalized distr ibut ion of chord lengths of  the convex so l id  V .  [ / ( I )  i s  defined in  ref 1; 
there it i s  a lso shown that the mean of  the distr ibut ion / ( I )  i s  I-: 4V/S.l By theorem 184 of Hardy et C Z I . ~  

i t  can be shown that 
- j/(/) e--' dl > - e- Sf(') ' dl  7 e-'' . (21) 

Combining Eqs. (20) and (21) yields the desired result. 

9G. H, Hardy, J. E. Littlewood, and G. P6lya, Inequalities, Cambridge University Press,  London, 1934. 
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6.4. FIRST-FLIGHT NOPIESCAPE PROBABlblTlES FOR NEUTRONS IN A SPHERE 

E. lnonu 

The second fundamental theorem of reactor theory gives a general expression for the nonescape 

probabil i t ies for neutrons in  a bare homogeneous reactor.’ In order t o  ver i fy the accuracy of  th is  expres- 

sion for small-sized reactors, a special case was considered previously.2 F i r s t - f l i gh t  nonescape prob- 

ab i l i t ies  for neutrons originating from either a persist ing or a uniform distr ibution in an in f in i te  slab 

were calculated using the fundamental theorem and the assumption that the “l inear extrapolation” con- 

d i t ion i s  sat isf ied at  the boundary w i th  a constant extrapolation length. Comparison wi th  the accurate 

values obtained from transport theory showed that good agreement persists down t o  slob widths of the 

order of one mean free path (mfp). A similar comparison has now been carried out for a sphere. 

In  a sphere of radius a ,  the f i rs t - f l ight  nonescape probabil i ty for an i n i t i a l  spherically symmetric 

f lux $ ( r )  may be expressed as: 

where + ( r )  represents the f lux of neutrons which have made one col l is ion.  Fromtransport theory, + ( r )  may 

be exactly obtained as: 

where X i s  the macroscopic total  cross section and the “scattering” (which may include emission) i s  

assumed to  be isotropic. However, by expanding the i n i t i a l  distr ibution i n  terms of the eigen solut ions 

n n 

where the eigenvalues R n  are determined, i n  correspondence to the slab case, by the boundary condit ion 

and applying the second fundomental theorem t o  every mode, (?)(r) may be expressed opproximufely as  

n 

where en = ( A / B n )  tan- ’  ( B n / X )  i s  the approximate nonescape probabil i ty for the nth mode. 

’ A .  M. Weinberg and E. P. Wiyner, l‘he Phys ica l  Theory of Neutron Chain  Reactors, chap. X I I ,  Un ivers i ty  o f  

2 E .  Inonu, iVurleur S c r .  and Eng. 5, 248-53 (1959) .  

Chicago P r e s s ,  Chicago, 1958.  
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In  the case of a persist ing distribution, the integral equation 

Q ( r )  = P $ ( r )  

determines P. Pryce has shown3 that quite accurate ~ a l u e s  of P ~csn be obtained from this  equation by 

a variat ional calculat ion using a simple t r ia l  function of the form $ , ( r )  = r (1  - y2). Tatale 6.4.1 l i s t s  

values of P computed by  th is  method. The characterist ic parameter i s  the product Sa which i s  herp 

denoted as (1. The values for (1 = 0.1, 0.5, 1.0, and 1.6 shown in the table a r e  taken from Pryce’s paper, 

On the other hand, according to the fundamental theorem, the rmlescape prohability for  the persisting 

distr ibut ion i s  given simply by 

where  H, i s  the f i r s t  eigenvalue obtained from (4) with d The resul ts fo- I’ and  are shown 

i n  Fig.  6.4.1. The agreement appears quite good down to very sincsII sizes, although it i s  not cas sotis- 

factory as it was for the s lab2  i f  one makes IY comparison far t l w  51me value of c; for example, for a 

sphere w i th  a radius of 1 mfp, the fract ional error in the nonescapi: probabil i ty i s  5% CIS opposed t o  1.5% 
for a slab of half-width 1 mfp.  However, i f  one cernpures the errors for ident ical  values of P or K ,  the  
agreement i s  better for the sphere. 

O.7T/Y 

Table 6.4.1 also gives values of d e X  obtained by assuming that the f lux  vanishes a t  r = a + d. For 

snialI values of u ,  they show considerably greater deviat ion from the accurate values. In the l im i t  as 

G- P 0, P + 0.780- (ref 31, K + G- and dex P 0.395, Frankel and G0Adberg4 have shown that the agreerrient 

of K~~ with P can be very much improved by  taking into occount the dependence of the extrapolat ion 

length on G- (through P )  according to transport theory.  However, the interest here l i p s  in  test ing t he  
fundamental theorem wi th  a simple extrapolat ion length which docs not dcpend on the size. 

3M. F!. L. Pryce, Crit irnl  Conditions in Neutron Mrrltiplicatiov, NISP-2A (dec lnss i f ied  1947), 
4 S .  Frankel and S. Goldberg, The Mathematical D ~ v p l o p m e n i  of t h e  Cvzd P o r n f  M e t h d ,  AECU-2056 (LADC-76) 

(19451, 

Table 6.4.11. First-Flight Nonescope Probubilities for the Persist ing Neutron Distribution in a Sphere 

K -- P Kew -- ? K -- ? - 
P 1’ 1 - P  Ke x (7 P K 

0.1 0.075 0.091 0.340 0.2 1 3.53 0,017 

0.5 0.309 0.342 0.463 0.11 0.50 0.048 

1 .o 0.503 0.528 0.584 0.050 0.16 0,050 

1.6 0.650 0.664 0,689 0.02 1 0.060 0.040 

4 .O 0.878 0.880 0.882 0.0023 0.0046 0.016 

10.0 0.9721 0.9726 0.9727 0,0005 0.0006 0,018 
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For an in i t ia l  uniform distr ibut ion $ ( T )  = 1, the f i rst- f l ight  nonescape probabil i ty i s  given exactly as  

(7) 

and approxiniately as 

K--3 6 

2Rn a 

The functions E n ( x )  are the well-known functions5 defined by 

E&) r ~ rtu . sr" e:: 

The values calculated from (7) and (8) for 0.1 < o < 10, w i th  d ~ 0.71/2', are l is ted i n  Table 6.4.2 
A comparison w i th  similar curves for the slab' shows that the agreement and plotted in F ig.  6.4.2, 

again i s  better for f ixed P or K but worse for f ixed G. 

In the two l imi ts of  very small and vety large sizes, (7) and (8) s impl i fy6 to: 

f 0.7% and K -  1.0160 , for u << 1 , ( 9 )  

for (J >> 1 , (10) 

where [a: (E .  I t  may be noted that i n  (9) K i s  indcpendent of  2,  whi le  in  (10) i t  i s  dependent on a. For 
R - 0.71, K =  1 - (0.70/'~). Thus, w i th  th is  choice of  the extrapolation length, the fractional error i n  the 

escape probabil i ty remains f in i te even when the s ize i s  indef in i te ly increased, but w i l l  approach zero 

for a -  0.616. Th is  conclusion applies also t o  the inf in i te slub, where wi th  the same choice of a agree- 

ment can be achieved between [' and < to  f i rs t  order i n  1,'~. A few values of K obtained wi th  Q = 0.616 

are shown i n  Table 6.4.2 and plotted on Fig. 6.4.2. They agree a l i t t l e  better w i th  the exact values. 

5?'ahles oi Functions and Z e r o s  of Functzons, NSS Applied Mathematics Series No. 37, USGPO, Washington, 

6The method far carrying out these summations was suggested by W. Kofink. 

1 954. 

136 



UN Cl. A S  5 IF I E D  
2 - 04- 059- 405 

10 

0.8 

0 6  

0.4 

0.2 

0 
0.1 0.2 0.5 

Fig .  6.4.1. Fi rs t -F l ic  

1 2 5 10 
17 = Zo 

t Nonescape Probabi l i t ies  for 
the Pers ist ing Neutron Distribution in o Sphere. 

1 .0 

0.8 

0.6 

0.4 

0.2 

0 

PERIOD ENDING S E P T E M B E R  1, 1959 

UEICI.ASSIFIEU 
2 - C i - 0 5 9 - 4 0 6  

TRANSFOST THEORY RESULTS 

0.5 4 2 5 i o  0.1 0.2 

u = z, 

Fig .  6.4.2. F i rs t -F l ight  Nonescope Probabi l i t ies  for a 

Uniform Neutron Distribution in  a Sphere. 

T a b l e  6.4.2. Fi rs t -F l ight  Nonescape Probabi l i t ies  for a Uniform Neutron Distribution in a Sphere 

K - P  K - P  

ff P K P 1-P 

a = 0.71 a := 0.616 a== 0.71 a- 0.616 u = 0.616 u = 0.71 

0.1 0.071 

0.2 0.135 

0.5 0.293 

1 .o 0.473 

2.0 0.668 

4.0 0.818 

5.0 0.853 

10.0 0.925 

0.090 

0.167 

0.335 

0.5 1 1  

0.691 

0.831 

0.863 

0.930 

0.0895 0.27 

0.24 

0.329 0.14 

0.500 0.083 

0.681 0.034 

0.015 

0.012 

0.927 0.005 

0.26 0.66 0.64 

0.37 

0.12 0.059 0.051 

0.057 0.072 0.05 1 

0.0 19 0.069 0.039 

0.071 

0.068 

0.002 0.067 0.027 
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I. Dresner 

In  an effort t o  understand the spatial variat ion o f  the thermal-neutron f lux i n  heterogeneous reactors, 

M e e t z 1 i 2  f i r s t  employed a model of a reactor consist ing of a f in i te,  integral  number of s lab  ce l l s  i n  the 

center of each of wbich was an in f in i te ly  th in  plane fuel  plate (which, however, had a f in i te  absorption 

rate). The thermal neutrons were described i n  Meetz' model b y  one-group dif fusion theory, w i th  the 

slowing-down source given by Fermi age theory. One remarkable resul t  of Meetz' detai led calculat ions 

was that at the posit ions of the fuel  plates the spat ia l  variat ion of the f lux was the same as in a homo- 

gcneous reactor ly ing inside the same boundary. Later Meetz' generalized h is  study t o  a two-dimensional 

reactor w i th  l ine sources, and again found the same result. Hafele4 studied the f lux spectrum as  a 

function of space and neutron lethargy i n  Meetz' one-dimensional reactor iiiodel by using dif fusion theory 

but not specifying the energy-exchange kernel, and again found that a t  the delta-function fue l  plates 

the spat ia l  variat ion of the f l u x  was the same a s  i n  the homogeneous reactor ly ing inside the same 

boundary. Moreover, he found that a t  these points the space and lethargy dependences of the f lux sep- 

arated, and consequently the spectra at  the fue l  plates were a l l  the same. 

The results nf Meetz and Hs'fele, as w i l l  be shown subsequently, are clue exc lus ive ly  t o  the very 

high degree of geometrical syinmetry of the reactor configurations that they studied. Even i n  th is  

respect, their assumptions ore more rest r ic t ive than necessary; for example, in the one-diniensional slab 

model a suf f ic ient  geometrical requirement i s  that the reactor he composed of an integral number of 

ident ical  slab cells, each of which i s  symmetric w i th  respect t o  re f lect ion i n  i t s  midplane. The fuel  

need not necessari ly be located i n  a central plate, nor for that matter, need the fue l  and moderator even 

be in separate regions, The most general geometric configuration we have found which i s  suff icient t o  

obtain results similar t o  those of Meetz and Hafele, and which we shal l  use throughout the remainder 

of th is  paper, i s  the fol lowing: The reactor i s  a rectangular parallelepiped constructed by stacking an 

integral  number of identical, s imi lar ly  oriented, rectangular paral lelepipedal cel ls,  each of which is 

symmetric w i th  respect t o  re f lect ion in  i t s  midplanes. 

With regard t o  the properties of the reactor equation, the assumptions of  Meeiz and Hafele are l ike- 

wise too restrictive; for example, i h e  use of d i f fus ion theory is unnecessary. Suff icient condit ions for 

the considerations t o  fol low may be summarized by saying that they must permit the use of the method 

'K.  Meetz,  Z. Naturlorsch. 120(9) (1957). 
21bzri .e  120(11) (1957). 
3K.  Meetz,  Proc. U.N. lnte~n.  Conf, Peaceful Uses Atomic Energy, 2nd,  G e n e v a ,  1958, P/968. 

4 W .  t iafele,  Nzikleonik l(6) (1959); a resume of t h i s  paper i s  g i v e n  in Tpans. Am. Nuclear SOC. 2(1) (1959). 
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of imagese5 

energies on the reactor boundary.b 

consti tutes a s igni f icant restr ict ion. 

In  particular, the boundary condit ion we shal l  require for the f lux  i s  that it vanish at al l  

Furthermore the reactor equation must be linear, but t h i s  hardly 

Under the afore-mentioned condit ions it  i s  then possible t o  prove the fol lowing theorem: There are 

eight separate networks of points each of which has the property that at each of the points (1) the space 

and energy dependences of the f lux separate, (2) the space dependence is  the same as i n  a homogeneous 

reactor ly ing inside the same boundary, (3) the spectrum is  the same [an obvious corol lary of (l)]. The 

eight networks are, respectively, the three sets of midpoints of the edges, the three sets of midpoints 

of the faces, the corners, and the midpoints of the ce l l s .  

F o u r i e r  Ser ies  Repre sentat i on s 

L e t  us now consider a reactor medium consist ing of a repeating pattern of identical,  s imi lar ly ori- 

ented cel ls.  L e t  each c e l l  be a rectangular paral lelepiped w i th  edges given by the three orthogonal 

vectors a i .  In  th is medium let  

us choose the origin a t  the corner of one reactor ce l l .  Any  physical  property of the reactor medium, /(r)! 

for example, the f i ss ion  cross section, i s  a periodic function of space which is  le f t  invariant by trans- 

lat ion by any linear combination of the ai with integral coeff icients. Thus i f  we set 

L e t  the ce l l s  be symmetric w i th  respect t o  ref lect ion in  their  midplanes. 

we have 

m m r m  3 

/(r) I ( q , x * , x J  = r: 1 f (P1 ,PpPJ  IJ cos ( 2 T F ; X ; )  * (1) 
P,-0 P,-0 P,=o i = l  

Here the use of the cosines in  the Fourier series guarantees the symmetry of /(r) wi th  respect t o  ref lec- 

t i on  of the c e l l  i n  i t s  midplanes. 

L e t  the reactor we are considering be so located that its faces are given by  x i  = 0 or Ni, where N i  

i s  an integer. From 

+(r) we can generate an infinite-medium solut ion which vanishes on the reactor boundary and i s  ident ical  

w i th  $(r) in the reactor interior by  successive ref lect ion w i th  change of s ign i n  the planes xi + r n i ~ ; ,  

where mi = 0, 1, 2, 3, . . . . That th i s  function w i l l  actual ly be a solut ion of the infinite-medium reactor 

equation depends on the fact that the latter equation i s  lef t  invariant b y  these successive ref lect ions. 

Th is  last fact  i s  a consequence of the ref lect ion and translat ion symmetries of the inf in i te medium. 

Imp l ic i t  in th is  whole procedure is  the assumption that the reactor equation can be put i n  the form of a 

Le t  us suppose that we know a solution, + ( I ) ,  for the f lux  i n  the reactor interior. 

5A.  M. Wainberg and E. P. Wigner, The Phys ica l  Theory of NeuLrnn Chain Reaclvrs, p 349 ff., Univers i ty  of 
Chicago Press, Chicago, 1958. 

6The author wishes t o  thank W. Hafele for br ing ing t o  h i s  a t tent ion the work of Meetz, as w e l l  a s  h is  own work, 
and for many in terest ing and he lp fu l  d iscuss ions concerning the present paper. Thanks are a l so  due to E. P. Wigner 
for h i s  most va luable suggestions, and to E. Int;nu for an i l l um ina t ing  conversation. 
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local  equation, involv ing the f lux  and i t s  space derivatives at only one point. 

the f in i te-  and infinite-medium reactor equations do not dif fer at a l l  but only the boundary conditions. 

Th is  i s  t o  ensure that 

The solut ions generated by the above ref lect ion method are a l l  periodic w i th  period 2 N i  i n  the i t h  

direct ion and are a l l  odd around the planes x i  = 0. Thus they a l l  have the form 

Furthermore, the converse i s  true; that i s ,  any infinite-medium solut ion of the form (2)  must necessari ly 

be a solut ion of the f in i te reactor problem, since it vanishes on the actual reactor boundary. 

Frequency Selection 

If we interpret f ( r )  as the total  cross section, say, and mult iply the Fourier series (1) and (2), we 

obtain terms in  the Fourier series for the co l l i s ion  density of the type 

Now the argument leading t o  (2) for the f lux  holds as we l l  for the co l l i s ion  density; thus the frequencies 

appearing on the right-hand side of (3) must be among those appearing on the right-hand side of (2). 
Hence the condit ion 

must hold, where i s  any nonnegative integer, and p i  and PI' are the same set of nonnegative integers 

except for a rearrangement of order. The absolute value signs are used in  (4) because only posi t ive 

frequencies appear in  (2); i f  i n  (3) the last  frequency i s  negative, i t s  sign i s  changed and so  i s  the sign 

of the coeff icient of the term in  which it appears. Equation (4) has N i  + 1 solutions given by 

p i  = I 21vi w i  i- (512) 

where 

7 d i  = 0, k l ,  -12, -13, * .  . , 
and 

si  = 0, 1, 2 ,  .. . , N i  . (5c) 

With the frequency selection (5), (2)  can be rewrit ten as 

where the expansion coeff icients i n  (6) are related in  a sirnple manner t o  those i n  (2). 
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Properties of Eigenfunctions. - A n  immediate but not surprising consequence of the frequency 

selection (5) i s  that the eigenfunctions (6) have a definite symmetry character w i th  respect t o  re f lect ion 

i n  the midplanes of the reactor. Even si corresponds t o  antisymmetry; odd si t o  symmetry. 

The persist ing- or ground-mode in a heterogeneous reactor must be g iven b y  s ,  = s z  : s 3  1. T o  

prove this we consider values of the eigenfunctions at the points x i  = mi + ei N,, m. = 0, 1, 2, . . . I N ~ ,  

and F~ = 0 or ’/2. We need only consider odd values of si, since the ground-mode must be symmetric wi th  

respect t o  re f lect ion in the midplanes of the reactor. A t  the points considered we have 

( 7 9  t E,,rrL2 + E2,’YL3 + E 3 )  
#s, IS2 .s 3 

Only when a l l  the .si’s are equal t o  1 do the arguments of the sines never exceed TI. 

For a particular choice of the the space dependence given by the sum of products in  (6) reduces 

t o  a single product of three sines, mult ipl ied by a sum over the wi. The product of sines gives the space 

variat ion over the network x i  = mi + ei, mi = 0, 1, . . . , N i t  while the remaining factor gives the spectrum 

there I+(w, ,w2, iu3)  i s  energy dependent i n  general]. Thus for each network of g iven ei, the separation 

of the space and energy dependences famil iar i n  the homogeneous case reappears. Moreover, the space 

dependence at the points of each network i s  the same as i n  a homogeneous reactor lying inside the 

same b o ~ n d a r y . ~  

6.6. THERMALlZATlON OF PULSED NEUTRONS IN A NONMULT1PLYING MODERATING MEDIUM 

S. N. Purohit 

The t ime behavior of the thermal-neutron energy 
spectrum of neutrons from a monoenergetic pulsed 
source i n  beryl l ium assemblies wi th  various geo- 
metric buckl ings has been calculated using the 
heavy gas model. The neutron distribution, in the 
d i f f  us ion theory approximation , for the f undamenta I 
spatial mode due t o  a pulsed neutron source i s  
given as: 

In  th is  study a convenient source function 
5 ( E , t )  was arbitrari ly chosen; the  resul ts  g iven 
belotv are independent of S(E, t ) ,  since the asymp- 
to t i c  behavior i s  being studied. 

A multigroup formolism, over the thermal-neutron 
energy range from 0 t o  10 k?‘, was used t o  generate 
the neutron distr ibution $(E, t )  by the use of an 
analog computer. The expression +(E, t )  was f i t ted 
b y  a sum of exponentials i n  the fo l lowing manner: 

-hot - X 1 t  
$ ( E f t )  = q50 ( E )  e t (f, ( E )  e I (2) 

+ JoET X.,(E’) $ ( E ’ , t )  F(E’-+ E )  dE’+ for A, > A,. The result ing values of A,, assuming 
zero absorption, are shown i n  Table 6.6.1 for 

-t- S ( E , t )  . (1) several bucklings. The value of A, for zero 
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buckl ing is a lso  given. For other buckl ings A ,  
w i l l  be of the same order. 

The to ta l  time required for the neutrons t o  reach 
thermal e lu i l ib r ium in  an inf in i te modium of beryl- 
lium, again assuming zero absorption, was es t i -  
mated as -100 psec (plus 14 psec slawing-down 
t i i i ie for epithermal neutrons). Values of A,, A , ,  
and A, were obtained analyt ical ly for the case of 
an inf in i te medium of beryl l ium having zero ab- 
sorption by using as so t  iated Laguerre polynomia Is 
i n  the expansion of the neutron energy distr ibution. 
The expansion was: 

(3) 
-A i t  

d ( ~ , t ) =  1 e QZ@) 

i 

T a b l e  6.6.1. Values of  A for Various Bucklings 

(Analog Computer Results)  

n2 (cm-2)  h, (kc/sec) A ,  ( k c / s e c )  

x 10-2 

G 0 47.5 

2.94 3.611 

5.36 6.859 

7.18 8.390 
_____. ... . . . . . 

in  which 

where L:’)(E) i s  the associated Laguerre poly-  
nomial of order one. The results obtairied by 
using the f i rs t  three polynomials in  (4) are shown 
i n  Table 6.6.2. 

The value of the thermalization time constant, 
AT’, obtained for beryl l ium by the use of the 
analog computer i s  21.05 f 1.0 p e c ;  the value 
calculated analyt ical ly by  using the Laguerre 
polynomials i s  A;’ 7 18.63 p e e .  

Table  6.6.2. Va luss  of /! for a n  lnf ini?s Medium 

of Beryl l ium (Ana ly t ica l  Calculat ion)  

lo3 

0 0 43 

A1 1.33 exso uo 53.6 

A2 4.09 E ~ s o u o  165 

6.7. MONTE CARLQ NEUTRON ESCAPE PR ABlblTY CODES 

K. R. Coveyou W. E. Kinney J. G. Sull ivan 

I n  the course of an experiment to inerasure ‘7 of 
U233, reported elsewhere iii th is report (Sec 4.3), 
i t  became necessary to know the escape proba- 
b i l i t y  of neutrons born in  a th in disk. A Monte 
Carlo code, designated as Lump I, has been writ ten 
to coinpute the escape probability. 

Figure 6.3.1 shows the configuration adopted for 
the calculation. ‘Thermal neutrans from uri iso- 
tropic disk source of radius R ,  pass through a 
col l imator of radius R,, located a distance c from 
the source, and str ike a target disk of radius R T  
at a distance d from the source. It i s  assumed 
that the radial distr ibution of thermal neutrons i s  
maintained throughout the target disk but that the 
neutrons are attenuated in the axial  direct ion as 
--z/ A, 

C’ , where At i s  the mean free path for thermal 
neutrons. 

In choosing the radial source distribution, x 

and y coordinates are chosen for the source disk, 
and x ’and y’coordinates are chosen for the target 
disk. A test  i s  then made to see i f  the l ine  
joining these coordinates could have passed 

The condition that the 
-I 

through the collimator, 
coordinates be accepted 

I(X.2 + 72) - 

where 

F - d R ,  , 
y- = y / R  

S ’  

x ‘ - x ‘ / R D  , 
y ’ = y ’ / R D  , 
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IJNCL ASSIFIED 
2 -0? -059-401  

The axial  d istr ibut ion of fast-neutron sources 

wi th in  the target disk i s  chosen from P . 
After the source point  for the fast  neutron i s  
selected, the direction of f l ight  i s  chosen iso- 
tropically. The shorter distance to the boundary 
of the disk, S, i s  then computed, and the escape 

probabi l i ty  i s  calculated from e - s / x F ,  where 
A, i s  the mean free path for fast neutrons. 

A suff ic ient  number of h istor ies are run so that 
the standard deviation o f  the escape probabi l i ty  

- z/A, 

lRs  ~ 

SOURCF 

C- t =  - d  

Fig. 6.7.1. Assumed Experimental Arrangement for 

Select ing the Radial  Source Distr ibut ion in the Escape 

Probabi l i ty  Code. 

l i es  below a specified convergence criterion. 
The time required to  run a case i s  from 5 to 
20 min on the Oracle and about one-fifth that time 
on the I BM-704. 

Another code, ident i f ied as Lump I I ,  has been 
written to  compute the escape probabi l i ty  o f  
uniformly distr ibuted neutrons from a parallele- 
piped, a cylinder, a sphere, or an el l ipsoid.  

6.8. ADDITIONS TO CORN PONE - A MULTIGROUP, MULTlREGlON REACTOR CODE 

W. E. Kinney 

Several additions have been made to Corn Pone, 
a P ,  multigroup, multiregion reactor code which 
has been described previously.' The number of 
neutrons absorbed, the number o f  f issions, and 
the number of  neutrons produced i n  certain ele- 
ments now may be computed and printed. A f ixed 
or a var iable transverse buckl ing may also be 
used. The thermal constants Ca and C t r ,  as wel l  
as the number o f  space points  i n  each region, 
may be inserted for each region as part of the 
input i f  desired. 

A choice of  in i t ia l  source guess i s  also avai l -  
able. The choices are: 

1. F l a t  source i n  f iss ionable regions, 
2. Source of the form s in  (ax + a), 

3. Source of  the form sin (m -t 8)/r, 
4. Source o f  the fcim 
5. Source from paper tape, 
6. Source from the previous case. 

The converged source may be punched on paper 
tape for use i n  a later case as an in i t ia l  source 
guess. Vacuum regions may be treated at  the 
or ig in  and between each material region. 

2 A report on Corn Pone has been prepared, 
I 

' W .  E. Kinney, R. R. Coveyou, and J. G. Sullivan, 
Neutron P h y s .  Ann. Prog. R e p .  Sep t  1 ,  1958, ORNL- 

R. Coveyou, W. E. Kinney, and J. G. Sullivan, 
Corti Pone: A Multi roup, Multiregion Rearlor Code, 
O R N L - 2 7 8 9  (io be pubfished). 

2609, P 84. 
2R. 
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6.9. NEUTRON REACTiON RATE CODES 

R. R. COV@"JOU W. E. Kinney 

The 05H Code, a Monte Carlo reactor code described previously,' accounts for the motion of the 

nuclei comprising the medium in  i t s  treatment of the thermal region. Generally, the tenperdure of the 

medium w i l l  be greater than room temperature, cat which most cross-section data are taken; but the cross 

sections, or equivolenlly, the reaction rates, may bs computed for the higher temperatures from the room- 

temperature data. The theory of 

the codes and the codes themselves are brief ly described below. 

Codes hove been written for the IBM-704 to perform th:? camputation. 

Cads Theory 

The reaction rate for a neutron in  a single-species medium i s  given by 

where 

R(V ,T)  - reaction rate for a neutron of velocity 'd i n  a medium at temperutute 7' 

= V a ( V , T ) ,  

u = cross section, 

A.1 - mass of the scattering nucloi~s,  

I.t' = velocity of the scattering IPUCIEUS, 
k = Boitrmann's constant. 

Now le t  

Equation (1) then b ~ c ~ i ~ l e s  

which i s  the solut ion of the age equation 

d2 R ( V ,  i) 2 dR(V,7)  , --_I. d~ (v, .-) 
-= 0 2 R ( V , 7 - )  = v av dr av 

Let t ing  .Y(V,*r) VR(V,-r) ,  

(4) 

l_l_ __ 

' R. R. Coveyou, J. G. Sul l ivan,  and H. P. Carter, N e u ! m n  P h y s ,  Ann. Prog. R e p .  Sept. I, 1958,  ORNL-2609, p 87. 
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The boundary conditions are 

where V m a x  i s  some designated upper speed where the motion o f  the nuclei comprising the medium does 

not af fect  the reaction rate, 

The difference equation approximating (5) to the fourth order in the ve loc i ty  spacing, 15, i s  

s v,7 I- =-  [S(V + h,r) + 4S(V,T) 3. S(V - h,T)I . ( 3: 
Thermal  Prep I Code 

Thermal Prep I uses the data from the master cross-section tape2 to compute S for selected isotopes 

at  equally spuced speed intervals between O and a specified V m a x .  Below a speci f ied V,, scattering 

cross sections are constant whi le f iss ion and absorption cross sections are V u .  The resul ts are put 

on a Thermal Prep data tope for use in later programs. The input consists of  the isotope ident i f icat ion 

number, the number of cross sections to be treated (only total, scattering, and f ission cross sections 

may be treated), V o ,  Vmax, and h, the speed interval. 

Thermal  Prep I I  Cade 

Thermal Prep It uses the Thermal Prep data tape to compute S for higher temperature from Eq. (7). 
Both T o  and T are i n  

A l l  values o f  S at To  are raised to 'I' and the resul ts are added to the Thermal Prep 

The input specifies TO, the reference temperature, and T ,  the new temperature. 

O K  and T > To. 

data tape. Any temperature on the tape may b used as a reference temperature. 

Reaction Rate Program 

The Reaction Rate Program uses the Thermal Prep data tape to produce reaction rates at  equally 

The resul ts are put on a reaction 

The input specifies the isotope and cross section, the temperature (which must be on the 

spaced energy points between specified lower and upper energies. 

ra te tape. 

Thermal Prep data tape), the lower energy, the upper energy, and the number of  energy points <1200. 

I 

2J. G. Sullivan, Neutron Phys .  Ann. Frog. Rep.  Sept .  I ,  1958, ORNL-2609, p 87. 
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NANCE ABSORPTION OF NEUT 
K. Hasegawa 1 

Resonance absorption of neutrons in  a lump has been calculated by two approximate methods: the 

narrow-resonance approximntion and t l ie wide-resonance approximation. Since actual resonance l ines 

have f in i te  widths, the slowing down o f  neutrons scattered by absorbing nuclei  must be correctly con- 

sidered to improve these approximations. In th is  paper a new resonance integral formula i s  proposed 

which tends to be equal to the result of the narrow (or of the wide) resononce approximation i n  the 

narrow (or the wide) resonance l imi t .  

Resonuiice absorption of neutrons i n  a lump immersed i n  n strongly moderating in f in i te  medium i s  

It i s  assumed that a resonance neutron i s  slowed down below the resonance region by one 

The neutron f lux inside the lump, +(r,u),  sat isf ies the 

considered. 

elast ic co l l i s ion  wi th a moderating nucleus. 

equation 

where the neutron flux outside the lump i s  normalized a s  unity. 

f lux i s  spatial ly f la t  inside the lump, Eq. (1) becomes, after spatial integrations, 

When i t  i s  assumed that the neutron 

where P ( u )  is the escape probabil i ty from the lump. 

Equation (2) can be rewrit ten i n  another form: 

wliere 4m ( u )  i s  the Placzek function, and 

Equation (3) i s  an extension o f  the equation derived by Weinberg and Wigner2 and by Corngold3 for a 

homogeneous system. 

’Formerly on  leave from Hitachi ,  Central Research Laboratory, Kokubunii, Tokyo, Japan; now deceased. 

2A.  M. Weinberg and E. P, Wigner, Proc-cedings o/  the Brookhaven Conlerence on R e s o n a n r e  AbsoQtion o/  
Neutrons in Nuclear Reactions,  BNL-433 (C24) (1956); see  a lso  P h y s i c a l  Theory o/  Neutron Chain Reactors, 
Univers i ty  of Chicogo Press, Chicago, I l l i n o i s  (1958). 

3N. Coingold, Proc. Phys.  Soc. (London)  A70. 793 (1957). 
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In the f i rs t  approximation the Placzek function, I + ! J ~ ( U ) ,  i s  replaced in Eq. (3) by i t s  asymptotic 

form, 1/[. Then the equation can be solved and the resonance integral, RI, becomes 

X 

The f i rs t  term i s  the resonance integral of the narrow-resonance approximation, and the second term 

i s  the correction term (Z It i s  interesting to note that the 

correction term vanishes in the narrow-resonance l imi t .  Moreover, it can be shown that the formula 

given by Eq. (6) tends to be equal to that of the wide-resonance approximation in the wide-resonance 

l imit.  

i s  the potential scattering cross section). 
P S  

When the rational approximation for P(u)  i s  used, the formula can be writ ten i n  either of two forms: 

where 17 and G are pos i t ive quanti t ies and vanish i n  the narrow- and the wide-resonance limits, re- 

spectively. Here b = 1 + l/(Xps 1 ),where I i s  the mean chord length of the lump. It i s  very interesting 
- - 

to note that Rl (NR) [RI (WR)] overestimates when b(rn/’l’) < [>]I. when 

RI (NR) and Rf (WR) 
width. 

o f  hydrogen and uranium. T h i s  work has been described i n  detai l  i n  another report. 

become equal, and our correction term vanishes irrespective of the resonance 

Equation (9) i s  the extension of  the equation given by Spinney4 for the homogeneous mixtures 
5 

4 K .  T. Spinney,  Proceed ings  of the Brookhaven Conference on Resonance Absotprion of Neutrons  in Nzrcleur 

5 K .  Hasegawa, 7 h e o r y  of Resmance  Absorption of Neutrons i n  a Lump,  ORNL-2705 (1959).  

React ions ,  BNL-433 (C24) (1956); see also J. Nuclear Energy 6 ,  53 (1957). 
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6.11. CALCULATION OF THE PROMPT ISEIUTRQM GENERATION TIME FOR THE BSR-I! 

R. Perez-Belles' 

An experimental method for determining the rat io of the prompt-neutron generation time of a reactor 

to i t s  ef fect ive delayed-neutron fraction consists in  pulsing neutrons into the reactor, which contains a 

known amount of negative reactivi ty, and observing the decay o f  the neutron density fol lowing the burst. 

The amount o f  negative react iv i ty in  the reactor can be determined fair ly well, i n  the range from zero 

to one dollar, by comparison with the worth of  control rods cal ibrated by the customary inhour method. 

In connection wi th such an experiment (reported in  Sec 2.2)) a theoretical interpretation has been con- 

sidered in  terms of defining react iv i ty and neutron generation t ime for a ref lected reactor. 

The most simple yet  reasonably correct theory which can be used to describe the experiment i s  the 

After the neutron burst has entered the subcrit ical reactor under investigation, 

In the cuse of 

two-group treatment. 

the mathematical description o f  the f lux behavior i s  essential ly an eigenvalue problem. 

a ref lected reactor every spatial mode splits into 

delayed neutron group.2 The equations defining the modes ore: 

+ 1 t ime modes, each 

where the subindex 1 refers to the fast-neutron flux, 2 to the thermal-neutron 

the reflector. The other symbols are defined as fol lows: 

D = diffusion coefficient, cm, 

v = neutron velocity, cm e sec- l ,  

I* = neutron generation time, sec, 

Ana = eigenvalue (nth, a mode), 
1 Cf = macroscopic f iss ion cross section, cin- , 

2 "  Y2=, Z l r ,  Z 2 r  =- macroscopic absorption cross sections, 

' O n  assignment from lnstituto Nacional  de  Industria, Madrid, 

2M. Benedict, Massachusetts Institute of Technology, 1958. 

Soa i n. 

associated with a dif ferent 

G l c n u  ' ( 1 )  

( 2) 

( 3) 

(4 

( 5 )  

flux, r to thP core, and T to 
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v = neutron mult ip l ic i ty,  

’J. = period o f  the j th group o f  delayed neutrons, 
I 

= flux (nth, a mode), 

+:, = adjoint f lux (nth, a mode), 

p,, = react iv i ty  (nth, a mode), 

Pef f  = effect ive total fraction of  delayed neutrons (Peff = yp), 

y = ratio of  nonleakage probabi l i t ies for delayed and prompt neutrons. 

When each o f  Eqs. (1) through (5) i s  mult ip l ied by i t s  respective adjoint  flux, an integration i s  per- 

formed over the entire system, and the boundary conditions are applied, the resul t  i s :  

where 
rate o f  production - rate of  losses by leakage and absorption 

rate o f  production 
P =  

and 

total prompt-neutron population 

rate o f  production 
I* = 

-,- j’ dT [ +;1*27 + t r + l r  

Vl 
- - n r e f l e c t o r  v2 +--1 (7) 

c o r e  

Here the subscripts R and a have been dropped for clari ty. 

Equation (6) i s  the inhour equation generalized to  a reflected system and gives the react iv i ty in  

each mode as a function o f  the neutron generation t ime and the eigenvalue of  the corresponding mode. 

In a pulsed experiment the fastest decay o f  the fundamental mode i s  selected (that is, AT. >> 1, where 

r.-’ i s  the largest decay constant o f  the delayed neutrons). 
I 

7 

Equation (6) then reduces to 

P - P  =-, 
I* 

where again the subscripts have been dropped. When negative react iv i t ies  are inserted the result, from 

P 
(81, is: 

x = -  [ l  +p*l , 
I *  

where p* (= p / P )  i s  expressed i n  dollars (ref 3). 

(9) 

3B. E, Simmons, Nuclear Sci. and Eng. 5, 254 (1959). 
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Equation (9)  may become the basis o f  a suitable method for measuring lorge negative reactivi t ies, 

provided tlhat the definit ion o f  I* i s  independent of  the amount o f  react iv i ty absorption inserted into the 

reactor. however, second-order variations i n  I* produced by f lux depression and the effect o f  non- l /v 

absorbers on the neutron spectrum may arise for large reactivi t ies. 

In order to compute the generation t ime from (7) a theoretical fu l ly  ref lected spherical reactor 

equivalent to the actual parallelepipedal reactor has been used i n  the computation o f  the  two-group 

f luxes and their adioints. A GNIJ code' computation of the flux-weighted two-group constants froin a 

32-group calculat ion has been used i n  a desk machine computation o f  the adjoint and real fluxes for the 

fundomental mode. 1" = 21.3 
psec. The experimental result (Sec 2.2) after introducing the known values o f  X and p *  i n  ( 9 ) i s  

1*//jeff = 3.2 t 0.2 msec. This figure, combined with a computed value of Pe f f  = 0.00704 ? 0.000035, 
y ie lds  I* = 22.5 I 1.5 psec. 

The results ore shown i n  Fig. 6.11.1. Numerical integration o f  (7) gives: 

Two main sources of inaccuracies can be considered i n  the computation of I" .  The f i rst  one depends 

on the use o f  a two-group treatment which underestimates the peaking of the thermal-neutron f lux in the 

4 
C. 1.. Davis,  J. M. Bookston, and B. E. Srnivh, GNL' 11, Multig~orrp One-Dimension-Diffusion Program for t h e  

15M-704, GMR- 101 (1957). 

UNCLASSIFIED 
2 -01 -058-0 -475  

0 20 30 40 50 

r ,  DISTANCE ( c m )  

Fig .  6.11.1. Computed Rea l  and Adjoint F l u x  Prof i les 

for the BSR-ill Spherical Model (Arbitrary Normalization). 
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reflector. The second approximation arises from using the 

equivalent spherical reactor f lux distr ibut ion as input i n  the generation-time calculation. However, the 

use of  the adjoint f luxes as weighting functions and the process of  integration tend to  cancel detai ls 

of f ine structure i n  the f lux distr ibut ions.  It i s  therefore estimated that the theoretical result i s  good to 

wi th in  10 i o  15%. 

The resul t  i s  to lower the generation time. 

The theoretical computation does not include the slowing-down time which was estimated to be 

negl ig ib le.  The computation o f  I* from (7) shows that the reflector contribution to  the neutron l i fe t ime 

accounts for about 20% of  the total.  

In order to theoret ical ly interpret pulsed reactor experiments, computation o f  the adjoint f luxes i s  

Calculat ions in  th is  direction are being carried out by means o f  suitable changes i n  highly desirable. 

avai lable numerical codes. 

6.12. A CORN PONE CALCULATION OF THE ENERCYeDEPENDENT NEUTRON FLUX 
IN AN UNREFLECTED 69.2-cm-dia SPHERE 

D. W. Magnuson R. Gwin W. E. Kinney 

A series of calculations wi th  the Corn Pone re- 
actor code’ has been in i t iated to compute the 
parameters o f  unreflected c r i t i ca l  spheres. The 
resul ts of these calculat ions should serve as a 
guide to the understanding of c r i t i ca l  experiments, 
wi th  particular emphasis on the use o f  the f i rs t  
fundamental theorem of reactor theory.2 

A 69.2-cm-dia sphere was chosen for the calcu- 
lat ional  example because experimental data were 
avai lable from a c r i t i ca l  volume of th is  diameter 
and because there is  enough neutron leakage from 
a c r i t i ca l  aqueous U235 solution f i l l i n g  a sphere 
of  this s ize for a variation in  extrapolation length 
to be important. 

The Corn Pone calculations y ie lded spat ia l  
d istr ibut ions of steady-state source and neutron 
f lux for each of  several energy groups. In order 
for there to be any variation in the buckling, of 
course, the condition that the net inward current 
a t  the boundary of the sphere be zero must be 
applied. An examination of  these data showed 
that the neutron spat ia l  d istr ibut ion did vary 
from one energy group to another. The fluxes and 

’R. R. Coveyou, W. E. Kinney, and J. G. Sullivan, 
Corn Pone, A Multigroup, Multiregion Reactor Code, 
ORNL-2789 (to be published); see a lso  sec 6.8. 

M. Weinberg and E. P. Wigner, The Physical 
‘ I ‘ h o r y  of Neutron Chnia Reactors. p 381, Univers i ty  
of Chicago Press, Chicago, 1958. 

2A. 

sources in  the energy groups were then sat is-  
factor i ly  f i t ted to the equations 

s in  €3 r 

r 
4 d~) = A +  - , 

sin B , r  

r 
S(r) = A, - . 

The sources were calculated in  the various groups 
because i t  was expected that the distr ibut ion o f  
fast  neutrons would be strongly affected by the 
spat ia l  source of f iss ion neutrons. Table 6.12.1 
shows the resul ts of  this analysis. The variance 
in  each derived B value is shown in  the table as 
uncertainties in the extrapolated radius and the 
extrapolated length. The nonleakage probabi l i ty  
would change about \% for the variation of  B2 
shown in the table. 

Figure 8.12.1 shows ihe ef fect ive extrapolation 
length as a function of the energy group for the 
neutron source and flux. Table 6.12.2 l i s ts  the 
energy l imi ts  for the groups. 

As the distance from the boundary increases, 
the stationary state fluxes in each group approach 
more closely the same spatial distribution. For 
example, omit t ing fluxes wi th in  3.5 cm of the 
boundary reduces the difference in the R value 
for the fourth and thermal groups from 1.8% to 
0.65%. 
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Table 6.12.1. Calcu lated Values of Buck l ings and Ext rapolat ion Lengths For Various Energy Groups 

. -  - 

I 

0, R 8, 
Neutron Square Root Extrapolated Extrapolated 

Group 
Dis t r ibut ion of Buck l ing Rad i us Length 

(Cm-1) (cm) (cm) 
~ 

4 Source 0.085634 36.69 t 0.03 2.08 zk 0.03 

F lux  0.084431 37.12 !c 0.03 2.52 + 0.03 

5 Source 0.085447 36.77 0.02 2.17 -t 0.02 

F lux  0.084968 36.97 t 0.02 2.37 * 0.02 

15  Source 0.085628 36.69 * 0.02 2.09 5 0.02 

F lux  0.085698 36.66 f 0.03 2.06 * 0.03 

16 Source 0.085654 36.68 * 0.02 2.08 * 0.02 

Flux 0.08571 0 36.65 i 0.03 2.05 0,03 

Theriiial Source 0 .O 85 133 36.64 * 0.03 2.04 I 0 . 0 3  

F lux 0.0861 52 36.47 + 0.05 1.87 * 0.05 
_I_ .... . . . . . . .. . .- _I... 

Table 6.12.2. Energy-Group L i m i t s  

L o w e  r En e r g y 

(ev) 
Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 x lo8  

1 l o7  

6 . 0 6 5 ~  lo6 

3.679 X lo6 

2.231 X lo6 

1.353 x lo6 

8.208 X l o 5  

1.832 X l o 5  

9.118X lo3  

4.54 x l o 2  

1.12 x l o 2  

Lower Energy 

(e.) 
Group 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

3.372 X 10’ 

1.515 x 10’ 

1.016 x I O 1  

4.564 x IO0 

1.375 x IOo 

9.214 x IO-’ 

6.176 x lo-’ 

4.140 X lo-’ 

2.775 x lo--’ 

2.272 X lo-’ 

1 A60 X 20-’ 

Lower Energy 

(e.) 
Group 

22 

2 3  

24  

2 5  

26 

27  

2 8  

29  

30 

31 

32 

1.523 x 1 0-1 

1.247 x lo-’ 

1.021 x lo-’ 

8.358 X 

6.843 X 

5.603 x 

4.587 X 

3.756 X 1 O-’ 

3.075 x 

2.518 X lo-’ 

Therma I 
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T 
UNCLASSIFIEU 

‘IL-Lii-DWG 4.1774 

Fig .  6.12.1. Variation of the Extrnpoloted Length 
with the Energy Group in a 69.2-cm-dio Sphere Con- 
taining an Aqueous ScsIution of U235: Computed Values. 

6.13. REACTION CROSS SECTIONS USING THE STATISTICAL MODEL 
OFTHECOMPOUNDNUCLEUS 

S. K. Penny 

Hauser and Feshbach’ used the s tat is t ica l  model 
to  consider the total cross section for the inelast ic 
scattering of neutrons. They further suggested 

reaction cross section for the case in which the 
s ta t i s t i ca l  model applies to the compound nucleus 
only, and have been pub1 ished elsewhere.2 

thot  their formalism might be altered to include _._.I- 

competit ion from other reactions and a lso to con- ’W.  Hauser  and H .  Feshboch, Phys .  Rev. 87, 366 

2S. K. Penny, Reaction Cross Sections Using the 
Stut is t icnl  Model of the Compound Nucleus, ORNL CF- 

(1952).  sider the poss ib i l i ty  of charged part ic les as 

have now been wri t ten exp l i c i t l y  for the total 59-9-11 (1959). 
and emergent particles’ These changes 
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7.1. PULSE4iElGHT SPECTRA OF THERMAL-NEUTRON-CAPTURE GAMMA RAYS 
IN VARIOUS MATERIALS 

F. J. Muckenthaler 

Gamma rays result ing from neutron radiat ive 
capture, that is, those from the ( n , y )  reaction, are 
often the most important source of gamma rays in 
a reactor shield, and an accurate knowledge of  
the spectra of capture gamma rays from various 
materials i s  required for the proper analysis of 
many shielding experiments. Accordingly, an 
experiment designed to  measure the pulse-height 
spectra of gamma rays result ing from the capture 
of thermal neutrons in a variety of structural and 
shielding materials has been performed a t  the 
Tower Shielding Faci l i ty .  Although a number of 
materials were studied, only the analyses for 
iron, aluminum, and lead have been completed, and 
the discussion below w i l l  be restr icted to  these 
three ma teri  a l  s. 

The experimental arrangement i s  shown in  
Fig. 7.1.1. The source and sample were placed 
near the center of a 4 x 4 x 3 f t  tank containing 
oil. The samples, which were uniformly 8 in. 

UNCLPSSIFIED 
2- 01 - 056- 27- 823 

Fig.  7.1.1. Experimental Arrangement for Moasure- 

mants of Spectra of Capture Gamma Rays from Various 

Mater ia ls .  

square and in. thick and had 2-in.-dia holes in  
their centers, were supported on a 6-in.-long lead 
cone which had a 2-in. maximum diameter a t  i t s  
upper end, A Po-Be neutron source was posit ioned 
a t  the lower end o f  the cone. The lead served t o  
reduce the number of 4.43-Mev source gamma rays 
reaching the detector. The holes in the centers 
of the samples al lowed them t o  f i t  around the 
lead so that the spectrum of gamma rays leaving 
the upper end of the lead was the same in  each 
case. 

Neutrons from the source were moderated t o  
thermal energy by the o i l  bath and absorbed in  the 
samples, resul t ing in the emission of capture 
gamma rays. The gamma rays were detected by a 
sc in t i l la t ion spectrometer employing a 3-in.-dia 
by 3-in. Nal (TI )  crystal, and pulses produced by 
the sc in t i l la t ion events wi th in  the crystal were 
fed in to  a 200-channel pulse-height analyzer. 

An 18-in. thickness of o i l  was maintained 
between the irradiated sample and the crystal i n  
order to  el iminate neutron interactions in  the 
crystal. The crysta l  was a lso surrounded by 
boron P iex i  glas to mini mi ze therma I-neutron 
activation. 

The measurements wi th  each sample consisted 
of two exposures, one with the bare sample and 
another wi th  the sample covered with a 3/16-in. 
thickness o f  boron Plexiglas. The boron reduced 
the number of thermal neutrons reaching the 
sample; therefore the difference between the 
pulse-height spectra for the two cases can be 
attr ibuted t o  gamma rays from thermal-neutron 
captures in  the sample. It i s  thus possible to 
el iminate essent ia l ly  a l l  the extraneous contri- 
bution to  the gamma-ray spectrum, including that 
due to  fast-neutron scattering i n  the sample. The 
difference spectra below 4.5 Mev are not too 
relinble, since they include a large contribution 
of 4.43-Mev gamma rays from the Po-Be source, as 
wel l  as a contr ibution of carbon capture gamma 
rays from the oil bath, but a peak of strong 
intensity in th is  region of the capture gamma-ray 
spectrum of a sample in a l l  probabil i ty would have 
been observed anyway. Background i s  included 
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i n  all the plotted data. The difference in back- 
ground caused by the presence of the boron 
Plexiglas was found to be negligible. 

The pulse-height spectrum for iron, shown i n  
Fig. 7.1.2, displays prominent peaks a t  9.24, 
7.65, and 6.02 MeV. Preliminary analysis shows 
that the intensity of the gamma ray a t  7.65 Mev i s  
much stronger than thut at either of the other two 
energies, I ts presence i s  attributed mainly to 
Fe57, since natural iron contains 91.6% of the 
isotope Fe56, whose absorption cross section i s  
also 92% of thz total  cross section for thermal 
neutrons. The measured value i s  also in good 
agreement with the 7.639-Mev value for the gamma 
ray from obtained by Kinsey and Barthol- 
amew.' The peak a t  9.3 Mev represents the 
direct transit ion to  the gsownd state of Fe55. The 
peak a t  6.82 Mev is  real ly the combination of two 
gamma rays of anergies of 6.015 and 5.944 MeV. 
Both of these gamma rays are believed by Kinsey 
and Bartholomew to  come from the F:e57 isotope 
because of i t s  re lat ive abundance. 

Figure 7.1.3, representing the pulse-height 
spectrum for 2s aluminum, shows only one 
proinincnt gamma-ray peak a t  7.74 Mev. 1-his i s  
in  good agreement wi th a previously observed 
value2 of 7.73 Mev bel ieved to represent a direct 
transit ion t o  the ground state of A I 2 8 .  ,4 contri- 
bution in  the lower energy region i s  possible 
through transit ions from the many excited levels 
in  The nearness of these levels makes it 
very d i f f i cu l t  to  dist inguish any particular gamma- 
ray energy, however. 

Only one peak, at 7.39 Mev, has been observed 
for lead (Fig. 7.1.4). Th is  agrees with the re- 
ported value of 7.40 Mev for Pb208. No peak from 
Pb207 a t  6.74 Mev i s  immediately evident in  the 
data, s ince the rat io of the intensit ies of the 
gamma rays from Pb208 and Pb207 paral lels the 

rat io of their thermal-neutron cross  section^,^ and 
the gamma ray from Pb207, therefore, would be 
masked out by the 6.89-Mev first-escape peak 
from Pb208. 

to determine the peak 
eff iciency of the 3-in.-dia by 3-in. Nal(  T-I) crystal 
for high-energy gamma rays by experimental I y 
determining the number of neutron-capture gamma 
rays being emitted from the iron sample. To  do 
this, i t  i s  necessary to know the total number o f  
tlierinal neutrons being captured in the iron. 
Measurements of th is thermal-neutron f lux are 
being made with indium and gold foils, using the 
same source and sample geometry as in  the 
capture gainma-ray measurements. The surface 
of the sample facing the sowrce i s  mapped with a 
sheet of gold fo i l  5 mi ls  thick, and small cadmium- 
covered gold fo i l s  are used to obtain a cadmium 
ratio. Measurements of the thermal-neutron f lux 
orr the upper surface of the sample were made 
with the indium foi ls, eight increments of sample 
being used so that .the attenuation through the 
sample could be observed. 

Figure 7.1.5 shows the uncorrected thermal-flux 
distr ibution through v2 in, o f  iron. A cadmium 
ratio through the iron varied from 7.7 on the 
surface nearest the source to  7-3 at the center 
and 7.1 a t  the other end of the samgle. Th is  
difference would make only a s l ight  change in  the 
shape of the curve, No corrections have been 
applied for f lux depression due t o  the presence 
of the foils. 

,411 attempt i s  under 

'B. B. K insey  and G. A. Bartholomew, Phys.  Rev. 

2B. B, Kinsey,  G. A. Bartholomew, and W. H.  Walker, 

89, 375 (1953). 

Phys .  Rev.  83, 519 (1951). 
3B. P.  Adyaserich, 6. D. Grosher, A. N. Dernidon, 

Conference of the Acaderriy of Sc ience  of the U S S R  
on t h e  Peace/trl Uses of Atomzc Energy,  V O I  3,  p 195 
(1 9.55). 
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Fig. 7.1.2. Puise-Height Spactra of Capture Gamma Rays from Iron. 
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Fig. 7.1.3. Pulse-Height  Spectra of Capture Gamrnol R a y s  from Alwrninum. 

160 



P E R I O D  E N D l N G  S E P T E M B E R  I ,  1959 

5 

2 

io-' 
0 20 40 60 80 100 120 140 i60 (80 200 

CHANNEL NUMBER 

F i g .  7.1.4. P u l s e - H e i g h t  Spectra of Capture Gamma Rays  from Lead.  
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Before a conversion from LTSF data to  BSF 
data could be made i t  was necessary to obtain 
information about the self-attenuation o f  neutrons 
inside the BSR. T h i s  was done by placing an 
all-aluminum mockup of one layer of fuel elements 
of the BSR adjacent t o  the source p la te in  the 
LTSF and taking thermal-neutron measurements 
in  the water beyond the mockup. Three configu- 
rations were used: no mockup; a nine-plate mockup 
(one-half of a layer o f  elements); and an 18-plate 
mockup (a fu l l  layer of elements). The resul t ing 
data for a plane-disk source were converted t o  a 
point-source geometry by standard transformations 
for the three configurations measured. The data 
were then extrapolated to a reactor loading wi th  a 
six-element thickness, which was the thickness 
of the loading for which BSR experimental data 
were available, and the thermal-neutron f lux in 
the BSF was calculated from the fo l lowing 
equation : 

D ( R )  = I’(R,) G ( R I #  R )  dV I 

r e a c t o r  v o l  

where 

D(K) = flux in  water a t  a distance R from 
the face o f  the reactor, 

= distance from the face o f  the reactor 
to  a po int  inside the reactor, 

R ,  

P ( R , )  = power distr ibution in the reactor, 

G ( R , , R )  = attenuation kernel for a medium 
made up of an K ,  thickness of 
reactor material and an R thick- 
ness o f  water. 

Since the power distr ibution through the BSF 
reactor was irregular, a single mathematical 
expression could not  Le obtained for the entire 
reactor. Therefore the reactor was divided in to 
304 volume elements, and the power in each 
volume element was computed. These calcu- 
lat ions were based on mappings o f  the thermal- 
neutron f luxes in the reactor that were reported by 
Johnson. 

The results o f  the ca lcu lat ion are compared wi th  
experimental measurements in Fig. 7.2.1. At  a 

distances, but there i s  a discrepancy of 15 to 25% 
for distances closer than 60 cm from the reactor, 
There i s  a poss ib i l i ty  that the s ize of volume 
element used i n  the approximate integration over 
the reactor was too large to  be accurate for these 
distances, or that extrapolation errors of the 
attenuation kernels were greater for closer 
distances. Also, the poss ib i l i ty  of the source 
cal ibrat ions being i n  error i s  not completely 
discounted. Th is  w i l l  be par t ia l ly  answered by 
a recal ibrat ion of the SSR now being planned. 

The detai ls o f  th is  calculat ion are presented 
e l ~ e w h e r e . ~  

4A. D. MocKel lar ,  Pwdzctron o/ The7muI-Nt.utron 
F l u x e s  N ~ a 7  the Bulk Shielding Reactor /70m L i d  Tank 
Shielding Earz l i ty  Data, ORNL CF-59-1-24 (to be 
pub1 I shed) .  

2 
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distance of 25 cm from the reactor the predicted 

distance of 125 em the predicted f lux i s  too low by 
1%. The agreement between the measured and Fig. 7.2.1. Comparison of  Predicted and Measured 
calculated f luxes appears to be good for the larger Thermol-Neutron Fluxes near the Bulk Shie ld ing  Reactor. 

f lux  is too h igh by a factor of 1.21, whi le  for a 

163 



N E U ? f ? O N  P H Y S I C S  A N N U A L  P R O G R E S S  R E P O R T  

7.3. RADlAT86N ATTENUATION PR PERTBESQF BA ETE AND ITS co 

W. J. Grantham, Jr.’ 

Barytes concrete, because of i t s  greater density 
and improved gamma-ray attenuation properties, i s  
often chosen as  a reactor shield material, particu- 
lar ly when the iequired aggegate i s  conveniently 
or local ly available. I t  i s  o f  inierest, therefore, 
to ascertain the relat ive importance in the shield 
of the various components of barytes concrete. 
Th is  has been done in  a recent series of experi- 
ments at  the Lid Tank Shielding Fac i l i t y  which 
successively employed dry barytes aggregate, 
d r y  barytes aggregate and portland cement, and 
barytes concrete, 

The barytes aggregate used iii these experiments 
was local ly mined a t  Swcetwoter, I ennessee, and 
had previously been found to contoin >92% 
30.50,. I ts speci f ic  gravity, when water-saturated 
but surface-dry, was 4.04, wi th a moistvrc- 
absorption coeff ic ient  of 3.7% of the oven-dry 
weight. During the “dry” experiments the mois- 
ture content remained at 1.7%. The coarse 
aggregate had a fineness tnodulus of 6.06 and a 
mcsxirnum nominal s ize  of 1 in.; the fine aggregate 
had a fineness modulus of 3.12 and a maximum 
size eqi-ial to the nominal s ize of a No. 4 U.S. 
Standard sieve opening. (Fineness modulus i s  
defined as the sum of percentages in the sieve 
analysis divided by 100, when the sieve analysis 
i s  expressed as cumv lat ive percentages courser 
than ecch of the fo l lowing sieves: Nos. 100, 50, 
30, 16, 8, 4, 36 in., 35 in., and l’/. in.) 

Since t he  same materials were to  be used in 
each series of measurements, proportioning 
criteiicr3 were in i t i a l l y  determined on the basis of 
a f inal  water:cement rat io of 8 gal per 94-lb sack 
of cement (intended to achieve ci 2 8 - d q  strength 
of 3200 psi)  and were maintained throughout c l l  
experinients. The combined fineness modulus of 
coarse and f ine aggregates was establ ished at 
4.95, and the proportion of cement-to-aggregnte 
a t  1-to-8 by volume. (The specif ic gravity of 
portland cement was assumed to  be 3.15.) For 

- 

’ T h i s  paper i s  an abstract  of a portion o f  o master ’s  
thes is  tha t  has been submitted t o  the Graduate 
Counc i l  of the Un ivers i ty  of Flor ida.  

2Un ivers i ty  of  F lor ida.  
3‘ t4 .  J. Grantham, Jr., M i x  D e s z g n  Crrterin /or Radi- 

ation Shzeldinp Concrete,  m a s t e r ’ s  thesis,  Un ivers i ty  
of Flor ida,  1959. 

the f inal  series of measurements, requir ing barytes 
concrete, water was added to  the dry mixture un t i l  
the mix could be expelled from the mixing truck. 
The fresh concrete had a slump of 2 in. and an 
average density of 3.27 g/cm3, which i s  very 
close to  the computed derisiiy, a l lowing 2% for 
void volume, of 3.28 g/cm3- The water require- 
ment was such that the water:eement ra t io  was 
essential ly 8 gal/sack, os intended, and measure- 
ments of f ive standard test  cyl inders after 28 days 
o f  curing indicated that the desired 3200-psi 
strength was achieved within a *6% maximum 
deviai ion from h e  average. The water of hydration 
after a 28-day curing period was approximated4 as 
13% by weight, and the density a t  the time of the 
test  wos 3.30 g/cm3. 

Figure 7.3.1 shows the LTSF configuration 
adopted far the experimental measurements, ‘The 
material under investigution, whether barytes 
aggregate, barytes aggregate plus cement, OF 

barytes concrete, was contained in 61 x 64’i; x 8 in. 
aluminum cans, which were incremento! Iy placed 
between the L i d  Tank source olate, operating a t  a 
nominol power of 5.18 w, and approprinte detectors 
placed in  the auxi l iary water tank fo l lowing the 
samples. The instrumentation, conventionol for 
LTSF measurements, consisted of three para1 le l -  
p late f iss ion chambers, a 12V2-in. BF, proportional 
counter, two Hurst dosimeters, a 50-cc ion 
chamber, and an untl-iracene-crystal sc in t i l l a t ion  
counter. 

Measurements of fast-neutron dosa rates, garnmu- 
ray dose sates, and thermal-neuiron f luxes were 
made for each increment of shielding material 
added to the configuration. Figures 7.3.2 and 
7.3.3 display the measured fast-neutron dose 
rates and the gamma-ray dose rates, resoectively, 
as a function o f  thickness of shield material. 
These curves were obtained by extrapolating to n 
zero water thickness the dose-rate data measured 
i n  water beyond the sniilples. The d a ~ a  clearly 
demonstrate the importance of the water in  the 
concrete; the differences in  the slopes of the 
curves, however, are bel ieved t o  he due primari ly 
to density differences, since the presence of the 

4R.  Wilson and F .  L. Martin, Proc. Am. Concrete  
I n r t  31 (1935). 



P E R f O D  E N D I N G  S E P T E M B E R  I ,  1959 

V i r  C L l a  S S  I F I€  D 
O R N L - L A - D H G  396113 

INNER TANK ( F I L L E D  
WITH VvATER WHEN 
CONFIGURATION T A N K  

IS E n i P r Y )  ---_ 

A LU LI I PI UM 

7 1  AUXI L l 4 R Y  TANK 4 L U W N U M  CAPJS F ILLED $- WITH MATERIAL. UNDER 

IGIJRATION TANK ---/” 

- 7 - f t -  thick CONCRETE REACTOR SHIELD 

F i g .  7.3.1. LTSF Experimental Configuration for Measurements of Radiat ion Attenuation of Barytes  Concrete. 
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F i g .  7.3.2. Fost-Neutron Dose Rates Through Barytes Aggregate, Barytes Aggregate Plus  Cement, and Barytes 

Concrete as a Funct ion of Distance from LTSF Source P la te .  
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F i g .  7.3.3. Gamma-Ray Dose Rates Through Barytes Aggregate, Barytes Aggregate Plus Cement, and Barytes 
Concrete as a Funct ion of D is tance  from LTSF Source P la te .  

water permits more ef f ic ient  compaction of the 
materials. 

Fast-neutron removal cross sections and mass 
attenuation coeff icients determined from the 
measured theriiial-neutron f lux data are shown in  
Table 7.3.1. Intermediate-energy (b 1-MeV) neutron 
removal cross sections were also determined. 
In each of three cases the intermediate-energy 
removal cross sections were approximately 10% 
higher than the fast-neutron reinoval cross 
sections, indicating that buildup of intermediate- 
energy neutrons does not occur, even in  the 
absence o f  water. In  contrast, however, inspection 
of the fast-neutron dose-rate relaxation lengths in 
water beyond the barytes and barytes-plus-cement 

shields indicated that the emergent spectrum after 
an *100-cm penetration was s l igh t ly  softer than 
that from barytes concrete after the same pene- 
tration. 'This suggests the existence of sinall 
buildup in  the barytes and barytes-plus-cement 
shields of the energy component between 200 kev, 
the threshold energy of the Hurst dosimeters used, 
and 1 MeV. 

A calculated fast-neutron mass attenuation coef- 
f icient, based on a chemical analysis of the 
concrete used and removal cross sections for the 
individual elements, i s  shown as Table 7.3.2, 
The calculated value of C,/p = 0.0313 cm2/g i s  
in  excel lent agreement wi th the value of 0.0301 
cm2/g determined by these experiments. 
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Tab le  7.3. I .  Fast-Neutron Removal Cross Sections and Mass-Attenuation Coef f i c ien ts  

for Barytes Concrete Components (6 Mev 6 E,  =< 8 Mev) 

- 

Material 

2 , Macroscopic Removal C K / p ,  Mass Attenuation jT, Average Densi ty  R 
Cross Section Coef f i c ien t  3 

(ClTl-1) b 2 / d  ( d c m  1 

Barytes aggregate 2.68 

Port land cement 2.67 

Barytes concrete 3.30 

0.0662 

0.0653 

0.0993 

0.0247 

0.0245 

0.030 1 

T a b l e  7.3.2. Calcu la ted  Mass-Attenuation Coef f i c ien t  for Barytes Concrete, wi th Chemical A n a l y s i s  

and Mass At tenuat ion Coef f i c ien ts  of Constituents 

Const i tuent  
Content 

(wt %)* 

Bo 36.4 0.0124 0.01045 

S 8.7 0.0275 0.0024 

0 

Si 

27.8 

4.2 

0.0372 

0.0295 

0.0103 

0.0012 

Ca 4.1 0.024 0.00 10 

Al  

Fe 

0.2 

8.4 

0.3 

9.9 

0.0292 

0.0214 

0.030 

0.100 

0.0001 

0.00 18 

0.0001 

0.0099 

Total  0.0313 I .. 

"Normalized to  100 w t  %; actual  to ta l  from chemical  analysis, 101 wt %. 
**From 6. T. Chapman and C. L. Storrs, Effeclive Neutron Removal Cross Sect ions  for Shielding, ORNL-1843 

(1955); see also E. P. Blizard, Nuclear Engineeying Hundbook (ed. by H. Etherington), p 7-60, McGraw-Hil l ,  New 
York, 1958. 
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7.4. EFFECTIVE NEUTRO REMOVAL CROSS SECTOON OF ~ I R ~ ~ ~ ~ ~ ~  

J. M. Mi l le r  

The ef fect ive neutron reinoval cross section, 
defined as the equivalent absorption cross section 
which most nearly describes the fast-neutron 
attenuntion of o material added t o  a hydrogenous 
shield, has previously been measured for a wide 
variety of elements.’ In an attempt to  narrow the 
rather broad region between Z = 29 and Z = 74, 
for which no cross sections were recorded, a 
measurement of the ef fect ive reiiiovol cross 
section of zirconium ( Z  = 40) has recently been 
made at  the Lid Tank Shielding Faci l i ty .  

The zirconium used in  the experimeiit i s  in the 
form of two slobs, each 54 x 49 x 2 in. The metal 
contains 1.8 wt  % hafnium as the main impurity 
and has a density o f  6.54 g/cm3. 

The dry sample was placed a t  the source-plate 
end of the usual steel configurotion tank in  the 
L i d  Tank and wos fol lowed by an aluminum tank 
(’6-in.-thick wal ls)  containing l igh t  water. (The 
configuratioii tank has a i - i n . - t h i ck  aluminum 
window in the side next to  the source plate.) 
Thermal-neutron f lux measurements were mode on 
the ux i s  o f  the source plate in  the water beyond 
the material and are corripured with measurements 
made with the zirconium removed i n  Fig. 7.4.1. 
Stan cl a r d i n s t ru m en to t i on, 1 2 ’5- i n . 
8F3 counter, a 3-in. f iss ion chamber, and o ’.;-in. 
f iss ion chamber, was used. 

The ef fect ive removal cross section of  the 
zirconium was colculated from these riieosure- 
ments by use o f  a formula given by t31izard.2 
The resul t ing volue was 2.36 i 0.12 barns. The 
value of the mass attenuation coeff ic ient  of 
zirconiuin [XR/p = (1.56 i 0.08) x cm2/’gl 

i n c I u d i n g a 

’ G. T. Chapman and C. L .  Storrs,  k / / e c t r t e  Neutron 
Kernoval C r o s s  Sectzons /or  Shieldzng,  ORNL-1843 
(1955). 

2 F .  P. Blizard,  Procedure /or Obtazrizng E//ertzve 
Remoca1 Crosr  Sect ions From Lzd Tank  Data,  ORNL 
CF-54-6-164 (1954). 

calculated from these data 
nient with the predicted 
pu bl i shed curves. 

. . . .- 

s in  excellent agree. 
value deduced from 

3E.  P. Bl izard,  Proc. U.N. Intern. Con/. Peace fu l  
U s e s  Atomic- Energy, 2nd. Geneva, 1958. P/2162. 
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7.5. RECHECKS AND EXTENSIONS OF THE 277 ~ X ~ E ~ ~ ~ ~ N ~ $  AT THE TSF 

D, R. Ward F. J. Muckenthaler S, C. Dominey' 

A series of experiments' was carried out during The results of the second series of measurements, 
the last  quarter of 1956 a t  the Tower Shielding completed in  late 1958, have been reported e lse-  
Fac i l i t y  by personnel of the General E lect r ic  where in detoi13 and w i l l  only be summarized 
Company to obtain data to aid in  the design of below. The analys is  and conclusions concerning 
a shield a t  their Idaho Shield Test  A i r  Fac i l i ty .  th is  work will  be reported by G.E. 
'The experiments, which were designed t o  investi-  
gate the effect of ground-scattered radiation, 
consisted in measurements of radiation i n  a 
cy l indr ica l  G-E crew compartment as a function 
of  a l t i tude for various shielding configurations 
encasing the Tower Shielding Reactor 64 ft away. 

Since the results of the measurements a t  the 
highest alt i tudes were not always i n  agreement 
w i th  the predictions made by a G-E analysis 
group,' G.E. requested that ORNL perform a 
second series of measurements t o  check and 
extend the original series. The extensions were 
added pr inc ipa l ly  to a id  in the calculat ion of 
secondary gamma-ray production and consisted 
in  mapping the radiation escaping f rom h e  reactor 
sh ie ld  as we l l  as a series of gamma-ray spectral 
measurements inside several detector shields. 

AJtitude TVWWS~S 
All  al t i tude runs were made wi th  the TSR-I 

enclosed in the G-E reactor shield assembly No. 
1, shown in  Fig. 7.5.1. The lead-water 2n shield 
f i t ted over the lower ha l f  of the reactor shield 
and was detachable. The radiation detectors were 
contained in the G-E crew shield, which is also 
shown in Fig. 7.5.1. The end tanks of this com- 
partment contained borated water a t  a l l  times, 
whi le  the side tanks were empty or f i l l e d  wi th  
borated water according to the particular phase 
of the experiment. Fast-neutron and gamma-ray 
dose rates and thermal-neutron fluxes were 
measured as the reactor and detector compartment 
were raised simultaneously froin near ground 
level to an a l t i tude of 195 ft. Throughout the 

'On assignment from Convair, F o r i  Worth, Texas, 

'R. H. Clark e t  al.. Test  Data from the Zn-Solid- 

3S. C. Dorniney, D. R. Ward, and F. J. Muckcntholer, 
7SF Studies in Support of GE-ANP Program: Rechecks 
and  Extens ions  of the 2n Shield Experiments,  ORNL 

Angle-Cover Experiment, APEX-439 (11958). c F-59-4-72 (1 959). 

IJNCI.ASSIilED 
2-01-056-24-D-8?0 

I l l  / G E  REACTOR S t i I f L D  
NO. I 

L F A D  SHADOW SH1EL.D 
TSR - I  REACTOR 

~ 

jBORAT:D 'NATCR IN 

t 
/,-I.I?CITE PLUG 

~- 

'\ 'DETECTOR 
\ SIDE TANKS 

' L E A D  S H A D O W  SHIELD 

REACTOR ASSEMBLY DETECTOf? COMPARTMENl- 
( G E  CREW SHIELD1 

Fig.  7.5.1. Rsaetor and Crew Shield Arrangement U s e d  in TSF 2n Experiments (8 = 0"). 
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experiments a constant reactor-crew compartment 
separation distance of 64 f t  was maintained, and 
the axes of the detector Compartment and the 
reactor shield were held in  the 5ame horizontal 
plane. The reactor and shield assembly was 
rotatable, and measurements were made both in 
the relat ionship shown in Fig. 7.5.1, designated 
as 0 - On, and with the reactor-shield assembly 
rotated end for end (0 = 180") so that the lead 
shadow shield shown d i d  not intercept the path 
of direct radiat ion t o  the detector. 

Gamma-ray dose rates were measured with an 
ion chamber and with an anthracene crystal 
scint i l lat ion detector, both of which were co l i -  
brated against a Co6' source of known strength. 
Fast-neutron dose rates were measured with a 
Hurst-type dosimeter, whi le thermal-neutron fluxes 
were measured with a BF, counter. Neutron de- 
tectors were calibrated against a Po-Be neutron 
source. 

Fast-neutron dose rates as a function of alt i tude 
are displayed in Fig. 7.5.2. Th is  figure includes 
data points from the present measurements, curves 
drawn from the earl ier G-E data, and values 

UNCLASs  F E D  
056 24  I 750 

culat ions and to ass is t  in  the study of numerous 
secondary rad iatiori effects, both gamma-ray and - neutron intensit ies were measured with unshielded 
detectors a t  various posit ions around the reactor. 

5 For these measurements the reactor shield con- 

2 * < 0  

13 

CALCULDTED %J 

__ t R U E S  A i E  FROM PREVIOUS E X P E l  dENTS 
S I Z E  TANKS 3 N  CREP COMPoeTMEN- EMPTY B39ATFO 

hATER AT REAR AND FPOILT REACTCQ CPEih C3PlPARTiEPJT 
SEPAFATI3N DISTA i iCE - 6 4  f t  

~ ~- - 2  -- 
3C 60 93 120 150 180 210 

ALTITUDE l t t  

F i g .  7.5.2. Fast-Neutron Dose R a t e  i n  t h e  G-E Crew 

Compartment 64 f t  from the TSR- I  a s  a Function of 

Alt i tude: With and Without a 2rr Shield on t h e  Reactor. 

predicted by G,E. for an nl t i tudc of 195 ft. Cor- 
responding curves for gamma-ray dose rates anid 
thermal-neutron fluxes Q S  functions of altitude, 
which are not included in th is report, have similar 
s ha pe s ~ 

The fast-neutron dose rates for corresponding 
cases in  the two sets of data arc evidently in  
good agreement for the arrangement including 
the 27~ shield and agree fair ly w e l l  with tlie 
calculated dose rates, For the case without the 
2 i ~  shield, the ngreement for tlie two sets of data 
i s  wi th in 1576, but the calculated value a t  195 
f t  for 0 = 180" l ies between the two measurements, 
whi le the calculated value for 8 = 0" i s  consider- 
ably lower tliun either rrieosurement. Gmma-ray 
dose-rate measurements for the two sets of ex- 
periments agreed within 10%; however, the cal-  
culated dose rates a t  195 f t  were as much as 
a factor of 2 lower for 8 = 0" and a factor of 2 
higher for 0 - 180". The thermal-neutron fluxes 
measured in  the recent series agreed well with 
previous measurements when experimental condi- 
tioris were duplicated. 

Radiation Mopping 

In order to provide a check on source-term CUI- 

tcrined only plain water, and thc 2n shield was 
detached. The experimental arrangement for meas- 
urements in a vert ical plane through the center 
o f  the reactor i s  diagramed in Fig. 7.5.3. For 
measurements in other regions, the arrangement 
shown in  Fig. 7.5.4,was uti l ized. T-he detectors 
were mounted on an aluminum truss, which could 
be held a t  angles varying from 30" above hori- 
zontal to  45" below horizontal, whi le the reactor 
i t se l f  was rotated on it5 vert ical axis t o  ac- 
complish a 360" mapping. Data from Loth orrange- 
ments were automatical ly plotted by a Variplotter 
machine, in  which the abscissa motion was  
governed by the detector or reactor motion, and 
the ordinate motion was  proportional t o  the detec- 
tor output. 

Figure 7.5.5 shows typical plots of fast-neutron 
and gamma-lay dose rates ond  therriiul-neutron 
f luxes in the vort ical plane through the reactor 
center, The drop in the thermaI- and fast-neutron 
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UNCLASSIFIED 
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F i g .  7.5.3. Arrangement for Traversing Detector in Vertical Plane  Around Center L ine of G-E Reactor Shield. 

curves as the detector approached 180" i s  due 
to  the extra thickness of the water shield above 
the core. The gamma-ray peak at  6 = 155" i s  
due to a gap in the lead shielding a t  this paint, 
whi le  the peak a t  $ = "30" i s  attributed t o  the 
rectangular parallelepipedal shape of the core. 
(For these measurements q5 i s  defined as shown 
in F ig.  7.5.3.) 

Typ ica l  plots of fast-neutron dose rates ob- 
tained wi th  the arrangement shown in  Fig. 7.5.4 
are presented in  Fig. 7.5.6; corresponding plots 
o f  therma I-neutron fluxes and gamma-ray dose 
rates are similar in  shape. The fast-neutron and 
gamma-ray dose rates observed a t  the 100-ft 
stat ion o f  Fig. 7.5.4 increased by as much as 

a factor of 7 as the reactor and shield were 
rotated and the lead shadow shield became in- 
effective. Under the same conditions, however, 
the thermal-neutron fluxes increased only about 
a factor o f  2, since a large fraction o f  the thermal- 
neutron f lux detected resulted from air-scattered 
neutrons rather than direct neutrons. 

Gamma-Ray Spectra I Measurements 

A cy l indr ica l  tank which contains side and end 
compartments that eon be f i l l ed  wi th  water was 
used to house the detector for the gamma-ray 
spectral measurements. These measurements are 
plotted in Fig. 7.57. Since only the scattered 

171 



N E U T R O N  P H Y S I C S  A N N U A L  P R O G R E S S  R E P O R T  

F i g .  7.5.4. Truss  Posit ions for Various c,\ Angles i n  G-E 27iExpesirnents. 

Ulu C L A S S  I F I E D 
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Fig. 7.5.5. Typical Plots of Radiation Measurements Around G-E Reactor Sh ie ld  No. 1. 

gamma rays were desired for these measurements, 
direct-beam radiation was greatly attenuated by 
a 5-in.-thick lead shadow shield located between 
the reactor and the detector. 

Both end compartments o f  the detector tank 
were f i l l ed  with borated water, and suff ic ient  
plain-water side shielding was employed to 
prevent neutrons from reaching the Nal (TI )  de- 
tector and causing neutron counts. A study of 

the gamma-ray spectrum of Fig. 7.5.7 shows the 
hydrogen capture peak a t  2.23 Mev, as well as 
the peak resul t ing from nitrogen capture at 10.8 
Mev, ulong w i th  the f i rst  and second escape 
peaks a t  10.3 and 9.8 MeV, respectively. The 
aluminum capture peak seen at  7.7 Mev i s  accom- 
panied by escape peaks a t  7.2 and 6.7 Mev, whi le  
the peak at  1.78 Mew represents the decay 
gamma rays. 
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Fig. 7.5.7. G a m m a - R a y  Spectrum from 0 to  12 Mev in TSF Compartmentalized T a n k  (C-E m Experime !nt5). 
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7.6. THE HiGH-ENERGY ACCELERATOR SMBELD$IHG PROGRAM 

C. D. Zerby 

The high-energy accelerator shielding program 
has proceeded along the two l ines previously 
determined.’ The f i rs t  is the development of 
calculat ional techniques for deep penetrations of 
part icles through shields; the second i s  the 
development of a code to compute the inelastic 
dif ferential cross sections for pions and nucleons 
incident upon complex nuclei. These cross 
sections are required by the wnetrat ion cal- 
culation. 

For the penetration calculat ion it is desirable 
to  use the Monte Carlo method, The reasons 
for this are twofold: first, this method permits 
variations in  the geometry of the shield, and 
second, the complex chains of secondary radiat ion 
which can be important to the penetrution are 
relat ively easi ly handled, 

In  order to perform the deep penetration cal-  
culat ion by the Monte Carlo method, the establ ish- 
rnent of a satisfactory stat ist ical  meihod was 
necessary. Of the methods which h a w  been 
investigated, the one which shows the greatest 
promise is  the “condit ional” Monte Carlo method.2 

‘The computation of the inelast ic dif ferential 
cross sections for complex nuclei is currently 
being coded for the IUM-704 computer. Th is  
intranuclear cascade calculat ion dif fers from 
published calculat ions3 i n  several respects. 
The nucleus w i l l  be assigned a shape such that 
the inelastic cross section for single part icles 
leaving the nucleus w i l l  be improved, The shape 
w i l l  be taken for convenience as a three-step 
we l l  wi th nuclear densit ies determined from 
electron scattering e ~ p e r i r i i e n t s . ~  The depth of 
the we l l  in each of the three regions w i l l  be 
determined from the binding energy of the last  
nucleon and the Fermi momenturn. 

In place of a zero-temperature Fermi momentum 
distr ibution, o distr ibution wi th u temperature 

H. W .  Sert ini 

of 15 !hev w i l l  be used and npproxirtiuted by n 
G a ~ s s i a n . ~  This should improve the high-energy 
portion of the spectrum of part icles leaving the 
nucleus which is so important in the penetration 
problem. 

With the addition of the Gaussian ta i l  to the 

momentum distr ibution in the nusleus it i s  nec- 
essary to treat the co l l i s ions  wi th these n’scleons 
in a more exnct mGnner ttiair has been customary. 
It i s  hoped that soine approximate irlethods of 
working out these kinematical problems caii be 
achieved to s impl i fy the calculat ion urd reduce 
the running time. 

For the production of mesons in  h e  nucleus 
tho isobar niadeI6 ‘wi l l  be used in the region 
below 2 bev. 

In addition to the above-mentioned penetration 
problem and nuclear cascade pioblem, an electron- 
photon cascade calculat ion is  under consideration 
to  determine the photon energy distr ibution a n d  
spatial distr ibution result ing from high-energy 
electrons incidei l t  on an arbi t rar i ly  chosen material. 
Th is  information is  of importance in connection 
wi th electron accelerators, since h e  stopped 
electron can give r ise to photoneutrons through 
the secoadory bremsstrahlung radiation. 

‘C. D. Zerby, Neutron Phys.  Ann. Prog. Rep. S e p t .  
1 ,  1958, ORNL-2609, P 130. . .  

’Id. F. Trot te i  and J .  W. Tukey,  Symposium on Monte 
Carlo illelhods (ed. by H. A. Meyer), W i k y ,  New York, 
1956; see Q I S O  paper by D. W. Drawbough, to be pub- 
l ished in /. Ind. and A p p l .  Math. 

3N. M e t r o p o l i s  e t  al.. Phys.  Rev.  110, 185 (1958). 
4 R .  Hofstadter, Ann.  Revs.  Nuclear Sci. 7, 231 

(1 957). 
5E.  M Pleiile, P h y s .  Rev.  85, 204 (1952). 
6 R .  M. Sternheim=r and S. J. Lindenboulx, Phys.  Rev. 

109, 1723 (1958). 
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7.7. MONTE CARLO CODE FOR THE CALCULATION OF DEEP P ~ N E T R A ~ i ~ ~ S  
OF GAMMA RAYS: STATUS REPORT 

S. K. Penny 

The Monte Carlo code for deep penetrations' moments method.3 It appears that more mathe- 
has been, in fact, several codes to investigate matical work needs to  be done on the problem; 
several methods, the most successful being the however, the priori ty of other investigations 

condit ional" Monte Car lo method. In i n i t i a l  necessitates suspension of ihe  study for the 
investigations which were concerned with a one- 

, I  

time being. 
velocity, isotropic scattering, isotropic point  
source situation, the Monte Carlo resul ts for 

'S. K. Penny, Neutron P h y s .  Ann. h o g .  R e p .  Sept. 20 mean free paths, wi th the rat io  of scattering 1958, ORNL-2609, 118. 
2K. M. Case, F. de Hoffman, and  6. Placzek,  In- cross section i o  to ta l  cross section in  h e  range 

from 0.1 to 0.5, were wi th in  20% of the exact troduction to the Theory of Neutrorr Diffrrsion, Los 

resu l te2  When invest igat ions were made wi th  
gamma rays, however, the Monte Carlo resul ts 
fluctuated badly about the resul ts given by the 1~c-41 or NYO-3075 (1954). 

Alamos Scientific Laboratory, Los Alamos, 1953. 
3H. Golds te in  and J. E. Wilkins, Jr., Calculations o/ 

the Penetrat ions of Gamma Rays ,  Final  Report, NDA- 

7.8. NEUTRON YIELDS FROM (a,n) REACTIONS 1N VARiOUS MATERlALS 

F. S. Alsmi l ler  G. M. Estabrook 

A calculat ion of the neutron yields from (R,N) 

reactions in several materials has been init iated. 
The materials considered are the uranium isotopes 
w i th  mass numbers from 232 to 236, Th2** and 
i t s  daughters, and elements s u c h  as beryllium, 
boson, carbon, sodium, lithium, chlorine, calcium, 
and s i l icon which are often present as impurit ies 
i n  fabricated uranium. Th is  calculat ion i s  being 
performed in support of a Chemical Technology 
D iv i s ion  investigation of hazards associated w i th  
fabrication o f  fuel elements from various U233 
al loys and compounds. 

I f  N~ i s  the densi ty of the ith element or isotope 
undergoing an (ap) reaction wi th  cross section 
oi (Ea) ,  the number, (2,) of neutrons produced 
per cubic centimeter per second is  given by 

where e,(/?,) i s  the source strength of alpha 
part ic les per cubic centimeter per second at 
i n i t i a l  energy E o ,  and -dE,/dx i s  the average 
alpha energy loss per centimeter of path in  the 

stopping material. 
as 

The latter term is  expressed 

where N i s  the number of stopping atoms per 
cubic centimeter (or molecules per cubic centi- 
meter in the case of compounds), and E i s  the 
stopping cross sect ion per atom (or molecule).' 
For a compound (x, Y,), the relat ion 

i s  suf f ic ient ly  accurate, 
Experimental resul ts for E in some of the 

materials needed are given in ref 1; theoretical 
methods for computing E i n  the materials not 
yet  measured, including U233, are under study. 

In practice, the upper l i m i t  of the integral in 
Eq. (1) is  taken var iously as the threshold energy 
in endothermic reactions, or the lowest energy 
a t  which the cross sections are known, 

Experimental values for the (a,.) cross sections 
of lithium, beryllium, boron, sil icon, and C13 
are avai lable at  present. 

' W .  Whaling, tiandbuch der Phys ik ,  VOI 34, p 213 
(ed. by S. Flcgge), Springer, Berlin, 1958. 
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8.1. THE MODEL iV GAMMA-RAY SPECTROMETER: STATUS REPORT 

G. T. Chapman 

The design of  a new gamma-ray spectrometer 
system for use a t  the Bulk  Shielding F a c i l i t y  
(USF) has previously been reported.’ Th is  spec- 
trometer, cal led the model lk’, consists of a 
“ total  absorption” NaI(TI) crystal, housing for 
the crystal, a posi t ioning device, and the nec- 
essary electronics. 

AI I components of the spectrometer, including 
the lead- l i th ium eutect ic a l loy housing, have been 
received at  the BSF, and the bridge crane and 
control mechanisms have been completed and in- 
stalled. The assembly of a l l  components i s  com- 
plete, w i th  the exception of mounting the housing 
on the positioner. 

Pr ior  to the mounting of the housing, it was 
Considered desirable to  examine it for possible 
voids incurred during pouring and so l id i f icut ion 
of the lead-lithium alloy. The examination i s  
being made by moving a 300-curie Co60 source 
over the outside surface of the housing at  a 
given distance and observing the count rate pro- 
duced in a large Nal(TI) crystal  mounted inside. 

Because of the high intensi ty of the source, 
the mopping was performed in the water of the 
reactor pool of the BSF. The count-rate meter 
used to record the data was biased a t  an energy 

T. A, Love 

level  only s l ight ly  below that of the 1.17-Mev 
gamma ray of  the Co60, and thus recorded only 
those gamma rays from the source which had 
suffered but a few scattering co l l is ions in the 
forward direction. Constancy of the equipment 
gain was monitored by attaching a small CS’~’ 
source to the Nal (TI )  crystal  and frequently ob- 
serving the spectrum of this source wi th  a 256- 
channel pulse-height analyzer. 

All  the housing, wi th  the exception of the end 
containing the collimator, has been checked w i th  
th i s  method, and no  evidence of unexpected 
voids has been found. Completion of the check 
must awai t  the mounting of the housing OR the 
positioner, which i s  in progress. 

Concurrently wi th  the assembly of the mechanical 
components of  the model IV  spectrometer, a 
number of theoretical and experimental invest i -  
gations directed toward the selection o f  a suitable 

total-absorption” crystal  to be used as the 
gamma-ray detector have been continued and are 
detai led elsewhere in th is  report (Secs 8.3, 8.4, 
and $3. 

1,  

’ G .  T. Chapman and T. A.  Lave, N ~ r r t r o n  Phys. Ann. 
Prvg .  Rep. S e p t .  I ,  1958, ORNL-2609, p 133. 

8.2. NONPROPORTIONALITY OF RESPONSE OF AN Nal(TI) SClNTILLATlON 
CRYSTAL TO GAMMA RAYS 

R. W. Peel le 

It is  commonly observed that in the energy 
region above a few hundred k i lovo l ts  the inte- 
grated (charge) pulse from a photomultiplier tube 
is  l inear ly related to the gamma-ray energy ab- 
sorbed in an opt ica l ly  attached Nal(TI) sc in t i l -  
lator, or at least that wi th in  the precision of 
measurement possible, nonlinearity i s  not apparent. 
On the other hand, l inear i ty through the low- 
energy region has not been wel l  demonstrated, 
nor has exact proportionality in any energy region. 
Some authors have reported that the response to 
x rays and gamma rays is  proportional,1 whi le  
others have found a fair ly linear response but 
Q negative extrapolated intercept of about 15 
to  30 kev a t  zero pulse height.2 In a l l  cases 

T. A. Love 

the resul ts have depended heavi ly upon the be- 
havior of  the pulse-analysis equipment used, 
and usual ly errors have riot been quoted, 

The existence of these uncertainties is  natural, 
because l inear i ty measurements are qui te dif- 
f i c u l t  to  perform w i th  precision over a large 
dynamic range, and statements concerning pro- 
port ional i ty depend upon the ident i f icat ion of  the 

’C. J. Taylor ,  e t  ol., Phys .  Rev. 84, 1034 (1951); 
W. E. Mott and R.  B. Sutton, Hundbrrch der Physik,  ed. 
by . 5 .  FICgge, vol  45, p 86-173, see esp 99-102, 
Springer, Berl in,  1958. 
2D. Engelkemeir,  Rev. Sci. Insfr. 27, 589 11956); 

5ee a l s o  Mot? and Sutton, op. cit .  
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pulse height which corresponds to “zero” ab- 
sorbed energy in  the crystal. Both the “zero” 
and the l inearity measurements depend upon re- 
sul ts obtained by using precisely known pulses 
from an ar t i i i c ia l  source, but the experimenter 
has d i f f i cu l ty  in showing that the analysis equip- 
ment reacts to these pulses in the same way that 
i t  does to the “natural” pulses from the Nal(TI) 
phototube combination. 

In an attempt to investigate the nonproportion- 
a l i t y  of one t\;al(TI) crystal, an experiment was 

performed which consisted in the iiieasurement 
of 6 ‘ s u ~ ~ ~  peaks” corresponding to the simultaneous 
detection of cascade gamma rnys by a 3-in.dia 
by 3-in. crysta1.j Yttrium-88 and bismuth-203 
sources were positioned very close to the crystal, 
and the apparent energy corresponding to each 
sum peak was compared with the known sum of 

the energies of the individual members of the 
cascade, Th is  method al lows Q study of pro- 
port ional i ty independent of the “zero” adjustment 
o f  the pulse-height analyzer and not sensi t ively 
dependent upon the l inearity of the analysis 
system i f  a cal ibrat ion energy c losz BO the sum 
energy of the cascade i s  available. The ca l i -  
bration energy used in this ex7erircent was the 
1596 i 2 kev transition in  the decay of L a 1 4 o  
(ref 4). (Th is  work was carried out along with 
the study of the YES gamma-ray energies des- 
cribed in Sec 11.1; in  fact, analysis cf  the data 
required the use of transit ion eneigies measured 

When the weak Y E S  or Bi207 sources were 
placed adjacent to the crystal and on i ts axis, 
both gamma rays i n  a reasonable share of the 
cascades simultaneously lost a l l  their energy 
in  the crystal, y ie ld ing o sum photopenk which 
had an apparent energy (E,). This apparent 
energy was determined by the usual sort of ca l i -  
bration, using garniiia-rny photopeaks ar is ing from 
total  absorption in the crystal of the energy from 
individunl photons. I f  the l ight  production in 

for P a . )  

3The c r y s t a l  w a s  procured f r o m  the Harshaw Chemica l  
Co. in a standard mounting. 

4G. Schorff-Goldhaber, P h y s .  Rez,. 59, 937.4 (1941); 
N. H. Laza r ,  G. Eichler, and G. D. O’KeIley, P h y s .  
R e u .  101, 727 (1956). 

Nal i s  proportional to tlie energy absorbed, and 
i f  the photomultipl ier yields pulses proportiona I 
to  the amount of l ight  produced, then the apparent 
energy of the sum peak should be, w i th in  error, 
the sum of the energies of the two gamma rays 
which consti tute the cascade, I f  not, then the 
excess i s  presumably a function of the individual 
energy components of the 5 ~ i n  and perhaps of 

properties of the scint i l lat ion crystal used. ( I f  
the response is perfect ly linear tl-iroughout the 
energy region which includes the possible coin- 
ponents of the casccides, then the excess is  
independent of the energies of the components.) 
I f  the l ight production phenomena associated 
with each gamma ray in  the obsorbed cascade 
can be considered independent, then in a usual 
operation the observed excess represents the 
n on proporti onil I i t y  of tlie particu lar crys to I being 
used, 

‘The measured apparent excess energy (actual ly 
corresponds to excess l ight  output) i s  defined 
as fol lows: 

D ( E  ,E ) “ E  - E  - E  1 2  a 1 2 ’  

wi th  an error a(D),  where 

11 = nonproportionality excess energy 
(kev), 

E i a(Ea)  = apparent sum energy determined by 
a cal ibrat ion using single gnnlnici 
rays, and i ts estimated staiidard 
error, 

E 1,E2 = known energies of the two cascade 
gamma rays simultaneously de. 
tected to produce each sum pulse. 

Table 8.2.1 shows a l l  the data obtained in  diis 
experiment, and Fig, 8.2.1 i l lustrates the data 
obtained for the Bi l o 7  cascade. The results 
strongly indicate a lack of proportionality of 
response in the cases studied. I f  the response 
i s  assumed to be perfect ly linear in  the region of 
cal ibrat ion (energies above 0.5 Mev), the ob- 
served excess i s  just e q u ~ l  to the  negative of 
the energy-axis intercept of the l inearly extra- 
polated curve of pulse-height vs energy which 
would have bezn observed by using a pulse- 
height analyzer having output s t r i c t l y  proportional 
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t o  the pulse output of the photomultiplier, The considered merely suggestive, but the method 
30 5 5 kev excess i s  in qual i tat ive agreement wi th  employed avoids p i t fa l l s  present in other methods. 
the resul ts of  the other authors who have reported In fact, it should probably be used to mecsure 
a nonproportionaI response.2 values of the apparent “excess energy” for a 

range of gamma-ray energies and for sc in t i l la tors  
are suf f ic ient ly  incomplete that they may be wi th  a variety of properties. 

It i s  recognized that the results presented here 

Table 8.2.1. Summary of Measurements on Nonpropor t ionol i ty  Excess  ~f (L 3-in.-dia lay 3-in. Nal(T1) Crysta l  
- 

Ea# Apparent Nearest  n, Energies of Cascade 

Gamma Rays* Sum Energy Ca I i brat ion Nonproportiona I i t y  
Emi t ter  

of Cascade 
Energy (kev) Excess (kev) E l  (kev)  .E2 (kev) (kev) 

26.8 fk 6.2 Y 1840 a99 2765.6 * 5.5 2754 

Y88 1840 899 2762.5 k 3.7 2754 23.7 t 4.2 

43.7 I! 6.0 - ~ i 2 0 7  1063.7 569.6 1677.0 k 6.0 1595 (La  40) 

D = 30 f 6** 

I-_ 

*See sec 11.1, 
* * i f  D i s  assumed t o  be independent of E and El ( l igh t  o u t p u t  t ru ly  l inear w i th  energy in the range of measure* 

ments), a weighted average o f  the three values obtained for th is  c r y s t a l  is  30 5 3  kev. A chi-square test  ind icates a 
probabi l i ty  of 2% that the three resul ts  are consistent. The quoted error of 6 kev i s  based on the scat ter  between the 
values. However, there is  l i t t l e  reason to assume precise l inear i ty  of l igh t  output over th is  range of energies, s ince  
D i s  presumably a funct ion of E, and E?. 

1 
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4000 ~ 
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24 
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140 

- e 160-Mev ( L a  ) PEAK FROM A NaZ4 t La'40 RUN ~ 

A 

A 61  SUM PEAK FROM A Noz4+ €hZo7 RUN 
1 37-Mev (Noz4) PFAK FROM A Noz4+ 8iZo7RUN 

207 

POSITION OF ~ 0 ' ~ '  PEAK EXPECTED ON aAsis OF 
- 1 Na24AND BiZo7PEAKS 

___ 

POSITION OF 6i207 SUM PEAK EXPFCTED IF 
SC I N T I L L ATOR - PHOTOTUBE COM BIN AT10 N WE 9 E n "PROPORTIONAL" (i 633 MW) 

800 ~ '20010 
400 

110 i 20 f30 i40 150 i60  4 70 i 80  
P R I N TO UT C HA N PJ E L 

Fig.  8.2.1. Nonproport ional i ty of Response of a 3-in.-dia by 3-in. Nal(T1) Crys ta l  for t he  Gamma-Ray Cascade 

in the  Decoy of B i 2 0 7 .  The  c i r c led  points were obtained us ing a combined source of  La140 and NaZ4, the others 

us ing combined sources of B i207  and Na24. Pulse-height d is t r ibu t ions  for interfer ing gamma rays are subtrocted. 

T h e  agreement between the  t w o  runs for the 1.368-Mev l ine shows tha t  no  s ign i f i can t  d r i f t  occurred. Ve r t i ca l  

arrows ind ica te  tha t  the peak from the 1.6-Mev gamma rays of La140 f a l l s  i n  the  expected posi t ion.  T h e  sum peak 

far the Bi207  cascade f a l l s  almost four channels from the  pos i t ion i t  would have had i f  the  response of t he  c rys ta l -  

phototube combination had been proportional. 
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8.3. MONTE CARLO CODE FOR CALCIIILATIQNS 
OF GAMMA-RAY SClNTlLLATlON DETECTORS 

C. D. Zerby 

An important aspect of gamma-ray sc in t i l la t ion 
counter investigations is the interpretation of 
the response functions of the detector to obtain 
the original gamma-ray spectrum, In principle, i f  
the response functions for a series of mono- 
energetic sources are known, then the response 
function result ing from a complex incident spec- 
trum can be unfolded and the structure o f  that 
spectrum determined. For th is  reason, and to  a id  
i n  determining the best  detector geometry, a code 
us ing the Monte Carlo method to  calculate the 
response functions a f  Nal and xylene sc in t i l la t ion 
detectors has been writ ten for the IBM-704. 

In order to encompass a maximum of variations 
in shape and dimensions, the code was written 
so that it  could be used to calculate the response 
functions of the detector shown in Fig. 8.3.1. 
The dimensions of the detector are designated 
by letters which correspond to certain input 
numbers in the code. Since any of these dimen- 
sions may be set equal to ZWQ, the code can be 
used for a r ight  cy l indr ica l  detector by merely 
set t ing F ,  E, and D equal to zero. There i s  no 
rest r ic t ion on the maximum value of any dimen- 
sion. 

Figure 8.3.2 shows the three alternative source 
types permitted in the calculation. The dimen- 
sions H,  I ,  and ] are arbitrary, and the source i s  
restr icted to  a monoenergetic source of arb i t rar i ly  
chosen energy in  the range 0.005 to  10.0 Mev. 

The calculat ion as it is  presently coded does 
no t  take in to account the losses from the detector 
resul t ing from secondary bremsstrahlung and 
annihi lat ion radiation, although a later version 

IJNC~ ASSIFIID 
2-01 -059-4: 2 

Fig.  8.3.1. Assumed Counter Geometry for Ca lcu la t ions  

of S c i n t  i I I at ion Counter G a mmca - R a y Res pon s e F u n ct  ions 

H. S ,  Moran 

now k i n g  coded includes these effects, The 
treatment of the primary incident rodiat ion is  as 
complete as possible, taking account of Conipton 
scattering, pair production, and the photoelectric 
effect. The lost two effects QW treated as to ta l  
absorption processes. 

The particular Monte Carlo method used i s  de- 
signed for minimum stat is t ica l  error in the SO- 

ca l led  “Compton ta i l ”  of the spectrum. It employs 
a method of s ta t is t ica l  estimation which, in  
essence, never al lows the photon to become ab- 
sorbed or to escape from the detector un t i l  i t s  
energy i s  degraded below One@ Mev. Because 
the photon i s  never last, i ts  s ta t is t ica l  weight 
i s  adjusted a t  each c d ! i s i o n  point to  account 
for the probabil i ty of surviving the co l l i s ion  arid 

UNCI-ASS1 FlED 
2--01-059--413 

( 0 )  MONOOIHECliONAL SOURCE 

( b )  CONICAL EXlERlOR SOURCE 

. 
i‘ 

I‘ 

u. . I .  

- 1 7 ,  
. I  

.*’ 
, - -- . ,*. . . .  . . . . . . . .  

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

Fig.  8.3.2. Assumed Source-Counter Geometries for 
Calculotlons of Scintillation Counter Gamma-Ray Re-  
sponse Funct ions.  
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the probabil i ty that it w i l l  not escape during the 
f I i gh t fo I lowing the co I I i s  ion. 

The results obtained from the calculat ion in- 
clude the intr insic eff iciency, the photofraction, 
and the shape of the “Compton ta i l ’ ’  response 
function of an ideal detector-instrument com- 
bination. This means that no account has been 
taken of the so-called “broadening” of the spec- 
trum during the Monte Carlo portion of the cal- 
calation. The broadened spectrum which should 
correspond to the actual response observed during 
an experiment is obtained by integrating the ideal 
response function G ( E )  with a Gaussian weighting 
factor to obtain the broadened response func- 
t ion F ( E ) :  

1 
G(l?’) ____ exp -- 

J4i70. 
F ( E )  = 

( E  ... E y  

2a2 
-” ......... - d E ”  , (1)  

where E o  i s  the source energy, 0 = A &? + B ,  
and A and B are arbitrary constants. The results 
o f  the broadened function, as we l l  as the ideal 
function, ore obtained in  histogram form. 

Photofractions obtained from calculat ions w i th  
th is code for the case of a r ight  cyl indr ical  Na l  
crystal  are compared with published resul ts for 
two calculat ions and one experiment i n  Table 
8.3.1. I\lo comparison of the intr insic ef f ic iency 
i s  given, since i t  i s  cnlculated analyt ical ly wi th 
the present code and i s  therefore as accurate as 
the exist ing cross sections w i l l  allow. As is 

usual ly the case, the calculat ions overestimate 
the photofraction. Th is  i s  doe, in part, to neglect 
of secondary radiation. 

Calculat ions of response functions for Na l  
crystals o f  various geometries hnve been made 
in  support of the program of investigation of total  
absorption spectrometers being pursued a t  the 
BSF. Results are published in Secs 5.4 and 8.5, 

Table 8.3,1. Comparison of Experimental and 

Calculo ied Photofractions for a d-in.-dia by 
4-in.-long Cylindrical Nal Crystal with 
Monoenergetic Point  Isotropic Source 

30 in. from End of Crystaln 

Fh otofrac t i  on 

A ut hor( s ) 1.33-Mev 0.661-Mev 

Source Sour c 2  

Kregerb (exp) 0.54 0.725 

Mil ler  e t  (ca lc)  0.599 0.777 

Berger and Doggett (ca lc)  0.58 

Present ca Icu lot ion 0.582 0.784 

0.74 d 

‘That is, con ica l  exterior source geometry; 0.625-in. 

bW. E. Krcger, Pbys.  Rev.  96, 1554 (1954). 
cW. F. Mil ler,  J. Reynolds,and W. J. Snow, Ef l i c i enc ie s  

andPhotofrnrt ions for Gamma Radiation on Sodiurri lodide 
(Thallium Act ivated)  Cpystals, AN L-5902 (1 958). 

beom radius a t  crys la l  face. 

’M. J .  Reiger and J. Doggett, Rev. Sc i ,  Insir. 27, 269 
(1  956). 
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8.4. MONTE CARLO CALCULATIONS OF GAMMA-RAY ENERGY-LOSS SPECTRA 
IN LARGE Nol(T1) SCINTILLATORS 

R. W. Peel le  
C. D. Zerby 

It has long been recognized that large scin- 
t i l l a t ion  crystals (wi th  dimensions approaching 
a few mean free paths for high-energy gamma rays) 
might be used as “total-absorption” gamma-ray 
spectrometers. Such sc in t i l la tors  are expected to 
have both high detection ef f ic iency and suff ic ient  
uniqueness of  response’ that complicated or con- 
tinuous spectra can be analyzed or unfolded. 
Thall ium-activated sodium iodide, in which 3-Mev 
photons have a mean free path of about 3 in., i s  
among the more promi sing of  the avai lable crystals. 

Up to the present, however, it has not been 
possible to predict reasonably correct response 
functions for large crystals, and for various 
reasons experimenters wi th  such crystals have 
been unable to produce resul ts which can be 
employed as standards. The only calculat ion of 
pu lsehe igh t  spectra for coll imated beams of  
gamma rays that has been published2 apparently 
considers only gamma rays incident on a plane 
face of  the crystal. In  order to provide more 
iriformation on this subiect, the Monte Carlo code 
recently written by Zerby and b r a n  (Sec 8.3) has 
been employed to  compute the behavior of  the 
expected pulse-height distr ibut ions from right 
cy1 indrical Nal(TI)  sc in t i l la tors  when irradiated 
wi th  monoenergetic photons coll imated along the 
crystal axis. The ef fect  of wel ls  (a reentrant  
section of  the crystal surface in to which- the 
gamma rays are directed) of  various depths as 
wel l  as the ef fects o f  variations i n  crystal  s ize 
were investigated for several energies. Since the 
code does not take into account possible escape 
from the crystal  of  fast electrons, bremsstrahlung, 
or pair-annihi lot ion quanta, resul ts are not shown 
for photon energies greater than 2 MeV. 

It was intended to study separately the ef fects 
of wel l  depth, crystal  length, and crystal diameter; 
so cases were studied in  which only one of these 
parameters was varied, wi th the other dimensions 

’ A  scint i l lat ion spectrometer would have uniqueness 
of response i f  the pul se-height spectrum corresponding 
to a monoenergetic gamma-ray source i s  grouped in  the 
neighborhood o f  a single pulse  height. 

‘M. J. Berger and J. Doggett, 1, Researcb Natl. N u t .  
Standards 56,355 (1956). 

G. T. Chapman 
H. S. Moran 

chosen either to  minimize escape of scattered 
radiation or to imitate the largest crystals pres- 
ent ly used, although no parameters of the r ight  
cyl indr ical  crystals studied were restr icted to 
the dimensions currently available. For instance, 
most cases studied employed a wel l  about 4 in. 
deep, probably deeper than i s  feasible for a 
pract ical  crystal. 

The figures discussed below display examples 
of  spectra resulting from absorption of  less than 
the ful I gamma-ray energy. Experimental results, 
of course, would show a photopeak centered on 
the incident photon energy. All cases were cal- 
culated for a l-cm-dia penci l  beam of gamma rays 
entering the crystal  along i t s  axis. The p lo ts  
show the fraction of  incident gemma rays per 
Mev energy interval which leave the indicated 
amount of energy wi th in  the crystal  before es- 
caping. The plotted errors are standard deviations 
estimated by means o f  the Monte Carlo code, and 
a l l  resul ts shown are proportional to  the total 
ef f ic iency o f  the crystal  being studied. If P / T  
i s  the fraction of a l l  interactions which are 
predicted to resul t  in  the absorption of the whole 
gamma-ray energy, E -- 1 - the crystal  in- 
t r ins ic  efficiency, and T z ( E )  the plot ted ta i l  
spectrum function, then 

P 1 T i ( E ) A E i  = 1 - - E  T . 
i 1 

Thus when resul ts from crystals of various thick- 
nesses are compared, the tabulated ef f ic iency 
becomes important. Table 8.4.1 shows the cal- 
culated integral parameters for a l l  cases shown 
i n  the figures. 

In  one of  the cases calculated the ef fect  o f  
piercing the surface of a crystal with a relat ively 
shal low wel l  was studied. Such wells, into which 
the incident gamma rays are collimated, are 
intended to minimize the escape from the crystals 
of  photons Compton-scattered i n  the backward 
direction, and, more importantly, to increase the 
detection ef f ic iency for annihilation radiation from 
high-energy gamma rays. The present l imi tat ions 
of  the Monte Carlo code, as noted, permit only 
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Table 8.4,1. Parameters f o r  Monte Carlo C a s e s  Plotted in  Figs. 8.4.1-8-4.3 
-- 

Crystal Parameters 

1 0.5 24 25 

8 0.5 24 35 

2 1.0 24 25 

5 1.0 24 26.5 

9 1 .o 24 35 

3 2.0 24 25 

10 2.0 24 35 

Plotted in Fig.  8.4-1 

25 

25 

25 

25 

25 

25 

25 

2 

15 

25 

35 

Plotted in  F i g  8,4,3 

25 1.0 12 45 10 35 

17 1.0 24 45 10 35 

29 1 .o 30 45 10 35 

P.  Lite 

22 2.0 24 25 

10 2.0 24 35 

18 2.0 24 45 

10 

1.5 

10 

10 

in Fig. 8. 

10 

10 

10 

0.9997 

0.9997 

0.9949 

0.9949 

0.9949 

0.9774 

0.9774 

0.8970 

0.9774 

0.9950 

0.9994 

0.9994 

0.9994 

0.958 It-0.002 

0.9975 f 0.0004 

0.921 10.003 

0.950 kO.002 

0.964 k 0.002 

0.861 kO.004 

0.893 + 0.003 

0.807 2 0.005 

0.861 kO.004 

0.922 t 0.003 

0.847 k 0.003 

0.947 rt 0.001 
0.988 t 0.001 

* T h e  penetration length of a crystal i s  taken PO be the length measured along the path o f  the gamma-ray beam, 

Interactions per photon. **  

calculat ion of the effect of the well on the back- 
scattering. First-col I i s ion hand calculat ions o f  
losses due to escape of annihi lat ion radiation 
from a crystal without a well, however, indicate 
that a t  2 Mev th is  contribution would have an 
area of 0.012 escape per incident photon, about 
40% of that for Compton escape. A t  higher 
energies the pair effect bscomes much more 
important, since about 7770 of the incident 6-Mev 
gamma rays result in  the escape of the 0.51-Mev 
annihi lat ion photons. 

Figure 8.4.1 demonstrates the effects due to 
the inclusion o f  1.5crn-dia wells of various 
depths in  crystals uniformly 24 e m  i n  diameter, 
but wi th  lengths chosen so that the penetration 
length, the distance from the bottom of the well  
to  the end o f  the crystal, was a constant. Th is  

choice makes cases for various crystals com- 
parable at equal incident energies. In the figure 
the sol id- I ine histograms show the behavior for 
gamma rays with energies of 0.5, 1.0, and 2.0 Mev 
irradiating a 25-cm-long crystal without a well. 
The dashed- I ine hi stograms show the behavior 
for the same energies coll imated into n 10-cm-deep 
wel l  i n  a crystal 3.5 cm long, while the crosses 
plotted wi th  the I-Mev data are for a well  1.5 em 
deep i n  a crystal 26.5 cm long. Clearly, the well 
has a marked effect for the part of the spectrum 
about /4 Mev below the f u l l  energy, arid no dis- 
cernible effect at lower energies. Th is  i s  to be 
expected, since only the improvement in absorption 
of Compton-scattered radiation i s  considered. 
Si  rnpl e hand cot C U I  at ions of tlii s effect, considering 
only one scattering, predict contributions within 

1 
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50 to 70% of those shown. It may be noted that 
the shallow 1.5-cm-deep w e l l  effect ively el iminates 
must of the backscatter escape at 1 Mev. A t  th is  
energy no observable difference was noted between 
the 5- and 10-cm-deep wells. 

crystal length on the "Compton ta i l "  spectra for 
2-Mev gamma rays. The figure compares results 
for 24-cm-dia crystals 25, 35, and 45 crn long, 
each with a 10-cm-deep well. I t  may be observed 
that for absorbed energies above 1.2 Mev the 
crystal length makes no difference, suggesting 
that the losses a t  energies higher than 1.2 Mev 
are taking place through the side surface of the 
crystal. At  low absorbed energies a marked effect 
o f  length i s  calculated, in  agreement wi th the 
data shown by circles, which were obtained by 
an adoption of moments-method resul ts3 for slab 
penetration by plane monodirectional gamma rays. 
The low-energy resul ts of Fig. 8.4.2 are typical 
o f  the other cases studied both with respect to 
the degree of agreement wi th moments-method 
estimates and in  the implication that the lowest- 
energy regions of the ta i l  spectrum depend on 
penetration through the crystal and the escape of 
scattered photons from the end of the crystal. 

Figure 8.4.3 demonstrates the effect of crystal 
diameter upon the predicted ta i l  spectra for 2-Mev 
gainrna rays, A l l  crystals were 45 cm long with 
a 10-cm-deep well, so that bath escape through 
the entire length of the crystal and backscatter 
escape are unlikely. Again, in  confirmation o f  
the data in  Fig. 8.4.2, the lowest-energy points 
are independent o f  crystal diameter. The data 
indicate that escape o f  Compton-scattered radi- 
at ion through the side surface of the crystal 
produces a peak in  the ta i l  o f  the spectrum a t  
almost 0.5 Mev below the incident gamma-ray 
energy, as w ~ u l d  be predicted on the basis of a 

f.: igure ' 8.4.2 shows the predicted effect o f  

4 

3 H. Goldste in  and J. E. Wilkins, Jr., Cafculatrons o /  
the Penetration o/ G a m m a  Rays,  NYO-3075 (1954). 

4The moments-method resul ts  o f  Fig. 8.4.2 were ob- 
tained by us ing the d i f ferent ia l  energy spectrum resul ts  
o f  Goldste in  and Wilkins for tin, which has very nearly 
the same c r o s s  section and rat io  of scattering to ab- 
sorption as does Nal. The po in ts  in the f igure were 
obtained by employing the gross assumption that the 
current a t  the back boundary o f  the crystal i s  equal to 
the f lux i n  the semi in f in i te  medium o f  Goldste in  and 
Wilkins. Th is  assumption i s  l eas t  presumptuous for the 
escape o f  photons w i th  energies very close to that o f  
the source. Such escapes correspond to the lowest  
absorbed energies i n  the t a i l  spectra of Fig. 8.4.2. A t  
higher absorbed ener ies  the agreement i s  destroyed by 
the lock of va l id i t y  o f  the assumptions. 

s ingleinteract ion calculat ion. ]'his resul t  was 
nlso obtained in calculat ions considering 1- and 
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4-Mev incident gamma rays. The effect of anni- 
h i la t ion radiation produced by higher-energy gamma 
rays, not considered in these results, would add 
a sharper component to th is  region of the ta i l  
spectrum. 

From the work reviewed herein, three conclusions 
concerning escape of Compton-scattered radiation 
from a sc in t i l la t ion crystal  may be drawn: (1) 
Inclusion o f  a well i n  the crystal  at the point  of  
entry o f  a coll imated beam of gamma rays w i l l  
ef fect ively el iminate the important peak i n  the 

ta i l  spectrum due to backscatter escape, (2) For 
suf f ic ient ly large crystals, the magnitude of  the 
low-energy end of the Compton ta i l  spectrum can 
be estimated by using penetration-study resul ts 
for slab geometry, since the magnitude of the t o i l  
i n  th is  region depends almost entirely on crystal  
thickness along the direction of the gamma-say 
beam. (3) For suf f ic ient ly high source energies, 
the intensi ty of that part of the ta i l  spectrum about 
0.5 Mev below the photopeak i s  dependent on the 
diameter of the crystal. 

8.5. COMPARISON OF EXPERIMENTAL GAMMA-RAY RESPONSES OF AN &in.*dta Na!(TI) 
CRYSTAL WITH CALCULATED RESPONSES 

6. T. Chapman T. A. Love R. W. Peel le  

The advantages inherent i n  the use o f  a very 
large sodium iodide crystal  as a sc in t i l la t ion 
detector i n  gamma-ray spectroscopy have en- 
couraged continuation Qf the program of invest i -  
gation 
In brief, i t  i s  expected that the large crystals 
(-9-in. dial w i l l  in  ef fect  be to ta l ly  absorbing, 
and thus minimize the familiar low-energy ta i l  
caused by the escape of scattered gamma rays 
from smaller crystals. Previous work at  the BSF 
has ut i l ized a 9%-in.-dia Nal(TI)  crystal  which 
was essent ia l ly  a r ight  circular cylinder capped 
by a truncated r ight c i rcular cone, The shape 
was dictated by the geometry of the ingot obtained 
i n  crystal  growth. However, continued experiment 
wi th  th is  crystal has led to the bel ief  that such 
Q geometry i s  detrimental to the gamma-ray re- 
sponse. 

Recently one of  the suppliers’ of very large 
Nal(TI)  crystals was able to produce a re la t ive ly  
long, right-circular cyl indr ical  crystal by opt ica l ly  
coupling two smaller crystals together. The 
smaller crystals were each 8 in. in  diameter and 
4 in. long, producing, when coupled, a r ight- 
circular cyl indr ical  crystal  8 in. in  diameter and 
8 in, long. The composite crystal  i s  conven- 
t ional  l y  packaged with the customary aluminum 

of “big” crystals previously reported. 1 

’G.  T. Chapman and T. A. Love, Neutron Phys. A n n  

*Harshow Chemical Company, Cleveland, Ohio. 
Prog.  R e p .  St.p1. 1 ,  1958, QRNL-2609, p 133, 

1 oxide reflector, wi th an approximately 4-in.-thick 
glass window at one end for photomultiplier place- 
ment. Th is  crystal  was obtained on a loan basis 
for tests at  the BSF. 

When tested with known-energy gamma rays, 
wi th  an array o f  three 3-in.-dia photaniult iplier 
tubes used to observe the l ight  pulses in  the 
crystal, the composite crystal  responded as one 
uniform crystal. For gamma rays ranging up 
through the 2.76-Mev photon from the decay o f  
Na24  there was no evidence of  the double peaks 
which were characteristic of  the conical ly ended 
crystal. ’ The resolution at the C S ’ ~ ’  gamma-ray 
energy of  0.662 Mev was 11.8%, and the rat io  of 
the area under the peak to the total area under the 
distr ibut ion was about 0.75. Since the data were 
taken without a wel l  in  the crystal, there was a 
contribution to the ta i l  of  the distr ibut ion from 
the loss of gamma rays scattered back out of the 
crystal, Th i s  was demonstrated by col l imat ing 

along the ax is  of an additional 4-in.-dia by %in.- 
th ick crystal  mounted on the end of the large 
crystal and observing the anticoincidence spectrum 
from the large crystal. This increased the peak- 
to-total ra t io  to 0.83. 

As reported i n  Secs 8.3 and 8.4, a Monte Cario 
code has been developed for calculations of  the 
response functions of sc in t i l la t ion detectors to 
monoenergetic gamma rays. Th is  code was used 
to calculate the response of an %in.-dia by &in.- 
long Hal  crystal  for f i ve  different gamma-ray 

the C S ’ ~ ~  gamma ray through a 1 $-in.-dia hole 
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energies, and the resul ts are compared with the 
experimental data for the composite crystal i n  
Table 8.5.1. The conditions for the calculation, 
including crystal dimensions and col l i inat ion of 
gamma rays along the crystal axis, resembled the 
experimental conditions as c losely as possible. 
The experimental data for the 0.662-Mev gamma 
ray froin are compared with calculated 
resul ts i n  Fig. 8,5.1. Since the calculat ion gave 
only the peak-to-total rat io and the distr ibution 
i n  the tai l ,  a Gaussian distr ibution wi th the same 
standard deviat ion a5 the experimental data was 
assumed for the total-absorption peak. 

Although the experimental data give a smaller 
peak-to-total rat io (0.83) than the calculat ion 
(0.929), the shape of the calculated distr ibution 
resembles that of the experimental data. As shown 
i n  the figure, the anticoincidence data taken O S  

noted above almost eliminated the escape peak 
found at -0.45 Mev in  the data from ths composite 
crystal alone. Th is  implies that the addition of 
a wel l  in  the end of the composite crystal would 
increase the peak-to-total ratio. I t  i s  probably 
impossible, however, to  at ta in the calculated 
peak-to-total rat io i n  practice, because of un- 
avoidable scattering effects in  the materials sur- 
rounding the detector. For example, owing to  
the f in i te  dimensions of the gamma-ray 5ource 
and soilice container, it i s  estimated that as much 
as a 3% contribution to the distr ibution in the 
ta i l  may be due to scattering wi th in the source. 

UNCLPSSIFIEO 
2-01-058-0-473 

p(E!=RATIO OF AREA LNDER THE TOTAL 
ABSORPTION ’EAK TO THE TOTAI- AREA 

SING’ F CRYSIAL DATA, p (E l -751 ” /0  (CURVEA) 
ANTlCOlhClDtNCE DATA, p ( E ) = H 7 6 %  (CURVE81 
CALCULAIED DATA, p ( E ) - 9 2 9 %  (CURVEC)  

F i g .  5.5.1. Ca lcu la ted  and Experimental Responses 

of an 8-in.-dia by B-in.-long Nal(TI) Crystol to 0.662- 
Mev Gamma Rays  from CsI3’. 

T a b l c  85.1. Comparison o f  Experimental and Calculated Results for the Response 

of an 8-in.-dia by 8-inJong NaI(T1) Crystal 

Photon Energy 

(MeV) 

Measured 

Resolut ion 

( %) 

Mea sured 

Photofraction*’ ** 
(%I 

Ca I CUI  o t e d  

P hotofroction* 

(%I 

0.662 

0.899 

1.368 

1.540 

2.754 

11.8 

8.8 

8.6 

7.3 

6.3 

83 

66 

61 

60 

52 

92.9 

90.0 

84.9 

80.5 

79.2 

*Photofraction i s  defined a s  the ratio of the area under the total absorption peak to the total area under the 
pulse-height distribution curve. 

Va lues  o f  the measured photofractions are reproducible to within 3%. * *  
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In addition, there may be as much as a 9% con- Although the ef fects of the interface formed by 
t r ibut ion from the effect of  the c ~ l l i m a t o r . ~  It i s  coupling two crystals have not yet  been studied 
hoped, however, that more careful design of source to  any extent, the over-all response sf the corn- 
and coll imator w i l l  improve the peak-to-total rat ios posi te crystal  discussed has been much more 
obtainable wi th  large crystals. satisfactory than that of the conical ly ended 

crvstals, as i s  evident i n  the resolutions shown 
i n  Table 8.5.1, and i t  appears that large, usable, 
totol-absorption crystals may be produced by th is  3R. W. Corlson, D. J. McGoff, and J. L. Sopif‘, Gamma- 

Ray Scattering and Penetration in a Lead Collimator, 
KT-377 (1958). method. 

8.6. RESPONSE OF ENWWINDOW PHOTOMULTIPLIER TUBES AS A FUNCTlON 
OF TEMPERATURE 

R. B. Murray 

The ef fect  of  temperature on the response of  a 
sc in t i l la t ion counter to incident radiation i s  of 
interest bath from a pract ical  and a fundamental 
paint of view. As a practical matter, i t  i s  some- 
times necessary to operate a sc in t i l la t ion counter 
i n  surroundings whose temperature is  different from 
room temperoture, or whose temperature may change 
i n  time. Of fundamental interest i s  the behavior 
of sc in t i l la t ion crystals, both activated and un- 
activated, as a function of  temperature, especial ly 
in  the region below room temperature. Since a 
photomultiplier tube i s  an integral part o f  any 
sc in t i l la t ion counter assembly, it i s  of  interest to  
examine temperature-dependent ef fects in the gain 
and spectral sens i t iv i ty  o f  photomultipliers. 

Modern sci n t i I lo t  ion counting techn i ques employ 
end-window photomultipliers to a very large extent, 
so that studies of  temperature-dependent ef fects 
may reasonably be focused on end- window tubes. 
In this type of  photomultiplier, the photosensit ive 
cathode i s  a semitransparent layer, usual ly o f  
Cs-Sb composition, which i s  deposited on the 
interior of a f la t  glass (or quartz) window located 
at one end o f  the cyl indr ical  bulb. Th is  type o f  
construction may be contrasted with early photo- 
mult ip l ier  tubes, such cis the RCA 1P28, i n  which 
the photocathode surface i s  deposited on a 
meta l l ic  backing located in the interior of the tube. 

The ef fect  o f  temperature on the gain o f  end- 
window photomultipliers has been studied near 
room temperature by several authors, wi th appar- 
ently conf l ic t ing results. Several experiments’” 
have been reported in  which the gain was found 
to  decrease with increasing temperature; the 

J. J. Manning 

resul ts of Seliger and Z ieg ler t6  however, indicated 
an increasing gain wi th increasing temperature. 
At much lower temperatures (about -13OOC and 
below) several workers’ have noted an almost 
complete loss of sensitivity, althaugh there appar- 
ently have been no detailed studies of very-low- 
temperature behavior. 

It i s  thus of interest to examine i n  some detai l  
the behavior o f  photomultiplier tubes at low 
temperatures, wi th attentian to  the influence o f  
the wavelength of incident l ight. Th i s  paper 
reports a study of the response of  various end- 
window photomultipl ieJs to monochromatic l ight  
in the 4000- to 7000-A interval as a function of 
temperature from 25 i o  - 196OC. 

7 

’ F. E. Kinard, Nucleofi ics  15(4), 92 (1957). 

’I-. A. Webb, The Effect of Temperature Upon the 
R e s p o n s e  of a Gamma- Ray Scintillation Spectrometer, 
USNRDL- TR-48 (1955). 

3W. P. Bal l ,  R. Booth, olnd M. H. MacGregor, Nuclear 
Instr. 1, 71 (1957). 

4T. R. Herold, W. A. Kropp, and J. S. Stvtheit, Tent- 
perature Coeff ic ients  of Scintillation Detectors,  DP-47 
( 1956). 

5G. Loustr ia t  and A. Coche, J. phys.  radium 19, 927 
(1958). 

6 ~ .  
Nuclear - Sci. NS-3, 62 (1956). 

H. Seliger and C. A. Ziegler ,  I R E  Trans. on 

’These results need not be interpreted a s  necessar i ly  
i n  disagreement, however, as the wavelength o f  the 
exci t ing l ight  i n  the various experiments was not the 
same. 

‘See, for example, R. E3. Murray, Nuclear Instr. 2, 237 
(1958); W. J. Van Sciver and L. Bogart, Il<E Trans. on 
Nuclear S c i  NS-5, 90 (1958). 
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Apparatus and Method 

The tubes which have been investigated to date 
were a l l  of nominal 2-in. diameter ond were con- 
tained at the center of a 4-ft-long glass tube which 
was embedded in  Styrofoam for thermal insulation. 
The central 9 in. of the glass tube was surrounded 
by a cooxial iacket, through which was passed 
nitrogen gas ahich had been cooled by circulat ion 
i n  a liquid-nitrogen heat exchanger. Helium gas 
i n  the glass tube provided a heat exchange medium 
to cool the photomultiplier tube to the temperature 
of the glass iacket and ensured Q uniform temper- 
ature along the body of the tube. By control l ing 
the flow rate of cool ing gos, the temperature was 
continuously variable down to the liquid-nitrogen 
point. The temperature was measured by a coppcr- 
constantan thermocouple bonded t o  the glass 
envelope o f  the photomul tip1 ier. The resistor 
network for the photomultiplier was located for 
away from the cold region and was maintained at, 

or very near, room temperature. The cathode-anode 
voltage was typical ly -800 v. 

Monochromatic l igh t  was obtained from a Beckman 
quartz spectrophotometer and irradiuted essential ly 
the ent i ie area of the photocothode. The photo- 
mult ipl ier anode current result ing from this illurni- 
nation was meosured with a d-c microainmeter on 
the 0- to 1-pa scale. 

The sequence o f  events in 0 typical experiment 
wus os  follows: At  room temperature, for CI pa:- 
t icular wavelength of incident light, say 4000 A, 
a spectrophotometer s l i t  width was chosen which 
gave an onode current near fu l l  scale, Th is  s l i t  
width was used for a l l  soubsequent low-temperature 
measurements at 4000 A. A particular s l i t  width 
was thus established at room temperature for each 
wavelength, the s l i t  F idths varying considerably 
over the 4000-to 7000-4 spectral region as o resul t  
of the strong wavelength dependence in both the 
emission spectrum of the spectrophotometer lamp 
and the sensi t iv i ty of the photornultiplier. The 
photomultiplier wos then cooled to a selected 
temperature, and al lowed time to come to equi- 
librium, arid the anode current was meosured a t  
each wavelength. Th is  process was repeated at 
various temperatures down to - 195°C. 

Results and Discussion 

To dote, one each of the fol lowing tubes has 
been studied: RCA 6342, RCA 5819, RCA 6655, 
RCA 6903, Du Mont K-1428 (modified 5292), and 

a modified RCA 6342. The last two are msdif i-  
cations of standard tubes in which a thin, semi- 
transparent metal l i e  backing was deposit5d over 
the semi conducting photocathode surface during 
monufocture. 

The results of two experiments are shown in  
Figs. 8.6.1 and 8.6.2 for an HCA 5819 and a Du 
Mont K-1428, respectively. For purposes of c lar i ty 
i n  presenting the data, the room-temperature current 
readings foi the various wuvelengths have been 
normalized to unity. The ordinates of Figs. 8.6.1 
and 8.6,2 thus represent anode current in  arbitrary 
units; as indicated previously, however, the scale 
i s  of the order of 1 pa. 

In  Fig. 8.6.1 it i s  seen that the temperature 
dependence of anode current i s  quite sensit ive to 
the wavelength of incident l ight. In particular, 
in the region immediately below room temperature, 
the onode current increases with decreasing 
temperzture for wavelengths less than about 
5500 A but decreases for longer wavelengths. In 
Fig. 8.6.2 increasigg current occurs for wave- 
lengths up to 5800 A. Similar behavior has been 
observed in each of the photomultipliers studied; 
i n  a l l  cases the slope of the curve changes sign 
in  the wavelength region from -5000 to 5800 8. 

At lower temperatures (--7OoC) the response 
of the RCA 5819 (Fig. 8.6.1) fa l l s  sharply wi th 
decreasing temperature for nl I wavelengths and 
continues to decrease down to the lowest temper- 
ature obtainable i n  the present experiment, -190 
to --195"C. Th is  behavior i s  characterist ic of 
those photoinultipl iers studied which hove not 
been modified by the addition of a conducting 
backing on the photocothode surface. In a l l  cases, 
the response drops sharply i n  the region from --70 
to  -1100°C and continues to decrease monotoni- 
cal ly. Th is  fa l l -of f  clearly does not occur i n  the 
Du Mont K-1428 (Fig. 8.6.2), and the behavior of 
the modified RCA 6342 (not shown) i s  quite similar 
to that of the K- 1428. 

The temperaturedependent effects iI lustrated i n  
Figs. 8.6.1 and 8.6.2 can be discussed i n  terms 
of effects associoted with the photocathode. Pre- 
vious studies9# l o  have shown that the photocathode 
spectral sensi t iv i ty curve i s  teriiperati~re-dependeaai 
i n  such a manner that thc long wavelength l imi  

~ 

'F. Boeschoten, J. M. W. Mi la tz ,  and C. Smit, Physicc 

'ON. Schaetti and W. Baurngartner, llelv. Phys. Act< 

20, 139 (1954). 

24, 614 (1951). 
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F i g .  8.6.1. R e l a t i v e  Anode Current a s  a Function of Temperature for Various Wavelengths of Monochromatic 
Light  lnc ident  on an WCA 5819 Photomult ipl ier  Tube.  
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shi f ts  toward the blue upon cooling, resulting, of 
course, in  a decrease i n  sensi t iv i ty  to mono- 
chromatic l ight  in  the red region o f  the spectrum. 
In  particular, Boeschoten and co-workers' cooled 
a 1P-28 (Cs-Sb cathode) from room temperature to 
the l iqu id-a i r  point  and obsegved a decrease in  
sensi t iv i ty  to red l ight  (6500 A) by a factor of 8, 
whereaos the sensi t iv i ty  to blue l ight  (4000 to 
4500 A) increased 40%. The spectral sens i t iv i ty  
remai%ed essent ia l ly  unchanged in the 5500- to 
6000-A region. These resul ts are quite consistent 
wi th those o f  Fig. 8.6.2. The sh i f t  i n  spectral 
sens i t iv i ty  wi th  temperature presumably arises 
from a temperature dependence of the photoelectric 
effect and has been discussed br ie f ly  b y  
Boeschoten et ~ 2 1 . ~  and i n  detai l  i n  a recent paper 
by Meesen. 

I n  addition to a sh i f t  in  spectral sensitivity, it 
i s  known that the electr ical  resistance of  Cs-Sb 
photocathodes i s  temperature dependent; lo- ' the 
resistance increases rapidly wi th decreasing tem- 
perature i n  a manner which i s  typical  of the 
behavior of semiconductors. The decrease in 

1 1  

"A. Meesen, J .  phys.  radium 20, 519 (1959). 
12R. W. Engstrom et al., IRE Trans, on Nuclear Sci. 

NS-5, 120 (1958). 

anode current, for a l l  wavelengths, at about -70 
to  -lOO"C, as in  Fig. 8.6.1, i s  attributed to the 
rapid r i se  in  cathode resistance wi th  decreasing 
temperature. As the photocathode becomes more 
nearly an insulator, the electr ic f ie ld  at i t s  surface 
i s  distorted w i t h  a resultant loss i n  col lect ion 
ef f ic iency for electrons at the first dynode. It i s  
clear from Figs. 8.6.1 and 8.6.2 that this effect 
i s  eliminated by the deposition of a thin metal l ic  
backing on the photocathode. 

The ef fect  of a temperature change an the 
secondary emission process i n  the dynode str ing 
has not been considered in  the above discussion. 
The dynodes are, o f  course, cooled in the ex- 
periments reported here since the entire photo- 
mult ip l ier  i s  surrounded by heat exchange gas and 
i s  al lowed to achieve thermal equilibrium. In th is  
regard it should be possible to eliminate the 
electron mult ip l icat ion i n  the dynodes by con- 
necting a l l  dynodes together and operating the 
tube as a diode. It i s  hoped that th is  technique 
can be incorporated in  future studies, It may be 
noted that the resul ts of the present experiment 
(Fig. 8.6.1) are consistent wi th  those of  Schaetti 
and D o ~ m g a r t n e r ~ ~  in  which the photocurrent was 
measured directly, without secondary mult ip l  i- 
cation. 

8.7. SClNTlLLATlON PROPERTIES OF NONACTIVATED LITHHIUM 18 

R. B. Murray H. G. Hanson 1 J. J. Miinning 

A study f the luminescence emission spectra of 
both act ivated and nonactivated l i th ium iodide 
sc in t i l la t ion crystals has been reported previ- 
o u ~ l y . ~  Th is  invest igat ion revealed a s igni f icant 
difference in  the emission spectrum of a non- 
act ivated l i th ium iodide crystal  compared with 
that  o f  europium-activated crystals. A s  part of  a 
continuing program to invest igate various aspects 
o f  the sc in t i l la t ion process in l i th ium iodide, 
further study has been made of some of the sc in t i l -  
lat ion properties o f  a nonactivated crystal. Th i s  
investigation, which i s  described herein, includes 

'Summer research part ic ipant  f rom University of 
Minnesoto, Duluth Branch. 

'H. G. Hanson, J. J. Manning, and R. 5. Murray, 
Neutron P h y s .  Ann. P r o g .  R e p .  Sepi. I ,  1958, ORNL-  
2609, 138. 

a study of the decay times and Iigh intensi ty as 
a function of temperature, the re la t ive response to 
gamma rays and the alpha-triton pair resul t ing from 
slow-neutron capture, and an ident i f icat ion of two 
observed sc in t i l la t ion components with the two 
bands in  the emission spectrum. The crystal used 
in  the present invest igat ion was the some crystal 
used in  the previous study of emission spectra. 2 

Crystal Preparation 

The starting material was l i th ium metal enriched 
i n  Li6 to 96% concentration, which WQS obtained 
from the QRNL Stable Isotopes Divis ion.  (En- 
riched Li6 metal was chosen for convenience, i n  
order to  provide a high counting ef f ic iency for 
neutrons.) The metal was reacted with d is t i l l ed  
water, and an excess o f  hydr iodic ac id  was added. 
The resulting solution was evaporated to  y ie ld  
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crystals o f  hydroted l i th ium iodide. Pur i f icat ion 
o f  these crystals was effected by repeated re- 
crystal l izat ion and an organic extract ion process. 
The pur i f ied crystols were dehydrated by s low 
heating in  a vacuum. The resu!t ing anhydrous 
l i thium iodide was grown as a single crystal 
(152 in. in  diameter by 2 in. Iony) by the Bridgman- 
Stockbarger method. Crystal  growth by i h i s  method 
constitutes a further pur i f icat ion step. The crystal 
was observed to  be clear and colorless. Extreme 
care was tnken throughout the preparation and 
growtl-1 of the crystal to avoid the use o f  vessels 
and apparatus noimal  Iy used in  handling europium- 
activated m ~ i t e i - i ~ l .  A ssmiqunnti tat ive spectto- 
graphic analysis o f  the crystal used i n  th is study 
showed the presence of s i l i con  i n  the concentsa- 
t ion range to lom3%, and calcium, copper, 
iron, magnesium, and tin i n  the concentration range 

It should be understood that the results presented 
here are properties o f  the crystal studied and are 
no t  neressmily characterist ic of perfect ly pure 
l i th ium iodide. The preparation of a perfect ly pure 
crystal, on the other hand, is essent ia l ly  impos- 
sible. The results given are considered meaningful 
in  that  they apply t o  nonactivated l i thium iodide 
containing conimonly found chemical impurities in  
trace amounts. 

1 0 - ~  to 

Experimental Methods and Results 

In one phase of the experiment, a th in s l icp of 
crystal (about 2.5 ciii in  diameter and 3 lliill thick) 
was placed in a low-temprrati,re upparatus, which 
has been described p r e ~ i o u s l y . ~  The crystal tem- 
perature was continuously variable Froin room tem- 
perature to the liquid-nitrogen point. 

The luminescerit intensity 0 5  a function o f  tem- 
pciature was recorded for alternate excitat ion of 
the crystal by s low neutrons and 0.661-Mev gamma 
ruys from Cs137.  An WCA 6342 photomult ipl ier 
tube was used. Pulse-heiyht spectra from both 
neutron and gamma-ray exeitnt ion were recorded 
on a 20-channel pulse-height analyzer. A clearly 
dist inguishable slow-neutron peak in the pirise- 
height spectrum was observed a1 I temperatures; 
the ful I-energy peak in  the gamma-ray spectrum WGS 

ident i f iable at --3OoC and below. 

3R. R. Murray, N u c l e a r  Instr. 2, 237 (1958), F i g ,  6. 

The r e w l t s  of th is  experiment are given i n  
Fig.  8.7.1. Analysis o f  the data reveals that the 
rat io of pulse heights (neutrons:gamma rays) i s  a 
tempe:crture-indepan$cnf quantity wi th in an experi- 
mental uncertainty of 2'/,%. The temperature in- 
dependence of ih is  rat io in  nonactivated l i thium 
iodide i s  dist inct ly dif ferent from the behavior of 
L.il(Eu), where the corresponding rat io increoses 
by some 15% upon cool ing from room temperature 
to the l iquid-nitrogen point (see ref 3, Fig. 5). 

In comparing the response of nonactivated l i thium 
iodide to gamma rays and s low  neutrons, a usefril 
parameter i s  the gnmmc-ray equivalent energy at 
which the slow-neutron peak occurs. In the case 
o f  a well-act ivated L i l ( E u )  crystal, the gamma-ray 
equivalent energy i s  typical ly 4,5 Mev or greater, 
which may be compored with the Q value of the 
Li6(n,a)t-I3 reaction, 4.78 Mev. In the present 
experiment, the gamma-ray equivalent energy was 
determined at the liquid-nitrogen point, using 
0.661-, 0.899-, and 1.1 1-Mev gamma rays as ca l i -  
bration points. An extrapolation of the straight 

50 
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F i g .  8.7.1. Var ia t ion  in Pulse Height  as a Fbnct ian 

of TcmkGru?ure; S low Neb,t;ans and 0.661-Mev Cnrnmo 

Ruye Incident upon a Nrncnctivated Li61 Crystal .  

198 



P E R I O D  ENDING S E P T E M B E R  9 ,  1959 

l i ne  connecting these points shows that the slow- 
neutron peak occurs at  a gamma-ray equivalent 
energy o f  3.45 MeV. This  value should apply 
equally wel l  at higher temperatures, since the 
results of Fig. 8.7.1 indicate a constant rat io o f  
neutron-to-gamma-ray pulse heights. 

The pulse heights corresponding to the slow- 
neutron peak in  two commercially canned L i l (Eu )  
crystals a t  room temperature are also shown i n  
Fig.  8.7.1. It i s  seen that the l ight  output of the 
nonactivated crystal  a t  the I iguid-nitrogen point 
i s  comparable to  that of  act ivated crystals at room 
temperature. 

The resolution o f  the nonactivated crystal may 
be described by the fu l l  width at  ha l f  maximum of 
the slow-neutron peak in  the pulse-height spectrum. 
In the present experiment, th is  quantity varied 
from about 45% at room temperature to  11% at the 
l iquid-nitrogen point. In the case of  L i l (Eu )  at 
rOOm temperature, the corresponding quantity 
might be 8 to 10% with a typical  crystal, 6% wi th  
a good crystal. 

A second phase of the present experiment was 
directed toward a study of  the decay time o f  l ight  
pulses from nonactivated l i th ium iodide. For th is  
purpose, the anode o f  the photomultiplier was con- 
nected with coaxial  cable to  the input of a Tek- 
tronix 53/54L preamplif ier and type 545 osci l lo-  
scope, wi th  a total r i se  time of  0.014 psec. Current 
pulses from the photomultiplier anode were inte- 
grated on the cable capacitance; the RC time 
constant, which was f ixed by th i s  capacitance and 
the input resistance o f  the preamplifier, was meas- 
ured as 63 psec. The resul t ing voltage pulse was 
displayed on the osci l loscope screen, photographed, 
careful ly projected onto graph paper, and corrected 
for the exponential decay corresponding to RC = 
63 p e t .  The curves so obtained were analyzed 
i n  a straightforward way to obtain the time de- 
pendence of  the l ight  pulses. Both neutron- and 
gamma-ray-induced pulses were studied, at tem- 
peratures from room temperature to  -196°C. 

This analysis showed that the decay law can be 
represented as the sum of two exponentially de- 
caying functions, wi th  decay t imes T~ and 72 of 
the order o f  1 psec and 4 p e c ,  respectively. The 
temperature dependence o f  rl and T~ i s  shown in 
Fig.  8.7.2, i n  which each point  i s  the average 
from the analysis o f  three or more pulses resul t ing 
from neutron exci tat ion.  The error f lags are est i -  
mates o f  the uncertainty associated wi th  each 

point, and were derived on the basis of  internal 
consistency in data analysis and estimated un- 
certaint ies in  the assignment o f  decay times to  
each set o f  data. The resul ts in  Fig. 8.7.2 indi- 
cate an increase in T~ with decreasing tempera- 
ture. There i s  some indicat ion of a decrease in 
72 at low temperatures, although the uncertainties 
are such that the data might wel l  describe a tem- 
perature-independent function. Oata derived from 
analysis o f  pulses fo l lowing gamma-ray exci tat ion 
are not shown i n  Fig. 8.7.2, since the resul ts are 
in quite good agreement wi th  those presented for 
neutron excitation. Thus there i s  no observable 
difference, wi th in  the uncertainties of  the present 
experiment, between the decay times associated 
with neutron and gamma-ray excitations. 

It should be pointed out that  a decay time longer 
than 7 1  would probably not be observed i n  the 
present experiment. Decay t imes shorter than T ~ ,  

however, should have been observed. 
The data from which the  decay times were de- 

r ived are capable o f  y ie ld ing further information, 
namely, information on the re la t ive amplitudes of 
the two scint i  I lat ion components. The assignment 
o f  two exponentially decaying components i n  the 
l igh t  intensi ty corresponds to  the fo l lowing form 
for intensity, I, as a function of time, t :  

1 = A l e  + A,e I 

- t / T 1  - t /  T2 

where A ,  and A, fire amplitude factors. For com- 
parison with the previously observed luminescence 
emission spectrum, which corresponds to  the time- 
integrated l ight  intensity, the function of interest 
i s  

The term A 1 ~ l  now represents the integrated light 
intensi ty emitted by component 1; simi lar ly for 2. 
The decay-time data indicate that the rat io 
A 2 r 2 / A 1 7 ,  decreases from about 1 at room tem- 
perature to about '/3 at the l iquid-nitrogen point. 
For purposes of correlation, the luminescence 
emission spectrum o f  nonactivated l i th ium iodide 
i s  reproduced in Fig.  8.7.3. It i s  seen that two 
d is t inct  bands occur i n  the emission spectrum, 
and that  the re la t ive intensi ty i s  temperature de- 
pendent. The relat ive intensi t ies are apparently 
o f  the same order at higher temperatures, whereas 
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Fig.  8.7.2. Decay T ime of Light Pulses  as o Function of Temperature; Slow Neutrons Incident Upan a Non- 
acf ivi ted Li61 Crystal :  ( a )  Component T ~ ;  ( b )  Component 7,. 

7 

the band centered nearo 4000 A i s  considerably 
weaker than the 3700-A band a t  -192°C. The 
foregoJng facts suggest a correlation between th: 
4000-A band and component r2, and the 3700-A 
band and component T ~ .  

In order t o  examine th is  point further, use was 
made o f  optical f i l ters that co2ld selectively 
absorb l ight  in  either the 3700-A region or the 
4000-A region. The selected f i l te r  or f i l ters were 
placed on the face o f  the photomultiplier tube, and 
the crystal was cooled direct ly to the l iquid- 
nitrogen point. Scint i l lat ion pulses were recorded 
and analyzed a s  above, using slow-neutron excita- 
t ion o f  the crystal.  oWith a Corning glass f i l ter, 
No. 7-60, the 3700-A band i s  passed with about 

L 

0 
60% transmission, whereas radiat ion of 4000 A and 
longer is total ly absorbed. In th is case, analysis 
of the data revealed only one component whose 
decoy time was 1.4 psec (7,). With Corning 
f i l ters Nos. 3-75 and 3-74, 4000- i  radiat ion io5 
part ia l ly  transmitted wh i le  radiat ion of 3700 A 
and shorter i s  total ly absorbed. In th is case, the 
amplitude of the short-decay-time component was 
strongly attenuated, and the predominant component 
was that o f  3.3-psec decoy time (7>). (Because of 
the inherent bandwidth, it i s  not pzssible to  el imi- 
nate entirely the ta i l  of the 3700-A band.) 

On the basis o f  the above results, i t i s  con- 
cluded that Component 1, w i th  a decay t ime of the 
order of  1 psec, i s  associated with l ight  emitted 
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Fig. 8.7.3. Luminescence Spectrum of Nonactivated Li61 Under Excitation by Slow Neutrons.  

i n  the 3700-x band, and that  component 2, decay 
time - 4  gsec, i s  associated wi th  l ight  emitted in 
the 4000-A band. 

Conclusions 

The experimental results discussed above lead 
to the fo l lowing conclusions concerning the scin- 
t i l l a t ion  characterist ics o f  nonactivated l i thium 
iodide. 

1. The luminescence intensity i s  a strong func- 
t ion of temperature, increasing by a factor o f  about 
30 in going from room temperature to -196'C. 
At -196OC, the in tens i ty  i s  comparable to  that 
obtained from L i l (Eu)  a t  room temperature. 

2. The shape o f  the intensity vs temperature 
curve i s  the same for excitat ion o f  the crystal by 
gamma rays and by the alpha-triton pair from slow- 
neutron capture. Th is  behavior is different from 
that observed i n  Lil(Eu). 

3. The  gamma-ray equivalent energy of the slow- 
neutron peak in the pulse-height spectrum i s  3.45 
MeV. 

4. Fol lowing exc i ta t ion of the crystal by a 
charged particle, the l igh t  intensity decays i n  t ime 

a s  the sum of  two exponential functions, wi th  
decay t imes 7 ,  2 1 psec  und 72 2 4 psec .  The 
decay times are slowly varying functions of tem- 
perature. No difference i s  observed between 
decay times upon excitat ion of the crystal by 
gamma rays and by slow neutrons. 

1-psec component i s  associate: wi th  
l i g h t  emitted in a band centered near 3700 A, The 
4-psec component i s  nssociatzd wi th  l ight  emitted 
in a band centered near 4000 A. 

From the proctical point of view, nonactivated 
l i th ium iodide seems t o  offer no advantages over 
L i l (Eu)  as a detector fur either slow or fast neu- 
trons. The decay time of  the nonactivated crystal 
i s  no faster fhan that of Lil(Eu), and the l i g h t  
in tens i ty  i s  dis t inct ly  weaker except a t  very low 
temperatures. The width of the slow-neutron peak 
i n  the pulse-height spectrum i s  broader than that 
which can be obtained wi th  a typical L i l (Eu)  
crystal a t  room temperature. Furrher, the gamrna- 
ray equivalent energy o f  the slow-neutron peak in  
the nonactivated material i s  less thun that of 
Lil (Eu) ,  so that there i s  no advantage i n  goinmu- 
~ Q Y  discrimination, Final ly, it does not seem 

5, The 
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possible to discriminate between varioiJs charged 
part ic les by means of either the emission spectrum 
or the decay tiines. 

chanism o f  the scint i l lat ion process, the data ob- processes involved. 

tained t o  date are signif icant pieces of informa- 
t ion but are by no means suff icient to permit the 
formulation o f  a model. I t  i s  hoped that further 

From the standpoint of understanding the me- studies w i l l  lend to some understanding of the 

One o f  the methods for determining the thermal- 
neutron f lux in a medium uses the activation in- 
duced i n  gold fo i ls .  Both bare and cadmium- 
covered f o i l s  are exposed in  the medium, and the 
theri-nal-neutron f lux at any specif ied posi t ion i s  
calculated from the difference between the activa- 
t ions of a bare fo i l  and a cadmiurn-covered foi l  
at that posit ion. This method i s  used frequently 
at the LTSF. Furthermore, since a l l  thermal- 
neutron detectors a t  the LTSF ore normalized to 
the gold foi ls, ’  a knowledge of the corrections to 

be applied to  fo i l  measurements i s  quite important. 
I -he  gold fo i l s  commonly used at the LTSF are 

1 cm square and 0.002 in. thick. The cadmium 
covers on these fo i l s  are 0.020 in .  thick. I t  was 
fe l t  that a l l  appl icable corrections could be con- 
tained i n  one factor, the rat io o f  the f lux measured 
w i th  in f in i te ly  th in fo i l s  to the f lux measured 
with 0.002-in.-thick fo i l s  having the same shape 
and area. In order to  determine the values of th is 
fuctor experimentally, several 1-cm-square fo i l s  
of varying thickness were exposed at the same 
posi t ion in  the LTSF so that an extrapolation to  
zero thickness would be possible. The posi t ion 
chosen was such that the neutron f lux should have 
been isotropic. The fo i l  thickness was varied 
from 9.2 x l o m 7  in. (45 pg/cm2) to 0.010 in. 
(483 mg/cm2). Fo i l s  thicker than the usunl 
0.002 in. were used because i t  would make the 
extrapolation more rel iable and also because other 
fac i l i t i es  normally use thicker fo i ls .  The thicker 
f o i l s  may even become desirable a t  the L TSF. 

The experimental curves for both the bare and 
the cadmium-covered foi ls, as wel l  as the dif- 
ference curve between the two, are presented i n  
Fig. 8.8.1. The value for ”zero” thickness was 
obtained by f i t t ing  the data for thicknesses less 

than 1.7 mg/cm2 with straight lines, using the 
method o f  least  squares. From these data the ex- 
perimental rat io of the saturated ac t iv i t y  per uni t  
mass of a fo i l  of “zero” thickness to that o f  a 
0.002-in.-thick fo i l  i s  1.22 + 0.16. 

Various calculat ional methods have been pro- 
posed from which the f lux depression factor can 
be Using the prescript ion of Bothe2 
results in  a factor o f  1.09; that of ~ i t t l e , ~  1.08; 
that o f  S k ~ r m e , ~  1.21; and that of Bengston,5 
1.30. In a l l  these calculat ions the self-shielding 
in  the fa i l  has been included. 

In a l l  those calculat ions that consider a foil of 

f in i te  area, the fo i l  i s  assumed to be circular. To 
check the va l id i ty  o f  assigning an ef fect ive radius 
to  the square fo i l  for calculat ional purposes, 
circular f o i l s  1.11 cm in diameter (0.968 cm2 i n  
area) were exposed. Within the accuracy o f  the 
measurements (+2%) these circular fo i l s  gave the 
same thermal-neutron f lux as the 1-cm-square ones. 

I t  i s  apparent from the measurements that best 
agreement i s  obtained with the value calculated 
according to  Skyrme. On the basis of the present 
error assignment, however, none of the other cal- 
culat ional me;hods can be ruied out. Further 
work, aimed a t  reducing the error i n  the measure- 
ment, i s  contemplated. 

’D. W. Cady,  T h e  L i d  l-ank Shielding Furz l i t j  u t  Oak 
Rzdge Nutzonal I aboratorj; Part Ill: lnstrumentatzon, 
ORNL-2587 (1959). 

2 W .  Bothe,  Z. Phyyik  120, 437 (1943). 
3C.  W. Ti t t le ,  N1,rJeonzcs 8(6), 5 (1951), N I L T Z P O ~ Z C S  

41. W. R. Skyrme, Redurtzon zn N e u t m n  Densz t j  

5J. Bengston, R’eufron Sel / -Thlelding o j  a Plane  Ab- 

9(1), 60  (1951). 

Caused  b )  an Absorbing Disc.  MS-91. 

sorbing F o i l ,  O R N L  CF-56-3 170 (1956). 
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Fig. 8.8.1. Saturated Act iv i t ies  of Gold Foils Exposed in the LTSF. 



N E U T R O N  P H Y S I C S  A N N U A L  PROGRESS R E P O R T  

8.9. CORRECTION FACTORS FOR ~ ~ ~ ~ ~ A ~ ~ ~ V A ~ I ~ ~  ~~~~~~~~~~?~ 
FLUXES IN WATER AND GRAPMBTE 

D. K. Trubey T. V. Blosser G. M. Estabrook 

A standard technique employed in  the measurement o f  low-energy neutron f luxes i n  various media i s  

based upon the measurement of the act iv i ty induced in thin metal foi ls. A “resonance” detector, such 

as indium or gold, i s  part icularly useful because it i s  essential ly responsive to only one energy i n  the 

ev region (1.46 ev for indium, 4.9 ev for gold), A t  these energies the slowing-down o f  the neutron i s  

largely completed but the energy has not been degraded to the point where chemical binding in  the mole- 

cule i s  o f  importance. Experimental results based on the use of  these detectors may thus logical ly b e  
compared t o  various slow ing-down calculat ions. 

Unfortunately, the presence of the detecting fo i l  wi th in the f lux to be rneosured creates a number of 

perturbations which cause the activation per uni t  mass of the fo i l  t o  be not exactly proportional to the 

undisturbed neutron f lux. These effects, i n  genercrl, depend not only on the fo i l  parameters but also on 

the characterist ics of the medium in  wli ich the fo i l  i s  act ivated and on the techniques of measuring the 

saturated ac t iv i t y  of the fo i l .  D i f f i cu l t ies  involv ing beta-ray losses can be ef fect ively el iminated i f  the 

gamma rays emitted by the activated fo i l  are ineasured, and this technique has been adopted for the work 

reported herein. 

The perturbations involv ing neutron effects can be separated into two categories: sel f -shielding and 

f lux depression. Self-shieldiny arises from the attenuation of the neutron f lux as i t  penetrates the foil, 

so that the interior of  the fo i l  has a lower saturated ac t iv i t y  than the surface layers. F l u x  depression 

describes the decrease in the f lux i n  the medium near the fo i l  due to  absorptions in  the fo i l .  Since the 

f lux  or track length o f  neutrons i n  ci given small volume i s  part ia l ly  due to neutrons on  their second, 

third, and subsequent f l ights through the given voluiiie, insert ion of an absorber reduces the f lux by 

diminishing the number of second, third, and subseqiwnt f l ights. This effect i s  also ca l led  ”self- 

shading” or “ fo i l  drain.” A further complication may be introduced in  the use of a relat ively th ick 

cadmium cover on the foi  I to remove undesired low-energy (thermal) neutrons. 

The quantity o f  interest is, o f  course, the undisturbed f lux  u t  a specif ied point i n  the medium, given, 

in effect, by the saturated act iv i ty of a detector fo i l  per uni t  mass a s  the fo i l  CIIGSS approaches zero, 

that is, in f in i te  di lut ion.  In some C Q S ~ S  (for example, see Sec 5.1), it i s  observed that the various 

perturbations vary as a function of the distance of the fo i l  from the neutron source, crpparently becclilise 

of  changes in  the neutron angular distr ibution. Th is  variat ion i s  considered a t  greater length below. 

R e S O I l C l I l C e  D e d f C t O r S  - Theory 

Ideal Mode!. - For comnionly used moderating media such as graphite or water, the average lethargy 

increment 6 or the logarithmic energy loss, i s  considerably greater than the resononce lethargy width, 

so that the f lux does not have contributions from second and subsequent f l ights. A S  a consequence, the 

flux-depression effect becomes negligible nnd the only perturbation to  be considered i s  the self-shielding 
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effect. Th is  effect, f, may be defined as the rat io  of  the absorption per un i t  thickness i n  a fo i l  o f  th ick- 

ness T (Fig. 8.9.1) t o  the absorption per uni t  thickness in  a f o i l  of thickness t 2 0. Thus, for a d isk  of 
in f in i te  radius, in  I] 1/E flux, 

where 

c( E )  = macroscopic absorption cross section, 

g(y) = distr ibut ion o f  path lengths y for uni t  surface area 

= 2 ~ ~ / y ~  for isotropic neutron flux. 

Since the resonance width i s  narrow, the error w i l l  be small i f  the 1/E variation i n  the f lux i s  neg- 

lected. Substituting the variable x, defined as x = ( E  - E 0 ) / ( r / 2 ) ,  where Eo i s  the energy of the 

resonance peak and r i s  the total width of the resonance peak, and assuming ( 1 )  isotropic distribution, 

(2) the Breit-Wigner single-level formula for the absorption cross section, and (3) negl ig ib le scattering, 

gives 

UNCLASSIFIED 
2-01-059-407 

Fig. 8.9.1. Geometry for Self-Shielding Calculation. 
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where 2, i s  the cross section a t  the peak of the resonance. If the path lengths are integrated f i rs t ,  

where 

‘I7 
COT - 

2 

This  i s  similar t o  the famil iar one-velocity result, 1 

1 
- - E 3 ( X T )  
2 

/ ( T )  = 
X T  

Equation (3) may be numerically integrated as it stands since detailed values of E 3 ( z )  have been tabu- 

lated.2 However, for present purposes it proves more convenient to  integrate f i rs t  over the energy. Von 

Dardel and Persson3 give the fol lowing result: 

where I (z) are the modified Bessel functions o f  the f i rs t  kind, of order p .  
P 

Using th i s  resul t  in  (2), 

where z = ( Z 0 y ) / 2 .  

This  expression may be evaluated for very thick and very thin foi ls. For very th ick fo i ls ,  

Therefore, 
2 

(5)  

- 
4 1  

- 
2dz Z o T  3 

._.____ .- .. __ __ - 
z 2 & 5 i  &G 

’See, for example, Argonne National Laboratory Reactor P h y s i c s  Constants, ANL-5800 (1958), p 487. 

2D. K. Trubey, A Tab le  o/ Three Exponenfzal  Integrals, ORNL-2750 (1959). 
3 G .  von Dardel and R.  P e r s o n ,  Nature 170, 1117 (1952). 

In this 
report, a5  i n  many others, / ( T )  i s  given a s  an  expression involving E,(z)  rather than E,(Z) .  
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It i s  important t o  note that (5) means that a resonance detector i s  never “black” or completely absorb- 

ing, but that, i n  an isotropic flux, the absorptions are proportional to  the square root o f  the thickness. 

Therefore, cs resonance absorber i s  not a “neutron-current detector.” For very th in  foi Is, 

2 1 z 

2 2 
E3(z)  =-- z + - (0.9228 - In z) 4- . . . , 

and (3) can be shown t o  be 

xo7- In xo7- - 0.3274 X 0 T  + . . . . 
4 

f ( T )  = 1 + 

These results, (5) and ( 6 ) ,  were derived by W i l k i n ~ . ~  Intermediate values of f ( 2 )  have been C Q ~ -  

puted by a numerical integration of (4) and are plotted in Fig. 8.9.2. The resul t  for a col l imated beam i s  

a lso plotted, g iv ing an upper l im i t  for the variat ion o f  f ( T )  with angular distr ibution of the neutrons. 

The absorption for thecol l imated beam i s  considerakdygseater because the current per unit f lux  i s  higher. 

Resonance Foi ls  w i t h  Cadmium Covers. - The discussion has been concerned w i th  the behavior of 
an ideal resonance detector. I n  order t o  isolate the resononce activation from the thermal activation, a 

filter, often a cadmium cover, must be applied t o  the resonance foil. The thickness of th is  cover must 

be suff icient to  remove essential ly a l l  the neutrons o f  energies less than -0.5 evs  A 40-rnil-thick cover, 

recommended by Stoughton et d 5  for a l / v  detector, w i l l  reduce the indium activation by 10 to 12%. 
Although previous experimenters have often used cadmium thicknesses much greater than 46) mils, the 

transmission data reported below indicate that a 20-mil cadmium thickness i s  suff icient in the use o f  

indium f o i l s  in Q nearly isotropic f lux. 

Many experimenters have f i t ted their cadmium transmi ssion data wi th  an exponential expression, 

and T i r t l e P 6  by combining results from several experiments, has shown ca variat ion o f  the  exponential 

slope with indium thickness. However, the results reported below, which have been f i t ted by an ex- 

ponential and also by the E 3 ( x )  function, do not show th is  dependence. [The E,(%) function i s  the 

transmission function t o  be expected for an isotropic f lux impinging on a to ta l ly  absorbing one-velocity 

detector. Because of the square-root behavior o f  a resonance detector, the transmission function for a 

th ick indium fo i l  should be closer to the E2.5(x) function, but since the cadmium cover i s  re la t ive ly  thin 

the dif ference is not evident.1 

Angular Distr ibution, - T o  th is  point the assumption has been mode that the angular distr ibution i s  

isotropic. Since th is  i s  not always the case, rel iance must be placed on experimental measurements, 

and only i n  the l i m i t  o f  in f in i te  d i lu t ion (“zero” thickness) w i l l  the flux be measured. 

It i s  of interest t o  examine the trend in the angular distr ibution o f  the f lux from a 

in f in i te  medium. I f  the quantity F i s  defined os  the average cosine of the 

4J. E. Wilkins, The ActiviEtion of Thick Foi l s ,  CP-3581 (1946). 
’R. W. Stoughton, a. Holperin, and M. Lietzke, E//ertiue C ~ ~ Z J Z Z ‘ Z ~ ~ Z  Cutoff Energies .  

6 C .  W. Tittle, Nucleonics 9(lj ,  60 (1951). 
Sci. and Eng. 

angle 
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point  suurce in on 
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published in Nuclear 
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U N C L A S S I F I E D  
2-0!-059-408 

INDIUM T H I C K N E S S  ( mg/c rn2)  

t 

I 
1 inil 

....... 

1Yq-i" -d io I N D I U M  FOILS; 

R o - B e  NEUTRONS I N  GRAPH1 [E.  
3 0 - m i l  CADMIUM COVERS. I -  I 

~. ......... 

20 40 60 80 1 0 0  120 140 180 2 0 0  

I N D I U M  T H I C K N E S S  (rng/c-n2i 

Fig .  8.9.2. Comparison of Experimental Va lues  with Theoret icol  Calculat ions of t h e  Self-Shielding Eacfor, 

/ ( T ) ,  as  o f u n c t i o n  of Indium Foi l  Thickness for Both Isotropic Neutron Distr ibut ion and Col l imated Beam. 
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veloci ty vector and the radial  direction, jT = 0 for an isotropic distribution, and p -  1 for a radial  d is -  

tribution. The quantity ji i s  a lso the rat io  o f  the net current J to the flux, that is ,  IJI = jT+. If d i f fusion 

theory holds, J i s  a lso proportional to  the gradient of the flux; that i s ,  J = -Do+. Combining these 

relationships, 

A plot  of (7) based on preliminary measurements employing a 5-mil-thick indium detector in  water 

and i n  graphite i s  shown i n  Fig.  8.9.3. A s  expected, ,Cl goes to zero at the origin, due to symmetry. 

Since the  proportionality factor i s  not the same, the two curves are not d i rect ly  comparable i n  magni- 

tude; but it i s  readily evident that  the shapes are not al ike.  The forward component o f  the neutron dis- 

t r ibut ion apparently goes through a maximum i n  water re la t ive ly  close to the source. T h i s  may be ex- 

plained in  terms o f  the neutron-transport mechanism. In water, fair ly close to the source (and at a much 

greater distance i n  graphite), the transport i s  largely due to the f i rs t  f l ight. The uncol l ided neutron 

UNCLASSIFIED 

0 20 40 60 EO 100 
z (GI-?) 

F i g .  8.9.3. Angular Distr ibut ion Index, the Instanto- 

neous R a t e  of Var ia t ion of  Indium Act iv i ty  with Dis tance  

from the  Source D lv ided  by the Act iv i ty ,  as a Funct ion 

of Distance from the Source. 
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spectrum hardens as a function o f  distance from the source; thus the slope of the f i rst-col l is ion dis-  

t r ibut icn increases. That is, i f  the distr ibution i s  nearly exponential, ,Y w i l l  behave l i ke  the reciprocal 

of the relaxation length. The result ing indium activation i s  complicated because i t  depends on an 

average of the distr ibutions on the front of the fo i l  and on the back. In addition, the angular distr ibution 

may be perturbed by the fo i l  i tsel f .  For a precise measurement, therefore, such as  the measurement of 

the age o f  neutrons i n  water ,  i t  i s  necessary to extrapolate to zero indium thickness and zero cadmium 

thickness at a l l  space positions. 

’ 

Resonance Detectors - Experimental 

Data from a recent experiment intended to measure the age to indium resonance energy (described i n  

Scc 5.1 of th is report) has been analyzed i n  the  l ight  of the above conclusions. Other measurements 

were made with indium fo i l s  in  the graphite of the ORNL standard pi le, using an Ra-Se source. The 

foi ls, which varied i n  thickness h i 7 1  -0.12 mg/cm2 to -190 mg/cm2, were counted on both sides 

simultaneously wi th an Nal(1-I) scint i l lat ion counter. The result ing experimental meosurements o f  the 

self-shielding factors /(‘f) are included as points in  Fig.  8.9.2. The values plotted are the saturated 

act iv i ty per uni t  thickness norinolized by f i t t i l i y  the data for the th in fo i l s  to the theoretical function 

given by (h ) ,  using the method o f  least squares. The value of  >io was taken to be 0.18 cm2/mg, derived 

from the resonance parameters given in  BN!..-325. 7 

The fact that the simple curve given by (3), (a), and (5) f i t s  so wel l  over the entire range o f  data i s  

reinarkable, since no correction has been made f o i  deviafioia from isotropy, for higher resonances, l /u  
absorption, or Doppler broadening. All  these coirect ions would tend to  increase the measured /(T). An 
estimate o f  the effect o f  Doppler broadening was made by numerically integrating (3) over the l ine shape, 

I$ (ref 8), for u thickness of 18 g/cm2 ( 1  mil). Es t i -  

mates of the corrections for absorption in  higher resonances can be made by weighting the var iousf ’s 

by t h e  resonance integrols. The resul ts for 5- and 10-mil-thick fo i l s  increase the valve of / b y  7% and 

8%, respecti vel y. 

For th is  case the quantity / increases by about 1%. 

Table 8.9.1 summarizes the results o f  cadmium transmission data obtained i n  graphite. Figure 8.9.4 

displays the saturated act iv i ty per unit  thickness for several thicknesses of indium fo i l  a s  n function of 

cadmium-cover thickness. A s  previously noted, no indium-thickness effect i s  observed i n  these curves. 

The dnta were sat isfactor i ly  f i t ted by the method of least squares both to  a straight l ine on the semilog 

plot  and t o  the logarithm of the E 3 ( x )  function. 

Since the cadniiuin i s  “ thin” for 1.45-ev neutions, the exponential f i t  i s  nenrly as good 5s the 

li3(’i) f i t ,  and the probable error in  the intercept of either curve includes the intercept of the other curve. 

At the scale of the figure, the curves l i e  one upon the other; therefore, only the exponential f i t  i s  drown. 

Computations were performed using the Oracle. The result ing constants a, where a - In F Cd/t, when 

t i s  t l ie cadmium thickness, c1 removal cross section S ,  defined by FCd = l /’ZE3(~t),  and a microscopic 

7!3. J. Hughes and R, 8. Schwartz, Neutron C,oss Sections,  BNL-325, 2d ed.  (1958). 

‘h4. E. R o s e  r.1 a[ . ,  ,A 7‘ohlr  o! the Integral  d(x, i ) ,  WAPD-SR-506 (October  1954). 
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Table 8.9.1. Summary of Cadmium Transmission Data for 1.25-in.-dia Cadmium-Covered 
Indium Fo i l s  in Graphite (Ra-Be Source) 

Slot Number FCd (40-mil sample) a c D 
Distance from f, Average Foi l  

Source Thickness 
(ORNL Standard Pile) (mi Is) .Eg F i t  Exponential F i t  (in--’) (in.-’) (barns) 

(cm) 

13.6 5.2 1.131 1.125 2.94 1.64 14.0 

23.8 5.2 1.135 1.128 3.01 1.69 14.4 

34.0 5.2 1.132 1.126 2.97 1.66 14.1 

44.1 5.2 1.141 1.134 3.14 1.77 15.1 

64.4 5.2 1.144 1.137 3.21 1.80 15.3 

13.6 ‘“0.069 1.1 12 1.107 2.65 1.41 12.0 

13.6 “-0.037 1.126 1.121 2.85 1.59 13.5 

0 10 20 30  40 5 0  60 70 

THICKNESS OF CADMIUM COVER (mils) 

Fig. 8.9.4. Indium Activation as a Function of 
Cadmium Cover Thickness for Various Thicknesses of 
1.25-in.-dia Indium Foi ls  (Ra-Be Neutrons a t  13.6 cm 

in Graphite). 
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cross section a, derived from C, are shown i n  Table 8.9.1. 
parable wi th the value o f  1 1  barns for the cadmium total cross section at 1.45 ev. 

The values of a s h o w n  i n  the table are com- 

The value of the factor ked, which agrees quite we l l  w i th  the published summary of Martin,' remains 

essential ly constant wi th variat ion of posi t ion in  graphite. This indicates that the angular distr ibution 

over the regions measured i n  these experiinents w a s  very nearly isotropic. This, however, was not the 

case for the nieasurernents i n  water. Figure 8.9.5 shows a plot  of the factor FCd as a function o f  dis- 

tance from the L i d  Tank Shielding Fac i l i t y  source, for thicknesses Q f  40 and 140 mi ls .  The 140-mil data 

i s  derived from an exponential extrapolation from 30-, 40-, 50-, and 70-11111 datu. The rninimurn in the 

curves i n  the v ic in i ty  of z = 10 cm i s  i n  agreement w i th  the predict ion of the angular distr ibut ion data 

shown in Fig. 8.9.3 (a similar p lot  i s  shown i n  Sec 5.1). 

T!l€?KraPal-NEM$rOn b?teCPorS - Theory 

The preceding discussion has been primari ly concerned with the use o f  fo i l  detectors i n  the reso- 

nance regions. Indium fo i l s  are also useful as detectors of neutrons i n  the thermal energy region, i f  the 

resonance ac t iv i t y  i s  subtracted, and it i s  o f  interest to consider the perturbations inherent i n  th is  use 

of  fo i ls .  Published cornpat isons have usual ly indicated good agreement between theory and experinrent, 

but because of the l im i ts  imposed by the assumptions requisite to development of the theory, i t  i s  pos- 

s ib le that theoretical resul ts may not always be applicable to experimental problems. 

Within the assumptions o f  (1) one-velocity dif fusion theory in the medium, (2) no scattering ; n  an 

inf inite-radius foi l ,  and (3) the usual P ,  expansion o f  the neutron flux, the total fo i l  perturbation /, i s  

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

'D. H. Martin, Nucleonics  13(3), 52 (1955). 

I Y l  

F i g .  8.9.5. Cadmium Correc:ion Factor in bTSF a s  a 

Function of Distance from the Source. 
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given by 

1 - 2E3(") 

42 1.. 2 

where 

= 1 - 2 E 3 ( x ) ,  

iL2(x)  = 1 - 3 E d ( X ) ,  
1 - 2 E 3 ( x )  

2 x  
/(XI = I 

Xu = macroscopic absorption cross section o f  the medium, 

L = di f fusion length in  the medium. 

The factor f ( x )  i s  readi ly recognized as the sel f -shielding factor, and therefore the f lux  depression factor 

F ( x )  i s  given by / 

In the pract ical  case, however, the assumption o f  an infinite-radius foi. may not be YO d. Bathe" 

has derived expressions for the flux depression caused by a sphere and has recommended that the radius 

be reduced by a factor of 2/3 i f  the expressions are used far a disk. His expressions are: 

a l (x)  R 3L - 1  

A, 2K + 31- 
F / ( X )  - 1 + (- - .- l ) ]  

and 

F / ( x )  = 1 + 0.34 a l ( x )  __- I AS 

for R <<As , (11 )  

where R is the radius of the disk, A s  i s  the scattering mean free path, and the other quantit ies are as 

previously defined. 

T i t t l e 7  recommended that the scattering mean free path be replaced by the transport mean free path, 

and that the factor 2/3 be deleted. With these changes, and noting that 

h t r % 3 L 2 C a  , 
(19) and ( 1  1) may be rearranged to obtain: 

a , ( x )  R a l ( ~ )  - '  1 Fl(x) I 1, + _I 

- ~ 

4CaL R t L 2 
for R >> L (12) 

'OW. Bothe. The U s e  o/ Nautrou Detectors, CP-G-2964 (1945) [ f rom 2. Phys ik  120, 437 (1943)l. 
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and 

for R << . (13) 

In th is form i t  i s  evident that consideration o f  a f in i te radius introduces the factor R / ( R  + L )  in the 

expression for inf ini te-radius foi ls, since a l  = u .~ .  ?he l imi t ing restr ict ion on (10) and (12) i s  the as- 

sumption that dif fusion theory appl ies wi th the part icular fo i l  s i re.  medium of graphite, L >> R ,  

and therefore F , ( x )  from (12) can be greater than 1, an obvious absurdity. The l imi t ing restr ict ions on 

(11)  and (13) are due to the assumptions of no absorption i n  the medium, no mult ip le scattering, and 

negl ig ib le th i rd and subsequent f l ights. 

rv 

For 

Thermol-bleutron Detectors ~” Experimental 

An experimental determination o f  the thermal-neutron f lux depression factor as a function o f  fo i l  

thickness, for 1.25-in.-dia indium fo i l s  in  graphite a t  two distances from the source, is given in  Fig.  

8.9.6. The data, derived from bare-foil act ivat ion minus corrected cadmium-covered-foi I activation, was 

normalized in the fo l lowing manner: the average normalization factor was establ ished by the use of 

36 data points a t  each of two distances from the source; t h i s  factor was used to normalize the data for 

th in (<1.5 rng/cm2), and a least-squares f i t  to  a Straight l ine  w a s  employed to determine the 

intercept. 

fo i l s  

A lso  shown in F ig .  8.9.6 is a theoretical curve obtained by mult ip ly ing (13) by the flux-depression 

factor. (The cross section was assumed to be 0.886 times the 2200-m/sec cross section.) Unfortunately, 

the f lux  depression i s  so small for indium fo i l s  in  graphite (-3% for w 5-mil-thick, 1.25-in.-din fo i l )  

that the Bathe expressions are not given a good test. Nearly a l l  the flux-perturbation effect i s  due to 

self-shielding. 

A s  reported elsewhere, ” agreement between theory and experiment oppears qui te good. However, 

the poor stat ist ics obtained i n  the  th in- fo i l  measurements compel an uncertainty i n  the normalization. If, 
as has been done by previous experimenters, the Eethe equation were normalized to  the th ick-foi l  data, 

the normalization would be shifted by 1 to 2%. 

. ... . ~- 

’ I T .  L. Gallogher, Nuclear Scr. avd Eng.  3, 110 (1958). 
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Fig. 8.9.6. Experimental  and Theoret ica l  F o i l  Perturbation Factors for Thermal Neutrons os a Function of the 
Thickness of 1.25-in.-dia Indium Foi ls  in Graphite, 13.6 and 23.8 cm from the Source. 
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Part 9 

THERMONUCLEAR RESEARCH 

Several papers i n  th is  chapter consist  of abstracts only since longer 

papers on the same subjects have been included in the Thermonuclear 

Project  Semiannual Report  for Period Ending J u l y  31, 1959, ORNL-2802. 





9.1. ORBIT PRECESSION IN DCX 

T. K. Fowler 

The poss ib i l i ty  of causing ions in  the DCX to  
avoid the arc, once trapped, by introducing time spent i n  the arc by more than a factor of 10. 
precession in to their orbits has been investi-  

gated. It appears to be impractical to reduce the 

9.2. ABSOLUTE CONTAINMENT OF IONS IN DCX 

T. K. Fowler M. Rankin’ 

The study of orbits of single ions in the of the regions in  space and momentum space to 
nziniuthally symmetric DCX magnetic f ie ld  i s  which absolutely contained part icles are confined. 
being carried out and a detai led report concerning 
the absolute containment of ions encircl ing the 
symmetry ax is  of the f ie ld  has been issued.* In 
summary, the report presents a derivation of the 
absolute-containment cri ter ion together wi th  plots 

’Member of Thermonuclear Experimental Divis ion,  

2T. K .  F o w l e r  and M. Rankin, Containment Proper- 
t i e s  O/ DCX, ORNL CF-59-6-32 (1959). 

9.3. CODE FOR CALCULATIONS OF ENERGY DISTRIBUTIONS OF PARTICLES IN THE DCX 

T. K. Fowler M. Rankin’ 

A previously discussed IBM-704 code2t3 de- 
signed to solve coupled Fokker-Planck transport 
equations for the energy distr ibutions of ions and 
electrons in the DCX, having been found too slow, 
i s  being revised. The d i f f icu l ty  in the original 
code, which fol lowed the distr ibutions in t ime 
through the transient phase toward a steady state, 
lay in  the fact that ion and electron relaxations 
occur at greatly dif ferent rates. Within time steps 
shart enough to properly handle changes in the 
coldest part of the electron distribution, v i r tua l ly  
nothing happened t o  the ions. The new code, 
which retains most of the o l d  one, including the 

difference scheme,2 circumvents th is  problem by 
solving direct ly for the steady state. Since the 
equations are nonlinear, an i terat ive scheme o f  
solution i s  being attempted. Efforts to  determine 
in  advance the convergence o f  the procedure have 
not proved decisive. 

’ Member of Thermonuclear Experimenta I D iv is ion.  

2A. Simon, T. K .  Fowler, and M. Rankin, Thermo- 
nuclear Semiann. Rep. Jan. 31, 1959, ORNL-2693, p 25. 

3T. K.  Fowler, M. Rankin, and A. Simon, fioundary 
Conditions and C o n s e w a f i o n  Properties o F O P P ,  LZ 
P I U S V I ~  Pokker-Planck Code, O R N L  CF-59-4-75 ( 1  959). 
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The possibi l i ty  for density measurements in the 
DCX ut i l i z ing  Faraday rotat ion of microwaves 
has been I t  may be feasible to 
measure electron densit ies as low as N - l o 9  
cm-3 and to measure the electron col l is ion 
frequency, v, as well. The method hinges on the 
fact that an in i t ia l l y  plane-polarized wave 
launched paral lel to the magnetic f ie ld confining 
the plasma separates into two waves, le f t  und 
r ight  circularly polarized, which propagate through 
the plasma with dif ferent (complex) indices of 
refraction. Thus the two circular waves, in i t ia l l y  
of the same phase and amplitude, emerge from the 
plasma with dif ferent phase and amplitude and 
recombine t o  form an e l l ip t i ca l  wave which, i f  
absorption is  negligible, i s  almost plane-polarized 
but rotated by an angle 8 with respect to  the 
original plane of polarization. 

It i s  the rotation 8 which i s  to be measured, 0 
being proportional to the densify, A'. The rotation 
i s  greatly enhanced by a resonance a t  microwave 
frequencies o near the cyclotron frequency of the 
electrons (Ku band). Of course, in  the highly 
nonuniform magnetic f ie ld of the DCX, cyclotron 
resonance can be maintained over only a short 
path length, just an inch or two around die heart 
of the plasma a t  the midplane. Even so, in  a 
given plasma the rotat ion angle obtainable i s  
greater than the phase sh i f t  of coiiventional 
microwave methods of measuring the density by a 
factor > d w / ( w o  - o), w o  being the electron 
cyclotron Frequency a t  the midplone. 'This factor 
con  easi ly be made -10 without v io lat ing an 
auxi l iary requirement that w < w o  - v i n  order to  
nvoid a dependence o f  0 upon v. Then a density 

____.I_.- 

' A  deta i led report of th is  investigation w i l l  appear 
in Thermoniiclear Semiann. Rep. J u l y  31, 1 9 5 9 ,  
ORNL-2802  (to be published). 

2Application of this method to the DCX was sug- 
gested by R. A. Dandl of the Thermonuclear Experi-  
mental Division. H. 0. Eason and H. W. Shields, a lso 
of that division, have contributed greatly.  Density 
ineasurements u t i l i z i n g  Faraday rotation have previ- 
ously been mode in the Russian thermonuclear machine, 
OGRA.  

of N = lo9 cmm3 would produce a mensurable 
rotation 8 - lo, as compared with u phase shi f t  
-0.1" which would be swamped by the background 
in  the DCX. 

In order to see that v also can be measured, two 
cases must be distinguished: first, the case 
independent of v, already discussed, 

of f  resonance, a < wo - v , (1) 

on resonance, w = w o  . (2) 

Here w i s  the plasma frequency and i s  pro- 
part ionof to dx I ,  i s  the length between magnetic 
mirrors in the DCX (the actual path length through 
the plasmadoes not appear), and c i s  the speed of 
light. Equations (1) and (2) have been derived for 
the DCX magnetic field-mirror rat io of 2:l under 
the assumptions that the path length through the 
plasma i s  several times that over which resonance 
cars be maintained (a few inches) and that, when 
01 < w o  - v, o : /w(wo  - a) < 1, the latter being 
va l id  for the low-density measurements contem- 
plated. 

In order to measure v, it i s  f i rst  necessary t o  
determine o (hence N )  from a measurement of 
0 off resononce, where ( l ) ,  independent of v, i s  
applicable. A measurement of 0 on resonance, 
combined with the value of w then yields v 
from (2) .  

It has been imp l ic i t l y  assumed here that waves 
w i l l  be launched paral le l  to  the magnetic sym- 
metry axis. Ef fects due to  the radial f ie ld 
component, ignored here, can i n  fact be el iminated 
by launching tl-ie wave wi th i t s  electr ic vector 
directed radial ly. 

P 

P I  
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9.5. CRITICAL CURRENT FOR BURNOUT IN AN OGRA-TYPE DEVICE 

A. Simon 

A complete algebraic analys is  has been ob- 
tained for the variat ion of the steady-state ion 
density n+ with injected current I in an OGRA- 
type fusion device (i.e., a device based on 
trapping of ions by breakup of energetic molecular 
ions on co l l is ion wi th  either the background gas 
or trapped ions). The most general variation of 
n+ with I i s  shown to  be an s curve with at  most 
three roots of n+ for a given input 1. A physical 
interpretation of these three roots has been ob- 

tained, In addition, algebraic expressions have 
been derived for the two currents a t  which the 
bends in the s curve occur. It w i l l  be necessary 
to attain the larger current i n  order to bu i ld  up a 
high-density plasma when the density i s  being 
increased from below. On the other hand, once 
the high density has been achieved, i t  may be 
maintained by steady inject ion of a current larger 
than the lower value. 

9.6. COHERENT RADIATION FROM A PLASMA 

E. G. Harr is ’  A. Simon 

By beginning wi th  the L i o u v i l l e  equation and equation for each f ie ld  oscil lator. It i s  shown, as 
treating both the plasma part icles and the electro- a consequence od th is  companion equation, that 
magnetic f ie ld  i n  a completely s ta t is t ica l  fashion the entropy o f  the electromagnetic f ie ld  i s  a 
(the single approximation involved being that a l l  constant and that, in general, a plasma obeying 
pair correlations vanish), the so-called “col- the Vlasov equation can only radiate coherently. 
l is ion less Boltzmann equation” or “Vlasov 
equation” i s  deduced, as wel l  as a companion ‘Consultant ,  Universi ty of Tennessee. 

9.7. PLASMA INSTABlLl TIES ASSOCIATED W i  TH AN ISOTRBPIC VELOCITY DiSTRtBUTIONS 

E. G. Harr is ’  

In  an earl ier discussion of the instab i l i t ies  o f  an in f in i te  homogeneous plasma in  a uniform 

magnetic f ie ld  which were due to  anisotropies in the ve loc i ty  distr ibutions of the ions and 

electrons’ the fol lowing set of equations was used: 

a/, - 
at dr M i  

where f i ( r ,  v, t )  is the distr ibution function for the i th  species of particle, e i  and M i  are i ts  
charge and mass, respectively, and E is  the e lect r ic  f ie ld  intensity. It i s  assumed that E i s  

the gradient o f  a scalar potential. Perturbations of he magnetic f ield are neglected. 
.__._.._I_ 

’Consultant, Universi ty of Tennessee. 

2E. G. Harris, Unstable Plasma O s c i l h t i o n s  in a Magnetic Field, ORN L-2728 (1959) .  
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three factors. 

not further be considered here. Setting each of the other two factors equal to zero gives 

One of these corresponds t o  longitudinal waves along the l ines o f  B and w i l l  

(In one od the factors a plus sign occurs and i n  the other factor a negative sign occurs.) In 

(6) the summation i s  over the ions and electrons, the fa's are unperturbed distr ibution functions, 

and 0 The waves described by 

(6) are c i rcu lar ly  polarized. Whether the polarization of the waves i s  left-handed or r ight- 

handed determines The instab i l i t ies  discussed below are based 

on this equation. 

and oc are plasma and cyclotron frequencies, respectively. 
P 

the s ign that precedes oc. 

If f o  has the form of one stream of charged part icles passing through another, then it may 

be shown from (6)  that hydromagnetic waves w i th  amplitudes which grow exponentially in time 

can occur.3 Th is  i s  similar to the well-known exc i ta t ion of longitudinal waves by streams o f  

charged particles. 

If /,, has the form 

other interesting instab i l i t ies  may be found. Weibe14 has found that, when az i s  suf f ic ient ly  

smaller than instab i l i t ies  occur even in  the absence of an external magnetic field. Exami- 

nation of these instab i l i t ies  shows that the part icles are g iv ing up their k inet ic  energy to  the 

e lectromagnet ic  f ield. 

Rosenbluth5 has found another interesting instab i l i ty  that occurs for distr ibutions of the 

It involves a resonance between the frequency o f  a hydromagnetic wave and the form of (7). 
cyclotron frequency, and occurs whenever a, < aL. 

The recent extension of our work includes the three instab i l i t ies  mentioned above and a l s o  

Th is  work w i l l  be a l lows the consideration of waves wi th  k a t  an arbitrary angle to the field. 

pub1 i s  hed e I sewhere.6 

31. Bernstein and J .  Dawson, Papers Presented at the Controlled TheTIIlOnucleaT Conference, Wash- 

4E. S .  Weibel, Phys .  Rev .  Letters 2 ,  83 (1959). 
’M. Rosenbluth, Recent Theoretical Developmenfs in P l a s m  Stabili ty,  paper presented a t  the meeting 

o f  the Fluid Dynamics Division of the American Physical Society, Son Diego, November 1958. 
61n International Journal of Plasma Physics - Acceleralors-Thermmzuclear Research. 

ington, D.C., 1958, TlD-7558, p 360 (1958). 

223 



N E U T R O N  P H Y S I C S  A N N U A L  P R Q G R E S S  R E P O R T  

9.8. CALCULASFOBN OF THE CROSS SECTION FOR DISSOCIATION OF: D2' 5W A CARBON ARC 

R. G. Alsmil ler, Jr. 

The cross section for the dissociat ion of the low velocit ies, and thus the agreement a t  low 

D,* molecule by a part icle of charge ze  has veloci t ies may be fortuitous. 
V i ' ,  ?--I i C D  

ORNL LR 3 W G  39250 
Y 

been calculated. The calculat ion i s  carried out X(C 161 

i n  Born approximation using exact two-center r -  

wave functions, the Frank-Condon principle, and 
a c lass ica l  average over molecule orientations.' 

The calculated cross sections divided by z 2  

are shown in Fig. 9.8.1. These include the 
cross section for the excitat ion of the f i rst  
exci ted state, lsa --t 2pap transition; the cross 
section for the excitat ion of the second excited 
state, lsa - >  2pnw transition; and the sum of 
these cross sections, which is  approximately the 
to ta l  dissociat ion cross section. Also shown 

g 

g 

i n  Fig. 9.8.1 are experimental results obtained 
from the dissociat ion of H,+ and D2+ by a vacuum 
carbon arc. The experimental and theoretical 
results are found to agree within a factor of 2 
over the veloci ty range considered. However, 
the Born approximation cross section i s  much 
more re l iable at  the high velocit ies than a t  the 

......._ 
3 1 2  

' R .  G. Alsrni l ler ,  Jr., Cross Sections fo7 the D 7 s -  

socmtton of H2+ and D 2 '  by R Vacuum Carbon Arc. 

ORNL-2766 (1959). 
F i g .  9.8.1. Calculated Dissociat ian Cross Section as 

a Function o f  Velocity. 

9.9. DIFFUSION OF PkAS A PARTICLES ACROSS A MAGNETIC FIELD 

A. lsihara A. Simon 

A previous calculat ion'  of the rate of dif fusion earlier. Detai ls w i l l  be avai lable in  a forth- 
of l i ke  charged part icles across a magnetic f ie ld  
has been generalized. No a priori  assumption 
as to the relat ive magnitude of certain terms was 

made, and spatial density gradients were per- ' A .  Simon, Phys .  Rev. 100. 1557 (1955). 
ini t ted in both direct ions perpendicular to the 
f ield. The f inal resul t  agrees with that given t i c k s  Across a Magnefzc  FieZd, ORNl-2826 ( in  press).  

coming reports2 

--- __ 

2A. lsihara and A ,  Sinnun, Dzffuszon of Plasma Par-  
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9.10. SOME EXACT RADIATING SOLUTIONS IN VLASOV'S EQUATIONS 

L. C. Biedenharn' 

A class of exact solutions to Vlasov equations 
which show electromagnetic radiation has been 
constructed. Since veloci t ies larger than c appear 
to be possibly of importance in these solutions, 
an exact radiat ing solution to the re la t i v is t i c  
Vlasov equations was constructed, which, though 
much more specialized than the nonrelat iv ist ic 
solutions, shows that unphysical ly large veloci t ies 
in  the nonrelat iv ist ic solutions are not essent ia l  

for the radiation there obtained. Detai ls of this 
calculation, as we l l  as a discussion of a typical  
example, w i l l  be published elsewhere.* 

'Summer visitor (1959)  and consultant. Permanent 
address, 'The Rice Institute,  Houston, Texas.  

'L. C. Biedenharn, Some Exact  Radiating Solutions 
in Vlasov 's  Equations, ORNL-2838 (to be published). 
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10.1, SPACINGS OF NUCLEAR ENERGY LEVELS 

L. Dresner 

In  the last few years a wealth o f  experimental 
data concerning the widths and spacings of nuclear 
energy levels has become avai lable. ’  The in i t i a l  
theoretical response t o  the information these data 
supplied was directed toward the understanding of 
the s ta t i s t i ca l  properties of the neutron widths,* 
and these investigations culminated i n  the very 
successful paper of Porter and tho ma^.^ These 
authors inferred a normal distr ibut ion for the re- 
duced neutron width from the plausible assumption 
of a h igh ly  complex, rapidly varying wave function 
for compound nuclear states, which i s  not highly 
correlated w i th  the wave functions of nearby 
states. I n  their  paper, Porter and Thomas show 
their inference to  be strongly supported b y  experi- 
mental evidence. 

With the success of t h i s  simple approach i n  mind, 
Wigner suggested an analogous examination o f  the 
distr ibut ion of level  ~ p a c i n g s . ~  In particular, he 
pointed out that the distr ibut ion of spacings be- 
tween adjacent eigenvalues of matrices whose 
elements were randomly chosen would show a 
def ic iency of small  spacings, contrary t o  the 
expectat ion i f  the eigenvalues themselves were 
uncorrelated. Th is  so-cal led “ level-repulsion” 
ef fect  has been observed experimental ly in con- 
nection w i th  the nuclear resonance I e ~ e l s . ~  
Blumberg and Porter6 demonstrated the level 
repulsion effect numerical ly by  diagonalizing 
random matrices of fa i r l y  large order, a l l  of whose 
elements had the same normal distr ibution. Rosen- 
zweig7 made more accurate numerical calculat ions 
of the same type and obtained a rather detai led 

histogram which agreed very we l l  w i th  the distr i -  
but ion of spacings or ig inal ly suggested by Wigner 
[see Eq. (8) i n  ref 81, except for the largest 
spacings. [Note added in proof: Wigner pointed 
out t o  the author that th is  s l ight  disagreement 
arose from a fai lure t o  account for the dependence 
of the local  average level  spacing on the eigen- 
value (energy). When Rosenzweig’s results were 
corrected for th i s  effect, the disagreement for 
large spacings were removed.] 

The author has suggested a simple s ta t i s t i ca l  
model, i n  terms of which the general features of 
the level  spacing distr ibut ion can be understood; 
it involves no special  assumptions other than that 
of Porter and T h ~ r n a s . ~  This model has been 
described elsewhere.8 

’J. A. Harvey and D. J. Hughes, Phys. Rev.  109, 471 

’J. A.  Harvey and D. J .  Hughes, Phys .  Rev. 99, 1032 
(19581, and refs cited therein. 

(1955), and refs ci ted therein. 

3C. E.  Porter and R. G. Thomas, Phys .  Rev .  104, 483 
(1956). 

4E. P. Wigner, Conference on Neutron P h y s i c s  by  
Time-of-Flight Held a t  Gatlinburg, T e n n e s s e e ,  Novembrr 
1 and 2, 1956, ORNL-2309, p 67 ( J u n e  17, 1957). 

A. Harvey, P h  s. Rev. 98, 1162 (1955); I .  I .  
Gurevich and M. I .  $evsner, Zhur. E k s p t l .  i Teore t .  
F i z .  31, 162 (1956) [J. E w p t l .  Theoret. Phys .  U.S.S.R. 
4, 27% (1957)l; a l s o  Nuclear Phys .  2, 575 (1957). 

5J. 

6S. Blumberg and C. E. Porter, Phys .  Rev .  119, 786 
(1958). 
7N. Rosenzweig,  Phys .  Rev .  Le t ters  1 ,  24 (1958). 
*L. Dresner, Phys .  Rev .  113, 633 (1959). 
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10.2. OPTICAL MODEL OF INELASTIC SCATTE G FROMNUCLE 

P. K. Fowler 

Inelastic scattering from a complex nucleus can 
be regarded as a co l l is ion w i th  a single nucleon, 
a direct  interaction, i f  the mult iple scattering 
w i th in  the nucleus prior to  th i s  f ina l  co l l i s i on  i s  
treated as propagation in a medium characterized 
by  a complex potential V , .  If "nuclear medium" 
were an unambiguous concept, V, would equal V c ,  
the usual optical potential describing the propa- 
gation of e last ic  waves. However, i n  an analysis 
of the scattering of 14- t o  185-Mev protons from 
carbon, Lev inson and Banerjeel found that, while 
they could equate the imaginary (absorptive) parts 
of V ,  and V c ,  they were forced t o  take Rev, - % R e v c .  
In a recent letter,' it i s  argued that Rev, should 
indeed be smaller i n  magnitude than Revt by an 
amount x varying w i t h  incident energy i n  the 
manner found b y  Levinson and Banerjee; x corre- 
sponds t o  the exc i ta t ion energy g iven t o  the nucleus 
prior t o  the one f i na l  ine last ic  scattering under 
scrut iny i n  the direct  interaction calculation. 

That an  inelast ic correction should arise t o  the 
complex potential used i n  calculat ing distorted 
waves, usually considered t o  represent e last ic  
scattering, i s  just i f ied as fol lows: The point of 
v iew i s  taken that, whi le  ostensibly a direct  inter-  
act ion calculat ion treats a single co l l i s i on  w i t h  
the nucleus i n  a def in i te state (taken t o  be the 
ground state), the adjustment of  parameters t o  
obtain a best f i t  t o  experimental data i s  i n  fact  a 
mockup of the coupling between the various v i r tual  
states just prior t o  th is  f i na l  co l l i s i on  and thus 
introduces v i r tua l  excitation. In effect, one best 
l inear combination of v i r tua l  target states, y ,  i s  
being chosen t o  represent the state of the nucleus 
prior t o  the f ina l  scattering. The distorted wave 
t o  be used i n  the direct interaction calculat ion is 
just that  ar is ing from an e last ic  scattering from 
the nucleus in the mixed state, y .  The opt ical  
potential t o  be used i s  approximately the same as 
that appropriate t o  the ground state, Vc. However, 
the energy of the project i le would be taken as 
E - x ,  E being the true i n i t i a l  energy and x the 
mean excitat ion i n  state y .  Equivalently, as 
Levinson and Baneriee did, the distort ion can be 
calculated as e last ic  Scattering from the ground 

'C. A. Lev inson and M. K. Boner jee ,  Ann. Phys.  3, 

2T. K. Fowler, Phy.s. R e v .  L e t t e r s  1, 371 (1958). 
67 (1958). 

state, w i th  incident energy C and optical potentiol 
v, = v- +- x. 

The carrection x i s ,  of course, important on ly  
for project i les heavy enough t o  impart considerable 
energy per col l is ion.  In inrpulse approximation, 
x i s  estimated t o  be 

- \ l / Z  

( 1 )  

where ni i s  the project i le muss, A1 the nuclaon 
mass, and i< the mean k inet ic  energy of  nucleons 
bound i n  the nucleus. The correction x i s  negl i -  
g ib le  for pions and electrons incident, but not for 
nucleons. In  Table 10.2.1, x is compared wi th  
the comparable correction found by Levinson and 
Boner jee, R e v c .  

Since y w i l l  not be known i n  detail, the interpae- 
ta t ion of distorted-wave, direct interaction calcu- 
lations presented here i s  useful only a t  energies 
high enough that most quantum detai ls of the 
target states are unimportant. Evan so, when 
transit ions t o  a def in i te f ina l  state are involved, 
the quantum selection rules imposed by  angular 
momentum conservation are important a t  a l l  
energies. However, a t  suf f ic ient ly h igh energies, 
i t  i s  on ly  necessary t o  consider the angular 
momentum of the i n i t i a l  and f ina l  states, as 
Levinson and Banerjee did. Then, many v i r tua l  
states being involved, the numerws alternative 
transit ions provide an essent ia l ly  c lass ica l  l inkage 
from in i t i a l  t o  f inal  state without hindrance due 
t o  selection ru les operative i n  the v i r tua l  stage of 
the transition. 

Table  10.2.1. Comparison* o f  %Revc  wi th  x 

17 8.5 15.1 11.9 

20 9 12.7 11.6 

31.5 15 11.7 15.4 

5 0  12.6 9.3 10.1 

100 7.7 6.5 4.5 

150 7.4 5.0 3 -5 

200 8.0 4.7 3.2 
-_... ~ 

*Vc da ta  t a k e n  from '$4. 8 .  Riesenfe ld  and K. M. Watson, 
Phys. Rev. 102, 1157 (1956). 
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10.3. THE QUASI-ELASTIC SCATTERING OF FAST PARTICLES BY ATOMIC NUCLEI’ 

T. K. Fowler 

The nuclear pair correlation function, C(r, - r2) ,  
defined by 

pi ( r l ,  r2, ... , r i )  

where GN i s  the nuclear wave function, plays a 
central ro le  i n  the Brueckner theory of nuclear 
structure3 and i s  important in the ca lcu lat ion of 
many high-energy processes. By  methods entirely 
analogous to x-ray d i f f ract ion studies of pair 
correlations i n  liquidsI4 inelastic scattering data 
for high-energy electrons, protons, and pions 
incident upon various l ight  and medium nucle i  
have been Fourier-analyzed t o  y ie ld  G ( r l  - r2) .  
Results from the various experiments have been 
found t o  be quite consistent. Correlation effects 
are local ized t o  a range < cm, as expected, 
and seem def in i te ly  t o  indicate a repulsive force 
between nucleons over and above Pau l i  exclusion. 

The method makes use of the interference at 
large distances of waves which have scattered 

K. h4. Watson2 

once w i th in  the nucleus and imparted t o  the 
nucleus a small excitation. For suf f ic ient ly  fast 
projecti les, the scattering process happens so  fast 
that the nucleus remains s tat ica l ly  i n  its i n i t i a l  
state during the encounter, and thus interference 
patterns ref lect  the structure i n  the in i t ia l  (ground) 
state of the target nucleus. This and other approxi- 
mations peculiar t o  the nuclear problem are just i-  
f ied i n  our paper.’ Also, correlations due t o  the 
exc lus ion principle ore separated from those due t o  
nucleon-nucleon forces. We apply a previously 
developed sum ru le5 which l imi ts  consideration t o  

quasi-elast ic’ ’  transit ions i n  order t o  el iminate 
from the data mult iple scattering events l i ke ly  to  
be involved in large energy transfers. 

I I  

’Submitted for pub l i ca t i on  t o  N U C l e Q T  Phys .  

2Phys ics  Department and Lawrence Radiat ion Labo-  
ratory, Univers i ty  of Cal i forn ia ,  Berkeley. 

3K.  A. Brueckner, J. L. Gammel, and H. Weitrner, 
Phys.  R e v .  110, 430 (1958). 

‘See, for instance, R. W. James, The Optical Princip les  
of the Di//raction of X - R a y s ,  p 465-80, Bell, London, 
1948. 

5 T .  K. Fowler, Phys .  Re21. 112, 1325 (1958). 
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11.1. MEASUREMENTS OF YBa, Zn6’, AND MnS4 GAMMA*RAY ENERGlES BY 
SCINTILLATION SPECTROSCOPY TECHNIQUES 

R. W. PeeIle 

The isotope YESl  which decays wi th  a half  life 
of 104 days, is  frequently used as a gamma-say 
source for the study of sc in t i l la t ion Spectrometer 
response functions and cal ibrat ion i n  the energy 
region above 1.4 MeV. Two  gamma rays w i th  
energies of about 1.8 and 0.9 Mev occur between 
the states of the Sr88 daughter wi th  nearly equal 
intensity.’ The energies of these gamma rays 
have not been measured by precise methods, how- 
ever, and since a Y e s  source wcls used as an 
energy standard i n  a lengthy ORNL experiment t o  
determine the spectra of f ission-associated gamma 
radiotionl2 it was decided t o  measure these energies 

T. A. Love 

as accurately as possible, using the sc in t i l l a t ion  
techniques avai table. In addition, efforts were 
made t o  check the energies of the 1.1- and 0.8-Mev 
gamma rays in the decays of Zn65 and Mn54, 
respectively. 

Table 11.1.1 shows the energies which have 
been reported for the more intense gamma-ray 

IN. H. Lazar  et al., P h  s. Rev.  101, 727 (1956); F. 
M. Tomnovec, Bull. Am. f ‘ fys .  Snc. 1, 391 (1956). 

2F. C. Maienschein et al., Proc. 0.N. Intern. Con/. 
Peaceful  Uses Atomic Energy,  2nd, G e n e v a ,  1958, 
P/659; see a l so  s e t  4.1 of th is  report. 

Tab le  1 1 . 1 . 1 .  Publ ished Energ ies for the More Intense Gamma Rays  of Yg8 

Author(s) Met h oda 
Energies and Errors Reported 

(MeV) 

Downing e t  a1.‘ 

Scharff-Goldhaberc 

R i c hards one 

Peacock and Jones’ 

Lazar  et a L g  

T om nove ch 

O’Kel ley and Johnson’ 

Heathi 

Weighted averagek [using rea onable (0.5%) 
errors where npne are givenf 

S I  pe, ce 1.890 * 0.050 0.908 k 0.020 

Be(y,n) and proton r e c o i l  

c loud chamber, ce 1.920 -k 0.030 0.950 0.050 

S I ,  ce 1.853 5 0.037 0.908 -k 0.018 

s c i n  1.850 k 0.008 0.909 * 0.004 

s c i n  1.850 3- 7 

scin 1.832 k 0.006 0.899 * 0.004 

s c i n  1.830 * ? 0.900 5 ? 

1.870 * 0.05od 

1.842 k 0.004 0.903 5 0.003 

s c i n t i l l a t i o n  spectrometer; SI: magnetic lens ,8-spectrograph; ce: in ternal  conversion electrons measured; 
pe: photoelectrons measured (external conversion). 

b J .  R. Downing, M ,  Deutsch, and A. Roberts, P h y s .  Rev .  60, 470 (1941). 
=G. Scharff-Goldhaber, Phys .  R e v .  59, 937A (1941). 
’A recalcu lat ion of t h i s  energy, in wh ich  more recent  values of the ThC” gamma ray and the photonuetron 

thresholds of the deuteron and Be9 were used, y ie lds  a value of  about 1.890 t 0.021 Mev. 

eJ. R. Richardson, Phys .  Rev .  40, 188 (1941). 
’W. C. Peacock and J. W. Jones, Decay  Scheme of Y-88 (104 d ) ,  AECD-1812 (a lso CNL-14) (n.d.; dec lass i f i ed  

i n  1948). 
gN. H. Lazar, E. Eichler ,  and G. D. O’Kelley, Phys.  Rev.  101, 727 (1956). 
’F. M. Tomnovec, Bull. Am Phys .  Soc. 1 ,  391 (1956). 
i G. D. O’Kelley and N. R. Johnson, “The Decay of 1136 , ’ r  Phys .  Rev .  ( t o  be published); the present work 

wa5 performed prior t o  ex is tence of these values. 

’R, L. Heath, Scint i l lat ion Spec troscopy;  Gamma-Ray Spectrum Catalogue,  IDO-16408, p 22 (July 1, 1957). 
kThese  averages have been obtained by us ing all l i s t e d  errors as standard errors. Chi-square tests  show the 

l i s ted  va lues t a  be in ternal ly  inconsis tent  for the YS8 1.8-Mev line, where the probabi l i ty  of greaterdev iat igns i s  

P 5 x 10-3. 
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tronsit ions i n  the decay of Ya8. Only i n  the work 
of O’Kelley and JohnsonI3 performed after the 
present ef for t  was under way, does a serious ef for t  
seem t o  have been made t o  determine the photon 
energies. The apparent uncertainty i n  the Y 8 *  
1.8-Mev l ine was nat tolerable for a cal ibrat ion 
source, especia l ly  since the measurements on t h i s  
l ine quoted i n  Table 11.1.1 are inconsistent w i th  
the quoted errors i f  reasonable errors arc assigned 
where none were quoted, 

I n  the work reported here,extensive experimental 
precautions were employed t o  m in im ize  the errors 
inherent i n  sc in t i l la t ion spectroscopy. L o w  photo- 
tube gain and low count rates were used t o  reduce 
phototube gnin shifts, a l l  experiments contained 
suff ic ient  repet i t ion t o  display the effects of any 
drifts, subtractions were performed t o  el iminate 
sh i f ts  i n  peak positions caused by pulse-height 
distr ibufions from interfering gamma rays, data 
from a mercury-switch precision pulser were used 
t o  correct for nonl ineai i iy of the electronic appa- 
ratus, and a var ie ty  of sc in t i l la t ion crysta l  con- 
figurations and cal ibrat ion sources were used t o  
avoid systematic errors. 

The pulse-handling equipment W Q S  basical ly 
standard. It included a DD-2 ampli f ier4 feeding a 
s l i gh t l y  modified Arganne-type 256-channel pulse- 
height analyzer.’ ,*. sii i iple coincidence c i rcu i t6  
employing special t iming c i rcu i ts7 and CI 40-rnpsec 
resolving time wus used t o  perinit coincidence 
measurements designed i o  enhance peaks i n  the 
pu I se-he i g  ht d i str i but ion correspond i ng t o  escape 
of nnnihi lat ion photons from the spectrometer 
crystal .  

Table 11.1.2 l is ts  the cal ibrot ion S O I J ~ C ~ S  used 
and the energy values averaged f r o m  the literature. 
Most of these sources were encapsuled in  quartz 
ampoules ‘within soldered brass cyl i i iders $ in. i t1  

OD and 1 in. in length. 

3G. D. O’Kelley and N. R. Johnson, “The Decay of 

1 3 6 , 1 r  Phys.  Rev. ( to  b e  published). 

4E. Fairstein,  Rev.  Sc i .  lnstr. 27, 475 (1956). 
’R. W. Schurnann and J. P. McMahon, Rev.  S c i ,  lnstr .  

27, 675 (1956). 
6T. A. Love, R. Vd. Peel le,  and F. C, Maienschein, 

Electronic  Instrurnpnratinn f o r  a Mult iple-Crystal  Gamma- 
Ray Scinti l lation Spectrometer,  0RNI.-1929 (1955). 
7R. W. Pee l le  and 1-. PI. Love, Appl. iVuclear Phys .  

Ann. Prog. Rep. S e p t .  1 ,  1957, ORNL-2389, p 259. 

Table 11. .2. Ccl ibrat ion-Source Energies Used 

in the  Analys is  

Source Eneigy 
__-____I. . . . . . . . . . . .. -.. 

m (ann ih i la t ion  0.5109764 k 0.000007 
e rad ia t ion)  

1.275 k 0.0005 

Na24 1.368 t 0 . 0 0 1  

Na24 2.7535 ? 0.001 

- 2 i n e )  1.7325 2 0.001 

~ ~ 2 0 7  0.5696 3 0.0001 

~ i 2 0 7  1.0637 t 0.0003 

cs’37 0.6616 ? 0.0002 
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f 

aThe  va lues g iven have b e e n  averaged from t h e  values 
in the r e f e r e n c e d  papers and conipi lo t ions.  The errors 
quoted are est imated standard errors based on errors 
g iven i n  these papers and the scatter between the values 
quoted. 

b J .  W. M. Durnond and E. R. Cnhen, p 7-170 i n  Hand- 
book 01 P h y s i c s ,  ed. by E.  U. Condon and H .  Odishaw, 
McGraw-Hil l ,  New York, 1958. 

cF. Aizenberg and T. ILouritsen, R e v s ,  Modern P h y s .  
27, 156 (1955). A larger uncertainty should have been 

assigned to  t he  energy, based on scatter between 
the  var ious observations. T h i s  oversight i s  qu i te  un- 
important because the source was infrequent ly used. 

dA.  i iedgran and D. k ind ,  Rrkiv  Fys i k  5 ,  177 (1952). 
eK.  Way et  al . ,  Nuclear Data  Shec t s ,  N R C  58-2-66, 

Nationa I Academy of Sciences, Nat ional  Research 
Counci l .  

f K .  Way et ai., Nuclenr Data Sheets ,  NRC 58-4-31, 
Nat ional  Academy o f  Sciences, Nat ional  Research 
Counci  I. 

- I hiee different scinti l lator-phototube arrange- 
ments were used i n  the course of the 13 expzr i -  
ments performed. Two  single-crystal s p - -  w t :  ometer 5 

were employed, one using a 1.S-in.-dia by  2-in.- 
long NaI(TI) crysta l  and another using a 3-in.-dia 
b y  3-in.-lang crystal. I n  addition, a double-crystal 
spectrometer, which enhanced the re lat ive irn- 
portance of the single and double escape of 
annih i la t ion radiation, was used. The t w o  crystals 
were approximately by in. and 1.8 by  1.8 in., 
pulses in the smaller crystal  b e i n g  recorded when 
they were in coincidence w i th  a pulse i n  the larger 
crysta l  corresponding t o  thi: absorption of an 
annihi lat ion quantum. T w a  experilnerits were PCF- 

formed w i th  the smaller s i q l e  crystal, four wi th  
the double-crystal coincidence spectrometer, ond 
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seven w i th  the larger single crystal. The major 
advantage of the coincidence arrangement was that 
the 1.8-Mev YS8 l ine could be compared w i t h  
standards in  the region below 1 MeV, but a dis-  
advantage was that apparatus was not avai lable 
t o  a l low simultaneous recording of the singles and 
coincidence spectra. 

Results were obtained by an analysis procedure 
which placed heavy stress upon estimated experi- 
mental errors and upon adequate s tat is t ica l  pro- 
cedures for their combination. Input errors were 
estimated for the posit ion of each observed peak 
i n  the pulse-height spectra and for the magnitude 
of the nonlinearity correction obtained from the 
precision pulser data. Identical runs were averaged 
t o  obtain the results for each experiment. In order 
t o  obtain the energies corresponding t o  the peaks 
from unknown energies, l inear interpolation be- 
tween the nearest cal ibrat ion points was employed 
to minimize any possible residual nonlinear effects. 
Est imated random errors were properly propagated 
through t h i s  interpolation process s o  that an error 
could be quoted for each energy measurement. 

Since a s  many as ten independent measurements 
were performed for a given gamma-ray line, proper 
combination of experimental results was essential. 
Output values were obtained as weighted averages 
of the results of the several experiments, the 
weights being taken in each case as the inverse 
square of the standard error assigned to  the 
ind iv idual  measurements. Th is  procedure natural ly 
resulted i n  a best value, a standard error in th is  
value (assuming a l l  input errors t o  be random), 
and a chi-square test of the consistency among 
the various experimental results. For the over-al l  
experiment, th is  consistency test  indicated that 
random errors were underestimated by no more than 
20%. In the ind iv idual  cases of the YS8 1.8-Mev 
l ine and the Zn65 1.1-Mev line, the calculated 
chance was about 2% that another set of measure- 
ments w i t h  the quoted errors would be as scattered; 
so the f ina l  quoted errors in  these two cases have 
been enlarged by an amount (1.5 and 2 times, 
respectively) suf f ic ient  t o  cover th is  degree of 
inconsistency. 

Table 11.1.3 l i s ts  the f ina l  results from th is  
series of experiments along wi th  the standard 
errors obtained in the manner indicated above. In  

T a b l e  11.1.3. Gamma-Ray Energies Determined by 
Scint i l la t ion Spectroscopy Techniques 

Energy Standard Error 

(MeV) (MeV) 
Source 

0.8988 

1.8400 

0.8347 

1.1 140 

0.6643 

1.0670 

1.3688 

1.7320 

_ ~ _ _  

0.0012 

0.002 

0.001 1 

0.004 

0.0013 

0.0021 

0.0016 

0.0030 

addit ion to  the unknowns, data are shown for some 
of the standards. These latter results, when com- 
pared wi th  the accepted values of Table 11.1.2, 
provide a valuable guide as t o  the c red ib i l i t yo f  the 
errors quoted for the unknown energies, since these 
values and errors were obtained from the same sets 
of data as the unknowns. Moreover, the data 
analysis for these checks required interpolations 
of the cal ibrat ion data over greater ranges of 

energy and pulse height than for the unknowns. 
A chi-square test  comparing the data on standard 
sources against the accepted values indicates a 
probabil i ty of 0.15 that greater deviations would 
occur i f  the quoted errors hold. The degree of 

agreement suggests that the standard errors quoted 
for the unknown energies in Table 11.1,3 are 
re l iab le guides to the degree of accuracy 54 the 
energy measurements. 

Though for readi ly  avai  table long-l ived radio- 
nuc l ide sources sc in t i  I lot ion spectroscopy can 
seldom compete w i th  more precise methods for 
measurement of photon energies, reasonably good 
results can be obtained i f  suf f ic ient  care i s  token. 
The errors in the measurements reported here are 
smaller than previously published values for the 
Y*'  gamma rays. Since ~ 8 8  i s  a useful source, 
the energies of i t s  strong gamma rays should be 
determined by a more precise method w i th  suf- 
f i c ien t  accuracy (-0.5 kev) t o  a l low i ts  general 
use as a cal ibrat ion source. 
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To produce measurements w i th  the internal con- 
sistency obtained in  th is work, it was necessary 
t o  compensate for the nonlinearit ies of the pulse- 
height analysis system by a simple method ade- 
quate only for energy analysis. This compensation 
appears to  have been quite successful, but more 
precise results could have been attained i f  such 
nonlinearity were unobservably small. 

A complete report of th is work has been published 
E Isewhere.8 

8R. W. Peel le  and 1. A .  Love,  Scintillation S p e c f r o s ~  

copy  Measurements o/ Gamma-Ray Energy f?om Sources 

of Y88 ,  and ZnG5,  ORNL-2790 (1959). 

11.2. CROSS SECTION FOR THE Li6(n,a)H3 ~~~~~~~~ FOR 1.2 Mev 5 E n  5 8.0 Mev 

R .  B. Murray 1-1. W. Schrnitt ’ J. ..I, Manning 

A measurement of the L i 6 ( n , a ) H 3  reaction cross 
section in  the neutron energy region from 1.2 to  
8.0 Mev has been reported previously.2 Th is  cross 
section was based on measurements of the rat io 
of the ( n , ~ )  cross section to the f iss ion cross 
sections of U 2 3 *  and Np237. In  the analysis of 
the (n ,a )  cross-section data, the Np237  f ission 
cross section was taken from BNL.-325.3 

A recent measurement o f  the Np237  f i ss ion  
cross section given elsewhere i n  th is report (Sec 
11.3) permits a re-evaluation of the Li6(n ,a)H3 
data. The revised b.i6(n,a)H3 cross section as a 
function of energy i s  shown i n  Fig. 11.2.1. The 
pr incipal  difference between the revised data of 
Fig.  11.2.1 and those given previously2 occurs in  
the 1- t o  3-Mev region. The previous data were 
lower in  th is  energy region and indicated a plateau 
i n  the neighborhood of 2 Mev. 

It i s  of interest t o  compare the revised cross 
section, Fig. 11.2.1, w i th  the results of other 
experiments, namely, those of Ribe4 and Gabbard 
et  It may be noted that i t  was necessary for 
Ribe to apply a correction to  a l l  h i s  measured 

cross sections except two, a t  2.50 and 14.1 Mev, 
i n  order to  account for the energy dependence of 
the long-counter detection eff iciency. According 
to  a recent communication6 the long-counter cor- 
rect ion factor as used in  Table I of h i s  report4 
was applied inversely. Thus h is  corrected cross 
section a t  a neutron energy of 0.88 Mev should 
read 323 f 34 nib, that a t  6.52 Mev should read 
55 t 10 mb, etc. With this revision, the results 
of Ribe’s experiment and those of the present 
experiment are in  quite good agreement. The data 
of Gabbard et al.’ are somewhat lower in  the 1- t o  
3-Mev region. 

’Phys ics Div is ion.  
2R. 5. Murray, H. W. Schmitt, and J. J. Manning, 

Neutron Phys.  Ann. Prog. Rep.  Sepi. I ,  1958, ORNL- 
2609, p 145. 

3D. J. Hughes and R.  B. Schwartz, Neutron Cross 
Sect ions ,  2d ed., BNL-325 (July 1, 1958). 

4F. L. Ribe, Phys .  Rev. 103, 74% (1956). 
5F. Gabbard, R. 11. Davis, and T .  W. Bonner, P h y s .  

6F. L. Ribe, p r iva te  communication, 1959. 
Rev. 114, 201 (1959). 
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11.3. NEUTRON-INDUCED FlSSS16N CRQSS SECTION OF Pap237 

1-1. W. Schmitt '  R. E. Murray J .  J. Manning 

Knowledge of the f iss ion cross section a s  o 
function of neutron energy, for each of the various 
f issionable nuclei, i s  of  interest in studies of  the 
mechanism of the f iss ion process. In the case 
of N p 2 3 7  the f iss ion cross section is of further 
interest by v i r tue of the use of N p 2 3 7  f iss ion in 
the tneasurement of fast-neutron fluxes. Ear ly  
measurements of T . ( N ~ ~ ~ ~ )  as a function of neutron 
energy were made re la t ive t o  the response of n 
long under the assumption that t h i s  
response was f l a t  w i t h  respect t o  incident neutron 
energy, and were normalized t o  an absolute rneas- 
ureriient of  Klema.' I n  a later compilat ion4 the 
or ig inal  data were corrected for the energy de- 
pendence of the long-counter detection eff iciency, 
(7 correction amouniing to  a s  much as  20%. The 
result ing curve of cross section v s  energy was 
considered t o  be uncertain i n  both sliape and 
normalization t o  ot least 15% (ref 5). 

I n  v iew of the uncertainties inherent i n  previous 
measurements of the Np237 f iss ion cross section 
and i n  v iew of the interest in th i s  reaction a s  
indicated above, n new determination i s  of  value. 
Th is  paper reports a rneosurenncnt of the Np237 
f iss ion cross section as a function of  neljtiari 
energy from 0.9 t o  8.0 h2ev. I h e  basis of th is  
irrensurerneni i s  a deterinination of the rat io  

c ombined w i th  previously 
determined values of  CT (U238) (ref 6). / 

t 

- 

/ 

Methad and .Apparatus 

Monoenergetic neutrons were obtained f rom the 
T(p,n)Me3 and D(d,n)He3 reactions, using the 
ORNL 5.5-Mv Von de Graaff generator to  accelerate 
the incidcnt charged part ic les.  Neutions emitted 
i n  a s m a l l  cone about 0" w i th  respect to  the 
incident beam w e r e  used; the neufroi? cnergy W Q S  

varied by changing the inqident chaiged-particle 
energy. L o s s  of energy of the incident part icles 
upon penetration of  the target f o i l s  ond target gas 
w a s  taken in to account; the neutron energy was 
then determined from published t n b l e ~ . ~  

Fr i  
u 2 3 t  

wi th  
back 
F i S S  

the 
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3ments from the neutron-induced f iss ion of 

and Np237  were counted in 2 i i  geometry, 
t h in  deposits of l J238  and Np237 situated 
to  back in a thin-walled ion izat ion chomber. 
on events were ident i f ied as counts above 
ntegral pulse-height discriminator levels in  

standard pulse amplif iers. The U238  samples 
were electroplated in the form of U308 onto 
0.010-in.-thick plat inum backings; the Np237 
samples were evaporated i n  the foriii of NpF, onto 
plat inum backings of the same thickness. 

Several Np237 and U 2 3 8  deposits wcre used in 
the course o f  the present study. Masses of the 
f i ss i l e  deposits were determined by alpha-particle 
counting, combined w i th  knowledge of the hal f  life 
of the f i ss i l e  material. The 1J238 half  l i fe  was  
assumed t o  be (4.51 'i 0.02) x l o 9  years,* and the 
Np237 hal f  l i fe  w a s  taken a s  (2.14 f- 0.01) x l o 6  
years.' Thc mass  of f i ss i l e  material on eoch of 

the various deposits was of the order of 1 mg. 
Corrections t o  the observed counts were applied 

t o  accaunt for those f iss ion frugments which lost  
suf f ic ient  energy i n  the deposit of f i ss i l e  material 
t o  g ive pulses below the discriminator bias setting. 
The correction for these fragments, determined 
from integral bias curves, amounted t o  froin 2 t o  
3% w i t h  an estimated uncertainty of 1%. 

Background counts throughout the present experi- 
ment were iiieasured under conditions and settings 
ident ical  t o  those of the f ission-counting runs, 
except that the target gas ( t r i t ium or deuterium) 
was  replaced w i t h  helium. Backgrounds were 
negl ig ib le  for T(p,n)l-le3 neutrons; for D(d,n)lle3 
neutrons, backgrounds ranged from a few per cent 
or less at the lowest deuteron energies t o  about 
20% o t  the highest deuteron energy. 

. 

' PXys i c s  Div is ion.  

2D. J. t luyhes and R.  B. Schwartz, N e u l ~ o n  Cross 
Sections,  2d ed., BNL-325 (Ju ly  1, 1958); see a l s o  
D. J. Hughes and J. A. Harvey, BNL-325  (July 1, 1955). 

3 E .  D. Klerna, Phys .  Rev. 72, 88 (19.17)- 
4R. 

'R. L. Hankel, pr ivate communication, 1959. 
6N. 

I-, Heilkel, Los  Alclrnos Report LA-2122, 1957 
(unpub I i shed). 

D. A l l en  and R. L. Henkel, Progr. in Nuclear 
Energy,  Ser .  I 2, 33 (1958); cross-sect lon values were 
taken from the smooth curve of  F ig .  30. 

7J. L. Fowler  and J. E. B io l ley ,  Jr., Revs. ~h1ode7n 
Phys.  28, 103 (1956). 

8 A .  F. Kovar ik and N. I. Adorns, Jr., P h y s .  R e v .  98, 
16 (1955); see a l so  D. Strorningns, J .  M. Hollander, and 
G. 7. Seaborg, Revs .  Modern Phys.  30,  585 (1958). 

'Brouer e /  nf. ;  Hanford Atomic Products Operat ion 
R e port H 'h' -5 964 2 ,  1 95 9 ( u n pub I i s he d ) . 
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A further correction t o  the observed f iss ion 
counts arose from the fact that fragments from one 
of the deposits were emitted i n  the backward 
hemisphere; hence a small  fract ion was lost be- 
cause of the forward motion of the center of mass. 
The magnitude of t h i s  correction i s  influenced b y  
the anisotropic emission of the f iss ion fsagments’O 
and i s  energy dependent. The net resul t  of calcu- 
lat ions and experimental checks at  four neutron 
energies throughout the range of the experiment 
was a correction of the order of (1  -i- l)%. 

order t o  determine the shape of the N p 2 3 7  
f iss ion c r o s s  section as a function of energy i n  
the range below about 1.6 MeV, where the energy 
dependence of CT (U238)  i s  quite strong, dafa were 
obtained re la t ive t o  the 0’ neutron y ie ld  from the 
T(p,n)He3 reaction. In a typ ica l  run of th is  
experiment the re la t ive number of incident protons 
wus determined b y  counting pulses from a beam- 
current integrator; the relat ive number of neutrons 
incident on the deposit was obtained from the 
product of the known 0’ differential cross section 
for the target reac t ion l ’and the number of accumu- 
lated current- integrator pulses, Re tat ive N p Z 3  
f i ss ion  cross sections were obtained in the energy 
range 0.9 < E n  < 2.8 Mev and were normalized t o  
the values obtained re la t ive t o  the UZ3* f iss ion 
cross section i n  the range of energy overlap, 1.6 
t o  2.8 MeV. 

In 

f 

Results and Discussion 

The results of these measurements are given in 
F ig .  11.3.1. Uncertainties i n  the results presented 
here may be d iv ided in to two classes: 

1. Standard errors from counting stat ist ics, back- 
grounds, etc., which vary from point t o  point. 
These are computed and appear as flags on the 
individual points of Fig, 11.3.1; the range i s  
from 54 t o  110%. In the case of those data 
based on the T(p,n)He3 y ie ld  (open circles), 
the uncertainty i 5  estimated t o  be t10% in 
every case. In  order t o  avoid confusion i n  the 
figure, error f lags have been omitted from some 
of the open circles. 

2. Energy- independent uncertainties i n  abs o I Ute 
value, which arise, for example, from uncer- 
ta in t ies i n  the masses of the f i s s i l e  deposits 
or the absolute value of i+ (U238). This  latter 
uncertainty i s  taken to  be i-5% (ref 5). The 

f 

’OR. L. Henke l  and J. E. Brol ley,  J r . ,  f’hys. R e w -  
103. 1292 (1956). 

”The 0” dif ferent ial  cross section used in  this analy-  
s i 5  (En i 1.2 MeV) w a s  obtained recently by  J. Perry 

and S. J. Bame, Jr., based on reco i l  proton telescope 
data, and i s  reported i n  chap. I of Fast  Neutrotz P h y s i c s ,  
ed. by J. E. Marion and J. L. Fowler  (to be published). 
I n  the neutron energy interval  from 0.9 to 1.2 Mev the 
di f ferent ial  cross sect ion was taken from the same 
reference,  based on other experiments. 

F i g .  11.3.1. T h e  bases of the t r iang les  
represent t h e  total neutron energy spread at typ ica l  points, determined from a ca lcu la t ion  of the charged-particle 

energy loss in passing through the target. 

Neptunium-237 F iss ion  Cross Section o s  a Funct ion of  Neutron Energy. 
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result ing uncertainty in absolute value of 
D , ( N P ~ ~ ~ )  i s  estimated t o  be +7%. 

The results derived from the present experiment 
differ somewhat from the previous (corrected) 
cross-section curve given in the 1957 compilat ion 
of H e n k ~ l . ~  The chief difference i s  in the region 
from 0.9 to  about 4 Mev, where the present resul ts 
are some 15 t o  200/0 higher; above 4 Mev the t w o  
experiments agree rather wel l ,  eas i l y  wi th in  the 
combined experimental uncertainties. It should 

be noted, however, that  a considerable difference 
ex is ts  between the data f rom the presenf experi- 
ment and the (uncorrected) cross section g iven in 
recent in both the low- and high- 
energy regions. For  the sake of completeness, 
the dashed curve in  Fig. 11.3.1 i s  included t o  
indicate the shape of the cross-section curve 
immediately above threshold. T h i s  C I J ~ V ~  has been 
taken from previous long-counter measurements4 
and renormalized t o  the results of t h e  present 
experiment i n  the 1.0- t o  1.5-Mev region. 
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