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Preface 

For  the  second consecut ive year  t h e  Neutron 
P h y s i c s  Division is issuing i t s  annual progress 
report in two volumes, with the  papers  describing 
research performed in  t h e  high-energy radiation 
shielding program collected in  Volume 11. Again 
this  separation i s  made primarily to a id  our readers,  
most of whom we believe to b e  interested in  the  
work reported in one volume only. I t  i s  not prompted 
by the s i z e  of t h e  report, for, as  you have already 
realized, the  number of pages i n  this  year’s report 
h a s  decreased considerably below tha t  in our pre- 
vious reports. This  decrease ref lects  a change i n  
the Division’s procedure for reporting research per- 
formed during t h e  year. It h a s  become increasingly 
apparent that  emphasis on t h e  annual progress re- 
port h a s  resulted in some of our research not being 
reported elsewhere, an  effect  which we deplore. 
T h e  lack of other publications is made even l e s s  
desirable  by the fact  that  the individual papers of 
progress reports are not treated specif ical ly  by in- 
formation centers  or otherwise col la ted into the 
organized scient i f ic  literature. Therefore, in  
planning our report this  year,  we decided to limit 
each  paper to the length of either a n  abs t rac t  or a 
summary in  order to give t h e  authors more time to 
spend,on “topical” reports. In fact ,  we had hoped 
that  for each abstract  included in the  annual report 
a separate  detai led report or journal ar t ic le  would 
have already been published, but unfortunately the  
at t ract iveness  of not duplicating writing efforts 
resulted in so great a n  influx of topical reports to 
our publications staff that  i t  became impossible to 
handle all of them prior to the  publication of the  

annual report. I t  c a n  b e  presumed, however, that  
for each  abstract  included in  the  annual report the  
publication of a topical report is imminent. Those  
papers  which a r e  not identified as abs t rac ts  a re  
summaries that descr ibe work which is still in 
progress and thus is not yet  ready for publication 
in a topical report. 

In a few cases, the  reader will not ice  that  ab- 
s t r a c t s  a re  included which report work that  was  
described i n  last year’s annual report. We have  
allowed th is  duplication intentionally so  that  we 
might call your attention to the  fact  that  topical  
reports on these  particular subjec ts  have now been 
issued.  T h i s  is a practice we will  not repeat next 
year,  however, s i n c e  we  assume that the abs t rac t  
in th i s  year’s report will  be suff ic ient  not ice  of t h e  
forthcoming document. 

NOTE 

The  work described in  this  volume was  performed 
either to a id  in the design of sh ie lds  for high- 
energy accelerators  or to invest igate  the  interac- 
t ions of high-energy radiations in materials proposed 
for s p a c e  vehicle shields .  In some cases both 
purposes are  served. T h e  accelerator shielding 
work is supported by the  Research Division of the  
Atomic Energy Commission, and the  s p a c e  radia- 
t ion shielding s tudies  are  supported by the National 
Aeronautics and Space Administration under NASA 
Order R-104. 
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8. Theoretical Studies of High-Energy Radiation Shielding 

8.1. THE NUCLEON TRANSPORT CODE, NTC' 

W. E. Kinney 

Detailed information concerning t h e  interactions 
of high-energy nucleons with matter is of particular 
interest  in the design of radiation sh ie lds  for s p a c e  
vehicles  and high-energy particle accelerators.  

The  Monte Carlo method h a s  been applied to  the 
calculation of such interactions in the  construction 
of the Nucleon Transport Code (NTC), a l inked 
s e r i e s  of newly written codes  for treatment of 
high-energy transport  and previously written c o d e s  
for the  treatment of neutrons of energies  below 50 
MeV. NTC, written for the  IBM-7090 computer, 
ca lcu la tes  the transport of nucleons having ini t ia l  
energies  as high a s  400 Mev through complex arbi- 
trary configurations containing a maximum of four 
media, each of which may be composed of up to ten 
isotopes.  Cascade  processes  and particle evapo- 
ration from excited nuclei  a re  taken into account. 
The  end result  of NTC is one or more magnetic 
tapes  containing the detailed records of all quan- 
t i t i e s  pertinent to the  transport of the nucleon. 
T h e s e  tapes  c a n  be independently analyzed by t h e  
individual user  of NTC t o  produce desired solu-  
t ions to  specif ic  problems. 

Appendices include typical ana lys i s  routines;  a 
l i s t  of tape assignments; a user 's  manual for the  
low-energy portion of t h e  code  and for the geometry 
routine; and a full-scale demonstration problem, 
complete in  all detai ls ,  which c a n  be used  t o  ver- 
ify satisfactory performance by all par ts  of the 
code group. 

References 

'Abstract of ORNL-3610 (August 1964). 

8.2. CA LCU LAT ED T ISSU E CUR RE NT-TO-DOS E 
CONVERSION FACTORS FOR NUCLEONS 

OF ENERGY BELOW 400 Mev 

W. E. Kinney C. D. Zerby' 

To evaluate  the hazard to personnel who en- 
counter radiation in  s p a c e  or  near  high-energy 
accelerators ,  i t  is necessary to  know the  distri-  
bution of energy deposition within the body re- 
sul t ing from the impinging radiations.  Important 
regions of the  depth-dose distribution a re  the  sur- 
face dose  for es t imat ing s k i n  and e y e  damage and 
the d o s e  a t  a depth of 5 cm, which is the  average 
depth of the blood-forming organs. In addition, the 
average whole-body d o s e  is a n  important parameter 
of a depth-dose distribution to  es t imate  overall  
damage. 

A s e r i e s  of calculat ions h a s  been performed to  
supply t i s sue  current-to-dose conversion factors  
for incident neutrons and protons having energies  
in  t h e  range 60 to  400 M e V .  A general  s e t  of 
factors  was  computed which may be applied to 
spec i f ic  radiation f ie lds  t o  give upper and lower 
bounds to  the surface and 5-cm-depth d o s e s  out t o  
t h e  average and maximum doses .  

The  model chosen for study was  a 30-cm-thick 
s l a b  of t i s sue  infinite in its la teral  dimensions. 
T h e  calculat ions were performed by means of a 
s e r i e s  of Monte Carlo computer c o d e s  (Sect. 8.1). 
Nucleons were effectivelv introduced uniformly 
over one face of the s l a b  both normally and iso- 
tropically to give d o s e s  which should bracket 
those  result ing from actual  angular distributions.  
The  d o s e s  were computed by summing the energy 
deposited in unit cubes  distributed through the  
s l a b  in  a direction normal to the  surface.  Ten  

97 

. 



98 

thousand source par t ic les  were run for each angu- 
lar distribution and for each of the incident ener- 
gies  of 400, 300, 200, 100, and 60 M e V .  Energy 
deposit ion was broken down into contributions from 
primary protons, secondary protons, and heavy nu- 
clei. In order to permit freedom in choosing proton 
RBE a s  a function of energy, the proton rad dose 
was  subdivided into contributions from protons 
having energies  above 50 M e V ,  lying in the energy 
ranges 10 to 50 M e V ,  5 to  10  MeV, and 1 to 5 MeV, 
and having energies  below 1 M e V .  T h e  RBE's  
chosen in this  study for these  energy groups were 
1 ,  1, 1.25, 3, and 8 respectively. Heavy nuclei  
were taken t o  have an  RBE of 20. 

The  calculated doses  were found t o  be in  agree- 
ment with Shalnov's measurements2 of dose in 
water and in paraffin due to nearly monoenergetic 

140-Mev neutrons stripped from 280-Mev deuterons 
on copper and a l s o  due to  neutrons result ing from 
the charge-exchange reaction of 480-Mev protons 
on beryllium (ref. 3). 

T h e  d o s e  due to secondary par t ic les  increases  
with increasing primary beam energy s i n c e  the 
secondary production increases .  The  average rem 
d o s e  due to  secondaries  result ing from normally 
incident protons rises from 12.5% of the total  dose 
a t  an incident energy of 100 Mev to  53% of the 
total  dose  a t  400-Mev incident energy. 

The data  may be conveniently expressed by the 
following equations,  where D is the dose,  in  rem, 
due to a current of one nucleon incident per square 
centimeter of surface,  E is the energy, in MeV, and 
logarithms are  taken to  the base 10. The  d o s e s  
are  a s  follows: 

Average dose  

5-cm depth dose 

Surface dose 

Maximum dose 

Average dose 

5-cm depth dose 

Surface dose 

Maximum dose 

Average dose 

5-cm depth dose 

Surface dose 

Maximum dose  

Average dose 

5-cm depth dose  

Surface dose  

Maximum dose 

Log D for Various Cases 

Normally Incident Protons 

-7.72 + 6.4 x 10-3E - 1.1 X 10-'E2; 60 < E  < 215 

-6.20 - 4.3 x 10-3E + 5.5 x 10-'E2; 215 < E  < 400 

-6.27 - 4.6 X 10-3E + 6.4 X 10-'E2; 80 < E  < 400 

-6.64 - 2.2 X 10-3E + 2.9 X 10-6E2; 60 < E  < 400 

-6.02 - 1.2 X 10-3E; 60 < E  <215  

-6.62 - 1.1 X 10-3E; 215 < E  < 400 

Normally Incident Neutrons 

-7.43 + 2.7 x 10-4E; 60 < E  < 400 

- 7.38; 60 < E  < 400 

-7.59 + 3.7 x 10-4E; 60 < E  < 400 

-7.35 + 3.8 X 10-4E; 60 < E  < 400 

lsotropicolly Incident Protons 

-7.79 + 7.9 X 10-3E - 1.7 X 10-'E2; 60 < E  < 215 

-7.07 + 1.2 x 10-3E - 1.3 X 1 O P 6 E 2 ;  215 < E  < 400 

-6.57 - 5.4 x 10-4E; 80 < E  < 400 

-6.30 - 2.7 X 10-3E + 3.7 X 10-6E2; 60 < E  < 400 

-6.26 - 2.9 X 10-3E + 4.1 X 10-'E2; 60 < E  < 400 

lsotropicolly Incident Neutrons 

-7.26 + 5.6 x 10-4E; 60 < E  < 400 

-7.18 + 3.9 X 10-4E; 60 < E  < 400 

-7.26 + 4.5 x 10-4E; 60 < E  < 400 

-7.18 + 4.0 x 10-4E; 60 < E  < 400 

. 
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References 8.4. THE SECONDARY PARTICLE 
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Transl.) 5, 735 (June 1958). 
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‘Union Carbide Research Insti tute,  Tarrytown, 
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W. E. Kinney 
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8.3. A NOTE ON IMPORTANCE FUNCTIONS 
FOR THE SHIELDING OF MANNED 

SPACE VEHICLES’ 

R. G. Alsmiller, Jr. 

Resul t s  were given in another report’ for two 
importance functions of interest  in the  shielding of 
manned s p a c e  vehicles.  This  report’ d i s c u s s e s  
the  various importance functions which may be 
defined and gives calculations for severa l  of these  
functions. While the functions d iscussed  in the 
previous report were concerned with the dose  from 
primary and secondary par t ic les  which emerge from 
the surface of a n  aluminum shie ld ,  the  functions 
given in this  report are concerned with the dose  
from primary and secondary par t ic les  in t i s sue  that  
a r i se  from a primary proton beam tha t  h a s  pene- 
trated an  aluminum shield.  T h e  calculat ions a re  
based on the t i s sue  dose calculat ions of Kinney 
and Zerby (Sect. 8.2). The  resul ts  refer specifi-  
cally to primary proton beams which a re  normally 
incident on s l a b  sh ie lds  and yield l i t t le  i f  any 
information about the more general  case of iso- 
tropic incidence. 

References 

‘Abstract of ORNL-3583 (March 1964). 
’R. G. Alsmiller, Jr., and J. E. Murphy, Space  

Vehicle Shielding Studies: Calculat ions of the 
Attenuation of a Model Solar Flare a n d  Monoener- 
ge t ic  Proton Beams by Aluminum Shields,  ORNL- 
3317 (1963). 

In shielding s tudies  for manned s p a c e  vehicles  
the presence of secondary par t ic les  introduces 
considerable complexity into the calculat ions.  It 
is very desirable therefore to determine the magni- 
tude of the contribution of these  secondary parti- 
cles in  spec ia l  cases in order to determine whether 
or not they may reasonably b e  neglected. It is 
also desirable  to  distinguish between the  second-  
ary par t ic les  produced in the shield and those  pro- 
duced in the  astronaut,  s i n c e  the  la t ter  may, a t  
l e a s t  approximately, be taken into account  by the 
appropriate u s e  of current-to-dose conversion fac- 
tors. 

In the  energy region 100  to 400 M e V ,  calculat ions 
have been carried out for monoenergetit proton 
beams incident isotropically on a s l a b  shield fol- 
lowed by a 30-cm-thick s l a b  of t issue.  The  pri- 
mary proton, secondary proton, and neutron f luxes 
(gamma rays a re  not considered) a t  the shield- 
t i s s u e  interface have been calculated,  and the  d o s e  
(both in  rads and rems) h a s  been determined as a 
function of depth in the t i s sue  from e a c h  of these 
three beams. Furthermore, the  d o s e  as a function 
of depth in the t i s sue  from each  of t h e s e  three 
fluxes h a s  been decomposed into a “primary” con- 
tribution in  the t i s sue  (that is, a contribution from 
atomic ionization and excitation) and a secondary 
contribution (a contribution from e l a s t i c  and non- 
e las t ic  nuclear coll isions).  

The  d o s e s  d iscussed  above were obtained by 
direct  computation; that  i s ,  the  par t ic les  were 
transported through the t i s sue  and their  energy 
deposition was  recorded as a function of depth. 
An alternate procedure is to obtain the d o s e s  by 
applying current-to-dose conversion factors  to  the 
currents which emerge from the shield.  Such con- 
version factors are  available only for proton and 
neutron beams which are  incident either normally 
or isotropically on the t issue.  T h e  beams leaving 
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T a b l e  8.4.1. Calculated Doses  for 400-Mev Protons lsotropical ly  Incident  

on a 30-g/cm2-thick Slab of Aluminum F a l l o w e d  by T i s s u e  

Dose  Calcula ted  

Actua l  Dose  With Normal Incidence With Isotropic Incidence 
Conversion Fac to r  Conversion F a c t  or 

Primary protons 

Secondary protons 

Secondary neutrons 

To ta l  

Primary protons 

Secondary protons 

Secondary neutrons 

T o t a l  

Primary protons 

Secondary protons 

Secondary neutrons 

T o t a l  

Primary protons 

Se  c and ary protons 

Secondary neutrons 

To ta l  

Average D o s e  (rads) 

0.300 X l o w 7  0.235 X 

0.444 X 0.416 x 

0.164 X 0.126 x 

0.361 X 0.289 X 

Average Dose  (rems) 

0.452 X lod7 0.316 X 

0.614 X 0.543 X 

0.793 X 0.616 X 

0.592 X 0.432 X 

5-cm-deep Dose (rads) 

0.338 X 0.214 X 

0.745 X 0.562 x 

0.201 x 10-8 0.140 x 

0.433 X 0.284 X 

5-cm-deep Dose  (rems) 

0.517 X 0.314 X 

0.104 X 0.732 X 

0.109 x 1 0 - ~  

0.730 X 0.462 X 

0.746 X lo-' 

0.326 >< 

0.447 >< lo-' 
0.185 >< 

0.389 >< 

0.446 >< 

0.594 >< 

0.832 >< lo-' 

0.588 >< 

0.409 >: 

0.791 >: lo-' 
0.230 >: l o w 8  

0.512 >: 

0.557 >: 

0.104 ).: lo-' 
0.108 >: 

0.768 >: 

the  shield and entering the  t i s sue  do not necessar-  
ily have ei ther  of these  angular distributions, and 
therefore the  doses  obtained by using these  con- 
version factors must be  considered to be approx- 
imate. The  doses  a t  a depth of 5 c m  and the  
average whole-body doses  have been calculated,  
with the  proton b e a m s  assumed t o  be both normally 
and isotropically incident on the  t issue.  

Typical  resul ts  obtained by us ing  the conversion 
factors a re  compared with direct-computation re- 
su l t s  in Table  8.4.1 for the case of a 400-Mev 
proton beam isotropically incident on a 30-g/cm2 
thick s l a b  of aluminum followed by t issue.  

8.5. THE VALIDITY OF THE STRAIGHTAHEAD 
APPROXIMATION IN SPACE VEHICLE 

SHIELDING STUDIES 

R. G. Alsmiller, J r .  
D. C. Irving 

W. E. Kinney 
H. S. Moran 

Many of the  shielding s tudies  for manned s p a c e  
vehicles  have been carried out i n  what is usually 
cal led the s t ra ightahead approximation. Th i s  ap- 
proximation greatly simplifies the computation, but 
i t s  u s e  necessar i ly  introduces inaccuracies .  T o  
t e s t  the validity of the  approximation, ca lcu la t ions  

. 
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have been carried out and compared with resu l t s  
obtained with the angular distribution of the sec- 
ondary particles properly taken into account. 

To define the approximation as it is used here, 
we note that, in  general, 

F . .  I 1  = F..(E’,E,Q’.R) I J  , (1) 

where F . .  is the number of particles of type i per 
unit energy range per unit solid angle posses s ing  
kinetic energy E and direction given by the unit 
vector 8 after a particle of type j with kinetic 
energy E and direction R ’  undergoes either a n  
elastic or a nonelastic collision. 

In the straightahead approximation the quantity 
Fij  is approximated by 

‘ I  

8(R ’- 9 - 1) 
Fij(E’ ,E,R’ .R)  = f i j (E’ ,E)  J (2) 

2T  

where 

f i j (E’ ,E)  = J’IS ’* Fij(E’,E,Q’.R)& . (3) 
0 0  

The delta function in  Eq. (2) ensures  that a l l  
emergent particles have the same direction as the 
incident particle, and Eq. (3) follows from inte- 
grating Eq. (2) over all solid angles.  I t  must be 
carefully noted that as defined here the straight- 
ahead approximation appl ies  to both e l a s t i c  and 
nonelastic coll isions.  Furthermore, all  emergent 
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part ic les  a re  assumed to go i n  the forward direc- 
tion; that  is, no attempt is made to discriminate 
aga ins t  those particles which a r e  emitted in the  
backward quad rant. 

To ensure that any difference which e x i s t s  be- 
tween the approximate and the  exac t  calculat ion 
is due to the approximation being considered and 
not to differences i n  nuclear data ,  t h e  straight- 
ahead calculat ions presented here have  been 
carried out with the NTC code  (Sect. 8.1) with 
which the exac t  calculat ions were done. The  only 
change made in  the code w a s  in  the angular dis-  
tribution of the scat tered particles.  

In F ig ,  8.5.1 the  resu l t s  of the approximate and 
exac t  calculat ions a re  compared for the case of a 
400-Mev proton beam isotropically incident on a 

30-g/cm2-thick s l a b  of aluminum followed by a 
30-cm s l a b  of t issue.  The  sol id  curves  a r e  the  
resul ts  of the  exac t  calculat ions,  while the  plotted 
points a r e  the  resul ts  of the approximate calcula-  
t ions.  T h e  primary proton, secondary proton, and 
secondary neutron f luxes incident o n  the  t i s s u e  a re  
defined to be those fluxes which would emerge 
from the aluminum i f  the  t i s sue  were absent .  T h e  
d o s e  a s  a function of depth in  the  t i s sue  is broken 
into f ive contributions: 

1. the primary proton ionization dose,  

2. the d o s e  from secondary par t ic les  produced by 
primary protons in the t i s sue ,  

3. the secondary proton dose,  
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4. the  secondary neutron dose,  

5. the backscattered dose,  that  i s ,  the  d o s e  from 
a l l  par t ic les  which a re  produced in the t i s s u e  
and cross  into the aluminum. 

Since the primary protons travel in a s t ra ight  
l ine (multiple Coulomb scat ter ing was not included 
in the calculation),  the exac t  and approximate cal-  
culations give the same resul ts  for the primary 
proton ionization dose.  The  secondary proton and 
secondary neutron d o s e s  from the approximate cal-  
culations are  sl ightly larger than those from the 
exac t  calculat ions,  particularly in  the f i rs t  few 
centimeters of t i s sue ,  while the dose  from sec- 
ondary par t ic les  produced by primary protons is 
smaller than the dose  in the exact  calculat ions in  

the first  few centimeters.  There i s ,  of course,  no 
approximate backscattered dose.  

In Fig.  8.5.2 the  calculat ions a r e  compared for 
the same c a s e  as in Fig.  8.5.1, but the d o s e  is 
given in rems rather than rads.  T h e  r e m  calcula-  
tion is carried out i n  the same manner as that 
described by Kinney and Zerby (Sect. 8.2). The  
agreement between the exact  and approximate cal- 
culations is roughly the same as in Fig.  8.5.1. 

The  resul ts  for 100-Mev protons isotropically 
incident on a 10-g/cm2-thick s l a b  of aluminum 
followed by a 30-cm-thick s l a b  of t i s s u e  are given 
in Fig.  8.5.3. In this  case the primary protons do 
not penetrate the shield;  so we have exac t  d o s e s  
only from secondary protons, secondary neutrons,  
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and backscattered particles.  In fact, the approxi- 
mate secondary proton dose  is zero within the 
s ta t i s t ics ;  so  only the secondary neutron d o s e s  
can actually be compared. The  approximate sec- 
ondary neutron dose is somewhat too large in th i s  
c a s e ,  a s  i t  w a s  in Fig.  8.5.1. 

In the c a s e s  presented here the straightahead 
approximation appears  t o  be qui te  good. T h e  
approximation usually overestimates the d o s e  and 
appears  t o  have essent ia l ly  the  same validity 
for elements between carbon and copper. However, 
i t  would be inadvisable to draw very general con- 
c lusions based on so  few computations. I t  must 
be remembered that  the low-energy region ( < l o 0  
M e V )  is still to  be treated and may be important 
in the study of typical f lare spectra.  

References 

'For a n  extensive l i s t  of references see: S. P. 
Shen, Astronaut Acfa 9, 28 (1963). 

8.6. CALCULATIONS FOR ESTIMATING 

SOLAR FLARE PROTONS 
NEUTRON DOSES FROM LOW-ENERGY 

F. S. Alsmiller 

The  low-energy portion of the solar  f lare  proton 
spectrum (<40 M e V )  is not generally considered a 
hazard in  s p a c e  shielding problems because  i t  is 
readily stopped by thin sh ie lds  (<2 g/cm2 of Al). 
Also,  s i n c e  at t h e s e  energies  the proton ranges 
a re  much shorter than the coll ision mean free 
paths,  the probability for secondary particle pro- 
duction is less than it would be for the higher 
energy protons in  all but the  thinnest  portions of 
the shield.  Even so, the fact  that  the total  number 
of so la r  protons below 40 or 50 Mev may be factors  
of 10 greater than the number above these  energies  
means that  at leas t  the f i r s t  generation of neutrons 
they produce may contribute appreciably to the 
dose,  s i n c e  neutrons have a good chance of pene- 
trating the shield.  

Experimental information regarding the total  
neutron yield and spectrum from low-energy proton 
reactions in  l ight e lements  is generally lacking. 
Two theoretical  models, whose resul ts  a re  being 

compared, are avai lable  a t  ORNL a s  Monte Carlo 
computer codes.  T h e  f i r s t  u t i l izes  a code  pre- 
pared by Dresner t o  predict  the evaporation 
neutron spectrum from the compound nucleus formed 
by the  incident proton and the target nucleus,  
with excitation energy taken t o  be the proton 
kinetic energy plus its binding energy in  the com- 
pound nucleus.  T h e  second is a n  intranuclear 
c a s c a d e  model, prepared by Bertini, which con- 
s iders  the formation of the compound nucleus and 
subsequent  evaporation process to  be preceded by 
the e s c a p e  of cascade  nucleons.  

The primary proton flux through a s l a b  shield c a n  
be calculated for the protons below 50 Mev in  a 
typical f lare spectrum; from th is  ]proton flux, the 
total  neutron production spectrum a s  a function 
of energy and position c a n  be found for each  of  
the two reaction models. T h e s e  neutrons will then 
be introduced a s  a source in  the 05R neutron 
transport code (see Sect.  5.2). The  resul t ing d o s e  
will be calculated a s  a function of depth in t i s s u e  
for various shield thicknesses ,  and compared with 
the d o s e  from secondary particles produced by the 
higher energy portion of the flare spectrum. 

References 

'L. Dresner, EVAP - A Fortran Program for Cal- 
culating the Evaporation of Various P a r t i c l e s  from 
Exci ted Compound Nuclei, ORNL-CF-61-12-30. 

'H. Bertini, Monte Carlo Calculat ions on Intra- 
nuclear Cascades ,  ORNL-3383 (1963); see a l s o  
Phys .  Rev. 131, 1801 (1963). 

8.7. ERROR IN INTRANUCLEAR CASCADE 
CODE FOR INCIDENT PARTICLE ENERGIES 

FROM 25 TO 350 Mev 

H. W. Bertini 

Late in 1963 i t  was discovered that  the  intra- 
nuclear c a s c a d e  code '  for incident par t ic le  en- 
ergies  from 25 to  350 Mev contained an  incorrect 
calculation of the location of the point of col l is ion 
for the  incident particles.  The  d is tance  through 
nuclear matter for the  first  col l is ion of the incident 
particle had been measured from a plane perpen- 
dicular to the incident particles and tangent t o  the 

. 
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. 

outer nuclear surface instead of from the point of 
intersection of the incident particle with t h e  outer 
nuclear boundary as i t  should have been. T h e  
error did not, however, invalidate the conclusions 
in the resul ts  published in t h e  open literature.' 
Its effect on almost  all the data  that  were dis-  
tributed was  less than 20%.3 

Figures  8.7.1-8.7.3 plot the uncorrected da ta  
a long with the  corrected data  to  i l lustrate  some 
of the typical effects of the error. T h e  corrected 
da ta  a re  i l lustrated a t  only a few mass numbers. 
The  difference between the corrected da ta  and 
the uncorrected data  is given by the  difference 
between their corresponding values rather than 
between any l ines  drawn through the points. 

References 

'Described by H. W. Bertini, Neutron P h y s .  Div. 
Ann. Progr. Rept. Aug. 1 ,  1963, ORNL-3499, Vol. 
11. 

H. W. Bertini, P h y s .  Rev. 131, 1801 (1963). 2 

3The author regrets any l o s s  in time and effort 
that  may have resulted from the use of the pro- 
duction data  that  were issued.  
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8.8. INTRANUCLEAR CASCADE CALCULATIONS 
FOR INCIDENT PARTICLE ENERGIES 

FROM 25 Mev TO 2 Gev 

H. W. Bertini 

The  intranuclear cascade  calculation for incident  
particle energies  from 25 Mev to  2 Gev previously 
reported' is undergoing debugging. T h e  sec t ion  

8 
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i 

of the c o d e  per ta ining t o  i sobar  formation h a s  been 
“l i f ted” from the main code  and wil l  be  completely 
debugged, and the  angular dis t r ibut ion of t h e  
i sobars  (unknown a t  present)  wil l  be s e l e c t e d  on 
the  b a s i s  of comparisons with experimental d a t a  
on particle-particle react ions.  

In order t o  reduce coding  errors, the  en t i re  
program is being coded i n  F A P  and FORTRAN by 
two different programmers. T h e  resu l t s  from e a c h  
wil l  be  checked  for cons is tency .  T h e  FORTRAN 
version wi l l  be  t h e  working version. 

Preliminary resu l t s  have  been  obtained from the  
F A P  version,  and  some of the da ta  a r e  i l lus t ra ted  
in  F i g s .  8.8.1 and 8.8.2 for 1-Gev protons incident  
on copper ,  P a r t  of t h e  output from the  evaporat ion 

I 
I 

lu 

z 
a 

0 
W 
J 

+ ar 
4 

0 
W 
c 

L1 

a 

t 
5 
w 
L L  
0 
[L 

W 
m 
I 
3 z 
J 

C t 
0 c 
L L  
0 

z 
+ 
0 
C ar 
lL 

0 

0.008 

0.007 

0.006 

0.005 

0.004 

0.003 

0.002 

0.001 

0 

_._._ 
.. 1 .... L....... 

7 

c o d e 2  used  i n  the  ca lcu la t ion  is i l lus t ra ted  i n  
F ig .  8.8.3 for th i s  react ion.  It is in te res t ing  to  
note the  ex ten t  of t h e  dis integrat ion of t h e  in i t ia l  
nuc leus  from s u c h  high-energy react ions.  It must 
be  s t r e s s e d  t h a t  t h e s e  d a t a  a r e  very preliminary 
inasmuch as t h i s  program h a s  not y e t  been 
thoroughly checked.  

In the  previous annual  report’ mention w a s  made 
of a problem concerning the  trleatment of pion 
production in  potent ia l  f ie lds:  briefly, if t h e  
free-particle, four-component vector  momentum 
(commonly referred to as “4-momentum”) is used  
in  the  conserva t ion  l a w s  for par t ic le-par t ic le  reac- 
t ions within t h e  nucleus,, then the nuc leus  c a n  
never  b e  lef t  with z e r o  exc i ta t ion  energy if a pion 
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is created in  the particle-particle reaction. It 
was mentioned that the present version of the 
code uses  the free-particle 4-momentum but that 
the kinetic energies of the decay products of the 
isobar formed in the creation process a re  arbi- 
trarily increased by a n  amount V / 2 ,  where V is 
the depth of the potential, s o  that the nucleus can  
be left in a s t a t e  of zero excitation energy. It 
was a l so  mentioned that the difficulty could be  
removed by using a reduced mass, mr = m - V ,  in 
the conservation equations, but t o  be consistent 
this mass should a l s o  be used in the equations 
governing simple scattering inside the nucleus. 

The most rigorous approach to th i s  problem 
would be t o  use  a Lorentz invariant Lagrangian 

for the reaction and derive the conservation 
theorems in a systematic fashion, using, for ex- 
ample, Hamilton's principle. Even i f  possible,  
however, such  a n  approach would, in the opinion 
of many physicists of different spec ia l t ies ,  be a 
very difficult t ask  and the time involved would 
be prohibitive. Another approach, and the one 
used here, is to place restrictions on the forces 
involved and to accept the results that follow. If 
the restrictions are reasonable, the results will,  
hopefully, correspond to reality. 

If the four-component vector force (4-force) is 
restricted to  that whose space-like components a re  
conservative and not explicitly dependent on the 
time and i f  the further restriction is added that 

I -  
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The page i l lustrated contains only the l igh tes t  of the residuol  nuc le i  

The column headed 

barded by 1-Gev Protons (A  = 65, Z = 29). 
calculated. 

"Number of Nuclei"  i s  the number remaining from 5000 incident part ic les.  

The data far the heavier ones are contained on pages of output that are not shown. 

t h e  s u m  of t h e  kinet ic  energy, r e s t  energy,  and 
potent ia l  energy be  a cons tan t  of the motion, i t  

d d t d  d can  be  shown that  the  r e s t  mass  must remain 

constant .  d 7  d 7  d t -  'dt' 
Using  the notation of Rindler ,4  the  four com- 

ponents  of the  vector velocity, U p ,  a r e  def ined by 

Then 

_=--- 

and 

( 3 )  

(4) 

where d 7 ,  the  proper time, is defined as  
T h e  4-vector U then h a s  three components ,  given 
by yi?, where i? is the  3-vector veloci ty  and the  
fourth component of U is y c .  

A 4-momentum with components P w  is given by 

P P  = moUI-L, 

1 
C 2  

d* = - -  (dX2 + dY2 + dZ2> + d t 2  . (2a) 

For  a par t ic le  of s p e e d  u 
(5) 

where m, is the proper (or res t )  mass. Three  of 
the components  of P a r e  moiiy, and t h e  fourth is 1 1 

c 2 d t Z  
dT2 = dt2  - - (dX2 + d y 2  + d z ' )  + 1 

d t 2  m, YC. 
= dt2  (1 -$) = -. (26) One then def ines  a 4-force s u c h  that  the  com- 

Y 2  ponents  a r e  given by 

. '  
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with the space-like components given by 

d G -  y - ( m  u ) = y - = y f  , 
dt ‘ly dt (7) 

- 
where f is the 3-force. The  time-like component 
of F P  is y c [ d ( m o ~ ) / d t ] .  If the differentiation im- 
plied in the definition is carried out, 

and the scalar product g 
metric tensor, is taken, then 

U v F P ,  where g v P  is the VP 

g v P U v F P  = U F P =  m U -+ d V P  U P U P  -. dmO (9) 
P P d r  d r  

To reduce each  term on the right-hand s ide  of 
Eq. (9), consider from the definition of d r ,  

g P v & P d x v =  c 2 d r 2  

Then 

Differentiating with respect t o  r, 

and the f i r s t  t e rm on the right-hand s ide  of Eq. (9) 
vanishes. 

Considering the second term of the right-hand 
s ide  of Eq. (9), it follows from Eq. (10) that 

U P U P  = c2 . 

Therefore the sca la r  product 

It can be seen  that the condition for a constant rest 
m a s s  is that 

U,FP = a .  (13) 

(All the above equations a re  given in  ref. 4.) 

Now using the first of our restrictions that the 
space-like components of the 4-force be conserv- 
ative, that is, that a V ex i s t s  such that f = - v V ,  
the vector F has  components 

_ -  

d d 
F = y [r, c - dt  (may)] = y [-.V, c z ( m o y ) ]  . (14) 

The  sca la r  product 

U P F P  = y z  [ / V - i +  c2  i ( m o Y ) ]  . (15) 

Then, with 

- - d V d x  d V d y  d V d z  

dx dt d y  dt dz dt 
vv.u= ---+ --+--, 

it follows that 

- - dV 
u v . w =  - 

d t  

provided that the second restriction, that V is not 
explicitly dependent on the t ime,  applies, and 

The  quantity V + m o c 2 y  represents the potential 
energy plus the rest mass energy plus the kinetic 
energy. If it is assumed that this sum is constant, 
then 

and therefore the rest mass is also a constant. 
The  weakness in  this analysis is that the second 

restriction - that V is not an  explicit function of 
the time - implies that the potential is not in- 
variant to  Lorentz transformations. In a moving 
frame of reference, V would be dependent on the 
t ime  in general. However, in the frame of reference 
in which the cascade  reactions are assumed to 
take place, the rest frame of the nucleus, these 
restrictions s e e m  quite reasonable. 

The alternative of using mr = m ,  - V h a s  the 
effect of replacing the potential by a change in 
mass and carrying out all kinematics calculations 
with the reduced mass in place of the rest  m a s s .  
In this form the potentials disappear, and a set 
of equations are obtained which are identical in 
form to the free-particle equations. But the fact  

. 
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t h a t  t h e  form of the  equat ions  is the  same as  that  
for f ree  par t ic les  is simply insuff ic ient  to  just i fy  
the cor rec tness  of that  approach. 

I t  would be  in te res t ing  to  compare the  resu l t s  
of both approaches,  but th i s  cannot  b e  done  a t  
t h i s  time; therefore the present  version of the  
program wi l l  be  continued. 

computer subprogram which u t i l i zes  t h e  descr ibed  
technique is l i s t e d  i n  the  IBM-7090 FORTRAN I1 
language,  and  brief instruct ions for its u s e  a r e  
given. 
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8.9. RAPID COMPUTATION OF SPECIFIC 
ENERGY LOSSES FOR ENERGETIC 

CHARGED PARTICLES’ 

R.  W .  P e e l l e  

A method is demonstrated for computing rapidly 
i n  a digi ta l  computer the  s p e c i f i c  energy l o s s  of 
energet ic  charged par t ic les ,  excluding e lec t rons ,  
For energ ies  larger than a n  empirically determined 
cutoff TLIM, the  computation is based on u s e  of 
the usua l  Bethe-Bloch equat ion with a “ s h e l l  
correction” for nonparticipation of tightly bound 
e lec t rons  i n  the  absorber  atoms, but without a 
“densi ty  e f fec t”  correction which might be re- 
quired for incident  proton energ ies  as  high a s  
1 Gev. Rapid computation is achieved by inter- 
polat ing a combined “she l l  correction” from a 
small  table  of va lues  s tored with the s e t  of pa- 
rameters pecul iar  to  a given absorber  material. 
Accuracy is limited to a few tenths  of a percent  
by the  c o a r s e n e s s  of the interpolation procedure 
and by t h e  accuracy of the  combined she l l  correc- 
t ions  present ly  ava i lab le  to s e r v e  a s  a b a s e  for 
interpolation. For  incident  energ ies  less than 
TLIM, a p laus ib le  va lue  is computed based  wholly 
on a few empirical parameters. T h e  resu l t s  a r e  
compared with publ ished tabulat ions of spec i f ic  
energy loss and with a very smal l  se lec t ion  of 
experiments  on relat ive energy loss and range. A 

8.10. ENERGY DEPOSITED BY HIGH-ENERGY 
ELECTRONS IN AN L iF  OPTICAL SYSTEM 

OF THE ORBITING ASTRONOMICAL 
OBSERVATORY 

H. S. Moran C. D. Zerby’  
F. C. Maienschein 

The  Orbiting Astronomical Observatory (OAO) is 
intended to  provide a n  examination of t h e  s k y  in  
the  ul t raviolet  region, which is i n a c c e s s i b l e  from 
the sur face  of the ear th .  Lithium fluoride opt ica l  
e lements  a r e  used  t o  transmit the ultraviolet, and 
s i n c e  the s a t e l l i t e  wil l  approach the  lower e d g e  
of the Van Allen radiat ion bel t ,  a ques t ion  a r i s e s  
concerning darkening of the LiF by the  e l e c t r o n s  
in  the belt.  

T h e  high-energy, three-dimensional, e lectron-  
photon c a s c a d e  c o d e 2  w a s  used to  determine t h e  
energy absorbed i n  t h e  LiF opt ical  e lements  i n  a 
s l a b  approximation to  the  geometry of the  orbi t ing 
te lescope.  The s l a b s  were composed of 0.375-in.- 
thick titanium alloy (structure), 1.0-in.-thick fused 
quartz (mirror), 0.06-in.-thick LiF or quartz  (filter), 
and,  finally, 0.30-in.-thick L i F  (lens). The  energy 
deposi ted in  e a c h  of t h e s e  regions w a s  calculated 
for e lec t rons  incident  in  the energy region from 1 
to 6 M e V .  A s  w a s  pointed out in  an ear l ier  appli- 
ca t ion  of the  code  to a s imilar  problem,3 t h e  code  
i s  not particularly s u i t a b l e  for t reat ing e lec t rons  
below about 5 Mev b e c a u s e  of t h e  mathematical ap- 
proximations which i t  contains .  However, i t  w a s  
shown previously t o  g ive  usefu l  resu l t s  and so is 
used  again h e r e  t o  predict  t h e  energy absorbed due 
to  both photons and e lec t rons  in the  cascade .  T h e  
energy absorbed due  to the  photons is negl igible  in  
a l l  cases. T a b l e  8.10.1 g ives  the  energy depos-  
i ted by t h e  e lec t rons  for the  case of an LiF filter. 

B a s e d  on the ca lcu la ted  absorbed energ ies  as  
shown i n  the tab le ,  together with the expec ted  

1 
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Table 8.10.1. Energy Deposited by Electrons in the Slabs Used to Approximate the Geometry of the OAO 

Energy Deposi ted (MeV per Incident Pa r t i c l e )  
Incident Elec t ron  Energy 

In 0.375-in. Ti tanium In 0.06-in. L i F  
In 0.30-in. LiF (Fi l ter)  (MeV) In 1.0-in. Quartz Alloy 

1.0 

2.5 

3.0 

4.0 

6.0 

0.9564 

1.885 

2.821 

3.729 

5.500 

0.0009 0.00001 0.00016 

0.0074 0.0002 0.0013 

0.0140 0.0004 0.003 0 

0.0281 0.0008 0.006 1 

0.081 9 0.0019 0.0108 

flux of electrons incident on the sa te l l i t e  and the 
measured radiation blackening of the L i F ,  it h a s  
been concluded by representatives of the OAO 
project that radiation blackening should not occur 
during the expected useful life of the telescope. 
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8.11. CALCULATION OF THE FLUX OF 
NEUTRONS DIFFUSING BENEATH THE SHIELD 

("EARTHSHINE") OF A MESON FACTORY 

W. E. Kinney 

In a facility for producing mesons in copious 
quantities - a meson factory - protons of high 
energy (e.g., 800 MeV) impinge on a target and 
the mesons are produced a s  a result  of intranuclear 
processes.  Lower energy protons and neutrons 
a l s o  result from the nuclear interactions. All t h e s e  
secondary radiations present a hazard to personnel 
as well  a s  to equipment, and adequate shielding 
must be provided. Approximate methods have been 
used to  estimate the fluxes of secondaries coming 
through the shield, '  but apparently no such  
approximate method ex i s t s  for estimating the flux 

of neutrons which a r e  born beneath the shield and 
diffuse into the experimental a reas  behind it,  thus  
producing an  "earthshine" analogous to skyshine. 
Accordingly, calculations are in progress to esti- 
mate the extent of the earthshine in a n  idealized 
configuration which, nevertheless, will be  appli- 
cab le  to  meson factory shields.  

The idealized problem is illustrated in  Fig. 
8.11.1. An isotropic point source of 400-Mev 
neutrons is located a t  S, 5 ft above the surface 
of a semi-infinite medium of SiO, and 5 ft  from 
the front face of an  infinite s l a b  of iron, 10  ft 
thick, resting on the earth. A nucleon transport 
code (Sect. 8.1) was used to s t a r t  the  neutrons 
a t  400 Mev and to produce neutrons of energy less 
than 50 Mev a s  sources for the neutron transport 
code 05R (Sect. 5.2). To  direct  the  neutrons into 
the most critical regions, they were strongly biased 
about the line SI in Fig. 8.11.1 and, i f  their direc- 
tions carried them into the iron, they were per- 
mitted to p a s s  through to the  earth but with their 

h 
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Fig. 8.11.1. An Idealized Meson Factory Shield, 



112 

weights reduced by the probability of traversing 
the iron. All secondaries above 50 Mev were a l s o  
biased, toward point K .  Finally, in  order to save  
time, only neutrons which were born near (3-5 ft) 
point K were put into 05R, the contribution of the 
others being negligible. Two batches of 2000 
neutrons were run through the high-energy trans- 
port, producing a total of 5466 and 5347 neutrons 
below 50 M e V .  Of these,  only 442 and 478 neu- 
trons, respectively, lay within the permitted dis- 
tance of point K .  

Two independent runs  were made on 05R for each  
of the groups of neutrons, giving a total of four 
runs on which preliminary results obtained by 
s ta t i s t ica l  estimation3 were based. The flux re- 
sult ing from a unit source as a function of energy 
a t  a point on the earth surface 5 ft  from the rear 
face of the shield is given in Table  8.11.1. I t  
may be compared with an uncollided flux of 
3.9 x 1 0 - l ~  neutrons cm-* (source neutron)-'. 

The average whole-body dose  due to 400-Mev 
neutrons is roughly 5 x lo-* rem ( see  Sect. 8.2), 
while the dose  due to 1-Mev neutrons is about 
3 x rem (ref. 4), so  that the hazard due to 
earthshine is approximately four orders of magni- 
tude more severe  than that from the direct  beam, 

Table  8.11.1. Flux a s  a Function of Energy 

5 f t  Behind the Shield on the Earth Surface 

Energy Range Flux 
(MeV) [neutrons cm-' (source neutron)-'] 

0.1-1 (8.1 k 2.6) x lo- ' '  
1-2 (7.9 k 5.6) x 

2-3 (6.9 k 4.2) X 

3-4 (1.1 k 0 . 9 ) ~  1 0 - l ~  

(3.5 F 2.0) x 10-16 

6-7 (3.4 k 1 . 2 ) ~  1 0 - l ~  

8-9 (1.6 k 1 . 5 ) ~  1 0 - l ~  

4-5 (3.6 f 1.3)X 

5-6 

7-8 (2.6 * 1.4) X 

9-10 (2.9 * 0.9) x 

10-2 0 (8.5 * 6.8)X lo-'' 
2 0-3 0 (5.1 k 4.2) x 1 0 - l ~  

30-40 

40-50 (1.3 k 1.3) X 

(3.6 k 2.6) X lo-'' 

In an  effort to reduce the variance, a smoothing 
of the 05R source da ta  will be attempted so that  
a s ing le  neutron does  not contribute s o  strongly 
for some batches and thus lead to  large variances. 
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8.12. A SOLUTION TO THE NUCLEON-MESON 
CASCADE EQUATIONS UNDER VERY 

SPECIAL CONDITIONS' 

R. G. Alsmiller, J r .  

To  check the numerical accuracy of cascade  
calculations, particularly the truncation error after 
calculating over very large distances,  i t  is de- 
sirable to have analytic solutions to the equations 
for particular cases. 

A variety of such  solutions h a w  been obtained 
previously under the assumption that the stopping 
power of all charged particles is ze ro .2p3  In this 
report the equations which describe a one-dimen- 
sional nucleon-meson cascade  are solved under the 
following assumptions: 

1. the secondary particle production kernels a re  
taken to be of the spec ia l  form 

F . . ( E ' , E )  = a i y j e ~ ( " ' - E )  fo'r a l l  i , j ,  
* I  

a . ,y . ,u  ' I  = constant; 

2. pion decay is neglected; 

3. pion and nucleon nonelastic c ross  sec t ions  a re  
taken to be constant; 

4. the stopping powers of a l l  charged particles are 
equal t o  the same nonzero constant. 
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F ig.  8.13.1. Secondary Neutron F l u x  vs Energy (Eo 
solution; r i s  measured in  co l l is ion  lengths ( =  93 g/cm ). 

2 

8.13. NUMERICAL SOLUTIONS OF THE 

CASCADE EQUATl ONS' 
ONE-DIMENSIONAL NUCLEON-MESON 

R. G. Alsmiller, Jr. J. E. Murphy2 
J. Bar i sh3  

In sh ie ld ing  ca lcu la t ions  for high-energy ac- 
celerators ,  it is n e c e s s a r y  t o  s o l v e  t h e  nucleon- 
meson c a s c a d e  equat ions  numerically for very large 
d is tances .  T h e  ca lcu la t ions  a r e  qui te  e x t e n s i v e  

UNCLASSIFIED 
ORNL-DWG 64-6244 

E (MeV) 

= 10 Gev). Curve, numerical  solution; points, ana ly t ic  
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1 0 '  

10-2 

1 0 - ~  

1 6 ' 8  

Fig.  8.13.2. Secondary Proton F l u x  vs Energy ( € 0  = 10 Gev). Curve, numerical  solution,; points, ana ly t ic  
solution; r i s  measured in co l l is ion  lengths ( =  93.8 g/cm 2 ). 

and the  truncation error could  b e  e x c e s s i v e .  F o r  T h e  ca lcu la t ion  of the  primary fl.ux for t h i s  case 
the case of a 10-Gev proton beam and a set of  is qui te  trivial, and the two ca lcu la t ions  give, for 
qui te  s p e c i a l  phys ica l  assumptions,  a n  ana ly t ic  all prac t ica l  purposes ,  t h e  s a m e  resul t .  F igure  
(quadrature) solut ion to the c a s c a d e  equat ions  h a s  8.13.1 shows t h e  secondary neutron flux a s  a 
been obtained (Sect. 8.12), and the resu l t s  have  function of energy for var ious r values ,  and Fig. 
been compared with t h o s e  from a numerical SO- 8.13.2 s h o w s  the secondary proton flux as  a 
lu tion. function of energy. T h e  so l id  curves  represent  
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the numerical solut ion,  while  the  plotted points  
represent  t h e  ana ly t ic  solution. B e c a u s e  of t h e  
manner in which the  cons tan ts  were chosen ,  the  
comparison of the  pion f luxes is exac t ly  the  same 
as the  comparison of t h e  proton fluxes. 

T h e  two so lu t ions  a re  in  exce l len t  agreement a t  
a l l  energ ies  and a t  r v a l u e s  up t o  30 mean free 
pa ths  (-2800 g/cm2). At very high energ ies  (all 
curves  go to zero at 1 0  Gev) the  numerical solut ion 
for the  proton flux tends  to be  s l igh t ly  higher than 
the  analyt ic  solution, but s i n c e  t h e  spectrum is de- 
c r e a s i n g  s o  rapidly a t  t h e s e  energ ies  t h e  error is 
of no prac t ica l  importance. 
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8.15. ANALYTIC SOLUTIONS TO NUCLEON- 
MESON CASCADE EQUATIONS FOR SPECIAL 

CASES OF SECONDARY PARTICLE 
PRODUCTION KERNELS’ 

F. S. Alsmiller 
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some coupled one-dimensional nucleon-meson cas- 
c a d e  equat ions  i n  the  a b s e n c e  of pion decay  and 
charged-particle stopping. Absorption c r o s s  sec- 
t ions a r e  assumed t o  have the  s a m e  cons tan t  value 
for all par t ic les .  T h e s e  restr ic t ions limit t h e  va lue  
of the so lu t ions  to  cases of relatively high energy 
and d e n s e  media. 

T h e  c r o s s  s e c t i o n s ,  F .  (E,E’), for the production 
of secondary par t ic les  of type j and energy E by 
par t ic les  of type  k and energy E ’  i n  nonelas t ic  
co l l i s ions  a r e  taken to  b e  of two general forms: 

8.14. NUCLEON-MESON CASCADE 
CALCULATIONS: TRANSVERSE 
FOR A 45-Gev ELECTRON ACCELERATOR 

(PART IV)’ Ik  

R. G. Alsmiller, Jr. F. S. Alsmiller 
J. Barish’ 

In a s e r i e s  of previous reports3 nucleon-meson 
c a s c a d e  ca lcu la t ions  were carried out  for severa l  
cases of in te res t  in  t h e  design of t h e  t ransverse  
sh ie ld  for the  proposed 45-Gev l inear  e lec t ron  where 
accelerator  a t  Stanford University. Since t h e s e  
reports were written the  IBM c o d e  with which t h e  
calculat ions were done  h a s  been rewritten and 
includes a variety of numerical improvements. and 
Furthermore, the  production of mesons from pion 
decay  is treated more correct ly  i n  the  present  c o d e  
than i n  t h e  previous one. 

To t e s t  the validity of the  previous work, one of 
the  cases considered in  ref. 3 h a s  been recal- 
culated,  with the same physical  data  and in i t ia l  + 8.  I k  [ao + b o ( ; r  + co(gr l > ;  (2) values  that  were used  in ref. 3. There  a r e  some 
numerical differences between the present  and  
previous resu l t s ,  but the total  d o s e  e s t i m a t e s  where 7, y, ai, b., c . ,  a o ,  bo, and c a r e  arbitrary 
obtained from the two ca lcu la t ions  are e s s e n t i a l l y  cons tan ts ;  and g K ,  g L ,  h, k, H ,  and L a r e  arbitrary 
the  same. functions. Some examples  of Eq. (1) a r e  given. 

F .  (E,E’)=- gk(E ’I [Kj(E,E ’) + h(E)k(E ’)ajk] ; (1) 
i k  g j w  

Kj(E,E ’) + h(E)k(E ’) = H(E)L(E’) ; 
i 

F. ( E , E ’ ) =  - ’) {aj + bj (g,” + cj (%r 
Ik E ’gj(E) 

I 1  0 
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8.17. STATISTICAL MODEL CALCULATIONS 
OF NUCLEON-NUCLEON AND PION-NUCLEON 
COLLISIONS: LABORATORY ENERGY -ANGLE 

DISTRIBUTIONS ASSUMING ISOTROPY 
IN THE CENTER-OF-MASS SYSTEM' 

R. G. Alsmiller, Jr. 

8.16. STATISTICAL MODEL CALCULATIONS 

COLLISIONS: CENTER-OF-MASS SPECTRA' 

R. G. Alsmiller, Jr. 

Sect ion 8.16 (abstract  of ORNL-3713) d i s c u s s e s  
OF NUCLEON-NUCLEON AND PION-NUCLEON s t a t i s t i c a l  model ca lcu la t ions  tha t  were carr ied 

out for nucleon-nucleon and  pion-nucleon colli- 
s i o n s ,  the  resu l t s  of which were reported for the  
center-of-mass spec t ra  of both p ions  and nucleons. 

In order to  consider  nucleon-nucleus and pion- 
nucleus co l l i s ions ,  i t  is necessary  to know in 
detai l  the  r e s u l t s  of nucleon-nucleon and pion- 
nucleon co l l i s ions .  In the  energy region where 
multiple pion production is poss ib le ,  suff ic ient ly  
de ta i led  experimental  information is not avai lable;  
thus it is necessary  to  u s e  theoret ical  models t o  
obtain the  required information. 

Calculat ions for nucleon-nucleon and pion-nucleon 
co l l i s ions  based  on t h e  s t a t i s t i c a l  model have  been  
carried out .2*3  T h e  ca lcu la t ions  were done with 
a n  IBM c o d e  written by D. J .  J o n e s 4  a t  CERN and 
are ,  i n  principle, no different from a variety of 
s u c h  ca lcu la t ions  carr ied out previously. 

In the  ca lcu la t ions  s t range-part ic le  production 
w a s  neglected and no charge a n a l y s i s  w a s  per- 
formed; that  is, resu l t s  were  obtained only af ter  
summing over a l l  charge  components of a par t icular  
kind of par t ic le .  T h e  center-of-mass energy spec t ra  
(averaged over al l  center-of-mass angles )  and the 
mult ipl ic i t ies  of nuc leons  and pions were obtained 
for a variety of cases with laboratory energ ies  i n  
the range 0.8 t o  10 Gev. 
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If the  resu l t s  of ORNL-3713 a r e  to  b e  u s a b l e  i n  
s tudying  nucleon-nucleus and  pion-nucleus col l i -  
s i o n s ,  i t  is n e c e s s a r y  that  they be  transformed 
into the  laboratory s y s t e m ,  T h i s  transformation 
requires  a knowledge of the  angular  dis t r ibut ion 
of the par t ic les  i n  t h e  c.m. system. T h e  s t a t i s t i c a l  
model, however, g ives  no information concerning 
t h e s e  angular  dis t r ibut ions (a l l  resu l t s  in ORNL- 
3713 a r e  averaged over  c.m. angles) .  Therefore  
i t  is n e c e s s a r y  to introduce a n  assumption about  
t h e s e  angular  dis t r ibut ions before carrying o u t  the  
t rans  formation. 

For  present  purposes  - obtaining r e s u l t s  which 
may be  used  in  s tudying  nucleon-nucleus and pion- 
nuc leus  c o l l i s i o n s  - t h e  transformation h a s  been 
carried out  on t h e  assumpt ion  tha t  all par t ic les ,  
both nucleons and pions,  a r e  isotropical ly  d is -  
tributed in  the c.m. system. Calcu la t ions  have  
been carr ied out  for all cases for which center-of- 
mass spec t ra  were given i n  ORNL-3713. 
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8.18. NUCLEON-NUCLEUS AND PION-NUCLEUS 
COLLISIONS IN THE ENERGY RANGE 

2 TO 10 Gev 

R. G. Alsmiller, Jr,,  

Major uncertaint ies  i n  sh ie ld ing  c a l c u l a t i o n s  for 
high-energy acce lera tors  arise from lack  of in- 
formation concerning nucleon-nucleus and pion- 
nuc leus  co l l i s ions .  To partially a l lev ia te  th i s  
difficulty, approximate ca lcu la t ions  of the  r e s u l t s  
of s u c h  co l l i s ions  a r e  being performed. 
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T h e  da ta  concerning nucleon-nucleon and pion- 

nucleon e l a s t i c  co l l i s ions  which a r e  needed in  
the nuclear  ca lcu la t ions  have  been obtained from 
experimental measurements. T h e  energy dis t r i -  
butions and mult ipl ic i t ies  from nucleon-nucleon and  
pion-nucleon i n e l a s t i c  co l l i s ions  have  been ob- 
ta ined from a Fermi s t a t i s t i c a l  model (see Sect. 
8.16, a b s t r a c t  of ORNL-3713, and Sect. 8.17, 
abs t rac t  of ORNL-3716). T h i s  information is be ing  
used  i n  intranuclear  c a s c a d e  ca lcu la t ions  carr ied 
out i n  a one-dimensional approximation, that  is, 
under t h e  assumption that  all par t ic les  a r e  emit ted 
i n  the direct ion of t h e  incident  par t ic le .  T h i s  
means, of course ,  that  no information concerning 
the angular  dis t r ibut ions of the  emitted par t ic les  
will be  obtained. Furthermore, t h e  Fermi momentum 
of nucleons i n  the  nuc leus  is neglected and  pion 
absorpt ion by two nucleons  is neglected;  s o  the  
energy dis t r ibut ions of the  emit ted par t ic les  wil l  
be obtained only a t  re la t ively high energ ies  (-500 
Mev). 

For  simplicity, the  s t a t i s t i c a l  model w a s  used  
t o  obtain only nucleon and  pion energy dis t r ibut ions 
rather than a n  expl ic i t  energy dis t r ibut ion for e a c h  
charge  s t a t e .  Therefore t h e  nuclear  c a s c a d e  cal- 
cu la t ions  wil l  yield only nucleon and  pion d is -  
tributions. 

After the c a s c a d e  ca lcu la t ions  a r e  performed, 
the  r e s u l t s  wil l  be averaged over d i s t a n c e  to sim- 
ulate  the  co l l i s ion  between the  incident  par t ic le  
and a spher ica l  nucleus.  In th i s  averaging  p r o c e s s  
a s p a t i a l  variation of the dens i ty  dis t r ibut ion of 
nucleons in  the  nucleus wil l  b e  included. 

> 

8.19. PAIR PRODUCTION CROSS-SECTION 
PROGRAM 

C. D. Zerby '  C. W. Nestor, Jr.' 

A program for the CDC-1604 computer h a s  been  
written and is now i n  operation to  compute t h e  
differential c r o s s  s e c t i o n  for t h e  production of a 
pair of Dirac par t ic les  by photons in t h e  unscreened 
Coulomb field of a nucleus.  Input to  the  program 
c o n s i s t s  of the incident  photon energy, i n  MeV, 
the fraction of t h e  ava i lab le  kinet ic  energy carr ied 
by one member of the  pair, and  t h e  maximum angular  
momentum to be  included i n  ca lcu la t ing  t h e  c r o s s  
sec t ions .  Output from the program c o n s i s t s  of the  
coeff ic ients  of the Legendre polynomial expans ion  

of the c r o s s  sec t ion .  T h e  method used  is e s s e n -  
t ia l ly  tha t  of Jaeger  and  H ~ l m e . ~  Our program is 
designed to  a l low for higher angular momenta and 
higher incident  energ ies  than those used  by Jaeger  
and Hulme. 

To d a t e  t h e  resu l t s  show that  total  c r o s s  s e c t i o n s  
ca lcu la ted  by the program a r e  i n  good agreement  
for mater ia ls  with low atomic number with v a l u e s  
ca lcu la ted  from t h e  Born approximation formula of 
Bethe  and Hei t ler .4  Work is under way on a cal- 
culat ion of differential c r o s s  s e c t i o n s  by the  Born 
approximation to  provide a n  addi t ional  check  on 
t h e  r e s u l t s  of the computer ca lcu la t ions .  
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8.20. STATISTICAL FLUCTUATIONS IN THE 
OUTPUT OF AN INTRANUCLEAR CASCADE 

MONTE CARLO COMPUTATION' 

R. W .  P e e l l e  

An effort h a s  been made to  es t imate  the  magni- 
tude of the  s t a t i s t i c a l  f luctuat ions i n  t h e  differ- 
en t ia l  secondary-nucleon cross -sec t ion  output by 
the Bertini intranuclear  c a s c a d e  computation and  
t o  compare t h e s e  e s t i m a t e s  t o  the  s c a t t e r  observed 
between s u c c e s s i v e  Monte Carlo outputs. P o i s s o n  
s t a t i s t i c s  a r e  found to  be adequate  t o  explain the  
f luctuat ions in  the number of outgoing par t ic les  
es t imated for s m a l l  energy and  angle  ranges.  A 
chi-square t e s t  with one degree of freedom w a s  
performed for each  energy and angle  bin, and  both 
the dis t r ibut ion of t h e s e  values  and  the  combined 
chi-square t e s t  confirm the  reasonableness  of the  
est imated var iances .  To explain the  f luc tua t ions  
in  the output of  the  a s s o c i a t e d  nucleon evaporat ion 
program, i t  is necessary  to  employ var iance  es- 
t imates  based  on a binomial approximation. A 
complete  s t a t i s t i c a l  a n a l y s i s  of the problem is not 
performed. 
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8.21. DIFFERENTIAL BREMSSTRAHLUNG 
CROSS SECTIONS FOR LOW-ENERGY 
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8.22. SPACE VEHICLE SHIELDING STUDIES 
(PART 111): THE ATTENUATION OF 

A PARTICULAR SOLAR FLARE 
BY AN ALUMINUM SHIELD' 

ELECTRONS' R. G. Alsmil ler ,  Jr. J.  E.  Murphy2 

J .  D. Lawson'  

Bremsstrahlung c r o s s  s e c t i o n s  have  been cal- 
cu la ted  for s c r e e n e d  and nonscreened ta rge ts  for 
e lec t rons  with energies  from 0.05 t o  5 M e V .  T h e  
c r o s s  s e c t i o n s  were obtained by numerical inte- 
gration of t h e  Bethe-Heitler equat ion for brems- 
s t rahlung c r o s s  s e c t i o n s  which a r e  differential in  
photon energy and in  photon and electron emiss ion  
angles .  Values  of the  bremsstrahlung c r o s s  sec- 
tions which a r e  differential i n  photon energy and 
doubly differential in  photon energy and photon 
emiss ion  angle  are tabulated. 

Us ing  t h e  s t ra ightahead approximation, nucleon- 
meson c a s c a d e  ca lcu la t ions  have  been carr ied out  
for a particular solar-flare proton spectrum ificident 
on a sh ie ld .  T h e  sh ie ld ing  mater ia l  h a s  approxi- 
mately the propert ies  of aluminum. Both spher ica l -  
s h e l l  and s l a b  geometries were considered.  
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9. Experimental Studies for 

High-Energy Radiation Shielding 

9.1. THE SPACE, TIME, AND ENERGY 
DISTRIBUTIONS OF THE PROTON BEAM 

OF THE HARVARD UNIVERSITY 
 SYNCHROCYCLOTRON^ 

R. T. Santoro 

T h e  s p a c e ,  time, and energy dis t r ibut ions of t h e  
proton beam of the Harvard University Syn- 
chrocyclotron were measured. T h e  s p a t i a l  dis t r i -  
bution w a s  est imated from multiple-scattering 
approximations and measured by means of x-ray 
films and  a beam-profile counter  te lescope.  Ex- 
perimental resu l t s  may b e  approximated by a 
Gauss ian  function with CT= t0 .28 cm, with agree- 
ment between the observed resul ts  and the  
multiple-scattering es t imates  being favorable. 
Ninety-eight percent  of the  protons were con-  
ta ined in  a n  0.84-cm beam radius. Analys is  of 
t h e  macroburst s t ructure  revealed a gross  duty 
c y c l e  of (4  i 2 ) % ,  depending on proton inject ion 
and extract ion parameters. Osc i l loscope  observa-  
t ions  of the  microstructure showed that  the  proton 
burs t s  occurred a t  regular 42-nsec intervals ,  with 
t h e  width of the time distribution of protons 
being less than 7 nsec .  T h e  s tandard deviat ion 
of t h e  time between ad jacent  bursts  of protons 
w a s  measured t o  be  1.4 n s e c  by a delayed-coinci- 
d e n c e  technique. 

T h e  proton beam energy w a s  determined from 
measurements of the proton range in  copper  and 
from time-of-flight measurements. T h e  beam 
energy determined from the range measurements  
w a s  160.3 i 0.6 M e V .  T h e  rms range spread  
w a s  measured from the different ia l  range curve  as  
0.34 k 0.05 g/cm2, which may b e  compared with 

t h e  ca lcu la ted  s t raggl ing s tandard  deviat ion of 
0.32 g/cm2. T h e  proton energy measured by 
flight-time a n a l y s i s  over a 355-cm flight pa th  
w a s  153.38 k 4.1 M e V .  
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9.2. MEASUREMENT OF THE INTENSITY OF 
THEPROTONBEAMOFTHE HARVARD 

UNIVERSITY SYNCHROCYCLOTRON FOR 

OF NUCLEAR SECONDARIES' 
ENE RGY-SPECTRAL MEASUREMENTS 

R. T. Santoro R. W. Peelle 

T w o  thin helium-filled parallel-plate ioniza- 
t ion chambers  were designed for u s e  in  con-  
t inuously monitoring the  160-Mev proton beam of 
t h e  Harvard University Synchrocyclotron over a n  
intensi ty  range from 10' to 10" protons/sec.  
T h e  d a t a  were required for support  of var ious 
measurements  of energy s p e c t r a  of neutrons,  
protons, and gamma rays resul t ing from the  inter- 
ac t ion  of high-energy protons with var ious ta rge ts  
representat ive of typical  s p a c e  vehic le  s h i e l d i n g  
mate ria 1s. 

T h e  ionizat ion chambers were cal ibrated by 
two independent  methods. In four ca l ibra t ions  t h e  
charge co l lec ted  in  the ionization chambers  w a s  
compared with that  deposi ted i n  a Faraday  c u p  
which followed the  ionization chambers  i n  t h e  
proton beam. In a second method a cal ibrat ion 
w a s  made by individually count ing beam protons 
with a pair of thin scint i l la t ion detectors .  T h e  
ionizat ion chamber response  w a s  found t o  b e  f la t  
within 2% for a five-decade range of beam 
intensi ty .  

Comparison of the  Faraday-cup ca l ibra t ions  
with that  from proton count ing s h o w s  agreement  to 
within 5%, which is considered sa t i s fac tory  for 
the  u s e s  to which t h e  d a t a  wi l l  be  put. T h e  
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experimental  resu l t s  were also i n  agreement ,  
within es t imated  errors, with the  ionizat ion cham- 
ber r e s p o n s e  ca lcu la ted  by u s i n g  a n  accepted  
value of the average  energy loss per ion pair  for 
helium. A s low sh i f t  in t h e  cal ibrat ions with time 
is ascr ibed  to a gradual contamination of the  
helium in t h e  chambers  by a i r  leakage.  

An appendix descr ibes  the cal ibrat ion of s tand-  
ard current s o u r c e s  used  for accura te  cal ibrat ion 
of the  current-measuring instruments. 
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9.3. SPECTRA OF GAMMA RAYS PRODUCED 
BY THE INTERACTION OF -160-Mev PROTONS 

WITH Be, C, 0, AI, Co, AND Bi'  

W. Zobel  F. C. Maienschein 
R.  J. Scroggs' 

A measurement of the  gamma rays in the  energy 
range 0.6 t o  11 Mev resul t ing from bombardment of 
Be ,  C, H,O, Al, Co,  and Bi ta rge ts  with -160-Mev 
protons h a s  been  completed. A t h r e e c r y s t a l  
sc in t i l l a t ion  spectrometer  w a s  used  a s  a pair  
spectrometer  for photons having energ ies  above 
2 Mev and as a total-absorption, ant icoincidence 
spectrometer  for photons having  energ ies  below 
2.5 M e V .  A time-of-flight method w a s  used  t o  
re jec t  c o u n t s  due t o  neutrons, with a n  average  
reject ion eff ic iency of 0.70 f 0.01. Data  were 
obtained i n  the  form of pulse-height spec t ra ,  
which were converted t o  photon s p e c t r a  by a 
computer-programmed "unscramblings' technique;  
th i s  technique resul ted in  the  assignment  of upper 
and lower s p e c t r a l  bounds which represented a 
68% confidence interval. T h e  bulk of the d a t a  
w a s  obtained a t  136O from the  direct ion of t h e  
proton beam; d a t a  obtained with A1 ta rge ts  a t  
44 and 20S0 give no evidence  of anisotropy. 

Discre te  gamma rays were found for all mater ia ls  
except  Bi. C r o s s  s e c t i o n s  for t h e  production of 
t h e s e  gamma rays were computed, and p laus ib le  
ass ignments  were made for the  t rans i t ions  giving 
r i s e  t o  t h e s e  l ines .  In t h e  case of Al, Co, and Bi 
a continuum w a s  observed,  underlying the  d is -  
c r e t e  spectrum for t h e  A1 and c o  targets .  

T h e  to ta l  gamma-ray production c r o s s  s e c t i o n s  
for photons in  the energy range 0.6 t o  11 Mev 
were ca lcu la ted  to be the  following: Be, 
6.8 f 1.3 mb; C, 41.4 f 6.3 mb; 0, 115 f 22 

mb; Al, 434 i 97 mb; and Co, 1050 k 220 mb. 
Where comparisons with the work of  other invest i -  
gators  a r e  ava i lab le ,  the present  cross-sect ion 
resu l t s  appear  t o  be, in general ,  somewhat  larger. 
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9.4. DIFFERENTIAL CROSS SECTIONS BY 
FLIGHT-TIME SPECTROSCOPY FOR PROTON 

PRODUCTION IN REACTIONS OF 160-Mev 
PROTONS WITH VARIOUS NUCLEI 

R. W. Peelle 
T. A. Love 

N. W. Hi l l '  
R. T. Santoro 

Flight-time spectroscopy w a s  employed t o  
measure different ia l  c r o s s  s e c t i o n s  for t h e  
production of secondary protons in severa l  
e lements  by 160-Mev incident  protons from t h e  
Harvard University Synchrocyclotron. T h e  re- 
s u l t s  of th i s  experiment, which w a s  subsidiary t o  
one in  which c r o s s  s e c t i o n s  for secondary  neu- 
tron production were measured,  have  been com- 
pared with the Monte Carlo c a s c a d e  and evapora-  
tion predict ions of Bertini '  and  D r e ~ n e r , ~  with 
some comparisons including the  e f fec ts  of instru-  
ment smearing. T h e  resu l t s  have  also been  com- 
pared with t h o s e  from related experimental  work 
(Sect. 9.5), and,  in  cases where they a r e  direct ly  
comparable, the  da ta  a r e  in  agreement. 

T h e  equipment and some preliminary r e s u l t s  
were descr ibed  p r e ~ i o u s l y . ~  A cyclotron average  
current of about  5 x l o 4  pro tons /sec  w a s  em- 
ployed; s o  two protons were observed in  t h e  
s a m e  rf acce le ra t ion  c y c l e  only 1 /25  of t h e  time. 
Therefore  a sc in t i l l a tor  te lescope  placed in  the  
beam ahead  of the  -0.6-g/cm2-thick ta rge ts  
se rved  to announce zero  flight t ime for e a c h  beam 
proton and al lowed a count  of the  u s a b l e  o n e s .  
T h e  sc in t i l l a tor  te lescope  used  t o  detect  
sca t te red  charged par t ic les  w a s  too thick for 
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protons having energies <20 MeV, and could not 
discriminate among the possible kinds of charged 
secondaries. Flight-time resolution was about 
1 nsec ,  providing energy resolution of about 
20% a t  45 Mev for the 90-cm-long flight path 
commonly used. At energies below 30 M e V ,  tar- 
get thickness dominated the energy resolution. 

The  raw data showed that target-out back- 
grounds were not severe but that timing resolu- 
tion and drift were serious problems. At low 
energies t ime  channels w e r e  combined into bins 
of width gaged by the energy resolution. The 
response of each  bin a s  a function of scattered 
proton energy was computed by carefully summing 
contributions over the target, taking into account 
energy-loss and flight-time increments in each of 
the eight materials through which the secondary 
protons passed, as well as the t i m e  resolution of 
the system and its time slewing as a function of 
pulse height. Uncertainties in these  and other 
experimental parameters were propagated to the 
final cross sections.  The angular smearing 
induced by multiple Coulomb scattering was less 
than the 6-8O resolution given by the detector 
s ize ,  except a t  low energies for the cobalt and 
bismuth targets . 

Table 9.4.1 gives the integrated cross sec t ions ,  
w(O,E'> 20 Mev), for the production of secondary 
protons having energies above 20 M e V .  The  cal-  
culated values are from the intranuclear cascade  
Monte Carlo estimates. Although measurements 
were made for a scattering angle of loo, no 
values a re  given because the integrated cross 
sec t ions  there a re  dominated by e las t ic  scattering. 
Figure 9.4.1 shows the smoothly changing re- 
su l t s  observed at  30° for targets ranging in m a s s  
numberfrom 9 to 209. 

The  general energy dependence of the differ- 
ential  c ross  sections determined experimentally 
is consistent with that suggested by the intranu- 
clear cascade  estimates. At scattering angles  
- - >90° the sharp cutoff with energy appears t o  
occur at too low an  energy in the computations, 
and a t  small angles the quasi-elastic peak is not 
defined a s  well by the experimental data as by the 
Monte Carlo work. When the computed results 
were smeared by the computed instrument re- 
sponse  these differences continued to  ex is t .  
Figure 9.4.2 i l lustrates this trend for proton pro- 
duction from cobalt a t  30'. At 10' for aluminum 

and cobalt, the computations give inadequate 
intensit ies by factors of 3 and 1.8, respectively, in 
the 20- to 50-Mev region, where detection of the 
inelastic events  is not confused by strong 
e l a s t i c  scattering. 

Table 9.4.1. Laboratory System Angle-Different io I 
Cross Sections for the Production of Secondary 

Protons of Energy >20 Mev 

~~ ~~ 

Integrated Cross Section 

(mb/steradian) Target 
Experimental Calculated 

H Z o  

2O 
Be 
C 

A1 
c o  
Bi 

A1 

c o  

H2° 
A1 
c o  

A1 
c o  

c o  

Scattering Angle = 30' (24-35')" 

152 k 7 128 + 4 b  
157 k 7  102 t xc 
70 5 2  70 k 2  
75 k 2  87 + 3  

124 k 4 125 f 3  
187 k 7  
330 k 14e 254 k 7  

(188 k 5) t 0 . 7 d  

Scattering Angle = 4 5 O  (40-50O)" 

80 f 3 
129 k 5  

85 k 2 
(129 f 3) t 1.8d 

Scattering Angle = 600 (56-64')" 
f 54 t 3  47 + 2  

43 k 1.5 45 k 2  
70 k 3  (67 + 3) t l.Sd 

Scattering Angle = 900 (85-95')" 

11.4 k0.6 8.0 k 0.7 
21.2 f 1.1 (12.5 f 0.9)+1.4 

Scattering Angle = 1 2 p  (110-131°)" 

9.7 f 0.7 (2.5 k 3) t l.Sd 

"Values in parentheses give the angular interval for 
the calculation. 

bA contribution of 26 mb/steradian is included for 
hydrogen scattering. 

'x is the unknown contribution from sca t te r ing  in 
deuterium. 

dThis  is a contribution predicted from the evapora- 
tion proton spectrum smeared by the instrument response.  

eEstimated contribution from e la s t i c  sca t te r ing  is 
less than 10 mb/steradian. 

'A contribution of 15 mb/- cteradian is included for 
hydrogen scattering. 
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9.5. SPECTRA OF NEUTRONS AND PROTONS 
FROM TARGETS BOMBARDED BY 160-Mev 

PROTONS 

J .  W. Wachter 
W. A. Gibson 

W. R. Burrus 
C. F. ,Johnson' 

A proton spectrometer  h a s  been used  t o  meas- 
ure secondary  neutron and  proton s p e c t r a  from 
ta rge ts  bombarded by 160-Mev protons. T h e  
spectrometer  c o n s i s t s  of threle sc in t i l l a t ion  
counters ,  operated in  coincidence t o  def ine t h e  
angle  of acceptance .  T h e  f ina l  counter  is a th in  
NaI(T1) sc in t i l l a tor  through which the protons 
p a s s ,  depos i t ing  a n  energy proportional to  the i r  
dR/dx which d e c r e a s e s  with increas ing  proton 
energy. F o r  measurements of neutron s p e c t r a  a 
polyethylene radiator is placed in front of t h e  
proton t e l e s c o p e  t o  convert  neutrons t o  recoi l  pro- 
tons, and an an t ico inc idence  counter  is placed in 
front of the  radiator t o  re ject  protons present  
in the incident  flux. 

T h e  energy spectrum of incident  protons or 
neutrons was  ca lcu la ted  by us ing  the  pulse-  
height distribution from the dE/dx sc in t i l l a tor .  
T h e  in i t ia l  d a t a  a n a l y s i s ,  undler s implifying 
assumpt ions ,  re la ted a given proton energy loss 
in  the  dE/dx sc in t i l l a tor  t o  a corresponding proton 
or neutron energy. T h i s  method, however, ignored 
the f ini te  energy resolution of the  sys tem.  T h e  
resolut ion is governed primarily by t h e  geometry 
of t h e  spectrometer ,  t h e  th ickness  of the radiator, 
if u s e d ,  and  the spread  in  energy depos i ted  in  the  
dE/dx detector  due to the Landau effect .  T h e  
composi te  resolution funct ions fox neutrons and  
protons h a v e  been ca lcu la ted ,  and the resu l t ing  
pulse-height dis t r ibut ions a r e  shown in F i g s .  
9.5.1 and 9.5.2 for various neutron and proton 

i 
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Fig. 9.5.1. Proton Spectrometer Response Functions for Various-Energy Neutrons. Radiator thickness: 1.334 cm. 
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Fig. 9.5.2. Proton Response Matrix for Observations 

at  60’ (Lab) with 30° Target Angle. 

energies .  T h e s e  functions a r e  somewhat  skewed,  
and complicate  comparisons of the resu l t s  with 
other  experimental resul ts .  

In order t o  present  the  resu l t s  in  a more s tand-  
ardized manner, the da ta  a r e  now being re- 
analyzed by using the SLOP code .*  T h i s  c o d e  
recombines the count ing eff ic iency funct ions for 
e a c h  channel  of the  pulse-height dis t r ibut ion so  
that  t h e  resul t ing combinations approximate a n  
idea l ized  spectrometer  having the desired re- 

s p o n s e  function. T h e  code  is based  upon “quad- 
ra t ic  programming” and ut i l izes  ava i lab le  a priori 
information i n  its operations. T h u s  the  d a t a  were  
analyzed t o  make it appear  that  the s p e c t r a  as 
presented had been measured with a spectrometer  
having Gauss ian  response functions of cons tan t  
width. T h e  advantages  of s u c h  a n a l y s e s  a r e  as 
follows: 

1. T h e  f inal  spectrum is defined by two c u r v e s  
represent ing upper and lower limits of error at a 
given confidence leve l  (usually taken a s  the 68% 
leve l )  within which lies the true spectrum. 

T h e  f inal  spectrum appears  t o  have  a Gaus- 
s ian  energy resolution, and may be  compared 
s ta t i s t ica l ly  with a calculated spectrum by smooth- 
i n g  t h e  ca lcu la ted  spectrum with a Gauss ian  of t h e  
s a m e  width. 

3. T h e  known nonnegativity of the spectrum 
and other information, such  as the known regularity 
of the  spectrum, a r e  taken into account  by the  
code.  T h e  u s e  of t h i s  addi t ional  information re- 
s u l t s  in  a smaller  uncertainty. 

Typica l  resu l t s  a r e  shown in F i g s .  9.5.3 and  
9.5.4, F i g .  9.5.3 showing the  spectrum for 
secondary neutrons from a n  aluminum targe t  a t  4.5’ 
(laboratory system) and Fig. 9.5.4 giving the  c r o s s  
sec t ion  for secondary protons from a bismuth 

2. 
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Fig. 9.5.3. Neutron Energy Spectrum for 160.Mev 
Protons Incident on a 26.9-g/cm2-thick Aluminum 
Target at 45' (Lab). Radiator thickness: 1.344 cm. 
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Fig. 9.5.4. Measured Proton Cross Section at 60' 

(Lab) for 160-Mev Protons Incident on a 0.866-g/cm - 
thick Bismuth Target. 
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target a t  60° (laboratory sys tem) .  In both figures 
the  measured da ta  a r e  shown as  points ;  the  curves  
ind ica te  t h e  derived limits of error a t  the  66% 
confidence leve l .  T h e  errors include t h e  count ing 
errors  and t h e  errors in  smoothing the  da ta  to a n  
apparent  resolut ion of 25 M e V .  
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9.6. COMPARISON OF MEASURED NEUTRON 
AND PROTONSPECTRAWITHCALCULATED 

SPECTRA IN THE ENERGY REGION BETWEEN 
50 AND 160 Mev 

W. A. Gibson 
W. R. Burrus 

W. E.. Kinney 
J. W. Wachter 

C. F. Johnson '  

T h e  preceding s e c t i o n  d e s c r i b e s  a measurement 
of the  energy spec t ra  of secondary  neutrons and 
protons resul t ing from t h e  bombardment of var ious 
ta rge ts  by a col l imated beam of 160-Mev protons. 
A principal  ob jec t ive  of the experimental  program 
of which these measurements are a par t  is to 
generate  d a t a  t o  b e  compared with t h e  Monte 
Carlo ca lcu la t ions  of Bertini '  and of K i n n e ~ . ~  

Two t y p e s  of comparisons have  been made for 
the  energy region between 50 and 160 M e V .  T h e  
first compared theoret ical  and measured c r o s s  
s e c t i o n s  for secondary neutron and  proton pro- 
duction. T h e  ta rge ts  used  in t h e s e  experiments  
were th in ,  s o  that  t h e  incident  proton l o s t  less 
than 10% of i t s  energy in  t ravers ing the  target ,  
and t h e  probability of the secondary  par t ic les  
undergoing addi t ional  nuclear  interact ions w a s  
small .  T h e  second compared t h e  measured neu- 
tron yield for ta rge ts  sufficiently thick t o  com- 
pletely s t o p  t h e  incident  protons with the  yield 
predicted by the  Kinney transport code. 

Two fac tors  must b e  considered in  making direct  
comparisons between the ca lcu la t ions  and t h e  
measurements. F i r s t ,  the energy resolut ion 
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limitations of the spectrometer cause  mixing of 
adjacent regions of the spectrum. This  effect is 
especially significant when the energy spectrum 
changes rapidly, a s  in the c a s e  of proton cross 
sections.  Second, the calculational model must 
correctly simulate the experimental conditions. 
For instance, angular data calculated without 
regard to the point of interaction are not comparable 
with experimental data, since for thick-target 
measurements a particle emitted at a given 
angle in the target may pass  through the spectrom- 
eter,  whereas a particle emitted a t  the same angle 
but a t  a point farther from the spectrometer may 
not enter it. 

The effect of spectrometer resolution upon the 
data was considered by “smearing” the calcu- 
lated spectrum with a Gaussian resolution function 
which closely approximated the resolution func- 
tion used in analyzing the experimental resu l t s  
with the SLOP code.4 The correct calculational 
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Fig. 9.6.1. Proton Production Cross Section at  60° 
as a Function of Energy for 160-Mev Protons Incident 

on a 0.549-g/cm2-thick Aluminum Target. 

model was obtained by writing a Monte Carlo 
analysis code which considered only those 
particles that corresponded to  particles entering 
the spectrometer under actual experimental condi- 
tions. 

Figures 9.6.1 and 9.6.2 show cross-section com- 
parisons for protons a t  60° and neutrons at 45” 
respectively. The hatched band in the figures is 
the 68% confidence interval obtained by the SLOP 
analysis of the data,  while the errors shown for 
the calculated data are a l so68% confidence limits. 
In both c a s e s  the errors are s ta t i s t ica l  only. 

The theoretical and experimental cross sec- 
tions, in general, agree a t  most points above 
50 M e V .  In a few c a s e s  agreement within the ex- 
pected error is found for the total c ross  section 
over the entire energy range above 50 M e V .  

Three different potential well shapes  were used, 
and the results giving the best overall agree- 
ment with experiment were chosen for these  
comparisons. 
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Fig. 9.6.2. Neutron Production Cross Section at  45O 
as a Function of Energy for 160-Mev Protons Incident 

on a 3.224-g/crn2.thick Cobalt Target. 
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Fig. 9.6.3. Secondary Neutron Y i e l d  from a 26.89- 
g/cm -thick Aluminum Target  a t  10 and 4S0 to the 

Incident 160-Mev Proton Beam. The  incident beam was 

completely stopped in the target. 
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Figures 9.6.3 and 9.6.4 show theoretical and 
experimental neutron yields from 160-Mev protons 
on aluminum and bismuth respectively. Again the 
hatched band is the 68% confidence interval from 
the data analysis,  and the errors shown for the 
calculated da ta  are 68% confidence limits. A 
fairly ser ious  disagreement appears to ex is t  be- 
tween the experimental results and those  of the 
transport calculations, the calculated yields 
being larger in all cases. Li t t le  possibility 
ex i s t s  for changes in the code, s ince  the only 
variable parameters occur in the input data ob- 
tained from the cross-section code. Some effects, 
such as Coulomb scattering of the incident pro- 
tons, have been included, and the inclusion of 
other factors which may improve agreement with 
experiment is being investigated. 
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9.7. SPECTRA OF NEUTRONS AND PROTONS 
FROM TARGETS BOMBARDED BY 

450-Mev PROTONS 

W. A. Gibson W. R. Burrus J .  W. Wachter 

A measurement of neutron and proton spectra 
from targets bombarded by 450-Mev protons a t  
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t h e  University of Chicago Synchrocyclotron h a s  
been  completed. ' Although t h e  data  have not 
ye t  been completely analyzed,  the  d e t a i l s  of the  
spectrometer  and the types of da ta  obtained may 
b e  summarized. 

Bas ica l ly  t h e  spectrometer  is similar  to t h e  
proton recoi l  spectrometer descr ibed previously, 
with s e v e r a l  modifications which improve i t s  oper- 
a t ion.  As shown i n  Fig.  9.7.1, a hydrogenous ra- 
diator  is preceded by two organic sc in t i l l a t ion  
counters  and followed by three organic sc in t i l l a -  
tion counters  and  a Cerenkov detector. T h e  two 
counters  preceding the  radiator a r e  p laced  in 
ant icoincidence with t h e  other  counters  and 
s e r v e  to  re jec t  protons present  in  t h e  incident  
flux. T h e  three counters  following t h e  radiator 
a r e  placed in  coincidence,  with the  pulse  height 
from t h e  center  counter being recorded in  a pulse- 
height  analyzer. T h e  energy spectrum of t h e  
neutrons incident  on t h e  radiator is ca lcu la ted  
from the  pulse-height spectrum of t h e  protons re- 
co i l ing  from t h e  radiator. T h e  other two coinci-  
dence  counters  limit t h e  p u l s e s  being analyzed to 
those  produced by charged par t ic les  (protons or 
e lectrons)  pass ing  completely through the  region 
occupied by the  radiator and  t h e  energy-detecting 
counter. T h e  Cerenkov counter  is placed in  
ant icoincidence with the  three  counters ,  and  
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s e r v e s  t o  reduce the  background resul t ing from 
high-energy electrons produced by high-energy 
gamma-ray interact ions in  t h e  ta rge t  and radiator. 

T h e  major change from t h e  previous spectrom- 
e t e r  w a s  the  replacement of t h e  NaI(T1) energy 
detector  with a n  organic  sc in t i l l a tor  whose  light 
is col lec ted  from the  s i d e ,  thus  permitting a 
counter  t o  be  placed behind t h e  energy detector. 
S ince  t h e  decay  t i m e  of the l ight  pu lse  from t h e  
organic  sc in t i l l a tor  is about  50 t imes f a s t e r  than 
tha t  of t h e  pulse  from NaI(Tl), a s i g n a l  suff ic ient  
to t r igger  t h e  coincidence c i rcu i t  c a n  b e  obtained 
with a much smaller  average  a n o d e  current  in  
t h e  photomultiplier. S ince  t h e  maximum count ing 
rate  in  the  energy-detecting counter  is governed 
by current-dependent gain s h i f t s  in  the photo- 
multiplier, the  lower average  a n o d e  current of 
t h e  present  spectrometer  permitted a n  increase  
in  the  count ing r a t e  by a factor  of 10. 

T h e  ta rge ts  u s e d  in  making t h e  neutron measure- 
ments were carbon, aluminum, and  cobal t .  Target  
t h i c k n e s s e s  were divided into two categories:  
t h o s e  which absorbed less than 60 Mev from t h e  
incident  proton beam, and  t h o s e  which absorbed 
more than 200 M e V .  Small-angle measurements  
were also made with a cobal t  target  which com- 
pletely s topped t h e  incident  protons, but physical  
limitations on the  th ickness  of t h e  ta rge ts  pre- 
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Fig.  9.7.1. Diogrom of Proton Reco i l  Spectrometer Used  T o  Measure the Spectro of Secondary Neutrons and 

T h e  organic scint i l lators A, B, and C ore placed in coin- 

Scint i l lators D and E are in ant icoincidence wi th  ABC 
A Cerenkov counter, F, in  ant icoincidence wi th  ABC, serves 

Protons from Torgets Bombarded by 450.Mev Protons. 

cidence and detect the protons recoi l ing from the radiator. 

to reject  counts due to protons in  the incident beam. 

to reject  counts due to electrons result ing from interaction o f  gamma rays with the targets and radiator. 
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vented s u c h  measurements with t h e  less d e n s e  
elements .  T h e  angular  region covered w a s  from 
0 t o  4 5 9  

A wide  var ie ty  of e lements ,  with atomic weights  
ranging from 9 t o  209, were used  a s  ta rge ts  for 
t h e  proton measurements. All t a rge ts  absorbed 
less than 10 Mev from the  incident  beam. T h e  
angular  interval  covered w a s  from 30 to 120'. 

T h e  da ta  a r e  being ana lyzed  by methods de- 
sc r ibed  previously, '  and wil l  b e  compared with 
resu l t s  of c ross -sec t ion3  and transport calcula-  
t ions.  
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9.8. MEASUREMENTS OF PROTON-INDUCED 
GAMMA-RAY SPECTRA AT ORIC 

W. Zobel  R. T. Santoro 
J. H. Todd'  F. C. Maienschein 

Measurements of t h e  energy spec t ra  of gamma 
rays produced in  s i x  target  mater ia ls  by 160- 
Mev incident  protons, which a r e  required for 
ca lcu la t ions  of the  gamma-ray d o s e s  that  will 
be  received by as t ronauts  during s p a c e  flight, 
were d i s c u s s e d  in  Sect. 9.3. B e c a u s e  of t h e  
variety of proton-induced reac t ions  and t h e  un- 
cer ta in t ies  in  their  energy dependencies ,  spec t ra l  
measurements a r e  also required a t  lower proton 
energ ies  in  order to make reasonably accura te  
d o s e  calculat ions.  Both t h e  proton intensi ty  i n  
so la r  f lares  and the  interact ion c r o s s  s e c t i o n s  
i n c r e a s e  a t  lower energies .  Equipment for s u c h  
measurements h a s  been  set up a t  t h e  Oak Ridge 
Isochronous Cyclotron (ORIC). T h e  two gamma- 
ray spectrometers  a r e  bas ica l ly  the  same a s  

t h o s e  u s e d  for t h e  160-Mev measurements  - a 
three-channel "pair" spectrometer  and  a total- 
absorpt ion spectrometer. Major problems to  b e  
overcome include reject ion of t h e  neutron back- 
ground a n d  control of count  losses, which tend 
to  b e  la rge  b e c a u s e  of t h e  pulsed  nature  of t h e  
cyclotron beam and b e c a u s e  of t h e  high s i n g l e s  
count ing r a t e s  that  a r e  required i n  order t o  obtain 
usefu l  s t a t i s t i c s  from the low-efficiency coin- 
c i d e n c e  spectrometer. 

T h e  s tandard ORIC ion opt ic  sys tem,  cons is t ing  
of a s i n g l e  quadrupole l e n s  and a four-jaw col- 
limator, in  addition t o  a common s t e e r i n g  magnet, 
is u s e d  t o  direct  the  proton beam t o  a target  
mounted in  a helium-filled chamber. F o c u s i n g  
is achieved  by  opt imizing the quadrupole  magnet 
current and  collimator jaw openings.  T h e  target  
th ickness  is nominally 15% of t h e  total  proton 
energy, permitting cont inuous absolute-beam- 
in tens i ty  measurements with a Faraday  cup. T h e  
target  is viewed by the  spectrometer ,  which is 
constrained to ro ta te  about  t h e  proton beam axis 
through a n  angle  of 140° at a d i s t a n c e  of 1 m. 
T h e  beam position is determined by occas iona l  
exposure of Polaroid film. T h e  beam energy is 
determined by a measurement of t h e  tange in  
aluminum of protons which a r e  sca t te red  from a 
thin (" 3-mil-thick) hydrogenous foil.  Measure- 
ments  of the  f i r s t  proton energy chosen  for u s e  
gave  a va lue  of 34.4 k 1.0 M e V .  

T h e  variation in  time of the  cyclotron beam 
should,  in  principle, b e  limited tlo microstructure 
a t  t h e  frequency u s e d  (57.5-nsec separa t ion  be- 
tween bursts  a t  the  energy given above). In 
common with all cyclotrons,  however, addi t ional  
t ime s t ruc ture  e x i s t s  i n  t h e  ORIC beam a t  s e v e r a l  
lower f requencies ,  which reduces  the ef fec t ive  
beam duty factor. Nonexhaust ive s t u d i e s  of t h e  
e f fec t  on t h e  addi t ional  s t ructure  of changes  in  
cyclotron parameters led to t h e  conclus ion  t h a t  
they could not b e  el iminated by parameter vari- 
a t ions  within t h e  des ign  limits. S i n c e  t h e  duty 
factor  is not  cons tan t  with time, t h e  count  losses 
must b e  measured continuously. 

For  t h e  three-channel pair  spectrometer ,  the  
co inc idence  timing s i g n a l s  a r e  obtained from a 
crossover  pick-off c i rcui t  which s e n s e s  the  
return of  the  vol tage pulse  t o  t h e  b a s e  line. 
P i leup  of p u l s e s  l e a d s  t o  a change  i n  s h a p e  and 
thus  in  t h e  pick-off time, so  that  timing s i g n a l s  
a r e  removed from coincidence a n d  counts  a r e  
lost .  A sys tem h a s  been devised  which measures  

. '  
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this loss  during a spectrum measurement. It 
cons is t s  essentially in determining the loss in 
an added channel caused by introducing a signal 
from a second channel for which the gain is ad- 
justed to maintain the proper relationship in 
magnitude between the two signals.  The rapid 
variations in counting rate with cyclotron output 
are reflected in the count-loss measurement. In 
practice, the gain adjustment and the detailed 
analysis of the measurements are difficult. In 
one measurement with a 0.49-g/cm2- thick alu- 
minum target a t  34 M e V ,  a 10% overall counting 
lo s s  was observed for a pair-coincidence-counting 
rate of 20 counts/sec. The  no-target background 
was -2  counts/sec. The  cyclotron duty factor 
for th i s  run was of the order of 30%. 

The  major l o s s  of counts for the total-absorption 
spectrometer occurs in the pulse-height analyzer, 
where i t  is accurately determined by the ratio of 
the analyzer “live” t ime  to “real” or clock 
time. For the same beam strength used for the 
pair measurement, the analyzer l o s s  was about 
20%. 

In the use  of scintillation spectrometers to 
determine energy spectra, attention must be 
given to gain shifts in the photomultiplier tubes 
when high counting rates a re  encountered. In 
order to control the gain shifts, i t  was necessary 
to se l ec t  photomultipliers having small gain 
shifts .  Wide variations were observed during the 
selection. The high-gain 56 AVP chosen for 
the center channel of the spectrometer exhibited 
a gain shift of 1.3% for a change in average 
anode current from 50 to 1000 pa, corresponding 
to a maximum count rate of -50,000 counts/sec 
due to a 13’Cs source. The  overall photomulti- 
pl ier  voltage was 1920 v. The other photomulti- 
pliers, of type 6363, gave gain shifts of <0.5% 
for count rates from 600 to 20,000 counts/sec a t  
511 kev with a tube voltage of 650 v. 

The energy calibration of the spectrometer is 
obtained by exposing it to radioactive sources 
having energies up to  2.75 Mev (with useful half- 
lives). Those sources which have suitable decay 
schemes may a l so  be used for efficiency cali- 
brations. The absolute disintegration rates of 
such sources have been determined by use  of 
the calibrated high-pressure ionization chamber. 
A calibration source for energies above 3 Mev 
is necessary but difficult to obtain; however, it 
is planned to use  the “B(p,y)12C reaction which 
yields 4.4- and 11.8-Mev gamma rays. 

Finally, it  is necessary to consider the neutron- 
induced background in the gamma-ray spectral  
measurements. Lead absorption measurements 
with the  0.49-g/cm2-thick aluminum target a t  
34 Mev indicated a neutron background of 15% 
for both spectrometers. In the earlier 160-Mev 
measurements the background was larger; it 
was -45% for an  aluminum target and was only 
reduced t o  20% by using time-of-flight techniques 
to discriminate against neutron-induced events. 
The t i m e  zero was derived from a scintillator 
placed in the proton beam. A s  a simplification, 
it was attempted a t  ORIC to u s e  a timing signal 
derived from the cyclotron rf a s  the t ime  reference. 
This method works well, and t i m e  variations be- 
tween signals derived from the two methods are 
less than 1.5 nsec. However, additional measure- 
ments have demonstrated that the walk of the 
signal used for timing the spectrometer pulse is 
greater than was realized a t  the time of the 
160-Mev measurements; this walk must be re- 
duced to maintain fast  timing (“5 nsec  resolving 
time) and thus make the time-of-flight rejection 
system worthwhile. 

In the results obtained a t  160 M e V ,  many assign- 
ments of peaks in the gamma-ray spectra were 
uncertain because the energy resolution of the 
scintillation spectrometer was inadequate to 
separate levels in mirror nuclei or accidentally 
nearly coincident levels. The much improved 
energy resolution of the lithium-drifted germanium 
solid-state spectrometer3 is therefore highly 
attractive, and a 4-mm-thick diode has  been ob- 
tained. Problems associated with i t s  requisite 
operation a t  liquid-nitrogen temperature and i t s  
lower efficiency are  being investigated. It is 
not yet clear whether th i s  spectrometer will 
supplement or replace the scintillation spec- 
trometer. 
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9.9. THE ENERGY DEPOSITION IN A WATER- 
FILLED SPHERICAL PHANTOM BY 

AND BY NEUTRONS' 
SECONDARIES FROM HIGH-ENERGY PROTONS 

T. V. Blosser  F. C. Maienschein 
R. M. Frees tone ,  Jr. 

T h e  energy deposi ted by neutrons,  gamma rays,  
high-energy protons, and  t h e  nuclear  secondar ies  
resu l t ing  from the  interact ion of high-energy 
protons with severa l  t a rge ts  h a s  been  measured 
a t  var ious points  within a 42-cm-diam spher ica l  
water-filled Luci te  phantom. T h e  proton s o u r c e  
w a s  t h e  Harvard University Synchrocyclotron, 
producing protons of nominally 160-Mev energy. 
Targe ts  were H,O, Al, C ,  Cu, and Bi. F o r  
neutrons t h e  3H(d,n)4He reaction, giving -, 14.9- 
Mev neutrons, and  a Po-Be s o u r c e  (En = 4.3 
M e V )  were used.  T h e  gamma-ray source  w a s  
6oCo. T h e  de tec tors  were  small Lucite-walled 
ionizat ion chambers  f i l led with e i ther  e thylene  
or 97% Ar - 3% C 0 2  gas .  

Data were taken at  the  cyclotron both with t h e  
phantom on t h e  beam a x i s  and with the phantom 
offset  -55" from t h e  beam axis .  T h e  proton beam 
energy determined from a par t  of t h e s e  resu l t s ,  
-160 M e V ,  is in  good agreement  with publ ished 
values .  T h e  energy depos i ted  by secondary  
par t ic les  w a s  found t o  i n c r e a s e  with the  atomic 
number of t h e  ta rge t  material, a s  expected.  T h e  
depth-dose curves  have  a s t e e p l y  nega t ive  s l o p e  
over t h e  region near  t h e  sur face  of the  phantom, 
and a more gent le  s l o p e  a t  greater  depths. T h e  
magnitude of t h e  d o s e  i n  t h e  region of the  in i t ia l  
s l o p e  d e c r e a s e s  with i n c r e a s i n g  target  thick- 
n e s s ,  while  at greater  depths  it increases .  T h e  
d o s e  i n  t h e  region of ini t ia l  s l o p e  is presumably 
due  t o  secondary  protons, whi le  a t  greater  depths  
i t  i s  principally controlled by secondary-neutron 
interact ions.  

With a n  aluminum targe t  thicker  than t h e  incident  
proton range, t h e  absorbed d o s e  at -55' from t h e  
beam a x i s  w a s  only about  20% of that  a t  0". 
Comparison of t h e  s l o p e s  of the  curves  of depth 
d o s e  due  t o  the  secondar ies  (assumed t o  be  
largely neutrons) from t h i s  ta rge t  with t h e  s l o p e s  
of the curves  for neutron s o u r c e s  s u g g e s t s  tha t  
the  effect ive energy of t h e  secondar ies  is greater  
than 15 MeV.  

T h e s e  experimental  d a t a  wi l l  permit de ta i led  
comparisons with ca lcu la t ions  of t h e  phys ica l  

d o s e  due  t o  secondar ies  
protons. T h e  resu l t s  of 
a re  not  y e t  avai lable .  

References 

from high-energy 
s u c h  ca lcu la t ions  

'Abstract  of publ ished paper: Health Phys. 
10, 743 (1964). 

9.10. RESULTS FROM NUCLEAR EMULSIONS 
EMBEDDED IN A STEEL SHIELD EXPOSED 

TO A lO-Gev/c PROTON BEAM 

R. L. Childers '  
C. D. Zerby2 

C. M. F i s h e r 3  
R. H. Thomas3  

T h e  work reported here  is a cont inuat ion of 
previously reported s t u d i e s  of nuclear  showers  
induced in  various sh ie ld ing  mater ia ls  by highly 
energe t ic  protons of energ ies  ranging from 9 t o  
30 Gev. In the  present  experiment, nuclear  
emulsions were placed a t  var ious posi t ions in  
a s t e e l  s h i e l d  exposed  t o  a IO-Gev/c proton 
beam. T h e  exposed  emulsions were scanned  for 
shower  t rack intensi ty ,  def ined a s  t h e  number of 
charged par t ic les  above  a cer ta in  energy cross ing  
the  uni t  a r e a  per incident  beam part ic le ,  and for 
s t a r  densi ty ,  defined as t h e  nurnber of nuclear  
interact ions per uni t  volume. 

T h e  present  resu l t s  were expec ted ,  and con- 
firm ear l ier  work in which c o n c r e t e  w a s  u s e d  
as the  sh ie ld ing  material. T h e  minimum 
ionizing peak t rack dens i ty  is a t tenuated  with a 
mean free path of 119  g/cm2, and  a f t e r  a t ransi t ion 
region of -3X the  integrated minimum track 
intensi ty  d e c r e a s e s  roughly exponent ia l ly ,  with 
a somewhat  longer a t tenuat ion  length.  T h e  
present  work ind ica tes  tha t  t h e  muon tail s e e n  
in  some of t h e  ear l ie r  work w a s  probably due  t o  
inadequate  background correction. 

T h e  measured charged-star dens i ty  a long  t h e  
beam a x i s  is c l o s e l y  related to t h e  t rack densi ty .  
T h e r e  is some evidence tha t  t h e  incident  proton 
beam w a s  surrounded by a ha lo  of collimator- 
s c a t t e r e d  par t ic les .  T h e  fract ion of neutral 
s t a r s  in  t h e  forward portion of the  s h i e l d  indi- 
cates a 25% contamination of neutrons having 
energ ies  around 1 Gev. Furthermore, t h e  "shoul- 
der" observed i n  the  track dens i ty  prof i les  could 
wel l  b e  interpreted a s  d u e  to pions and  e lec t rons  
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produced i n  t h e  collimator. T h i s  sugges t ion  is 
further supported by the  a b s e n c e  of s u c h  a 
shoulder  in  charged-star la te ra l  profiles. T h e  
proportion of neutral s t a r s  i n c r e a s e s  toward 100% 
as  t h e  mean energy of t h e  charged component 
diminishes .  At about  500 Mev the  range of a 
proton is equal  to i t s  react ion mean free path, 
and so a t  energies  much below 500 Mev t h e  
probability of a proton react ion before  t h e  proton 
is s topped is qui te  small. T h i s  region is reached 
a t  a depth of 200 cm in s t e e l  for 10-Gev/c inci- 
dent  protons. 
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9.11. DIFFERENTIAL AND TOTAL CROSS 
SECTIONS FOR THE 9Be(a ,n)  REACTIONS 

FROM 6 TO - 10 MeV' 

V. V. Verbinski J .  Gibbons' 
W. R. Burrus 
J. K. Dickens 

W .  E. Kinney 
R. L. Macklin' 

F. G. Perey  

Measurements of total  and different ia l  c r o s s  sec- 
tions for t h e  'Be(a,n) react ion have  been made for 
alpha-particle energies  up t o  10 M e V .  T h e  beam of 
a" par t ic les  was  obtained from the  ORNL 5.5-Mev 
Van d e  Graaff accelerator .  T h e  to ta l  c r o s s  sec- 
t ions were measured with the  ORNL graphite-sphere 
long  counter, but b e c a u s e  the sphere  eff ic iency 
drops off above 8 MeV, the  neutron spec t ra l  in- 
t e n s i t i e s  were obtained with a 2- by 2-in.-diam 
NE-213 liquid sc in t i l l a tor3  spectrometer  having  a 
low-energy b ias  of 0.5 M e V .  T h e  differential d a t a  
for energ ies  above 8 Mev were then employed to 

correct  t h e  total  cross-sect ion d a t a  for t h e  
"nonflat" response  of the  long  counter. 

Angular and  spec t ra l  measurements, in  addition 
to being useful  to  t h e  measurement of total  c r o s s  
s e c t i o n s ,  a r e  of s ignif icant  in te res t  to t h e  study 
of nuclear react ion mechanisms.  T h i s  is espec-  
ia l ly  t rue when the  incident  par t ic le  is an a lpha  
par t ic le ,  for which ca lcu la t ions  and interpretation 
of experimental resul ts  a r e  simplified by virtue of 
the a lpha  par t ic le  being a tightly bound spin-zero 
par t ic le .  

Figure 9.11.1 shows the total  'Be(a,n) c r o s s  
s e c t i o n  and  t h e  Oo (c.m.) exci ta t ion funct ions 
(in mb/steradian) for the  no ,  n l ,  and n 2  neutron 
groups from t h e  gBe(a,n)12C,  12C* react ions,  
l eav ing  ''C i n  the ground, f i rs t ,  and second ex-  
c i ted s t a t e s  respectively. Both t h e  to ta l  and the 
differential c r o s s  s e c t i o n s  show a s igni f icant  
amount of s t ructure ,  which is charac te r i s t ic  of 
compound nucleus  effects .  B e c a u s e  of t h i s  s t ruc-  
ture, the falloff of cT above  9.1 Mev is l ike ly  to  
be  local and may not cont inue to d e c r e a s e  above  
10.5 M e V .  In other measurements4 of n o  and  n 1  neu- 
tron angular dis t r ibut ions from 'Be(a,n)"C, 12C* 
react ions,  t h e  s t ructure  was  observed to  vanish 
above  17 Mev (a s t rong  forward peaking sets in, 
indicat ive of direct  interaction); therefore the  total  
c r o s s  sec t ion  above 17 Mev should be  smoother 
and more reliably extrapolated. Measurements 
above 17 Mev should b e  made s i n c e  the  'Be(a,n) 
c r o s s  sec t ion  is of particular concern to  spacecraf t  
des igners  consider ing beryllium al loys b e c a u s e  of 
the  alpha par t ic les  in so la r  f lares .  

In obtaining the  different ia l  d a t a  a pulse-shape 
discr iminat ion5 w a s  used  to  re jec t  gamma-ray 
counts .  A few samples  of t h e  s p e c t r a  unfolded 
with the  SLOP code  (see Sect. 6.1) a r e  shown i n  
Fig.  9.11.2. T h e  data  for a 10.1-Mev a lpha  bom- 
barding energy yield four d is t inc t  peaks:  no ,  n l ,  
n 2 ,  and n3 neutrons from the 9Be(a ,n)12C,12C* 
react ions.  

Analys is  of the d a t a  w a s  delayed because  the  
scint i l la tor  response  to monoenergetic neutrons,  
which is a required input to the S L O P  unfolding 
code,  w a s  accurately ca lcu lab le  to only 11 Mev 
(see Sect. 6.2). However, Monte Carlo ca lcu la t ions  
of the response  functions for organic sc in t i l l a tors  
have been modified t o  include (n,n ',3a), (n, a),  
(n,p), and (n,pn) reac t ions  on the  ''C of t h e  
scint i l la tor ,  and rel iable  ca lcu la t ions  of sc in-  
t i l la tor  response  were  made poss ib le  for energ ies  
up to  25-30 M e V .  T h e s e  have  sa t i s fac tor i ly  re- 
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Fig. 9.11.1. Total Neutron Yie ld  from 9Be(a,n) Reactions and 0' Excitation Functions fur no, n , ,  and nz 

Neutrons. 

produced the pulse-height distribution obtained 
for 14.4-Mev incident neutrons with an NE-213 
scintillator. 

The scintillator resolution has  recently been 
improved by a factor of about 2 by substituting an 
aluminum-foil reflector for the manufacturer's white 
paint reflector on a 2- by 2-in.-diam NE-213 glass- 
encapsulated scintillator. With this, it  is hoped 
that we can  resolve no ,  n l ,  n 2 ,  and n3  neutrons 
from the gBe(a,n)12C, 12C* reactions for alpha 
bombarding energies above 20 Mev and can  u s e  
the relatively weak beam from the ORNL tandem 
Van de  Graaff. 

The no and n1  neutron angular distributions have 
been obtained with hand calculations a t  7.3-, 8.2-, 
9.2-, and 10.1-Mev alpha bombarding energies. In 
general, their structure (shape) is pronounced, with 
two to three maxima, and varies slowly with 
energy; an  exception is the rather large change for 
the no  angular distribution between 7.3- and 8.2- 
Mev alpha energies. At 10.1 MeV, the angular 
distributions are in good overall agreement with 
the 9.8-Mev results of Kjillman and Nilsson6 for 
no  and n1  neutrons. 

The work reported here represents an  extension 
of total cross-section measurements performed pre- 
viously by Gibbons and Macklin. 
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Fig. 9.1 1.2. Sample Energy Spectra Obtained from 

Unfolding Pulse-Height Distributions from the Be(a,n) 

Reactions. Up to four neutron groups are identified 

from the 9Be(a,n)12C,1 2C* Reactions. 
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10. Radiation Detector Studies (11) 

10.1. MEASUREMENT OF THE ABSOLUTE 

FOR THE DETECTION OF 14.4- AND 2.6-Mev 
EFFICIENCY OF NE-213ORGANIC PHOSPHORS 

NEUTRONS 

T. A. Love 
R. T. Santoro 

R. W. Peelle 
N. W. Hill’ 

R. J. Schuttler’ 

T h e  absolu te  e f f ic ienc ies  of two 12-cm-diam 
NE-213 scintilla tor^,^ one  2.54 c m  thick and t h e  
other  6.10 c m  thick, were determined experimentally 
for neutrons having energ ies  of 14.4 k 0.3 and 
2.6 t 0.1 M e V .  The  assoc ia ted  par t ic le  t e ~ h n i q u e , ~  
ut i l iz ing the Iecoi l  par t ic les  from the  3H(d,n)4He 
(Ed  = 135 * 5 kev) and D ( ~ f , n ) ~ H e  ( E d  = 85 f 5 kev)  
react ions,  w a s  employed. In t h e s e  reac t ions  e a c h  
neutron h a s  a s s o c i a t e d  with it a helium part ic le  
which i s  emitted a t  an angle  of 180° with respec t  
to t h e  neutron in  t h e  center-of-mass system. If 
t h e  deuteron energy i s  known and t h e  helium 
part ic les  are de tec ted  within a well-defined 
laboratory so l id  angle ,  then t h e  energy,  angle  of 
emission,  number, and timing of t h e  conjugate  
neutrons a r e  given. If the  number of helium 
par t ic les  i s  known, t h e  eff ic iency of a neutron 
detector  placed i n  coincidence with t h e  par t ic le  
detector is obtained from the  ratio 

neutron-helium par t ic le  co inc idence  counts  

total  number of helium par t ic le  counts  
E =  

Appropriate c a r e  must b e  taken t o  discr iminate  
between t h e  var ious recoil par t ic les ,  s i n c e  
deuterium buildup i n  the  tritium ta rge ts  resu l t s  in  
t h e  emission of protons by t h e  competing D ( c I , ~ ) ~ H  
react ion. 

Figure 10.1.1 is a block diagram of the  appara tus  
used  in  t h e  experiment. T h e  deuteron beam was  
produced by a small, positive-ion accelerator .  

A housing loca ted  a t  the end  of t h e  beam pipe  
contained t h e  beam collimator, t h e  target, the  
absorber  fo i l s ,  and t h e  charged-particle detector .  
T h e  thick ta rge ts  c o n s i s t e d  of 500 pg/cm2 of 
titanium evaporated on 20-mil-thick p la tes ,  t h e  
titanium being sa tura ted  with tritium or deuterium. 

The charged-part ic le  detector  w a s  a s i l icon  
surface-barr ier  d iode6  which had a 50-mm2 s e n s i t i v e  
a rea  and w a s  fixed a t  120° with respec t  to  the  
beam. A b i a s  vol tage of 1 0 0  v, which fully 
depleted t h e  200-p 3200 ohm-cm detector ,  w a s  used.  
T h e  overal l  resolut ion of t h e  detector  for charged 
par t ic les  w a s  100 kev ,  giving very near ly  100% 
detect ion efficiency. In order to e n s u r e  t h a t  only 
the  proper charged par t ic les  were counted,  a 
“window” w a s  s e t  a c r o s s  the  pulse-hei ght dis t r i -  
bution p e a k s  of t h e  3He or 4He par t ic les .  T h e  
apparent  eff ic iency w a s  observed as a function of 
window width and posi t ion,  and for t h e  final 
measurements t h e  window w a s  s e t  within t h e  range 
which gave cons tan t  efficiency. 

The  NE-213 sc in t i l l a tors ,  mounted on type  58 
AVP photomultiplier t u b e s ,  could b e  var ied in 
position with respec t  to  t h e  beam, thus ensur ing  
that  every neutron a s s o c i a t e d  with a de tec ted  
charged par t ic le  entered t h e  f la t  face of the  
scint i l la tor .  On the face of e a c h  neutron detector  
w a s  a l s o  mounted a thin NE-102 de tec tor3  (identi- 
f ied as C i n  Fig.  10.1.1). T h i s  detector ,  although 
not required for t h e s e  measurements, formed par t  
of t h e  configuration for which the eff ic iency w a s  
desired.  I t  had been used  i n  an ear l ie r  experiment 
with a co inc idence  device  t o  discr iminate  between 
charged par t ic les  and neutrons, both incident  on 
t h e  NE-213 detectors .  

A charged par t ic le  incident  upon t h e  so l id-s ta te  
detector  produced a p u l s e  that  w a s  amplified, 
s p l i t ,  and fed through two discr iminators  which 
es tab l i shed  t h e  upper and lower l imi t s  of t h e  
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window a c r o s s  the 3He or 4He pulse-height dis t r i -  
bution peaks.  T h e  p u l s e s  produced by neutrons 
followed a s imilar  path and were p laced  i n  
co inc idence  with t h e  charged-particle pu lses .  
Together ,  the  coincidence counts  and the corre- 
sponding s i n g l e s  counts  from t h e  charged-part ic le  
detector  gave t h e  information needed  to c a l c u l a t e  
t h e  eff ic iency from t h e  ratio given above. Addi- 
t ional  ou tputs  from each  detector  were fed through 
s low e lec t ronic  s y s t e m s  for a multichannel 
a n a l y s i s  of the  pulse-height spectra .  

P u l s e - s h a p e  discrimination w a s  u s e d  to d is -  
t inguish between heavy charged par t ic les  and 
gamma rays i n  t h e  NE-213 scint i l la tor  by observ ing  
the  variation in  time of t h e  zero  c rossover  point of 
bipolar p u l s e s  from a s tandard double-delay-line 
amplifier. Measurements were made to  es t imate  
t h e  fraction of p u l s e s  d u e  to neutrons which were 
mistaken for gamma-ray pulses .  

T h e  control l ing b i a s  of t h e  neutron detector ,  
measured with electron total  l ight ,  w a s  determined 
with t h e  gamma rays  from 6oCo,  '13Sn, Po-Be,  
and T h C " .  T h e  p u l s e s  accepted  as  proton recoi ls  
were t h o s e  with a fast component equal  to  or 
greater  than tha t  produced by the Compton 
electrons of t h e  appropriate energy. 

The  eff ic iency of e a c h  of t h e  two de tec tors  
s tudied is plot ted in  Fig. 10.1.2 as  a function of 
t h e  b i a s  appl ied to t h e  detector. Where experi- 
mental errors  a r e  not shown, the  error i s  within 
the  size of the point. Agreement with t h e  va lues  
computed by Verbinski e t  al. (Sect. 6.2) is within 
5 to  7%. Values  obtained for t h e  eff ic iency in  the  
energy range below 1 Mev (electron light) a r e  29% 
larger than those  previously ca lcu la ted  (Sect. 
10.14); however, t h e  ca lcu la t ions  did not include 
the  e f f e c t s  of the  " C ( n , c ~ ) ~ B e  reaction nor the  
contribution due  to  neutrons which ini t ia l ly  p a s s e d  
through the  detector  but were backsca t te red  into 
i t  by t h e  light pipes. 
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10.2. MEASUREMENTS OF THE FAST AND 
TOTAL LIGHT RESPONSE OF NE-213 

SCINTILLATORS TO CHARGED PARTICLES 

T. A. L o v e  R. J. Schut t ler '  

T h e  rapidly increas ing  u s e  of so l id  and liquid 
organic  phosphors  for the  s tudy  of neutron s p e c t r a  
makes  i t  n e c e s s a r y  that  t h e  l ight  output  of such  
phosphors  b e  bet ter  understood. By a careful  
a n a l y s i s  of p u l s e  s h a p e s  resul t ing from t h e  l igh t  
output, p u l s e s  due to  e lec t rons  c a n  b e  ident i f ied 
separa te ly  from those  due  to  heavy par t ic les  s u c h  
as protons and alpha particles:, and severa l  
invest igators  '- have  reported methods and 
c i rcu i t s  for doing this .  In t'he experiments  
descr ibed h e r e  the  fas t  and total  l ight  output  from 
alpha-part ic le  and proton-induced sc in t i l l a t ions  
were measured relat ive to  tha t  induced by e lec-  
t rons in  NE-213,6 a deoxygenated liquid sc in-  
tillator. 

Two NE-213 sc in t i l l a tors ,  1.5 in. i n  diameter  and 
1.5 in. high and contained i n  aluminum c a n s  with 
g l a s s  f a c e s ,  were u s e d  for the measurements  with 



alpha particles. A 4.76-Mev alpha source (234U)  
was evaporated on a platinum disk and glued to 
the s ide  of one of the c a n s  near i t s  top, while a 
similar 6.10-Mev source (242Cm) was glued to the 
s ide  of the  other can. Both sources had areas of 
about 0.8 c m 2 .  

Gamma-ray sources (l13Sn and 13’Cs) were 
used to  calibrate b ias  se t t ings  and to adjust the 
gain. Current pulses from dynode 14 of a 56 AVP 
photomultiplier tube were fed into a tunnel diode 
discriminator, which therefore responded a t  
threshold only to the f a s t  portion of a pulse. The 
threshold level was controlled by adjustment of 
the  b i a s  current through the tunnel diodes. Pu l ses  
time-integrated over 0.7 p e c  were fed to a multi- 
channel analyzer only i f  the current pulse fired the  
fast discriminator (see Sect. 10.8). Thus  the  low 
pulse-height cutoff represents the total amount of 
light for a given amount of f a s t  light. Calibration 
was made in t e r m s  of the total light induced by the 
Compton electron from gamma rays of known 
energy. The  relative equivalent of fas t  light for 
the  alpha sources was  found by plotting a curve of 
counts per unit t ime  vs  an integral b i a s  level. 

The  results of the measurements with alpha 
particle sources are shown in Table  10.2.1. The  
gamma rays used for calibration uniformly illumi- 
nated the  detector from a d is tance  of about 50 cm. 
However, comparison of the gamma-ray pulse 
height produced by gamma rays collimated into the 
detector perpendicularly to  i t s  axis at a point 
near the  alpha source with the pulse height for 
uniformly illuminating gamma rays showed a 
difference i n  gain of about 15%. A correction for 
th i s  difference h a s  been made. 
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Table  10.2.2. Rat io of the Tota l  L ight  Output of  Protons to That of  Electrons for a Given F a s t  Component 

A major source of uncertainty in  the measure- 
ments and their analysis was  the apparent differ- 
ence  in gain, in terms of kev per channel, in the 
total light pulse-height spectra from l13Sn and 
137Cs ,  the latter giving about 7.5% greater gain 
than the former. The  calibration of the 234U 
source was therefore based solely upon the total 
light induced by the l13Sn source, while for the 
242Cm source the calibration was based upon the 
average gain of the two gamma-ray sources. 

For the measurements of the proton-induced fas t  
and total light output, a window, operating only on 
the fas t  portion of the  pulse (see Sect. lO.l), was 
s e t  a t  several  points on the pulse-height distri- 
bution curve observed for 14.4-Mev neutrons 
incident on a 5-in.-diam by 1-in.-high NE-213 
scintillator mounted on a 58 AVP photomultiplier 
tube. Pu l ses  time-integrated over 0.7 psec ,  which 
included most of the light, were stored in a 
multichannel analyzer. Total-light pu lses  from 
incident gamma rays were similarly stored. The  
ratio of the mid-window channel number for protons 
to that for electrons i s  shown in Table 10.2.2. 

T a b l e  10.2.1. Comparison of the Energies of Alpha 
Particles and Electrons Producing Equivolent Fost  ond 

Total L ight  
~ ~~ 

Electron Energy (kev) 

For Equivalent For Equivalent 
Alpha-Particle Energy 

(MeV) 
Tota l  Light F a s t  Light 

4.765 * 0.003 214 It 10 300 f 1 5  

6.110 iO.005 338 f 1 5  540 f 2 5  

Electron Energy Producing 
F a s t  Component 

Mid-Window Channel Number Ratio of Proton Channel t o  Gamma-Ray 
Source Proton Electron Electron Channel 

(MeV) 
~ _ _ _  ~ 

0.229 f 0.010 6Oco 62.5 41 1.52 

0.239 ItO.010 6OCO 31 22 1.40 

0.831 It0.030 6Oco 100 78 1.28 

1.96 f0.2 ThC 112 100 1.12 

3.74 f0.112 Po-Be 72 68 1.06 



138 

T h e  f a s t  l ight  output of a n  organic  sc in t i l l a tor  
w a s  assumed t o  be  given by t h e  integral of the 
equat ion 

- =  dF ( l + B g ) - ' ,  

dE 

where dE/dX is taken as a pos i t ive  quantity, E i s  
t h e  energy of the  incident  par t ic le ,  and F is the 
energy of a n  electron which would give t h e  same 
amount of f a s t  light. Equation (1) is not exac t ly  
valid for e lec t rons ,  but t h e  assumption permits a 
ca lcu la t ion  of B from our data .  

A method due  to Peelle (Sect. 8.9) w a s  u s e d  t o  
c a l c u l a t e  t h e  integral  of dF/dE ,  and t h e  resu l t s  
were  fitted to  t h e  experimental d a t a  given in  
T a b l e  10.2.1. T h e  value of B for t h e  b e s t  f i t  is 
0.0140 t 0.0005 g cm- '  M e V - ' .  

From the  d a t a  of Flynn' a n  experimentally 
governed relat ionship dT/dE,  where T is t h e  to ta l  
light output i n  electron-produced equivalent  l ight ,  
h a s  been  calculated.  A fit t o  h i s  d a t a  required 
considerat ion of both fast and s low components of 
t h e  l ight  output ,  as follows: 

dT dF dS 

dE dE dE 
( 2) - -  - ( I - R ) - + R - ,  

where R is t h e  fraction of total l ight  which e x i s t s  
in t h e  s low component. Various relat ionships  
have  been t e s t e d  for dS/dE as a function of 
dE/dX. A Birks-like relation, s imilar  to Eq. (l), 
did not give a good fit. Bet ter  resu l t s  were ob- 
ta ined by using 

(3) 

where Ecut is an empirically introduced cutoff 
energy equal  to one-half t h e  energy a t  which 
dE/dX is maximum, or  about '6 Mev for a lpha  
par t ic les .  T h i s  represents  an approximation t o  t h e  
f a c t  that  l igh t  production is not re la ted to  t h e  t rue 
dE/dX a s  measured by the energy loss, but  to t h e  
electronic  s topping power ( ~ ~ ~ ~ ~ 1 ,  which c a n  be  
much less than the  nuc lear  s topping  power (enucl) 
a t  very low energy. T h i s  empirical formulation is 
in b e s t  agreement with t h e  d a t a  of t h i s  experiment 
a t  R = 0.3 and B '  = 0.0014 g cni-' M e V - '  and 
y ie lds  a be t te r  fit than can b e  ohtained by us ing  
Eq. (3). 
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When t h e  d a t a  of Flynn were fitted to Eq. (2), 
us ing  Eq. (3) to  obtain dS/dE, a value of R = 

cm- '  M e V - '  were obtained,  bu t  it appeared that  
too much "slow" light ex is ted  sys temat ica l ly  a t  
the  lower energies .  

Attempts to  f ind a be t te r  fit fot  T ( E )  l ed  to t h e  
following modification of Eq.  (3): 

0.34 k 0.04 and a va lue  of B = 0.0012 t 0.0001 g 10.3. MODIFICATION OF A 400-CHANNEL 
PULSE-HEIGHT ANALYZER TO ELIMINATE 
STORAGE OF PULSES HAVING ENERGIES 

BELOW A PRESET BIAS 

H. A. Todd'  T. A. L o v e  

- 
dS 

dE 
- -  

r An undesirable  phenomenon h a s  been  encountered 
i n  u s i n g  a commercial t ransis tor ized 400-channel 

, (4) pulse-height analyzer' t o  measure  pulse-height 
s p e c t r a  above an arbitrarily prese t  energy level :  

0 ;  E s E c u t  even though t h e  p u l s e s  correspond to energ ies  
c below t h e  prese t  l eve l ,  they are ,  never the less ,  

e x p  ( - B * g )  ; E > E c u t  
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Fig. 10.3.1. Circuit  for Eliminat ion of Storoge of Pulses Below a Preset  Trigger L e v e l  i n  a 400-Channel 

Analyzer. 

stored, the rate a t  which they are stored being 
proportional to the number of such pulses  present 
in the  spectrum. Th i s  erroneous storage occurs 
when the analyzer is triggered externally, as well 
a s  when it  is triggered internally with the  sens i -  
tivity, s e t  to reject small pulses,  and i t  is ap- 
parently caused by the trigger opening the  linear 
gate "2 psec before the concurrent signal reaches 
the  gate. Any pulse arriving at the linear gate 
during th i s  2-psec period is stretched, and a signal 
i s  applied to the collector of the Shaper 1 circuit 
(familiarity with analyzer terminology is assumed), 
which results in the linear gate being closed 
before the desired signal h a s  reached it. 

The circuit shown i n  Fig. 10.3.1 has  been de- 
signed to overcome th is  difficulty. The circuit 
clamps the base  of Shaper 1 (designated as T18) 
for "2 psec,  thereby preventing the  linear gate 
from being closed until after the  desired signal 
reaches it. The trigger pair Q1 and Q2 h a s  a 

natural period of from 1.8 to 2.1 psec, while the 
trigger pair Q3 and 44 has  a natural period longer 
than any pulse storage t i m e  possible in the 
analyzer. A pulse from the trailing edge of the 
Shaper 1 collector waveform is used  to reset  
trigger pair Q3 and Q4 to i t s  quiescent s t a t e  at the 
end of conversion. 

The  successfu l  performance of t he  circuit  is 
demonstrated by the two measurements of the  pulse- 
height spectrum of 6oCo gamma rays shown in 
Fig. 10.3.2. Both measurements reflect a count 
rate of "12,000 counts/sec,  corresponding to an 
analyzer dead time of "50%. It is c lear  that  the 
installation of the clamping circuit h a s  completely 
eliminated the  accumulation of undesired pulses  in 
the  lower numbered channels. 

The modified analyzer has  been tested a t  count 
rates varying from 300 to 12,000 counts / sec  and 
with trigger delays varying over a range of f0.5 
p e c .  I t s  performance was uniformly satisfactory. 
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10.4. THE CHOICE OF CAPACITORS FOR 
NANOSECOND CIRCUITS 

N. W. Hi l l2  C. 0. McNew' 

A precis ion pulse  generator h a s  been u s e d  i n  
conjunction with a sampling osc i l loscope  and 

s u i t a b l e  j i g s  to measure the stray capac i tance  and 
inductance  of a variety of capac i tors  s u i t a b l e  for 
bypass ing  and coupl ing appl icat ions in  nanosecond 
circuitry. F o r  t h e s e  t e s t s  all lead  lengths  were 
held t o  less than ' /16 in., so  tha t  t h e  inductances  
measured were due  to  l e a d s  and p l a t e s  within the 
capac i tors  themselves .  Three types  of capac i tors  
were tes ted:  ceramic,  s i lvered  mica, and tantalum 
electrolyt ic .  L i t t l e  difference was  found in  the 
inductances of all three types  as l o n g  as the  lead 
lengths  were held t o  e s s e n t i a l l y  zero. T h e  minimum 
values  were obtained for feed-through and coaxial  
types,  which, however, a re  s p e c i a l  types  and re- 
quire  spec ia l ized  mounting techniques  when 
employed. It w a s  found t h a t  e s s e n t i a l l y  t h e  same 
resu l t s  could b e  achieved i f  more s tandard types  
were used  i n  parallel. 

A l i terature  survey  w a s  made to accumulate  
b a s i c  d a t a  re la t ive t o  charac te r i s t ics  of various 
types  of capac i tors  under var ious condi t ions of 
vol tage,  frequency, temperature, and humidity. 
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10.5. PROGRESS IN THE DEVELOPMENT OF 
AN INSTRUMENT-RESPONSE UNFOLDING 

METHOD 

W. R. Burrus B. D. Holcomb' 
J .  Replogle '  

Over t h e  p a s t  severa l  y e a r s  a n  instrument 
response  unfolding method h a s  been  developed. 
The  e s s e n t i a l  i d e a  i s  to  predict ,  o r  es t imate ,  from 
measured analyzer  d a t a  what  the  response  of a n  
idea l  ana lyzer  would be. Of c o u r s e ,  the  idea l  
analyzer  must not b e  assumed t o  h a v e  too good a 
resolut ion,  s i n c e  t h e  u s e  of d a t a  obtained on a 
real analyzer  with moderate resolut ion would re- 
s u l t  i n  e s t i m a t e s  with a broad confidence interval .  
In neutron o r  gamma-ray spec t roscopy,  one would 
l i k e  to  have  a n  instrument with a s ingle  narrow 
Gaussian-type response  function with no spur ious  
peaks  or t a i l s  - thus  t h e  i d e a l  analyzer  is taken 
t o  have  a resolut ion about  equal  to t h e  inherent 
resolut ion of t h e  actual  analyzer .  In more s u b t l e  
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a n a l y s e s ,  s u c h  as the  determination of neutron 
s p e c t r a  from threshold foi ls ,  i t  i s  assumed that  a 
s e t  of threshold foi ls  with abrupt thresholds  is 
desired.  Then the  aim would be  to  predict  or 
es t imate  from ac tua l  d a t a  what t h e  idea l  foi ls  
would indicate .  

The  method c o n s i s t s  i n  construct ing t h e  inter- 
s e c t i o n  of two mathematical regions: (1) the  joint  
confidence region for the  response  of t h e  hypo- 
thetical analyzer, which is obtained from ordinary 
l inear  es t imat ion theory, and (2) t h e  confidence 
region due  t o  a priori  cons t ra in ts  upon the  spectrum 
(such as nonnegativity or some in t r ins ic  broadening 
process) .  T h e  final conf idence  region is then the 
one  where t h e s e  two regions overlap. T h i s  con- 
s t ra ined  estimation problem can  b e  posed  as  a 
problem in parametric-quadratic programming and 
c a n  b e  approximated by a l inear  programming 
problem or a modified leas t - squares  problem 
(SLOP program).’ T h e  solut ion to  the  quadrat ic  
problem yie lds  the optimum resul t ,  t h a t  is, the 
smal les t  confidence interval ,  and t h e  est imat ion 
efficiency of the  other  approximations is judged by 
comparing the  confidence in te rva ls  they produce 
with t h e  optimum. 

T h e  t reatment  out l ined above h a s  been  appl ied to 
experimental d a t a  obtained with a variety of 
neutron and gamma-ray spectrometers .  Among them 
h a v e  been a total-absorption gamma-ray s p e c -  
trometer u s i n g  an NaI(T1) c rys ta l ,  proton-recoil 
neutron spectrometers  us ing  l iquid (NE-213) and 
p l a s t i c  (Pilot B) scint i l la tors ,  a Bonner-sphere 
neutron spectrometer, total-absorption anti- 
coincidence and multicrystal pair  gamma-ray 
spectrometers  (Sect. 9.3), a recoil proton te lescope ,  
and a dE/dx  high-energy proton spectrometer .  

Current problems include t h e  determination of 
neutron spec t ra  from threshold foil d a t a ,  the 
a n a l y s i s  of radioactive decay ,  where the  decay 
curve is a sum of exponent ia ls ,  and the  a n a l y s i s  
of d a t a  obtained by lithium-drifted-diode sol id-  
s t a t e  spectrometers. Although t h e  l a s t  three 
problems are  not so suscept ib le  to  straightforward 
ana lys i s  as  the  ear l ier  o n e s  a re ,  we  be l ieve  tha t  
the method descr ibed h a s  a potent ia l ly  greater 
advantage over older  methods. 

T h e  d a t a  for a l l  the  above problems a r e  prepared 
i n  essent ia l ly  the  same form. T h e  input c o n s i s t s  
of  a descr ipt ion of t h e  response function of the  
ac tua l  experimental instrument, a descr ipt ion of t h e  
a priori  cons t ra in ts  upon the  spectrum, a descr ip-  
tion of the idea l  analyzer  for which resu l t s  a re  to 

be  est imated,  and the  count  distribution resul t ing 
from t h e  experiment. 

Although the  preparation of the input  d a t a  (pre- 
unfolding) is qui te  different for t h e  various 
problems, t h e  same unfolding code  c a n  i n  pr inciple  
b e  used  for all. Although some at tent ion must b e  
paid to t h e  unfolding portion of the code  i n  order 
to opt imize the  computer time v s  es t imat ion 
eff ic iency of the resul ts ,  preparation of t h e  input  
d a t a  has  proved to be t h e  most  time-consuming 
and difficult s tage .  

In addition t o  t h e  solut ion of prac t ica l  problems, 
we have constructed experimental vers ions of the 
following new algorithms which have  been tes ted  
i n  smal l  but fairly difficult test cases. 

1. A quadrat ic  programming code  which, although 
not f a s t  enough for routine appl icat ion,  is expec ted  
t o  s e r v e  as a s tandard of comparison for other 
approximate methods. 

2. Several  var iants  of t h e  l inear  programming 
approximation, with the  aim being t o  reduce t h e  
amount of computation from the  order of n4 (n is 
t h e  typical  dimension of the  problem i n  matrix 
form) t o  n3. Although not yet  completely s a t i s -  
factory, the  b e s t  of the  new algorithms is an order 
of magnitude fas te r  than l a s t  year’s l inear  pro- 
gramming algorithm. 

3. A new version of the  S L O P  code  which com- 
bines  se lec ted  features  of t h e  least-squares  method 
and the programming method. T h e  experimental 
version of t h i s  code  is complete but not  ye t  entirely 
sat isfactory . 

We now plan to  g ive  grea tes t  emphas is  to the  
completion of a “publication version” of a s impli-  
f ied modified leas t - squares  code  which will b e  
well documented and e a s y  to  use.  T h i s  will b e  
followed by an improved and expanded S L O P  
code  and a l inear  programming code. We h a v e  
found that  the t a s k  of writing a FORTRAN code  
tha t  is compatible  with both FORTRAN-63 and 
FORTRAN-4, an ear l ier  goal, is virtually im- 
possible;  however, t h e  s imple code  will b e  near ly  
compatible. 
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10.6. A SENSITIVE TUNNEL-DIODE 
DISC RIM I NATO R' 

N.  W. Hill '  

Recent ly  ava i lab le  ul t rahigh-speed germanium 
tunnel  d iodes  with very low junction capac i tance  
make i t  p o s s i b l e  to des ign  highly s e n s i t i v e  
discr iminators  or threshold c i rcu i t s  for u s e  with 
p u l s e s  having r i s e  and fall times of a few 
nanoseconds. A tunnel-diode discriminator module 
i s  descr ibed  which permits t h e  detect ion of 2-mv 
3-nsec  r i s e  time photomultiplier pu lses .  T h e  
precaut ions required with regard t o  input-output 
terminations, both within the  discriminator c i rcui t  
and in  t h e  c i rcu i t s  which follow i t ,  and with regard 
to  regulation of power suppl ies  aga ins t  l i n e  and 
load var ia t ions are l is ted.  
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10.7. STRIP-LINE CONSTRUCTION FOR 
NANOSECOND CIRCUITRY 

J. W. McConnell '  

The  trend toward t h e  u s e  of fas te r  e lectronic  
c i rcu i t s  in  nuclear  experiments  h a s  d ic ta ted  the  
u s e  of microwave techniques  i n  c i rcui t  layout. In 
order to  minimize t h e  e f f e c t s  of s t ray  capac i tance  
and lead  inductance,  it  is des i rab le  to  build ac t ive  
c i rcu i t s  into a t ransmission l ine  system. Two 
types  of s t r ip  l i n e s  have  been  s tudied ,  and ex- 
perimental da ta  have  been  obtained concerning t h e  
charac te r i s t ic  impedance of a commercial copper- 
c lad dielectr ic .  ' 

Microstrip construct ion,  shown diagrammatically 
i n  Fig.  10.7.la, l e n d s  i t se l f  most readily to t h e  
inser t ion of lumped components. T h i s  type  of 
construction, however, h a s  two major disadvan-  
tages :  adequate  theoret ical  re la t ionships  between 
charac te r i s t ic  impedance and geometrical di- 
mensions a r e  lacking,  and shielding from external  
f ie lds  is relat ively poor. Some theoret ical  con- 
s idera t ions  for t h i s  type of construct ion h a v e  been  
developed by Assadourian and Rimai 3; however, 
only two cases appear  t o  b e  amenable  to  a n a l y s i s ,  
and, unfortunately, t h e  approximation i n  both 
cases is not  very good in  t h e  impedance range 
(50-125 ohms) of interest .  F igures  10.7.2 and 
10.7.3 show comparisons between ca lcu la ted  and 
measured impedances as func t ions  of conductor 
width for nominal d ie lec t r ic  t h i c k n e s s e s  of Vl6 and 
'/ in. respect ively.  In all cases t h e  width of t h e  
ground p lane  w a s  approximately four t imes  t h e  
width of t h e  conductor. P u l s e  ref lect ion tech-  
niques were u s e d  to measure  impedance,  with a 
50-ohm General Radio a i r  l i n e  as a comparison 
standard. 
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Fig. 10.7.1. Strip-Line Cross Sections: ( a )  Micro. 

strip; (6) dielectr ic  sandwich. 
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T a b l e  10.7.1. Comparison of Measured and Calculated Impedances o f  a Dielectr ic-Sondwich 
Transmission Line 

I A EXPE;aMLEC;l"n'fED 

Impedance (ohms) Sandwich Thickness,a h Conductor Width,a b 
Calculated (in.) (in.) Measured 

0.119 

0.245 

0.245 

0.077 

0.164 

0.036 

53.1 

53.5 

103 

50 

50 

100 

aSee Fig. 10.7.1. 
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Fig.  10.7.2. Character ist ic  Impedance a s  a Function 

of Conductor Width for 1/16.in.-thick Rexalite-2200. 
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Fig.  10.7.3. Character ist ic  Impedance a s  a Function 

o f  Conductor Width far 1 /8-in.-thick Rexol  ite.2200. 

Dielectric-sandwich construction, shown in 
Fig. 10.7.lb, h a s  the  advantage of excellent 
shielding from external fields. I t s  obvious dis- 
advantage, of course, is the  difficulty i n  inserting 
lumped components into the system. Th i s  type of 
construction can  b e  analyzed mathematically, 
however, and a relatively simple technique which 
u t i l i zes  the  fringe capacitance approach h a s  been 
given by C ~ h n . ~  Impedances calculated by th i s  
method are  compared in  Table  10.7.1 with measured 
impedances for three typical dielectric-sandwich 
l ines.  The  agreement between experiment and 
calculation is good. 
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10.8. PERFORMANCE CHARACTE RlST ICs 0 F 
MODULAR NANOSECOND CIRCUITRY 

EMPLOYING TUNNEL DIODES' 

N. W. Hill' 
R. J.  ~ c r o g g s ~  

J. W. McConnell' 
J.  M. Madison' 

Tunnel diodes have been used in the design and 
construction of a variety of modular circuitry used 
in instrumentation for high-energy particle experi- 
ments. Modules included fast- and slow-recovery 
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discr iminators ,  fas t -  and slow-recovery coinci-  
dence  modules ,  positive- and negative-output 
s c a l e r  dr ivers ,  and a 100-Mc s c a l e r  driver. T h e  
individual  univibrators used  in t h e  circuitry and 
the completed modules have been subjec ted  to 
ex tens ive  t e s t s  t o  determine t h e  effects of varia- 
t ions  in operating temperature and in  input p u l s e  
magnitude on resolution, pu lse  s h a p e ,  walk, and 
thresholds .  

It w a s  found that  circuitry us ing  tunnel  d iodes  
i s  strongly affected by s u c h  var ia t ions,  a s  wel l  as  
by f luctuat ions in the power supply. It w a s  also 
noted that  parameter differences between sup-  
posedly ident ica l  tunnel  d iodes  produced s ignif i -  
can t ly  large var ia t ions in  module behavior. 

It is concluded that the  modular c i rcu i t s  d i s -  
c u s s e d  and shown in t h i s  report a r e  sa t i s fac tory  
for their  intended purposes ,  but that maximum per- 
formance and s tab i l i ty  c a n  b e  assured  only by indi- 
vidual se lec t ion  and tes t ing  of the tunnel  d iodes  
and by regulation of power s u p p l i e s  to fO.Ol% for 
both l ine and load. 
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10.9. CURLED LIGHT PIPES FOR THIN 
ORGANIC SCINTILLATORS 

W. A. Gibson 

An economical  technique h a s  been devised  for 
fabr icat ing eff ic ient  l ight  p ipes  t o  transmit l ight  
from a thin, disk- l ike organic  sc in t i l l a tor  t o  t h e  
ca thode  of a photomultiplier. In t h i s  technique 
t h e  s ta r t ing  mater ia l  c o n s i s t s  of a thin rectangle  
of Luci te  having  a width and th ickness  s l igh t ly  
greater than the  diameter and th ickness  of t h e  
sc in t i l l a tor  respect ively.  One end of t h e  rectangle  
is cut  t o  fit t h e  e d g e  of t h e  scint i l la tor ,  and t h e  
c u t  e d g e  is highly polished. T h e  other end of the  
Luci te  is softened,  by immersion in heated mineral 
oi l ,  and then immediately curled around a cyl inder  
of su i tab le  diameter. T h e  radius  of t h e  cyl inder  
is chosen  t o  b e  wel l  within t h e  radius  of t h e  
photocathode with which t h e  l ight  pipe is t o  b e  

used. Sanding and pol ishing of t h e  curled end  of 
t h e  l ight  pipe complete  i t s  fabrication. Compari- 
sons  of t h e  t ransmission of curled l igh t  p ipes  and 
of a solid-block Luci te  pipe showed t h e  curled 
pipe t o  b e  somewhat  better, both in  t ransmission 
eff ic iency and i n  resolution. 
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10.10, NANOSECOND LIGHT SOURCES FOR 
GAIN STABILIZATION' 

J. W. McConnell* 

It is wel l  known that  the  gain of photomultiplier 
tubes  changes  with time, temperature, count  ra te ,  
and magnetic field. Amplifiers and pulse-height 
ana lyzers  may also exhibi t  drifts, par t icular ly  
during long  runs. However, t h e  gain of a complete  
sys tem employing a photomultiplier tube c a n  b e  
s tab i l ized  by inject ing a s t a b l e  light pu lse  into 
the  photomultiplier and us ing  t h i s  s igna l  as a ref- 
e r e n c e  i n  a feedback loop. 'Three f a s t  light 
s o u r c e s  - a corona lamp, a n  argon lamp, and  a 
high-pressure neon lamp - were tes ted  as  poss ib le  
s o u r c e s  for s u c h  a pulse .  

T h e  commercial corona lamps t e s t e d  gave  a 
nearly ideal ly  shaped  light pu lse  but were too 
unstable  in  light output for u s e  as  a s tandard  
source .  The  argon lamp s y s t e m  showed good 
s tab i l i ty ,  but t h e  light pu lse  p o s s e s s e s  a long, 
low-amplitude t a i l  which introduces diff icul t ies  
in  high-gain s y s t e m s .  T h e  most promising source  
appears  t o  be the high-pressure (190-mm Hg) neon 
lamp for which preliminary t e s t s  show a s u i t a b l e  
pulse  s h a p e ,  output, and duration. While n o  
accura te  measurement of the s tab i l i ty  of the  neon 
lamp h a s  been  made, it is obviously much bet ter  
than that  of t h e  corona lamp. 

Since fast-rising, high-voltage p u l s e s  a r e  re- 
quired t o  e x c i t e  a l l  th ree  light s o u r c e s ,  i t  is im- 
portant that  all components b e  thoroughly and wel l  
sh ie lded .  
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10.11. A METHOD FOR MAKING INEXPENSIVE 
THICK BORON TARGETS TO OBTAIN GAMMA 

RAYS FROM THE 1 1 ~ ( p , y ) 1 2 ~  REACTION' 

R. T. Santoro H. Weaver 

An inexpensive method h a s  been devised  for the  
preparation of ' 'B accelerator  ta rge ts  used  for t h e  
production of 4.43- and 11.7-Mev gamma rays from 
t h e  "B(p,y) ''C react ion.  A 1-in.-diam target  pre- 
pared by the  method gave the same number of 
counts  in  the  4.43- and 11.7-Mev gamma-ray p e a k s  
as  were given by a "B target  prepared by t h e  
u s u a l  evaporat ion method. In addition, the  inex- 
pens ive  target w a s  unchanged af ter  a n  8-hr run, 
while  the evaporated target  showed damage by 
flaking af ter  being in  a n  accelerator  beam for 
2 to 4 hr. 
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10.12. CONSTANT-CURRENT SOURCES FOR 
INSTRUMENT CALIBRATION 

R. T. Santoro 
F. E. Gi l lesp ie '  

R. J .  Scroggs' 
T. A. Love 

A constant-current source  for u s e  in cal ibrat ing 
electrometers  and current-integrating instruments  
h a s  been des igned ,  and two sources  have  been 
built.  T h e  need for s u c h  a cal ibrat ion source  
a r o s e  during proton beam intensi ty  measurements  
made a t  the  Harvard University Synchrocyclotron 
(Sect. 9.2), and the  s o u r c e s  wil l  be used  as cali- 
bration s tandards  i n  future measurements of t h e  
same type (Sect. 9.8). 

The current source c o n s i s t s  of a paral le l  plate  
ionization chamber with one e lec t rode  coa ted  with 
an a lpha  emitter, 24'Am. The  a lpha  source  is 
doubly contained,  and  the ionizat ion chamber is 
shock-mounted. The  device  is filled with argon a t  
a n  absolu te  pressure of 80 cm Hg. Saturation is 
achieved a t  low voltage, as  shown by t h e  typ ica l  
saturat ion curve of Fig.  10.12.1. T h e  current out- 
put due  t o  background radiation is reduced by 
minimum s p a c i n g  of the  e lec t rodes  and by l ining 
t h e  source  with lead. 
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Fig. 10.12.1. Typ ica l  Saturation Curve for Constant. 

The diagram s h o w s  the experimental Current Sources. 

arrangement used to obtain the data. 

T h e  current  output of the weaker source  h a s  been 
measured as 3 x lo-' ' amp, with approximately 
800 d i s / s e c ;  and that  of the s t ronger  source  as 
7 x lo - ' '  amp, with 1.3 x lo4  d i s / s e c ,  both a t  
a n  appl ied vol tage of 150 v. T e s t e d  over a period 
of s i x  months, the  current drift w a s  less than 1%. 
T h e  prec ise  va lues  of current and drift have  been  
measured. 
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10.13. CALCULATION OF THE EFFICIENCY 
OF ORGANIC SCINTILLATORS 

FOR FAST NEUTRONS 

R. J. Schuttler'  

Except  for a recent  paper by R. J. Kurz,' cal- 
cu la t ions  which have been reported for t h e  neu- 
tron de tec t ion  eff ic iency of organic sc in t i l l a tors  
have been  largely concerned with the neutron 
energy region below 15 M e V .  T h e  ca lcu la t ion  re- 
ported here  w a s  initiated in support  of flight - t '  'me 
neutron spectrometr ic  measurements i n  t h e  region 
up  to 50 M e V ,  or perhaps even higher. 
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T h e  problem of es t imat ing  count ing e f f ic ienc ies  
is made complex by the f ini te  count ing threshold 
for the  pulses  that  a r i s e  from the  various neutron 
interact ions i n  t h e  scint i l la tor ;  e a c h  interact ion 
l e a d s  t o  charged par t ic les  for which there  is a 
different re la t ionship between deposi ted energy 
and the  resul t ing pulse  height. F o r  some s c i n t i l -  
la tors ,  including the  type used  in the flight-time 
neutron spec t roscopy experiments ,  the time de-  
pendence of the  resul t ing pulse  depends  upon the  
charac te r i s t ics  of the  exc i t ing  radiation, so  t h a t  
the  behavior of both fast and s low components  of 
the light must be understood. In a typ ica l  react ion 
of a neutron with carbon,  two or more charged 
par t ic les  may give up  energy i n  the  phosphor, and 
the  resul t ing pulse  height  wil l  depend upon t h e  
divis ion of energy between these  products. 

T h i s  complicated s i tua t ion ,  together  with inade- 
qua te  cross-sect ion information for the important 
reactions, h a s  led to the  u s e  of da ta  from theoreti- 
c a l  c a l c u l a t i o n s 4  b a s e d  on a s imple  nuclear  model 
and free-particle empirical c r o s s  s e c t i o n s .  T h i s  
approach i s  va luable  for the  region above  about  
1 2  M e V ,  where the react ions in  the  carbon of the 
sc in t i l l a tor  a r e  l ikely t o  b e  important; below t h i s  
energy one may u s e  techniques which depend on 
interact ions with hydrogen only. T h e  size of the 
scint i l la tor  e n t e r s  into the computation only in  t h e  
considerat ion of the interaction of any  secondary  
neutrons;  thus  t h e  at tenuat ion of the  primary neu- 
tron beam is handled s e p a r a t e l y  from the main 
process .  Problems connected with edge  effect and 
pulses from carbon recoi l s  have  been a s s e s s e d .  

T h e  computation i s  based on a modified com- 
bination of his tory magnetic t a p e s  from t h e  intra- 
nuclear  c a s c a d e  program of Bert ini4 (neutrons on 
12C) with t h e  evaporat ion program of Dresner5 and 
with formulas giving t h e  light output predicted for 
t h e  absorpt ion of energy from the var ious charged 
par t ic les  emit ted.  At the low incident  energ ies  of 
in te res t  t o  t h i s  work, the  differences in nucleon 
separa t ion  energy from one element  t o  the  next  a r e  
important, and  it w a s  n e c e s s a r y  t o  interpret t h e  
intranuclear  c a s c a d e  his tory tapes  i n  an un- 

orthodox manner t o  reduce the  importance of 
energe t ica l ly  impossible  react ions.  I t  happens  
that  t h e  Bert ini  program records the c a s c a d e  
par t ic les  leav ing  the  nuc leus  more or less in order 
of d e c r e a s i n g  energy; s o  in  ana lyz ing  the  his tory 
t a p e s  the  present  program is able  to compute the  
apparent  exc i ta t ion  energy of the  ten ta t ive  residual  
nuc leus  af ter  taking in to  account  e a c h  s u c c e s s i v e  
e s c a p i n g  nucleon.  E s c a p i n g  par t ic les  a r e  not 
included if  they force a negat ive exc i ta t ion  energy.  
While t h i s  modification makes l i t t l e  difference t o  
t h e  number of e s c a p i n g  c a s c a d e  par t ic les  from a 
medium-weight nucleus bombarded a t  high ener-  
g i e s ,  i t  makes a n  important difference for carbon 
bombarded with neutrons in the 15- to 50-Mev 
range. A s tudy  of the  predicted pulse-height 
s p e c t r a  and  the  corresponding radiochemical y ie lds  
s h o w s  that  t h i s  method gives  a reasonable  account  
of most of the  reac t ions  of importance in  the s c i n -  
t i l la tor ,  although i t  d o e s  not give enough promi- 
n e n c e  t o  t h e  '2C(n,a)gBe react ion which is im- 
portant a t  14 Mev as judged from the  pulse-height 
s p e c t r a  observed i n  a scint i l la tor .  T h e  eff ic iency 
e s t i m a t e s  resu l t ing  from th is  work a r e  being 
a s s e s s e d .  

References 

Centre  D'Etudes Nuclea i res  , Fontenay-aux- 
R o s e s ,  France .  
2R. J .  Kurz, A 709/7090 F o r t r a n 4 1  Program t o  

Compute the  Neutron-Detection Eff ic iency of 
P l a s t i c  Sc in t i l l a tors  for Neutron E n e r g i e s  from 
1 t o  300 MeV, UCRL-11339 (1964). 

3R. W. Peelle e t  al., Neutron Phys .  Div. Ann. 
Progr. Rept. Aug. 1, 1963, ORNL-3499, Vol. 11, 
p. 66. 

1 

4H. Bertini, Phys .  Rev. 131, 1801 (1963). 
5L. Dresner ,  E V A P  - A FORTRAN Program for 

Calcu la t ing  the  Evaporation of Various P a r t i c l e s  
from E x c i t e d  Compound Nuclei, ORNL-CF-61-12- 
30 (December 1961). 



147 

ORNL-3714, VOI. II 
UC.34 - Physics 

TID-4500 (35th ed.) 

IN TE  RNA L DlST RI BUT10 N 

1. L. S. Abbott 
2. F. S. Alsmiller 
3. R. G. Alsmiller, Jr. 
4. J. Barish (K-25) 
5. H. W. Bertini 
6. N. A. Betz 

7-46. E. P. Blizard 
47. T. V. Blosser 
48. M. S. Bokhari 
49. W. R. Burrus 
50. V. R. Cain 
51. A. D. Callihan 
52. G. T. Chapman 
53. H. C. Claiborne 
54. F. H. Clark 
55. C. E. Clifford 
56. W. Coleman 
57. J. C. Courtney 
58. R. R. Coveyou 
59. G. desaussure 
60. J. K. Dickens 
61. L. Dresner 
62. M. B. Emmett 
63. K. Franz (K-25) 
64. R. M. Freestone, Jr. 
65. J. Gibbons 
66. W. A. Gibson 
67. F. E. Gillespie 
68. J. H. Gil lette 
69. M. Guthrie 
70. R. Gwin 
71. V. M. Hamrick 
72. J. A. Harvey 
73. R. M. Haybron 
74. K. M. Henry, Jr. 
75. N. W. H i l l  
76. B. D. Holcomb (K-25) 
77. L. B. Holland 
78. J. L. Hul l  
79. D. Irving 
80. E. B. Johnson 
81. W. H. Jordan 
82. L. Jung 
83. F. B. K. Kam 
84. M. M. Kedle 
85. W. E. Kinney 

86. K. A. Kraus 
87. C. E. Larson 
88. M. Leimdorfer 
89. J. Lewin  
90. T. A. Love 
91. R. L. Macklin 
92. J. M. Madison 
93. R. E. Maerker 
94. D. W. Magnuson 
95. F. C. Maienschein 
96. J. J. Manning 
97. B. F. Maskewitz 
98. J. W. McConnelI 
99. B. McGill 

100. C. 0. McNew 
101. S. K.Mehta 
102. J. T. Mihalczo 
103. J. M. Miller 
104. H. S. Moran 
105. F. J. Muckenthaler 

106-107. R. B. Parker 
108. R. W. Peelle 
109. S. K. Penny 
110. C. M. Perey 
111. F. J. Perey 
112. S. J. Rafferty 
113. R. J. Raridon 
114. J. Repolgle (K-25) 
115. B. Rust (K-25) 
116. G. R. Satchler 
117. R. T. Santoro 

118. R. J. Scroggs 
119. R. J. S i lva 
120. E. G. Si lver 
121. M. J. Skinner 
122. G. G. Slaughter 
123. R. D. Smiddie 
124. W. R. Smith 
125. J. G. Sullivan 
126. J. A. Swartout 
127. T. Tamura 
128. J. T. Thomas 
129. H. A. Todd 
130. D. K. Trubey 
131. V. V. Verbinski 
132. J. Wachter 

4 



133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 
142. 

D. R. Ward 
J. W. Webster 
A. M. Weinberg 
L. W. Weston 
E. P. Wigner 
G. C. Wi l l iams 
Gale Young 
W. Zobel 
R. A. Charpie (consultant) 
R. F. Taschek (consultant) 

i 
'e' 

143. G. Dessauer (consultant) 
144. M. L. Goldberger (consultant) 
145. Radiation Shielding Information Center 
146. Biology Library 

147-149. Central Research Library 
150. Reactor Division Library 

151-1 52. ORNL-Y-12 Technical Library, 

153-487. Laboratory Records Department 
Document Reference Section 

488. Laboratory Records, ORNL R.C. 

EXTERNAL DlSTRlBUTlON 

489. Research and Development Division, AEC, OR0 
490-1135. Given distribution as shown in TID-4500 (35th ed.) under Physics Category (75 copies - 

CFSTI) 


