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For  the  second consecut ive  year t h e  Neutron 
P h y s i c s  Division is i s su ing  i t s  annual progress 
report in two volumes, with t h e  papers describing 
research  performed in the  high-energy radiation 
sh ie ld ing  program col lec ted  in  Volume 11. Again 
th i s  separation i s  made primarily to aid our readers,  
most of whom we believe to b e  interested in the  
work reported in  one  volume only. It is not prompted 
by the  size of t h e  report, for, as you have  already 
realized, t h e  number of pages  in  th i s  year’s report 
h a s  decreased  considerably below that in our pre- 
vious reports. Th i s  dec rease  re f lec ts  a change in  
t h e  Division’s procedure for reporting research  
performed during the  ye;r. It h a s  become increas- 
ingly apparent that  emphasis  on the  annual progress 
report h a s  resulted in some of our research not 
being reported elsewhere,  an  effect  which w e  de- 
plore. T h e  lack  of other publications is made even 
less des i rab le  by the  fac t  that  t h e  individual papers 
of progress reports a re  not treated spec i f ica l ly  by 
information cen te r s  or otherwise co l la ted  into the 
organized sc ien t i f ic  literature. Therefore, i n  
planning our report t h i s  year, w e  decided to  limit 
each  paper to  t h e  length of either an  abs t rac t  or a 
summary in  order to g ive  the  authors more t ime to 

spend on “topical” reports. In fac t ,  we had hoped 
tha t  for each  abs t rac t  included in the  annual  report 
a sepa ra t e  de ta i led  report or journal a r t ic le  would 
have already been published, but unfortunately the  
a t t rac t iveness  of not duplicating writ ing efforts re- 
su l ted  in  so great an  influx of topical reports to 
our publications staff  tha t  i t  became imposs ib le  to  
handle all of them prior t o  the  publication of t he  
annual report. I t  c a n  b e  presumed, however, that  
for each  abs t rac t  included in  the  annual report t h e  
publication of a topical report is imminent. Those  
papers  which a r e  not identified as abs t r ac t s  a r e  
summaries that descr ibe  work which is s t i l l  in 
progress  and thus  is not yet ready for publication 
in  a topical report. 

In a few cases, the  reader will  notice tha t  ab- 
s t r a c t s  a r e  included which report work tha t  w a s  
described in  l a s t  year’s annual report. We have 
allowed th i s  duplication intentionally so  tha t  we 
might call your attention to the  fac t  tha t  topical 
reports on t h e s e  particular sub jec t s  have now been 
i ssued .  T h i s  is a prac t ice  w e  will not repeat next 
year, however, s i n c e  w e  assume that the  abs t rac t  
i n  th i s  year’s report will b e  sufficient no t ice  of t he  
forthcoming document. 

... 
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1.1. ELASTIC AND INELASTIC SCATTERING 
OF 11-Mev PROTONS FROM MEDIUM-WEIGHT 

NUCLEI 

J. K. Dickens F. G. Perey 
R. J. Silva’ 

A better understanding of nuclear mechanisms 
is needed to  predict nuclear c ros s  sec t ions  or t o  
allow interpolation between energ ies  where nuclear 
da ta  are available.  The  e l a s t i c  sca t te r ing  of nu- 
c l eons  from nuclei  can  be  fairly successfu l ly  re- 
produced by us ing  a complex optical-model po- 
t e r ~ t i a l . ” ~  Above incident energ ies  of a few Mev 
the  ine las t ic  nucleon sca t t e r ing  c ros s  sec t ion  for 
exc i t ing  certain s t a t e s  of nuclei  is very large; it is 
believed that t hese  s t a t e s  represent some form of 
co l lec t ive  motion of t he  nuc leons  in the nucleus. 
Therefore an  ex tens ion  of the  optical  model such  
as  that sugges ted  by Buck4 might successfu l ly  de- 
sc r ibe  the  ine las t ic  sca t te r ing  excit ing these  
s t a t e s .  

T o  t e s t  such  a model we have  performed a s e r i e s  
of measurements of ine las t ic ,  as wel l  as  e l a s t i c ,  
proton sca t te r ing  from seve ra l  nuc le i  in the  inter- 
mediate-mass region. The  11-Mev proton beam of 
the  ORNL tandem Van d e  Graaff was used;  other 
de ta i l s  of the experimental technique were re- 
ported previously.’ Nuclei  which were s tud ied6  

Ge. Angular distri-  
butions were obtained for e l a s t i c  sca t te r ing  and for 
ine las t ic  sca t te r ing  to the 2 and 3- col lec t ive  
s t a t e s  as  wel l  as to  seve ra l  other low-lying l eve l s  
i n  the  even-even nuclei;  angular distributions for 
the odd-mass ta rge ts  were obtained for elastic 
sca t te r ing  and for ine las t ic  sca t te r ing  to severa l  

are 4 8 ~ i ,  S l v ,  5 4 , 5 6 ~ ~ ,  60,62,64Ni, 6 3 . 6 5  CU, 
6 4 . 6 6  , 6  8zn, and 7 0 .7  2 , 7 4 . 7  6 

t 

low-lying levels.  
Analysis of the  e l a s t i c  angular distributions by 

means of an opt ica l  model is complete, Tab le  
1.1.1 presents  the  real- and imaginary-well depths  

( V s  and W D )  obtained for s eve ra l  nuclei. T h e  other 
parameters a r e  the  same as  those  used  in ref. 3. 
T h e  real-well depths  a re  within 50.6 Mev of the  
value predicted by using a formula3 tha t  inc ludes  
Coulomb effects and a nuclear symmetry depend- 
ence.  They tend, however, to be smaller than the 
va lues  predicted by the  formula. Poss ib ly  t h e  
fluctuations in the  potential  parameters can  b e  
correlated with the  known nuclear properties of 
t hese  nuclei. 

Table 1 . 1 . 1 .  Real-  and Imaginary-Well Depths 

( V s  and W,,) for t h e  Optical-Model 

Analys is  of Elast ic  Scattering 

1. Nuclear and Reactor Physics 

1 

49.3 

50.4 

50.6 

50.8 

51.6 

52.4 

52.7 

52.0 

52.4 

52.0 

52.3 

52.6 

52.8 

52.3 

51.6 

52.4 

10.7 

12.5 

7.8 

13.3 

12.9 

12.7 

13.1 

11.7 

10.4 

11.9 

12.1 

13.1 

12.8 

14.7 

17.9 

16.4 
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The ana lys i s  for the ine las t ic  sca t te r ing  assumed 
that the opt ical  model describing the e l a s t i c  
sca t te r ing  is capable  of vibration. In a preliminary 
survey only the real part of the potent ia l  was 
assumed to have  quadrupole and octupole vibra- 
tions. The  distorted-wave Born approximation was  
used to ana lyze  a l l  the  2' and 3- angular distribu- 
tions; the  coupled-channel code of Buck4 was  used 
to fit all the 2' c r o s s  sec t ions  coupled t o  the 
ground s ta te .  In two of the latter c a s e s  both the 
2' and 3- states were coupled to  the ground s t a t e .  
Table  1.1.2 g ives  the va lues  of the deformation 
parameters (p )  obtained. For most cases the 
P values  obtained are  in good agreement and are  
comparable to  those  obtained from Coulomb exci ta-  
tion ~ t u d i e s . ~  A typical  fit t o  the data  is shown in 
Fig.  1.1.1; in the  coupled-channel calculat ion (CC), 
the 2' and 3-  s t a t e s  were coupled to  the ground 
s ta te .  

The ana lys i s  using only the real part of the opti- 
c a l  potential  a s  vibrating is in fair agreement with 
the data;  however, severa l  other factors remain to  
be investigated.  Vibration of the nuclear charge 
due t o  Coulomb excitation is certainly taking p lace  
and should be included in the calculation. Further- 
more, if only a few channels  a r e  coupled explicitly, 
then the coupling potential  should be complex. A 
calculation using a complex coupling potential  and 
including the effect  of Coulomb excitation is shown 

Table 1.1.2. Deformation Parameters p and p for 

Coulomb Excitation (CE), Coupled-Channel (CC), 
and Distorted-Wave (DW) Calculations 

2 +  3 -  

P7 + for 

CE cc DW p3- for DW 

'Ti 

56Fe 

62Ni 

64Ni 

64Zn 

662, 

682, 

70Ge 

72Ge 

0.26 

0.23 

0.19 

0.19 

0.25 

0.23 

0.20 

0.22 

0.25 

0.24 

0.25 

0.24 

0.21 

0.26 

0.25 

0.1 9 

0.2 0 

0.19 

0.2 5 

0.32 

0.26 

0.20 

0.28 

0.23 

0.19 

0.2 0 

0.20 

0.14 

0.23 

0.21 

0.22 

0.28 

0.25 

0.21 

0.25 

0.23 

in Fig.  1.1.2. The  calculated angular distribution 
is compared in this  figure with that obtained by 
using the same opt ical  potential  but allowing only 
the real part of the potential  to  give r i se  to  the 
coupling. 

The  difference between the two calculat ions is 
suff ic ient ly  great to  warrant further a n a l y s e s  of 
these  data .  
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1.2. THE LOCAL ENERGY APPROXIMATION 
TO NONLOCALITY AND FINITE 

RANGE EFFECTS’ 

F. G. Perey  D. S. Saxon2 

T h e  application of the  local energy approxima- 
tion to  ca lcu la t ions  of the  nonlocal op t ica l  and 
s h e l l  model potentials and to the  finite range 
effects in  t h e  d is tor ted  theory of transfer reactions 
is d i scussed .  
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1.3. INELASTIC EFFECTS IN STRIPPING AND 
OTHER DIRECT REACTIONS’ 

S. K. Penny G. R. Satchler’ 

T h e  distorted-wave theory of direct  nuc lear  re- 
ac t ions ,  such  a s  deuteron stripping, is generalized 
to inc lude  in  t he  distorted waves  the  effects of the 
s t rong  ine las t ic  sca t te r ing  which may b e  present  
when the  nuc le i  show col lec t ive  behavior. T h e  
poss ib l e  changes  i n  parity and angular momentum 
se lec t ion  ru les  a re  d i scussed  i n  de ta i l .  Formulas 
a r e  given for t h e  general  case and also for a s imple  
model i n  which only one leve l  of the  target nu-  
c l e u s  (assumed even)  can  be excited.  
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1.4. DISTORTED-WAVE ANALYSIS OF THE 
9 0 ~ r ( ~ , p ) 9 ’ ~ r  REACTION USING NONLOCAL 

OPTICAL-MODEL WAVE FUNCTIONS 

F. G. Pe rey  J. K.  Dickens 
R. J. Silva’ 

The  e l a s t i c  sca t te r ing  of nuc leons  from nucle i  
c a n  b e  descr ibed  by a n  energy-independent non- 
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loca l  optical-model potential '  as well as an equiv- 
a len t  energy-dependent local optical-model po- 
tential .  Both models adequately reproduce e l a s t i c -  
sca t te r ing  angular distributions; however, wave 
functions generated by the  first  method are smaller 
in the region of the potential  (i.e., in s ide  the  nu- 
c l eus )  than those  obtained by the second method.4 
Further insight on the  nature of t h e s e  wave func- 
t ions  should be  provided by study of a reaction 
such  a s  (d,p) stripping. 

The  distorted-wave theory' of (d ,p)  stripping 
reactions makes use  of appropriate optical-model 
wave functions; the  ca lcu la ted  angular distribu- 
t ions a re  sens i t i ve  to the amplitudes of the wave  
functions in the  region of the  potential. Experi-  
mental angular distributions for stripping a r e  
usually much better reproduced i f  the  wave func- 
t ions  in s ide  the  nuc leus  a re  assumed to be  zero. 
Th i s  sugges t s  tha t  ca lcu la t ions  us ing  wave func- 
t ions  obtained from nonlocal po ten t ia l s  may be  
more consistent with stripping da ta .  

Experimental data on the 90Zr(d,p)g'Zr reaction 
have  been obtained by measuring techniques de- 
scribed previously. An isotopically enriched 'Zr 
target -1.5 mg/cm' thick w a s  bombarded by 12- 
and 14-Mev deuteron beams from the tandem Van 
de Graaff, and outgoing charged par t ic les  were de- 
tected by so l id-s ta te  detectors.  Angular distribu- 
t ions for protons corresponding to the ground s t a t e  
and ten exc i ted  s t a t e s  of the  ' lZ r  nuc leus  were 
obtained; i n  addition, differential cross sec t ions  
for deuteron e l a s t i c  sca t te r ing  were measured. 

Calculations for t he  stripping angular distribu- 
t ions  were performed with the  code  JULIE; input 
to  th i s  code included optical-model potentials 
which reproduced the e l a s t i c  sca t te r ing  data.  
Many calculated angular distributions for (d,p) re -  
ac t ions  a re  obtained by us ing  a loca l  optical-model 
potential which neg lec t s  spin-orbit coupling. This 
model se rved  a s  a s ta r t ing  point. Calculated angu- 
lar distributions for severa l  proton groups were ob- 
tained for four cases: loca l  optical-model potential  
with no spin-orbit coupling; loca l  optical-model 
potential  with spin-orbit coupling; nonlocal optical- 
model potential  with spin-orbit coupling; and non- 
loca l  optical-model potential ,  spin-orbit coupling, 
and a finite range for the nucleon-nucleon force. 
Angular distributions for two 1 = 0 transit ions a re  
shown in Fig. 1.4.1. The  data a re  reproduced much 
better if  a cutoff is used ,  that  is, if the wave func- 
tion is assumed t o  be zero  ins ide  the nucleus.  The  
effect of the nonlocality of the  potential  is tha t  of 
simulating a cutoff such  tha t  the nonlocal, no-cutoff 

ca lcu la t ions  give accep tab le  fi ts .  The  effect  of 
the finite range - smal l  for t h e s e  cases - was  ca l -  
culated with the  code  FANNY. 

All 11 angular distributions were analyzed by 
us ing  wave functions from the nonlocal optical  
model potential. T h e  r e su l t s  at 1 2  Mevare  shown 
in Fig.  1.4.2. T h i s  ana lys i s  sugges t s  tha t  with 
the present theories of (d,p) stripping the  da t a  favor 
the  reduction of the  wave functions given by the 
nonlocal potential. 
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1.5. ELASTIC AND INELASTIC SCATTERING 
OF 5- TO 13.5-Mev DEUTERONS FROM 60Ni: 

TABULATED DIFFERENTIAL CROSS SECTIONS' 

J. K. Dickens F. G. Perey 

Angular distributions for e l a s t i c  sca t te r ing  of 
deuterons from Ni have  been measured for 
incident deuteron energ ies  of 4.86, 5.86, 6.87, 
7.88, 8.88, 9.89, 10.86, 11.92, and 13.56 M e V .  Dif- 
ferential  c ros s  sec t ions  were obtained a t  5" inter- 
va l s  between laboratory angles of 30 and 160". 
Cross  sec t ions  for deuterons ine las t ica l ly  sca t te red  
from the first  excited s t a t e  of 6 0 N i  (Q = -1.33 MeV) 
were  obtained for t h e  four incident deuteron ener- 
g ies  between 9.89 and 13.56 Mev l i s ted  above. 
Numerical va lues  for a l l  measured c ross  sec t ions  
a re  tabulated. 

60 
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1.6. ELASTIC AND INELASTIC SCATTERING OF 
8- TO 15-Mev DEUTERONS FROM " 4Cd: 

TABULATED DIFFERENTIAL CROSS SECTIONS' 

J .  K. Dickens F. G. Pe rey  

T h i s  report c o n s i s t s  of a tabulation of numerical 
values  of differential c r o s s  sec t ions  of deuterons 
that were e las t ica l ly  and inelast ical ly  scat tered 
from I r 4 C d .  The c r o s s  s e c t i o n s  were determined 
a t  5' intervals  between laboratory angles  of 2 0  and 
160° for incident energies  of 7.96, 8.97, 9.97, 
10.99, 12.0, 13.0, 14.0, and 15.0 M e V .  The  in- 
e las t ic-scat ter ing data are  for deuterons that  were 
inelast ical ly  scat tered from the f i rs t  exci ted s t a t e  
of " 4Cd (Q = -0.554 Mev). 
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1.7. THE EFFECT OF DATA NORMALIZATION 
UPON DEUTERON OPTICAL-MODEL 

PARAMET E RS' 

J.. K. Dickens F. G. Perey 

The sensi t ivi ty  of optical-model parameters 
to the absolute  normalization of 12-Mev deuteron 
elast ic-scat ter ing angular distributions from 60Ni ,  
'OZr, and '14Cd was studied. Very large varia- 
tions in parameters were found, particularly when 
the diffraction pattern of the angular distribution 
is not pronounced. It is concluded that very 
accurate  absolute  normalization of the da ta  is 
necessary  to make a meaningful optical-model 
analysis .  Large parameter fluctuations from ele- 
ment to element observed in  previous deuteron 
optical-model ana lyses  are  probably due to  differ- 
e n c e s  in normalization of the  data .  

1.8. ELASTIC SCATTERING OF LOW-ENERGY 
DEUTERONS FROM 60Ni AND '14Cd AND THE 

EFFECTOFTHEDEUTERONELECTRIC 
POLARIZABILITY IN THE OPTICAL-MODEL 

POTENTIAL 

J .  K. Dickens F. G. Perey 

Differential c r o s s  sec t ions  for e l a s t i c  scat ter ing 
of deuterons from 6 0 N i  and '14Cd were measured 
for deuteron bombarding energies  of between 5 and 
15 M e V .  T h e  data  were analyzed by means of an 
opt ical  model tha t  includes a potential  due to the 
deuteron e lec t r ic  polarizability. We conclude that 
the e f fec ts  of the  polarizabili ty a re  small ,  although 
not negligible,  and that nuclear interact ions s t i l l  
dominate the e las t ic  sca t te r ing  a t  these  energies .  

References 

'Abstract  of ar t ic le  submitted for publication in 
the P h y s i c a l  Review. 

1.9. EFFECTS OF NONLOCALITY IN OFF- 
DIAGONAL POTENTIALS' 

F. G. Perey A. M. Saruis' 

The effects  of nonlocality in the off-diagonal 
parts of the opt ical  potential  are  s tudied in 
distorted-wave Born approximation by using a local  
energy approximation. The effects  are found to  be 
very small  in  the c a s e  of ine las t ic  sca t te r ing  to 
low-lying col lect ive s t a t e s  because of the s m a l l  Q 
value and the approximate equality usual ly  assumed 
for the  distorting potent ia ls  in the ini t ia l  and final 
channels .  For  ( p , n )  reactions to  isobaric  ana log  
s t a t e s ,  the effects  are  appreciable b e c a u s e  of the 
large Q value and the differences between dis tor t ing 
potent ia ls ,  but they largely affect the magnitude of 
the c ross  sect ion and not i t s  shape.  
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1.10. WIDE-ANGLE SCATTERING OF 43-Mev 
ALPHA PARTICLES BY ”Nil 

H. W. B r ~ e k ’ , ~  B. Buck4 
J. L. Yntema G. R. Satchler’ 3 

E l a s t i c  and ine las t ic  sca t te r ing  of 43-Mev alpha 
par t ic les  by ’*Ni h a s  been observed over the 
angular range from 15 to 142O (c.m.). Angular 
distributions were derived for e l a s t i c  sca t te r ing  
and for ine las t ic  sca t te r ing  to the  2’ f i r s t  exc i ted  
l eve l  a t  1.45 MeV, to the  two-phonon group at 
2.47 M e V ,  and to  t h e  s t rong  3 -  l eve l  a t  4.45 M e V .  

T h e  angular distributions showed s t rong  osc i l la -  
t ions  (with a period of 10’) a t  angles  less than 
about 70°, but the  osc i l la t ions  became less pro- 
nounced for angles  greater than  70’. T h e  oscilla- 
tion period tended to increase  with increas ing  
angle  to  a value of about 1 5 O  a t  the  la rges t  angles  
observed. Optical-model ana lys i s  of the  e l a s t i c  
s ca t t e r ing  w a s  made, and the ine las t ic  sca t te r ing  
to the  2’ and 3- l eve l s  was  ca lcu la ted  by the  
distorted-wave method. A coupled-channel analy- 
sis of the  e l a s t i c  sca t te r ing  and of the ine l a s t i c  
sca t te r ing  to the  2 and 4’ l eve l s  was  also under- 
taken. Good agreement with experiment w a s  found 
in all cases. It was  found to b e  necessary  t o  u s e  
an opt ica l  potential  i n  which the  absorptive po- 
ten t ia l  h a s  a somewhat different s h a p e  than t h e  
real  potential. Also,  there w a s  some indication 
that better r e su l t s  could be  obtained by us ing  a 
complex coupling in the distorted-wave ca lcu la-  
tions. 
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1.11. KINEMATICS NOMOGRAM FOR 
LOW-ENERGY NUCLEAR REACTIONS’ 

J .  K. Dickens 

For given par t ic les  a, b in t he  nuclear two-body 
reaction X(a,  b )Y ,  the nomogram described in th i s  

report so lves  the  nonrelativist ic kinematics reaction 

Q Eb( l  + M , / M y )  - Ea( l  - M a / M y )  

for any one of the  var iab les  Q, Ea, E , ,  8, and M y  
i n  te rms  of t h e  others.  Nomograms are  presented  
for the reac t ions  (P,P’>, hd), ( A t > ,  @,a), (44, 
( d , ~ ) ,  (3He,d>, ( a y a h  (a$>, (’ 60, 60>, and (‘60,a>, 
and the  FORTRAN program used  to plot them is 
included. 
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1.12. THE USE OF ELASTIC SCATTERING 
PARAMETERS IN (d,p) STRIPPING 

CALCULATIONS 

W. R. Smith 

Several  investigations have shown tha t  
distorted-wave Born approximation (DWBA) ca lcu-  
l a t i o n ~ ~  of ( d , p )  angular distributions give r e su l t s  
in subs tan t ia l  agreement with experiment when 
medium or heavy ta rge ts  a r e  used. In principle, 
t he  optical-model parameters t o  u s e  in s u c h  ca lcu-  
l a t ions  should resemble those  which y ie ld  agree- 
ment with the  appropriate experimental  deuteron 
and proton e las t ic -sca t te r ing  da ta .  However, i t  is 
well known tha t  a given e las t ic -sca t te r ing  angular 
distribution can  usually b e  fi t ted b y  any one of 
many different sets of parameters.’ I t  i s  therefore 
of in te res t  t o  determine how sens i t i ve  the  s t r ipp ing  
r e su l t s  a r e  to  different cho ices  of acceptab le  
e las t ic -sca t te r ing  parameters. Tab le  1.12.1 sum- 
marizes the  e las t ic -sca t te r ing  and stripping da ta  
u s e d  in t h i s  investigation. 

The  E, = 10.85 Mev 9oZr(d,p)9’Zr reac t ions  
were the  most intensively s tud ied ,  and t h e  remain- 
ing reac t ions  were then used t o  check  and extend 
the  zirconium resu l t s .  T h i s  research  is subsequent  
to a similar s tudy  of the  90Zr(d,p)9’Zr reaction 
already reported.6 T h e  present  work began with a 
sea rch  of the parameter s p a c e  for regions which 
yielded f i t s  t o  t he  Zr(d,p)Zr and Nb(p,p)Nb data.  
Such regions were found by us ing  volume absorp- 
tion, su r f ace  absorption, and half-volume half- 

. 
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sur face  absorption potentials.  Introducing t h e s e  duced f i t s  t o  the  Zr(d,d)Zr data:  one  which w a s  
various types  of potentials in to  90Zr(d,p)g1Zr cal- narrow and deep  and one which was  wide and 
cu la t ions  yielded almost ident ica l  results.  It was  shallow. Their u s e  in the stripping ca lcu la-  
further determined tha t  two types  of surface-peaked t ions yielded angular distributions that differed 
imaginary poten t ia l s  could be  found which pro- somewhat from one another, but not s o  much tha t  a 

comparison with the experimental da ta  would 
definitely show one  potential  to b e  preferred over 
the  other. 

Table  1.12.1. L i s t  of Reactions 

E 

(MeV) Reaction 

90Zr(d,p)9 'Zr 

Zr(d,d)Zr 

10.85 

15 
10.85 

15 
10.85 
15 

11.8 
15 

16.2 

22.5 

3.29 
4.07 
5.72 
7.0 
7.0 
7.0 

7.0 

10.0 

14.0 

14.0 

17.0 

11.8 
11.8 

11.8 

11.8 

17.0 

Q In further investigations a s e t  of optimum proton 
and  deuteron parameters w a s  chosen  as  a cent ra l  

1 j Reference 

5.02 

3.8 

2.8 

5.72 

5.15 
4.72 

4.51 

5.2 

2 
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4 

1 

1 
3 
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1 
4 

2 

5 /2 

1 i 2  

7 /2 

3 /Z 

1 /2 
7 1'2 

1 /2 

1 /2 
9 /2 

5 /2 

a 
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a 
b 

a 
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C 
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i 
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j 

j 

k 
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s e t  and then parameter variations about th i s  s e t  
were made. In one case the  real  potential  radii  
were d isp laced  from t h e  cent ra l  va lues  and then 
the  remaining parameters were varied (subject to 
the  constraint  of fixed radii) so as  to optimize the 
fi t  to the  e las t ic -sca t te r ing  da ta .  In the  other two 
investigations t h e  real potential  radii were kept 
fixed a t  the  cent ra l  va lues ;  then in  o n e  case one 
additional parameter a t  a time w a s  d isp laced  and 
t h e  remaining parameters were then optimized, and 
in the  other case the  absolu te  c r o s s  sec t ion  of the 
da t a  was  changed by 6% and the parameters were 
reoptimized. Of t h e s e  various procedures,  only the  
changes  in the  real potential  radius produced 
significant variations in the  stripping results.  
Indeed, t he  result ing spec t roscopic  factors varied 
by more than a factor of 2 when the  radii  were 
varied by a factor of 1.18. T h i s  resu l t  implies 
that  DWBA determinations of spec t roscopic  fac tors  
a re  sub jec t  t o  considerable uncertainty. 

T h e  inves t iga t ions  of the  other stripping re- 
ac t ions  confirmed that t h e  stripping r e su l t s  a r e  
sens i t i ve  t o  t h e  choice  of radius. In addition, it  
w a s  showr. that  for t h e  reaction 52Cr(d,p)53Cr a s e t  
of po ten t ia l s  could b e  found which simultaneously 
fi t ted t h e  e l a s t i c s c a t t e r i n g  da ta ,  and also the 
stripping da ta  ove r  t he  range of bombarding en- 
e rg i e s  from 3.3  to 7 MeV. The 90Zr(d ,p)g1Zrdata  
were also reasonably well  fitted a t  both energ ies  
studied; furthermore, t h e  variations in the  resu l t s  
generated by different choices  of radii were not so 
large as to destroy the  quali tative nature of the  
f i t s  in t he  case of both zirconium and chromium, 
thus  indicating tha t  desp i t e  ambiguities in the  
poten t ia l s  t he  DWBA stripping theory is a good 
f i r s t  approximation for medium-weight targets.  

T h e  study of t h e  206Pb(d ,p )207Pb  reaction 
differed somewhat from the  other cases in  tha t  t he  
s t r ipp ing  resu l t s  were highly sens i t i ve  t o  the  choice  
of parameters. T h i s  sens i t iv i ty  w a s  traced to the  
comparatively smal l  va lues  of the  absorption po- 
t en t i a l s  yielded by the  e las t ic -sca t te r ing  ana lys i s .  
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The  small  absorption enhanced the amount of 
s t r ipping occurring in  the nuclear interior where 
t h e  various nuclear wave functions yielded by po- 
ten t ia l s  which fi t  the  elastic scat ter ing may b e  a 
great  d e a l  less al ike than they are  in the region 
exterior to the nucleus.  
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1.13. DISTORTED-WAVE CALCULATIONS OF 
s i ( d ,  p )  si AN GU L AR D I ST R I B u TI ON s 

W. R. Smith 

A previous ana lys i s ’  indicated that the distorted- 
wave Born approximation’ for (d ,p)  stripping reac- 
t ions is not a good approximation when light targets  
a re  involved but that i t s  s u c c e s s  improves markedly 
when the atomic weight of the target increases  from 
about 30 to  around 50. It does  not seem plausible  
for  the validity of the theory to  change so com- 
pletely over th i s  mass  range, and i t  is suspec ted  
that  the light-nuclei react ions may not have been 
s tudied carefully enough. T h e  28Si(d,p)29Si re- 
action involves one of the heavier nuclei  for which 
the theory proved inadequate,  and s i n c e  experi-  
mental angular distributions for th i s  reaction e x i s t  
for bombarding energies  ranging from 2 to  15 Mev 
and s i n c e  Al(p,p)Al, Al(d,d)Al, and Si(d,d)Si data  
a r e  avai lable  a t  severa l  energies ,  a n  attempt a t  
reconciling experiment and theory in th i s  c a s e  is 
believed to  be worthwhile. 

The  approach involves  finding the parameters 
which bes t  f i t  the e last ic-scat ter ing data a t  e a c h  
energy and each  radius - for a wide range of real 
potent ia l  radii - and then attempting t o  modify 
t h e s e  parameters s o  that  they vary smoothly with 
energy while s t i l l  yielding sat isfactory f i t s  t o  the 
elast ic-scat ter ing data .  Then,  including the  known 
energy variation, the  parameters would be used in 
2 8  Si(d,p)”Si s t r ipping calculat ions throughout the 
energy range of avai lable  data  so tha t  a decis ion 
c a n  be made a s  to  whether the theory is truly de- 
ficient or whether the correct  parameters have  not 
yet  been tried. At th i s  time, the fitting of the 
elast ic-scat ter ing da ta  is in an advanced s t a t e  of 
progress.  
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1.14. OPTICAL-MODEL PARAMETERS 
FOR 90Zr(d,p)91Zr BELOW 4 Mev 

C. E. Brient’ 
E. L. Hudspethl  

E. M. Bernstein’  
W. R. Smith 

The  distorted-wave Born approximation (DWBA)’ 
provides a su i tab le  description of (d,p) st r ipping 
angular dis t r ibut ions when medium-weight targets  
are  employed.3 However, there is very l i t t l e  ex- 
perimental information on such  react ions a t  bom- 
barding energ ies  less than half  the Coulomb barrier 
height. There are reasons for believing that  the 
DWBA theory may be even more valid at such 
energ ies  than a t  the more usual  higher energies.  
For example,  the weak coupling approximation e m -  
ployed is well  sa t i s f ied  because  of the relat ive 
increase  in  the  deuteron e l a s t i c  sca t te r ing  and the 
decrease  in  the  (d,p) intensi ty  and a l so  because 
the enhanced Coulomb repulsion of the deuterons 
and protons favors the occurrence of s t r ipping from 
the exterior region of  the nucleus,  for which the 
theory is considered to be more accurate.  

The 90Zr(d,p)9’Zr reaction in particular was 
se lec ted  for s tudy both because  of the avai labi l i ty  
of deuteron and proton elast ic-scat ter ing d a t a  
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appropriate to  th i s  reaction and because  the higher 
energy 90Zr(d,p)9' Zr stripping da ta  have  already 
proved amenable to  DWBA a n a l y ~ i s . ~  In the  pres- 
en t  study angular distributions corresponding to  
the ground and first  excited s t a t e s  of "Zr have 
been obtained4 a t  bombarding energ ies  of 2.713, 
3.017, 3.213, 3.414, and 3.518 MeV, together with 
a fourth-excited-state angular distribution a t  
3.518 M e V .  The  bas i c  deuteron and proton param- 
e t e r s  used  in  t h e  DWBA ca lcu la t ions  were obtained 
from the  publ ished deuteron5 and proton6 e l a s t i c -  
sca t te r ing  ana lyses  of Perey. These  parameters, 
for a derivative-type sur face  absorption, a r e  as 
follows: 

a' = 0.679 F d Rop  = 1.25 F 

a = 0.65 F R i d  = 1.236 F 
P 

R i p  = 1.25 F 

a' = 0.47 F 

V = 53 Mev W, = 18.39 Mev 

a i =  0.677 F 

V ,  = 85.4 Mev 
P 

P 

P 
W = 12 Mev Ron = 1.25 F 

R i d  = 1.272 F an = 0.65 F 

The primes denote  the  imaginary potential  param- 
e t e r s ,  and the subscr ip ts  p ,  d ,  and n denote,  
respectively,  proton, deuteron, and neutron. Only 
the parameters V ,  and W, were varied in obtaining 
the  agreement with experiment shown in F ig .  1.14.1. 
The  va lues  of V d ,  W ,  and the spectroscopic factors 
S corresponding t o  the  ca lcu la t ions  of Fig.  1.14.1 
a re  l i s ted  in Table  1.14.1. 

Three d iscrepancies  appear in the comparisons 
between experiment and theory: W ,  dec reases  
sharply between 3.2 and 2.7 MeV, the lowes t  energy 
first-excited-state da t a  are not well  f i t ted,  and the 
spec t roscopic  factors a re  larger i n  all cases than 
those similarly obtained ( s e e  Sect. 1.12) a t  bom- 
barding energ ies  of 10.85 (ref. 7) and 15 MeV. '  

Attempts to  remove these  difficult ies by an appro- 
priate se lec t ion  of parameters were not successfu l .  
The  nature of the f i t  t o  the  2.713-Mev first-excited- 
s t a t e  da t a  sugges t s  the presence  of a s i zab le  
compound-nucleus contribution. Calculations made 
with the  Hauser-Feshbach s t a t i s t i ca l  theory9 
yielded an  angular distribution for th i s  c a s e  which 
was  symmetric about 90' and had a 0-90° in tens i ty  
ratio of 1.307. When added in the correct propor- 
tion to the  DWBA angular distribution, t h i s  pro- 
duced a much better fit,  but the  "horns" on e i ther  
end of the  experimental distribution were s t i l l  not 
reproduced. 

The  effects of including spin-orbit coupling, 
deuteron polarizability, and a finite-range neu- 
tron-proton interaction'  were also ca lcu la ted  and 
found t o  be  negligible. T h e  resu l t s  of t h i s  inves t i -  
gation indicate that (d, p )  angular distributions ob-  
tained a t  bombarding energ ies  half t he  Coulomb 
barrier height with medium-weight ta rge ts  can  be  
usefu l  sources  of spec t roscopic  and optical-model 
information when interpreted by means of DWBA 
calculations,  provided tha t  t he  Q value and the 
bombarding energ ies  a re  not excess ive ly  low. 

Table 1.14.1. Optical-Model Parameters and Spectroscopic Foctors 

Level E d  (Mev) 

0 3.518 
3.414 
3.213 
3.017 
2.713 

1 3.518 
3.41 4 
3.213 
3.017 
2.713 

4 3.518 

89.17 
87.49 
89.15 
88.72 
88.47 
86.85 
84.26 
84.39 
84.82 
84.65 
87.39 

11.28 1.55 
10.89 1.54 
7.381 1.77 
5.796 2.44 
2.464 3.51 

16.16 1.50 
17.22 1.33 
13.19 1.48 
7.700 1.34 
4.550 2.42 
5.442 1.60 
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1.15. USE OF THE NEUTRON DIE-AWAY 
TECHNIQUE TO TEST CONTROL ROD 

EFFECTIVENESS THEORIES’ 

R. B. Perez’  G. d e  Saussure 
E. G. Silver 

T h e  calculation of control rod e f fec t iveness  is 
complicated by i t s  dependence on both t h e  neutron 
energy distribution and the  geometry of t he  assem-  
bly. Comparisons of the  theory with experimental 
resu l t s  obtained from either reac tors  or subcrit ical  
sys t ems  are  difficult because  of the in t r ins ic  
complexity of such  sys tems.  

T h e  neutron die-away technique affords the 
possibil i ty of having a n  all-thermal neutron model, 
i n  which the  neutron energy distribution can  b e  
separa ted  from spa t i a l  effects.  Hence ,  t he  geo- 
metrical factor of the  control rod e f fec t iveness  can  
be  studied without regard to the  de t a i l s  of the 
neutron spectrum, and the  r e su l t s  compared with a 
c lean ,  simple experimental se tup .  The  method is 
based  on the  fact  that in a neutron die-away ex- 
periment of t h e  type  described here,  t he  buckling 
of the  assembly is related to the  decay  cons tan t  
of t h e  fundamental mode by 

where Aa = inverse  lifetime of the  neutrons in 
moderator ( s - ’ ) ,  D = diffusion cons tan t  (cm’/s). 

T h e  moderating a s sembl i e s  u sed  for t h e s e  experi- 
ments were rectangular pr i sms  of beryllium, built  
in s eve ra l  sizes from smal l  b locks  (2.54 cm high, 
7.3 cm square). Three  types  of cadmium control 
rods were used: thin 0.476-cm-diam rods; a 
cruciform-section rod; and hollow “thick” rods 
7.3 c m  x 7.3 c m  in c r o s s  section. 

T h e  theoretical  s chemes  tes ted  were (1) 
Nordheim-Scalettar, (2) Hurwitz-Roe, and (3) the  
numerical diffusion code. T h e  effect of a cruciform 
absorber was  computed by us ing  the  Hurwitz-Roe 
conformal transformation technique, and a value of 
0.0188 cm-’ w a s  found for t he  buckling which 
compares with the experimental r e su l t s  of 0.0187 k 
0.0006 cm-*. For  the  thick rods, both the  Nord- 
heim-Scalettar scheme and the  diffusion code  
overestimated the experimental resu l t s  by about 
10%. However, the interaction between thick rods 
was  correctly predicted by both methods. For thin 
rods,  the  Nordheim-Scalettar technique w a s  ex- 
tremely accurate. T h e  disagreement found for the  

thick rods is to  b e  expected when diffusion theory 
is used  to describe the e f fec t  of absorbers with 
c ross -sec t iona l  dimensions comparable to  the  
neutron mean free path in  the  moderator. 

Measurements with rods of intermediate sizes 
a re  be ing  carried out to determine the point a t  
which diffusion theory becomes inadequate.  
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1.16. ON THE EXTENSION OF WEINBERG’S 
SECOND FUNDAMENTALTHEOREMTO 
NONHOMOGENEOUS NUCLEAR SYSTEMS 

F. G. Perey  R. B. Pe rez ’  

A convenient and e legant  way of dea l ing  with 
reactor phys i c s  problems is to include all the  
de t a i l s  of the  neutron slowing-down p rocesses  in  
the  so-called synthe t ic  kerne ls2  which c a n  b e  
generated so tha t  the computed slowing-down 
dens i ty  ag rees  with the  one  measured in t h e  media 
under study. T h i s  technique effectively con- 
ver t s  a s e t  of coupled partial  differential equa- 
t ions  (Fermi age  theory coupled with thermal- 
neutron diffusion, or multigroup, theories) into a 
s ingle  integrodifferential equation for t h e  thermal- 
neutron population in the assembly. 

The  interest  in Weinberg’s second fundamental 
theorem lies in the f ac t  that  when a homogeneous 
reactor loading is assumed and infinite media 
kernels a r e  used ,  the  integrodifferential equation 
c a n  b e  converted into a differential equation, a fac t  
which greatly simplifies the  theory. 

We present here  the extension of Weinberg’s 
theorem to  nonhomogeneous loadings us ing  a method 
developed4 in connection with some quantum 
mechanical s tud ie s  which lead  to similar integro- 
differential equations.  
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L e t  u s  call P(;,;,) the  probability that a neutron 
born by f i ss ion  in  the  unit  volume at To becomes 
thermalized a t  rf To i l lus t ra te  t he  method, w e  
a s sume  tha t  t h e  kernel is a d isp lacement  kernel; 
in other words, that  i t  is only a function of the 
modulus of the  displacement vector r‘- ;o: 

P(f3,) = P(1T- F0J) . (1) 

T h e  diffusion equation for t he  thermal neutrons 
becomes 

where the  slowing-down dens i ty  g(;) is 

g(;) = Jd;b PI; - Fol) v Zf(T0) +(<I . (3)  

T h e  nonhomogeneous fuel distribution is intro- 
duced through t h e  space-dependent macroscopic 
f i ss ion  c r o s s  sec t ion  Z,(r;), and A is the  reactivity 
eigenvalue. 

In order t o  convert  Eq. (1) into a differential 
equation, we make the  following change  of variable 
in Eq. (3): 

Then, 

= 

Introducing 
have 

g ( 3  

dGF(s) v C,(;:+ 2) +(; + ;) . (5) 

p, the Fourier transform of P ,  we 

Since P is an  even  function of s ,  i t  is poss ib l e  to 
expand in  a Taylor s e r i e s  in h2 about a va lue  
h2  = B 2 ;  that  i s ,  

P(h2) = P ( B 2 )  + (A2 - B 2 )  P ’ ( B 2 )  + . . . . (7) 

By keeping only two terms in  the Taylor ex- 
pansion in Eq. (6) and by us ing  well-known proper- 
t i e s  of de l ta  functions,  the  integration, f irst  over 

h and then over s, eas i ly  y ie lds  

g(7) = v Cf(T) F ( B 2 )  +(;) 

- v P ’ ( B 2 )  +(;) v2 E,(;) 

- 2v P ‘ ( B 2 )  v Zf(y) - V +(;) . (8) 

Ii one now c h o o s e s  

A v Ef(;) P ( B 2 )  - CJT)  
D 

B 2 ( F )  = 

t he  substi tution of Eq. (8) in Eq. (2) g ives  

D V 2  +(;)- E,(;) +(;) + A v Cf(7) F ( B 2 )  +(’;) 

The  above cho ice  of B 2 ( y )  is made in order to 
optimize the  convergence of the Taylor s e r i e s  
[Eq. (7)l and is s e e n  to  be  a “local buckling.” 
T h e  final resu l t  [Eq. (lo)] reduces  to  the  second 
fundamental theorem when C, is cons tan t .  The 
e f fec t  of the  s p a t i a l  variation of 2, is to  introduce 
the  term on the  right-hand s i d e  of Eq. (10) and  the  
need to eva lua te  a t  t he  “local buckling” value. 
The  term in  vxf . + can  be  eliminated from 
Eq. (10) by a su i t ab le  transformation of 4. 

Since we have kept  only two terms i n  the Taylor 
expansion of P, our final result  is an approxima- 
tion. It is e a s y  to see that t h e  approximation is 
good when the  “local buckling” changes  slowly 
over the  range of the slowing-down kerne l  
P(lF- Foi). In the  limit where the “local buckling” 
is cons tan t  - t h e  infinite homogeneous medium - 
t he  approximation becomes exac t ;  tha t  is, i t  is t h e  
second  fundamental theorem. 

The  above treatment can  b e  extended to a finite- 
medium kernel,  where the  slowing-down kernel is 
no longer a function of only 1;- ;,I, provided tha t  
the  dependence of the kernel on - Yo is symmetric 
in r and r o .  

- + 
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1.17. 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 differential c r o s s  
sec t ions  for the  'Be(a,n) reactions have  been 
made for alpha-particle energ ies  up to 1 0  M e V .  

T h e  beam of a'' par t ic les  w a s  obtained from the  
ORNL 5.5-Mev Van d e  Graaff accelerator.  The 
total  c r o s s  sec t ions  were measured with the  ORNL 
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graphite-sphere long  counter, but because  the 
sphere efficiency drops off above 8 M e V ,  the  neu- 
tron spec t ra l  i n t ens i t i e s  were obtained with a 2- 
by 2-in.-diam NE-213 liquid scinti l lator '  spectrom- 
e t e r  having a low-energy b i a s  of 0.5 M e V .  T h e  
differential da t a  for energ ies  above 8 Mev were 
then employed to correct the  total  c ross -sec t ion  
d a t a  for t he  "nonflat" response  of the  long counter. 

Angular and spec t ra l  measurements, in addition 
to be ing  usefu l  to the  measurement of to ta l  c ros s  
sec t ions ,  a r e  of significant in te res t  to t h e  study 
of nuclear reaction mechanisms. T h i s  i s  espec ia l ly  
true when t h e  incident par t ic le  is an a lpha  particle,  
for which ca lcu la t ions  and interpretation of ex- 
perimental resu l t s  a r e  simplified by v i r tue  of 
the  a lpha  particle be ing  a tightly bound spin-zero 
particle.  

F igure  1.17.1 shows the  total  'Be(a,n) c r o s s  
sec t ion  and t h e  Oo (c.m.) excitation functions (in 
mb/steradian) for t he  n n l ,  and n 2  neutron groups 
from the  'Be(a,n)''C, "C* reactions,  l eav ing  "C 
in the  ground, f irst ,  and second exc i ted  s t a t e s  
respectively.  Both the  to ta l  and t h e  differential  
c r o s s  sec t ions  show a significant amount of 
structure,  which is charac te r i s t ic  of compound 
nucleus  effects.  Because  of th i s  structure,  t he  
falloff of uT above 9.1 Mev is likely to b e  loca l  
and may not continue to  dec rease  above 10.5 M e V .  
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In other measurements3 of n o  and n neutron angu- 
lar distributions from 'Be(a,n)'  2C,  j 2C*  reactions,  
the  structure w a s  observed to vanish  above 17 Mev 
(a s t rong  forward peaking s e t s  in,  indicative of 
d i rec t  interaction); therefore t h e  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  de- 
s igners  considering beryllium a l loys  (see Chaps.  
8-10) because  of the  a lpha  par t ic les  in so la r  
f lares.  

In obtaining the  differential da t a  a pulse-shape 
discrimination4 was  used  to reject  gamma-ray 
counts.  A few samples  of the  spec t r a  unfolded 
with the  SLOP code  (see Sect. 6.1) a r e  shown in 
Fig. 1.17.2. T h e  da ta  for a 10.1-Mev a lpha  bom- 
barding energy yield four d is t inc t  peaks: no ,  nl, 
n 2 ,  and n 3  neutrons from the  'Be(a,n)12C, lZC* 
reactions. 

Analys is  of the  da t a  was  delayed because  the 
scinti l lator response  to  monoenergetic neutrons, 
which is a required input to the  SLOP unfolding 
code, was  accurately ca lcu lab le  to only 11 Mev 
( s e e  Sect. 6.2). However, Monte Carlo ca lcu la-  
t ions  of the  response  functions for organic sc in t i l -  
l a to r s  have been modified to inc lude  (n,n ',3a), 
@,a),  (n,p), and (n,pn) reactions on the  12C of 
the  scinti l lator,  and re l iab le  ca lcu la t ions  of s c in -  
t i l lator response  were made poss ib le  for energies 
up to 25-30 M e V .  T h e s e  have sa t i s fac tor i ly  re- 
produced the  pulse-height distribution obtained for 
14.4-Mev incident neutrons with an NE-213 sc in t i l -  
lator. 

T h e  scinti l lator resolution h a s  recently been im- 
proved by a factor of about 2 by subs t i tu t ing  an  
aluminum-foil reflector for t h e  manufacturer's white 
paint reflector on  a 2- by 2-in.-diam NE-213 g lass -  
encapsula ted  scinti l lator.  With th i s ,  i t  i s  hoped 
that we c a n  resolve n o ,  n l ,  n 2 ,  and n 3  neutrons 
from the  'Be(a,n)12C, "C* reactions for a lpha  
bombarding energ ies  above 20  Mev and can  u s e  
the relatively weak beam from the  ORNL tandem 
Van d e  Graaff. 

The  n o  and n1 neutron angular distributions h a v e  
been obtained with hand ca lcu la t ions  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 va r i e s  slowly with 
energy; an exception is the  rather large change for 
the n o  angular distribution between 7.3- and 8.2- 
Mev alpha energies.  At 10.1 MeV, the  angular 
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. 
distributions a r e  in  good overall  agreement with the  
9.8-Mev resu l t s  of Kjillman and Nilsson'  for n o  and  
n 1  neutrons. 

T h e  work reported here  represents a n  ex tens ion  
of total  cross-section measurements performed 
previously by Gibbons and Macklin.6 
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1.18. PHOTONEUTRON SPECTRA FROM "0, 
12c, AND *'AI 

V. V. Verbinski J. C. Courtney' 

T h e  giant dipole resonance in t h e  to ta l  gamma- 
ray absorption c ros s  sec t ion  of a few light e lements  
d i sp lays  pronounced fine structure,  some of which 
h a s  been observed in a direct  measurement2 on 
l60. A she l l  model ca lcu la t ion3  h a s  reproduced 
two of the  most prominent peaks  at the  cor rec t  
gamma-ray energy, but the  he ight  that  w a s  pre- 
dicted for t he  peaks  i s  too large.4 The  giant 
resonance in l 6 O  is of great in te res t  not only be- 
c a u s e  of much fine structure but a l so  because  the  
doubly magic I 6 0  nuc leus  l ends  i t se l f  rather well 
t o  de ta i led  calculations.  

T h e  giant dipole resonance i s  made up  mostly 
of simple (y ,n)  and ( y , p )  reac t ions  in light e l e -  
ments. The fine structure in t h e s e  reac t ions  was  
first reliably obtained f rom measurements of the  
inverse  ground-state @,yo)  reaction, and the  ( y , ~ , )  
c ross  sec t ion  was  then obtained with de ta i led  
balance.  5 r 6  T h e  1 6 0 ( y , p o )  cross sec t ion ,  obtained 
from the "N(p,y,) r e a ~ t i o n , ~  was  reproduced in 
much of i t s  de ta i l  by direct  measurements of t he  

T h i s  demonstrates tha t  
the ( y , p )  transit ions go predominantly to the ground 
s t a t e  of "N. A high-resolution measurement* of 
the I6O(y,n) c r o s s  sec t ion  w a s  made with 32.5- 
Mev bremsstrahlung. It reproduced many of t he  
peaks  in the  ' 6 0 ( y , p o )  ground-state transit ion,  but 
they appeared to be  riding on a high sea of back- 
ground neutrons, '  which gave se r ious  disagreement 
in overall  s h a p e  and which therefore made i t  im- 
poss ib le  to determine whether t he  60(y ,n)  re- 
ac t ions  mostly populate the  ground s t a t e  of "0. 
If ground-state reactions a re  highly favored, then 
the  160(y,n)  c r o s s  sec t ion  c a n  b e  obtained di- 

6 0 ( y , p )  c r o s s  section. 

rectly and with h i& energy resolution from a 
simple spec t ra l  measurement. T h e  work reported 
he re  descr ibes  such  a measurement. The  tech- 
nique employed reduces the  background, enables  
the  reduced background to b e  measured andsub-  
tracted,  produces a narrow, uncluttered bremsstrah- 
lung cone ,  and makes poss ib le  t h e  measurement 
of angular-distribution and absolu te  differential 
c r o s s  sec t ions .  In addition to the 160(y,n) re- 
action, measurements of t h e  C(y,n) and 7Al(y,n) 
reac t ions  were also made. 

Figure 1.18.1 shows the  experimental geometry. 
A 34-Mev burst  (10 nsec )  of e lec t rons  w a s  pas sed  
through the field of a bending magnet and then 
through a 0.15-cm-thick bismuth converter, which 
produced a narrow (3.5' half angle") cone  of 
bremsstrahlung at an angle  e with respec t  to t h e  
drift-tube a x i s  shown. T h e  e lec t rons  were swep t  
out of th i s  cone  with a magnetic field. T h e  target 
material (H,O, C ,  or  AI) w a s  centered on both the  
bremsstrahlung cone  and the  drift tube  axis.  Neu- 
trons leaving the target at  an angle  8 passed  down 
a 55-m flight path t o  an organic scinti l lator.  Time- 
of-flight spectrometry was  used. 

An arsenic  pellet  placed behind the ta rge t  
monitored the  time-integrated bremsstrahlung flux 
via  the  75As(y ,n )74As  reaction for which t h e  c r o s s  
sec t ion  is known. Sulfur p i l l s  p laced  nea r  the  
bismuth converter were used  to correct for a re- 
duction in a rsen ic  activity due  to  bremsstrahlung 
sca t te r ing  in the  target. T h e  target w a s  centered 
on t h e  bremsstrahlung cone  with t h e  a id  of t he  
thin ionization chamber shown. T h e  target was  
moved along the  drift tube a x i s  and j u s t  out of the 
bremsstrahlung cone  for a measurement of t h e  
background, which a rose  mostly from (y,n) reac t ions  
in t h e  bismuth converter (an abundant and nearIy 
isotropic source). T h e s e  background neutrons were 
then sca t te red  in to  the de tec tor  by the  target, the  
air ,  and the  wal l s  of the room. 

F igure  1.18.2 shows  the absolu te  ' 60(y,n)' ' 0  
c r o s s  sec t ion  obtained from a 1-cm-thick H O  
target,  with all neutrons assumed to have  le f t  "0 
in t he  ground s t a t e .  There  is exce l len t  overall  
agreement in s h a p e  with the 1 6 0 ( y , p , )  c r o s s  sec- 
tion obtained from detailed ba l ance  4*5.7 (solid 
line), except  for some differences in re la t ive  peak 
he ights  and for an apparent peak a t  18.3-Mev ex- 
c i ta t ion  energy in t h e  I6O(y,n) measurement. T h e  
ev idence  ind ica tes  tha t  for 26- to 34-Mev brems- 
strahlung (the Bi target of the present  experiment 

1 2  
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is about 8 Mev thick to 34-Mev electrons") the 
60(y,n)' 5O reaction goes predominantly to the  

ground s t a t e  of "0 .  This transition is expected 
to be  favored from both energy and angular mo- 
mentum considerations.  The electric dipole 
transit ions exc i te  (1-) s t a t e s  in 60, which can  de- 
cay to the  ground s t a t e  of 150 (+-) by l = 0 neu- 
tron emission, whereas  excitation of the  5.3-Mev 
doublet of "0 (F and g) requires odd 1 (Imin = 1) 
neutron emission. 

T h e  "C da ta  for 55 and 93' neutron emission 
(Fig. 1.18.3) show very l i t t l e  variation with angle. 
However, when the  two spec t ra  a re  normalized a t  

lower energies,  there is about a 20% e x c e s s  of 
93' neutrons above 7 M e V ,  which sugges t s  tha t  
direct  p rocesses  a re  contributing in t h i s  higher 
energy region. 

T h e  aluminum da ta  also produce spec t ra l  shapes  
that are very s i m i l a r  at 55 and 93', and they agree  
roughly with the  I2C(e,pe') spectrum of Dodge and 
Barber.6 Th i s  agreement is not very meaningful, 
however, because  of the roughly exponential  de- 
crease with increas ing  energy for both cases .  
Therefore, our spec t ra  for the  7Al(y,n)26Al 
reaction a t  55 and 93' have  been analyzed by 
fi t t ing to  evaporation spec t ra ,  +(E) = E 
exp(-E/T). 
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Since the present measurements were mostly 
exploratory in nature,  they are by no means com- 
p le te  and need to  be repeated a t  severa l  brems- 
strahlung energ ies  and angles.  However, for the  
c a s e  of l6O, they are adequate  to show the great 
degree of similarity between (y ,n)  and (y ,p)  cross 
sec t ions ,  which is evidence  that,  to a good ap- 
proximation, both reactions display the fine s t ruc-  
tures of the  giant dipole resonance for bremsstrah- 
lung radiation below 34  M e V .  
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1.19. SPECTRA OF BREMSSTRAHLUNG- 
PRODUCED NEUTRONS EMITTED FROM 
20aPb, 208Pb, AND 209Bi AT 90 AND 141" 

V. V. Verbinski J. C. Courtney' 

T h e  spec t r a  of photoneutrons produced in tar- 
ge t s  of 2 0 6 P b ,  2 0 8 P b ,  and 2 0 9 B i  by bremsstrahlung 
radiation (34-Mev end point) have  been  measured a t  
angles  of 90 and 141" from the bremsstrahlung beam. 
Experimental accurac ies  a re  adequate  to obtain 

level-density information and perhaps t o  give some 
insight into t h e  interaction mechanism. 

The  experimental arrangement is shown in Fig. 
1.19.1. Ten-nanosecond burs t s  of 34-Mev elec- 
trons produced by the General Atomic Linear  Elec-  
tron Accelerator (linac) passed  through a bend- 
ing  magnet and struck the high-2 target,  producing 
a forward cone  (about 5" half width a t  half maxi- 
mum2) of bremsstrahlung, which accounted for 
nearly a l l  t he  neutron production in the  target.  
Neutrons leav ing  the  target a t  an angle 8 passed  
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down a 55-m drift tube to  a 5- by 5-in.-diam NE- 
211 liquid scinti l lator detector,  their  energ ies  
be ing  determined by time-of-flight techniques.  The  
energy resolution of the  final r e su l t s  was  limited 
by s t a t i s t i c s  because of limited l inac availabil i ty 
and not by the combined linac-spectrometer 
capabili ty.  Emergent ang le s  8 of 90 and 141O 
were used, result ing in a factor of 2.5 varia- 
tion in s i n 2  8. A sulfur-pill monitor a t  450 to 
the  electron beam fac i l i t a ted  proper normalization 
of 90 and 141Odata. 

T h e  scinti l lator efficiency v s  b i a s  se t t ing  is 
known accurately from 0.8 to 11 MeV, and both 
l imi t s  a re  be ing  extended. The  efficiency was  
determined with a combination of measurements 
and ca lcu la t ions  of the  sc in t i l l a tor  response  t o  
monoenergetic neutrons ( see  Sect. 6.2) and was  
tes ted  by repeated time-of-flight spec t ra l  measure- 
ments  of a fixed neutron spectrum with seve ra l  
b i a s  s e t t i ngs  (0.6-2.7 Mev). E a c h  se t t i ng  accu- 
rately reproduced both spec t ra l  s h a p e  and inten- 
s i t y  (monitored with sulfur pe l le t s )  from about 
(Ebias + 0.2 M e V )  to 11 M e V .  
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T h e  90 and 141O spec t r a  for a lead  ta rge t  en- 
riched to 88% in 2 0 8 P b  (doubly magic nucleus) 
a r e  shown in  F ig .  1.19.2. T h e  s t e e p e s t  s t ra ight  
l i nes  represent a fi t  to a +(E) = K E  exp(-E/T) 
evaporation spectrum in the  energy range 1 to  
3.5 M e V .  The  da ta  in F ig .  1.19.2 ( a s  well  as  in 
F igs .  1.19.3 and 1.19.4) were plotted as 
In [+(E) /E]  v s  E ,  whence the s lope  of any straight- 
l ine  portion g ives  the nuclear temperature T di- 
rec t l  y. 

At energ ies  above  3.5 MeV, the  portion of da t a  
above the  so l id  l ine fitted to  the  1- to  3.5-Mev 
d a t a  h a s  often been interpreted as nonboiloff or 
direct-emission neutrons, and th i s  component is 
expected to  vary with angle as a + b s i n 2  8, where 
a and b are  near unity. The  fallacy of t h i s  inter-  
pretation l i e s  in attempting to fit t he  poor-resolu- 
tion poor-statist ics da t a  in the  p a s t  with a s ing le  
nuclear temperature and often with a s i n g l e  con- 
s t an t  K a t  all  angle^.^ For 2 0 8 P b ,  t he  ln[+(E)/E] 
p lo ts  for 8 = 90 and 141O each  lie along two straight 
l ines ,  which ind ica tes  an abrupt r i s e  in nuc lear  
temperature at 3.5 M e V .  T h i s  is cons i s t en t  with 
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Table  1.19.1. Values of Nuclear Temperature ( T )  and the Energy Region ( E )  over Which T 1s Constant 

08Pb 90 1.035 k0.02 1-3.5 1.41 f 0.03 > 3.5 

141 1.035 f 0.02 1-3.5 1.47 f 0 . 0 3  >3 .5  

'06Pb 90 0.92 kO.02 1-3.5 High 3.5-5.5 1.28 f 0.03 >5.5 

141 0.91 f 0.02 1 4 . 5  High 3.5-5.5 1.30 f 0.03 > 5.5 
20ggi 90 1.01 f0.02 1 4  High 4-6 1.41 k0.03 > 6  

141 0.93 k 0.02 1 4  High 4 -6 1.30 k 0.03 > 6  

0 2 4 6 8 10 12 14 
NEUTRON ENERGY ( M e " )  

Fig. 1.19.4. Photoneutron Spectra from 209Bi a t  90 
and 141° Plotted os In [ & E ) / € ]  vs E. 

t he  picture of a lower "available" leve l  dens i ty  
below a few M e V ,  because in the s h e l l  model of 
independent par t ic les  most of the  lower l eve l s  a re  
occupied. From Fig.  1.19.2 and from T a b l e  1.19.1, 
where T is given as a function of neutron energy, 
the  90 and 141' spec t r a  a re  s e e n  to  b e  practically 
identical  in shape ,  thus  ruling out all d i rec t  inter- 
ac t ions  for 208Pb.  

T h e  spec t r a  at 90 and 141O for a lead  ta rge t  en- 
riched to  73% in '''Pb (doubly magic minus two 
neutrons) (Fig.  1.19.3) a r e  ident ica l  up  to  3.5 Mev 
and above  5.5 MeV; from 3.5 to 5.5 M e V ,  t h e  90' 

spectrum does ,  result ing in a relatively higher 
flux everywhere above 3.5 M e V .  Therefore,  a s l igh t  
admixture of direct  interactions is in evidence. 

Fo r  '09Bi (doubly magic p lus  one  proton) t h e  
141O spectrum (Fig. 1.19.4) is very similar t o  t h e  
"'Pb 141O spectrum, but at 909 T ,  and T ,  a re  
much higher for '09Bi (Table 1.19.1), and more 
s t ruc ture  appears.  Barring se r ious  experimental  
error, a poss ib i l i ty  which is be ing  inves t iga ted ,  
t he  '09Bi photoneutrons may include a significant 
admixture of direct  interactions.  As a poss ib l e  
explanation for t he  direct  contribution, t he  odd 
proton could inc rease  the  coupling of t h e  electro- 
magnetic radiation to the  c losed-she l l  neutrons,  
perhaps  in  connection with t h e  quas ideu te ron  
model that  is in ev idence  for low-2  nuclei  a t  
higher gamma-ray energies.  T h e  difference be- 
tween '08Pb and '09Bi is not  understandable from 
the  s h e l l  model approach of Wilkinson,' which con- 
s ide r s  most of the  photoexcitation taking p l ace  in  
t h e  c losed  she l l .  

T h e  above measurements,  although interesting, 
should be  repeated for a greater range of angle  and 
bremsstrahlung energy, with t a rge t s  subs tan t ia l ly  
thinner than the 0.5-cm-thick o n e s  used ,  and with 
efforts to obtain absolu te  y ie lds ,  as  in  the  work 
on l o w 2  ta rge ts  (Sect. 1.18). 
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1.20. POLARIZATION OF DEUTERONS IN  THE 
9Be(p,d)8Be REACTION AT 3 TO 5 Mev 

V. V. Verbinski M. S. Bokhari '  

The polarization of deuterons ( P d )  from the 
'Be(p,d)'Be ground-state pickup reaction h a s  
been s tudied both as a function of angle  with 
respect  to the protons and a s  a function of proton 
energy in an experiment ut i l iz ing the double- 
sca t te r ing  (or reaction) chamber shown schemat- 
ical ly  in  Fig. 1.20.1. Protons penetrating the 
'Be target  were position-monitored by two beam- 
pickoff e lectrodes.  The reaction deuterons (Q = 

0.56 MeV) passed  through the collimator s l i t s  at 
a n  angle  O 1  (variable) and struck a carbon ana- 
lyzer, where "C(d,p)' 3C ground-state reactions 
(Q = 2.7 M e V )  produced protons well separated 
i n  energy from the sca t te red  deuterons and primary 
protons. Two surface-barrier diodes located in 
the plane of the primary reaction and 45' from the 
deuteron beam measured the left-right asymmetry 
of the "C(d,p)' 3C protons. 

Each measurement was repeated with the ana- 
lyzer  chamber rotated 180' to correct for detector  

misalignment. Axial alignment of the ini t ia l  
proton beam was achieved by removing the carbon 
target and moving the proton beam a c r o s s  the 'Be 
target to  maximize the count rate of the pinhole- 
coll imated monitor, The  two beam-pickoff elec- 
trodes were then centered to  maintain the alignment 
during the measurement. Gold-foil sca t te re rs  were 
used to  check the accuracy of calculat ions that 
were made to  correct for the nonuniform irradiation 
of the analyzer  foil,  which was caused  by the 
f ini te  s lope in  o(8) from the ' B e ( ~ , d ) ~ B e  reaction. 
T h e s e  corrections were approximately 1 to 2%, 
depending on 8. 

The experimental technique was tes ted  by a 
measurement of the known polarization of carbon 
elastic scat ter ing '  with thin (0.4 mg/cm2) carbon 
targets  and incident  proton energies  of 5.2 Mev 
at the first target and 4.7 Mev a t  the second target. 
The  resu l t s  agreed within s ta t i s t ica l  error with 
the published resul ts '  and with those  calculated 
from the phase sh i f t s  for proton e l a s t i c  sca t te r ing  
on carbon. 

The resul ts  for Pd(E,8)  for the 'Be(p,q8Be 
reaction are shown in Table  1.20.1. The  errors 
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Table  1.20.1. Polar izat ion for 9 B e ( p , d )  Pickup Reaction 

Polarization 

Angle (deg) 3 Mev 4 Mev 5 Mev 

3 0  f0.11 k 0.05a 

30 +0.17 f0 .05  -0.065 kO.02 

45 +O. 18 k 0.06 +0.06 k0.03 -0.045 f0.02 

60  +0.056 k 0.03 +0.01 kO.025 

90 +0.06 *0.03a 

aJ. M. Lambert et al . ,  Phys. Rev. 124, 1959 (1961). 

represent the s t a t i s t i ca l  uncertainty of the meas- 
ured left-right asymmetry, combined with the 
assumed uncertainty of P p  for the polarizability 
of the carbon analyzer. Two of the 3-Mev va lues ,  
at 30  and 9 0 9  a r e  those  taken from the work of 
Lambert e t  aL3 The  data of our experiment were 
analyzed with the  assumption of ref. 3 tha t  the  
left-right asymmetry is E = 3P,Pp and P, was  
taken to  be 0.4 i 0.10 and to  be  cons tan t  with 
energy. The  s ign  of polarization, taken according 
t o  the  convention establjshed+at Base l ,  ''2s posi- 
t ive  when taken along k i n  x kout,  where k is the  
propagation vector. 

I t  is interesting t o  t e s t  the resu l t s  of the  experi- 
ment aga ins t  a few of the  simpler r ~ l e s ~ . ~ ~ ~  of 
polarization with respec t  t o  stripping or pickup 
reactions. For example, one rule s t a t e s  tha t  
where j ,  = 2 + 9 and 2 = 0, the maximum polari- 
zation for the "Be(p,d)'Be reaction near the  
stripping (or pickoff) peak is '/3 if spin-orbit inter- 
action is negligible3 * '  (calculations'  indicate 
tha t  it is small). No  va lues  in Table  1.20.1 are 
greater than Y3, but t h i s  is because  $e interaction 
model used '  predicts tha t  E = 3P * P,. If ins tead  
E -- P,P,, then the  polarization at 30  and 45O for 
3 Mev would b e  well over '4. However, t h i s  

result  assumes  that changing E = 3? - P ,  t o  E = 

PpPd d o e s  not affect  the  prediction of 2 as an  
upper limit. 

A second rule of polarization - one that h a s  
been a l t e r edso9  from i t s  original form" due to  
some early experimental evidence l 1  - predicts 
t he  s ign  of polarization (near t he  stripping peak) 
in stripping and pickup reactions if  the deuteron 
waves interact with the  nucleus (that i s ,  i f  they 

P 

+ 
P 

a r e  distorted). Other experimental r e su l t s '  2 p 1  

a re  in agreement with th i s  prediction. For  the  
'Be(p,d)'Be pickup reaction, the s ign  should b e  
posit ive.3 However, t he  da ta  of Tab le  1.20.1 
show a variation in s ign  with proton energy ( a s  
well a s  reaction angle), so  tha t  a t  5 MeV, where 
the s ign  becomes negative,  one  may conclude that 
either proton wave distortion is a l s o  important, 
and becomes greater than for deuterons, or that 
another rule is placed in doubt. Both above-cited 
rules assume negligible spin-orbit interaction, an  
assumption that may not be  valid. 

From the words of G ~ l d f a r b , ~  ' I .  . . there is a 
multiplicity of rules,  and  what we need now are 
the  except ions  to  these  rules, ' '  and from the 
present work it is evident  that  i n  polarization 
m e a s u r e m e n t s  large ranges of energy and angle  
should b e  covered t o  give significant meaning to 
survey-type measurements. 

Thanks  are due t o  G. R. Satchler (Phys ic s  
Division) for sugges t ing  the  extension of our 
earlier 5-Mev measurements to  other ang le s  and 
energies.  In t h i s  s e n s e ,  the  'Be(p,d)'Be meas- 
urements are far from complete. 
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1.21. MEASUREMENTS O F  THE VARIATION OF 
THE RATIO OF THE CAPTURE AND FISSION 

CROSS SECTIONS OF 235U 

L. W. Weston R. Gwin 
G. d e  Saussure  J .  E.  Russe l l '  

R. W. Hockenbury 

The  ana lyses  of t he  measurements of the  ratio 
of the  capture and f i ss ion  c r o s s  sec t ions  ( a )  of 
235U for t h e  neutron energy ranges  from 3.25 e v  to 
1.8 kev  and from 12  to 690  kev  have been com- 
pleted, and the  resu l t s  have  been reported in  
detail  elsewhere.  2 * 3  

A s  was  reported p r e v i ~ u s l y , ~  the  technique used  
for the  lower energy range cons is ted  in  directing 
pulsed neutrons a t  a multiplate 235U f i ss ion  cham- 
ber placed in  the  center  of a large liquid scinti l la-  
tor. Gamma rays from both capture even t s  and 
f i ss ion  even t s  i n  the  2 3 s U  of the  f i ss ion  chamber 
were detected with high efficiency by the  sc in-  
t i l lator,  while f i ss ion  a lone  w a s  de tec ted  by the  
f i ss ion  chamber. T h e  va lue  of a was  then the  
ratio of the  sc in t i l l a tor  counts  i n  anticoincidence 
with the  f i ss ion  chamber counts  t o  those  in  coin- 

c idence  with the  f i ss ion  chamber counts. T h e  
incident neutrons were produced in  a target bom- 
barded by electron burs t s  from the  Rensse l ae r  
Poly technic  Ins t i tu te  l inear accelerator,  and  their 
energ ies  were measured by time-of-flight methods. 

T h e  same technique was  used  for measurements 
a t  30 and 64  kev  excep t  that  t he  source  neutrons 
were produced by protons from the ORNL Van d e  
Graaff accelerator incident on 7Li and tritium 
ta rge ts  respectively.  Other measurements a t  the  
Van d e  Graaff i n  the  12- to 690-kev range also 
used  the  7Li(p,n) reaction, but the f i ss ion  chamber 
was  replaced with a 235U sample  and the  liquid 
sc in t i l l a tor  was  loaded with gadolinium. In t h i s  
case a capture event  i n  the  sample w a s  charac- 
terized by a sc in t i l l a tor  pu lse  due  to  a s ing le  f a s t  
c a s c a d e  of gamma rays i n  co inc idence  with the  
beam pulse,  while a fission event  w a s  charac- 
terized by a pulse  due  t o  prompt-fission gamma 
rays  followed a few microseconds l a t e r  by ad- 
dit ional pu l se s  due to  gamma rays produced by 
t h e  capture of thermalized fission neutrons in  the 
gadolinium-loaded solution. 

T h e  va lues  of a obtained for energ ies  above 
12  kev  c a n  be  approximately described by a l inear  
dec rease  from 0.374 a t  1 2  kev  to 0.177 at 310 kev  
followed by a less rapid l inear dec rease  to 0.095 
a t  690 kev. For the  energy range from 3.25 e v  to  
1.8 kev, la rge  fluctuations in the  data were ob- 
se rved ,  the  va lue  of a for many energ ies  be ing  
greater than 1. T h e  ORNL values  a r e  compared 
with those  of other investigations in  Fig. 1.21.1. 

The  a experiments a r e  to be continued a t  t he  
R P I  l inear accelerator by a method which will 
also u t i l i ze  a pulsed beam of neutrons s t r ik ing  
a s a m p l e  posit ioned at the  center  of a la rge  liq- 
uid scinti l lator,  but f i s s ion  and capture even t s  
will b e  distinguished by the  difference in  the  
pulse-height distributions of t he  f i ss ion  gamma 
rays  and capture  gamma rays. The  feasibil i ty of 
the  method was  demonstrated by a preliminary 
run a t  General Atomic for 2 3 s U  in the  energy range 
from 10 to  20  ev.6 In preparation for t h e s e  meas- 
urements, which hopefully will cover all th ree  of 
t he  f i ss ionable  i so topes  in  the  energy range from 
thermal to 20  kev, a time-of-flight (or multidimen- 
s iona l )  analyzer is being assembled that u s e s  a 
general-purpose digital  computer a s  a n  integral  
part  of its system. T h e  analyzer will  not only 
inc rease  t h e  accuracy  of t he  measurement but  will  
a l s o  reduce the  total  l inac  time required. 
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MEASUREMENTOFTHESLOWNEUTRON 
FISSION CROSS SECTION OF 239Pu' 

G. d e  Saussure  C. Jousseaume'  
J. Blons' A. Michaudon ' 

Y. PranaI  

interaction of s low neutrons ( E  < 1 0  kev) 
and f i s s i l e  nuclei  is of in te res t  for reactor calcu- 
la t ions  and  €or the  information it provides on the 

exc i ted  l e v e l s  of heavy nuclei  and on the f i ss ion  
process. The  i so tope  2 3 9 P u  is espec ia l ly  inter- 
e s t ing  because  the  small value of i t s  sp in ,  I = %, 
c a u s e s  the resonances  to  b e  farther apart  and 
larger than in  other fissile nuclei and  hence  
fac i l i t a tes  their  ana lys i s .  In addition the  deter- 
mination of t h e  resonance sp in  s t a t e  is made 
eas ie r .  

The  c ross  sec t ions  of z 3 g P u ,  however, have  not 
been investigated t o  much extent,  and a t  p resent  
t he  resonance parameters are known only up t o  
50 ev.4 Therefore i t  seemed desirable t o  take  
advantage of recent improvements in energy reso- 
lution and in tens i ty  of neutron spectrometers to  
remeasure the  neutron fission c ros s  sec t ion  of 
' 39Pu by the time-of-flight technique.' T h i s  
paper reports a measurement which was made a t  
t he  Saclay l inac6  for neutron energ ies  between 
0.16 e v  and 5 kev. 

The  l inac  was  used to  obtain a source  of 
pulsed neutrons which impinged on a ' 'Pu sample 
contained within a gaseous  scinti l lator.  The  fis- 
s ion  ra te  i n  the  sample  was determined from 
pu l ses  from the  scinti l lator,  and the  energy spec-  
trum of the  incident neutrons was  determined with 
a BF, detector whose efficiency is proportional 
t o  Backgrounds were obtained by p lac ing  
sc reens  with black resonances  in  the neutron 
beam. T h e  quantity of@ w a s  proportional to the 
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I -  

ratio of the f i ss ion  count rate t o  the  B F ,  detector 
count  rate and was  normalized a t  the  7.8-ev reso- 
nance  whose parameters are known.4 

The  gaseous  sc in t i l l a tor  was  s i m i l a r  t o  one 
described by Nifenecker e t  al.’ The  variations 
of the  amplitude of f i ss ion  pu l ses  and of the 
alpha pile-up rate with the position of the  pluto- 
nium samples  in the  scinti l lator and the pressure  
and composition of the scinti l lat ion g a s  were 
investigated with a spontaneous f i ss ion  source.  
Bes t  resu l t s  were obtained with pure xenon a t  
200 mg/cm’ pressure.  With a 310-mg ‘,’Pu sample 
(plated a t  1.2 mg/cm’), t he  activity was “10’ 
a lphas  per second. With a b i a s  allowing one 
alpha pileup per second, the efficiency for fis- 
s ions  was 65%. 

Several runs were made t o  obtain the  f i ss ion  
c ros s  sec t ion  over various energy ranges with 
appropriate resolution. Under the bes t  conditions 
at high energy the  resolution was  3 nsec/m. 
Tab le  1.22.1 summarizes the  experimental condi- 
t ions for two of the runs, and Fig. 1.22.1 shows  
the  result ing f i ss ion  cross-section curve for 
neutron energ ies  from 100 to  “220 ev. In the  low- 
energy range, 22,000 counts  per 0 . 4 - p e c  channel  
were obtained a t  the  peak of the  11-ev resonance; 
in the  high-energy range 6500 counts per 0.05-psec 
channel  were obtained a t  the  peak of the 75-ev 
resonance. 

Figure 1.22.2 shows the  number of 
observed up to  energy E a s  a function 
200 ev. The  resonance parameters 
analyzed and will b e  publ ished later. 

resonances  
of E up to  
are being 
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Table 1.22.1. Experimental Conditions for Fission Cross-Section Measurements 

Low-Energy Range 
(0.16-100 ev)  

High-Energy Range 
(11 ev-5 kev)e 

Linac 500 pulses/sec of 
1 00-nsec width 

500 pulses /sec of 
1 00-nsec width 

Time analysis  with variable Channel width varying between Channel width s e t  between 
channel widthb 5 0  and 1600 nsec  5 0  and 400 nsec  

Flight path 10.80 m 1 9  m (perpendicular to the 

moderator) 

Duration of run 34 hr 140 hr 

Experimental resolution 1.2 p e c / m  a t  0.16 ev; 

46 nsec/m a t  100 ev  

35  nsec/m a t  12  ev; 
11 nsec/m a t  100 ev; 

6 nsec/m a t  5 kev 

aA 50-hr run was made with the same set t ings except  that the linac pulse  width was 20  nsec,  giving a 3-nsec/m 

bJ. Thenard et al., Nucl. Instr.  Methods 26, 45-50 (1964). 
resolution a t  5 kev. 
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1.23. STATUS OF PULSED-NEUTRON 
MEASUREMENTS OF THE TEMPERATURE 
DEPENDENCE OF NEUTRON DIFFUSION 
PARAMETERS FOR LIGHT-WATER ICE 

E. G. Silver 

The  collection of da ta  in the experiment to  
determine the  temperature dependence of the  

neutron-diffusion parameters for light-water ice 
h a s  been concluded except  for remeasurements 
of some experimental points i f  shown by ana lys i s  
t o  be needed. T h e  program of ana lys i s  outlined 
in the previous annual report '  h a s  a l s o  been 
completed. The  decay  data were analyzed with 
a model which assumed two exponentials and 
which was of t h e  form 

Cn = A(At)  + B(At)e-n(A')h + C(At)e-2"(A')h, 

where Cn is the  number of counts i n  the  nth decay  
channel,  A is the  background counting rate, and 
B and C a re  the  init ial  counting ra tes  due to  each  
exponential  component. 

The  ana lys i s  was  performed for each  s e t  of 
decay da ta  over five s u b s e t s  of the  ava i lab le  
18 channels ,  namely, channels  1-18, 1-15, 2-16, 
3-17, and 4-18. Tab le  1.23.1 shows some rep- 
resentative resu l t s  for both large and small cyl- 
inders. For  the  smal les t  cylinders the model is 
apparently not a sufficiently good fit,  and other 
methods a re  being sought  for extracting the  asymp- 
totic value of the  decay  constant.  However, for 
medium and large cylinders t he  resu l t s  appear  
t o  b e  quite acceptable.  The  temperature seems 
t o  have  l i t t l e  effect ,  for any given buckling, on 
the  suitabil i ty of the ana lys i s  described above. 
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Table  1.23.1. Neutron Decay Constants for Various Light-Water Ice Cylinders 

Cylinder Dimensions Decay Constant (kc/sec)  

Channels Channe 1s Height Diameter Temperature Channels Channels Channels 
1-18 1-15 2-16 3-1 7 4-18 (cm) (4 ec, 

25.30 20.07 4 5  6.45 fO.02 6.43 f0 .03  6.41 f 0 . 0 3  6.45 c0.04 6.49 k0 .05  

-85 6.08 k0.02 6.08 f0 .03  6.05 f0 .04  6.13 t 0 . 0 4  6 .10 f0 .05  

16.05 14.65 -5 8.74 fO.02 8.74 f0 .03  8.73 f0.04 8.78 f0 .04  8 .70 f0 .06  

-85 7.56 kO.03 7.53 fO.03 7.54 f0 .03  7.64 $0.03 7.61 *0.04 

9.07 8.38 -5 16.58 fO.05 16.64 f0 .06  16.54 k0 .07  16.50 1 0 . 0 9  16.43 f0 .12  
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DIMENSIONS OF CYLINDERS 
HEIGHT (cm) DIAMETER (cm) ___ 

B 25.30 20.07 
C 21.27 20.07 
D 16.05 14.65 
E 10.44 11.15 
F 9.07 8.38 

0 0.1 0.2 0.3 0.4 0 

B~ (cm-') 

Fig. 1.23.1. Decay Constant, h, a s  a Function of 

Buckling for Ice Cylinders a t  Three Different Tem- 

peratures. 

Figure 1.23.1 shows  the  resul ts  for t he  decay 
constant  h as  a function of B2 for three temper- 
a tures ,  using only the  larger and medium-sized 
cylinders.  In th i s  domain the  effect of diffusion 
cooling is negligible,  as may be  s e e n  from the  
fact  that  a s t ra ight  l ine f i t s  t he  experimental  da t a  
extremely well. T h e  da ta  for the smallest cyl-  
inders a r e  not yet analyzed well  enough t o  indicate  
whether they will enab le  a determination of t he  

UNCLASSIFIED 
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5 
3 -80 -70 -60 -50 -40 -30 -20 -10 0 

TEMPERATURE ("C) 

Fig. 1.23.2. Decay Constant, h, as a Function of 

Temperature for Four Ice Cylinders. The slope ex- 

pected, assuming the transport mean free path to be 

constant, i s  shown for two of the cylinders. 

Figure 1.23.2 shows  preliminary r e su l t s  of the 
value of t he  decay constant  for four cylinders as 
a function of temperature. For  two c a s e s  the  
curve expected for t he  transport  mean free path 
X t r  (assuming a constant  diffusion cooling coef- 
f icient and a n  absorption c r o s s  sec t ion  varying diffusion cooling coefficient C. 
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as l /v)  is also shown, fitted to 
va lue  at -5OC. It is apparent tha t  
both for a very large cylinder and 

the  observed 
in each  c a s e ,  
a very smal l  

one, the decay cons tan t  drops more rapidly with 
temperature than would b e  the case i f  A ,, were con- 
s t an t  with temperature. T h i s  implies that  A,, de- 
c r e a s e s  with decreas ing  temperature. The  prelimi- 
nary value for the  change over the  maximum range 
observed is h ,,(-5°C)/A,,(-850C) = 1.22. Th i s  
value is approximately independent  of the buck- 
l ing  of the cylinder in which i t  is measured, as 
would be  expec ted  if a true change in A,, is 
observed. 

The  effect  of the  refrigerator wal l s  on the  ob- 
served decay was  a l s o  carefully measured by 
observing the  decay  cons tan t  a t  room temperature 
of both a cadmium-clad p l a s t i c  cylinder ins ide  
the boral-lined refrigerator and a bare p l a s t i c  
cylinder ou ts ide  the  refrigerator in a low back- 
sca t te r ing  location. The  effect  of t he  refrigerator 
was  proved to b e  completely negligible, as shown 
in Fig. 1.23.3, which g ives  the  decay da ta  as 
well as the difference curves for both measure- 
ments. 
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2. Critical Experiments 

2.1. CRITICAL THREE-DIMENSIONAL ARRAYS 
OF NEUTRON-INTERACTING UNITS. 

PART 11. ~ (93 .2 )  METAL' 

J. T. Thomas 

A s e r i e s  of c r i t i ca l  experiments with uranium 
metal cylinders,  enriched to 93.2% in 2 3 5 U  and 
arranged in  three-dimensional arrays,  was  a part  
of a continuing program in support  of c r i t i ca l i ty  
sa fe ty  in t h e  handling of accumulations of 
individually subcrit ical  un i t s  of fissile materials. 
Four weight groups of units,  ranging from 10.5 to 
26.2 k g  of uranium in five s i z e s ,  were employed, 
and the  cri t ical  sur face  separa t ion  between uni t s  
was determined as a function of t h e  number of 
un i t s  in an array. In addition, t he  c r i t i ca l  uranium 
density (the ratio of the mass of a unit  t o  the  
volume of the la t t ice  ce l l  i t  occupies  in  a c r i t i ca l  
array) w a s  observed to  depend upon a number of 
factors.  Changes in the  keff  of the  individual 
units,  caused  by alteration of their  shape ,  produced 
inverse changes  in the c r i t i ca l  dens i ty ,  provided 
that t h e  array shape  was unchanged. T h e  c r i t i ca l  
density of t h e  array varied with i t s  s h a p e  i n  a 
manner similar to that result ing from corresponding 
changes  in a s ingle  c r i t i ca l  unit. Addition of a 
hydrogenous reflector reduced the  c r i t i ca l  dens i ty  
of the  array by factors much greater than t h o s e  
observed for similar reflection of a s ing le  c r i t i ca l  
unit. In s tud ie s  of t h e  e f fec t  of a hydrogenous 
moderator between units,  t h e  dens i ty  was  found to 
be  minimal when the th ickness  of t h i s  moderator 
was 4.9 c m ,  T h e  sepa ra t e  effects of moderation 
and reflection of a r rays  a re  not additive. In 
several  experiments i t  w a s  observed that an  array 
comprised of half of each  of two different c r i t i ca l  
arrays was  subcrit ical .  
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2.2. CRITICAL DIMENSIONS OF AQUEOUS 
UO,F, SOLUTIONS CONTAINING 4.9% 

23 'U- EN RICH ED U RANlUM 

E. B. Johnson D. F. Cronin' 

The crit ical  dimensions of aqueous so lu t ions  of 
U(4.9)0,F2 have been measured as a part  of an 
ORNL program to provide da t a  useful in authenti-  
cating nuclear reactor ca lcu la t ions  and in e s -  
tab l i sh ing  spec i f ica t ions  for chemical p r o c e s s e s  
and for transport and s torage  of fissile materials.  
Many earlier resu l t s  from th i s  program have  been 
published previously. 

The high solubili ty of uranyl fluoride (- 890 g of 
uranium per l i ter)  allowed experiments with so lu-  
t i ons  having an H/235U atomic ratio as low as  
500, approximately tha t  for minimum cr i t ica l  mass  
and near t ha t  for minimum crit ical  volume at th i s  
enrichment. The  solution was  contained in spheri-  
cal or cylindrical  aluminum or s t a i n l e s s  steel 
vesse l s .  The  crit ical  dimensions of a number of 
s ing le  uni t s ,  both unreflected and surrounded by an  
effectively infinite water reflector, a r e  summarized 
in Tab le  2.2.1. Some of these  da t a  have  been 
published. 

In another s e r i e s  of experiments, as many as 25 
cylinders of solution 24.1 cm in diameter were 
arranged in  planar arrays,  with the individual 
un i t s  i n  a square  latt ice.  The  number of un i t s  in  a 
c r i t i ca l  array as a function of the  separa t ion  of 
their  a x e s  is shown in Fig. 2.2.1. The  a r rays  were 

31 
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located sufficiently far from massive structural  
members to b e  considered unreflected, and con-  
tained no  moderator except  t h e  so lvent  i tself .  T h e  
r e su l t s  may b e  compared with those  from similar 
experiments with a solution of highly enriched 
uranium. 

From the  r e su l t s  of these  experiments it is 
poss ib l e  to e s t ab l i sh  some limiting d imens ions  
useful in p rocess  des igns .  The following configu- 
rations of aqueous so lu t ions  a t  concentrations of 
900 g of U(4.9) per l i t e r  and less will  b e  sub- 
cri t ical:  a water-reflected cylinder 30.5 c m  in 

Table 2.2.1. Cr i t ica l  Dimensions o f  U ( 4 . 9 ) 0 z F 2 a  Aqueous Solutions in Single Units 
~ ~ 

Solution Concentration Cylindrical Critical Dimensions 
Container 

g of u (0.16-cm-thick wall) Diameter Height Volume 235U Mass 

H / ~ ~ ~ u  per l i ter  (cm) (cm) (l i ters) (kg) 

495 890 

524 

643 

87 0 

72 8 

73 5 650 

9 94 4 96 

1099 452 

524 870 

643 72 8 

735 650 

994 4 96 

1002 4 92 

Water-Reflected Units 

Aluminum 38.1 41.7 

Aluminum 33.0 72.4 

Aluminum 31 .I 139.6 
Aluminum 30.7 173.2 

Stainless s t ee l  50.8 2 9.3 
Aluminum 38.1 44.8 
Stainless s t ee l  38.1 50.4 
Stainless s t ee l  30.5 > I 5 3  

Aluminum 76.2 23.9 

Stainless s t ee l  50.8 34.7 
Stainless s t ee l  38.1 75.5 

Aluminum 76.2 24.2 

Stainless s t ee l  50.8 40.1 

Stainless s t ee l  38.1 153.0 

Aluminum 76.2 37.9 
Stainless s t ee l  50.8 85.7 

Aluminumb 69.3 

Unreflected Units 

Stainless s t ee l  50.8 38.7 
Stainless s t ee l  38.1 >147 

Aluminum 76.2 28.9 
Stainless s t ee l  50.8 45.7 
Stainless s t ee l  38.1 >166 

Aluminum 76.2 31.5 
Stainless s t ee l  50.8 54.3 

Aluminum 76.1 44.8 
Stainless s t e e l  50.8 > 140 

Aluminum' 69.3 

47.6 
62.1 

106.0 

128.1 

59.4 
51.1 

57.4 
>111 

109.2 

70.3 
86.1 

11 0.4 
81.1 

174.4 

173.1 
173.7 

170.5 

78.3 
> 168 

132 
92.6 

> I 8 9  

144 

110  

204 

>283 

172.0 

2.1 1 
2.75 
4.70 

5.67 

2.53 
2.17 

2.44 
>4.73 

3.89 
2.50 
3.06 

3.50 

2.58 
5.54 

4.20 
4.21 

3.77 

3.33 
> 7.13 

4.69 
3.30 

>6.73 

4.58 
3.50 

4.96 
>6.84 

4.14 
~ ~~ ~- 

aU(4.9) designates uranium enriched to  4.9 wt YO in 235U. 
bThis was a spherical  container 98% filled when critical. 

'This was a spherical  container 9% filled when critical. 
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PATTERN UNIT DIMENSIONS 

DIAMETER YEIGHT MASS OF 235U 
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Fig. 2.2.1. Critical Planar Arrays of Cylindrical Units 

of U(4.9)02F2 Aqueous Solution at an H/235U of 493. 

diameter,  provided tha t  i t s  height-to-diameter ratio 
( h / d )  is less than 7; an unreflected cylinder 38 cm 
in diameter,  provided that h / d  is less than 5; three 
24.1-cm-diam cylinders,  142.5 c m  high and 
separa ted  by 25 c m  between cen te r s  in a planar 
array, triangular pattern, reflected by water on one  
face; a l inear array of nine 24.1-cm-diam cylinders 
61 c m  high, spaced  25 c m  on centers ,  and reflected 
on one  s i d e  by water; and four of t h e s e  cylinders 
i n  a planar array, square  pattern,  unreflected and 
separa ted  by 25  c m .  
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2.3. GEOMETRICALLY COMP Ll CAT ED 
CRITICAL ASSEMBLIES OF 93.2% 
235U-ENRICHED URANIUM METAL 

J. T. Mihalczo 

T h e  capabili ty of t he  05R code  (see Sect. 5.2) 
for handling complicated geometries exac t ly  h a s  
been t e s t ed  in a s e r i e s  of ca lcu la t ions  of un- 
moderated and unreflected cri t ical  a s sembl i e s  of 
93.2 wt % 235U-enriched uranium metal ( p  = 18.69 
g/cc). T h e  upper sec t ion  of each  assembly w a s  
built  on a 30-in.-diam s t a i n l e s s  s t e e l  diaphragm, 
and the  lower sec t ion  was  supported by a low- 
m a s s  frame that could b e  raised remotely. 

The  first  three assembl ies  cons i s t ed  of a 
cylindrical  annulus encircling a right c i rcu lar  
cylinder, a parallelepiped, or two para l le lep ipeds  
as shown in Tab le  2.3.1. In a fourth assembly ,  
pictured i n  Fig.  2.3.1, the  eight upper uni t s  of 
various geometries were sl ightly t i l ted toward the  
vertical  ax i s  and crit icali ty was  achieved by 
allowing the  cent.er p iece  shown in the  in se t  to 
penetrate the  hole  in the  support diaphragm. 

The neutron c r o s s  sec t ions  used  in  the  ca lcu-  
la t ions  a r e  those  given in BNL-325,’ with a n  
energy variation of v Z 3 j ( E  MeV) = 2.423 + 0.088E + 
0.0088E2 (ref. 2). T h e  angular distributions for 
e l a s t i c  sca t te r ing  were taken from Smith’s work3 
for energ ies  below 1.5 Mev and from BNL-4004 for 
higher energies.  The  total  ine las t ic  c r o s s  sec t ions  
were those  of Smith’s’ below 1.5 MeV, those  of 
Howerton’s6 from 1.5 to 9.0 MeV, and those  ob- 
tained from optical  model ca lcu la t ions  of d i rec t  
neutron interactions above 9.0 M e V .  T h e  angular 
distribution of neutrons ine las t ica l ly  sca t te red  
from the  low-energy l eve l s  which contribute a t  high 
energ ies  to the  measurement of oe1(0) w a s  assumed 
to b e  the same as that for e l a s t i c  sca t te r ing .  
Ine las t ic  sca t te r ing  was  treated by evaporation 
theory except where leve l  excitation c r o s s  
sec t ions  were available.  For  238U the  leve l  
excitation c r o s s  sec t ions  were those  measured by 
Smith up t o  1.5 MeV; for 235U they were those  
ca lcu la ted  by Parker’ and modified s l igh t ly  by 
optical-model results.  

Although the  calculated multiplication cons t an t s  
a re  1 .4  to 2.1% larger than those  measured, they 
a re  well within the error introduced by the  k5% 
uncertainty in of3 ’  in t he  Mev range (for t hese  
assembl ies  k7f35/& = 0.8). 
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Table 2.3.1. Crit ical  Masses and Calculated Multiplication Constants’ of 93.2 wt % 235U-Enriched Uranium Metal 

CDC-1604 Assembly 

Crit ical  Calculational 
T i m e  

(kg of U) ‘Onstant (min) 

Height Mass Multiplication 
b Upper Section Lower Section 

(in.) 

Same a s  upper 3.98 
sect ion 

Same a s  upper 
sect ion 

5.11 

147.6 1.021 

166,8 1.014 

65 

64 

. 

64 6.37, annulus 215.4 1.020 
3.00. No. 1 
4.40, No. 2 

Eight-unit ring and center piece (see Fig. 2.3.1) 206.5 1.017 82 

aA similar calculation for Godiva I required 58 min and yielded a multiplication constant of 1.015; Godiva I is de- 
scribed by G. E. Hansen. “Physics  of F a s t  and Intermediate Reactors,” p. 453 in Proceedings of a Seminar, Vol. I, 
International Atomic Energy Agency, Viema,  1962. 

bNumber of histories,  20,000; standard deviation, k0.007. 
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Fig. 2.3.1. C r i t i ca l  93.2% 235U-Enriched Uranium Metal Assembly wi th  Eight-Unit Upper Section and an 

Irregularly Shaped Center Piece (Inset). The unit a t  the top of the photograph i s  an approximate parallelepiped 
whose base i s  5 by 5 in. and whose height varies in three steps (5.14, 5.27, and 4.39 in., front to  back); the op- 

pos i te  unit i s  a parallelepiped w i th  a 3- by 5-in. base and a 3.51-in. height topped by a 3.60-in.-diam by 1.70-in.- 
h igh cylinder; the four sma l l  cy l inders are 3.59 in. in diameter and 5.11 in. high; and the two large cyl inders are 

4.5 in. in diameter and 5.3 in. high. The center, piece cons is ts  of a 4 .5- in~diam by 1.11-in.-high cyl inder topped by 
a parallelepiped with a 5.00- by 5.00-in. base and o 2.25-in. height and by a hemisphere with a 2.39-in. radius. 
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CA 
2.4. CRITICAL EXPERIMENTS AND 

CYLINDERS OF U(93.2) METAL 
,LCULATIONS WITH REFLECTED ANNULAR 

J. T. Mihalczo 

The previously reported' work with annular 
cylinders of uranium metal enriched to 93.2% 
( p  = 18.76 g/cc) has  been extended to include 
s tud ie s  of the effect  of graphite ( p  = 1.7 g/cc)  and 
polyethylene ( p  = 0.92 g / cc )  reflectors.  Annuli 
with outs ide diameters a s  large a s  15 in. and 
ins ide  diameters a s  small  a s  7 in. were assembled 
t o  delayed cr i t ical  with all  external su r f aces  
uniformly reflected by graphite having a maximum 
th i ckness  of 10 in. or by polyethylene a t  l e a s t  
534 in. thick. In some ins t ances  the central  cavi ty  
was filled with the  reflector material. Some typical 
resul ts  a re  shown in Figs.  2.4.1 and 2.4.2. 

Multiplication constants ,  keff ,  of one annulus 
were calculated by multigroup transport  theory 
using the  S, method2 in the S, approximation, the  
TDC computer code ,3  and the  16-group c r o s s  
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Fig. 2.4.2. Crit ical  Mass of Cylindrical  Annuli of 

U(93.2) Metal Ref lected by Polyethylene. 

sec t ions  of Hansen and Roach4 for the 2 3 5 U  and 
2 3 8 U  isotopes.  Fiss ion of 2 3 4 U  and of 236U was 
included, and the  absorption and sca t te r ing  
properties of t hese  isotopes were assumed to be  
the  same a s  those  of 238U. The  value of keff for a 
7-in.-ID by 11-in.-OD cr i t ical  annulus having a 
graphite core and a 7-in.-thick graphite reflector 
was calculated to be 0.9989; the value for the  
reflected annulus with the  graphite removed from 
the center was 0.9975. 
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2.5. PROMPT-NEUTRON LIFETIME IN 
CRITICAL ENRICHED-URANIUM 

METAL CYLINDERS AND ANNULI' 

J. T. Mihalczo 

Prompt-neutron l ifetimes have been determined 
for unreflected and unmoderated c r i t i ca l  a s -  
sembl ies  of enriched-uranium metal (93.15% 2 3  'U) 
in cylindrical  geometry. F i v e  so l id  cylinders 
ranging in diameter from 7 to 15 in.  and three 
cylindrical  annuli having outs ide  diameters as  
la rge  as 15 in. were assembled to delayed crit ical  
and their prompt-neutron decay cons t an t s  measured 
by the  Ross i - a  technique. T h e  prompt-neutron 
l ifetimes were determined from the  measured decay  
cons t an t s  and from ef fec t ive  delayed-neutron 
fractions obtained by Sn multigroup transport- 
theory calculations,  which predicted the  multipli- 
cation cons t an t s  of all assembl ies  to within 
'5%. For  the  solid cy l inders  t he  lifetime value i s  
6.25 k 0.04 nsec ,  which, within the  l imits of ex- 
perimental errors,  is independent of the  dimensions 
of the  cylinders and agrees  with the  lifetime of 
6.2 k 0.1 n s e c  obtained from ear l ie r  prompt-neutron 
decay-constant measurements with a uranium 
sphere  (Godiva I). Fo r  the cylindrical  annuli  t h e  
l ifetime varied from 7.0 to 8.0 nsec .  T h e  inc rease  
in the  lifetime value over that  of the  so l id  cy l inders  
is due  to the time required for neutrons to c r o s s  
the  center  void. 

loading and distribution of the uranium and the  
distribution of boron have  been altered.  T h e  
loading was  increased  from 8.0 to 9.4 k g  of 235U. 
As was  true previously,  the  resu l t s  of t h e s e  ex- 
periments a re  of limited in te res t  and se rve  
primarily as guidance in  the design of t he  reactor. 
The  material reported here exemplifies the  program. 

The relative power distribution through the  co re  
was obtained from the  delayed fission-product 
activity induced in small s amples  removable from 
the fuel p la tes .  Shown in Fig.  2.6.1 is an antici-  
pated radial  power distribution in the  HFIR core. 
T h e  va lues  shown for the  relative power were 
derived from t h e  experimental d a t a  by applying, to 
each  measurement, a factor relating the  actual 
uranium content of the  experimental co re  to  that 
expected i n  the  reactor core. Azimuthal variations 
i n  t h e  radial  power near the  outer boundary of the 
core  were as  great as  10% with t h e  control 
cylinders partly inserted but were negligible when 
sufficient boron was  d isso lved  in t h e  moderator 
water t o  permit complete withdrawal of the  
cylinders.  T h e  10% variation i s ,  therefore, poss ib ly  
attr ibutable to  the  nonuniform peripheral distri-  
bution of the  absorbing mater ia l s  of t h e  control 
cylinders or to  asymmetry of the  cy l inders  with 
respec t  t o  the core. 

The response  of a f i ss ion  counter proposed for 
u s e  in the  HFIR was  found sa t i s fac tory  by measure- 
ments u s ing  a 7.3 i 1.5 cur ie  l z 4 S b  source  loca ted  

UNCLASSIFIED 
References ORNL-DWG 64-10105 

'Abstract of published paper: Nucl. Sci. Eng. 
20, 60-65 (1964). 

2.6. HIGH FLUX ISOTOPE REACTOR CRITICAL 
EXPERIMENT NO. 3 

J. T. Thomas 

0 1 2 3 4 5 6 7 8 9  

RADIAL  DISTANCE FROM CENTER OF CORE ( i n . )  
T h e  nuclear des ign  of t h e  High Flux  Iso tope  

Reactor (HFIR) h a s  been supported by three s e r i e s  
of c r i t i ca l  experiments. ' *' T h e  current s e r i e s ,  
designated as HFIR Crit ical  Experiment No. 3,  F i g .  2.6.1. Radial  Power Distribution Anticipated 

ut i l izes  a newly designed core,  based  upon the  a t  HFIR Midplane. Ordinates ore experimental volues 

resu l t s  of the  previous experiments,  in which t h e  corrected to  the design uranium distribution. 
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within the beryllium reflector 3 in. from i t s  inner 
sur face  and in the  core  midplane. The  f i ss ion  
counter was placed on the  a x i s  of t he  core  21.8 in. 
below i t s  midplane. Counting ra tes  were observed 
with two different control-cylinder configurations, 
with the  core flooded in both c a s e s .  In one 
configuration both cylinders were completely in- 
se r ted ,  making the core -$11 subcrit ical;  in the  
other configuration, t he  outer cylinder w a s  in- 
se r ted  and the inner one  was  withdrawn, result ing 
in the core being - $6 subcrit ical .  
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2.7. EX PERM ENTAL AND CALCULATIONAL 
DETERMINATIONS OF THE REACTIVITY 

EFFECTS OF PERTURBATIONS IN A 
ONE-DIMENSIONAL CRITICAL EXPERIMENT 

E.  G. Silver E .  B. Johnson 

The  course  of a reactor transient may be affected 
by the reactivity change produced by poss ib le  
motion of the reactor components during the  
transient.  In particular, during power excurs ions  
in pool-type reactors,  reactivity changes  may 
resu l t  from motion of the  fuel plates.  In order to 
es tab l i sh  confidence in ca lcu la t iona l  methods, the  
reactivity e f fec ts  caused  by displacements  of fuel 
p la tes  were measured in an otherwise unperturbed 
crit ical  assembly. '  T h e  resu l t s  were compared 
with those  ca lcu la ted  by us ing  both transport- and 
diffusion-theory codes.  

Since adequate  transport-theory codes  are 
applicable only to  one-dimensional geometry, the 
critical assembly was  a s l a b  that had transverse 
dimensions large compared with i t s  th ickness  and 
tha t  w a s  reflected on i t s  faces only. The  core,  
composed of a uranium-aluminum alloy containing 
10.8 wt % uranium enriched to 93.1% in 2 3 5 U ,  was 
mounted in a tank which could b e  filled with water 
t o  provide moderator and reflector. Individual 
e lements  were 60.96 c m  long, 59.94 cm high, and 

0.147 c m  thick and contained 156.4 g of 2 3 5 U .  
Each element was  made up of eight 7.49-cm-wide 
p la tes .  The  unperturbed core cons is ted  of 28 
elements  uniformly spaced  0.51 c m  between cen te r s  
by grooves in the  s i d e  walls of the  tank and by 
P lex ig l a s  spacers .  The  plane of symmetry was  
located in a water space .  In t h i s  unperturbed 
loading each  of the outermost e lements  cons is ted  
of only four alloy p la tes ,  the  remainder being 
aluminum p la t e s  of the  same dimensions to 
preserve the  metal to water volume ratio. A 
photograph of t h e  core  and tank is shown a s  
Fig. 2.7.1, 

Perturbations were produced in the  core by the  
d isp lacements  of e lements  shown in Fig.  2.7.2. 
The  perturbations were compensated for and 
evaluated by adjusting the  2 3 5 U  loading in  the  two 
outermost e lements  and by varying the height of 
water above the  core. The  la t te r  was  never more 
than 1.5 c m ,  and i t  was  found tha t  in t h i s  range the 
reactivity was  proportional t o  the  th ickness  of the  
top reflector. 

The  unperturbed core was  reassembled a number 
of t i m e s ,  and the  reactivity was  observed t o  be  
reproducible to  f 6  x in M / k .  T h i s  un- 
certainty is taken to be  the  precision of individual 
measurements. The  magnitude of most of the 
perturbations required evaluation by a series of 
individual measurements, even necess i ta t ing  alter-  
ation of the  loading in the  outermost p l a t e s ,  so  
that the uncertainty of a perturbation measurement 
may be  a s  great a s  f 6  x lo-'% & / k .  

The diffusion-theory ca lcu la t ions  were performed 
with a version of the  MODRIC code' u s i n g  flux- 
weighted 16-group c ross  sec t ions .  Down-scattering 
was included by employing transfer coef f ic ien ts  
from any group to  the  next ten  groups below it ,  
rather than by continuous s lowing down from group 
t o  group. Since only 25 spa t ia l  regions c a n  be 
considered by the  MODRIC code, it was  necessa ry  
t o  homogenize a part of the core. The  fuel dens i ty  
in th i s  region was  modified to correct for self- 
shielding. Several models for t h e  t ransverse  
leakage  produced e s sen t i a l ly  the same ca lcu la ted  
perturb at ion. 

The  transport-theory ca lcu la t ions  uti l ized a one- 
dimensional multigroup code ,  DTK, a version of 
Car l son ' s4  Sn method. In the  present i n s t ance  n 
equaled 4, and an 18-group cross-sec t ion  set 
developed by Mills5 was  employed. Since the  DTK 
code  h a s  no limit on the number of regions,  it w a s  
poss ib le  to  descr ibe  a l l  e lements  explicit ly a s  
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Fig. 2.7.1. Top V i e w  of Cri t ical  Experiment Tank Showing Fuel  Elements in Posit ion and the P las t ic  Spacing 

Strips and Clamping Arrangement. 
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wel l  as to homogenize se l ec t ed  regions of the  
core  for more direct  comparison with the  diffusion- 
theory ca lcu la t ions .  

T h e  effective delayed neutron fraction, Peff, w a s  
ca lcu la ted  by both diffusion- and transport-theory 
methods us ing  a modified prompt-fission-only 
f i s s ion  spectrum. A cons is ten t  va lue  of 0.78% 
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Fig. 2.7.2. Core Configurations and Corresponding 

Calculated and Measured Reoct ivi ty  Perturbations. 

resulted,  and allowed conversion of t h e  experi- 
mental va lues  into un i t s  of Ak/k. 

The experimental and ca lcu la ted  resu l t s ,  sum- 
marized in F ig .  2.7.2, show tha t  transport  theory 
y ie lds  subs tan t ia l ly  better resu l t s  than can  
diffusion theory, as  was  expected. The  mean d is -  
agreement of t he  former with experiment is 8.476, 
whereas i t  is 33.8% in the  latter case. 

As might also b e  expected, t he  flux ca lcu la ted  
by diffusion theory is depressed  in the  water 
regions as compared with tha t  ca lcu la ted  by 
transport theory, Th i s  comparison is il lustrated by 
the  ca lcu la ted  thermal-neutron f luxes  shown in 
Fig.  2.7.3 for t he  case of fuel-element d i sp lace-  
ments from posit ions ad jacent  to the core  midplane 
to  pos i t ions  between the  fifth and s ix th  elements. 
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2.8. CALCULATED NEUTRON MULTIPLICATION 
FACTORS OF A SPHERICAL VOLUME OF 

FISSILE MATERIAL IN AQUEOUS 
SOLUTION ENCLOSED IN COMBINATIONS OF 

ABSORBERS AND REFLECTORS 

D. W.  Magnuson 

Calculations us ing  the  DSN transport code  in the  
S 4  approximation and the  16-group c r o s s  sec t ions  
of Hansen and Roach'  have  evaluated the  neutron 
multiplication factor of a sphere  of aqueous 
U(92.44)02(N03)2 solution contained in aluminum 

and surrounded by various reflectors. T h e s e  
reflectors cons is ted  of spherical  s h e l l s  of water of 
various th ickness  and, in cases with an effectively 
infinite water th ickness ,  of a thin layer  of neutron 
absorber ad jacent  to the  aluminum. The  absorber 
was  an 0.08-cm-thick s h e e t  of cadmium or  a 0.03- 
cm-thick layer  of Lindsay mix, t he  la t te r  be ing  a 
mixture of rare-earth oxides ,  principally those  
of gadolinium and samarium, and having a dens i ty  
of 5.9 g/cm3. For the  ca lcu la t ions  the  concentra- 
tion of the  solution was  taken as 64.90 g of 
uranium per l i ter ,  t h e  radius of the solution sphere  
as 18.35 cm, and the  th ickness  of the  aluminum 
container as 0.15 c m  s ince  th i s  assembly had been 
found by experiment to b e  c r i t i ca l  when unreflected. 
Scatter and absorption in neutron-energy groups 1 
to 13 were not included in  the  ca lcu la t ions .  

The resu l t s  of these  ca lcu la t ions ,  inc luding  
neutron l ifetimes,  for t he  various absorber-reflector 
configurations a re  given i n  Tab le  2.8.1. It is 
s e e n  tha t  cadmium is slightly m o r e  e f fec t ive  than 
the Lindsay mix in  decreas ing  the multiplication 
factor. T h i s  result  is expected from the  com- 
parison of neutron attenuation factors,  t h e  product 
of t h e  th i ckness  and the  macroscopic absorption 

Table 2.8.1. DSN Transport Calculations of an 18.35-cm-radius Sphere of U(92.44)02(N03)2 Solution 

(Solution concentration 64.90 g of uranium per l i ter)  

Materia 1 Surrounding 
Solution Sphere 

Neutron 

Life timee 

Wet) 

Multiplication 

Factor, keff  

None 0.991 9 20.58 

0.15 c m  A1 

0.15 cm A1 plus 1 c m  water 

0.15 cm A1 plus 2 cm water 

0.9941 

1.0302 

1.0595 

20.67 

22.34 

24.99 

0.15 cm A1 plus 3 cm water 1.0822 28.76 

0.15 cm A1 plus 30  cm water 

0.15 cm A1 plus 0.08 cm Cd plus 30  cm water 

1.1296 

1.0408 

90.75 

69.91 

0.15 cm A1 plus 0.03 c m  Lindsay mixb plus 30 cm water 1.0424 70.22 

0.15 cm A1 (experimental) 1.0000 

z +n(l/v)n 
aThe neutron lifetime is calculated from I = 

n 

2: (leakage + absorption) 

bA mixture of 45% S m 2 0 3 .  45% Gd203. 1% Fe2O3. and 9% Er203,  Eu203,  and Yb203. The density of this  material 

when sprayed on a metallic surface with a plasma torch was  5.9 g/cm3. 
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T a b l e  2.8.2. Neutron Attenuation Through Cadmium and Lindsay Mix 

Neutron Energy Group -~ 

Attenuation Factor, Cat Energy 

Number Cadmium Lindsay Mix 

16 Thermal 11.12 13.77 

15 0.1-0.4 11.12 2.05 

14 0.4-1.0 0.22 0.23 

c ross  sec t ion ,  shown in Table  2.8.2. Both 
cadmium and the  rare-earth materials absorb more 
than 99.9% of the  thermal neutrons. Cadmium, 
however, absorbs  more group-15 neutrons (0.1 to 
0.4 ev) than does  the Lindsay mix, increas ing  i t s  
total effectiveness.  

A s  may be  observed in Table  2.8.1, the  calcu- 
lations show that a composite reflector of the 
Lindsay mix (0.03 c m  thick) backed by a 30-cm- 
thick water reflector is equivalent to a 1.39-cm- 
thick water reflector, and that the  0.08-cm-thick 
cadmium-30-cm-thick water combination is equiva- 
lent to  a 1.34-cm-thick water reflector. Experi- 
ments with various reflectors surrounding a 17.72- 
cm-radius (23.22 liter), 0.11-cm-thick s t a i n l e s s  
s t ee l  sphere  filled with plutonium nitrate solution 
showed that a composite of 0.08-cm-thick cadmium 
backed by thick water was  equivalent to a 1.8-cm- 
thick paraffin reflector. ' T h e  plutonium concen- 
tration was  about 70 g per liter. 

The  resu l t s  of t h i s  investigation ind ica te  tha t  
se lec t ion  of neutron absorbers for nuclear s a fe ty  
application should b e  governed by the c o s t  of the 
absorber and the permanency of i t s  application 
rather than by the  s l igh t  differences in calculated 
reactivit ies.  

'R. C. Lloyd, E. D. Clayton, and C. R. Richey, 
P h y s i c s  Research  Quarterly 
August, a n d  September, 1962, 
1962). 
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HW-75228 (Oct. 15 ,  

2.9. CRITICAL DIMENSIONS OF SYSTEMS 
CONTAINING 235U, 239Pu, AND 233U1 

H. C. Paxton2 D. Callihan 
J. T. Thomas E. B. Johnson 

A compilation of crit ical  d a t a  obtained from 
experiments performed s i n c e  1945, both in th i s  
country and in Europe, is presented. T h e  report 
supplements the  Nuclear Safety Guide3 and shows 
the  b a s e s  of t h e  recommendations that appear  in 
the  Guide. Conversions to standard geometries 
are shown. Resu l t s  are given for s ing le  un i t s  and 
multiple-unit arrays. 
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3. Reactor Shielding 

3.1. MEASUREMENTS AND CALCULATIONS OF 
NEUTRON SPECTRAL INTENSIT1 ES 

THROUGHOUT A REACTOR WATER SHIELD 

M. S. Bokhari '  V. V. Verbinski 

Measurements have  been made of t he  spec t ra l  
intensity of f a s t  neutrons throughout t h e  water 
sh ie ld  of the  Bulk Shielding Reactor I and  the  
resu l t s  compared with two numerical transport 

5 0 5 io  15 

INCHES 

calculations.  An 6Li shielded-diode neutron 
spectrometer, which w a s  operable in  gamma-ray 
f ie lds  of up to 3 x l o 6  r/hr, w a s  used  to  measure 
the  spectrum of directed neutron flux, +(p , r ,E) ,  
for r = 0 to 50 c m  and  p = 1, 0.755, and  0.617, 
where p = cos 0 and 0 and r a r e  shown in  Fig.  
3.1.1. 

Figure  3.1.1 shows  the  relative pos i t ions  of the  
reactor and  spectrometer,  a long  with t h e  6Li  and  
'Li foils used  for foreground and  background 

Fig .  3.1.1. Experimental Arrangement of BSR-l and Shielded-Diode Spectrometer in  the BSF Pool. The sulfur 

f o i l s  are 38 cm lateral  to and 35 cm above the midplane of the center line. 

4 3  
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measurements [uti l izing t h e  6Li(n,a)3H reaction, 
Q = +4.76 Mev] and  t h e  two d iodes  whose out- 
puts were added and  s e n t  to a pulse-height ana- 
lyzer  when in coincidence.2 T h e  sulfur foils 
shown in the  figure monitored the  absolu te  re- 
ac tor  power. They  were calibrated during a 
measurement of abso lu t e  power density throughout 
t he  reactor (see Sect. 3.2). 

T h e  ca lcu la t ions  were performed with the  NIOBE 
code3  and  the  DTF-2 code ,4  both of which re- 
quired spher ica l  symmetry and uti l ized a spher ica l  
source  region whose radial  dependence w a s  tha t  
measured a long  the midplane center  l ine of the 
reactor. Therefore, t he  8 = Oo ( p  = 1) spec t ra  c a n  
be  compared directly with measurement. In Fig.  
3.1.2, the  NIOBE resu l t s  for q5(p = l , r ,E)  and  the  
measurements a r e  shown t o  agree  everywhere 
within a factor of 2, excep t  i n  the region below 
1.5 M e V ,  where the  spectrometer is l e a s t  reliable. 
Because  of t he  coa r se  group structure of the  DTF-2 
code, only group 2 (1.4 to  3 MeV) c a n  b e  compared 
favorably with t h e  measurements. T h e  D T F  re- 
s u l t s  differ with t h e  measurements by a factor of 
3 a t  r = 0, but, l i ke  t h e  NIOBE results,  almost 
agree  with the  measurements a t  r = 50 cm and E = 

2 M e V .  
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3.2. POWER CALIBRATION OF THE BULK 
SHIELDING REACTOR I 

M. S. Bokhari’ V. V. Verbinski T. V. B losse r  
G. T. Chapman A. Bakeshloo’ 

Recent  measurements of t h e  spa t i a l  and  spec t r a l  
de ta i l s  of t h e  fast-neutron flux a t  points in a 
water sh i e ld  surrounding the  Bulk Shielding Re- 
ac to r  I a r e  d i scussed  in  Section 3.1. T h e s e  da ta  
were obtained for evaluation of neutron transport  
ca lcu la t iona l  methods, but before a complete and  
meaningful comparison of experimental  a n d  cal- 
cu la ted  resu l t s  could b e  made, i t  w a s  necessa ry  
to  perform a power calibration of t he  BSR-I loading 
shown in Fig.  3.1.1 of Sect.  3.1 s i n c e  the  abso lu te  
sou rce  dens i ty  and  t h e  to ta l  power of t h e  reactor 
a r e  the  required inputs to the  transport calculation. 

In performing the  calibration, t he  thermal-neutron 
flux was  mapped throughout t he  reactor core  by 
means of thin copper wires  inser ted  vertically 
between the  fuel p l a t e s  of t h e  fuel elements.  T h e  
en t i re  flux mapping w a s  accomplished with about  
12 copper wires  per fuel element. T h e  result ing 
re la t ive  flux va lues  were converted to  absolu te  
flux va lues  by c r o s s  calibrating them aga ins t  very 
thin uranium fo i l s  tha t  had nearly the  s a m e  2 3 5 U  
enrichment as t h e  fuel e lements  and  had been 
exposed f i r s t  i n  t h e  reactor and  then in the  ORNL 
Standard Pile.3 T h e  ac t iva t ion  ratios p lus  the  
flux v a l u e  at the  Standard Pile gave  t h e  f i ss ion  
ra tes  i n  the  fue l  element. T h e  flux in  the  Standard 
Pile was  assumed to  b e  completely thermal, and  

. 
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the  average  thermal f i ss ion  c ros s  sec t ion  w a s  
taken a s  582/1.126 = 516 barns per 2 3 5 U  atom 
(582 is the  value of t he  f i ss ion  c r o s s  sec t ion  
a t  0.025 ev, and the  dividing factor of 1.126 
converts this c ros s  sec t ion  to the  average  over 
t he  thermal spectrum). A horizontal flux plot 
a long  the  cen te r  l i ne  of the  midplane of the  BSR-I 
is shown in Fig.  3.2.1. 

The  sulfur foils shown in Fig. 3.1.1 of Sect. 3.1 
were u s e d  t o  monitor the  relative power during 
both t h e  spec t r a l  measurements and  the  power 
calibration experiment. T h e  ratio of their activa- 
t ions during the  two experiments was  then used  
to determine the  power of the  reactor a t  t h e  time 
the  spec t ra l  measurements were made. 

No corrections were made for differences in 
copper and uranium ac t iva t ion  a r i s ing  from vari- 
ation of t he  neutron spectrum (thermal and epi- 
thermal) with posit ion in the  reactor. The  ratio of 
t h e s e  two ac t iva t ions  vs  d i s t ance  a long  the  second 
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cent ra l  fuel element from t h e  reactor f ace  is 
plotted in  Fig.  3.2.2. T h e  plot shows  that t he  
ratio is very nearly the  same  throughout the  cent ra l  
region and a t  the  ends  of a fuel element and  tha t  
the  variation is within statistical and  sys t ema t i c  
errors i n  the  measurement. 
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3.3. PULSE-HEIGHT SPECTRA OF GAMMA RAYS 
EMITTED BY THE STAINLESS-STEEL-CLAD 
BULK SHIELDING REACTOR II (BSR-11)' 

G. T. Chapman K. M. Henry J. D. Jarrard 

Measurements have  been made of t h e  pulse- 
height spec t ra  of gamma rays emitted from the  
core  of the  Bulk Shielding Reactor I1 (BSR-11). 
Preliminary ana lys i s  of the da t a  ind ica tes  tha t  
t he  gamma rays having  energ ies  above 5 Mev 
originate primarily from thermal-neutron capture  in 
the  s t a i n l e s s  s t e e l  reactor structure.  Below 5 
Mev the  spectrum is apparently composed of the  
expected continua of prompt-fission and  fission- 
product gamma rays plus a large contribution from 
thermal-neutron captures  in  the  hydrogen of the  
water that  moderates and reflects the  core. Except  
for reduced in tens i ty ,  l i t t l e  change w a s  noticed in  
the structure of t h e  distribution a s  the  amount of 
water between the  reactor sur face  and  the  spec -  
trometer was  increased  from 1 to  60 c m .  Angular- 
distribution measurements were also made abou t  
two points a t  10 and  25 c m  from the  su r face  of 
the  reactor. A s imple  calculation of t he  expec ted  
spec t ra  a t  t h e  su r face  of a homogeneous reactor 
compared favorably with a measured spectrum. 

0 10 20 30 40 50 60 
DISTANCE ALONG FUEL ELEMENT (cm) 
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3.4. DETERMINATION OF THERMAL-NEUTRON 
FLUX DISTRIBUTIONS IN THE BULK 

SHIELDING REACTOR II BY COPPER WIRE 
ACTIVATION TECHNIQUES’ 

G. T. Chapman 

The  thermal-neutron flux distribution within the 
s t a i n l e s s  s t e e l  ORNL Bulk Shielding Reactor I1 
h a s  been determined by exposing copper wires  a t  
se lec ted  locat ions in the  core  during reactor op- 
eration. The  gamma-ray act ivi ty  result ing from 
thermal-neutron act ivat ion of the copper was 
counted a s  a function of posit ion along the wire, 
and the resul ts  were converted to  es t imates  of 
the thermal-neutron flux by methods which a r e  
described in  this  report. The  u s e  of copper for 
determining the thermal-neutron distribution was 
checked by independently exposing gold and 
copper wires  a t  a common location in  the reactor. 
The  thermal-neutron f luxes obtained from analys is  
of both s e t s  of data  were in agreement within 
“3%. The  r e s u l t s  of the ana lys i s  of the copper 
activation were compared with calculat ions of the 
distribution made by the PDQ reactor code. Agree- 
ment w a s  good in s ta t i s t ica l ly  important regions. 
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3.5. AN EXPERIMENTAL VERIFICATION OF A 
SOURCE GEOMETRY TRANSFORMATION 

FOR SHI ELDlNG CALCULATIONS 

L. Jung 

The  comparison method of sh ie ld  design,  which 
u s e s  data  from a known source-shield configuration 
to  predict  the performance of a source-shield con- 
figuration for which no da ta  a r e  avai lable ,  is based  
upon the assumption that  the known and unknown 
configurations can b e  converted to  the same  
geometry. Using only the theorem of additivity of 

effects, Blizard’ h a s  presented a number of source-  
geometry transformations to  accomplish s u c h  
conversions.  In particular he  h a s  shown tha t  the 
dose  from a disk source  of radius  f i a ,  a s  meas- 
ured a t  a d i s tance  z on i t s  ax is ,  is equal  t o  the  
sum of rn t e r m s  at d is tances  z, (z’ + 
(2’ + 2a2)’/’, e tc . ,  from the dose  data  for a 
smaller  disk of radius  a.’ The work reported here  
is intended to  demonstrate the  validity of this  
transformation applied to  a n  experimental  facility. 

T h e  experiment, which w a s  performed a t  the 
ORNL Lid  Tank Shielding Fac i l i ty  (LTSF),3 con- 
s i s t e d  of measurements of thermal-neutron f luxes 
in the  water  of the L T S F  a s  a function of ax ia l  
d i s tance  z from a number of d i sk  sources  having 
radii smaller  than the 14-in. radius ( A )  of the 
L T S F  source plate  (the SP-11). Blizard’s trans- 
formation, written in the form 

where n and m are integers  and a = A / 6  was then 
applied to  the resul ts  t o  predict  the fluxes a t  the  
same dis tances  from SP-11. T h e  predictions were 
compared with the f luxes measured a t  those  dis-  
t ances  from SP-11. 

Values  of m in Eq. (1) were chosen to  b e  16, 
9, 4, and 2, which, s i n c e  the diameter of the 
large disk source  was 28 in., resul ted in  va lues  
for  the small-source diameters of 7, 9.33, 14, and 
19.80 in. T h e s e  smal l  source  p l a t e s  were simu- 
la ted  by masking the large d isk  with 25-mil-thick 
cadmium diaphragms having circular  openings of 
the  appropriate diameters;  they were inser ted be- 
tween the  thermal-neutron beam from the  ORNL 
Graphite Reactor and the large source  plate. The  
large plate  was so constructed,  however, that  the  
c l o s e s t  locat ion poss ib le  for t h e  cadmium dia- 
phragms w a s  in. from the  uranium plate. T h i s  ”/- 
in. gap of aluminum and a i r  allowed neutrons from 
the  thermal beam t o  s c a t t e r  behind the  cadmium and 
to  produce f i ss ions  in  the annular  regions beyond 
the  nominal l i m i t s  of the  diaphragm opening. The  
magnitude of this  effect is shown in Fig.  3.5.1, 
where the configuration numbers correspond to  the 
rounded-off diameters of the sources .  T h e  meas- 
ured z-axis flux was corrected for the effect of 
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. 

f i ss ions  in annular regions by the u s e  of the fol- the correction for nonuniformity of flux reached 
lowing equation: a maximum of 7.5% a t  z = 160 c m .  

where D,(z,a) i s  the measured flux a t  z, ATTEN 
is the  ratio of the flux behind the cadmium dia- 
phragm to the flux with the diaphragm removed, and 
An is the neutron relaxation length. The  functions 
within the brackets a r e  the  well-known exponential 
integral functions. Since the ratio ATTEN varied 
rapidly with radius, th i s  term in the  denominator 
of the  fraction, 1 + ATTEN [ . . . 1, was  computed 
for each centimeter of radius and summed over the  
annular d i s tance  A - a t o  obtain the  corrected 
value of D(z,a). 

A second correction to  the  measured fluxes was  
required because  the flux distribution was not 
uniform over the entire diameter of SP-11, as is 
shown in Fig. 3.5.1. The  conditions of the  trans- 
formation being tes ted  require a uniform distri- 
bution of source  strength. Since the  distribution 
ac ross  each  of the smaller sou rces  w a s  nearly 
uniform, i t  was necessary  only to  correct the  data 
from the large plate. T h e  corrected flux a t  a 
d i s tance  z from the  large plate is given by 

T h e  test of the source  geometry transformation 
was  accomplished by us ing  va lues  obtained from 
the corrected (broken) curves of F igs .  3.5.2 and 
3.5.3, configurations 7, 9, 14, and 20, a s  input 
to predict values for configuration 28 (Fig. 3.5.3). 
The  calculation was  programmed for the CDC- 
1604A computer, and the predicted va lues  a re  
compared with the  corrected experimental data 
from configuration 28 in Table  3.5.1. Agree- 
ment in the  region c lose  to the source  is 
not expected because  of abrupt changes  in the  
neutron-scattering medium caused  by the  source  
p la te  and a '/,-in.-thick s h e e t  of bora1 added to  
reduce albedo neutron e f f ec t s  with the  smaller 
sources .  Likewise,  agreement is not expected 
a t  large z dis tances  because  photoneutrons due 
to gamma rays from thermal-neutron captures in 
the cadmium diaphragms make a contribution t o  
the observed flux that is difficult  to  evaluate.  
For  configuration 7 the average disagreement be- 
tween prediction and measurement for z = 1 0  to 

where 4o is the thermal-neutron flux in  the region 
of uniformity, assumed t o  extend from the  center 
radially for 22.5 c m ,  and Fa is the  average thermal- 
neutron flux over the region of nonuniformity, 
computed t o  be 13.7% lower than the  uniform flux. 

The  experimental data a re  plotted a s  data points 
and so l id  curves in F igs .  3.5.2 and  3.5.3, where 
the  various symbols differentiate between the  
instruments used.4 The  broken curves a re  the  
corrected experimental data.  For  configurations 
7, 9, 14, and 20, the correction w a s  for annular 
f i ss ions  and was a s  large a s  11.4% only for con- 
figuration 7 a t  z = 160 cm.  For  configuration 28, 

90 c m  is 0.07%, with an  isolated maximum of 5%. 
For  configuration 9 the average disagreement is 
0.07%, with an  isolated maximum of 5.4% over the 
same range of z. For configuration 1 4  the  average 
deviation is but 0.04% over the range z = 5 to  
120  c m ,  with a maximum of 5.8%. T h e  poorest 
agreement is shown by configuration 20, with an  
average  deviation of 2.7% and a maximum of 10.6% 
over the range 5 to 160 c m .  

A s  a c r o s s  check upon this work, the flux to 
b e  expected with configuration 1 4  was  computed 
from the measurements of configuration 7 with 
m = 4. The  comparison of predicted resu l t s  with 
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measured va lues  is shown in  Tab le  3.5.2. Agree- 
ment is s e e n  to  b e  excellent,  both in  s h a p e  and  
magnitude, a t  reasonable va lues  of z. 

From the  resu l t s  presented above, i t  may b e  
concluded tha t  the  source  geometry transformation 
relating da ta  from a small d isk  sou rce  t o  those  
from a la rge  d i sk  sou rce  h a s  been thoroughly 

validated.  By assoc ia t ion ,  confidence is re- 
inforced i n  t h e  similar transformation, derived in  
the  same  way, relating a d isk  sou rce  to  a n  infinite 
p lane  source.  It should b e  emphasized, however, 
t ha t  it is important in us ing  these  transformations 
to  correctly compensate for nonuniform power dis- 
tributions over t he  experimental source  plate. 
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Fig.  3.5.1. Measured Thermal-Neutron F lux  Between the Cadmium Diaphragms and the LTSF Source Plate:  

Configurations 7, 9, 14, 20, and 28. 
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3.5.2. Comparison o f  Measured and Corrected Thermal-Neutron F luxes a s  Functions of 

Configurations 9 and 20. 
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Table 3.5.1. Computed Thermal-Neutron Fluxes from Configurations 7, 9 ,  14, and 20 
Compared with Corrected Thermal-Neutron Fluxes of Configuration 28 

~ _ _ _ _ _  

z. Distance Thermal-Neutron Flux ( N V J  

from Source 
Configuration 7 

(cm) 

0 

5 

10 

1 5  

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

120 

125 

130 

135 

140 

145 

150 

155 

160 

1.04 x 10' 

1.37 X 10' 

8.88 X l o 7  
3.78 x 107 

1.45 x l o 7  
5.49 x l o 6  

8.80 x i o 5  
3.76 x 105 

1.66 x 105 

7.39 x 104 

3.28 x 104 

1.47 x l o 4  
7.17 x i o 3  
3.60 x io3  
1.82 x l o 3  

9.39 x l o 2  
4.97 x 1 0 2  

2.15 X l o 6  

2.66 x 10' 

1.44 X 10' 

7.92 x 10' 

4.43 x 10' 

2.50 X 10' 

1.43 X 10' 

8.33 x 10' 

5.03 x 10' 

3.11 X 10' 

1.96 X 10' 

1.27 x 10' 

8.62 X lo-' 
6.08 X lo-' 

4.41 X lo-' 

3.31 X lo-' 

Configuration 28 

(Corrected) Configuration 9 Configuration 14 Configuration 20 

6.39 x 107 

8.14 x i o7  
3.59 x lo7  

1.39 x 107 

1.18 x l o 8  

5.38 x l o 6  

2.14 x lo6  

8.99 x 105 

3.93 x l o 5  

1.71 x 105 

7.42 x 104 

3.36 x i o 4  
1.57 x lo4  
7.55 x l o 3  

3.72 x 103 

1.85 x io3  
9.59 x lo2  
5.12 x 10' 

2.77 x 10' 

1.50 x lo2  

4.57 x 10' 

8.18 x 10' 

2.58 X 10' 

1.47 X 10' 

8.41 X 10' 

4.75 x 100 

2.75 x 10' 

1.69 x 10' 

1.07 x 10' 

2.55 x l o 7  
1.10 x l o 8  
8.52 x l o 7  
3.73 x 107 

1.43 x 107 

5.58 X l o 6  
2.23 x l o 6  
9.18 x l o 5  
3.80 x l o 5  
1;63 x i o 5  
7.17 x i o4  

1.50 x l o 4  
7.24 x l o 3  
3.62 x i o3  
1.84 x i o 3  

4.97 x l o 2  

3.22 X lo4 

9.48 X 10' 

2.59 x 10' 

1.36 X 10' 

7.34 x 10' 

4.05 x 10' 

2.27 x 10' 

1.27 X 10' 

7.25 x 10' 

4.21 x 10' 

2.54 x 10' 

1.54 x 10' 

9.68 x 10- 

6.70 x lo-' 6.17 X lo-' 
4.47 x lo-' 3.97 x lo-' 

3.62 X lo-' 
3.34 x lo-' 

2.67 x lo-' 

1.87 x lo-' 

9.04 X lo6  
1.14 X l o 8  
8.93 x i o7  
3.93 x 10' 

1.50 x i o 7  
5.75 x lo6  

9.19 x l o 5  
3.99 x l o 5  
1.77 x lo5  
7.58 x i o 4  
3.57 x io4  
1.62 x i o 4  
7.61 x l o 3  
3.60 x i o3  
1.77 x l o 3  

2.26 x l o 6  

9.30 X 10' 

4.89 X 10' 

2.57 X 10' 

1.38 X 10' 

7.49 x 10' 

4.11 X 10' 

2.29 X 10' 

1.27 X 10' 

7.07 X 10' 

4.01 X 10' 

2.30 X 10' 

1.36 X 10' 

8.15 X 10- 

4.95 x lo-' 

1.90 x lo-' 

3.07 X lo-' 

1.24 X lo-' 

1.12 x l o 8  
8.82 x i o7  
3.85 x i o7  
1.47 x 107 

5.52 X l o 6  
2.14 X l o 6  
8.73 x 105 

3.73 x 105 

1.61 x 105 

7.10 x i o 4  
3.23 x l o 4  
1.53 x i o 4  
7.55 x l o 3  
3.73 x i o 3  
1.87 x l o 3  
9.71 X 10' 

5.06 X 10' 

2.65 x 10' 

1.38 x 10' 

7.54 x 10' 

3.99 x 10'  

1.20 x 10' 

2.26 x 10'  

6.80 x 10' 

3.90 X 10' 

2.29 X 10' 

1.31 X 10' 

7.74 x lo-' 
4.63 X lo-' 
2.91 X lo-' 
1.88 x lo-' 
1.24 X 10" 
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Table 3.5.2. Computed Thermal-Neutron Fluxes From 

Configuration 7 Compared with Corrected 

Thermal-Neutron Fluxes of Configuration 14 

Thermal-Neutron Flux (NV ) 
z ,  Distance th  

from Source Configuration 14 
Configuration 7 (Corrected) (cm) 
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8.23 x l o 7  

7 . ~ 9 ~  l o 7  
3 . 0 4 ~  10' 

1.18 x l o8  

1 . 0 8 ~  lo7  
3 . 7 2 ~  l o 6  
1 . 3 2 ~  l o 6  
4 . 9 6 ~  105 

1 . 9 5 ~  l o 5  
8.11 x l o 4  
3 . 4 5 ~  l o 4  
1.51 x l o 4  
6 . 1 7 ~  l o 3  
2 . 8 6 ~  l o 3  
1 . 3 9 ~  l o 3  

3.43x 10' 

6 . 8 9 ~  10' 

1 . 7 7 ~  10' 

9.32X 10' 

4.97 x 10' 

2.67 x 10' 

1 . 4 7 ~  10' 

4 . 6 4 ~  10' 

2.65 x 10' 

9.63 x lo-' 
5.98 x lo-' 
3.81 x lo-' 
2.55 x lo- '  
1.77 x lo-' 
1.27 x lo- '  

8.20 X 10' 

1.58X 10' 

9.44 x lo-' 

9.15 x 10' 

7.24 x 10' 

2.99 l o 7  
1 . 0 4 ~  lo7 

5.21 x l o 5  

7.91 x lo4 
3.31 x lo4 
1 . 3 9 ~  lo4 
6 . 2 0 ~  lo3 
2.82 x io3  
1 . 3 6 ~  103 

3.72 x lo6 
1.35 X lo6 

1 . 9 8 ~  l o 5  

6.72 x 10' 

1.72 x 10' 

8 . 7 9 ~  10' 

4 . 4 8 ~  10' 

1 . 2 9 ~  10' 

7.14 x 10' 

2.23 x 10' 
1.27 x 10' 

3.36X 10' 

2.39 X 10' 

3.97 x 10' 

7.55 x lo-' 
4.55 x lo-' 
2.80 x 10- ' 
1.12x lo-' 
1.78 x lo-' 

7.46 x lo-' 
5.15 x lo-' 
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3.6. A COMPARISON OF FIRST- AND LAST- 
FLIGHT EXPECTATION VALUES USED IN AN 
05R MONTE CARLO CALCULATION OF THE 

NEUTRON DISTRIBUTION IN WATER 

D. K. Trubey M. B. Emmett' 

In the  solution of par t ic le  transport  problems 
by Monte Carlo, a common method of scoring in 
the  a n a l y s i s  of par t ic le  random walks is the u s e  
of expectation va lues  or s t a t i s t i ca l  estimation. 
The  technique introduces the concept  of detectors  
placed a t  arbitrary posi t ions.  T h e  probability that  
a particular col l is ion contributes to  the quantity 
being calculated is summed over each  history and 
averaged for e a c h  detector.  The  usual  procedure is 
to  c a l c u l a t e  the probability that  a par t ic le  wi l l  
arrive a t  the detector from each  col l is ion without 
further scat ter ings.  T h i s  may b e  cal led the "last- 
flight" expectation value s i n c e  the probability is 
calculated for the particle's l a s t  flight before 
being observed a t  the detector.  

I t  is possible  in many c a s e s ,  however, to  com- 
pute the flux expectat ion value for any particular 
flight. T h e  technique is to "stretch" the flight 
s o  that the col l is ion being examined in  the ana lys i s  
is located a t  t h e  detector site. T h i s  amounts t o  
calculat ing a sequence  of random walks by Monte 
Carlo except  for one  flight length,  which is de- 
termined. T h e  probability for th i s  flight length 
is calculated analytically.  

In mos  t physical  problems involving par t ic le  
s lowing down t h e  c r o s s  sec t ion  r i s e s  with de- 
c reas ing  energy. Hence most of the transport  
(associated with long flight paths)  is accomplished 
a t  high energy. T h i s  is particularly true with 
neutrons in  hydrogenous media. Therefore it is 
expected that first-flight s t re tch ing  might be more 
s u c c e s s f u l  than last-flight stretching. 
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In the  calculation reported here, t he  0 5 R  Monte 
Carlo code  ( see  Sect. 5.3)  was  used to generate 
neutron h is tor ies  in a n  infinite water medium. All 
co l l i s ions  were treated by both the  first- and the  
last-flight technique. 

T h e  first-flight estimator,  or score ,  is determined 
a s  follows. T h e  location of the  end point of each  
flight is translated parallel  to the  neutron’s original 
direction until i t  co inc ides  with the detector $(R) 
sphere.  T h i s  determines the location of t he  first  

coll ision. The  flux is then given by 

1 W i C o e  -c,z 
4nRZ $(R) = - C 

N , C lcos 

where 

R = dis tance  from source,  

W = s t a t i s t i ca l  weight, 

Rs DISTQNCE FROM SOURCE [CMI 
0 

Fig.  3.6.1. Neutron Dose Rate in  Water from a F iss ion Source (P icked Uniformly). 
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z = “stretched” flight d i s tance ,  

So = total  c ros s  sec t ion  a t  energy of particle 

C = total  c ros s  sec t ion  a t  energy of particle 

a = angle  of coll ision location on sphere  meas- 

on stretched flight, 

on flight i, 

ured from neutron’s in i t ia l  direction, and 

N = number of case histories.  

T h e  last-flight estimator is ca lcu la ted  similarly 
except  that  the angle  a is the  ang le  between the  
stretched-flight direction and the  detector sphere  
normal. 

Both methods gave resu l t s  for water and a Watt 
f i s s ion  source  that agree  very wel l  with RENUPAK4 
moments method resu l t s  (see Sect. 3.7) out to  
about  40 to  50 c m  from the  source,  which in turn 
agree  well  with experimental results.  T h e  first- 
flight resu l t s  generally have  a smaller variance; 
t h i s  is particularly noticeable in the  energy spec t ra  
results.  

Resul t s  were a l s o  obtained with the source  
energy picked uniformly and  weighted with the  
f i ss ion  spectrum. T h e s e  resu l t s  (10,000 c a s e  
histories) were generally sa t i s fac tory  to  about  
twice a s  far (see Fig.  3.6.1). 
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3.7. CALCULATION OF FISSION-SOURCE 
THERMAL-NEUTRON DISTRIBUTION IN WATER 

BY THE TRANSFUSION METHOD’ 

D. K. Trubey 

A calculational method which combines transport 
theory and diffusion theory, ca l l ed  t h e  “trans- 

fusion” method, h a s  been  used  t o  obtain the 
thermal-neutron flux from a point isotropic f i ss ion  
source  in water. T h e  transport theory code  
RENUPAK, which u t i l i zes  the  moments method, 
w a s  used  to ca l cu la t e  t he  energy-spatial neutron 
distribution above 1 kev, and the  multigroup dif- 
fusion code  MODRIC w a s  used  t o  continue the  
calculation down to  thermal energies.  The  re- 
su l t ing  thermal-neutron fluxes agree  very well  
with experimental r e su l t s  for d i s t ances  out to 
70 c m  from the source,  but the  ca lcu la ted  f luxes  
a r e  a s  much a s  40% higher for greater d i s tances .  
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3.8. SOME CALCULATIONS OF THE FAST- 
NEUTRON DISTRIBUTION IN ORDINARY 
CONCRETE FROMPOINTANDPLANE 

ISOTROPIC FISSION SOURCES’ 

D. K. Trubey M. B. Emmett’ 

T h e  fast-neutron dose  ra tes  and  energy distri- 
butions for point and plane isotropic f i ss ion  
sources  in an  infinite medium of ordinary con- 
c re te  have  been ca lcu la ted  by the moments method 
code  RENUPAK. The  effect of varying the  con- 
c re te  composition (espec ia l ly  hydrogen content)  
and lower energy cutoff was  examined for severa l  
cases and was  found to  be  significant.  Detailed 
tab les  of energy spec t ra  a r e  given a t  lethargy 
s t e p s  of 0.1 from 0.001 to 18 M e V .  Monte Carlo 
ca lcu la t ions  were performed as a check and gave 
resu l t s  tha t  were in good agreement with the  
RENUPAK results.  
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3.9. A CALCULATION OF THE NEUTRON DOSE 
IN ORDINARY CONCRETE DUE TO AIR- 

SCATTEREDNEUTRONSFROMA 
POINT FISSION SOURCE ’ 

D. K. Trubey 
T h e  resu l t s  of a ca lcu la t ion  of the fast-neutron 

d o s e  at various depths within a n  infinite concrete 
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s l a b  located a t  a d is tance  of 100  g/cm2 from a 
point f iss ion source in a i r  a r e  given. T h e s e  re- 
s u l t s  may b e  used to  predict  the dose  in bomb 
shel ters .  The  moments method code, RENUPAK, 
was used success ive ly  to  produce the energy 
spectrum in a i r  from the point source  and the 
energy spectrum in the  concrete  from the air- 
sca t te red  source.  Angular distribution conversion 
factors  and data  t o  convert  to other amounts of 
a i r  attenuation a r e  given. 
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3.10. MEASUREMENTS OF THE ANGULAR 
DEPENDENCE OF FAST-NEUTRON DOSE 

REFLECTED FROMCONCRETE' 

F. J. Muckenthaler K. M. Henry L. B. Holland 
J. L. Hull J. J. Manning D. R. Ward 

In connection with predicting radiation inten- 
sities in  concrete  s t ructures  of interest  to  the  
Defense Atomic Support Agency, research h a s  been 
completed to determine in  de ta i l  the  fast-neutron 
differential dose  albedo of concrete.  An experi- 
mental program was performed at the Tower Shield- 
ing  Fac i l i ty  concurrently with a Phonte Carlo cal-  
culat ion (see Sect.  3.11) to obtain t h e  d o s e  rate 

Fig.  3.10.1. Experimental Arrangement for Measurements of F a s t  Neutrons Reflected from Concrete. 
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sca t te red  from a concrete s l a b  a s  a function of 
the angle  of incidence and emergence. This  pro- 
vided two independent determinations of many of 
the quant i t ies  of interest ,  and their  agreement 
va l ida tes  the results. 

A highly collimated beam of neutrons w a s  ob- 
ta ined for t h i s  experiment by placing a 92-in.-thick 
water sh ie ld  adjacent  to  the lS-in.-diam beam port 
of t h e  Tower Shielding Reactor I1 beam shie ld  a s  
shown in Fig.  3.10.1. T h i s  additional shielding 
contained a s tepped collimator with the neutron 
beam emerging through a duct  2T4 in. in diameter 
and 36 in. long. Neutron dose  ra tes  were measured 
a t  points 8 and 24 ft from the  end of the collimator 
in planes perpendicular to  its axis .  T h e s e  resul ts  
were integrated to  obtain the total  dose  rate inci- 
dent  upon the surface of a concrete  s l a b  placed a t  
t h e s e  locations.  The neutron spectrum from this  
reactor was determined earlier. 

The concrete  s lab ,  6 f t  square  and 9 in. thick, 
was  at tached to  a turntable that  rotated the  s l a b  
about both i t s  ver t ical  and horizontal  axes .  T h e  
pivot point was located in the middle of the sur- 
face of t h e  s l a b  upon which the neutrons were 
incident. The s l a b  was placed a t  the 24-ft lo- 
cat ion,  where i t  was rotated through angles  of 
45O or less with respect  to  the  reactor collimator 
center  line. For angles  of rotation between 45 
and 75' it was necessary to  move the s l a b  to the 
8-ft location so  that it would completely intercept 
the  neutron beam. 

A fast-neutron dosimeter and a modified long 
counter were used to measure the sca t te red  neutron 
dose  rate a t  a fixed d is tance  of 31 ft from the 
center  of the s l a b  surface.  The  detectors  were 
moved through an  a rc  in the horizontal plane that  
p a s s e d  through the reactor beam center  line while 
the s l a b  was rotated about both its horizontal and 
ver t ical  axes .  T h i s  permitted the determination 
of sca t te red  dose  rates  for nearly all combinations 
of four angles  of beam incidence (e,) and nine 
polar (0) and s i x  azimuthal (4) angles  of emergence. 

Typical  resu l t s  a re  compared with Monte Carlo 
calculat ions made for each  configuration in  Tab le  
3.10.1. T h e  agreement between the individual cal- 
culated values  and the measured resul ts  is s u c h  
that  the computed root mean square  deviation 

[1-(calc/meas)12 ' '2/151 is 3.0% and the 2 
a l l  1 5 1  

la rges t  deviation is 9%. 

Table 3.10.1. Dose Rates for Fast Neutrons 

Scattered from Concrete 

(Neutron beam incident a t  60°; detector 31 f t  from slab) 

Fast-Neutron Dose Rates 
8 4 (ergs g-' hr-' w-*) 

(deg) (deg) 
Calculated Measured 

19 
19 
19 
19 
19 
19 
33.5 
33.5 
33.5 
33.5 
33.5 
44 
44 
44 
44 
44 
52 
52 
52 
52 
52 
60 
60 
60 
60 
60 
67 
67 
67 
67 
67 
74 
74 
74 
74 
74 
80.4 
80.4 
80.4 
80.4 
80.4 
86.8 
86.8 
86.8 
86.8 
86.8 

15 
45 
75 

105 
135 
165 

15 
45 
75 

105 
135 

15 
45 
75 

105 
135 

15 
45 
75 

105 
135 

15 
45 
75 

105 
135 

15 
45 
75 

105 
135 

15  
45 
75 

105 
135 

15 
45 
75 

105 
135 

15 
45 
75 

105 
135 

4.69 x 1 0 - ~  
4.66 x 
4.67 x 
4.74 x 
4.82 x  IO-^ 
4.86 x 
4.54 x  IO-^ 
4.45 x 1 0 - ~  
4.37 x 1 0 - ~  
4.43 x 1 0 - ~  
4.57 x 1 0 - ~  
4.31 x 1 0 - ~  
4.19 x 
4.04 x 1 0 - ~  
4.08 x 1 0 - ~  
4.22 x 
4.13 x 
3.85 x 1 0 - ~  
3.66 x 1 0 - ~  
3.66 x io-' 
3.80 x 
3.98 x 
3.44 x 
3.21 x 
3.16 x 1 0 - ~  
3.30 x 

2.99 x 
2.66 x 
2.59 x  IO-^ 
2.72 x 
3.33 x 1 0 - ~  
2.43 x 1 0 - ~  
2.03 x 
1.95 x 
2.05 x 
2.47 x 
1.68 x 
1.28 x 
1.22 x 
1.29 x 
1.01 x 

3.78 X 

6.41 X lo-' 
4.42 X 

4.17 X lo-' 
4.37 x 

4.92 x 
4.90 x 
4.83 x 
4.88 x 
4.92 x 1 0 - ~  
5.02 x 
4.77 x 1 0 - ~  
4.61 x 
4.58 x 
4.56 
4.77 x 
4.58 x 
4.26 x 
4.10 x 
4.15 x 

4.51 x 
4.08 x  IO-^ 
3.78 
3.67 x 
3.90 x 1 0 - ~  
4.26 x 1 0 - ~  
3.67 x 
3.24 x  IO-^ 
3.19 x 
3.35 x 
3.92 x 

2.69 x 
2.60 x 
2.76 x 
3.33 x 
2.62 x 1 0 - ~  
2.06 x 

2.03 x 
2.58 x 1 0 - ~  
1.68 x 1 0 - ~  
1.28 x lo-' 
1.22 x 
1.24 x  IO-^ 
1.06 x 

4.47 x lo-' 

4.31 X 

3.19 X 

1.88 X 

6.48 X lo-' 

4.06 X 

4.13 X lo-' 
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3.11. A CALCULATION OF THE FAST-NEUTRON 
DIFFERENTIAL DOSE ALBEDO FOR 

CONCRETE 

R. E. Maerker 

Interest  i n  obtaining fast-neutron differential 
a lbedo  information for various materials h a s  been 
generated recently in connection with so lv ing  
multibend air-duct transmission problems. It i s  
conjectured t h a t  t he  duct problem c a n  b e  divided 
into two simpler problems: (1) determination of 
all t hose  parameters which adequate ly  descr ibe  
the  reflection process  for t he  wal l  material, 
assumed to b e  infinitely thick and  to have  a planar 
sur face ,  and (2) u s e  of th i s  information in a Monte 
Carlo calculation or some other geometry-dependent 
ca lcu la t ion  to  obtain the  duct transmission. 

Monte Carlo resu l t s  for the  f i r s t  of t h e s e  two 
problems h a v e  been obtained for the  case of f a s t  
neutrons incident on concre te  in considerably 
more detail  than those  published previously. In 
particular, t he  resu l t s  reported here a r e  for incident 
neutrons in groups having a n  energy spread  of the  
order of 1 MeV, which averages  over fluctuations 
in the c ros s  sec t ions .  Six incident energy groups 
were used, encompassing the  range 200 kev to 
8 M e V ,  e ach  group being a "gun barrel" source  
incident on the  planar concre te  sur face  a t  each  
of f ive  ang le s  to the normal: 0, 45, 60, 75, and 
85'. In each  of the  30 problems run, determined by 
the  combination of the  incident energy spread  
A E ,  and the  angle  to the  normal O , ,  t he  following 
quantit ies were calculated: (1) the  distribution of 
the  reflected neutrons in the  radial  d i s t ance  R 
a long  the  sur face  with respec t  t o  their  point of 
incidence a s  a function of 8, the  emergent polar 
angle,  and 4, t he  emergent azimuthal angle,  (2) 
the  s a m e  as  (1) for singly sca t te red  neutrons only, 
( 3 )  the  differential  energy spec t ra  of t he  reflected 
neutrons as  a function of 8 and  +, and (4) the  
distribution in  depth within the  concre te  of the  

Fig. 3.11.1. Dose Albedo per Steradian for 1.5- to 

3-Mev Neutrons Incident on Concrete at 60° from the 

Normal as a Function of 8 and 4. 

col l i s ion  density,  which gives r i s e  to  t h e  reflected 
neutrons,  as  a function of R and 8. 

The  differential angular d o s e  a lbedo  (reflected 
angular flux integrated over t he  sur face  in  d o s e  
uni t s  per  incident neutron in dose  units)  h a s  a 
s t a t i s t i ca l  uncertainty of around 5%, and  the  double 
differential dose  a lbedo  (per s te rad ian  per M e V )  

an  uncertainty averaging around 10%. T h i s  ac- 
curacy w a s  achieved by employing the  technique 
of s t a t i s t i ca l  estimation a t  each  sca t te r ing  point 
t o  ca lcu la te  t h e  probability of e s c a p e  into each  of 
54 d iscre te  directions,  determined by a space-  
fixed grid of nine va lues  of 8 and s i x  va lues  of 

F igure  3.11.1 shows  the  behavior of the  Monte 
Carlo resu l t s  for the  differential angular dose  
a lbedo  a s  a function of 8 and 4 for t he  case 
8, = 60°and AE, = 1.5 to 3 M e V .  

+* 
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3.12. AN ANGLE-DEPENDENT ALBEDO FOR 
FAST-NEUTRON REFLECTION CALCULATIONS’ 

R. L. French’ M. B. Wells’ 

An a lbedo model for ca lcu la t ing  the  dose  due to 
fast neutrons reflected from mater ia l s  of low to 
moderate hydrogen content h a s  been developed 
through ana lys i s  of ex tens ive  Monte Carlo data.  
T h e  model, which was  developed from reflection 
da ta  for iron, concrete, and  three  types of soil, is 
for reflection to a unit  nondirectional receiver and  
is of t he  form 

a ( E o )  8, cos 0 ,  

where a ( E o )  is a coefficient tabulated as a func- 
tion of incident energy E ,  for t he  various materials 
and 8, and 8 are,  respectively,  t he  ang le s  of 
incidence and reflection (both measured from t h e  
normal). T h e  differential albedo, in units of re- 
f lected dose  per s te rad ian  per  unit  d o s e  incident 
at angle  e,, may b e  converted t o  a to ta l  a lbedo  by 
multiplying by T. T h e  to ta l  d o s e  a lbedo  for nor- 
mally incident f i ss ion  neutrons w a s  found to b e  
c lose ly  approximated by 0.435 (c, - c,)/C,, 
where 2 is t h e  macroscopic to ta l  c r o s s  sec t ion  
of all elements of t he  material  and  2, is t h e  
macroscopic c ros s  sec t ion  of the  hydrogen of the  
material, both weighted by the  f i ss ion  spectrum. 
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flux or  d o s e  a t  la rge  d i s t ances  from a point iso- 
tropic source  of neutrons in air. T h e  method y ie lds  
numerical va lues  for functions f (H,)  and f(H,), 
which may b e  used  to expres s  t h e  fast-neutron 
intensity a s  a function of sou rce  height H,, re- 
ce iver  height H,, and source-receiver separa t ion  
d i s t ance  R, i n  terms of the  corresponding infinite 
a i r  medium intensity Z(R). T h u s  

T h e  method is ca l l ed  the  “first-last  co l l i s ion  
model” because  i t  is based  on the  influence of the  
ground upon the  distribution of “first” co l l i s ions  
of neutrons about  t he  sou rce  and  of “ l a s t ”  col- 
l i s ions  about t h e  receiver. Generalized numerical 
resu l t s  have been computed and  means have  been 
developed for applying t h e s e  resu l t s  t o  spec i f i c  
cases of interest .  Comparisons of t h e s e  r e su l t s  
with those  derived from Monte Car lo  ca lcu la t ions  
and from experiments performed a t  t h e  ORNL Tower 
Shielding Fac i l i ty  and the  Nevada Test Si te  indi- 
c a t e  t ha t  t he  first-last  co l l i s ion  model pred ic t s  
t he  fraction of t he  infinite a i r  medium intensity 
within 5% in  a lmost  al l  cases. 
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3.14. ANGULAR DISTRIBUTION OF THE AIR- 
SCATTERED FAST-NEUTRON DOSE RATE AT 

THE AIR-GROUND INTERFACE’ 

M. B. Wells’ 
3.13. A FIRST-LAST COLLISION MODEL OF 
THE AIR-GROUND INTERFACE EFFECTS T h e  s p a t i a l  and angular distributions of t he  
ON FISSION NEUTRON DISTRIBUTIONS’ fast-neutron d o s e  rate i n  a i r  a s  ca lcu la ted  by 

Monte Carlo methods a r e  used  t o  predict the  re- 
s u l t s  of fast-neutron dose-rate measurements taken 
in unshielded vertical  concrete-lined cylindrical  
ho le s  a t  t h e  ORNL Tower Shielding Facil i ty.  T h e  

e f f ec t  of a n  air-ground interface on  the  fast-neutron agreement of the  predictions with the  measured 

R. L. French’ 

A method h a s  been developed for predicting the  
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. 

data  demonstrates t ha t  (1) t he  air-scattered fas t -  
neutron dose  rate entering the  ho le s  is not ap- 
preciably affected by t h e  presence  of the  air-ground 
interface,  (2) t he  angular  distribution of the  air- 
sca t te red  fast-neutron d o s e  r a t e  entering t h e  holes  
for a given reactor ang le  does  not vary significantly 
with d is tance  for source-detector separa t ion  dis- 
t ances  between 100 and 450 ft, and  (3) simplified 
ca lcu la t iona l  techniques b a s e d  on the  u s e  of in- 
finite-medium air-transport da ta  for f a s t  neutrons 
c a n  b e  used  to adequately predict  t he  fast-neutron 
radiation environment incident upon and in the  
holes .  
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3.15. REFLECTION OF THERMAL NEUTRONS 
AND NEUTRON-CAPTURE GAMMA RAYS 

FROMCONCRETE' 

M. B, Wells' 

Monte Carlo methods were used  to  compute 
thermal-neutron and thermal-neutron-capture gamma- 
ray differential a lbedos  for portland concre te  and  
for the  concre te  used  in  seve ra l  underground struc- 
tures a t  t h e  ORNL Tower Shielding Facil i ty.  T h e  
resu l t s  obtained for t he  thermal-neutron differential 
a lbedo  for portland concre te  were fi t ted by the  ex- 
pression 0.21 8 ,  c o s  8, where 0, and 8 a r e  
the  angles  of incidence and  reflection respectively.  
T h e  to ta l  thermal-neutron flux reflected per unit  
incident flux was  found to b e  given by 0.414 
T cos 8, for the  T S F  concre te  and by 0.42 n 

The resu l t s  for the  neutron-capture gamma-ray 
d o s e  reflected from concre te  per unit  incident 
thermal-neutron flux were fi t ted by the  expression 
1.046 x 8 ,  ~ 0 s ' ' ~  8 for t he  T S F  
concrete and  by the  express ion  6.986 x cos 
8, cos 0 for the  portland concrete.  T h e  units of 
the  above  a lbedos  a r e  e rgs  g-' hr-' steradian- '  
per unit incident thermal-neutron flux. 

8, for portland concrete.  

T h e  resu l t s  for the total  thermal-neutron reflec- 
t ion from both the  T S F  and  the  portland concre tes  
were found t o  b e  in  reasonably good agreement 
with those  obtained from a lbedo express ions  de- 
rived by Fermi3 and  by Halpern e t  aL4 Calcula- 
t ions  of t h e  neutron-capture gamma-ray d o s e  ra tes  
ins ide  4-ft-diam concrete-lined cylindrical  ho les  
dug in t h e  ground at the  T S F  show, when compared 
with measured da ta ,  that  t he  major component of the  
gamma-ray d o s e  rate i n  the  holes  is tha t  result ing 
from thermal-neutron capture in  the  concre te  walls.  

The  following paragraph reports 
work performed subsequent  t o  the  publication of 
RRA-M44.) The  results of a Monte Car lo  calcula- 
tion of t h e  neutron-capture gamma-ray d o s e  a lbedo  
in which the  measured thermal-neutron flux profile 
in a 12-in.-thick s l a b  of TSF-type concre te  was  
used  a s  input da ta  were fi t ted by the  express ion  
6.14 x cos 0 (ergs g-' hr-' s te rad ian- '  
per unit  thermal-neutron flux measured a t  the  
s l a b  surface). T h i s  express ion ,  when used  in 
ca lcu la t ions  to  predict t he  thermal-neutron-capture 
gamma-ray dose  ra tes  i n s ide  concrete-lined cylin- 
drical  ho les ,  was  found t o  produce ca lcu la ted  
resu l t s  which a r e  in good agreement with measured 
gamma-ray dose  ra tes  for the  holes.  

(Editor's Note: 
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3.16. A STUDY OF THE RADIATION 
SHIELDING CHARACTERISTICS OF BASIC 

CONCRETE STRUCTURES AT THE 
TOWER SHIELDING FACILITY 

V. R. Cain 

In t h e  f i r s t  of a se r i e s  of experiments performed 
for t he  Department of Defense t o  inves t iga te  t h e  
protection afforded by various typ ica l  s t ruc tures  

I 
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against  prompt weapons radiation, radiation- 
intensi ty  measurements were made a t  the Tower 
Shielding Fac i l i ty  in  two concrete-shielded bunkers 
and in a n  interconnecting tunnel.  Prompt weapons 
radiation was  s imulated by the Tower Shielding 
Reactor  I1 (TSR-11), which was operated 100 f t  
above the  ground. The  d is tance  between the  re- 
ac tor  and  the  bunkers w a s  approximately 700 ft .  
The  bunkers were each 12-ft cubes  and were con- 
s t ructed so  that the  sh ie ld  thickness  on the front 
face  of one and on the top face  of the other could 
be varied in  4-in. s t e p s  from 0 to 20 in. The  thick- 
n e s s  of concrete and dirt surrounding a l l  other 
faces  was sufficient t o  make them black to  inci- 
dent radiation. 

The  immediate goals  of the experiment were to  
s tudy (1) the at tenuat ion of radiations by various 
th icknesses  of ordinary concrete  s labs ,  (2) the 
buildup of radiation in tens i t ies  within the cavi t ies  
by sca t te r ing  of radiation in  the  wal ls ,  and (3) 
the transmission of radiation down a tunnel with 
two right-angle bends.  Also reported are the 
gamma-ray and fast-neutron d o s e  rates  and thermal- 
neutron fluxes measured a t  various posi t ions 
within the bunkers and in  the  tunnel and the pulse- 
height spec t ra  from a 3-in. sodium iodide c rys ta l  
determined a t  one posit ion in the  top bunker and 
one posit ion in the tunnel. 
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3.17. MEASUREMENTS OF RADIATION 

HOLES AND AN ADJOINING TUNNEL AT THE 
TOWER SHIELDING FACILITY' 

V. R. Cain C. E. Clifford L. B. Holland 

INTENSITIES IN VERTICAL CONCRETE-LINED 

Fast-neutron and gamma-ray d o s e  rates within 
4-ft-diam, 20-ft-deep, concrete-l ined holes have 
been measured a t  the ORNL Tower Shielding Fa- 
cility. The  radiation source  w a s  the  Tower Shield- 
ing Reactor I1 (TSR-11) enclosed in a sh ie ld  which 
modified the  neutron to  gamma-ray rat io  of the re- 
actor  leakage spectrum to  more c lose ly  resemble 

that of a weapon spectrum. The holes  were lo- 
cated a t  horizontal d i s tances  of 100, 228, and 
450 ft from the  reactor. From the  hole  a t  100  ft 
extended a reinforced concrete-l ined tunnel,  6 
ft high, 2y2 f t  wide,  and 20 ft long, with i t s  cei l ing 
10 f t  below ground level .  T h e  experimental meas- 
urements cons is ted  of ver t ical  t raverses  in  the 
three holes  and horizontal  t raverses  in  the  tunnel.  
T h e  parameters varied included d i s t a n c e  from the 
reactor, the angle  of e levat ion of the  reactor with 
respect  to t h e  horizontal  a t  the hole,  and the ma- 
ter ia l  and th ickness  of the sh ie ld  over the  hole.  
Reactor elevation angles  ranged from 15 to goo. 
T h e  s h i e l d s  over the holes  were concrete ,  iron, 
and laminated iron and concrete  s l a b s .  
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3.18. CALCULATIONS OF THERMAL-NEUTRON 
FLUX DISTRIBUTIONS IN CONCRETE-WALLED 

DUCTS USING AN ALBEDO MODEL WITH 
MONTE CARLO TECHNlQUES'a2 

V. R. Cain 

When radiation sh ie lds  a r e  penetrated by ducts ,  
the gamma rays result ing from the radiat ive capture  
of low-energy neutrons in  the duc t  wal l s  c a n  be 
principal contributors to the total  d o s e  along the  
duct. In order to  ca lcu la te  the effect  of t h e s e  
capture gamma rays, the distribution of low- 
energy neutrons in the duc ts  must be known. T h i s  
report presents  calculat ions of low-energy neutron 
distributions in  concrete-walled duc ts  by a method 
in which an  albedo model and a Monte Carlo tech- 
nique were used. One series of calculat ions was 
performed for s t ra ight  duc ts  so  that  comparisons 
could b e  made with the Simon-Clifford analyt ic  
approximation. Another series w a s  for three- 
legged rectangular ducts  s imilar  to  those  used in 
a Tower Shielding Fac i l i ty  experiment. When an  
albedo s imilar  to  that t o  b e  expected for a pure 
thermal-neutron source was used,  the resul ts  
agreed very closely with the T S F  data.  A digi ta l  
computer code  was writ ten to perform the calcula-  
tions. 

.. 
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3.19. PENETRATION OF NEUTRONS AND 
GAMMA RADIATION THROUGH THE OPENINGS 

OF UNDERGROUND STRUCTURES' 

R. L. French' M. B. Wells' N. M. Schaeffer'  

Calculations were performed of t he  radiation in- 
t ens i t i e s  i n  open concrete-lined cylindrical  ho les  
and in open concrete bunkers due  t o  a f i ss ion  
source  located in a i r  a t  d i s t ances  of 100  to 700 ft. 
The  calculations a r e  part of a n  ana lys i s  of ex- 
periments performed with the  ORNL Tower Shield- 
ing  Reactor I1 (TSR-11), which included numerous 
radiation measurements i n  the  underground struc- 
tures with and  without s h i e l d s  over t he  openings 
(see Sec ts .  3.16 and  3.17). T h e  approach followed 
in the  calculations w a s  to determine, from geo- 
metric considerations,  t he  portion of the  incident 
radiation in tens i t ies  tha t  could en ter  t he  structures.  
Methods were developed to account  for e f fec ts  of 
the  air-ground interface,  and  a lbedo  models were 
devised  to  simplify ca lcu la t ion  of the  wall- 
sca t te red  dose  and  production of secondary ra- 
diation in  the  walls.  In general ,  t he  ca lcu la ted  and  
measured data agree  within approximately 25%. 
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3.20. MEASUREMENT OF FAST-NEUTRON 
TRANSMISSION TH ROUGH AN "IN FIN1 T E" 

SLAB OF LiH 

F. J. Muckenthaler 
K. M. Henry 
L. B. Holland 

J. L. Hull 
J. J. Manning 
D. R. Ward 

As  part of the  SNAP Shielding Program, ex tens ive  
measurements uti l izing s imple  sou rce  and infinite- 

s l a b  geometries have  been made of the  fast-neutron 
d o s e  transmitted through thick lithium hydride 
sh i e lds ,  and  most of the  r e su l t s  have been com- 
pared with Monte Car lo  predictions (see Sect. 
3.21). Transmission measurements were made for 
both a normally incident beam and for slant-incident 
beams up to 60' and for s l a b  th i cknesses  tha t  
varied from 1 to 30  in. Detectors were located 
both near t he  back sur face  of the s l a b  and far 
from it.  For  some of t he  slant-incident cases, 
emergent dose  angular distributions were a l s o  
measured with a t ightly coll imated detector.  

T h e  Tower Shielding Reactor I1 w a s  placed in- 
s i d e  a lead-water sh i e ld  which contained a s tepped  
opening a t  the  horizontal midplane of t h e  sh i e ld  
from which a collimated beam of neutrons emerged. 
The  diameter of the  opening w a s  15 in. for t he  
outer 2-ft sec t ion  and 10 in. for the  inner 2-ft 
sec t ion .  For  part  of the  experiments the  outer 
s ec t ion  was  plugged with a 6-in.-ID collimator 
30 in. long. The  neutron intensity incident on the  
LiH sh ie ld  sur face  was  measured in  a p lane  
perpendicular t o  the  collimator center  l ine  in  the  
vertical  and  horizontal direction for both collimator 
configurations. The  neutron spectrum of the  beam 
was  measured with a sh ie lded  diode fast-neutron 
spectrometer. ' 

The  s l a b s  of LiH used  in th i s  experiment were 
5 ft square  and  1 ,  2, 6, and 12  in. thick,  each  
contained in k-in.-thick aluminum. T h e  measure- 
ments of the  transmitted neutron d o s e  were made 
with a Hurst neutron dosimeter and a Hornyak 
button on the  beam center  l ine  4 in. from the  back 
of the  s l a b  and  at severa l  d i s t ances  from the  front 
of t h e  s l ab .  Measurements were also made with a 
modified long counter. 

Experimental resu l t s  for the  normally incident 
beam a r e  compared in  Tab le  3.20.1 with some Monte 
Carlo ca lcu la t ions  for t he  same shield-detector 
configuration. T h e  neutron beam was  approximated 
as a source  uniformly distributed over a d isk ,  
cons tan t  i n  so l id  angle  up to  the  half angle  of t he  
reactor collimator and ze ro  e l sewhere ,  with the  
d isk  located a t  a n  appropriate d i s t ance  from the  
s lab .  
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Table 3.20.1. Experimental and Calculated Dose Rates of F a s t  Neutrons Transmitted Through L i H  

Fast-Neutron Dose Rate (ergs g-' hr-' w-') LiH 

Thickness 6-in.diam Beam 15-h-d iam Beam 

Measured Calculated Measured Calculated (in.) 

0 
1 
3 

6 
9 

12 
18 

24 

30 

0 

1 
3 
6 

9 

12 
18 
24 
30 

Detector 4 in. Behind L i H  

9.36 x lo-' 9 . 3 6 ~  IO-' 1.20x IO0 
4.49 x lo-' 4.46 x lo-' 7.34 x lo-' 
1.64 x lo-' 1 . 5 8 ~  lo-' 3 . 1 9 ~  lo-' 
3 . 8 5 ~  loF2 3.87 x 8.75 x 
8.12 x 8 . 7 0 ~  2.30 x lo-' 
1 . 8 6 ~  2 . 3 0 ~  5.59 x 
1 . 3 0 ~  ioW4 1.88 x 5.31 x 
1 . 1 2 ~  2 . 4 0 ~  4.58 

1 . 3 0 ~  2.16 x 7.13 x 

Detector 16.5 f t  from Source for 6-in. Beam; 18.5 f t  for 15-in. Beam 

3.67 x 3.67 x 7 . 9 8 ~  
1.9ox 1 . 9 3 ~  4.47 x 

5 . 6 7 ~  1.37 x 5.51 

9.18 x 9.77 x 2.69 x 
1 . 8 9 ~  1 . 9 9 ~  6.27 x 

2 . 6 7 ~  3.43 x 1.27 x 10c5 

3 . 5 6 ~  lo-' 5.15 x IO-* 2.51 x 

3.73 x 4.66 x 1.40 x 

2 . 5 8 ~  3 . 2 8 ~  1.61 x 

1.20x I O 0  
7.94 x lo-' 
3.59 x lo-' 
1.27 x IO-' 
3.45 x 
1.03 x 
9.06 x 
9.32 X S.0-5 

9.20 x 

7.98 x 
4.28 x 
1.31 x 
2 . 5 6 ~  

5 . 7 0 ~  
1.53 x 
1.43 x 

2.10 x 
1.52 x 

3.21. MONTE CARLO CALCULATIONS OF 
NEUTRON TRANSMISSION THROUGH 

LITHIUM HYDRIDE 

F. H. Clark F. B. K. Kam 

T h e  05R Monte Carlo code  ( s e e  Sect. 5.2) h a s  
been used with apparent s u c c e s s  in computing 
neutron penetrations through infinite lithium hy- 
dride s l abs .  Th icknesses  up to  about  60 g/cm2 
have  been considered. Sources  used  were iso- 
tropic distributions on a d isk  and  collimated beams 
whose energy spectra resemble a f i ss ion  spectrum.' 
T h e  code  h a s  a l s o  been used  t o  study conical- 
she l l  and disk-type s h i e l d s  (Fig. 3.21.1) for a 
point source.  

The  resu l t s  of the  isotropic-source s tudy  for the  
s l a b  sh i e lds  have  been reported elsewhere,  and  
it need only b e  s t a t ed  here that measurements 
subsequent ly  reported3 have  been in agreement 

with t h e  calculations.  The  r e su l t s  of the  col- 
limated-beam source  a r e  compared in Fig.  3.21.2 
with measurements made a t  t he  Tower Shielding 
Fac i l i ty  ( s e e  a l s o  Sect. 3.20). 

T h e  ca lcu la t ions  for the conical-shell  sh ie ld  
were performed to  explore the  advantages ,  i f  any, 
of us ing  th i s  s h a p e  rather than a d isk  s h a p e  for 
s p a c e  sa t e l l i t e  power plants.  T h e  fac t  tha t  t he  
sh ie ld  material was  lithium hydride was  incidental  
to t he  geometry. The  resu l t s  showed tha t  the  
d isk  configurations yielded l ighter weight sh i e lds  
for t he  same d o s e  a t  the  payload on any  reason- 
ab le  b a s i s  of comparison (see Sect.  3.22). 

Importance sampling was  employed in a l l  t h e s e  
calculations.  Among the  techniques used  to  good 
advantage were (1) biased  se l ec t ion  of source  
energy, (2) b iased  se lec t ion  of direction from 
source ,  (3) b iased  se lec t ion  of the region of first  
coll ision, (4) b iased  path length, and  (5) Russ ian  
Roulette with phase-space dependent  standards.  
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Fig. 3.21.1. Layout for Conical-Shell and Disk Shields. 

Other techniques tried, but from which we have 
no c l ea r  demonstration of benefit,  a r e  sp l i t t ing  
and b i a s ing  of the  angle  of sca t te r .  T h i s  latter 
remark should  not be  construed t o  mean that t h e s e  
techniques a r e  not valuable when appropriately 
used  in a proper context. 

There were some computations which did not 
compare favorably with measurement; however, i n  
each  such  case there were flaws in  the  model 
u sed  for computation, or t he  magnitude of the  
problem undertaken w a s  sufficiently great to sug- 
g e s t  t h e  need for larger s t a t i s t i ca l  s amples  or for 
more s e v e r e  b ias ing  techniques.  

It appears  tha t  t he  ex i s t ing  computing system, 
tha t  is, the  05R code  as  adapted  to t h e  lithium 
hydride penetration problem and  the  accompanying 
package of c r o s s  sec t ions ,  is ef fec t ive  through 
60 g/cm2 for determining nondifferential output. 
Th i s  range of e f fec t iveness  can  b e  increased  with 
some further investment of effort. 
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3.22. A LITHIUM HYDRIDE CONICAL-SHELL 
NEUTRON SHADOW SHIELD’ 

F. H. Clark N. A. Betz’ 

A s tudy  has  been made of the  e f fec t iveness  of 
a (natural) lithium hydride sh i e ld  tha t  is formed 
into a conica l  s h e l l  and “wrapped around” a 
point neutron source  with a near-fission spectrum. 
T h e  source ,  detector, and  c o n e  a x i s  a r e  coll inear 
with t h e  detector 40 ft from the source.  Addi- 
tionally, the study covered d i sk  sh i e lds  of t he  
s a m e  material located in approximately the  s a m e  
location. [Note: T h e s e  geometries a r e  shown in 
Fig. 3.21.1. Ed.] Evidently,  there  is some arbi- 
t ra r iness  in positioning when one rep laces  a 
conica l  she l l  by a disk. If a comparison is made 
of a d isk  and  a con ica l  she l l  whose th i cknesses  
measured parallel  to t h e  a x i s  a r e  t h e  same,  and, 
if the  sur faces  of t he  d isk  co inc ide  with the  
ap ices  of t h e  conical she l l ,  then the  d isk  will  
provide much greater attenuation but will  weigh 
much more. The  conica l  s h e l l  appears  t o  be  
s l igh t ly  less effective than a d i sk  which h a s  the  
same normal th ickness  occluding the  same  so l id  
angle  a t  t h e  source.  Further, t he  weight of such  
a conica l  she l l  would exceed  tha t  of the  cor- 
responding disk.  
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3.23. SCATTERING OF FAST NEUTRONS FROM 
CYLINDERS OF LITHIUM HYDRIDE, GRAPHITE, 

CONCRETE, ALUMINUM, AND STEEL’ 

J. C. Courtney2 V. V. Verbinski 

Time-of-flight methods have  been used  to measure 
the  spec t ra  of neutrons sca t t e red  a t  severa l  ang le s  
from small cylindrical  samples  of s t ee l ,  aluminum, 
concrete,  graphite, and  lithium hydride. T h e s e  
measurements will  not yield e l a s t i c -  and inelastic- 
differential-scattering c r o s s  s e c t i o n s  directly be- 
c a u s e  the  incident neutrons were not monoenergetic, 
and  therefore no distinction c a n  b e  made between 
a n  inelastic- and  a n  e las t ic -sca t te r ing  event. How- 
ever, t h e  da ta  will  s e rve  a s  a n  inexpens ive  and  

useful check on the  cross-section compilations 
used  in  neutron sca t te r ing  ca lcu la t ions  currently 
be ing  performed in  SNAP (Space Nuclear Auxiliary 
Power) and DASA (Defense Atomic Support Agency) 
sh ie ld ing  programs. T h e  measured source  spec-  
trum c a n  b e  u s e d  as  input to a sca t t e r ing  calcula- 
tion, and  t h e  result ing ca lcu la ted  spec t r a l  inten- 
s i t i e s  of t h e  sca t t e red  neutrons c a n  b e  compared 
with the  measured spec t r a l  in tens i t ies .  If t he  
disagreement between the  measurements and  the  
ca lcu la t ions  is small ,  as is expec ted ,  it can  b e  
compensated for i n  the  ca lcu la t ions  by ad jus t ing  
e i ther  the  e l a s t i c  or t he  ine l a s t i c  c r o s s  sec t ions  
- whichever a r e  the  l e a s t  wel l  known. 

T h e  materials chosen for t h e s e  measurements 
a r e  those  of spec i f i c  in te res t  to the  SNAP and  
DASA shie ld ing  programs. The  LiH cyl inders  
were 1% and 3 in. in diameter; the  concre te  cyl- 
inders were l?4 in. i n  diameter; and a l l  other 
samples  were 2 in. in diameter. The  composition 
of the  concre te  is shown in Tab le  3.23.1. 

The  measurements were made at  the  General 
Atomic Electron Linear  Accelerator (LINAC), where 
a pulsed  source  of bremsstrahlung-produced neu- 
trons w a s  obtained by irradiating a lead  target with 
14-nsec bu r s t s  of 34-Mev e lec t rons .  The  energy 
spectrum of t h e  neutrons approximated the  spectrum 
of neutrons emitted by a pool-type r e a ~ t o r . ~  Some 
of t h e s e  neutrons s t ruck  t h e  sca t te r ing  cylinder 
placed 13 in. from the  lead  ta rge t  (see Fig.  3.23.1) 
and  passed  through a system of coll imators and  
down a drift tube  (55 m long) t o  a n  NE-213 liquid- 
sc in t i l l a tor  fast-neutron detector.  s Time-of-flight 
techniques were used  to  obtain t h e  energ ies  of 
t he  sca t t e red  neutrons. 

Table 3.23.1. Composition of Concrete Cyl inders 

Element Amount (wt %) 

Oxygen 44.1 

Silicon 23.8 

Ca lc ium 8.5 

Aluminum 6.8 

Sodium 2.5 

Potassium 

Iron 

2,. 0 

1.9 

Others 10.4 
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Pulse-shape discrimination circuitry was  used  
during the  experiment t o  eliminate pu l ses  due t o  
any  gamma-ray background.6 At the  14-nsec pulse  
width, t he  55-m flight path afforded a n  energy 
resolution of 1% for 1-Mev neutrons and 3% for 
10-Mev neutrons. A major effort h a s  been under- 
taken to determine the  efficiency of the  detector 
a s  a function of b i a s  s e t t i ng  when it is used  for 
time-of-flight measurements s u c h  a s  these ,  and 
also to  obtain the  response function of the  de- 
tector when it is used  as  a n  ordinary pulse-height 
spectrometer (see Sects.  6.1 and  6.2). 

The measurements were made for e ight  va lues  
of t h e  sca t te r ing  angle  8, between 4 5  and  135O 
and four va lues  of O , ,  the  ang le  between the  
electron beam and the direction of the  neutrons 
which hit  the sca t te r ing  cylinder.  (As  can  b e  

of Various 

s e e n  from Fig. 3.23.1, t h e  geometry of the  ex- 
periment is such  that for a given va lue  of 8 ,  
there a r e  two va lues  of 02.) T h e  spectrum of 
source  neutrons was  obtained for each  source  
ang le  through the  u s e  of a bending magnet on the  
LINAC beam. T h e  time-integrated source  intensity 
was  monitored during each run by expos ing  a 
sulfur foil  a t  a posit ion 45' f r o m  the  e lec t ron  beam. 
Th i s  yielded a measure of the  to ta l  integrated 
fast-neutron flux emitted from t h e  lead  during each  
run and  also provided a means for properly nor- 
malizing t h e  sca t te red  flux to the  sou rce  flux. 

Typica l  results obtained during t h e s e  measure- 
ments a r e  given in Fig.  3.23.2, which shows  the  
source  spectrum for 8 ,  = 135' and the  spec t r a l  
in tens i t ies  of neutrons sca t te red  from a 1 3/4-in.-diam 
by 2%-in.-long concre te  cylinder a t  ang le s  of 4 5  
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and 1359 Also  shown is a f i ss ion  spectrum for 
comparison with the source  spectrum. Note the  
sh i f t  i n  t h e  resonances  in  the  sca t t e red  spec t ra  
due  to the  change in sca t t e r ing  angle.  
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4. Radiation Shielding Information Center 

4.1. PROGRAM OF THE RADIATION SHIELDING 
INFORMATION CENTER (RSIC) 

S. K. Penny D. K. Trubey 
B. F. Maskewitz 

The program of t h e  Radiation Shielding Infor- 
mation Center (RSIC) h a s  been expanded to inc lude  
shielding from weapons radiation, ' and the  
technical functions of t h e  Center have been 
intensified. Work h a s  begun on state-of-the-art 
reports, and intercomparisons of t h e  r e su l t s  
produced by various digital  computer c o d e s  a re  
well under way. 

RSIC is continually involved in  i t s  library 
functions. It h a s  co l lec ted  a la rge  amount of 
shielding l i terature and h a s  been respons ib le  for 
a la rge  number of t rans la t ions  of foreign sh ie ld ing  
literature. New ways of presenting bibliographic 
references to t h e  sh ie ld ing  community a r e  con- 
tinually being analyzed. T h e  RSIC Computer 
Codes  Section i s  also developing new methods for 
informing the  shielding community about computer 
codes.  

T h e  technica l  function of providing advice  and 
se rv ices  to  the  community upon request is be ing  
uti l ized at  t he  rate of approximately two reques ts  
per day. 

The  outlook for t h e  next ca lendar  year is tha t  
RSIC will become more of a technica l  ins t i tu te  
and less of a library, hopefully in  a more near ly  
optimum ratio. 
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4.2. RSIC INFORMATION RETRIEVAL SYSTEM 

S. K. Penny 
D. K. Trubey L. Jung 

M. B. Emmett' 

T h e  information retrieval sys tem descr ibed  
previously2 h a s  been used  i n  severa l  important 
ways by the  RSIC staff. T h e  second cumulative 
bibliography of sh ie ld ing  l i terature produced by the  
sys tem was  i ~ s u e d , ~  and a third o n e  (to b e  
published as RSIC-5) is now in  preparation. T h e  
second bibliography is much l ike  the  f i r s t  one ,  
although corrections and rev is ions  were made and 
at  l e a s t  200 more l i terature specimens were added. 
Also, a new role indicator w a s  included to show 
whether the  shielding da ta  presented  in t h e  
l i terature specimen a re  compared with similar 
d a t a  in  some other publication. T h e  third 
bibliography will b e  accompanied by abs t r ac t s  of 
t he  l i terature.  I t s  format is be ing  made more 
convenient for t h e  user.  

T h e  computer programs for revising and correcting 
t h e  f i l e s  of t h e  retrieval sys tem h a v e  been com- 
pleted to t h e  extent t ha t  many li terature spec imens  
ac tua l ly  have  been replaced by others.  Several  
retrieval and ed i t  codes  have  been written, among 
which a re  c o d e s  that p red ica te  the  sea rch  on any 
of t h e  various log ica l  combinations of o n e  to  f ive  
subjec t  categories.  T h e  sys tem h a s  been modified 
to inc lude  se l ec t ive  dissemination of information 
to individuals as  the  system is updated. T h e  
information, which is s tored  on magnetic tape,  is 
in t h e  form of bibliographic da t a  and abs t rac ts .  I t  
is also c lass i f ied  by authors and by f ie lds  of 
interest .  

A modified version of the  retrieval sys t em will  
soon b e  u s e d  for sh ie ld ing  c o d e s  and the  corre- 
sponding literature. 

I 
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code  operable. A few contributors h a v e  personally 
delivered their codes ,  simultaneously giving 
valuable counse l  to the RSIC staff .  

T h e  Computer Codes  Section h a s  performed some 
very spec ia l  s e rv i ces  for ins ta l la t ions  tha t  a r e  
attempting t o  u s e  certain sh ie ld ing  codes .  T h e s e  
se rv ices  inc lude  effecting the  transit ion from o n e  
computer monitor system to  another very different 
monitor system, aiding in an economic feasibil i ty 
study to determine whether a code  should b e  
changed so that i t  could  b e  operated on a computer 
which was  different from the  computer for which i t  

input da t a  for codes  which require very complicated 

4.3. COLLECTION OF SHIELDING COMPUTER was originally written, and “trouble shooting’’ 
CODES 

and exac t ing  input. The  c o d e s  collection is 
housed and serv iced  a t  the  Central  Data P rocess -  
i ng  Facil i ty.  

B. F. Maskewitz S. K. Penny 
D. K. Trubey 

The  Center’s function of co l lec t ing  computer 
codes  written for sh ie ld ing  ca lcu la t ions  h a s  
advanced to the  ex ten t  that  32 programs a r e  
operable by RSIC on the  IBM 7090/94 and two 
programs a re  operable on the  CDC 1604A. T h e s e  
include codes  uti l izing t h e  methods of Monte 
Carlo, point-to-point kernel integration, numerical 
integration, and Spinney (removal-diffusion). T h e  
ca lcu la t ions  performed inc lude  penetration, re- 
flection, heating, sca t te r ing  in  duc ts ,  sca t te r ing  
from structural  components s u c h  as those  en- 
countered in SNAP (Space Nuclear Auxiliary 
Power) geometries, and transport of charged 
particles.  

All t h e s e  programs, including da ta  preparation 
and other auxiliary codes ,  have been u s e d  
successfu l ly  with sample problems suppl ied  by 
t h e  contributor. To acquire experience and infor- 
mation on da ta  preparation, operability, and inter-  
comparison, RSIC has ,  i n  addition, designed s imple  
problems which have  been run on seve ra l  codes .  
T h i s  will continue for all applicable codes .  

T h e  placing of code  packages with manufacturers 
h a s  proceeded slowly, as t h e  staff wanted first  to 
gain as much experience with each  code  as 
poss ib le  i n  order t o  b e  a more competent reference. 
However, many reques ts  for codes  not y e t  p laced  
with a manufacturer have been filled directly from 
t h e  RSIC collection. 

The  Computer Codes  Section h a s  had  severa l  
visitors. Several  persons  have been in te res ted  in 
learning how to u s e  a particular code, some to the  
extent that  they have  volunteered to a s s i s t  i n  
writing new d a t a  for a code  and in making the  

A review of l i terature on nuclear codes ,  in 
general, and sh ie ld ing  codes ,  i n  particular,  is 
continuing. Several hundred documents h a v e  been 
co l lec ted  and indexed for ready reference. Many 
reques ts  have been filled for references to 
l i terature concerning descriptions of c o d e s  usefu l  
in so lv ing  spec i f ic  problems. 

The  codes  document collection h a s  become ex- 
t ens ive  enough to  b e  entered into the  RSIC infor- 
mation retrieval system. A categorization scheme  
h a s  been devised, and ana lys i s  of documents is in 
process.  It is expected that a bibliography of 
computer codes  l i terature will b e  published in a 
few months. Abs t rac ts  of t h e  c o d e s  i n  t h e  
collection a re  written, and one  s e t  h a s  been 
distributed. A second distribution is expected 
soon. 

Cooperation with the  Argonne Code Center and 
with the  European Nuclear Energy Agency (ENEA) 
Computer Programme Library is well es tab l i shed .  
Communication l i n e s  have  a l so  been s e t  up with 
nuclear da t a  compilation centers  t o  secu re  da t a  
for u s e  i n  sh ie ld ing  codes .  

R e f e r e n c e s  
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5. Mathematics and Computer Programs 

5.1. HAUSER-FESHBACH COMPUTER PROGRAMS 

W. R. Smith 

Several  CDC-1604 computer programs have  been 
written which ca lcu la te  t he  angular distributions of 
nuclear reaction products u s ing  the Hauser-Feshbach 
theory’ modified to  include the e f fec ts  of spin-orbit 
coupling. * One program computes  the  compound- 
e l a s t i c  sca t te r ing  of neutrons or protons - together 
with the  shape-e las t ic  sca t te r ing  - compares the 
sum of the two with experimental e las t ic -sca t te r ing  
angular distributions,  and automatically var ies  the  
optical-model parameters in such  a way as to opti- 
mize the  agreement between theory and experiment. 
Th i s  program is restricted to u s e  with zero-spin 
targets.  

Another program forms the bas i s  for the remaining 
programs. If the required penetrabil i t ies a re  sup-  
plied, together with a l l  the sp ins  and parit ies in- 
volved, it will  compute an angular distribution for 
virtually any nuclear reaction for which, in every 
channel,  two particles enter and two emerge. With 
th i s  program a s  a subroutine, another program 
automatically ca lcu la tes  the  required optical-model 
penetrabil i t ies and proceeds to  generate the angular 
distribution for any reaction involving channels  
having incoming and outgoing particles with sp in  
0, *4, or 1. It is limited to  a maximum of 16 partial  
waves in any one channel,  but i t  is not restricted 
with respec t  to the  sp ins  of the  target or residual 
nuclei. 

Two additional programs compute the  angular 
distributions of ine las t ica l ly  sca t te red  neutrons or 
protons, provided tha t  t he  necessary  penetrabil i t ies 
are supplied. In one c a s e  the  penetrabil i t ies must 
correspond to the exac t  energ ies  i n v o l ~ e d . ~  T h e  
other program interpolates the  penetrabil i t ies from 
values supplied in tabular form. Both programs 
compute in one p a s s  the  angular distributions cor- 
responding to  a l l  the exc i ted  leve ls  of the  target 

having energ ies  below the bombarding energy. In 
addition, in the latter program provision is made 
for automatically incrementing the  bombarding energy 
and repeating the  ca lcu la t ions  without any further 
input. 
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5.2. 05R:  A GENERAL-PURPOSE MONTE CARLO 
NEUTRON TRANSPORTCODE’ 

R. R. Coveyou 
D. C. Irving 

F. B. K. Kam 
J. G. Sullivan2 

The  0 5 R  code is a highly versa t i le  Monte Carlo 
neutron transport code covering the  energy range 
from 77.13 Mev to 0.070 x loe3  ev. It is distin- 
guished by its detailed representation of c ros s -  
sec t ion  data. In th i s  representation the  energy 
range is divided into 40 supergroups, each  a factor 
of 2 apart ,  and each  supergroup is divided into 2” 
subgroups, where n may range from zero  t o  nine 
at the  option of t he  user. Cross  sec t ions  a re  held 
constant ac ross  each  subgroup. P rac t i ca l  u s e  of 
so much information is made poss ib le  by storing in 
the  machine memory the c r o s s  sec t ions  for only a 
s ing le  supergroup and by processing ba tches  of 
from 200 to  2000 neutrons through the  energy range 
of the  supergroup. Cross  sec t ions  for the  next 
lower energy supergroup are then read in from tape,  
and the process  is repeated. 

70 



71 

0 5 R  does  not allow a neutron to be  absorbed 
by a nucleus.  Instead, s t a t i s t i ca l  var iances  in 
ana lyses  a r e  improved by taking into account t he  
probability of absorption by a reduction in the 
s t a t i s t i ca l  weight of a neutron a t  each  coll ision. 
Splitting and Russ ian  Roulette can  be  employed at 
the  option of the user. Both f a s t  f i s s ioning  and 
thermal f i ss ioning  are  permitted in appropriate 
sys tems.  Diffusion of thermal-energy neutrons 
may be ignored, treated by a s imple  one-velocity 
model, or handled by spec ia l  routines written by 
the  user. 

Anisotropic sca t te r ing  is allowed by uti l izing a 
technique for se lec t ing  from anisotropic angular 
distributions that gives the  same accuracy as  a 
straightforward se lec t ion  from a Legendre expansion 
but requires considerably less computer time. 

A general geometry routine permitting as many 
as 16  media bounded by planes or quadric sur faces ,  
as wel l  as spec ia l  routines for simpler geometries, 
is included in the 0 5 R  package. 

In us ing  0 5 R ,  only two routines, a source  routine 
and a routine to  treat  ine las t ic  scattering, must b e  
written (in FORTRAN-63) by the user. Efficient 
random number generating routines a re  contained 
within the  code package, as are routines for per- 
forming a variety of manipulations with c r o s s  sec- 
tions. The  latter include routines for preparing 
master t apes ,  deleting spec i f ic  da t a  from master 
t apes ,  edit ing master tapes ,  performing cross-section 
arithmetic, preparing the  cross-section da ta  t apes  
needed by 0 5 R ,  and preparing an  input t ape  for t he  
Calcomp plotter for drawing cross-section curves.  

T h e  output of 0 5 R  is one or more “collision” 
t a p e s  that contain,  for every coll ision suffered by 
a neutron, any or all of 32 d is t inc t  parameters 
describing the  event. Analys is  of t h e s e  co l l i s ion  
t apes  to extract  t he  information des i red  is done by 
separa te  ana lys i s  routines,  which must be written 
by the user. 

A detailed user’s manual and  input instructions 
for all parts of the 0 5 R  package a re  given, as wel l  
as program descriptions,  flow char t s ,  and full-scale 
sample  problems aga ins t  which the  proper operation 
of a l l  parts of the  code  may be checked. 
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5.3. AN 05R ANALYSIS ROUTINE 
TO ESTIMATE NEUTRON FLUXES 

IN ANISOTROPIC SCATTERING MEDIA’ 

W. E. Kinney 

There  a re  severa l  techniques tha t  a r e  commonly 
used  to  reduce the  variance of Monte Carlo e s t ima tes  
of neutron fluxes below that obtained from a straight- 
forward analog Monte Carlo c ~ m p u t a t i o n . ~ ’ ~  One is 
the method of s t a t i s t i ca l  estimation wherein an 
ana log  Monte Carlo calculation diffuses neutrons 
through a medium, but a t  each  co l l i s ion  the  prob- 
abil i ty that the  neutron reaches  the  point of in te res t  
is computed. Fo r  each  coll ision the  product of the  
probability that the  neutron h a s  survived to  undergo 
the  coll ision and the  probability tha t  t he  neutron 
sca t t e r s  t o  the  detector point is added into the  
es t imate  of the  flux. Each co l l i s ion  contributes 
to  the es t imate  in th i s  manner so tha t  t he  var iance  
is reduced simply because  there are more samples  
taken. 

A FORTRAN analys is  routine for t he  0 5 R  code  
(Sect. 5.2) h a s  been written to  es t imate  f luxes  by 
th i s  method as  a function of energy a t  as many as 
ten  se l ec t ed  detector points in a sys tem containing 
three anisotropic sca t t e re r s  in two media, each  of 
which contain a total of ten  sca t te re rs .  

T h e  0 5 R  sys tem da ta  t ape  is used  to supply the  
mean free flight t imes for the  media if it conta ins  
no more than 64 points per supergroup. In addition, 
a tape  containing Legendre expansion coef f ic ien ts  
averaged by the code 7 averager4 is required to  
descr ibe  the  anisotropic-scattering angular distri-  
butions. 

T h e  ana lys i s  routine is written t o  put all the mean 
free flight t imes and expansion coefficients into the  
memory at once. T h i s  s a v e s  time but s ac r i f i ce s  
flexibility. A P ,  approximation t o  the  angular d i s -  
tr ibutions is t h e  maximum allowed as  the  code  w a s  
originally written. Th i s ,  as  well a s  the  maximum 
number of media, t he  maximum number of anisotropic 
sca t te re rs ,  the  maximum number of detector points,  
etc. may, of course,  be  changed by changing dimen- 
s ion  s ta tements ,  provided that the machine core 
s torage  restrictions a re  observed. A s  written, 
f luxes and standard deviations are es t imated  in  a 
maximum of 50 energy groups. 
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5.4. A MONTE CARLO TECHNIQUE 
FOR SELECTING NEUTRON SCATTERING 

ANGLES FROM ANISOTROPIC DISTRIBUTIONS' 

R. R. Coveyou 

A technique h a s  been devised for u se  in the  0 5 R  
code (Sect. 5.2) for se lec t ing  a sca t te r ing  angle  
(cos-'  p)  from an anisotropic-scattering angular 
distribution which gives the same accuracy a s  that 
obtained by a straightforward se lec t ion  from a 
Legendre expansion but which requires considerably 
less computer time. Briefly, the method cons i s t s  
in s e l ec t ing  p from a finite number of sca t te r ing  
angle cos ines  obtained from the distribution function 

which can  be shown t o  give the same order of ac- 
curacy as the appropriate Lengendre series when 
both are truncated a t  n. After calculation of the 
coefficients c$,, when all the $,:s are positive, 
a value of p is se lec ted  from the  0,'s by choosing 
a random number R and le t t ing  p = O j ,  if 

When any of the 4,'s are  negative, then the  tech- 
nique is modified somewhat. With negative 4,'s 
a situation may ex i s t  in which negative s t a t i s t i ca l  
weights may be ass igned  t o  individual neutrons, 
which in turn may give a negative value for an 

estimate.  T h i s  simply means tha t  an insufficient 
number of samples  h a s  been taken or that a higher 
order approximation is required. 

Ref eren ce s 

'Abstract  of a "Letter to the Editor" to be  pub- 
l ished in Nucl. Sci. Eng. 21 (January or February, 
1965). 

5.5. SOME TESTS OF THE TECHNIQUE USED 
BY THE 05R NEUTRON TRANSPORT CODE 

FOR SELECTING FROM ANISOTROPIC 
ANGULAR SCATTERING DISTRIBUTIONS~ 

W. E. Kinney 

T h e  application of R. R. Coveyou's time-saving 
technique for choosing a sca t te r ing  angle from an 
anisotropic angular distribution and for properly 
including i t  in the 0 5 R  code (Sects. 5.2 and 5.4), 
h a s  been tes ted  by severa l  calculations of problems 
for which ana ly t ic  or semianalytic so lu t ions  have  
been obtained by other investigators.  T h e  first  
of t hese  was  the calculation of the flux from a 
plane isotropic source in a medium having a sca t te r -  
ing  c ros s  sec t ion  equal  to  one-half the to ta l  c r o s s  
sec t ion .  Both the  fluxes a s  a function of d i s t ance  
and the angular distributions as ca lcu la ted  by the  
0 5 R  code  were in essent ia l ly  good agreement with 
the semianaly t ic  resu l t s ,  the  points of disagreement  
being readily explainable in terms of charac te r i s t ic  
def ic ienc ies  of the  Monte Carlo method. 

The  second t e s t  of the  anisotropic-scattering 
se lec t ion  technique was  the  calculation of t he  
multiplication cons tan t  for one-velocity neutrons 
in infinite s l abs ,  in infinite cylinders,  and in spheres  
of media having isotropic sca t te r ing  in the laboratory 
system. Again the resu l t s  were in agreement with 
published resu l t s  of exac t  calculations.  

The  resu l t s  of both t e s t s  indicate that the  Coveyou 
se lec t ion  technique is appropriate and h a s  been 
properly incorporated in the 0 5 R  code. 
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5.6. AN IMPROVED METHOD FOR HANDLING 
ANGULAR DISTRIBUTIONS IN THE 05R CODE 

R. MacPherson R. R. Coveyou 

T h e  method presently used  in the  0 5 R  code  
(Sect. 5.4) t o  s e l e c t  sca t te r ing  ang le s  from an 
angular distribution spec i f ied  by a finite s e t  of 
Legendre coefficients h a s  the  defect,  awkward in 
certain problems, of giving negative probabili t ies 
for some angles  of scattering. Although th is  defec t  
can  be partially compensated for by judicious 
weight juggling, i t  would be des i rab le  to  have a 
method that is free from th is  difficulty. Such a 
method h a s  been discovered (more precisely,  re- 
discovered) and the theory h a s  been thoroughly 
developed. T h e  method is soon to be  ins ta l led  
in 05R.  

T h e  method now being used  concent ra tes  all 
probability on a finite set of points, the  zeros  of 
a certain Legendre polynomial, for all angular 
distributions. The  new method concent ra tes  all 
probability on the s e t  of zeros  of one  of the  s e t s  
of polynomials orthogonal with respec t  to the  
angular distribution i tself;  hence  the s e t  of va lues  
changes  from one distribution to another. T h e  
result  is that for any poss ib le  set of moments the 
assoc ia ted  probabilities a r e  positive. Computer 
s torage  requirements will be  about the  same  as  
before. 

5.7. A CDC-1604A CODE TO PROCESS 0% 
COLLISION TAPES 

F. B. K. Kam K. Franz’  

Analysis of the coll ision h is tor ies  generated by 
the  0 5 R  code (Sect. 5.2) usually requires recourse 
to procedures somewhat more sophis t ica ted  than 
simple analog techniques,  in order to obtain some 
reasonable degree of s t a t i s t i ca l  confidence in the  
results.  Application of such  procedures a s ,  for 
ins tance ,  s t a t i s t i ca l  estimation, h a s  been facil i tated 
by the  construction of a code  for t he  CDC-1604A 
computer which performs the major part of t h e  
“bookkeeping” t a s k s  required. As  with OSR, the  
code  is written as a master control code  which 
guides the  many subroutines that perform the  ac tua l  
computations. With two exceptions these  sub- 
routines a re  written in the  FORTRAN-63 language. 
The  subroutine which buffers i n  the  information 
given on the coll ision t a p e s  and the  one which 

computes the  subgroup number for a given neutron 
energy are  both written in CODAP, t h e  1604A 
machine language. 

Many of the features of th i s  code  have been 
patterned after the 0 5 R  code. In particular, t he  
representation of c r o s s  sec t ions  is the  same, so 
that t h e  0 5 R  cross-section package, XSECT, can  
be  used. In addition, a subroutine, EUCLID, pet- 
mits t he  user  to employ any of the  0 5 R  geometry 
subroutines.  T h e  input t o  the  code is so written 
that t he  user  familiar with 0 5 R  input will  find 
l i t t l e  difference in  them. 

Since large blocks of s torage  with dimension 
s ta tements  do not have to  be reserved in the  present 
code, machine s torage  locations a re  more efficiently 
used. The  code  computes the  amount of s torage  
required for each  block of da ta  and loads  the  blocks 
one  behind the  other without wasting locations.  
T h e  f i r s t  address  of each  block is made available,  
so  tha t  there is rapid access to any block. In ad- 
dition, through the  u s e  of duplicate t apes  containing 
the  same s e t  of Legendre coefficients the  running 
time is reduced. 

A number of useful subroutines a re  built into the  
code ,  t he  names and functions of which a r e  l i s t ed  
below. 

1. INIT AND DIST: T h e s e  subroutines compute a 
frequency distribution tab le  from a s e t  of va lues  for 
any given parameter. 

2. GTXSECT: Given the  neutron energy and the  
medium within which the  neutron is located, t h i s  
subroutine obta ins  the appropriate c ros s  sec t ion  
from storage.  

3. GTFETA: Given the incident neutron energy, 
E ,  t h e  cos ine  of the  sca t te r ing  angle in  the  center- 
of-mass system, q, and the sca t te re r ,  t h i s  subpro- 
gram returns with f( q), the  probability of sca t t e r ing  
through 7 .  

4. O5RSET and 05RREAD: T h e s e  subroutines 
buffer in the  information from the  coll ision t a p e s  and 
make i t  ava i lab le  for use. 

5. FIXINPUT: T h i s  subroutine reads  in the input 
required by the  code. 

the neutron after an elastic coll ision. 
6. ELAS: T h i s  subroutine computes the  energy of 

7. INELAS: T h i s  subroutine computes the  energy 
of the  neutron after an  ine las t ic  coll ision. 

Because  of t h e  many different ways in which 
da ta  may be analyzed, the  user  is required t o  insert  
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a few subroutines which depend directly on h i s  
problem. A routine, STBATCH, must be  written to 
read in da t a  for the particular job. T h e  subroutines 
which perform the ac tua l  ana lys i s  of each  of t h e  
e ight  allowable coll ision even t s  must be  coded. 
Although usually only one or two of the e ight  will  
be  of interest ,  dummy subroutines must be  inserted 
for t he  others.  Subroutine NBATCH, which proc- 
esses the da ta  after each  batch, and subroutine 
NRUN, which prints out a frequency distribution 
tab le  after all ba tches  have been run, a r e  included 
in the  code  but an input option allows them to b e  
replaced by routines written by the  user.  
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5.8. DERIVATION OF FIRST- 
AND LAST-FLIGHT ESTIMATORS 

FORMONTE CARLOCOMPUTATIONS 
OF SCATTERED PARTICLE FLUXES 

IN ATTENUATING MEDIA WITH SPHERICAL 
OR PLANE SYMMETRY’ 

S. K. Penny 

Estimators for the  first ,  l a s t ,  and in-between 
fl ights have been derived for u s e  in Monte Carlo 
computations of sca t te red  particle fluxes in atten- 
ua t ing  media with spher ica l  or plane symmetry. 
T h e  derivation is based upon the  integral form of 
the  Boltzmann equation. 
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5.9. OGREISH-PI - A MONTE CARLO CODE 
UTILIZING IMPORTANCE SAMPLING FOR THE 
COMPUTATION OF GAMMA-RAY TRANSMISSION 

THROUGH LAMINATED SLABS’ 

T. W. Armstrong S. K. Penny 

A Monte Carlo code, OGREISH-P1, h a s  been 
written t o  perform computations of the transmitted 

dose  ra te  due  to  gamma rays  impinging on laminated 
infinite s l abs .  T h e  gamma rays a re  monoenergetic, 
and their  angular distributions may b e  isotropic,  

cosine,” or monodirectional. T h e  code  is es sen -  
t ially a modernization of the  TRIGR-P code  in that 
the  importance sampling techniques a re  similar and 
the  code  is written in FORTRAN in a modern Monte 
Carlo sys tem ca l led  “OGRE.” 

1 6  
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5.10. AN ALGORITHM FOR THE WORKING 
INVERSE OF A MATRIX 

W. R. Burrus C. Schneeberger 
8. Rust’ 

A common numerical problem is tha t  of finding t h e  
inverse  A - ’  of a matrix A .  The  inverse  has the  
theoretical  property that A - ’ A  = I ,  t he  identity 
matrix. T h e  primary u s e  of the  inverse  is in  so lv ing  
l inear sys t ems  of equations,  s ince  if Ax = b, x = 

A-’b. Sometimes, however, we confuse  theory with 
prac t ice  and forget tha t  t h e  property A - ’ A  = I ho lds  
theoretically but not necessar i ly  when the  compu- 
ta t ions  a re  performed on a d ig i ta l  computer with 
finite accuracy. For  example, consider a 10 by 10 
sec t ion  of t he  famous Hilbert matrix: 

1 1/2 ... 1/10 

H =  
1/10 ... 1/18 

1 1/2 ... 1/10 

H =  
1/10 ... 1/18 

T h e  e x a c t  inverse  is given by the  formula 
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where n = 10. The  result  t o  s ix  significant f igures is 

1.00000 x 10' 

-4.95000 x l o 3  
-4.95000 x l o 3  

3.26700 x l o 5  
. . .  . . .  

4.37580 x l o 6  -3.89884 x 10' 

-9.23780 x l o 5  8.31402 x l o 7  

H i  :igs = 

If the  inverse is obtained by us ing  a standard 
matrix inversion routine, such  a s  the  familiar Gauss-  
Jordan elimination method with partial pivoting, the  
following resu l t  is obtained by single-precision 
arithmetic on the IBM-7090 computer: 

5.71245 x 10' 

-1.83928 x l o 3  
-1.58848 x lo3  

6.69172 x l o4  

... 
-5.88363 x IO5 

1.89423 x l o 5  

1.99866 x l o 7  

-6.28228 x l o 6  

T h i s  result is obviously very far from the correct 
inverse, having an average magnitude error for each 
element of 4.190 x lo"! Yet  i t  is presumptuous t o  
assume that H & i u s s  H will  be greatly different from 
the identity matrix. In fact ,  

1.00000 x 100 7.32442 x 

7.81250 x 1.23438 x 10' 

H c : , , ,  = ... ... 
-1.60000 x 10' 

-2.00000 x 100 

which differs from the  identity matrix by an  average 
magnitude error of only 2.835. 

At first ,  one might think tha t  t he  exac t  Hilbert 
inverse obtained from Eq. 1 would yield a better 
identity matrix. But when the multiplication is 
carried out with 7090 arithmetic of eight significant 
figures, 

9.97071 x lo- '  

8.12500 x lo- '  

1.26953 x lo-' 
-5.62500 x lo-' 

... . . .  
-1.53600 x l o 3  4.60800 x l o 3  
-1.28000 x l o 2  -8.32000 x l o 2  

H = 

... 

... 
7.92000 x l o 4  

-5.88060 x l o 5  

-9.23780 x l o 5  
8.31402 x l o 7  

. . .  . . .  
8.50655 x IO9 ... -2.02114 x 10'' 

1.82908 x l o 9  ... 4.49142 x 10' 

inverse,  t he  elements  of the product H" H a r e  
computed as the  difference between a large posit ive 
number and a large negative number. If the  two 
numbers a re  of the  order of 10 '  * but their difference 
is of the  order of 1, then the difference will  be in 

____ 

... 

... 
1.38303 x l o 4  

-6.08180 x l o 5  
1.00300 x l o 4  

1.76242 x l o 6  

... ... 
-1.00191 x 10' ... 4.77521 x l o 9  

2.81649 x lo7  ... -1.60654 x lo9 

error by the order of l o 4 ,  i f  only eight significant 
figures a re  carried in the computation. 

Evidently, we must abandon our hope that the  
exac t  inverse t imes the original matrix y ie lds  a 
good identity matrix. Yet i t  is jus t  t h i s  property 

... 

... 
. . .  ... 

-6.10352 x 2.44141 x 

7.81250 x -3.90625 x 

-2.40000 x 10' ... 0.0 

2.00000 x 100 ... 7.00000 x IO-' 
~ 

which determines the  validity of the solution of a 
system of l inear equations,  Ax = b, because  of 
the  identity: 

- X e x a c t  xc a lcu la  ted 

= (1 - A-'  ca lcu la ted  A)xexact * (2)  

... 

... 
... ... 

-5.85938 x 6.34766 x 

-1.06250 x 10' -1.37500 x 10' 

1.15200 x l o 4  ... 2.17600 x l o 3  

-9.60000 x 10' ... -7.04000 x 10' 

which h a s  an average magnitude discrepancy from 
the  identity matrix of 1.224 x lo3. T h e  reason for 
t h i s  behavior is not hard t o  see. Because  of t h e  
large magnitude of the elements  of the  exac t  Hilbert 

I t  happens tha t  t he  Gauss-Jordan method yielded a 
much smaller average absolute error; thus  t h e  matrix 
HGiuss  would be  much more preferable t o  the  matrix 



76 

H:lfigs if the  objective were to so lve  a sys tem of 
l inear equations.  It is, however, more or less 
accidental  that  t he  Gauss-  Jordan routine yielded 
such  a small average  absolu te  error. T h e  10 by 10 
sec t ion  of the Hilbert matrix is nearly singular in 
the s e n s e  that t he  ratio of the  minimum e igenvalue  
to  the  maximum eigenvalue is equal  t o  6.040 x 

T h i s  means tha t  the matrix is es sen t i a l ly  
numerically singular to a computer giving e ight  
significant figures, and therefore the  inverse  is 
not defined. T h u s  one  finds tha t  s l igh t  coding  
changes  which have  no  subs tan t ia l  effect  on a well- 
conditioned matrix c a u s e  a la rge  change in HG:,,,. 

Clearly, the  property A-'A = Z may be more im- 
portant in some applications than having a matrix 

and 

3.21317 x 10' -5.12071 x 10' 

a different amount of precision and t rea t  rounding 
differently (e.g., the  IBM 7090 and the  CDC 1604). 
A second point is tha t  t h e  number of rows of A need  
not equa l  the  number of columns in  order for the  
working inverse to  ex is t .  In th i s  last respect,  t h e  
working inverse  bears a close resemblance to the 
generalized inverse  introduced by Moore' and popu- 
larized by Penrose .  

W e  have  written a very s imple  algorithm in FOR- 
TRAN which computes a close approximation to the  
working inverse.  T h e  amount of computation required 
is approximately ''4 that  of ordinary matrix inver- 
s ion ,  but may be  reduced subs tan t ia l ly  a t  the  ex- 
pense  of additional storage.  Fo r  the 10 by 10 
sec t ion  of t he  Hilbert matrix, 

2.39302 x l o 3  ... 1.71302 x l o4  

-5.12158 x 10' 1.13256 x l o4  -6.18671 x l o4  ... -5.67897 x lo5 
... ... . . .  ... 

-1.85300 x l o 3  5.74279 x l o 4  -3.94165 x lo5  . * .  -6.12190 x l o5  

. 1.71410 x l o 3  -5.67995 x l o 4  4.11301 x l o5  ... 7.10825 x l o 5  

1.00004 x 10' 4.76837 x 

-4.88281 x 9.71825 x lo-' 
... ... 

-5.85938 x -8.78906 x 

6.83594 x 9.76563 x l o W 3  

H ~ H  = 

such  as  HCiigs, which is close to  the exac t  inverse.  
Thus  we a r e  motivated to make a definition of a 

working inverse" : < <  

Definition 

The working inverse  AW of a matrix A 

is that matrix for which the  rms va lue  

of [I - AWA] is a minimum, when the  

computation is carried out  on a real 

computer with spec i f i ed  precision. 

Obviously, the  working inverse  approaches the  usua l  
inverse when the  matrix A is wel l  conditioned, or 
when the precision of t he  machine is increased  
without limit. An important point is that the working 
inverse differs with the u s e  of computers that  have 

I 

... 

... 
... ... 

-1.31607 x -1.26839 x 

4.08936 x lo-' 3.29590 x 

-7.32422 x lo-' ... 2.79785 x lo-' 

-1.26953 x lo-' ... 8.45215 x lo-' 

The  average  element of [Z - H W H ]  is 0.0974, which 
is a subs t an t i a l  but not spec tacular  improvement 
over H&. T h e  real  importance of the  idea  of 
the  working inverse  is, however, that  the  resu l t  is 
achieved  by des ign  ins tead  of by accident.  

A report4 on the  algorithm h a s  been prepared and 
will  b e  submitted for publication as soon as  the  
program h a s  been completely checked out. 
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5.11. THE UTILIZATION 
OF A PRIOR/ INFORMATION 

BY MEANS OF MATHEMATICAL PROGRAMMING 
IN THE STATISTICAL INTERPRETATION 

OF MEASURED DISTRIBUTIONS’ 

W. R. Burrus 

A s t a t i s t i ca l  approach h a s  been developed for 
unfolding instrument measurements which a re  related 
t o  an unknown function by a linear integral transfor- 
mation. If s t a t i s t i ca l  uncertainties a re  present in 
the measured function and in the  kernel of the  trans- 
formation, then the u s e  of a priori information is 
shown to  be necessary  for a nontrivial solution. 
Without such  information, an  infinite-width confi- 
dence interval can  be found for any nontrivial 
function of the unknown function. Suitable a priori 
information, however, nearly a lways  e x i s t s  in 
physically motivated problems. The  weakes t  form 
of a priori information considered is simple non- 
negativity. Stronger a priori information, such  a s  
smooth or monotonic behavior, can be put in the  
same form as simple nonnegativity by su i t ab le  
transformation. The  unfolding problem requires 
two s t eps :  s e l ec t ing  a set of functions of the  un- 
known function to adequately describe the  function 
and then numerically obtaining the  width of the 
confidence interval for each  function. Several 
computational techniques based  on l inear and 
quadratic programming are described. Finally,  
the method is il lustrated by unfolding gamma-ray 

and neutron spec t ra  from pulse-height distributions 
obtained with scinti l lat ion spectrometers and by 
so lv ing  a poorly conditioned s e t  of equations.  
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5.12. A GENERALIZED 
ONE-CONSTRAINT LAGRANGE MULTIPLIER 

NUMERICAL FORMULATION 

F. S. Clark F. B. K. Kam 

The  one-constraint LaGrange multiplier problem 
has  been written for the CDC-1604 in a FORTRAN 
program called “MAX.” T h e  program can  dea l  with 
a combination of any varied function and any con- 
straining function tha t  depend on no more than 18 
independent variables and for which a l l  second 
derivatives ex i s t  throughout the domain. The  use r  
is required to write two subroutines: one def ines  
the  varied function, the other the constraining func- 
tion. The  computational method used  is absolutely 
nondivergent, but for some s ta r t ing  values in some 
problems i t  will s top  in the neighborhood of an 
extraneous point and require a restart  a t  a different 
point. A t e s t  problem is included. 
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Radiation Detector Studies (I) 

6.1. RECENT DEVELOPMENTS IN THE 
PROTON-R ECOl L SCI N TI L LATlON 

NEUTRON SPECTROMETER 

W. R. Burrus V. V. Verbinski 

The  proton-recoil sc in t i l l a tor  technique for meas- 
uring neutron spec t r a  h a s  been used  with larger 
sc in t i l l a tors  than w a s  poss ib le  previously by 
taking into account multiple scattering, charged- 
particle reactions,  and  carbon recoils.  Also,  pulse- 
shape  gamma rejection i s  utilized. T h e  main fea- 
tures  a re  high efficiency, good resolution, and 
simple circuitry. T h e  recently developed SLOP 
code ’  was  used  to ana lyze  t h e  data. T h i s  code  
requires accura te  responses  of the  sc in t i l l a tor  to 
monoenergetic neutrons, which were obtained by a 
combination of ca lcu la t ions  and experimental meas- 
urements descr ibed  e l sewhere  ( see  Sect. 6.2). T h e  
code  forms combinations of t he  counting efficiency 
functions for each  channel of the  analyzer,  s u c h  
that t he  result ing combinations approximate a n  
“idealized” spectrometer with the  des i red  response  
function. T h e  code  is based  on  “quadratic pro- 
gramming” and u t i l i zes  the  known nonnegativity 
of t h e  neutron spectrum. 

Two examples of d i scre te  l i ne  spec t r a  from the  
gRe(a,n)i’C reaction a re  shown in  Fig. 6.1.1. 
T h e s e  were obtained with a 2- by 2-in.-diam NE- 
213 liquid sc in t i l l a tor  and a Forte-type gamma re- 
jection circuit.’ T h e  ground leve l  and seve ra l  
exc i ted  l eve l s  a r e  obtained with about 15% resolu- 
tion. A neutron spectrum from a water-moderated 
reactor is also shown to i l lus t ra te  t h e  feasibil i ty 
of us ing  the  same technique on nondiscrete spectra.  

In Fig.  6.1.2 pulse-height distributions a re  shown 
with and without a gamma rejection circuit  us ing  
a 1- by 2-cm-diam s t i lbene  c rys ta l  i n  a gamma 
background of 20  mr/hr from a 6oCo source.  T h e  
counting ra te  from the  gamma source  would have 
been 20  t imes  higher than the desired neutron 

pu l ses  without t he  circuit ,  as is shown i n  the  top 
curve. A 2- by 2-in.-diam NE-213 sc in t i l l a tor  c a n  
tolerate 2 to 3 mr/hr equally well. T h e  capabili-  
t i e s  of the  method have been demonstrated. 
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.l. Examples of Dif ferent ial  Neutron Spectra 

with a 2- by 2-im-diam NE-213 Scintil lator. 

The lowest curve represents the neutron spectrum 

emerging from a beam hole through the shield of the 

water-moderated Tower Shielding Reactor I I; the point 

o f  measurement was 142 in. from the core surface. 
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6.2. RESPONSE FUNCTIONS OF AN ORGANIC 
SCINTILLATOR TO FAST NEUTRONS' 

V. V. Verbinski 
J. C. Courtney2 

W. R. Burrus 
T. A. Love 

J. G. Sullivan3 

Knowledge of the  neutron response  of organic 
sc in t i l l a tors  over a wide range of energ ies  and 

sc in t i l l a tor  sizes would yield the  response  func- 
t ions  required for unfolding measured neutron 
pulse-height distributions obtained with s u c h  de- 
tec tors ,  and also facil i tate determination of the  
e f f ic ienc ies  of organic de tec tors  used in  time-of- 
flight spectrometry. A method for obtaining the  
response  function of organic sc in t i l l a tors  u s ing  
experimental calibrations and Monte Car lo  ca lcu la-  
t ions  has  been devised  and applied to a 2- by 2- 
in.-diam NE-213 scinti l lator.  Good accuracy h a s  
been achieved  over a wider range of pulse  he ights  
than was  heretofore possible,  

F i r s t ,  l ight output v s  recoil-proton energy w a s  
measured with the  la rges t  pu lses  induced by a s e t  
of monoenergetic neutron exposures.  T h i s  rela- 
t ionship w a s  then used  in a Monte Carlo calcula- 
tion to obtain whole response functions, including 

. 
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eff ic iencies ,  for monoenergetic neutrons. T h e s e  
were smeared and adjusted to  fit the  measured 
responses  in shape  and maximum light pulse  s ize .  
Iteration gives  the bes t  light output function, 
which was  fi t  t o  Birks’ f o r m ~ l a , ~  dL = A[1 + 
E! (dE/dx)]- dE, after carefully deriving dE/dx for 
the NE-213 (CH from published data.  ‘-’ The  
f inal  Monte Carlo calculat ions ut i l ized the cor- 
rected L(Ep) curves ,  as well  a s  light functions for 
a lpha par t ic les  and recoil “C nuclei  similarly 
calculated with Birks’ formula and checked ex- 
perimentally. 

Figure 6.2. l a  presents  sample calculated d is -  
tributions normalized to one incident neutron. The  
detector efficiency i s  the  integral of the correspond- 
ing  curve from the highest  pulse  height down to 
the b ias  setting. The  “zero b ias”  efficiency of 
each  function agrees  with an exac t  analyt ic  calcu-  
lation within the 0.6% Monte Carlo s ta t i s t ics .  

Figure 6.2. lh  shows the measured response for 
14.45-Mev neutrons from the 3H(d,n)4He reaction. 
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T h e s e  resu l t s  are re l iable  even for low pulse  
heights  because  coincidences with the  assoc ia ted  
4He nuclei  were demanded. T h e  irregularities of 
the curve represent,  from left to right, carbon 
recoi ls  (at a value of about 0.4 on the absc issa) ,  

2C(n,n ’)3a via the 9.6-Mev exci ted s t a t e  of ’ 2C, 
‘’C(n,n ’)3a via the 10.8-Mev exci ted s t a t e  of ”C, 
‘‘C(n,a)’Be, and proton recoils. Also shown in 
F ig ,  6 .2 . lh  is a comparison of a computation for a 
2- by 2-im-diam scint i l la tor  to an assoc ia ted-  
particle experiment with 2.62-Mev neutrons irradiat- 
ing  the center  of the  f la t  surface of a 1- by S- 
in.-diam scint i l la tor .  The  s h a p e  is s e e n  to  be 
relatively insens i t ive  to  geometric change. 

All responses  are normalized horizontally to  the 
6oCo calibration curve shown, which removes 
ambiguity re la t ing to light units. 
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6.3. MODIFICATIONS OF BONNER SPHERE 
SPECTROMETER TO MEASURE SPECTRA 

FROM ( a , n )  SOURCES 

S. K. Mehta’ 

OF LOW-ENERGY NEUTRONS 

0.04 0.4 1 10 
T h e  so-cal led “Bonner sphere” neutron spec-  

trometer, intended for the measurement of neutron 
Fig. 6.2.1. Neutron Pulse-Height Responses of  an spectra  in  the energy range below 15 M e V ,  h a s  

NE-213 Scintil lator. (a) Calculated values, ( b )  ex-  been described previously.2 T h i s  instrument is 
perimental values. currently being modified so that its resolution in 

LIGHT 
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the energy range 0.01-1 Mev will  b e  good enough 
for measurements of the spec t ra  of low-energy 
neutrons from various ( a  ,n) sources.  

The  spectrometer cons i s t s  essent ia l ly  of a 
thermal-neutron detector [a 4-mm-diam by 4-mm- 
thick LiI(Eu) (96.1% 6Li) crystal]  success ive ly  
centered in polyethylene-moderating sphe res  hav- 
ing  diameters 2, 3, 5, 8, and 1 2  in. Since Bonner’s 
specifications were followed closely in con- 
structing the spectrometer, the  response curves 
determined by him were accepted for t he  s i x  
channels  given by the  five sphere  diameters plus 
the bare detector. T h e s e  curves are shown in 
F igs .  6.3.1 and 6.3.2. In order t o  improve the  
resolution a t  low energies,  ten more channels  
are being added by constructing B,C s h e l l s  of 
various th i cknesses  around the  2- and 3-in.-diam 
spheres.  The  modified spectrometer with a sur- 

rounding B,C she l l  is shown in Fig. 6.3.3. The  
th i cknesses  of ’OB (based on i t s  natural abundance 
in B,C) have been chosen, on the bas i s  of calcu- 
lations which considered neutron absorption, so  
that t he  result ing response curves will  have peaks 
equally spaced  over the energy range from 0.01 
to 10’ e v  a s  shown in F igs .  6.3.1 and 6.3.2. 
Additional calculations,  which will  be performed 
with the  DSN transport code,, will  eva lua te  the 
effect  of neutron sca t te r ing  on the response curves.  

Preliminary experiments have been carried out 
with an Am-Be source  and the original six-channel 
spectrometer. The  SLOP code’ was used to 
ca lcu la te  the spectrum and the dose  from the  
counts in the  thermal peaks for the s i x  channels,  
the response curves of Fig. 6.3.1, and published 
RBE dose  curves.6 

UNCLASSIFIED 
ORNL-DWG 64-10458 
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Fig. 6.3.1. Tentat ive Counting Eff ic iency (Nine Channels) for the Bonner Sphere Neutron Detector. Data are 

for  an isotropic point source 40 cm from the detector. 
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6.4. DESIGN OF TWO NEUTRON-RESPONDING 
INSTRUMENTS: AN ISOTROPICALLY 

ANDASPECTROMETER FORTHE 
ENERGY RANGE FROM THERMAL TO 10 kev’  

RESPONDING FAST-NEUTRON DOSIMETER 

T. V. Blosser  

Fast-Neutron Dosimeter 

T h e  character is t ic  directionality inherent in 
ex is t ing  instruments for measuring fast-neutron 
dose  ra tes  h a s  long been a source  of difficulty 
when measurements a re  made in isotropic  neutron 
f luxes.  Such f luxes e x i s t  in some sh ie ld ing  
geometries and a t  large d is tances  from unmode- 
rated and unreflected cr i t ical  assembl ies  s u c h  as  
the  ORNL Health P h y s i c s  Research Reactor. 
Concomitant with th i s  difficulty h a s  been the  
continuing lack  of knowledge of the contribution 
made to  the physical  d o s e  ra te  by low-energy 
neutrons, s i n c e  conventional dosimeters must b e  
biased to  refuse pulses  representing energies  
below a relatively high level ,  s a y  0.2 M e V .  In an 
attempt to  a l lev ia te  both t h e s e  difficulties, the  
development of a sens i t ive ,  i.sotropically respond- 
ing fast-neutron dosimeter whose lower limit of 
sensi t ivi ty  will be 0.01-0.02 millirad/hr is 
under way. I t s  response  in terms of d o s e  ra te  
will be matched t o  the  multicollision neutron 
d o s e  curve computed by Snyder and Neufeld,2 and 
i t s  lower limit in terms of energy response is 
expected to  extend into the epithermal range. 

T h e  dosimeter c o n s i s t s  essent ia l ly  of a small 
spherical  B F ,  counter enc losed  in a cadmium- 
covered spher ica l  s h e l l  of polyethylene. T h e  
outs ide diameter of the s h e l l  will be between 8 
and 12 in., depending upon the resu l t s  of experi- 
mental t es t s .  Somewhat inconclusive Monte Carlo 
calculat ions s u g g e s t  tha t  the  optimum diameter 
will be about 1 0  in. Spherical B F ,  detectors  
consis t ing of a 16-mil-thick copper s h e l l  filled 
with BF, g a s  (enriched to 96% in  the ‘OB isotope)  
to  a pressure of 1 atm have been made in severa l  
diameters and with var ious sizes and types  of 
collector wires. Experiments indicate  that  a 
2-in.-diam counter having a 2-mil-diam tungsten 
col lect ing wire will be most sui table .  T h e  col-  
lect ing wire is formed as a circular loop con- 
centr ic  with the sphere,  with a short  s t ra ight  
radial extension for connection to  a preamplifier. 
End effects (essent ia l ly  the variation in col lect ion 

efficiency observed along the length of a s t ra ight  
col lector)  a re  effectively minimized with t h i s  ar- 
rangement. A t ransis tor ized preamplifier feeding 
a conventional l inear  amplifier is used  with th i s  
dosimeter. 

T h u s  far, the  development of the dosimeter is 
basical ly  empirical. Calibration in  the energy 
range from 0.03 to  1 4  Mev wil l  b e  made with 
monoenergetic neutrons obtained from ta rge ts  
bombarded at a n  accelerator .  At lower energies ,  
from 0.03 Mev t o  cadmium cutoff energy, n o  readily 
ava i lab le  monoenergetic neutron s o u r c e s  ex is t .  
In t h i s  region, therefore, cal ibrat ion wil l  be made 
aga ins t  a beam of reactor neutrons filtered by 
var ious th icknesses  of OB absorbers  t o  produce 
neutrons within controlled energy intervals. T h i s  
procedure should el iminate  t h e  u s u a l  dependence 
of the  calibration upon ca lcu la ted  responses  in 
th i s  energy region. 

T h e  construction of the  dosimeter h a s  been 
completed, and preliminary cal ibrat ions with 14- 
and -3-Mev neutrons have been performed. In 
the course  of t h e s e  cal ibrat ions,  detai led com-  
parisons have  been made of the  response  of the  
new instrument with the  responses  of a conven- 
t ional  Hurst-type fast-neutron dosimeter and of 
the modified long counter3 developed for the  
examination of the sh ie ld  of the NS “Savannah.” 
T h e s e  d a t a  a re  in the process  of reduction and 
analysis .  

Low-Energy Neutron Spectrometer 

Simultaneously with the  dosimeter development, 
a neutron spectrometer  is being constructed which 
is designed to  measure neutron s p e c t r a  from ther- 
m a l  to  -10 kev. T h i s  device  wil l  enable  a more 
accurate  a s s e s s m e n t  of the contribution low- 
energy neutrons make t o  the  overal l  dose ,  and, 
in  addition, it wil l  be useful  in a wide range of 
sh ie ld ing  experiments, particularly in the  correla- 
tion of capture  gamma-ray production with the  
low-energy neutron spectrum. 

As shown in  Fig. 6.4.1, the  spectrometer con- 
s i s t s  of a 3-in.-diam spher ica l  BF,  counter, much 
l ike t h e  counter descr ibed above, within a spher ica l  
annulus  of powdered boron. T h e  boron is con- 
ta ined between two concentr ic ,  spher ica l  aluminum 
she l l s .  T h e  maximum part ic le  size of the  boron 
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is 70 p, and i t  is enriched to  about 92% in ‘OB. 
Attached to t h e  spectrometer is a con ica l  annulus  
of boron surrounding an  a i r  collimator. In front of 
the  collimator a carefully graded (in th ickness)  
s e r i e s  of OB f i l te rs  a r e  positioned in success ion .  
T h e  principle of operation of the  spectrometer is 
essent ia l ly  the inverse  of the method descr ibed  
by Newson and Gibbons4 for the measurement of 
neutron c r o s s  sec t ions .  Depending upon the m a s s  
of ‘OB contained in the fi l ter ,  approximately 99% 
of the neutrons below a given energy will  be 
absorbed in a fi l ter  of a given th ickness ,  with 
t h o s e  of higher e n e r a  being transmitted. Thus ,  

by s u c c e s s i v e  substi tution of thicker fi l ters,  an 
unknown neutron spectrum c a n  be  “chopped” 
into a s t e p  function relating the  neutron flux to 
energy. It is planned to u s e  29 s t e p s  with th i s  
spectrometer. 

T h e  design of the  mounting for the  spectrometer 
provides for rotation about an ax i s  co inc ident  with 
t h e  f ace  of t h e  filter, remote control of all move- 
ments, and a compactness which will  permit t he  
u s e  of the  device  within cubica l  s h i e l d s  a s  smal l  
as about 30 in. on a side.  

Some difficult ies have been encountered in  
obtaining sa t i s fac tory  compaction of t he  boron. 

UNCLASSIFIED 
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Fig. 6.4.1. Schematic Design of Neutron Spectrometer far Energy Range from Thermal to -10 kev. 
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At present i t  appears  that  a boron dens i ty  of 
-1.4 g/cm3 may b e  t h e  grea tes t  that  can  b e  
a t ta ined  even though a mixture of par t ic les  with 
a wide range of sizes is used. T h i s  value may 
be  compared with the  l i terature va lue  of 2.45 g/cm3 
for c rys ta l l ine  boron. 

Most of t he  'OB f i l te rs  have been delivered, 
and the  calibration of their  transmission, us ing  
the  time-of-flight neutrons from the  ORNL Neutron 
Chopper Fac i l i ty ,  was  begun in mid-October. 
Most of the  components of the  neutron spectrometer 
a r e  s t i l l  under construction or assembly. 
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7. Water Desalination Studies - Theoretical* 

7.1. BOUNDARY LAYER BUILDUP IN THE 
DEMINERALIZATION OF SALT WATER BY 

REVERSE OSMOSIS’ 

L. Dresner 

The  buildup of s a l ine  boundary layers  ad jacent  
t o  permselective membranes h a s  been studied. 
Two s i tua t ions  have  been considered. In the  
first ,  water is forced by a piston through a semi- 
permeable membrane; there is no la te ra l  flow of 
t he  water over the face of t h e  membrane. T h e  
s a l t  concentration a t  the  sur face  of the  membrane 
inc reases  monotonically with time and is asymp- 
totically l inear i n  time. In the  second situation, 
the  pressurized feed solution flows continuously 
through a channel whose wa l l s  a r e  made of the  
semipermeable membrane. T h e  flow may be  either 
laminar or turbulent. In the  laminar c a s e ,  formulas 
for the  s a l t  concentration at the  wall i n  both the  
asymptotic region (“well-developed” concentration 
profile) and the entrance region (boundary-layer 
region) have  been derived. In the  turbulent case, 
a simple formula for the  s a l t  concentration a t  t he  
wall  h a s  been derived from the  Chilton-Colburn 
analogy. 

References 

‘Abstract of ORNL-3621 (May 1964). 

7.2. SALT CONCENTRATION AT PHASE 
BOUNDARIES IN DESALINATION PROCESSES’ 

T. K. Sherwood’ 
P. L. T. Brian2 

R. E. F isher ’  
L. Dresner 

Water removal from sa l ine  so lu t ions  by freezing 
or reverse  osmosis  c a u s e s  t h e  s a l t  concentration 
at  the  phase  boundary to  be  increased over tha t  
i n  the  bulk solution, thus  decreas ing  the  freezing 
point or increas ing  the  effective osmotic pressure.  
T h e  magnitude of th i s  e f fec t  is investigated for 
both turbulent and laminar flow i n  round tubes ,  and 
for laminar flow in  a two-dimensional channel.  I t  
is concluded that t he  s a l t  buildup ef fec t  may 
become a se r ious  problem as better membranes for 
reverse osmosis  a re  developed. 

References 

‘Abstract of paper submitted to Industrial and 

’Massachusetts Insti tute of Technology, Cam- 
Engineering Chemistry, Fundamentals. 

bridge. 

7.3. A CONCENTRATION POLARIZATION 
METHOD FOR DETERMINING SALT REJECTION 

BY HY PERFILTRATION MEMBRANES 

K. A. Kraus’ R. J. Raridon’ 
L. Dresner 

Certain membranes, notably those  of ce l lu lose  
ace t a t e ,  have  the  abil i ty to  hold back d isso lved  

. 

*The work reported in this  sect ion was performed for the Office of Saline Water, U.S. Department of the Interior. 
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s a l t s  when sa l ine  water is passed  through them 
under pressure. Hyperfiltration is the process  of 
purifying water with such  membranes. In the 
course  of hyperfiltration, un le s s  the feed liquid 
is vigorously st irred,  the s a l t  held back by the 
membrane will accumulate  in a thin boundary layer  
ad jacent  to  the  membrane. Th i s  phenomenon is 
ca l led  the  concentration polarization of the mem- 
brane. 

The  salt-rejecting abil i ty of a membrane is one 
of i t s  most important properties. I t  is quanti- 
tat ively defined a s  the  ratio of the salt concen- 
tration of the  effluent liquid t o  the  s a l t  concen- 
tration of t he  feed liquid tha t  prevails in the  
absence  of concentration polarization. To  meas- 
ure i t  directly requires that concentration polari- 
zation of the membrane b e  suppressed  e i ther  by 
vigorous st irring or by maintaining a sufficiently 
high flow rate of feed liquid over the  surface of 
t he  membrane. 

In the  method described in th i s  summary, con- 
centration polarization of the membrane is allowed 
to  occur but is accounted for theoretically. The 
end of an  ordinary tuberculin syringe is c losed  by 

a s m a l l  p iece  of the  membrane under investigation. 
Feed  solution is added to  the  syringe and com- 
pressed. Liquid p a s s e s  through the  membrane and 
into a very fine capillary attached to  the  syringe. 
A pair of fine wires embedded in the  capillary a s  
c l o s e  a s  poss ib le  to  the  membrane monitor the 
conductivity of the effluent liquid. 

A s  the  experiment proceeds,  s a l t  accumulates  
a t  the feed s i d e  of the  membrane, caus ing  the  
concentration and thus  the  conductivity of the  
effluent liquid to increase  with time. If t he  flow 
rate through the  membrane is cons tan t ,  the  time 
dependence of the  concentration of the  effluent 
liquid may be  ca lcu la ted  a s  a function of the 
salt-rejecting abil i ty of the  membrane. Shown in 
Fig. 7.3.1 is a family of such  ca lcu la ted  curves. 
Comparison of the measured time dependence of 
the s a l t  concentration of the effluent liquid with 
th i s  family of curves  immediately g ives  the  value 
of the  salt-rejecting abil i ty of the  membrane. 

The  advantages  of t h i s  method are threefold: 
(1) No spec ia l  precautions have to  be taken to  
eliminate concentration polarization of the mem- 
brane. (2) T h e  method is very rapid, the  time 

Fig. 7.3.1. The Time Dependence of the Salt Concentration of the Eff luent Liquid. c is  the sa l t  concentration 

of the effluent liquid, c o  i s  the salt concentration of the feed liquid, v i s  the f low veloci ty  through the membrane, 

t i s  the time, D i s  the diffusivity of the salt ,  ond the values on the curves indicate the salt-rejecting abi l i ty  of the 

membrane, 
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involved in  an  individual experiment being ap- References 
proximately 1 hr. (3) The method gives the highest  
accuracy for membranes with very high sa l t -  'Chemistry Division. 
rejecting ab i l i t i es ,  in cont ras t  t o  the  direct  
method, which for t hese  c a s e s  requires the col- 
lection of relatively large samples  of effluent for 
analysis.  



Pu blica tions 

ALSMILLER, R. G., JR. 
“A Note on Importance Funct ions for the Shielding of Manned Space Vehicles ,”  ORNL-3583 (March 
1964). 

“A Solution to  the Nucleon-Meson Cascade  Equations Under Very Special  Conditions,” ORNL-3570 
(March 1964). 

ALSMILLER, R.G., JR., AND J. E. MURPHY* 
“Space Vehicle Shielding Studies.  Par t  11. T h e  Attenuation of Solar F l a r e s  by Aluminum Shields ,”  
ORNL-3520 (Jan. 10, 1964). 

“Space Vehicle Shielding Studies.  P a r t  111. 
Aluminum Shield,” ORNL-3549 (Feb. 6, 1964). 

“Numerical Solution of the One-Dimensional Nucleon-Meson C a s c a d e  Equat ions,”  ORNL-TM-951 
(Sept. 19, 1964). 

“OGREISH-P1 - A Monte Carlo Code Util izing Importance Sampling for the  Computation of Gamma- 
Ray Transmission Through Laminated Slabs,”  ORNL-TM-953 (October 1964). 

“Neutron P h y s i c s  Division Annual Progress  Report for Per iod Ending August 1 ,  1963,” Vols.  I 
and 11, ORNL-3499. 

T h e  Attenuation of a Par t icular  Solar F l a r e  by an 

ALSMILLER, R. G., JR., J. E. MURPHY,* AND J. BARISH* 

ARMSTRONG, T. W., AND S. K. PENNY 

BLIZARD, E. P., A. D. CALLIHAN, AND F. C. MAIENSCHEIN 

BLOSSER, T. V., AND R. M. FREESTONE 
“A Study of the Shield of the University of  Virginia Nuclear Resea rch  Reactor ,”  ORNL-TM-662 
(Nov. 25, 1963). 

“A Study of the Shield of the Virginia Polytechnic  Inst i tute  UTR-10 Reactor ,”  ORNL-TM-290 (Dec. 
11, 1963). 

“A Radiation Study of the Westinghouse Tes t ing  Reactor,” ORNL-TM-332 (Dec. 11, 1963). 

BLOSSER, T. V., F. C. MAIENSCHEIN, AND R. M. FREESTONE 
“The Energy Deposition in  a Water-Filled Spherical  Phantom by Secondaries  f rom High-Energy 
Protons and by Neutrons,” Health Phys. 10, 743-50 (1964). 

CAIN, V. R. 
“A Study of the  Radiation Shielding Character is t ics  of B a s i c  Concrete  Structures a t  t h e  Tower 
Shielding Faci l i ty ,”  ORNL-3464 (Jan. 21, 1964). 

“Calculat ions of Thermal-Neutron Flux Distributions in  Concrete-Walled Ducts  Using an  Albedo 
Model with Monte Carlo Techniques,”  ORNL-3507 (Jan. 21, 1964). 

*Non-Division personnel. 

90 



9 1  

CAIN, V. R., C. E. CLIFFORD, L. B. HOLLAND, AND T S F  S T A F F  
“Measurements of Radiation In tens i t ies  in Vertical  Concrete-Lined Holes  and a n  Adjoining Tunnel  
a t  the  Tower Shielding Fac i l i ty ,”  ORNL-3513 (March 1964). 

CALLIHAN, A. D. 
Safety Standard for Operations with F iss ionable  Materials Outside Reactors,  ASA N6.1-1964, ’’ < <  

Mech. Eng. 86, 92 (1964). 

“Monte Carlo Calculations of Fast-Neutron Penetration in Lithium Hydride,” Trans. Am. Nucl. SOC. 
6(2), 426 (1963). 

( I  Kinematics Nomogram for Low-Energy Nuclear React ions,”  ORNL-3636 (June 1964). 

“E las t i c  and Ine las t ic  Scattering of 5- to 13.5-Mev Deuterons from Ni6’: 
Cross  Sections,” ORNL-3637 Wune 1964). 

“Level  Structure of N i 6 4 , ”  Phys. Rev. 132, 1190 (1963). 

“Proton Excitation of Two-Phonon Leve l s , ”  Phys.  Le t t e r s  6(1), 53 (1963). 

“Boundary Layer  Buildup in the Demineralization of Salt  Water by Reverse Osmosis ,”  ORNL-3621 
(May 1964). 

EMMETT, M. B.** 

CLARK, F. H. S., F. B. K. KAM, AND N. A. BETZ* 

DICKENS, J. K. 

DICKENS, J. K., AND F. G. P E R E Y  
Tabula ted  Differential 

DICKENS, J. K., F. G. PEREY,  AND R. J. SILVA* 

DICKENS, J. K., F. G. PEREY,  R. J. SILVA,* AND T. TAMURA* 

DRESNER, L. 

“INTRIGUE, An IBM-7090 Subroutine Package  for Making Linear,  Logarithmic, and Semilogarithmic 
Graphs Using the  CALCOMP Plotter,” ORNL-3581 (March 1964). 

“Fast-Neutron Dose Ra te s  Behind Slabs  of Water and of Concrete: 
perimental Resu l t s  with Calcu la t ions ,”  ORNL-TM-646 (Sept. 9, 1963). 

“A Fi rs t -Las t  Collision Model of the Air-Ground Interface Effect on F i s s ion  Neutron Distributions,” 
Trans. Am. Nucl. SOC. 6(2), 435 (1963). 

“A Fi rs t -Las t  Collision Model of the  Air/Ground Interface Effec ts  on F i s s ion  Neutron Distributions,” 
Radiation Research  Assoc ia tes  Report RRA-M32 (November 1963). 

“An Angle-Dependent Albedo for Fast-Neutron-Reflection Calculat ions,”  Trans. Am. Nucl. SOC. 
6(2), 435 (1963); also Nucl. Sci. Eng. 19(4), 441 (1964). 

FREESTONE, R. M., JR. 
Comparison of ORNL T S F  Ex- 

FRENCH, R. L.** 

FRENCH, R. L.,** AND M. B. WELLS** 

GIBSON, W. A. 

GILLEY, L. W. 

“Curled Light P i p e s  for Thin Organic Scinti l lators,” Rev. Sci. Instr. 35(8), 1021-23 (1964). 

“Ef fec t s  of Various Reflectors on the  Reactivity of the  Heal th  Phys ic s  Research  Reactor,” ORNL- 
TM-710 (February 1964). 

“Procedures  Manual for the  Health P h y s i c s  Research Reactor  (Including High-Level Gamma Fa-  
cil i ty),” ORNL-3519 (Oct. 24, 1963). 

GILLEY, L .  W., AND L. B. HOLLAND 

~ 

*Nan-Divis ion personnel. 
**Nan-Division personnel, reporting on work funded by Neutron Phys ic s  Division. 



9 2  

HILL,  N. W.,** R. J. SCROGGS,** J. W. McCONNELL,** AND J. M. MADISON** 
“Performance Characterist ics of Modular Nanosecond Circuitry Employing Tunnel  Diodes,” ORNL- 
3687 (October 1964). 

“Resonance  Absorption and the Resonance  Disadvantage Fac tor ,”  Nucl. Sci. En& 17(1), 42 (1964). 
IIJIMA, S. 

JARRARD, J. D. 

JARRARD, J. D., AND G. T. CHAPMAN 

“ADJUST,” Nucl. Sci. En& 17(1), 174  (1963). 

“Some FORTRAN Codes Used in the  Init ial  Reduction of Data Taken with Multichannel Pulse-Height  
Analyzers ,”  ORNL-TM-659 (Feb. 10, 1964). 

“Monte Carlo Calculations of Neutron Scattering from Cylinders of Be, C, Al, and Fe,” Trans. Am. 
NucZ. SOC. 6(2), 424 (1963). 

“A Feas ib i l i ty  Study of Operating the BSR-I a t  1 MW on a 16-hr-Day Schedule ,”  ORNL-TM-810 
(May 25, 1964). 

“Radiation Hazards in Space,”  Nucl. Safe ty  5(1), 15 (1963). 

“ T h e  Nucleon Transport  Code, NTC,” ORNL-3610 (August 1964). 

“Program STATEST, An Application of the  Method of S ta t i s t ica l  Est imat ion to the  Calcu la t ion  of 
Neutron Flux  in Anisotropically Scattering Media by Monte Carlo,” ORNL-3715 (November 1964). 

KAM, F. B. K., R. S. HUBNER,* F. H. S. CLARK, AND J. G. LaTORRE* 

KINGTON, J. D.,*** AND J. M. MILLER 

KINNEY, W. E. 

LAWSON, J. D. 
“Differential  Bremsstrahlung Cross  Sections for Low-Energy Electrons,”  ORNL-TM-790 ( F e b r u a q  
1964). 

“Crit ical  Experiments and Calculations with Annular Cylinders of U(93.2) Metal,” Trans. Am. Nucl. 
SOC. 6(2), 217 (1963). 

ORNL-TM-655 (Sept. 23, 1963) (classified).  

“Prompt-Neutron Lifetime in Crit ical  Enriched-Uranium Metal Cylinders and  Annuli,” Nucl. Sci. 
Eng. 20, 60-65 (1964). 

MIHALCZO, J. T. 

MUCKENTHALER, F. J., K. M. HENRY, V. V. VERBINSKI, M. S. BOKHARI, J .  J .  MANNING, AND 
J. L. HULL 

“Measurements of Scattered Neutron In tens i t ies  from Cylinders of C, Al, Fe, and Be  in a Collimated 
Beam of Neutrons from the  TSR-11,” Trans. Am. Nucl. SOC. 6(2), 424 (1963). 

PAXTON, H. C.,* J. T. THOMAS, A. D. CALLIHAN, AND E. B. JOHNSON 
“Crit ical  Dimensions Of  Systems Containing u235,  P u 2 3 9 ,  and  U 2 3 3 , y 2  TID-7028 (June 1964). 

P E E L L E ,  R. W. 
“S ta t i s t ica l  F luc tua t ions  in the  Output of a n  Intranuclear Cascade  Monte Carlo Computation,” ORNL- 
TM-771 (January 1964). 

PENNY, S. K. 
“Derivation of F i rs t -  and Last-Flight Estimators for Monte Carlo Computations of Sca t te red  Pa r t i c l e  
F luxes  in Attenuating Media with Spherical  or P l a n e  Symmetry,” ORNL-TM-974 (November 1964). 

*Non-Division personne 1. 

**Non-Division personnel, reporting on work funded by Neutron Phys ic s  Division. 
***Deceased. 



93 

PENNY, S. K., AND G. R. SATCHLER* 
“Ine las t ic  Effects in Stripping and  Other Direct Reactions,” Nucl. Phys .  53, 1 4 5  (1964). 

“Cumulative Bibliography of Literature Examined by t h e  Radiation Shielding Information Center  
(September 1963),” RSIC-2 (Jan. 3, 1964). 

“Deuteron Optical-Model Analys is  in the  Range of 11 to 2 7  MeV,” Phys .  Rev. 132, 755 (1963). 

“Optical-Model Analys is  of 15-MeV Deuteron E l a s t i c  Scattering,” Phys .  Rev. 134, B-353 (1964). 

“The  Local Energy Approximation to  Nonlocality and F in i t e  Range Effec ts ,”  Phys .  L e t t e r s  10, 107 
(1 96  4). 

“Effec ts  of Nonlocality in  Off-Diagonal Poten t ia l s ,”  ORNL-TM-967 (October 1964). 

“Use  of t he  Neutron Die-Away Technique to  T e s t  Control Rod Effec t iveness  Theor ies ,”  p. 241 in 
Exponential  and Cri t ica l  Experiments, Proceedings  of the  Symposium on Exponential  and  Cr i t ica l  
Experiments Held by the  International Atomic Energy Agency in Amsterdam, Netherlands,  2-6 Sep- 
tember 1963, Vol. 111, International Atomic Energy Agency, Vienna, 1964. 

PENNY, S. K., D. K. TRUBEY, L. JUNG, AND M. B. EMMETT* 

PEREY,  C. M., AND F. G. P E R E Y  

PEREY,  F. G., AND D. S. SAXON* 

PEREY,  F. G., AND A.  M. SARUIS 

P E R E Z ,  R. B., G. d e  SAUSSURE, AND E. G. SILVER 

SANTORO, R. T., AND R. W. PEELLE 
“Measurement of t he  Intensity of the  Proton Beam of the  Harvard University Synchrocyclotron for 
Energy-Spectral Measurements of Nuclear Secondaries,” ORNL-3505 (March 1964). 

SILVER, E. G. 
“ S P E R T  Program Sta tus  Report,” Nucl. Safety 5(2), 151-55 (1964). 

“Hauser-Feshbach Computer Program for Spin-1/2 Pa r t i c l e s , ”  ORNL-TM-875 (May 25, 1964). 

“The U s e  of Elastic-Scattering Parameters  in (d ,p)  Stripping Calculations,” ORNL-TM-966 (October 
1964). 

“A Computer Program for Obtaining Neutron and Proton Elastic-Scattering Angular Distributions 
Using the  Hauser-Feshbach Theory,” ORNL-TM-930 (August 1964). 

SMITH, W. R. 

THOMAS, J .  T. 
“Crit ical  Three-Dimensional Arrays of Neutron-Interacting Units,” ORNL-TM-719 (Oct. 1, 1963). 

“Crit ical  Three-Dimensional Arrays of Neutron-Interacting Units,  P a r t  11. U(93.2) Metal,” ORNL- 
TM-868 (July 1964). 

TRUBEY, D. K. 
“Calculation of Fission-Source Thermal-Neutron Distribution in  Water by the  Transfusion Method,” 
ORNL-3487 (August 1964). 

TURNER, J. E.,* C. D. ZERBY, R. L. WOODYARD,* H. A. WRIGHT,* W. E. KINNEY, W. S. SNYDER,* 
AND J. NEUFELD* 

WELLS, M. B.** 

“Calculation of Radiation Dose from Protons to  400 MeV,” Health Phys .  10, 783 (1964). 

“Angular Distribution of the  Air-Scattered F a s t  Neutron Dose Ra te  a t  the  Air-Ground Interface,” 
Trans. Am. Nucl. SOC. 6(2), 436 (1963). 

~ ~ ~ 

*Non-Divis ion personnel. 
**Non-Division personnel, reporting on work funded by Neutron Phys ics  Division. 



94  

“Reflection of Thermal Neutrons and  Neutron-Capture Gamma Rays  from Concre te ,”  Radiation Re- 
sea rch  Assoc ia t e s  Report RRA-M44 (June 1964). 

“.Angular Distribution of the  Air-Scattered Fast-Neutron Dose Ra te  a t  t he  Air-Ground Interface,” 
Radiation Research Assoc ia t e s  Report RRA-M33 (November 1963). 

“Neutron Capture in UZ3’ and  the  Rat io  of Capture to  F i s s ion  in  U235, ’y  in  Symposium on the Ab- 
solute Determination o f  Neutron Flux in the Energy Range 1-100 keV, Held a t  S t .  John’s College, 
Oxford, September 10-13, 1963, EANDC-33. United Kingdom Atomic Energy Authority, Aldermaston, 
England, 1963. 

“Rat io  of Capture to Fission in  U 2 3 5  a t  keV Neutron Energ ies ,”  Nucl. Sci. Eng. 20, 80-87 (1964). 

WESTON, L. W., G. d e  SAUSSURE, AND R. GWIN 



95 

ORNL-3714, Vol. I 
UC-34 - Physics 

TID-4500 (35th ed.) 

1. L. S. Abbott 
2. F. S. Alsmiller 
3. R. G. Alsrniller, 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. Gil lespie 
68. J. H. Gi l let te 
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 

IN TE RNA L DlST RI BUT10 N 

86. K. A. Kraus 
87. C. E. Larson 
88. M. Leirndorfer 
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. Mi l ler  
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. Si lva 
120. E. G. Silver 
121. M. J. Skinner 
122. G. G. Slaughter 
123. R. D. Smiddie 
124. W. R. Smith 
125. J. G. Sul l ivan 
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 

J 



96 

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. Wil l iams 
Gale Young 
W. Zobel 
R. A. Charpie (consultant) 
R. F. Taschek (consultant) 

143. 
144. 
145. 
146. 

147- 1 49. 
150. 

151- 152. 

153-334. 
335. 

G. Dessauer (consultant) 
M. L. Goldberger (consultant) 
Radiation Shielding Information Center 
Biology Library 
Central Research Library 
Reactor Division Library 
ORNL-Y-12 Technical Library, 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, ORNL R.C. 

EXTERNA L DISTRIBUTION 

336. Research and Development Division, AEC, OR0 
337-982. Given distribution as  shown in TID-4500 (35th ed.) under Physics Category 

(75 copies - CFSTI) 


