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1. Nuclear and Reactor Physics 

1.1 DEUTERON OPTICAL-MODEL ANALYSIS 
WITH SPIN-ORBIT POTENTIAL' 

C. M. Perey'  F. G. Perey 

An optical-model a n a l y s i s  of 19 deuteron e l a s t i c -  
sca t te r ing  angular  dis t r ibut ions in the  energy 
range 1 2  t o  26  MeV w a s  performed both with and 
without a spin-orbit  term included in  t h e  potential .  
T h e  spin-orbit  potent ia l  tha t  w a s  used i s  of t h e  
Thomas form, which h a s  been found to be  s a t i s -  
factory for f i t t ing the measured deuteron elastic 
polarization. Including the  spin-orbit  term a lways  
resul ted in a n  improvement in  t h e  qual i ty  of t h e  
f i t s .  Without the  spin-orbit  term, var ious famil ies  
of poten t ia l s  fitted the  d a t a  equal ly  wel l ,  but  
when t h e  spin-orbit  potent ia l  w a s  added,  the  
var ious famil ies  were n o  longer equivalent  in  
many cases. T h e  deuteron optical-model potent ia l  
tha t  most c lose ly  approximates the sum of t h e  
neutron and proton optical-model potent ia ls  w a s  
found t o  give t h e  most cons is ten t ly  sa t i s fac tory  
resu l t s  for a l l  the  angular dis t r ibut ions.  

zat ion,  errors affect ing the  s h a p e  of the  angular 
distribution, errors in incident  energy,  and errors 
in  sca t te r ing  angle .  By varying t h e  data  i t  w a s  
found that  the  optical-model parameters are  af- 
fected differently by t h e  four types of errors;  
th i s  s u g g e s t s  tha t  a s ing le ,  overal l  a s s igned  error 
is inadequate  for error a n a l y s i s  in optical-model 
s tud ies .  The minimum-X' cri terion w a s  cr i t ical ly  
examined as a cr i ter ion for obtaining optimum 
optical-model parameters.  T h e  role of the  experi-  
mental  errors  in  the  theoret ical  ana lys i s  w a s  
s tudied.  Because  the  errors a s s o c i a t e d  with the 
individual c r o s s  s e c t i o n s  tha t  form a n  angular 
distribution ate not independent,  it was  concluded 
that  t h e s e  da ta  d o  not make up a col lect ion of 
s e v e r a l  independent random samples  but tha t  
col lect ively they resemble a s i n g l e  random sample.  
T h i s  conclusion i s  s t a t i s t i c a l l y  important in the  
s tudy  of reaction mechanisms us ing  resu l t s  of 
optical-model a n a l y s i s .  

References 

References 'Abstract  of Phys. Rev. 143, 758 (1966); a l s o  of 
ORNL-TM-1267 (September 196.5). 

'Abstract  of paper submit ted to The Physical 
Review; a l s o  published a s  ORNL-TM-1529 (1966). 

'Consultant.  

1.3 ELASTIC AND INELASTIC SCATTERING 
OF 12.7-MeV PROTONS FROM 90Zr, 92Zr, 
AND 94Zr: TABULATED DIFFERENTIAL 1.2 DEPENDENCE OF PROTON OPTICAL- 

MODEL PARAMETERSUPON EXPERIMENTAL CROSS SECTIONS' 

J. K. Dickens R. J .  Silva'  
UNCERTAINTIES' 

J. K.  Dickens E. Eichler '  G. C h i l o s i Z v 3  

T h e  dependence of proton optical-model param- 
eters upon experimental  uncertaint ies  w a s  s tud ied  
for four t ypes  of errors: errors  in  overal l  normali- 

Numerical values  of different ia l  c r o s s  s e c t i o n s  
for e l a s t i c  and  ine las t ic  sca t te r ing  of 12.7-MeV 
protons from "Zr, "Zr, and "Zr a r e  reported in  

1 



2 

tabular form. Cross  s e c t i o n s  were detertilined a t  
5 O  intervals  between laboratory angles  of 20 and 
1659 Inelast ic-scat ter ing da ta  a r r  reported for 
20 exci ted s t a t e s  of "Zr (Q - -1.75, -2.18, 

-3.84, -3.97, -4.07, -4.12, -4.23, -4.33, 
-4.50, -4.57, -4.70, -4.82, -5.02, and -5.13 
MeV); for 12 exci ted s t a t e s  of "Zr (Q = -0.93, 

-2.50, -2.76, -3.08, -3.28, and -3.49 MeV); 
and for 11 exci ted s t a t e s  of 9 4 Z r  ( Q  = -0.916, 

--- 2.62, .- 3.16, - 3.24, and - 3.92 MeV). 

-2.32, -2.74, -3.09, -3.31, -3,45, -3.63, 

-1.37, -1.50, -1.85, -2.07, -2.19, -2.35, 

-1.30, -1.47, -1.66, -2.06, -2.32, -2.36, 

References 

'Abstract  of ORNL-3934 (March 1966). 
'Chemistry Division. 
3Present  address:  INFN and Inst i tuto d i  F i s i c a  

Superiore, Universita d i  Napoli, Italy. 

1.4 INELASTIC EFFECTS IN STRlPPt 
OTHER DIRECT REACTIONS' 

S. K. Penny 

T h e  distorted-wave theory of direct  nuclear  re- 
ac t ions  s u c h  as  deuteron s t r ipp ing  is generalized 
t o  include in the  dis tor ted waves  t h e  effects of 
the  s t rong  ine las t ic  s c a t t e r i n g  which may b e  
present  when t h e  nuclei  show col lec t ive  behavior. 
T h e  poss ib le  changes  in parity and angular mo- 
mentum se lec t ion  rules  a r e  d i s c u s s e d  in  detai l .  
Formulas are given for t h c  general  case, and a l s o  
for a s imple  model in  which only one  leve l  of t h e  
ta rge t  nucleus (assumed even)  c a n  b e  exci ted.  
Angular dis t r ibut ions ca lcu la ted  with the  s imple 
model a re  presented for three s t r ipp ing  react ions 
and for two cases of ine las t ic  scat ter ing.  

References 

'P resented  t o  the  Graduate Counci l  of t h e  Uni- 
versity of T e n n e s s e e  i n  par t ia l  fulfillment of t h e  
requirements for the degree of Doctor of Phi los-  

ophy. 

1.5 LEVEL STRUCTURE OF 92M01 

J. K. Dickens 
E. Eichler '  I. R. Williams' 

R. J .  Silva' 

Exci ta t ion energ ies  for 34 exc i ted  s t a t e s  in 
9'Mo were determined by ana lyz ing  da ta  from 
ine las t ic  sca t te r ing  of 10-MeV protons and  from 
t h e  a s s o c i a t e d  gamma-ray spectrum. 

References 

'Abstract  of paper submit ted t o  Physics Letters. 
'Chemistry Division. 

1.6 LEVEL STRUCTURE OF 9 4 E r  

J. K. Dickens 
E. Eich ler '  G. Chi los i '  ,' 

R. J. Si lva '  

During the  experiment t o  measure e l a s t i c  and  
i n e l a s t i c  sca t te r ing  of 12.7-MeV protons f rom 
94Zr ,  i t  became evident  that  t h e  ava i lab le  infor- 
mation concerning the  exc i ted  s t a t e s  of 94Zr  might 
not b e  suf f ic ien t  and that  the  resul t ing theoret ical  
a n a l y s e s  of t h e s e  da ta  would be  hindered. There- 
fore t h e  d a t a  were analyzed t o  obtain exci ta t ion 
energ ies  for leve ls  in  9 4 Z r  which a r e  exc i ted  by 
proton scat ter ing.  'The a n a l y s i s  reported here  
used  eight  pulse-height s p e c t r a  for laboratory 
a n g l e s  of between 40 and 809 

Figure 1.6.1 shows t h e  spectrum obtained a t  
509 Groups of protons s c a t t e r e d  by t h e  zirconium 
targct  c a n  definitely b e  dis t inguished from t h o s e  
sca t te red  by the  target contaminants  by ut i l iz ing 
the  kinematics  of the  s c a t t e r i n g  a s  wel l  a s  t h e  
expected magnitudes of t h e  i n e l a s t i c  scat ter ing.  
T h e  proton groups c a n  b e  dis t inguished f rom t h e  
a lpha  groups b e c a u s e  the  la t te r  have  much broader 
peaks  than the  former. Since t h e  i so topic  c o m -  
position of the  target w a s  97% 94Zr ,  i t  is unlikely 
tha t  any numbered proton group in  Fig.  1.6.1 could 
have  resul ted from proton s c a t t e r i n g  by nuclei  
other  than 94Zr.  

Energy cal ibrat ion of t h e  pulse-height sys tem 
depended upon t h e  relat ive posi t ions of the  proton 
p e a k s  due to e l a s t i c  s c a t t e r i n g  f r o m  9 4 Z r  and of 
those  due  t o  e l a s t i c  and  ine las t ic  sca t te r ing  from 
t h e  contaminant 2C. 'The carbon contaminant 
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f ig.  1,6.1. Pulse-Height Spectrum of Protons Scattered f r o m  94Zr o t  50". 

builds  u p  on the  s u r f a c e  of t h e  targel during the  
period of bombardment. T h u s ,  if t h e  carbon build- 
up w a s  predominixitly on one  s u r f a c e  during the 
period that  t h e s e  particular s p e c t r a  were obtained,  
a n  error would h a v e  been introduced into the  
cal ibrat ion.  T h e  target  used  vias , ~ 2 0  keV thick 
to 92.7-MeV protons arid ,,-3O keV thick to %MeV 
protons. The  linearity of the  pulse-height sys tem 
w a s  checked  by assuming t h a t  previously reported 
results of exci ta t ion e n e r g i e s  in  9 4 ~ r  were reason- 
ably correct; * tho s y s t e m  w a s  determined to  be 
l inear  for the  region of interest .  W e  suggest a n  
error of L30 keV for exci ta t ion energ ies  of -4 
MeV, wit.h the  error decreas ing  with decreas ing  

T a b l e  1.6,1 presents  the exci ta t ion energ ies  and 
sugges ted  s p i n  and  parity ass ignments ,  and a 
comparison of our resu l t s  with previous work. 3 * 4  

Several  proton peaks  had widths  larger than our  
resolut ion (-40 keV ful l  width a t  half maximum), 
s u g g e s l i n g  proton s c a t t e r i n g  by m o r e  than one 
level in 94Zr. Peak-fitting techniques  were  used  
to s e p a r a t e  the l e v e l s ;  the resul t ing less-cer ta in  
exci ta t ion energ ies  a r e  given in parentheses  in 
T a b l e  1.6.1. 
MeV w a s  s tudied  careful ly  in all eight  spectra. 
W e  obtained 'a  good fit to t h e  d a t a  with three peaks  
(10, 11, arid 121, but w e  cannot  exc lude  the pos- 
s ib i l i ty  of one or  more addi t ional  levels in  this 
group. 

T h e  broad proton peak  a t  Eex ?I, :- 2.9 
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Table 1-6.1- 94Z1 Excited States and Suggested Spin and Parity Assignments, J r r  

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

P e a k  

 NO.^ 

12.7-MeV Protons 

(Present Work) 19.4-MeV Protons' 

Eex (MeV) J T  
E e x  (MeV) Ji7 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

12  

13 

14 

1 5  

1 6  

17 

18 

1 9  

20 

21 

22 

23  

1 5-MeV Deuterons 

t 
0.916 7i + 0.92 2 

1.30 O +  

1.47 1.47 (4+)  

1.66 2 +  1.66 2+ 
2. OG 3- 2.05 3- 

2.16 

(2.32) 

2.36 2.34 2 +  

2.61 2.60 (5-) 

(2.85) 2.84 

(2.89) 

(2.91) 2.92 

3.16 (+I 3.14 

3.24 3.22 

3.35 3.33 (3,4) 

3.39 

3.44 3.46 

3.60d 3.57 (4,5) 

3.76 3.71 

3.92 (-) 3.87 

4.02 

4.18 

4.25 4.21 

0.92 + 
1.31 + 
1.47 -. 

1.68 + 
2.06 3- 

2.35 f 

2. GO + 
2.89 

3.28 

3.61 

3.92 

eCorresponding to  numbering in Fig. 1.6.1. 

'Fil. %I. Stautberg and J. J. Kraushaar, Bull.  Am.  Phys. SOC.  10, 527 (1965). 

'R. K. Jolly, E. K. Lin, and E. I,. Cohen, Phys .  Rev. 128, 2292 (1962). 

dThe proton group associated with this level  has  a peak width larger than expected for a s ingle  lcvel and may in- 
clude scat ter ing by morc than one excited s t a t e  of 94Zr. 

Excitat ion energies  for 2 3  l e v e l s  between 0.92 
and 4.25 McV a r c  reported, but i t  is unlikely that  
a l l  t h e  leve ls  in  th i s  energy region were found. 
We could not s e p a r a t e  proton groups corresponding 
to exci ta t ion of leve ls  in  94Zr less than 30 keV 
apart .  In addition, l eve ls  with large s p i n s  a r e  
not appreciably exci ted by proton sca t te r ing ;  the 
s p i n s  of most of t h e s e  2 3  s t a t e s  wil l  b e  6 or 
less. Angular dis t r ibut ions for s e v e r a l  of t h e s e  
s t a t e s 5  a r e  being analyzed so  t h a t  nuclear  re- 
ac t ion  and  s t ructure  information c a n  b e  obtained 
if possible .  

References 

'Chemistry Division. 
2 P r e s e n t  address:  INFN and Inst i tuto di  F i s i c a  

Superiore, Universita d i  Napoli, Italy. 
3M. M. Stautberg and j. J. Krausharr, Bull. Am. 

Phys .  SOC. 10, 527 (1965). 
4R. K. Jol ly ,  E. I<. Lin ,  a n d  B. L. Cohen, Phys. 

Rev. 128, 2292 (1962). 
5J. K. Dickens et al., Elastic and Inelastic Scat- 

tering of 12.7-McV Protons from 90Zr, 9 2 Z r ,  and 
4Zr:  Tabulated Differential Cross Sections, 

ORNL-3934 (March 1966). 
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1.7 TH E 9 F ( p , a )  "0 AND 9F(p, 3He) 'O 
REACTIONS A T  30.5 MeV' 

R. K. Cole2 If.  S. S a n d h ~ ' , ~  
R. Di t tman2*3 C. N .  Waddell' 

3.  K.  Dickens  

Absolute  different ia l  cross s e c t i o n s  for  the 
' 9F(p,z)' % reaction leading  t o  t h e  ground s t a t e  
of the  19F(p,3H~)'70 react ion leading  t o  
the ground s t a t e  of l70, and t h e  19F(p,31-Ie)'70 
react ion leading to t h e  f i rs t -exci ted s t a t e  of l70 
( E e X  = 0.871 MeV) have  been  measured €or a n g l e s  
of 7 to l§So, 26 to 1 1 l C ,  and 16 t o  111" in the 
center-of-rnass s y s  tems respect ively.  T h e  angular  
dis t r ibut ions showed s t rong  forward peaking for  

a l l  three react ions.  T h e  experimental  da ta  were 
compared with theoret ical  angular  dis t r ibut ions 
obtained by distorted-wave methods. T h e  calcu-  
lated angular  dis t r ibut ions f i t  t h e  L = 0 data  
qui te  wel l ;  t h e  L - 2 da ta  a r e  not s o  wel l  fitted. 
T h e  ratio of t h e  experimental  spec t roscopic  factors  
for the  two ( ~ , ~ I 4 e )  reac t ions  a g r e e s  qui te  well 
with the  computed ratio. 

References 

'Abslract  of paper submit ted to N u ( - l e a r  Physics; 
work par t ia l ly  supported by t h e  University of 
Southern California under AEC contract  AT(04- 

2University of Southern California, Los Angeles .  
3 P r e s e n t  address :  California S ta le  Col lege,  

"Present  address :  San Fernando Valley S ta te  

3)-86. 

Fuller ton.  

Col lege ,  Northiidgc, Cal i f .  

LJLTANEOUS ~ ~ A S ~ ~ E ~ E N ~ ~  OF THE 
NEUTRON CAPTURE AND FISSION CROSS 

SECTIONS OF 23511 AND 233U 

G. d e  Saussure  R. Ingle1 
L. W. Weston 
R. Gwin R. R. Fullwood2 

R. W. Hockenbury' 

The simultaneous measurements  of the  capturp 
atid f i ss ion  c r o s s  seciions of '35U performed in  
October 1964 and descr ibed  previously3 have  now 
been  analyzed.  Examples  of the r e s u l t s  are given 
i r i  Fig, 1.8,1 and T a b l e  1.8.1, t h e  figure showing 

ORNL-DWG 6 6 - 5 2 0  

I r _.._.... 

40 

b'- 
\ 
bQ 4 

0.t 

Fig .  1.8.1. F i s s i o n  Cross Section, Capture Cross 

Section, and a for 235U f r o m  1 to 10  c V  (QRNL-RPI  

1964 Measurements). 

t h e  f i ss ion  and capture  c r o s s  s e c t i o n s  and the i r  
ra t io  o,/of in t h e  energy range 1 to 10 cQ, and 
the t a b l e  giving t h e  f i ss ion  and capture  reso- 
nance  integrals  over 5 lethargy intervals .  For 
comparison, t h e  f i s s i o n  resonance  integrals  ob- 
ta ined from t h e  d a t a  of Michaudon and r2ibon4 a r e  
included i n  the  table. 

S ince  October 1964 many iinproveinents have  
been  made in  t h e  technique a n d  instrumentation 
used in measuring capture  and f i ss ion  c r o s s  
s e c t i o n s  a t  the  Kensse laer  Poly technic  Inst i tute  
l inac.  A considerable  reduction in background 
w a s  achieved by var ious modifications i n  the 
beam col l imat ion s y s t e m  a n d  in  t h e  target  mod- 
erator  assembly.  A new BF3 ionization chamber 
w a s  constructed to  measure tht: neutron-flux 
spectrum with more accuracy ,  and  an  ionization 
chamber containing about  1 g of 2 3 3 U  was added 

4 
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Table  1.8.1. 235U Capture and F iss ion  Resonance Integrals 

--,- \ - - - - - - I  

(barns), anergy Interval 

(eV) ORNL-HPI, 1964 ORN L-KPI, 1964 Michaudon and Ribona 

0.683-0.876 

(3.876--1.125 

1.1 25-1.445 

1.445-1.855 

1.855-2.382 

2.382 -3.059 

3.059-3.928 

3.928-5. 043 

5.043-6-476 

6.476-8.315 

8.31 5-1 0.677 

10.677-13.710 

13.710-17.603 

17.603 -2 2,603 

22.603 -2 9.02 3 

2 9.023 -3 7.267 

3 7.267 -47.85 1 

47.851 -61.442 

61 -442-78.893 

7 8.8 93 -1 01 

1.562 

3.096 

3.676 

0.958 

3.659 

1.116 

3.687 

4.964 

11.290 

4.745 

8.529 

18.14% 

4.245 

11.646 

4.876 

9.160 

4.580 

5.367 

2.769 

3.852 

13.653 

18.896 

10.193 

3.586 

3.504 

3.284 

7.598 

1.160 

6.780 

3.676 

25.613 

11.858 

8.092 

16.733 

10.827 

14.120 

9.033 

14.147 

5.842 

5.327 

14.282 

18.051 

11.035 

3.903 

3.684 

3.292 

7.829 

1.326 

6.551 

3.885 

23.446/24.857 

11.109 

8.150 

15.1 93 

10.174 

12.006 

8.028 

12.562 

5.501 

5.745 

101-130 3.165 5.233 5.307 

130-167 3.475 5.494 5.269 

167-21 4 3.193 5.209 4.757 

214-275 3.059 6.275 5.627 

2 7 5 -3 54 2.651 4.185 

354-454 2.206 3.385 

454-583 1.712 4.423 

583-749 1.818 3,510 

749-961 1.643 2.701 

961 -1234 1.776 2.675 
.__.i._......... ~.. . . . ._._._. -. . . . . ...I......__II. . . ... .. .. ... .. . .. . .. . . . _. . . . .- 

aA.  Michaudon and P. Rihon, J. Phys.  Radium 22, 712 (1961); a l s o  private communication. 
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I I I I I I 

C.D.BOWMAN ef f fL ,  U C R L  f4606(1966) 
-0RNL-RPI, 1956 

ORNL-DWG 66-6976 ..I.....-. .--~ ... 
I I I I I 

.............. .............. a 1 . . L  ...... 1 I ....... I . 1  I ............ --I- 
14 15 0 f 2 3 4 5 6 7 a 9 40 I 4  42 f3 

N E U T R O N  ENERGY (eV) 

Fig. 1.8.2. Comparison of O R N L - R P I  1966 235U F i s s i o n  Cross-Section Measurements from 0,4 to 15 eV wi th  

Those of Bowmon at  al. 

to t h e  equipment. T h i s  new fission chamber w a s  
used to s imultaneously measure t h e  fission and 
capture  cross s e c t i o n s  of 233U in  April 1966. A t  
the same t ime t h e  2 3 s U  measurements were re- 
peated to t a k e  advantage  of t h e  improvements in  
the technique to d e c r e a s e  the uncertaint ies  in  the 
da ta .  

T h e  a n a l y s i s  of t h e  new measurements  is in- 
complete. Some preliminary resu l t s  a r e  shown i n  
Figs. 1.8.2 and  1.8.3 and in T a b l e s  1.8.2 and  
1.8~3. In F ig .  1.8.2 t h e  23sU f i ss ion  cross s e c t i o n  
from t h e  1966 measurements is compared i n  t h e  
neutrori energy range from 0.4 to 15 e V  with d a t a  
recently obtained by Bowman et a f . 6  T a b l e  1.8.2 
is a comparison between t h e  two same sets of 
d a t a  i n  terms of resonance  in tegra ls  over ’4 
lethargy intervals. T h e  average  d iscrepancy  be- 
tween the resonance  integrals  ohtairied from t h e  
two s e t s  of d a t a  is smal le r  than 3% and smal le r  

than 0,25 barn. S ince  t h e  two experiments  a r e  
indcpendent, t h e  probable crror of the f i ss ion  
resonance  integral  over a ‘4 lethargy interval  
f rom ei ther  measurement must b e  smal le r  than 3% 
and 0,25 barn. 

In F ig .  1.8.3 the 235U fission c r o s s  s e c t i o n  from 
t h e  1966 measurerrierits is compared in  the  neutron 
energy range from 20 to 50 e V  with d a t a  obtained 
by Brown et u s i n g  neutrons generated by a n  
undecgtound n u c l w r  explos ion .  T h e  agreement be- 
tween the  two sets of d a t a  is very good except  
below 22 eV,  where t h e  flux from t h e  nuclear  
explosion w a s  not wel l  determined, and in t h e  
L C  val leys”  below 35 e V ,  where the va lue  of t h e  
c ross  s e c t i o n  measured by Brown et al .  is lower 
by as inuch as a factor of 2 than our value. ’This 
discrepancy is not w e l l  understood. T a b l e  1.8.3 
compares  t h e  integrated fission cross-sect ion da ta  
from this tneasurement with those  from dhree other 
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Table 1.8.2. 235U Fission Resonance Integrals 

Energy Interva I 

(eV) 

Iuf & / E  (barns) 

Rowman e t  al.,  

IJCRL-14606 OKNL-RPI, 1966 

Difference 

barns % 

0.414-0.532 

0.532--0.683 

0.683-0.876 

0.876-1.13 

1.13--1.44 

1.44-1.86 

1.86-2.38 

2.38-3.06 

3.06-3.93 

3.93-5.04 

5.04 -6.48 

6.48-8.32 

8.32.--10.7 

10.7-1 3.7 

13.7-17.6 

17.6-22.6 

2 2.6 -2 9.0 

29.0-37.3 

37.3-47.9 

47.9 -61.4 

22.140 

16.436 

13.859 

18.098 

10.457 

3.758 

3.689 

3.407 

7.971 

1.331 

7.017 

3.51 1 

25.943 

11.822 

8.313 

16.861 

11.228b 

13.763 

8.61 8 

13.954 

22.127 

16.274 

13.755 

17.980 

10.467 

3.704 

3.666 

3.261 

8.002 

1.227 

7.01 0 

3.601 

26.549 

11.863= 

8.382 

17.31 9 

11.316 

14.090 

8.95 0 

14.174 

0.01 3 

0.162 

0.104 

0.118 

--- 0,010 

0.054 

0.023 

0.146 

- 0.031 

0.1 04 

0.007 

- 0,090 

- 0,606 

- 0.041 

.~ 0.069 

- 0.458 

-0.118 

- 0.32 7 

- 0.332 

- 0,220 

0.1 

1.0 

0.8 

0.7 

0.1 

1.5 

0.6 

4,5 

0.4 

8.5 

0.1 

2.5 

2.3 

0.35 

0.8 

2.6 

1.1 

2.3 

3.7 

1.6 

aCorrected for a n  instrumental error in this set of data a t  13.1 eV; see Fig. 8 on p. 14 3f UCHL-14606. 

bThis s e t  of data has  been corrected for a small  flux depression near 28 eV. 

Table 1.8.3. Integrated 235U Fission Cross Sections froni 20 to 60 e V  
......... ___ ...... ~ .......... .____ ........ - ~.........___I 

.......... ~ 

Energy s O ( E )  dE (barn-eV) 
I___. . . . . . . .- Interva 1 ORN1,-RPI, 1966 

Brooks et al .a  Bowman et Brown e t  31.' 
(eV) 

....._... ____ ......I. ___ ..... 

20.5-33.0 41 8 4.50 41 Sd 446 

3 3.0--4 1 . 0 41 5 4 99 489 507 

41.0-60.0 834 932 950 92 9 

1882 
..- __ 1854 

.......... ___ 1881 __ Total  1667 
. . . .. .. .-. . . . . . . . . 

aF. I). Brooks et a l . ,  E ta  and Neutron Cross Sections of U-235 frorn 0.04 to 200 eV, AERE-M-1670 (1966). 
b C. D. Bowman e t  ai., The Epithermal F iss ion  Cross Section of U-235, UCRL-14606 (1966); paper FF-15 in  Con- 

fererice on Neutron Cross Section Teclinology, Washington,  D.C., March 22-24, 1966. 

FF-11 in Conference on Neutron Cross Section l'echnology, Washington, D.C., March 22-24, 1966. 
cW. K. Brown, U. W. Bergen, and J. D. Cramer, Fission Cross Section of U-235, 2 0  eV-2 MeV,L,ADC-7618; paper 

dFlux not well determined below 22 eV. 
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Q 

100 
20 3 0  40 5 0 

ENERGY (eV) 

measure tnetits ~ 6- * Our d a t a  a g r e e  much bet ter  
with t h o s e  of 13owman et al. than with the  other  
sets of data .  

Re fe ien c e s 

' Instrumentation and  Controls Division. 
2Rensselaer Poly technic  Inst i tute ,  Troy, N.Y. 
3P,. W. Weston et al., Neritron Phys.  u'iv. Ann. 

Pro&. Relit. At@. 1, 1965, ORNL-3858, vol. I ,  

'A. Michaudon and P. Ribon, J .  Phys.  Radium 
22, 712 (1961); also private  communication. 

'Both the  BF3 ionizat ion chamber and  t h e  2 3 3 U  
f i ss ion  chamber were des igned  and  assembled  by 
F. E. Gil lespie  of the  Instrumentation and Con- 
trols Division. 

'C. D. Bowman et al., The EpitherrneZ Fission 
Cross Section of U-235, UCKL-14606 (1966); 
paper  FF-15 in Corifercnce on Neutron G r o s s  
Section Technologyy, Washington, D.C., March 

p. 9. 

22-24, 1966. 

7 W .  K. Brown, D. W. Rergen, and J .  D. Cramer, 
Fission Cross Section of U-235, 20 aV--2 ikrleV, 
LADC-7618; paper FF-11 in Conference on Neu- 
fron Cross Section TechnoZo&y, Washington, D.C., 
March 22-24, 1966. 

'F. D. Brooks et al., Eta and Neutron Cross 
Sections o f  U-235 from 0.04 to 200 eV,  AERE-M- 
1670 (1966). 

Fig. 1.8.3. Comparison of O R N L - R P I  1966 235U F is -  
sion Cross-Section Measurements from 20 to 50 e V  with 

Those of Brown e t  af. 

1.9 POINT-SET REPRESENTATION OF 238U 
CROSS SECTIONS; VALUES AND A FORTRAN 

PROGRAM FOR COMPUTATiON' 

J. Wallace Webster 

As part  of the  cuirent  effort in  reactor  a n a l y s i s  
to obtain representat ions of c r o s s  s e c t i o n s  as 
sets of v a l u e s  a t  discrc>te energy points  ra ther  
than as s e t s  of averaged va lues  ove r  broad in- 
te rva ls  of t h e  enetgy domaln, a FORTRAN pro- 
gram h a s  been prepared which computes  total and 
capture  c r o s s  s e c t i o n s  of "'U at spec i f ied  enetgy 
points  over a resonance.  T h e  resonance  param- 
e t e r s  and t h e  temperature are used  as  input d a t a .  
Us ing  t h e  resonance parameters  given in RNL- 
325, 862 point representat ions were  computed for 
t h e  c r o s s  s e c t i o n s  of 738U fo r  neutron enclrgies 
of less than 1000 e V  and a temperature of 300°K. 
T h e  resu l t s  a r c  presented as machine printouts 
and as Calcoinp plots .  T h e y  have  a lso been 
recorded on punched r a r d s  in the  format 

(knergyJ, Cross  Seci ion)  - (E15.S, E15.5) , 

and dupl icate  d e c k s  may be obtained by contact ing 
t h e  author. 

References 

'Abstract  of ORNL-TM-1448 (4966). 
2J.  €7. Siehn et nl. ,  Neutron Cross Sections, 

83 to 98, BNL-325, vol. 111, 2d ed . ,  suppl. 2 Z 
(February 1965). 
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1.10 MEASUREMENT OF A PORTlePN OF THE 
NELIPRONSPECTRUMQF SHE BULK 

R. M. Frees tone ,  J r .  T. V. Blosser 

In collaboration with the  Army Nuclear Defense 
Laboratory (ANDL) a series of measurements were 
ini t ia ted for cal ibrat ion of s e v e r a l  so l id-s ta te  and 
fission-type neutron de tec tors  used  by ANDL. For 
th i s  purpose a neutron beam w a s  extracted f rom 
the  water  surrounding t h e  Bulk Shielding Reactor  
(BSR) through a temporary beam tube. T h e  beam 
tube cons is ted  of a 6-in.ediam air-filled aluminum 
pipe hung f rom the ESR instrument bridge end 
extending vertically downward t o  the  midplane of 
the  reactor, approximately 20 c m  from i t s  north 
face. The  upper 7-ft-long portion of the tube w a s  
diminished t o  a 1-in. diameter  by a water  col- 
limator. 'The device  thus served  a s  a convenient  
well-collimated beam s o u r c e  of thermal and  
epi theimal  neutrons. T h e  ANDL work required 
tha t  t h e  intensi ty  and spectrum of t h i s  source  b e  
known. T h e s e  parameters were  measured by us ing  
the  22 'OB fi l ters  and t h e  isotropical ly  respond- 
ing  spher ica l  BF3 proportional counter  which a r e  
the principal components of t h e  epi thermal  neu- 
tron spectrometer  descr ibed in  Sect .  6.1, th i s  
report. 

The  experimental procedure was s imple  and  
straightforward. Each  of the 22 f i l t e rs  w a s  placed 
in s u c c e s s i o n  over the  1-in.-diam opening of t h e  
collimator, and a s e t  of a t  l e a s t  three 2- or 1-min 
counts  w a s  made with the B F 3  counter  suspended  
a t  a fixed d i s t a n c e  of a few cent imeters  above the 
filter. Counts  were also made with the  counter in 
t h e  mobs t ruc ted  beam and with a 20-mil-thick 
cadmiuiii d i sk  as a filter. Additionally, indium and 
gold fo i l s ,  bare  and cadmium-covered, viere ex- 
posed a t  the counter posi t ion in  t h e  beam. 

Though obtaining t h e  experimental data  w a s  
essent ia l ly  routine, i t s  a n a l y s i s  w a s  not. Ini- 
t ia l ly ,  much time w a s  l o s t  in  a fu t i le  a t tempt  t o  
u t i l i ze  t h e  rather e legant  F E R D  methods of 
Burrus et al. T h e  FEKD s y s t e m  produces a 
reasonably rel iable  es t imate  of error i n  the  un- 
scrambled spectrum, but ,  unfortunately, the re- 
s p o n s e  functions a s s o c i a t e d  with a "1-3 filter 
(a l / v  absorber) combined with a BF3 counter  (a 
1 / V  detector)  p o s s e s s  a long, s lowly decreas ing  
ta i l ,  with which FERD could not readily cope  

without being modified by s u i t a b l e  a priori as- 
s u m p t i  ons  . 

T h e  ana lys i s  method finally adopted cons is ted  
basical ly  in making a f i rs t  guess a t  t h e  piobahle  
s h a p e  of t h e  spectrum, us ing  the previously 
measured t ransmission funct ions of the f i l ters  to 
ca lcu la te  the  counts  to he  expec ted  from s u c h  a 

spectrum, and i terat ing by s u c c e s s i v e  g u e s s e s  
unt i l  a count-rate curve which matched the  experi- 
mentdl count-rate curve vias obtained. In the  
present  c a s e ,  i terat ion w a s  concluded when a l l  
ca lcu la tcd  counts  were within 5% of experimental 
va lues .  

con- 
s i s t s  of a Maxwellian dis t r ibut ion of thermals with 
a nciitron temperature of 336OK, p lus  a tail de- 
scr ibed  by 1.967 x lOW3/E extending  t o  -8  x 
I O 4  eV. Eeyond th is  point the  data  appear  to  
demand a f la t ter  spectrum, fa l l ing  roughly a s  
E - ' ' 2 ,  but they may not be  rel iable .  T h e  s p e c -  
trum w a s  normalized t o  absolu te  va lues  by com- 
pel l ing t h e  integral from 0.001 to 0.4 eV to agree  
with the  experimentally determined subcadmiurn 
flux va lue  of 1.5611'7 x l o 5  neutrons sec-l 

a t  1 MW, measured with indium foi ls .  A plot of 
the  spectrum, which appears  t o  be cons is ten t  in 
s h a p e  with published s p e c t r a  for reactor  neutrons 
in water ,  is shown i n  Fig.  1.10.1. 

T h e  analyzed spectrum, not surpr is ingly,  

OSNC-DWG 66-7703 
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f i g .  1.10.1. Spectrum of the Bwlk Shielding Reactor 
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1.11 OPERATIONAL PROBLEMS WITH THE 
HEALTH PHYSICS RESEARCH REACTOR 

L. W. Cilley 
J. W. P o s t o n '  

L. B. Holland 
D. K. Ward 

In the  operation of t h e  Heal th  P h y s i c s  Research  
Reactor  (HPKK), a pulse-generat ing reactor having 
an unmoderated uranium-molybdenum core (10 wt % 
Mo), two major diff icul t ies  h a v e  been encountered: 
e lec t r ica l  n o i s e  in  t h e  instrument channels ,  and 
s c a t t e r  i n  t h e  burst size (var ia t ions as large 
as 140%). (Previous diff icul t ies  with t h e  plat ing 
on  t h e  U-No fuel  p i e c e s  h a v e  been  minimized, 
and  further improvements h a v e  been recommended.) 
It w a s  necessary  t o  identify and  el iminate  t h e  
s o u r c e s  of t h e s e  problems not only t o  permit 
orderly operation of the  IIPKR but  a l s o  b e c a u s e  
the  Aberdcen P u l s e  Reactor ,  be ing  very s imi la r  
in  des ign  to t h e  HPKK, may suffer  from similar  
diff icul t ies .  

E lec t r ica l  n o i s e  in t h e  instrument channels  fre- 
quently interrupted operat ion due  to spur ious  
s i g n a l s ,  which resul ted i n  a reactor  shutdown. 
T h e  s o u r c e  of t h e  trouble w a s  i so la ted  in  the  
ionizat ion chambers, and examination revealed 
tha t  t ighter  qual i ty  control  during their  assembly  
wi l l  e l iminate  this  problem. One reassembled 
chamber w a s  p laced  b a c k  in operation, and n o  
difficulty h a s  been  observed over  a three-month 
period. 

T h e  probletn related to our inabi l i ty  to a c h i e v e  
a target  burst  with bet ter  than 40% accuracy  w a s  
more troublesome, not only b e c a u s e  i t  is a n  
annoyance  t o  experimenters but  also b e c a u s e  i t  
is inherently more dangerous than t h e  f i r s t  prob- 
lem. B e c a u s e  of t h e  danger ,  therefore, the  target  
burst  s i z e  w a s  arbitrarily limited to 0.8 x 10'' 
f i s s ions .  (The la rges t  burst  during preliminary 
t e s t i n g  w a s  1.8 x 1017 f i ss ions . )  Several  s t e p s  
were  taken to identify t h e  c a u s e  for t h e  s c a t t e r  
in t h e  burst  size. T h e  f i rs t  s t e p  w a s  t o  examine 
the  c o r e  mounting framework and  t o  periodically 
check  t h e  dimensions of t h e  c o r e  and  the  in- 

dividual  fuel  p ieces .  No anomalies  or changes  
were noted. T h e  bol ts  holding t h e  c o r e  together 
were checked  for t igh tness  a f te r  e a c h  s e r i e s  of 
three burs t s ,  and they appeared to b e  loosening. 
It w a s  feared t h a t  th i s  might b e  due  to t h e  bol t s  
s t re tch ing ,  but i t  w a s  la te r  a t t r ibuted to a peening 
ac t ion  on t h e  plat ing on the  core  bol t s  and  fuel  
p ieces .  T h e  torque on t h e  bol t s  w a s  increased  
in  s e v e r a l  s t e p s  to 50 ft-lb, a t  which va lue  i t  w a s  
shown tha t  a f te r  100 bursts  t h e  torque did not 
change  a n d  tha t  over a period of a year  the  bolt 
dimensions did not vary. F o r  the  s a m e  operat ing 
condi t ions the  measurements of t h e  s a f e t y  block, 
the individual fuel  d i s k s ,  and  t h e  assembled  core  
did not change. 

T e s t s  were also made t o  determine to what de- 
gree of accuracy w e  could measure t h e  various 
parameters tha t  c a n  a f fec t  the burst  s i z e ,  tha t  is, 
t h e  core  temperature, t h e  react ivi ty  in  ihe core  
prior to the  burst, the  reproducibility of the  posi-  
tion of the  safe ty  block i n  the  core ,  and  t h e  posi-  
t ion oE the  burst  rod prior to insertion. T h e  re- 
s u l t s  showed t h a t  the  combined errors  should  
permit a burst  to  b e  within S% of the  target  size. 

Next, a t tent ion w a s  focused on the posi t ion 
of t h e  burst  rod at the  time of t h e  burst .  F a s t a x  
film of the  burst  rod actiori revealed that  the 
ef fec t iveness  of the s h o c k  absorber  w a s  in- 
adequate ,  a l lowing the  rod to bounce for as  much 
as y4 in .  and a s  long as 110 msec.  Since the  
mean time for a burst  of 8 x 1 0 l 6  f i ss ions  w a s  of 
the order of 100 tnsec, i t  was obvious that  the  d is -  
placement  of the  rod from i t s  fully inser ted posi- 
tion a t  the  time of burst  could introduce some 
error, but not, however, enough to account  for the 
spread  in  the  d a t a .  

Mechanical checkout  of the  ac t ion  of t h e  burst  
rod without  t h e  c o r e  present  revealed that  t h e  
poorly damped impact of t h e  burst  rod c a u s e d  a n  
oscil1at.ion of the  s a f e t y  block and  i t s  a s s o c i a t e d  
support ing magnet through t h e  ac t ion  of the over- 
t ravel  spr ing  on t h e  safety-block drive-motor 
sys tem.  T e s t s  showed tha t  the  burst  rod had to 
b e  cr i t ical ly  damped to completely el iminate  t h e  
safety-block osci l la t ion.  

A program w a s  ini t ia ted t o  d e s i g n  a bet ter  shock  
absorber  sys tem.  Since i t  w a s  real ized that  s u c h  
a program would require a fair amount of time, a 
longer burst  rod w a s  fabricated so that  the  burst  
rod would ex tend  through t h e  core  when i t  w a s  in 
the  fully inser ted position. T h u s  the  react ivi ty  
change  a s s o c i a t e d  with any  bounce would b e  
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minimized, hopefully making i t  e a s i e r  t o  i so la te  
other s o u r c e s  of reactivity change.  With the  re- 
ac tor  reassembled,  invest igat ions were continued, 
and  for each  burst the following information w a s  
obtained: the insertion time of the  burst rod, its 
posi t ion (either fully inser ted or not) a t  the  time 
of burst ,  the  time l a p s e  between ini t ia l  inser t ion 
of t h e  burst rod and the  time of t h e  burst, t h e  
ini t ia l  period or ini t ia l  ra te  of power r ise  during 
a burst ,  the  s h a p e  of the f iss ion-rate  curve a s  a 
function of time during a burst, and  t h e  position 
of t h e  s a f e t y  block as  a function of time for i t s  
f i rs t  9 in. of movement from i t s  inser ted position. 

T h e  l a s t  measurement a l s o  showed the  move- 
ment of the  safe ty  block when t h e  burst  rod w a s  
inser ted,  which, together with a knowledge of the  
react ivi ty  worth of the  safe ty  block as  a function of 
posi t ion,  indicated that  motion of the  safe ty  block 
when the  hiirst rod w a s  inser ted w a s  the major 
c a u s e  of s c a t t e r  in the  burst s i z e .  A temporary 
change  i n  t h e  burst-rod pneumatic sys tem made i t  
poss ib le  for data  to  be  accumulated in the  range 
of 1 to 9 x 1 0 l 6  f i ss ions  per burst  with only a 
+4% variation. T h i s  s u c c e s s  w a s  achieved  with a 
fairly long burst-rod inser t ion time, which resu l t s  
in  a fair number of bursts  being ini t ia ted before 
the  burst  rod i s  completely inser ted,  espec ia l ly  
a t  the  higher burst  l eve ls ;  t h e s e  preinitiated 
bursts  a r e  not included in the  k4% variation. A 
program h a s  been initiated t o  reduce the burst-rod 
inser t ion time while  s t i l l  maintaining c r i t i ca l  
daiilping when the  rod is inser ted.  

The original nickel  plat ing on the fixed U-Mo 
fue l  p i e c e s  and the chromium f lash  over nickel  
plat ing on the  movable fuel p i e c e s  are s t i l l  in  
s e r v i c e  except  for the bottom fuel  d i sk  and s o m e  
of the  core  bol ts .  T h e  original plat ing on t h e s e  
i tems  w a s  s t r ipped,  s i n c e  i t  w a s  not sat isfactory,  
and t h e  i tems  were carefully replated with nickel  
and t h e  bol ts  were given a n  addi t ional  f lash  coat- 
ing  of gold. Inspection of a l l  p i e c e s  a f te r  a year  
of operation, which included 136 burs t s ,  revealed 
tha t  there  w a s  s t i l l  essent ia l ly  n o  change i n  t h e  
original plat ing (some mitior f laws tha t  were  ap- 
parent a year a g o  had changed n o  further), that  
t h e  overal l  condition of the plat ing on the  bolt 
threads w a s  fair, but that  there  were some cracks  
in  the  plat ing a t  the crown of the threads,  indi- 
c a t i n g  poor adhes ion  in  th i s  area. I t  is iecotn- 
mended therefore that  a Whitworth thiead with 
rounded crown and  thread be used  i n  the  future 
for p i e c e s  that  require plating. 
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1.12 OAK RIDGE ELECTRON LINEAR 
ACCE LERAVO W (ORELA) 

F. C. Maienschein 

During the  pas t  year ,  construct ion w a s  ap- 
proved for an  electron linear acce lera tor  t o  b e  
used a s  a source  of shor t  in tense  p u l s e s  of neu- 
trons. T h e  pulsed neutrons wil l ,  for the  main 
part, be  used for making cross -sec t ion  measure- 
ments by t h e  time-of-flight technique, with em- 
p h a s i s  given t o  t h e  energy region ("1 keV t o  - 1 MeV) which i s  most important for fast-breeder 
reactor design.  

P i o g i e s s  t o  da te  includes s ign ing  a cont rac t  
with a n  accelerator  manufacturer, Varian As-  
s o c i a t e s  of P a l o  Alto, California, for delivery of 
the  acce lera tor  components by t h e  fall of 1967. 
T h e  performance spec i f ied  in the  contract  in- 
c ludes  15-A pulses  of 2140-MeV electxons with 
beam powers up  t o  50 kW for pulse  widths as 
narrow a s  2.3 nsec .  T h i s  e lectron current should  
produce neutrons a t  a peak  ra te  of a few t imes 
10' per second when it is incident  on the  water- 
cooled tantalum target  which is now being de- 
s igned  by t h e  General Engineer ing and Con- 
s t ruct ion Division. 

T h e  accelerator  and neutron target  room wil l  
b e  placed under 2.20 f t  of ear th  sh ie ld ing  jus t  , 

south of Swat1 L a k e  and w e s t  of the  Oak Ridge 
Isochronous Cyclotron. Ten  neutron flight pa ths  
of var ious lengths  wil l  radiate  from t h e  neutron 
target  room, which wil l  be  1 2  ft in  diameter and  
10 f t  high and wil l  be  evacuated  t o  e l iminate  t h e  
production of radiation-induced noxious g a s e s .  
T h e  t i t l e  I des ign  of the  faci l i ty  was s ta r ted  in  
January 1966 by Charles  'T. Main of Boston, 
Massachuse t t s ,  the  architect-engineer, and w a s  
completed i n  May 1356. T i t l e  I1 or final design 
w a s  s t a r t e d  for  portions of t h e  faci l i ty  in  March 
1966, and i t  should  b e  completed during 1966. 
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Since  ORELA wil l  b e  a versa t i le  s o u r c e  of 
e lec t rons ,  photons, and neutrons,  it w i l l  b e  po- 
tent ia l ly  usefu l  in  many ORNL programs, in- 
c luding  s t u d i e s  of electron sca t te r ing ,  photo- 
nuc lear  react ions,  a n d  radiation e f fec ts .  T h e  
faci l i ty  des ign  inc ludes  experimental  a r e a s  which 
c a n  b e  l a t e r  adapted  for s u c h  research.  ORELA 
wi l l  b e  operated jointly by t h e  Neutron P h y s i c s  
and P h y s i c s  Divis ions.  ORNL part ic ipants  in  t h e  
des ign  of ORELA include W .  R. Burrus, G. d e  
Satissure, K. Gwin, F. C. Maienschein, '  V. V. 
Verbinski ,  and  L. W. Weston from t h e  Neutron 
P h y s i c s  Division; R. C. Block, J. A. Harvey,'  
R. L. Macklin, P. D. Miller, and G. G. Slaughter 
from t h e  P h y s i c s  Division; A. L. Bnch' f rom t h e  
Directors  Division; a n d  J. A. Murray from t h e  
General  Engineer ing and  Construct ion Division. 
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1.13 RATIO OF CAPTURE TO FISSION IN 
239Pu A T  keV NEUTRON ENERGIES 

A. Lott in '  G. d e  Saussure 
L. W. Weston J. €1. 'Todd2 

T h e  ra t io  of t h e  neutron captiire c r o s s  sec t ion  
to t h e  f i ss ion  c r o s s  s e c t i o n  ( a )  fur 239Pu h a s  
been measured for incident  neutron energ ies  from 
about  20 to 600 keV. T h e  technique w a s  very 
s imi la r  t o  that u s e d  for ear l ie r  measurements  on 

T h e  resul ts  a r e  not ye t  frilly analyzed.  2 3 5 ~ ~ 3  
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2. Critical Experiments 

2.1 CRITICALITY OF A SPHERE 
OF U(4.98)O2F, SOLUTION 

E. B. Johnson 

An ex tens ive  program of c r i t i ca l  experiments 
with an aqueous solut ion o f ’ U 0 2 F 2  i n  which t h e  
uranium is enriched to*4.98% i n  235U h a s  been  
under way for some t ime .  Earl ier  measurements 
descr ibed the  c r i t i ca l  spac ing  of a number of 
cyl inders  of t h e  solut ion contained in  aluminum 
and polyethylene v e s s e l s  to  provide guidance 
in s torage and transport  of low-enriched uranium. 
More recent  measures  have  attempted to def ine t h e  
c r i t i ca l  quantity of t h e  solution, essent ia l ly  un- 
ref lected,  i n  s ing le  uni t s  of s imple  geometry. T h e  
resu l t s  of t h e s e  experiments will  guide the  
appl icat ion of ana ly t ica l  methods and the  s e l e c t i o n  
of nuclear  propert ies ,  particularly neutron c r o s s  
sec t ions ,  necessa ry  to  sa t i s fac tor i ly  ca lcu la te  the  
effect ive neutron multiplication factor .  

T h e  f i rs t  of the  more recent experiments con- 
s i s t e d  of a cylinder of solut ion contained in  thin 
s t a i n l e s s  steel. T h e  experimentally observed 
value of keff  was  1.000, which is to  b e  compared 
with 1.002 ca l cu la t ed3  by S 4  transport  theory and 
with 0.99 calculated (Sect.  2.3) with t h e  05R 
Monte Carlo code.  

Fo r  t h e  second  experiment of t h i s  type a 
spherical  ~ o n t a i n e r ~ 1 9 . 9 9  f 0 .01  in .  i n  inside 
diameter was  constructed of *0.02-in.-thick s ta in-  
less s t e e l .  T h e  dimensions and s h a p e  were 
preserved by the instal la t ion of “r ibs” as shown 
in F i g .  2.1.1. T h e  sphe re  was  suspended  by 
c a b l e s  to reduce the  effect of support  s t ruc tures .  
T h e  U02F2 solut ion contained in t h i s  sphe re  w a s  
critical at 19OC. T h e  235U content  of the uranium 
was  4.98%, and t h e  chemical  concentration at t h i s  
temperature was. 910.18 g of uranium per liter at a 
dens i ty  of ‘2.0298 g/cm3, corresponding t o  a n  
H:235U atomic rat io  of’490. T h e  react ivi ty  con- 

Fig. 2.1.1. Stainless Steel Sphere Used i n  Cr i t ica l  
Experiments with Uranyl  Fluoride Solutions. 

tr ibuted by t h e  container  wall, t h e  supporting 
members, and t h e  column of solut ion in the  f i l l ing 
connection was  determined experimentally to be  
16.8 c e n t s .  On the b a s i s  of Peff = 0.0075, k e f f  of 
the  solut ion was  0.999. The  calculated value w a s  
0.99 (Sect.  2.3). 

An indication of t h e  neutron spectrum within t h e  
sphe re  and on the surface of i t s  container  was ob- 
ta ined from irradiated U(93) fo i l s  with and without 
cadmium covers .  T h e  cadmium fraction had a 
constant  va lue  of 0.929 a c r o s s  a diameter;  the 
value on the surface of the  container  w a s  0.855. 
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2.2 CRITICAL PARAMETERS OF U(1.95) 
METAL CYLINDRICAL ANNULI' 

E. B. Johnson 

Experiments have been performed to  determine 
t h e  c r i t i ca l  parameters of l a t t i c e s  of cyl indrical  
annul i  of uranium enriched t o  1.95% in '3  'U. 

In t h e  f i rs t  series of experiments  t h e  dimensions 
of the  uni t s  were a 7.2-in. ou t s ide  diameter,  a 
2.6-in. ins ide  diameter,  and a 40-in. length; the  
uni ts  had an average m a s s  of 442 kg, of which 8.6 
k g  was 2 3 5 U .  A to ta l  of 25  uni ts  w a s  avai lable .  
For  t h e  next series the ou t s ide  diameter was  re- 
duced to  6.2 in., which dec reased  the  m a s s  of a 
unit to 308 k g  (6.0 k g  of 235U);  t h e  other di- 
mensions were unchanged. 
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T h e  uni t s  were la t t iced i n  water in both squa re  
and triangular pat terns  to determine the  c r i t i ca l  
number as a function of spac ing .  With t h e  units 
which were 7.2 in .  i n  ou t s ide  diameter,  i t  w a s  
found that the  minimum cr i t ica l  number for e a c h  
pat tern occurred at a water-to-uranium volume ratio 
of 0.65 and tha t  t h e  c r i t i ca l  number of uni t s  
arranged in a triangular pattern w a s  half that  re- 
quired for a squa re  pattern,  as shown in F i g .  2.2.1. 
For t h e  6.2-in.-OD uni t s  t h e  minimum was  found a t  
a water-to-uranium volume ratio of 0.8, and the  
difference between the  c r i t i ca l  number of uni ts  
arranged in squa re  and triangular pat terns  was  
appreciably reduced. 

In severa l  c r i t i ca l  l a t t i ces ,  water was  excluded 
from the  cent ra l  region of e a c h  annulus  by in- 
se r t ing  coax ia l  Styrofoam cyl inders  (densi ty  = 
0.024 g/cm3) of three different diameters .  In all 
c a s e s  exclusion of water from the  central  region 
dec reased  the  react ivi ty .  For example,  the  
p re sence  of 1 .55-in.-diam Styrofoam cyl inders  in 
a la t t ice  of 7.2-in.-OD annul i  i nc reased  the  
c r i t i ca l  number of uni ts  f rom 1 0  to  12.5 and 
shif ted the  volume rat io  for minimum mass  from 
0.65 to 0.60. T h i s  minimum occurred a t  a surface 
separat ion of 1 in.  in  a tr iangular pat tern.  

ORNL-OWG 66-3240 

A TRlANGULAR PATTERN 1 1 1 
NUMERICAL VALUES AT POINTS ARE SURFACE 
SEPARATION OF CYLINDERS IN INCHES 

~ 

0 0.2 0.4 0.6 0.8 4.0 1.2 
WATER/URANIUM VOLUME RATIO 

Fig. 2.2.1. Cr i t ica l  Lat t icesof  U(1.95) Metal  Annular Cylinders Moderated and Reflected by Water. 
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2.3 SOME COMPARISONS OF MONTE CARLO 
CALCULATIONS (05R) OF LOW-ENRICHED 
URANIUM ASSEMBLIES WITH CRITICAL 

EXPERIMENTS 

J. Wallace Webster 

A comparison with experiments  h a s  been  made 
of t h e  va lues  of keff  of var ious hydrogen-moderated 
a s s e m b l i e s  of low-enriched uranium ca lcu la ted  by 
a Monte Carlo method u s i n g  the  0 5 R  code .  T h i s  is 
part  of the  continuing program of correlation of 
theory with experiment at t h e  Cr i t ica l  Experiments  
Fac i l i ty .  

T h e  c r o s s  s e c t i o n s  of 238U used  i n  t h e  calcu-  
la t ions  were t h o s e  recent ly  expressed  (Sect. 1.9, 
t h i s  report) i n  t h e  form of point-set  representat ions 
using t h e  l a t e s t  da ta .  T h e  c r o s s  s e c t i o n s  for 
2 3 5 U  below 1000 e V  were taken from the  recent ly  
updated UK nuclear  d a t a  library;’ those  above  
1000 e V  were a se lec t ion  from c r o s s  s e c t i o n s  
assembled  and evaluated by  Mihalczo’ for t h e  
0 5 R  library. T h e  c r o s s  s e c t i o n s  for t h e  remaining 
e lements  needed i n  the  ca lcu la t ions  were taken 
directly from t h e  0 5 R  library without any updating. 
In t h e  case of fluorine, only the  to ta l  c r o s s -  
sec t ion  s e t  w a s  i n  t h e  library; so t h e  e l a s t i c  c r o s s  
s e c t i o n s  were equated to t h e  to ta l  c r d s s  sec t ion ,  
and the  ine las t ic  and other high-energy interact ions 
with fluorine were neglected.  Scat ter ing by fluo- 
r ine w a s  taken  to b e  isotropic  i n  t h e  center-of- 
m a s s  sys tem s i n c e  t h e  angular distribution h a s  not 
ye t  been expressed  in t h e  form necessary  for t h e  
0 5 R  code.  T h e  above-thermal interact ions with 
all other e lements  were t reated correct ly  with t h e  
b e s t  avai lable  data .  

Thermal-neutron ( E  =< 0.625 eV) interact ions 
were represented by t h e  one-group option. For t h e  
computation of water-moderated experiments  t h e  
c r o s s  sec t ions ,  averaged over a Wigner-Wilkins 
spectrum for thermal neutrons, were taken from t h e  

compendium prepared by A m ~ t e r . ~  F o r  t h e  compu- 
ta t ion  of t h e  paraffin-moderated experiments  the  
c r o s s  s e c t i o n s  a s  a function of energy below 
0.625 e V  were averaged over  a measured spectrum 
obtained by Beys ter4  for a mixture i n  which t h e  
H:23’U atomic rat io  w a s  195. T h e  transport c r o s s  
sec t ion  of hydrogen, averaged over the  meas- 
ured spectrum, w a s  obtained by t h e  method of 
Radkowsky’ which u t i l i zes  (1) a simple relat ion,  
due  to  Bethe, between t h e  measured sca t te r ing  
c r o s s  s e c t i o n  and t h e  “effect ive m a s s ”  of 
the  bound hydrogen and (2) measurements  by 
Melkonian7 of the  sca t te r ing  c r o s s  s e c t i o n  of 
hydrogen bound i n  hydrocarbons. 

A variety of cr i t i ca l  a s s e m b l i e s  have  been 
ca lcu la ted  by t h e  0 5 R  Monte Carlo code  ut i l iz ing 
t h e  va lues  of t h e  c r o s s  s e c t i o n s  descr ibed above.  
Included were a s i n g l e  cyl indrical  and spher ica l  
volume of an aqueous solut ion of U(5)0,F2 (Sect. 
2.1), arrays of s e v e n  and nine cyl indrical  un i t s  
of t h i s  s a m e  solut ion,8 and paral le lepipeds of a 
mixture of U(2)F4 and paraffin a t  two concen-  
t ra t ions.  

T h e  computed va lues  of keff  for t h e  U(5)02F,  
solut ion were, on t h e  average,  lower than experi- 
mental va lues  by about  1%; t h o s e  computed for t h e  
U(2)F4-paraffin assembl ies  were low by about 
3‘4%. Inadequacies  i n  t h e  d a t a  for t h e  fluorine 
c r o s s  s e c t i o n s  necess i ta t ing  neglec t  of ine las t ic  
sca t te r ing  and t h e  assumption of isotropic  elastic 
sca t te r ing  a r e  bel ieved to b e  t h e  pr incipal  c a u s e s  
of t h e  d iscrepancies  i n  t h e  v a l u e s  of kef f .  

T h e  t imes for t h e  computations on  t h e  CDC 
1604-A computer ranged between 118 and 204 min 
for 6000 neutron ba tches .  T h e s e  t i m e s  a r e  rather 
long, partly b e c a u s e  n o  s p e c i a l  effort w a s  made t o  
minimize them other  than by t h e  var ious reduction 
techniques  of (1) not le t t ing  neutrons b e  absorbed 
but simply reducing their weight and (2) playing 
R u s s i a n  roulette with neutrons of weight less than 
0.2 and boost ing to 0.4 t h e  weight of t h o s e  
surviving. By u s e  of the IBM 360 computer and by 
further a t tempts  at var iance reduction, t h e s e  t imes  
may b e  reduced by a n  order of magnitude. 
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2.4 ROSSI-a MEASUREMENTS IN SblBCRlTlCAL 

J .  T. Mihalczo 

Prompt-neutron decay  c o n s t a n t s  were measured 
by t h e  Rossi-a technique2  i n  subcr i t ica l  7-, 11-, 
and 15-in.-diam cyl inders  of enriched uranium 

metal  (93.15% 23sU)  of he ights  varying in  ‘4-in. 
decrements  from sl ight ly  subcr i t ica l  t o  half 
c r i t i ca l .  Using the  measured va lues  of / 3 / 1  for 
de layed  cr i t i ca l  cyl inders3 of the  s a m e  diameter  
and ca lcu la ted  changes  in  p/Z due  to  t h e  d e c r e a s e  
i n  height ,  multiplication fac tors  were obtained.  

Two detec tors  were u s e d  i n  t h e s e  measurements ,  
and t h e  time distribution of p u l s e s  from detector  B 
relat ive to a pulse  from detector  A w a s  observed.  
A PDP-4  d ig i ta l  computer processed  hinary infor- 
mation from a timing d e v i c e  which measured 
in te rva ls  down to 5 n s e c .  T h e  probability of a 
f iss jon-chain correlated event  i n  detector  €3 a t  a 
time At af ter  an event  i n  detector  A is e x p  (-n,At), 
s i n c e  t h e  probability that  a prompt neutron e x i s t s  
in  t h e  assembly is also exponent ia l  (a  is tlie 
prompt-neutron d e c a y  constant) .  T h e  p u l s e s  from 
detector  B were delayed with r e s p e c t  to t h o s e  
from detectox A so that e v e n t s  occurr ing i n  de- 
tector  B prior to t h o s e  occurring i n  detector  A 

could a l s o  b e  measured.  T h e s e  e v e n t s  i n  detector  
3 have  the  dis t r ibut ion e x p  (+ant). 

T h e  generators  of t h e  f i ss ion  c h a i n s  i n  sub-- 
c r i t i ca l  asse inbl ies  a r e  external  source  neutrons, 
whereas  in  delayed-cr i t ical  assembl ies  they a r e  
de layed  neutrons emitted i n  t h e  fundamental mode, 
Although there  was concern with the  establ ishment  
of a fundamental mode i n  the  subcr i t ica l  measure-  
ments, Monte Carlo ca lcu la t ions  showed tha t  t h e  
spa t ia l  distribution converges t o  within a few 
percent  in  about  three generations, which i n  t h i s  
case is less than 20 n s e c .  

A set of Moss i -a  d a t a  for a n  11-in.-diam 2.125- 
in.-high subcr i t ica l  cyl inder  is shown in F ig .  2.4.1 
and is representat ive of all. t h e  r e s u l t s  from about 
25 cy l inders  s tudied.  A leas t - squares  f i t  of t h e  
d a t a  to t h e  function A(exp f a,&) + B by an IBM 
7090 gave t h e  s a m e  va lue  of CL for both expo- 
nent ia l s .  T h e  expected symmetrical dis t r ibut ion 
was observed.  T h e  reactivity of t h i s  cyl inder  as 
obtained from t h e  express ion  mI/p = p - 1 was 
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Fig. 2.4.1. Time Distribution of F iss ion Events i n  

Rossi -a  Measurements in  ll-in.-diornz 2.12S-in.-thick 

Uranium Metal Cylinder. 
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-33 dol lars .  T h e  measured delayed-cr i t ical  value, 
@ / I ,  in  a cyl inder  of t h e  same diameter  w a s  re- 
duced 26.6% by Monte Carlo ca lcu la t ions  for t h e  
change i n  neutron lifetime with height. T h e  
multiplication factor, based  on j? = 0.0068, w a s  
0.785, which compares  very well with 0.777 I 
0.005 computed di iect ly  by a Monte Car lo  
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t ivi ty  of t h i s  and other  quant i t ies  dependent  on t h e  
neutron energy spectrum t o  t h e  ine las t ic  sca t te r ing  
propert ies  of 2 3 5 U .  T h e  energy dis t r ibut ions of 
neutrons after one, two, and three s u c c e s s i v e  
i n e l a s t i c  co l l i s ions  with the  235U nucleus were 
determined by using t h e  evaporat ion model a t  a l l  
energ ies  and by us ing  a combination of t h e  
evaporat ion model and the leve l  exci ta t ion model. 
In one  var ia t ion of t h e  la t ter ,  t h e  ca lcu la ted  c r o s s  
s e c t i o n s  of Yiftah, Okrent, and Moldauer' were 
used  in  t h e  exci ta t ion leve l  model up t o  2.3 MeV; 
i n  another var ia t ion the  c r o s s  s e c t i o n s  of Parker '  
were used i n  leve l  exci ta t ion up t o  2.0 MeV. T h e  
evaporat ion model was  used for higher  energ ies  i n  
both cases. T h e  source  neutrons for t h e s e  
sca t te r ing  s t u d i e s  were assumed t o  have  a 
Maxwellian spectrum with a mean temperature 
corresponding t o  that  resul t ing from f i s s i o n s  
produced by neutrons having a n  energy of 1 MeV. 
T h e  r e s u l t s  of t h e s e  three ca lcu la t ions  a r e  
summarized i n  T a b l e  2.5.1. 

The ef fec ts  of t h e s e  var ia t ions on  a number of 
charac te r i s t ics  of the Cfidiva 1 cr i t ica l  assembly 
were calciilated by a Monte Carlo code  and a r e  
summarized i n  T a b l e  2.5.2. T h e  effect of a 30% 
d e c r e a s e  i n  the  nuclear  temperature used  in  t h e  
evaporat ion model was  a l s o  invest igated I T h e  

J .  T. Mihalczo resu l t s  a re  expressed  as  differences,  in  percent ,  
between t h e  va lues  obtained from rising t h e  

T h e  ex is t ing  discrepancy between t h e  measured evaporation model a t  all energ ies  a t  the  higher 
temperature and the  va lues  obtained by e a c h  of t h e  

2.5 SENSITIVITY OF NEUTRQN-SPECTRUM- 
DEPENDENT QUANTITIES IN URANIUM 
(93.2% 235U) METAL ASSEMBLIES TO 

INELASTIC SCATTERING MODELS 
FOR 235u 

and the  ca lcu la ted  neutron lifetime in  f a s t  c r i t i ca l  
a s s e m b l i e s  h a s  motivated a s tudy of the  s e n s i -  other var ia t ions.  

Table 2.5.1. Average Energy of Neutrons Ine las t ica l ly  Scattered from 235U 

Energy of Source Energy (MeV) 

Method After First After Seconda After Thirda Neutrons 

Collision Collision Collision (MeV) 
............ . .__. 

Evaporation model a t  a l l  energies 0.461 0.184 0.089 1.975 

Level excitation model with c ross  0.689 0.486 0.357 1.968 

sect ions of ref. 1 below 2.3  MeV; 

evaporation model above 

Level excitation model with cross  1.418 1 .om 0.810 1.964 

sect ions of ref. 2 below 2.0 MeV; 

evaporation model above 

aThe  values here refer to the distribution after two or three success ive  inelast ic  collisions. 
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Table  2.5.2. Sensit ivity of Neutron-Spectrum-Dependent Quant i t ies  in  Godiva I to Ine last ic  

Scattering Models for 235U 

Qdan t i  ty 

Percentage Change from Value Calc?llated by the 

Evaporation Modela __ ...................... 
Reference 1 Reference 2 Evaporation Theory with 

Cross  Sections Cross  Sections' Temperature Reduced 30% 

Time to l o s s  by absorption and leakage 

Tiiiie to l o s s  minus escape  flight time 

Generation time 

Number of col l is ions before loss 

Average energy of neutrons in core 

Average energy of the leakage flux 

distribution 

Multiplication factor 

Central spectral  indices  

Of( 2 3 5U)/Cr,( 2 3 8U) 

Uf(237Np)/af(23sU) 

Probability of leakage of fission 

neutrons 

-5.7 

-7.4 

-9.0 

-1.9 

+7.9 

t- 1.4 

-0.13 

-4 .3 

t 3  .O 

+2.8 

-10.2 

-12.3 

-13.6 

-4.2 

t 1 2 . 2  

0.3 

-1.8 

-2.7 

t 8.3 

+2.1 

t 6 . 7  

t8.2 

t10 .6  

11.8 

-14.0 

-0 

+O.? 

- 0.9 

a T h e  nuclear temperature of 235U in the  evaporation model was  0.36 MeV. 

'Tho calculational methods are described in  the first column of Table  2.5.1. 
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2.6 FLIGHT-TIME EFFECTS IN COUPLED 
SUBCRITICAL URANIUM METAL CYLINDERS 

J. T. Mihalczo 

T h e  time dependence of f i ss ion  e v e n t s  in  a sub-  
c r i t i ca l  assembly  cons is t ing  of two coaxial. 11-in.- 
diam uranium (93.2 wt % 235U.  , p = 18.7 g/cm3) 
metal  cy l inders  2.625 in .  thick separa ted  by 14.55 

i n .  h a s  been  measured by t h e  Rossi-a technique. '  
Neutrons with 1-MeV energy c a n  t ravel  a c r o s s  the  
air gap between t h e  f la t  f a c e s  i n  52 n s e c ,  T h e  
inverse  of t h i s  t rans i t  time is comparable t o  t h e  
prompt-neutron decay  cons tan t ,  25.7 psec- ' ,  
measured in  a s ingle  i so la ted  cyl inder .  

Variation of t h e  locat ion of the  two de tec tors  
used  in  t h e  Rossi-a measurements h a s  resul ted 
i n  t h e  isolat ion of o n e  of t h e  components  i n  t h e  
decay .  With t h e  two de tec tors  sampling leakage  
neutrons from t h e  s a m e  cylinder, two exponent ia l  
d e c a y s ,  shown i n  Fig.  2.6.1, were observed,  and 
with t h e  de tec tors  sampling l e a k a g e  neutrons from 
different cyl inders ,  only t h e  s lower  of t h e  two 
components w a s  measured. A l eas t - squares  f i t  of 
t h e  f i rs t  set of d a t a  to  the s u m  of a cons tan t  hack- 
ground and two exponent ia l  terms gave  prompt- 
neutron decay  c o n s t a n t s  of -15.5 t 0.06 /set‘-' 
and -34.3 k 2.9 I-Lsec-'. F i t t ing  t h e  second 
s e t  of resu l t s  to t h e  sum of a cons tan t  background 



20 

ORNL DWC 65 I2504 
lo5 L-l 

a iAiA-z7 
BACKGROUND SUBTRACTED DATA 

- EBCKGROUND SUBrHALTED DATA 5 & -~ MINUS SLOW COMPONENT 

2 

5 
m t z TI 

0 V 

2 

to3 

5 

2 

102 
0 50 400 ( 5 0  200 750 300 350 

i l M E  (nsec) 
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in.-diam 2.625-in.-thick Cylinders Spaced with 14.55 in. 
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and a s ingle  exponential  gave a decay constant  of 
-15.7 i 0.09 p e c - I .  Analysis  of t h e  f i rs t  s e t  of 
data ,  assuming the s lower decay cons t an t  to b e  
-15.7 {lsec-l, gave -34.0 k 0.7 p s e c - l  for the 
fas te r  decay.  

The neutron kinet ics  in t h i s  coupled assembly 
are  a l s o  descr ibed by two coupled equat ions 
representing the  neutron population in e a c h  core,  
taking into account a flight t ime between cores. 
T h i s  is equivalent to the treatment of Kistner2 
for a ref lected f a s t  assembly except  tha t  it in- 
c l u d e s  the effect  of the  flight t ime. T h e  experi- 
mental  resu l t s  are f i t ted to  the  Rossi-a correlat ions 
computed by using the  so lu t ions  of t h e s e  two 
equat ions by nonlinear leas t - squares  a n a l y s i s  
techniques.  
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2.7 SORA CRITICAL EXPERIMENTS' 

Gustav Ki s tne r2  J. 7'. Mihalczo 

A program of c r i t i ca l  experiments was  performed 
at t h e  ORNL Cri t ical  Experiments Fac i l i ty  i n  
cooperation with Euratom, supporting t h e  des ign  
of the  Sorgente Rapida3 (SORA). SORA i s  a f a s t ,  
NaK-cooled, repeti t ively pulsed nuclear reactor 
which wil l  be  used a s  a sou rce  for neutron 
research .  

T h e  experiments were  performed with a mockup 
which differs  from SORA principally in the  use of 
iron to represent  NaK and of uranium ins tead  of 
c lad  uranium-aolybdenum alloy a s  fuel.  Enriched 
uranium rods (93.2 w t  '% 235U), 1.379 c m  in  
diameter and 24 cm in length,  c lose ly  f i t ted ho le s  
located on a triangular pattern (1.630-cm pitch) i n  
a n  iron block.  Of t h e  95 h o l e s  avai lable ,  only 
about 85 contained uranium: the  o thers  contained 
iron. T h e  co re  volume fract ions were 0.649 U ,  
0.344 Fe, and 0.007 void. A 28-cm-thick iron 
reflector,  containing s i x  control rods and two 
14 .l-cm-diam sca t te rers  made of polyethylene,  
iron, or beryllium (used to change the  spectrum of 
the  neutrons leaking out t h e  horizontal  beam 
holes),  enc losed  five s i d e s  of t h e  hexagonal 
core .  A movable reflector of var ious s i z e s  and 
mater ia ls  could b e  located ad jacen t  to the  s ix th  
s i d e .  T h e  arrangement is shown in F i g .  2 .7 .1 .  

T h e  c r i t i ca l  mass ,  the  reactivity of the  various 
par ts ,  and the  parameters re levant  to t h e  pulsed 
operation of the  reactor a r e  presented i n  Tab le  
2.7 . P . 

T h e  expected pu l se  width of SORA was  calcu-  
la ted by using one-group space- independent  neutron 
k ine t ics  according to  the method of Bondarenko 
and Stav issk i i . l  Assuming tha t  t h e  react ivi ty  of 
the movable reflector a s  a function of t ime is 
parabolic in t h e  prompt-critical region, t h e  half- 
width 8 is 

1.67 

where ax and n are  defined i n  T a b l e  2.7.1, v is 

t h e  s p e e d  of the  movable reflector,  and E is the  
react ivi ty  above prompt c r i t i ca l  which s a t i s f i e s  
the  condi t ion2 that the  pu l se  charac te r i s t ics  and 
the  mean power remain cons t an t  in  time; t is a 

function of a ] ,  ax, v, and the pu l se  repet i t ion 
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Fig.  2,7.1. Horizontal Cross Section of SORA Cr i t ica l  Experiment Mockup. 

Table 2.7.1. Resul ts  of SORA Mockup Crit ical  Experiments 

Movable reflectora 

Material 

Width (cm) 

Reactivity (dollars) 

ax (cents /cm2)c 

F a s t  component,d m l ,  of prompt- 

neutron decay constant (psec-') 

Mass of uranium loading (kg) 

Experimental multiplication factor@ 

Predicted neutron pulse  half-width, f 

8 (psec)  

Bervllium 

11 16 21 

6.2 9.1 11.2 

8.6 9.5 9.9 

0.32 0.34 0.30 

57.2 54.0 51.2 

1.001 0 1.0005 1.0007 

61 58 50 

11 

3.7 

5.3 

0.55 

57.7 

1.0013 

52 

b Iron 

16 21 

5.2 6.5 

a .2 4.0 

0.48 0.49 

56.4 55.2 

1.0007 1.0004 

60 60 

aThe  height and thickness  of the movable reflector were fixed at  24 and 7 cm respectively. 

bFor these experiments the polyethylene scat terers  and the beryllium control rods were replaced by iron. 

'ax i s  a measure of the shape  of the reactivity-displacement curve for the movable reflector and equals  

[p(O) -. p ( x ) ] / x 2 ,  where fix) i s  the reactivity a s  a function of the linear displacement x from the position of maxi- 

mum reactivity. 

dThe s l o w  component has  not been measured precisely.  

eBased on Peff 7 0.00645. 

fThese  values assume a pulse  repetition rate of 100 s e c - l  and a reflector speed of 2.83 X IO4 cm/sec.  
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ra te .  Values  of 0, derived from and izl meas-  
ured i n  t h e s e  experiments and other  des ign  
parameters, appear  in  T a b l e  2.7.1. T h e  resu l t s  
subs tan t ia te  t h e  nuclear  des ign  of SORA and 
show tha t  a movable reflector of ei ther  beryllium 
or iron wil l  produce sa t i s fac tory  neutron p u l s e s .  
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2.8 METHOD FOR ESTIMATING CRITICAL 
CONDITIONS OF LARGE ARRAYS OF 

URANIUM 

J .  T. Thomas 

In view of the  large safe ty  fac tors  present ly  
used  i n  t h e  spec i f ica t ion  of s torage  and transport 

of fissile mater ia ls ,  it seems rcasonablc  that  
knowledge t o  within 5% of the  number of uni t s  
required to b e  c r i t i ca l  a t  a given s p a c i n g  would b e  
a sat isfactory b a s i s  for nuclear  sa fe ty  eva lua t ions .  
Experimental d a t a  from cr i t ica l  a r rays  of enriched 
uranium metal cyl inders  uf var ious sizes and 
s h a p e s  a r e  correlated by a neutron nonlenkage 
parameter (1 I N B ; ) - ' ,  which l e a d s  to 

N B ;  = cons tan t  . ( 1) 

Here N is t h e  to ta l  number of uni t s  i n  a cuboidal  
array, and $1; i s  defined a s  

where 

- number of uni t s  a long i th edge ,  

dl = dimension of unit in direct ion of i, 

6 = unit sur face  separat ion,  

= a s u i t a b l e  extrapolation d i s t a n c e ,  determined 
empirically. 

Multiplication factors  for s e v e r a l  a r rays  whose 
c r i t i ca l  s p a c i n g s  werc determined by Eq. (1) were 
computed by a Monte Carlo c o d e  (the GEM-?, 
code) '  that  had been  used  successfu l ly  t o  calcu-  
l a t e  multiplication fac tors  for f ive  c r i t i ca l  experi- 
ments performed with var ious uni ts .  T h e  r e s u l t s  

Table 2.8.1. Unreflected Cr i t ica l  Arrays of Enriched Uranium Metal Cylinders and Computed 

Mu1 t i p I i c ut ion Factors 

Mass Diameter Height -to-Diameter Surface Separation Calculated 

(kg) (4 Ratio R 1  2 n  3 (cm) keff 
Unita 

A 6  10.434 11.481 0.47 4 4  4 3.952 0.9937 

A4 10.489 9.116 0.95 3 3 3 2.436 0.9919 

B 15.683 11.490 0.70 3 3 3 4.204 0.9836 

C 20.877 11.484 0.94 3 3 3 6.363 0.9961 

D 26.113 11.486 1.17 3 3 3 8.491 0.9955 

aThe  entr ies  in th i s  column identify the types  of units, which are  described i n  detail in ref. 1; each unit cons is t s  

of U(93.2) metal a t  a density of 18.76 g/cm3. 
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T a b l e  2.8.2. Mult ipl icat ion Factors from Monte Carlo Calculat ions of Arrays 

of Uranium Metal Cylinders 

_ ..... .. .. ....... .--I___ _.I_I 

64 Units 216 Units 512 Units  1000 Uni ts  
......... -____I._-- ~ Unita 

ke ff  9 (cm) keff 6 (cm) keff  6 (cm) keff 6 (cm) 

A 6  3.352 0.9937 7.060 0.9875 9.619 0.9978 11.852 0.9916 

A 4  4.625 1.000G 8.118 0.9766 10.973 1.0074 13.451 0.9758 

B 6.816 0.9983 11.032 1.0081 14.504 1.0004 17.531 1.0202 

C 9.601 1.0046 14,818 0.9937 19.107 1.0023 22.841 0.9314 

D 12.363 1.0022 18.567 0.9982 23.653 0.9853 28.074 0.9800 

entr ies  in this  column identify the types of units, which are d e s c r i b e d  i n  detai l  in r e f .  1. 
% a h a s  of the surface separation of the uni ts  i n  the critical a r r a y s  were deteimined with Eq. (1). 

of t h e  experiments  and the  corresponding ralcu- 
la ted  multiplication fac tors  are given in  T a b l e  
2.8.1. T a b l e  2.8.2 summarizes  typ ica l  resu l t s  for 
t h e  arrays, all of which had large v a l u e s  of N.  
T h e  s imilar i ty  of the  multiplication fac tors  for t h e  
a r rays  t o  t h o s e  ca lcu la ted  for the  experiments  may 
be regarded a s  a cred ib le  evaluat ion of t h e  
appl icabi l i ty  of Eq, (1) t o  la rge  a r r a y s  of uni ts .  

'Furnished by the  United Kingdom Atomic 
Energy Authority, Heal th  and Safety Branch. 

* J .  T. Thomas,  Cri t ical  Three-Dimensional Arrays 
of Neutron-Interact ing Uni ts ,  Part 11. U(93.2) 
Metal, ORME-TM-868 (July 1964); H. C .  Paxton  
et nl. ,  Cri t ica l  Dimensions of Systems Containing 
U 2 3 5 ,  P u ~ ~ ' ,  a n d  U 2 3 3 ,  TID-7028, p .  132 (June 
1964). 

3T1CAblfY OF LATTICES OF HEAT 
TRANSFER REACTOR EXPERlME 

FUEL ELEMENTS 

E. H .  Johnson R .  K.  Reedy 

A s e r i e s  of experiments  h a s  been  completed t o  
determine t h e  c r i t i ca l  parameters  of l a t t i c e s  of 
Heat  Transfer  Reactor  Experiment (IiTRE) fuel  
e lements ,  primarily i n  geometr ies  and environ- 

ments  of in te res t  for transport, s torage,  and 
chemical  d i sso lu t ion .  T h e  var ie ty  of c r i t i ca l  
l a t t i c e s  w a s  limited by t h e  small number of ele- 
ments  ava i lab le .  

T h e s e  e lements  a r e  of three t y p e s ,  as shown iii  

T a b l e  2 - 9 " l .  They  c o n s i s t  of thin concentr ic  
annular fuel  p l a t e s  c l a d  with Nichrome; e a c h  
p la te  i s  s l igh t ly  more tha!? 1 in .  long  and ad jacent  
c l u s t e r s  a r e  s p a c e d  0.125 in .  T h e  core material is 
a U0,-Nichrome cermet containing uranium e n -  
r iched to 93.2% i n  2 3 5 U .  

Arrays of t h e s e  e lements  were made cr i t i ca l  
with water  arid with d i lu te  aqueous U(92.6)0,(NQ3), 
solut ion of two concentrat ions (to s imula te  d is -  
so lver  environments) as moderator and reflector; 
o n e  solut ion concentrat ion was 3.97 g of 2 3 5 U  

per l i ter  and the other w a s  8.02 g of 2 3 5 U  per 
l i ter .  In some of t h e  s l a b  l a t t i c e s  i n  water, s h e e t s  
of cadmium were p laced  hetween rows to s e r v e  as 
a neutron absorber as they might in  a shipping 
coil t aiiier . 

Typica l  of t h e  resu l t s  obtained i n  the three 
l iquids  which served  as  moderator and reflector 
were those  with a la t t ice  of nine of t h e  elements ,  
containing 1036 g of 2 3 5 U  each ,  arranged i n  a 
s q u a r e  pattern; i n  water t h e  c r i t i ca l  sur face  
separa t ion  of t h e  e lements  w a s  1.15 in., i n  t h e  
solut ion containing about  4 g of 2351J per l i ter  i t  
w a s  1.70 in., and in  t h e  solut ion containing about 
8 g of 2 3 5 U  per  liter it w a s  2.85 i n .  

A l inear  array of 26 e lements  (15 e lements  con- 
ta in ing  1036 g of 235U,  8 containing 1198 g, and 
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Table 2.9.1. Dimensions of the HTRE Fuel Elements 

. 

Maxiinurn Fuel  P la te  Length of F u e l  Number of Annular 
Plates per N ~ m b e r  of Elements Diarncter P la te  

(in.) (in.) 

Mass of 2 3 5 ~  Overall Length 

(9) (in.) Sec tiona Available 

.. . . . . . . . . . . . .. . . . . .. ____ 

1198.0 30.750 2.690 1.615 12 8 

1036.4 29.125 3.432 1.530 14 15 

781.8 29.125 2.460 1.530 10 8 

aThe longitudinal separation of clusters of concentric annular plates  was 0.125 in.; the radial separation of ad- 

jacent  p la tes  within a c luster  was  not uniform, even within a n  element of a particular type, but ranged between about 

0.115 and 0.200 in.  The  thickness of the plates  ranged from 0.013 to 0.027 in.  

3 containing 782 g) w a s  subcr i t ica l  i n  water, and a 
l ine  of s i x  of t h e  1036.4-g e lements  (as many a s  
could be ins ta l led  in  thc  smaller  tank used  for t h e  
solut ion experiments) w a s  also subcr i t ica l  a t  t h e  
lower solut ion concentration; however, f ive  of the  
la t ter  e lements  in  l ine  i n  t h e  more concentrated 
solutioil were subcr i t ica l  by only 8 c e n t s .  

Three  rows of elements  i n  s l a b  geometry were 
made cr i t i ca l  i n  water  with a s u r f a c c  s p a c i n g  of 
3.25 i n .  between the rows and with t h e  e lemeats  
within a row i n  contact ;  t h i s  la t t i ce  cons is ted  of 
two rows e a c h  of s e v e n  of the  1036-g e lements  
with a row of e ight  of t h e  1198-g e lements  be- 
tween.  T h e  c r i t i ca l  separa t ion  of t h e  rows when 
s h e e t s  of 30-mil-thick cadmium were centered 
between them w a s  1.5 in .  

2.10 EXPERIMENTAL ~ ~ ~ ~ ~ ~ ~ ~ A ~ I ~ ~  OF 
SAFE HANDLlNG PROCEDURES FOR HIG 

FLUX ISQTOPE REACTOR FUEL ELEMENTS 
OUTSIDE THE REACTOR’  

S. J .  Raffety J .  T. Thomas 

A series of cxperiments  h a s  been performed with 
t h e  fuel. e lement  fabricated for t h e  third High Flux 
Iso tope  Reactor  Cri t ical  Experiment (HFIRCE-3) 
t o  e s t a b l i s h  safe condi t ions for the  routine 
handling, shipping,  and s torage  of HFIR fuel  
ou ts ide  t h e  reactor. T h e  negat ive react ivi ty ,  o r  
the  shutdown margin; of t h e  HFIRCE-3 fuel ele- 
ment when submerged i n  a n  effect ively inf ini te  
water reflector was  found to b e  1.15 1 0 . 0 9  dol lars .  

T h e  shutdown margin with a s torage  pos t  i n  t h e  
target region w a s  8.57 t 0.32 dol lars ,  and t h e  
shutdown margin with a 0.026-in.-thick cadmiurn 
s h e e t  wrapped around t h e  element  leaving a 2- in .  
water gap w a s  about 17 dol la rs .  T h e  effect of 
d isp lac ing  water  from t h e  target  region w a s  s tudied 

by placing Styrofoam cyl inders  in t h e  submerged 
element .  It was found, for example,  that  t h e  s u b  
merged HFIRCE-3 element would b e  c r i t i ca l  if 

lS% of the water  w a s  d isp laced  from t h e  target  
region and that  t h e  maximum increase  in  react ivi ty ,  
about 4 dollars ,  would be produced by d isp lac ing  
approximately 69% of the water  from the  target  
region. Displacing water i n s i d e  t h e  s torage  pos t  
reduced t h e  shutdown margin of t h i s  sys tem t o  a 

minimum of 3 dol la rs  when all t h e  water had  been  
d isp laced  froin t h e  pos t .  T h e  negat ive react ivi ty  
value of var ious s t a i n l e s s  s t e e l  s t r i p s ,  with and 
without boron, which could be  inser ted  between 
t h e  fuel  p l a t e s  of t h e  element w a s  determined and 
is reported in tabular  and graphical  form. T h e  
effect  of s t e e l  or combinations of steel and lead  
or s t e e l  and concre te  as ref lectors  d i sp lac ing  
water  ad jacent  to  t h e  submerged element  w a s  also 
s tudied.  Reflectors  of s t e e l  or l e a d  less than 
3.5 in. thick reduced the  react ivi ty  of t h e  system, 
but greater t h i c k n e s s e s  increased  t h e  react ivi ty ,  
with lead producing t h e  greater  increase .  T h e  
HFIRCE-2 fue l  e lement  w a s  u s e d  with t h e  
I-IE’IRCE-3 element  t o  s tudy t h e  interact ion of two 
submerged e lements  i n  close proximity. T h e  
interact ion was found t o  b e  very smal l  if t h e  ele- 
ments were separa ted  by 6 in. or more, but w a s  
qui te  important i f  t h e  separa t ion  w a s  less than 
4 in. For example, with t h e  axes of the  two 
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e lements  in  t h e  same plane,  with a sutface- to-  
sur face  separa t ion  of 1 in., and with s torage  p o s t s  
i n  both ta rge t  regions,  t h e  two-element sys tem w a s  
c r i t i ca l  with a water  height  which produced only a 
2.49-in. top ref lector .  

References 

'Abstract  of ORNL-TM-1188 (in publication). 

2.11 S n  CALCULATIONS OF THE ABERDEEN 
PULSE REACTOR 

Table 2.11.1. Calculated Properties of the 
Aberdeen Pulse  Reactora 

Multiplication constant with a l l  rods inserted 

Overall dimensions, in .  

1.015 

Diameter 8.90 

Height 8.08 

Worth of irradiation cavity inseit  (Ak) 0.00568 

Peak-to-average power density ratio 1.95 

A k  per cm change in height 0.014 

0.0048 A k  per percent change in  density of U-Mo 

J .  'r. Mihalczo 

Some of t h e  charac te r i s t ics  of t h e  Aberdeen 
P u l s e  Reactor '  (APR) h a v e  been  es t imated  by Sn 
t ransport  theory ca lcu la t ions  .* T h e s e  character-  
istics inc lude  t h e  c r i t i ca l  geometry, the  peak-to- 
average power dens i ty  ratio, and var ious react ivi ty  
e f f e c t s .  T h e  A P R  is s i m i l a r  to  t h e  Health P h y s i c s  
Kesearch  R e a c t o ~ , ~  modified to inc lude  a 2.16-in.- 
diam axial irradiation cavi ty .  T h e  diameter  of t h e  
APR is greater, 8.90 v s  8.00 in.; t h e  height  is 
less, 8.08 v s  9.05 in.; and t h e  safe ty  block is 
longer, ex tending  t h e  full length of t h e  core .  

T h e  ca lcu la t ions  employed t h e  six-group cross 
s e c t i o n s  of Hansen  and Roach4 for 2 3 5 U ,  238U,  
iron, nickel ,  and molybdenum and employed t h o s e  
of Connolly' for chromium. T h e  method w a s  

verified by the sa t i s fac tory  calcrilatioti of some 
cr i t ica l  cy l inders6  of U-Mo al loy of t h e  same 
composition. In t h e  cyl indrical ly  symmetr ic  
geometry used t o  mock up t h e  APR i n  t h e s e  calcu-  
la t ions ,  t h e  s t ructural  material near t h e  c o r e  w a s  
taken  i n t o  account .  T h e  resu l t s  of the  ca lcu la t ions  
a r e  given in T a b l e  2.11.1. 

aThe reactor core is a uranium-molybdcrrum alloy con- 

taining 10% &lo9 with the uranium enriched in  2 3 5 U  t o  

93.2 wt 70. 
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Group Cross Sect ions  for F a s t  and Intermediate 
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Sect ions,  LA-2941, p .  45 (September 1963). 
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3.1 ~ ~ A ~ U ~ E M E ~ T S  AND SINGLE-VELOCITY 
CALCULATIONS OF DtFFERENTlAL ANGULAR 

THERMAL-NEUTRON ALBEDOS FOR 
CONCRETE’ 

R. E. Maerker F. J. Muckenthaler 

Single-velocity Monte Carlo ca lcu la t ions  and 
measurements  have  been performed t o  determine 
t h e  differential angular thermal-neutron a lbedos  
for a reinforced concrete  from monodirectional 
beams of incident  theriiial neutrons, P re1 irriiiiary 
ca lcu la t ions  u s i n g  a s t a t i s t i c a l  es t imat ion tech- 
nique ind ica te  that  up to 50 sca t te r ings  should b e  
followed for e a c h  neutron i n  order to produce good 
e s t i m a t e s  of t h e  differential a lbedos,  and up t o  
100 sca t te r ings  t o  produce good e s t i m a t e s  of t h e  
capture  gatnmaray different ia l  d o s e  albedos.  De- 
viation between experiment and calculat ion c a n  b e  
reduced to  a n  average  of 5.1% for 72 poin ts  of 
comparison i f  an anisotropic  sca t te r ing  law for 
water  deduced from ear l ier  Argonne National Lab- 
oratory measurements  i s  assumed. 

References 

‘Abstract  of paper  submit ted t o  Nuclear S c i e n c e  
and Engineering. 

F. J. Muckenthaler 
J. L. Xliill 

J. J. Manning 
K. M. Henry 

An experimental program was performed at t h e  
Tower Shielding Fac i l i ty  concurrently with a Monte 

Carlo calculat ion to  measure, as  a function of t h e  
angles  of inc idence  and emergence, contr ibut ions 
made by incident  subcadmium neutrons and epi- 
cadmium neutrons to t h e  thermal-neutron flux t h a t  
is sca t te red  from a concrete  s lab.  T h e  ref lected 
flux d u e  to incident  thermal neutrons, reported 
previously, was obtained through a subtract ion 
p r o c e s s  involving 16 different  measureiiients at 
e a c h  of 72 Combinations of t h e  angle  of inc idence  
and the polar  and azimuthal a n g l e s  of reflection. 
T h e  contribution from incident  epicadmiurn neutrons 
w a s  determined i n  t h e  same subtract ion p r o c e s s  
us ing  only e ight  of t h e  measurements. T h e s e  were 
cadmium-covered and bare-detector readings  for 
both foreground and background measiirements for 
t h e  cases of cadmium over  t h e  reactor  collimator 
and cadmium over  t h e  reactor  collimator and con- 
c re te  slab. ( T h e  background measurements were 
made with t h e  s l a b  rotated so  that  the horizontal 
center  l i n e  of the front face of  the  s l a b  was coin- 
c ident  with t h e  line-of-sight of the  detector.) 

A tightly col l imated heam of neutrons w a s  ob- 
ta ined for t h i s  experiment by p lac ing  a 92-in.-thick 
water sh ie ld  ad jacent  to the  15-in.-diam beam port 
of t h e  Tower Shielding Reactor  I1 beam shield.  
T h i s  addi t ional  sh ie ld ing  contained a s tepped col- 
limator, with t h e  neutron beam emerging through a 

hole  2?4 in. i n  diameter and 36 in. long. ‘The beam 
collimator contained a cadmium s l e e v e  tha t  ex- 
tended 1 2  in. outward from t h e  sh ie ld  toward the  
s l a b  to further reduce the  spread  in  t h e  thermal- 
neutron b e a n  a t  the  concre te  slab, A concre te  
s lab ,  6 ft s q u a r e  and 9 in. thick and located 8 f t  
from t h e  end of the  collimator, w a s  a t tached  to a 
turntable t h a t  rotated t h e  s l a b  about  both its verti- 
cal and horizontal axis .  T h e  pivot  point w a s  lo- 
ca ted  i n  t h e  middle of t h e  sur face  of the s l a b  upon 
which t h e  neutrons were incident. 

Themial-neutron f luxes  and fast-neutron d o s e  
r a t e s  (with t h e  cadmium s l e e v e  removed) were 



27 

Table  3.2.1, Thermal-Neutron F luxes Reflected from 

Concrete for Incident Epicadmiurn Neutrons 

G 8 
(deg) (deg) 

15 19.0 
33.5 

44.0 
52.0 

60.0 

57.0 
74.0 
80.4 
86.8 

45 80.4 
86.8 

135 19.0 
3 3.5 

44.0 
52.0 

60.0 

67.0 
74.0 

80.11 
8G.8 

___I .......................... ___._ 

Thermal-Neu tron Flux 

(neutrons cm-' sec-l w-') 

1.08 

9.20 
7.44 1 0 - ~  

6.32 x 
4.64 1 0 - ~  
3.30 1 0 - ~  

2.10 1 0 - ~  

1.15 

1.31 1 0 - ~  

1.06 j (  

8.99 

5.98 x lo-' 
4.47 
3.26 

2.05 

1.16 
3.52 x 10-6 

4.06 x 

2.71 x 

7.31 x lo-' 

measured i n  a p lane  perpendicular to  the  a x i s  of 
t h e  beam collimator a t  t h e  sur face  of t h e  concre te  
s lab .  T h e s e  r e s u l t s  were integrated t o  obtain t h e  
total dose  ra te  and thermal-neutron flux incident  
upon t h e  slab. 'The fast-neutron spectrum from 
t h i s  reactor  was determined ear l ie rm3 

T h e  sca t te red  thermal-neutron flux w a s  measured 
by a BF, detector  loca ted  i n  a water  sh ie ld  a t  a 
fixed d i s t a n c e  of 31 ft from the  center  of the s l a b  
surface.  T h e  water  sh ie ld  contained a collimator 
tha t  permitted t h e  detector  to see the  whole s l a b  
when the  s l a b  w a s  perpendicular to  t h e  detector  
shield. T h e  detector  sh ie ld  moved through an a r c  
i n  the  horizontal p lane  that  p a s s e d  through t h e  
reactor beam center  l i n e  while  t h e  s l a b  w a s  rotated 
about both its horizontal and ver t ical  axis .  T h i s  
permitted t h e  determination of sca t te red  thermal- 
neutron f luxes  for combinations of four a n g l e s  of 
beam inc idence  (0,)  and n ine  polar (0) and s i x  
azimuthal (5,) a n g l e s  of emergence. 

Typical  r e s u l t s  a r e  given i n  T a b l e  3.2.1 for a n  
incident  angle  of 60". 
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R. E. Maerker 

Calcu la t ions  of doubly differential angular and 
energy current a lbedos,  drl,,/&, as  funct ions of 
t h e  incident  energy group (AE,)  and the  c o s i n e s  
of t h e  incident  and ref lected polar a n g l e s  (p, and 
p respect ively)  were reported previously' for monCp 
direct ional  beams of epicadmium neatrons incident  
on concre te  with e n e r g i e s  up to 200 keV. ( T h e  
a n g l e s  a r e  def ined with respec t  to a n  inwardly 
drawn s l a b  normal.) T h e  resu l t s  have  s i n c e  been  
extrapolated t o  10 MeV, as sh(j\vn i n  T a b l e  3.3.1., 
and t h e  ca lcu la ted  a lbedos  h a v e  been  compared 
with a lbedos  obtained from a s e r i e s  of experiments  
performed a t  the  Tower Shielding Fac i l i ty  and 
descr ibed in  Sect. 3.2, 

In t h e  experiments, iiionodirectional neutrons 
were ref lected from a 3-in.-thick concrete  s lab,  
and the  contribution t o  t h e  reflected subcadniiurn 
flux due  to inc ident  epicadmiuiii neutrons was 
measured for var ious v a l u e s  of p, and p. In de- 
termining t h e  experimental a lbedos,  t h e  absolu te  
spectrum of neutrons incident  on t h e  s l a b  w a s  
constructed as follows, Above 1 MeV the  spectrum 
w a s  assumed t o  b e  t h e  same as  that  reported 
ear l ier  for almost  the  same geometryJ3 and i n  t h e  
region from 200 k e V  to 1 MeV i t  w a s  obtained by 
extrapolat ing t h e  measurements above 1 MeV down 
to 200 keV. T h e  spectrum i n  the  region above 200 
keV w a s  then normalized t o  yield the measured 
fast-neutron d o s e  rate  incident  upon t h e  sur face  



Table 3.3.1. Curve-Fitted Values of  Subcadmium Neutron Albedos Produced by Slowing 

Down of  Incident Epicadmiurn Neutrons 

dat,/dQ 
[(subcadmium neutrons) sr- 1 

(source neutron)'--'] 
BE0 

~ ~~ 

ath (neutrons/source neutron) 

................... .- ~ 

0.016 + 0.027 p, 

0.024 + 0.033 po 

0.029 + 0.039 p, 
0.035 + 0.040 p, 
0.042 + 0.048 p, 
0.052 + 0.049 p, 
0.061 i 0.067 p, 
0.074 + 0,081 po 
0.095 + 0.096 /lo 

0.150 + 0.084 p, 
0.248 + 0.064 p, 
0.431 + 0.001 po 

lpl(1 + 1-73 lp1)(0.0028 + 0.0044 p,) a I 2.64-9.57 MeV 

0.72.5-2.64 MeV 

200-725 keV 

55,l-200 keV 

15.2-55.1 k e V  

4.2-15.2 k e V  

1.15-4.2. keV 

0.32-1.15 keV 

0.087-0.32 keV 

24-87 e V  

6.6-24 eV 

1.8-6.6 eV 

0.5-1.8 eV 

IpI(1 -1- 1.73 I/~l)(0.0024 -t- 0.0040 I),,) 

Ip \ ( l  + 1.73 1p1)(0.0036 -1- 0.0049 /lo) 

Ipl(1 -t 1.73 / /~l)(0.0043 + 0.0058 p,) 
Ipl(l + 1.73 IpI)(0.0052 + 0.0059 p,) 
Ipl(l + 1.73 IpI) (0.0062 + 0.0071 p,) 
IpI(1 + 1.73 1/~1)(0.0077 + 0.0073 p,) 
IpI(1 + 1.73 IpI) (0.0090 + 0.0099 p,) 
Ipl(1 + 1.73 Ipl)(O.Oll + 0.012 p,) 

I/r\[(O.Ol8.5 + 0.0150 p o )  + lp1(0.0177 + 0.0235 ,io)] 

lp1[(0.0332 + 0.0085 p,) + lp1(0.0220 + 0.0268 pod 
lpl[  0.0595 -1- Ip1(0.0290 + 0.0305 p,)] 

lp\[(O.124 - 0.035 p,) -t lpl(0.020 + 0.053 p,)] 

aExtrapolated values. 

Table 3.3.2. Comparison of  Measured Spectrometer Responses with Calculated R e s p o n s e s *  

R e s p o n s e  (counls /30  sec/kW) Fi l ter  

No. Measured Calculated 
... ......... ................... ........ 

0 1.96 lo5  2.19 lo5 
1 3.16 lo3  3.05 l o 3  

3 1.45 lo3  1.60 lo3  
4 1.17 103 1.27 lo3  
5 9.7s Y 10' 1.15 lo3  

7 7.4 x 10' 7.9 x l o 2  

2 2.32 lo3  2.40 x l o 3  

6 8.7 x 10' 9.8 x 10' 

8 5.65 x 10' 6.0 x 10' 

9 4.85 k 10' 5.0 x 10' 

11 3.3s x 10' 3.36 x 10' 

10 4.2 x 10' 3.9 x l o 2  

Response  (counts /30  sec/kW) __ Fi l ter  

No. Measured Calculated 

12 2.65 x 10' 2.72 x 10' 

14 1.98 x 10' 1.76 x 10' 

15 1.60 x l o 2  1.47 x 10' 

16 1.26 x 10' 1.13 x 10' 

7.0 x 10 ' 18 

20 4.2 x 10' 2.9 x 10' 

22 2.4 x 10' 7.6 x 10' 

.... __ 

13 2.29 x 10' 2.20 x lo2  

17 1.20 x 10' 9.5 x 10' 

19 7.5 x 10' 4.9 x 10' 

21  3.5 x 10' 1.9 x 10' 

9.5 x 10' 

response  of fi lter 23 h a s  b e e n  subtracted from each of  the measured and calculated values. 
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of the  s lab .  From 10 t o  200 k e V  t h e  spectrum w a s  

assumed t o  b e  roughly l / v q ,  so that  i t  jo ined 
smoothly with t h e  normalized spectrum at 1 MeV. 

In t h e  region f rom 0.5 eV t o  1 0  keV the  spectrum 
:vas determined from measurements  with a recently 
developed boron f i l ter  s p e c t r o ~ n e t e r . ~  ?'able 3,3.2 
s h o w s  t h e  agreement between the  boron filter 
measurements  at t h e  point of intersect ion of t h e  
beam center  l i n e  and t h e  s l a b  sur face  arid the  
response  as  ca lcu la ted  by R. M. Freestone,  Jr . ,  
assuming a subcadmium Maxwellian spectrum a t  a 

teinpetature of 336"K, a 1 / E  spectrum i n  the range 
0.18 e V  to 10 keV, and a I/\@ spectrum in the  
range 10 k e V  to 1 MeV, T h e  counting eff ic iency 
of t h e  spectrometer  i n  t h i s  geometry w a s  assumed 
t o  be  0.242 for 0.0253-eV neutrons, and the  f luxes  
were normalized to the measured subcadmium flux 
and cadmium ratio. 

The absolu te  incident  neutron current spectrum 
integrated over t h e  sur face  of the  s l a b  w a s  t h u s  
deduced t o  b e  t h e  o n e  pictured in  Fig. 3.3-1, Tho 
ratio of t h e  surface-integrated value to  t h e  center- 
l i n e  va lue  was 352 for neutrons above  200 keV,  
216 for subcadmium neutrons, and 283 for neutrons 
i n  t h e  epithermal range (Le., betweeta 0.5 e V  and 
cu 200 keV). 

Taking  t h e  va lues  of T a b l e  3.3.1 (or, where 
possible ,  the  actual  Monte Carlo ca lcu la ted  va lues)  
fQr a given p, and p and. weighting the  contribu- 
tion from e a c h  energy group by t h e  fraction of t h e  

r- 

total  number of epicadmium neutroris i n  t h a t  group 
incident  upon t h e  slab (inimbers found by integrat- 
i n g  t h e  ord ina tes  of Fig. 3.3.1 between appropriate 
l imits)  yielded v a l u e s  of the  subcadmium differ- 
ent ia l  angular  a lbedos  for t h e  expcrimental epi- 
cadmium spectrum. Experimental v a l u e s  of t h i s  
same quantity were obtained by multiplying t h e  
measrired f luxes  a t  a given p o j  p9 and 4 (coiiven- 
tional azimuth) by t h e  quantity (3O.48lQ2 ex"'/ 
JF('(E,,A). CIA- dE,, where R is t h e  d is tance  (in 
feet)  from t h e  de tec tor  to t h e  geometric center  of 
t h e  slab sur face  (R h a s  a cons tan t  value of 31 ft 
for a l l  measured points), and t h e  double integral  
represents  t h e  total  number of epicsdinium neutrons 
incident  over t h e  sur face  of t h e  s lab.  Of the 31 
common poin ts  of calculat ion arid measurement, a 
disagreement  of 23% and o n e  of 35% represented 
t h e  l a r g e s t  var iance;  t h e  remaining 32 comparisons 
have  a root-mean-square disagreement of 4.5%. In 
t h e s e  comparisons,  s i n c e  no s ignif icant  azimuthal 
variation of t h e  subcadmium neutron differential 
a lbedo was measured, t h e  average  of the  s u b  

cadmiurn differential a lbedos  over  a l l  azimuths 
at which they were measured for a given / J . ~  and p 

was u s e d  t o  compare with the  differential a lbedo 
from t h e  azimuthally independent  calculation. 
Typical  resu l t s  are shown i n  T a b l e  3.3.3, i n  which 
a coinparison of t h e  measured and ca lcu la ted  s u b  
cadmium differential a n g u l a  a lbedos  is made for 

1 00 4 0' 402 103 104 

ENERGY (eV) 

1-- 

I 

-+t 

1 o5 106 

Fig. 3.3.1. Absolute Incident Spectrum of Neutrons on Concrete Slab Integrated over the Slab Surface. Slab was 

located a t  a distance o f  8 f t  from the outer edge of the reactor collimator. 
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Table  3.3.3. Comparison o f  Calculated and Measured 

Subcadmiurn Differential  Angular AI bedos Arising 

from the Epicadmium Spectrum of  Fig. 3.3.1 
Incident a t  60' with  Slab Normal 

Albedos [subcadmium neutrons sr-l 

(source neutron)-'] 
~ 

Measured; Measured; 
It4 

6,= Iso 6, = 135O Calculated 

0.944 2.43 x IO-' 2.38 x lo-' 2.47 x lo-' 
0.833 2.07 x lo-' 2.02 x lo-' 2.08 x lo-' 
0.722 1.67 x lo-' 1.64 x lo-' 1.71 x IO-' 
0.611 1.42 x lo-' 1.34 x lo-' 1.37 x lo-' 

0.5 1.04 x lo-' 1.00 x lo-' 1.05 x lo-' 
0.389 7.41 x 7.32 x 7.52 x 
0.278 4.72 x 4.61 x 4.91 x 
0.167 2.58 x low3 2.60 x 2.60 x low3 
0.0556 9.13 x 7.91 x 7.25 x l o w 4  
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3.4 MEASUREMENTS OF THE THERMAL- 
NEUTRON FLUX AND FAST-NEUTRON 
DOSE RATEDOWNARECTANGULAR 

CONCRETE DUCT WITH ONE AND 
TWO BENDS' 

F. J. Muckenthaler 
J. J. Manning 

J. L. Hull 
K. M. Henry 

Measurements of the  thermal-neutron flux and 
fast-neutron d o s e  rate  transmitted through a s t ra ight  

duct  with a 3-ft-square cross sec t ion  were reported 
in  t h e  previous annual .2s3 T h e  work h a s  s i n c e  
been extended to  inc lude  measurements  i n  t h e  
same duct  containing one  and two bends. T h e  
length of t h e  duc t  between e a c h  bend w a s  15 ft, 
giving an L/W ratio of 5. T h e  experimental pro- 
cedure w a s  t h e  same as tha t  descr ibed for the 

ORNL-DWG 66-6334 

t -  --t ,,-+ 

{ O  - 6 U  I I11 
0 6 12 i8 24 30 36 42 48 1st LEG 

6 ( 2  (8  3 r d  LEG 
DISTANCE ALONG DUCT AXIS ( f l l  

Fig. 3.4.1. Thermal-Neutron F luxes Along Axes of 

One-, Two-, and Three-Legged Rectangular Cancretc 

Ducts Due to Incident Thermal Neutrons. 
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straight-duct measurements, with the  zero posi t ion 
i n  t h e  second and  third l e g s  a lways  measured at 
t h e  point  where t h e  a x i s  of t h e  leg i n  which t h e  
measurements  were  being made in te rsec ted  the  
a x i s  of the  preceding leg. 

'The r e s u l t s  of  the  thermal flux measurements  
a long t h e  a x e s  of t h i c e  d u c t s  having one,  two, and 
three l e g s ,  respect ively,  are shown i n  Figs .  3.4.1 

O!?NL-DWG 5t-G335 

I ' A. 1 
I d5 

5 

2 

.1 d6 
0 6 12 18 24 30 36 42 48 Is1 ILEG 

3 9 $ 5  2.1 27 33 End LEG 
6 12 f8 3rd LEG 

DISTANCE AL.ONG D V C i  AXIS ( I t )  

Fig. 3.4.2. TherrnoI-Neutron Fluxes Along Axes of 

One-, Two-, and Three-begged Rectangular concrete 

and 3.4.2. T h e  contr ibut ions from thermal neutrons 
incident  on  t h e  source  wall a re  given i n  Fig. 3.4.1, 
and t h o s e  from epicadmiurn neiztroris a r e  given in  
Fig. 3.4.2. T h e  fast-neutron d o s e  rate  measure- 
ments, made with a Hurst-type dasirneter, are 

plotted i n  Fig. 3.4.3, which shows the reduction 
in  the  d o s e  rate  obtained hy the  introduction of a 
90" bend i n  t h e  duct, The measiirements shown 
for t h e  second l e g  of t h e  duct  were limited by in- 
suff ic ient  neutron intensi ty .  

A s e p a r a t e  set of measurements  w a s  made with 
an i s o i  ropi call y s e n s i t i v e  fast-neu tron do s i  orefer4 
designed t o  giv3 a response propottional to the  
Snyder-Neufeld multico!lision dose  curve  over  an 
energy range from t h e  epicadmiurn region to  ap- 
proximately 15 MeV. 'This dosimeter  c o n s i s t s  of 

2 

IO 

5 

167 

5 

2 

I O  
0 6 I 2  18 24 30 315 42 48 Is I TC, 

DISTANCE %LONG OUCT AXIS ( i t 1  
3 9 I 5  2 j  27 33 2nd L F G  

Fig. 3.4.3. Fast-Neutron Dose Rates in  One- and Two. 
Legged i?acbangirlar concrete Ducts (Hurst Dosimeter 

Ducts Due t o  Incident Epicadmiurn W ~ u t r o n s .  Measurements). 
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Tabla 3.4.1. Mul t ica l l is ion Fast-Newtron Dose Rates Along the Axis  of a Three-Legged Rectangulor Concrete Duct 

Detector Dose Rate (ergs g-' h-l  Vi-') 
- 

Location (ft) 8-in. Ball 10-in. Ball 12-in. Ball 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 

1 2  

13 

14 

15  

0 

0.5 

1 

1.5 

2 

3 

First Leg 

8.30 3.00 

3.25 1 0 - ~  3.08 lo--, 1.73 

3.86 2.41 1.66 

2.51 1 0 - ~  1.51 lo-, 1.01 

9.15 5.43 io-4 3.59 

6.02 3.55 2.31 

4.06 2.36 1.56 x 

1.47 1 0 - ~  8.53 5.67 

1.10 6.32 1 0 - ~  4.19 

6.32 1 0 - ~  3.62 2.48 

5.03 2.86 1.97 

4.16 lo-' 2.42 IO-' 1.65 10--~ 

4.64 los5 2.89 1.93 

4.71 2.99 2.03 

4.55 2.89 1.93 1 0 - ~  

3.51 1.90 1.08 1 0 - ~  

1.48 x 8.88 x 5.82 x 

2.84 x l o w 4  1.63 x 1.06 x 
2.04 x 1.17 x lom4 7.70 x 

8.25 x lo-' 4.74 x 3.22 x 

Second L e g  

1.48 x l ow5  7.55 x 4.15 x 
8.44 x 4.12 x 2.28 x 

. . . . . . .. . . . . . . . . . .. . . . . . . . . .- ... . .. . . . . . .. . .- 

a spherical  BF, counter p laced  i n s i d e  a poly- 
e thylene bal l  covered with cadmium. Preliminary 
s t u d i e s  indicated that  the  diameter of the  poly- 
e thylene  ball should b e  between 8 and 12  in. Since 
t h e  development of t h e  dosimeter w a s  incomplete 
when the  tiieasurements were made, i t  w a s  dec ided  
to make t h e  duc t  measurements  with three ba l l s ,  
8, 10,  and 12 in. in  diameter, and then to  inter- 
polate  between t h i c k n e s s e s  as required to obtain 
t h e  b e s t  approximation t o  t h e  Snyder-Neufeld multi- 
col l is ion d o s e  curve. T h e  results are shown i n  
T a b l e  3.4.1. 

T h e  response  of t h e  b a l l s  to a known d o s e  ra te  
w:is determined with a cal ibrated Po-Be source. 
T h e  center  of detect ion for each  ball (detector 
position) w a s  considered t o  b e  a point  on  t h e  sur- 
f a c e  of t h e  ba l l  n e a r e s t  t h e  zero  posi t ion in  t h e  
l e g  i n  which t h e  measurements  were being  made. 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

0 

1 

1.5 

2 

4 

6 

8 

10 

12 

13.5 
. . . . . . . 

Second Leg 

5.17 x 2.49 x 1.37 x 
3.32 x 1.60 x 8.47 x 
2.25 1.10 5.70 

1.59 io-6 7.69 3.9s 

1.15 5.49 ioe7 2.84 io-' 

6.47 3.10 10-7 1.65 

5.00 1 0 - ~  2.42 1 0 - ~  1.26 1 0 - ~  

3.97 1.91 1.02 1 0 - ~  

2-66 1.28 1 0 - ~  6.60 io-' 
2.29 x 1.09 5.74 x io-* 

2.17 1.12 5,7s  IO-^ 

1.12 4.45 ioss 1.99 io-8 

2.21 9.62 3.70 

9.15 3.86 2.15 1 0 - ~  , 

1.47 8.87 1 0 - l ~  4.44 io-1o 

8.68 x 4.21 x 2,16 x l oW7 

3.27 x 1.54 x low7 8,07 x lo-' 

Third L e g  

1.89 x loe7 8.45 x lo-' 4.36 x lo-* 

5.85 x 2.44 x lo-* 1.23 x l o m 8  

6.46 x 2.31 x lo-' 8.15 x lo-'' 
2.70 x 1.08 x lo-' 6.00 x lom1' 

1.57 x 6.04 x 1.05 x lo-'' 
......... ~ . .~  

T h u s  measurements  a t  t h e  zero posi t ion along the  
a x i s  of t h e  second leg do not correspond to  meas- 
urements a t  t h e  15-ft posi t ion in  t h e  f i rs t  leg. 
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R. E. Maerker 

Calcu la t ions  of t h e  thermal-neutron f luxes  and 
fast-neutron dose r a t e s  i n  one-, two-, and three- 
legged concre te  d u c t s  having 90° bends  have  been 
performed with a modified vers ion2 of the  flexible- 
geometiy Monte Carlo duct  code  originated by 
C a i n J 3  and t h e  resu l t s  have  been compared with 
t h c  d a t a  obtained i n  experiments  performed a t  the  
Tower Shielding Fac i l i ty  (TSF) and descr ibed i n  
Sect. 3.4. T h e  modifications cons is ted  primarily 
in t h e  incorporation into the  code of t h e  doubly 
differential thermal-neutron f lux and fast-neutron 
dose  albedo d a t a  previously developed under t h i s  
program. 

I n  t h e  c o d e  t h e  w a l l s  a r e  assumed to  b e  reflect- 
ing and absorbing s u r f a c e s  which ref lect  the  inci- 
dent  neutrons with reduced weight into various 
energy gioirps and  direct ions,  t h e  probabi l i t ies  
for which a r e  predetermined from t h e  doiihly dif- 
ferential a lbedo data .  For e a c h  wall interact ion,  
s t a t i s t i c a l  es t imates ,  b a s e d  o n  t h e  differential 
angular  a lbedo data ,  are made of the fast-neutron 
d a s e  ra te  or f lux  contribution t o  each of severa l  
de tec tors  loca ted  within the duct. The neutrons 
are followed i n  a random-walk procedure down t h e  
duct  until they e i ther  e s c a p e  out  t h e  front o r  rear 
end of t h e  duct  or a r e  ki l led by Russ ian  roulet te  
wheii their  weight f a l l s  below a predetermined 
value. 

F o r  fast-neutron d o s e  ca lcu la t ions  the neutrons 
RT’C kil led af ter  they suffer  more than a predeter- 
mined number of sca t te r ings  i n  t h e  lowest  energy 
group (200 to  750 keV), and n o  b ias ing  of the  sca t -  
ter ing probabi l i t ies  is used;  also, no h is tor ies  
are allowed for  neutrons which penet ra te  a corner 
wall, although a s t a t i s t i c a l  es t imate  based  on 
wall penetrat ion may be used  if desired.  

For s ingle-veloci ty  thermal-neutron calculat ions,  
b ias ing  of t h e  random-walk s c a t t e r i n g  probabi l i t ies  
inay b e  used i n  oIder t o  force more neutrons deeper  
into t h e  duct; t h e  b i a s  procedure employed i n  t h e  
code  is not  a s t rong  o n e  and simply amounts to 
sampling, from an i so t ropic  angular  distribution 
for t h e  pos tsca t te r ing  direction. AS with the f a s t  
neutrons, however, no history of a neutron which 
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penet ra tes  a corner wall during t h e  course  of i t s  
random walk is allowed, although a s t a t i s t i c a l  
es t imate  b a s e d  o n  wall penetrat ion may be made. 

In ca lcu la t ions  of t h e  s lowing down of epicad- 
mium neutrons t o  thermal energ ies ,  the manner i n  
which t h e  code  t r a c e s  a n  individual his tory is 
similar  to i t s  t reatment  of incident  thermal neutrons 
with two except ions.  Firs t ,  the  energy of t h e  
neuiroii is, of course,  kept  t rack of i n  the  random 
walk; second,  when t h e  energy f a l l s  below 0.5 eY, 
the  random walk samples  from t h e  thermal-neutron 
distribut.ion. An option i n  t h e  code  also p e m i t s  a 
calculat ion of t h e  slowing-down spectrum descr ibed  
by absolu te  f luxes  i n  e a c h  of 13 ene~gy  groups be- 
tween 0,s e V  and 8 MeV a t  severa l  detector  loca- 
tions. Secondaiy capiiire gafililla-ray dose ra tes  
may also he calculated,  the differential d o s e  albedo 
d a t a  be ing  taken f rom previously reported values. 

T h e  ca lcu la t ions  w e r e  carried out  for three 3- by 
3-ft-square duc t  configurat ions for which iiieasure- 
ments  were made a t  the  TSF (see Sect. 3.4). They 
include (1) a st raight  duc t  4 5  ft long, (2) a two- 
legged duc t  with a right-angle bend loca ted  15 ft 
down t h e  f i rs t  leg,  t h e  second l e g  beicig 30 ft i n  
length,  and (3) a three-legged duct  with tivo right- 
angle  bends, one  loca ted  1.5 f t  dowri t h e  f i r s t  l e g  
and t h e  second 15 ft dovra t h e  second leg, the 
third l e g  be ing  20 f t  i n  length. In a i l  three cases 
t h e  source  of neutrons w a s  incident  at an angle  of 
4 5 O  with respec t  to  a s i d e  wall normal, confined 
to a n  area approximately one-eighth tha t  of t h e  
mouth, and centered approximately a t  t h e  geometric 
center  of t h e  mouth. T h e  4 5 O  gmmetry w a s  used 
to s e r v e  as  a rigorous test of the  calculat ion,  be- 
c a u s e  t h e  f luxes  for detector  loca t ions  greater than 
severa l  fee t  from t h e  duc t  mouth would be due  
entirely to wal l -scat tered radiation. T h e  source  
spa t ia l  dis t r ibut ion w a s  determined for the experi- 
mental r e s u l t s  of t h e  beam mapping. 

5 

Fast-Neutron Dose Rates 

Fast-neutron d o s e  r a t e s  were ca lcu la ted  for only 
t h c  s t ra ight  duct  and the  two-legged duct, s i n c e  
t h e  experimental r e s u l t s  were  l imited t o  t h e s e  
cases. T h e  ca lcu la t ions  were normalized to t h e  
total  ournbcr of neutrons incident  on the duct  wall 
i n  e a c h  of the  s i x  energy groups u s e d  by the code 
i n  t h e  range 200 keV to 8 MvV, a number found by 
integrat ing t h e  fast-neution dosimeter response 
over t h e  p lane  of t h e  wall, and, u s i n g  the fast- 



neutron spectrum previously reported, converting 
the  d o s e  rate  to an incident  absolu te  number spec- 
trurn. F igure  3.5.1 s h o w s  a comparison of the  
ca lcu la ted  and measured resul ts .  In general, t h e  
agreement averages  bet ter  than 10% through 
orders  of fast-neutron d o s e  attenuation. 

Thermal-Neutron Distributions from a 
Thermal Source 

The ca lcu la t ions  were normalized to the 

five 

total 
number of subcadmiurn neutrons incident  o n  t h e  
duct  wall, a number found by integrat ing the thermal- 
neutron flux over t h e  p lane  of t h e  source  wall a s  
measured by a BF, detector. T h e  total. number of 
incident  subcadrnium neutrons w a s  found to  be  
1.65 x l o 4  neutrons sec-- '  W-- '. 

Fig. 3.5.1. Comparison of Colculation and Measure- 

ment of the Single-Collision Dose Rate Along the Center 

Lines of a Straight and a Two-Legged Square Duct. 
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Fig. 3.5.2. Comparison of Calculotion and Measurement of the Subcadmium Flux Along the Center Lines of a 

Straight, a Two-Legged, and a Three-Legged Square Duct (Thermal Source). 
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Figure  3.5.2 s h o w s  a comparisoon of t h e  ca lcu la ted  
and measured resul ts .  T h e  agreement averages  
about  20% i n  t h e  second aad  third l e g s  and 5% for 
most of t h e  s t ra ight  duct. For the  three-legged 
duct, i t  was n e c e s s a r y  to follow approximately 
18 wall backsca t te r ings  to  obtain 90% of t h e  flux 
contribution in  t h e  middle of t h e  second leg; 25 
wall backsca t te r ings  were required for the  third 
leg. With isotropic  biasing,  s t a t i s t i c a l  errors  i n  
t h e  second l e g  averaged approximately 10% for 
20,000 source  h is tor ies  in  a running time on  the  
CDC 1604 of 2 h; i n  the  third l e g  t h e  errors  aver- 
aged approximately 15% for 50,000 source  h is tor ies  
i n  a running time of close to 3 h. Although t h e  
code c a l c u l a t e s  t h e  d o s e  a r i s ing  from wall-capture 
secondary gamma r a y s  as well, t h e s e  resul.ts will 
not b e  presented  until some comparisons with TSF 
measurements  h a v e  been made. 

eutrasl Distributions from on 
Epicadmiurn Source 

In order  to  t e s t  t h e  accuracy of the  code  for t h e  
slowirig-down problem, ca lcu la t ions  were made of 
t h e  thermal-neutron f lux along the  center  l i n e  of 
the  three dnct configurations, and the  resu l t s  were 
compared with measurements  made at the  TSF. 

T h e  absolu te  epicadmium spectrum incident  upon 
the  source wall w a s  determined i n  a manner s imilar  
to  that  descr ibed i n  Sect. 3.3. Sincf  the  reactor 
collimator arrangement used  for the duct  measure- 
ments  differed f rom tha t  u s e d  for the  albedo meas- 
urements  and s i n c e  t h e  center  of the  source  wall 
WAS at  a different d i s t a n c e  from t h e  reactor col- 
limator than the  center  of t h e  s l a b  sur face  had 
been, a s e p a r a t e  set of measurements  vrith the  
boron filter spectrometer  w a s  made by T. V. Blosser  
a t  the  geometric c e n t e r  of t h e  mouth of the duct. 
T h e  ca lcu la t ions  of R. M. Freestone,  Jr., were 
then used to predict  the  spectrometer  response,  
assuming a Maxwellian subcadmium s h a p e  a t  a 
neutron temperature of 336"K, a l / E  t a i l  i n  t h e  
region 0,185 eV E ,  5 10 keV, and a l/dE transi- 
tion s h a p e  i n  t h e  region 10 keV =< E ,  2 1 MeV, 
with a n  eff ic iency of 0.217 at 0.0253 eV, the  whole 
normalized to t h e  incasured subcadmium flux and 
cadmium ratio. A comparison of t h e  measured and 
ca lcu la ted  r e s p o n s e s  is showu i n  T a b l e  3.5.1. 

T h e  absolu te  incident  neutron current spectrum 
integrated over  the  sur face  of the  source  wall w a s  

Table  3,5,1. Comparison o f  Measured olnd Calculated 

Spectrometer Responses a t  Geometric Center 

of Duct MouthB 

Response 

F i l t e r  [counts (30 sec)-I kW-'] 
NO. 

Measured Calculated 

0 
1 

2 

3 
4 
5 

6 

7 

8 

9 

10 
1 1  

1 2  

13 

14 

15 

16 

17 

18 

19 
20 

21  

22 

8.18 l o 5  
1.21 lo4 
8.34 lo3 

4.35 lo3  
3.83 io3  
3.29 lo3 
2.65 ;< lo3 
2.00 lo3  
1.78 103 
1.38 l o 3  
1.23 l o 3  
9.85 Y 10' 

5.21 x lo3 

8.22 x 10' 
6.70 x 10' 
5.26 x 10' 
4.90 x 10' 

4.00 x 10' 
2.86 x lo2 
2.49 x 10' 
1.79 x l o 2  

5.1 x 10' 
1.00 x 10' 

8.18 lo5 
1.09 104 
8.20 l o 3  

5.55 lo3  
4.45 lo3  
4.05 lo3 
3.38 io3  
2.75 103 
2.07 103 
1.78 lo3  
1.36 lo3 
1.18 lo3 

7.78 x 10' 

9.50 x 10' 

6.12 x 10' 
5.10 x l o2  

3.22 x 10' 

2.45 x l o 2  
1.69 x 10' 

6.7 x 10' 
2.6 x 10' 

3.95 x 10' 

1.02 x 10' 

aThe response of filter 23 h a s  been subtracted from 
each of the measured and calculated values. 

thus  deduced to b e  the  one shown i n  Fig. 3.5.3, 
T h e  ratio of the  sur face  integral  of t h e  current to 
t h e  flux a t  the  point  of measurement w a s  472 for 

a l l  neutrons above  200 keV,  and w a s  545 for a l l  
neutrons below 200 keV. 

Using t h e  spectrum above  0.5 eW shown i n  Fig.  
3.5.3 in t h e  duct  c o d e  produces  the center-line 
subcadmium f luxes  i l lus t ra ted  i n  Fig. 3.5.4, where 
comparisons a r e  made with t h e  measured values, 
Agreement, in general ,  averages  about the  same 
as t h a t  for incident  subcadmium neutrons, and t h e  
s t a t i s t i c a l  errors, number of wal l  backscat ter ings,  
and running t i m e s  for t h e  same number of source 
h is tor ies  a r e  comparable, 
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Fig. 3.5.3, Absolute Incident Spectrum of Neutrons on Source Wall Integrated over tho Surface Locuted a t  an 

Average Distance of Approximately 7 f t  from the Outer Edge of the Reactor Shield Collimator. 
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T a b l e  3.5.2. Cornporison of  Calculated Mult icol l is ion Dose Rate with  Bo31 Measurements 
_. . . . . . . . . ... . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. ... . . .. . . . .. . . . . ._ 

Dose Kate (erqs g-l h-' {Y-') 

Measured Measured 
Calculated 10-in. Bal l  

Center-Line Distance of 

Center of Detec tiorr 

from Mouth 
Leg 

12-111. Ball 
(ft) 

19 

23 

29 

3 3  

40 

2.5 x (2.1 x 10-6)a 1.9 x 1.35 x (1.1 x 

1.28 1 0 - ~  (1.2 1.05 1 0 - ~  6.6 x (5.1 x 
1.45 x lo-' (1.2 x lop8) 
1.08 x lo-' (9.0 x lo-") 

5.5 (4.9 4.5 1 0 - ~  2.85 (2.45 

9.2 x lo-' 
6.5 x lo-" 

6.4 x lo-' (4.8 x lo-') 

6.0 x 10...'' (5.1 x lO-'") 

efie dose rates  in parentheses  a re  those obtained when the center o f  detection was  assumed to b e  the center of 
the ball rather than the leading edge. 

T h e  epicadmium s p e c t r a  a t  several  loca t ions  
along t h e  duc t  cen ter  l ine  wcre a l s o  ca lcu la ted  
for t h e  threc-legged duct. Using thc flux-to-multi- 
col l is ion-dose fac tors  of Snyder and Neufcld,' 
epicadmium mult icol l is ion d o s e  ra tes  may b e  cal- 
cu la ted  a t  t h e s e  locat ions,  T a b l e  3.5.2 shows 
t h e  r e s u l t s  of t h i s  ca lcu la t ion  and a comparison 
with the  10- and 12-in.-diam bal l  measurements  
descr ibed i n  Sect. 3.4. 
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RESULTS OF THE T E  
LO OF THE EAST NC 
PERTIES OF &OM blD 

SPHERICAL SHIELDS' 

N. A. B c t z 2  F. H. Clark 

An extens ive  program of ca lcu la t ions  w a s  per- 
formed to check cer ta in  fast-neutron dose-rate 
measurements  made a t  Pro jec t  BREN i n  1962. 
T h e  response  charac te r i s t ic  of the modified long  
counter  w a s  computed. Nitrogen and oxygen c r o s s  
s e c t i o n s  were reviewed and used  i n  ca lcu la t ions  
of t h e  transport i n  a i r  of neutrons from a Cfidiva 
source  to a d is tance  of 66 g/cm2. Transport  re- 
s u l t s  obtained by Monte Carlo were compared with 
t h o s e  obtained by t h e  moments method. A spectrum 
at an 80-R/cm2 penetrat ion was determined. T h e  
perturbating effect  of a s t ruc ture  con the  neutroE 
field i n  its neighborhood was estimated. T h e  ef- 
fect  of var ia t ions of the spectrum with penetrat ion 
d i s t a n c e s  on d o s e s  computed with different weight 
funct ions w a s  a l s o  examined; the  Snyder-Neufeld 
multicollision phys ica l  d o s e  w a s  found to  vary 
with d i s t a n c e  i n  a way markedly different from 
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others  examined. Work w a s  also done on impor- 
t a n c e  sampling techniques,  espec ia l ly  the  ex- 
ponent ia l  transform, and the  sampling problem w a s  
formulated i n  a simplified, approximate expression 
to fac i l i t a te  s t a t i s t i c a l  interpretations. Final ly ,  
a number of sh ie ld  penetrat ion ca lcu la t ions  were 
performed to  compare with the  measiirements and 
to determine t h e  e f f e c t s  of sh ie ld  shape,  sh ie ld  
cavi ty  size, and s o u r c e  angular dis t r ibut ions inci- 
dent  on t h e  shields .  T h e  agreement between t h e  
ca lcu la t ions  and t h e  measiirements was  within t h e  
uncertainty i n  t h e  de tec tor  response  character is t ic .  
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3.7 MONTE CARLO CALCULATIONS OF THE 
PENETRATION OF NORMALLY INCIDENT 
NEUTRON BEAMS THROUGH CONCRETE' 

F. H. Clark N. A. B e t z 2  J. Brown3 

05R,  a Monte Carlo neutron-transport code, h a s  
been  adapted to  c a l c u l a t e  fast-neutron d o s e s  within 
and outs ide  concrete  s l a b  shields .  Such calcula-  
t ions were performed for a variety of sh ie ld  thick- 
n e s s e s  (0 to  180 cm) and for var ious monoenergetic 
s o u r c e s  from 0.7 to 14 MeV. T h e  concrete  chosen 
i s  ordinary concre te  with approximately 6% water 
content. R e s u l t s  are plot ted a s  t i s s u e  kerma v s  
penetration d is tance  for e a c h  source  e n e r w .  The  
source  is i n  each  case a broad normally incident  
beam. 
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3,8 MEASUREMENTS OF FAST-NEUTRON DOSE 
RATE TRANSMITTED THROUGH AN LiH 

COLLAR SHIELD 
SHIELD WITH AN IRON-OIL 

€7. J. Muckenthaler 
J. J. Manning 

J. L. Hull 
K. M. Henry 

Since experiments  for measuring t h e  radiation 
transmitted through an LiI-I shadow sh ie ld  designed 
for u s e  with the  Space  Nuclear  Auxiliary Power 
p l a n t s  will b e  conducted i n  a i r  a t  t h e  Tower Shield- 
i n g  Fac i l i ty ,  auxi l ia iy  sh ie ld ing  i n  the form of a 
col lar  will b e  required i n  order to minimize the 
contribution of air-scat tered neutrons to  t h e  meas- 
ured dose.  An experiment w a s  performed a t  the  
TSF to verify the  Monte Carlo ca lcu la t ions  which 
were done to  determine t h e  e f fec t  of the  col lar  
shield. For  t h i s  experiment the  shadow sh ie ld  
w a s  p laced  i n  a n  oil-filled tank into which movable 
iron s l a b s  were also p laced  a s  a mockup of t h e  
col lar  shield. T h e  neutron d o s e  transmitted through 
th is  assembly was then determined for var ious 
source  geometries. Pr ior  to  t h e  col lar  sh ie ld  ex- 
periment t h e  homogeneity of the  shadow sh ie ld  
w a s  determined by ut i l iz ing a tightly collimated 
neutron beam and detector. 

Since the  LiH w a s  c a s t  i n  its container, m e a s -  
urements were made to check on p o s s i b l e  c r a c k s  
i n  t h e  LiH a s  well as voids  between i t  and the 
wal l s  of t h e  cone-shaped container. T h e  LiH 
sh ie ld  w a s  centered i n  a cyl indrical  oil-filled iron 
v e s s e l  4 f t  i n  diameter through which t h e  larger 
e n d  of t h e  LiH s h i e l d  protruded. A collimated 
beam of neutrons approximately 174 in. i n  diameter 
w a s  impinged on t h e  smaller  end of the  LiH shield. 
T h e  neutron in tens i ty  transmitted through t h e  
sh ie ld  w a s  measured with a modified long  counter 
p laced  i n s i d e  a col l imat ing water  shield. T h e  a x e s  
of t h e  detector  and t h e  neutron beam were a lways  
coincident. T h e  LiH sh ie ld  w a s  mapped by moving 
t h e  assembly perpendicular to the neutron beam 
and rotating it 360" about i t s  axis. T h e  mappings 
did not reveal  any c r a c k s  i n  the  Lil-I but did show 
a separat ion between t h e  container  w a l l s  and t h e  
LiH. After t h e  LiH container  w a s  f i l led with 
mineral oi l ,  no neutron s t reaming w a s  observed. 

T h e  LiI-I (oil-compensated) sh ie ld  w a s  then 
p laced  i n  another iron v e s s e l  through which both 
e n d s  of t h e  LiH protruded (Fig. 3.8.1). A G-in.- 
diam collimator w a s  u s e d  for the  neutron beam to 
obtain adequate  neutron intensity. T h e  neutrons 
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Fig.  3.8.1 Experiment01 Arrnngerrment for LiM and Collar Shield Neutron Transmiss ion  Measurements. 

were incident  o n  t h e  smal le r  end  of  t h r  Lili shield,  vaiying from 1-in.-thick al ternat ing l a y e r s  to 10 
which w a s  mounted so that  i t s  a x i s  w a s  i n  the  in. of iron followed by 10 in, of oil. 
same horizontal p lane  a s  the  neutron bean .  T h e  The de tec to is  were placed i n  t h e  collimating 
iron v e s s e l ,  which w a s  approximately I f t  highs sh ie ld  at a d i s t a n c e  of 15 f t  f rom the  E iH  shield. 
10 ft wide, and  20 in. thick, contained all oil or a T h e  neutron d o s e  ra te  prof i le  w a s  mapped both at 
coinbination of oi l  and lO-in.-thick slabs of iron, the  point of inc idence  on t h e  col lar  sh ie ld  and a t  
Three  configurat ions of o i l  and iron were used,  t h e  15-ft detector  posi t ion with the TAW and col lar  
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Table  3.8.1. Measurenents of the Fast-Neutron Dose 

Rate Transmitted Through an L i H  Shield Placed in 

Col lar  Shield Consisting of 10 in. o f  Iron and 

10 in. o f  O i l  

o x  Long Counter Dosimeter  

(deg) (in.) (counts m i n - l  VI-’) (ergs g-” h-’ VI-’) 

0 

25 

45 

0 

25 

45 

0 

25 

45 

No Shield Behind LiH and Collar 

0 7.19 9.04 x lo-’ 
6 9.80 1 0 - ~  1.28 lo-” 

1 2  1.12 x 10-2 1.69 x 
18 6.62 8.88 x 
0 3.48 1 0 - ~  4.60 x lod8 
6 6.31 1 0 - ~  9.09 x 10-8 

1 2  6.94 9.67 x 
18 3.29 1 0 - ~  4.05 x lom8 
0 1.90 2.43 x 
6 2.86 

12 2.76 

18 1.51 

12-in. o f  Polyethylene Behind LiH Shield Only 

0 1.52 1 0 - ~  

6 2.37 

1 2  3.88 

18 4.38 1 0 - ~  

6 3.68 1 0 - ~  4.39 x 
0 1.27 1.41 x 

12 4.67 1 0 - ~  6.53 x lo-’ 

18 2.68 1 0 - ~  3.96 x 
0 1.06 x 1.11 x 10-8 

6 1.93 

12 2.21 

18 1.26 1 0 - ~  

19 in. o f  H 2 0  Behind b iH  Shield and Col lar  

0 3.88 x 
6 3.49 1 0 - ~  

12 3.25 1 0 - ~  

18 1.07 x 1 0 - ~  

0 5.70 

6 8.70 

12 9.20 

18 1.11 

0 9.40 

6 6.30 

12 4.90 1 0 - ~  
18 4.60 1 0 - ~  

sh ie ld  removed. Measurements  were made for 
a n g l e s  (0)  of neutron inc idence  of 0, 25, and 459 
For e a c h  a n g l e  the  col lar  sh ie ld  w a s  moved so 
t h a t  t h e  beam w a s  centered a t  d i s t a n c e s  ( X )  of 
0, 6, 12, and 18 in, from t h e  a x i s  of the LiH sh ie ld  
and i n  i t s  horizontal midplane. For each position 
of t h e  collar sh ie ld  the  detector  sh ie ld  w a s  a l so  
moved so tha t  t h e  a x i s  w a s  a lways  paral le l  to and 
coincident with t h e  LiH sh ie ld  axis .  

In order  to  determine separa te ly  t h e  contributions 
to  t h e  measurement from the  neutrons which pene- 
t ra ted t h e  outer  sur face  of the LiH shield,  those  
which penetrated the co l la r  shield,  and t h o s e  which 
sca t te red  around t h e  sh ie lds ,  additional measure- 
ments  were required, T h e s e  were taken with 1 2  in, 
of polyethylene covering t h e  L i H  sh ie ld  only and 
with 19 in. of water covering both shields .  By 
taking the  differences between t h e s e  measurements  
and the unshielded measurements, the contributions 
from e a c h  of t h e  above  components could be de- 
termined. 

Typical  t e s u l t s  are given in T a b l e  3.8.1 for a 
col lar  sh ie ld  cons is t ing  of 10 in. of iron followed 
by 10 in. of oil.  

3.9 MONTE CARLO NEUTRON CALCULATIONS 
D%TERM%NATIQN OF SNAP COLLIMATOR 

DESIGN 

E. A. Straker M. B. Emmett’ 

To a id  i n  the  des ign  of a spec i f ic  collimator 
for t h e  SNAP core-mapping experimentsS2 a s e r i e s  
of Monte Carlo ca lcu la t ions  us ing  the  05X code  
were made to determine the  e f fec t  of the  collimator 
geometry on the  ratio of foreground-to-background 
neutrons. (As used  here, “foreground” refers  to  
t h o s e  neutrons tha t  arrive direct ly  a t  the  detector, 
and “background” refers  t o  t h o s e  neutrons that 
a re  t ransmit ted or sca t te red  by t h e  wal l s  of a col- 
limator sh ie ld ,  T h e  background neutrons must b e  
minimized, s i n c e  they h a v e  different energy and 
angular dis t r ibut ions from the  foreground neutrons.) 

In addition to  e s s e n t i a l l y  417 shielding for the  
detector  and a reasonable  detector-source d is tance ,  
the  following s p e c i f i c  cr i ter ia  had  to  b e  met for 
t h e  SNAP core-mapping collimator: The  spa t ia l  
response of the  collimator at the source  p lane  had 
to b e  such  that  a t  l e a s t  80% of the  detector  c o u n t s  
would come from a circular  a rea  less than 2.5 in. 
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i n  diameter. T h e  d i rec t  intensi ty  t ransmit ted by 
t h e  collimator had  to b e  relatively uniform over 
the detector  sur face  area,  and t h e  ca lcu la ted  rat io  
of background-to-foreground neutrons a t  the  detector  
had  t o  b e  less than 5%. 

B a s i c  pr inc ip les  of collimator ind ica te  
tha t  for point  s o u r c e s  and de tec tors  the  entrance 
and e x i t  e n d s  should b e  tapered. T h e  same princi- 
p l e s  apply t o  col l imators  designed for distributed 
s o u r c e s  and  de tec tors ,  but the  calculat ion h a s  to 
b e  performed by Monte Carlo rather than by analyti- 
cal methods. In the 05R ca lcu la t ions ,  s t a t i s t i c a l  
es t imat ion w a s  used to determine the  sca t te red  
intensi ty  resul t ing from e v e n t s  i n  var ious regions 
of t h e  collimator; t h u s  it w a s  p o s s i b l e  to s e p a r a t e  
t h e  sca t te red  in tens i ty  due  to e v e n t s  i n  t h e  col- 
limator liner. Source angle  b ias ing  and R u s s i a n  
roulette were u s e d  to  improve t h e  s t a t i s t i c s  of the 
cal d a t i o n .  

To i l lus t ra te  t h e  importance of taper ing the  e n d s  
of t h e  collimator, comparat ive calculat ior is  were 
made for a s t ra ight  cyl indrical  collimator and for 
a double-tapered des ign  i n  which t h e  tapered 
length a t  e a c h  e n d  w a s  one-half the  length of t h e  
remaining'cylindrical region. (The diameter w a s  
ad jus ted  so that  t h e  direct  flux w a s  the  same for  
t h e  two cases,) T h e  collimator w a s  assumed to 
c o n s i s t  of a water  tank with a i - in . - thick l iner  t o  
def ine the a i r  column. T h e  isol.ropic f i s s i o n  source  
w a s  e s s e n t i a l l y  inf ini te  i n  extent ,  and t h e  detector  
w a s  a d i s k  oE t h e  same diameter  as  the  opening i n  
the  s t ra ight  cyl indrical  collimator. T h e  total  back- 
ground flux w a s  reduced from 11.7% to 6% by taper- 
ing t h e  e n d s  of t h e  collimator. T h e  sca t te red  
in tens i ty  w a s  reduced by a factor  of 5, but the  
t ransmit ted flux was reduced by a factor  of less 
than 2. For b o h  geometr ies  approximately 85% 
of t h e  sca t te red  component of the  background 
neutrons c a m e  from sca t te r ing  e v e n t s  i n  the liner. 
When t h e  iron l iner  w a s  replaced by an aluminum 
one, t h e  percentage of background neutrons sca t -  
tered by the l i n e r  w a s  somewhat smaller; but 
there was 110 signif icant  change  i n  t h e  total  back- 
ground. 

As a resul t  of t h e  ca lcu la t ions  t h e  design ob- 
ta ined for the  S N A P  collimator w a s  a modification 
of t h e  double  tapered  geometry. To reduce the 
transmitted flux, an  additional tapered region w a s  
added a t  t h e  en t rance  of t h e  collimator; thus  t o  
maintain t h e  s a m e  aperture, t h e  source-detector 
d i s t a n c e  w a s  increased.  Also, sh ie ld ing  w a s  
added around the detector .  F igure  3.9.1 i l lus t ra tes  
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Fig. 3.9.1. Schematic of SNAP Core-Mopping Collima- 

tor  Showing the  Shape of the Air Column. 

a collimator d e s i g n  which m e e t s  t h e  experimental 
requirements atid for  which t h e  background neutron 
contribut-ion w a s  ca lcu la ted  to b e  less than 37% 
of t h e  foreground neutron contribution. For t h i s  
par t icular  design 45% of the sca t te red  contribution 
comes from sca t te r ing  e v e n t s  i n  t h e  liner, and ap- 
proximately 40% is due  to neutrons sca t te red  in 
t h e  sh ie ld ing  around t h e  detector  cavi ty;  the other 
15% is due  to  sca t te r ing  i n  the  bulk shield. Ap- 
proximately two-thirds of the total  background 
neutrons were uncol l ided neutrons f rom the soutce  
(transmitted component). 

T h e  ca lcu la t ions  ind ica ted  that  the transmitted 
par t  of t h e  background flux may be reduced by re- 
moving a l l  corners  at the  en t rance  to t h e  collimator 
which lie between any  par t  of flie source  and de- 
tector. T h e  sca t te red  contribution may be reduced 
by decreas ing  the  amount of l i n e r  which is viewed 
direct ly  by the source  and detector. However, 
for a par t icular  experiment, t h e  degree of collima- 
tion des i red  l i m i t s  the  length of the tapered regions 
which may b e  ut i l ized and ihus s e t s  a lower limit 
on t h e  ratio of background-to-foregrountl neutrons. 
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3.10 CALCULATIQNS OF NEUTRON 
TWAHSPORT FROM FISS!OH AND 

14-MeV SOURCES IN AIR’ 

E. A. Straker 

T h e  transport of neutrons from point isotropic  
f i ss ion  and 14-MeV s o u r c e s  in an inf ini te  a i r  
medium h a s  been ca lcu la ted  by t h e  Monte Carlo 
0 5 R  c o d e 2  and by t h e  d i s c r e t e a d i n a t e  code  
ANISN. (A brief descr ipt ion of ANISN is given 
i n  Sect. 3.11.) 8 0 t h  first-collision t i s s u e  d o s e  
and differential energy spec t ra  a r e  determined a s  
a function of d is tance  from the  source. 

T h e  present  r e s u l t s  for d o s e  from a point f i s s ion  
source  axe compared i n  Fig. 3.10.1 with d o s e s  
ca lcu la ted  by T r ~ b e y , ~  us ing  the moments code  
RE:NUPAKp4 by Wells,s u s i n g  a Monte Carlo code,  
by Eisenhaner ,6  us ing  an NBS monients code, by 
Ri tch ieP7 us ing  a Monte Carlo code, and by John- 
son,’ us ing  t h e  Monte Carlo code  K-74. Variat ions 
i n  t h e  d o s e  conversion fac tors  used  i n  the  various 
ca lcu la t ions  may account  for small differences but 
not for calculat ions differing by a factor  of nearly 
2 a s  noted a t  a range of 1000 m. A comparison of 
differential energy s p e c t r a  a t  severa l  penetrat ions 
indicated tha t  there  probably were s ignif icant  dif- 
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Fig. 3.10.1. 17j1<2 Dose Y S  Range for Point Isotropic 

F iss ion Source in a n  Infinite Air  Medium of Density 
1.29 10-3 g/cm3. 

ferences in t h e  total  c r o s s  s e c t i o n s  used  i n  t h e  
various codes;  t h i s  h a s  been verified by a compari- 
son of the  cross s e c t i o n s  u s e d  in  RENUPAK,QSR, 
ANISN, and the  NRS code. 

Monte Carlo and S,P3 ca lcu la t ions  have  a l s o  
been performed for a point monoenergetic source 
of 14-MeV neutrons. D o s e  a s  a function of d is tance  
from the  source  is shown i n  Fig.  3.10.2 with SEV- 

e ra l  other  ca lcu la ted  results. Moments calcula- 
t ions  by ‘Tmbey3 and Eisenhauer6  differ by a 

factor of nearly 4 a t  1000 m. Monte Carlo ca!cu- 
la t ions  by Wells5s9 us ing  “new” and “old” c r o s s  
s e c t i o n s  also differ by a factor of 4. Additional. 
Monte Carlo resu l t s  by Marcurn,” R i t ~ h i e , ~  and 
Johnson’ are also showir. Differentia1 energy 
spec t ra  a l s o  i l lus t ra te  la rge  var ia t ions between 
t h e  calculat ions,  with general agreement ex is t ing  
between XKCNUPAK and ANISN resul ts .  

T h e  increased  spread  i n  resu l t s  for 14-MeV 
neutrons over s imilar  resu l t s  for f iss ion neutrons 
w a s  bel ieved to  h a v e  resul ted from variations in  
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f i g .  3,10.3. Effect  of Ilnelasfic Scattering on Fi rs t -  

Density :- Col l is ian  Dose from a 14-MeV Source in Air. 
1.29 10-3 g/cm3. 

thc  i n e l a s t i c  s c a t t e r i n g  c r o s s  sect ions.  As a prp- 
lirriinary invest igat ion of t h e  effect  on the d o s e  
from al ter ing the i n e l a s t i c  sca t te r ing  c r o s s  sec- 
lion, Monte Carlo ca lcu la t ions  were performed for 
t h e  cases i n  which i n e l a s t i c  sca t te r ing  w a s  t reated 
cotrect ly ,  us ing  t h c  c r o s s  s e c t i o n s  present ly  on  
t h e  0 5 R  library tape ,  only e l a s t i c  sca t te r ing  w a s  
allowed, that  is, a n  i n e l a s t i c  w e n t  w a s  t reated 
as absorption; and i n e l a s t i c  sca t te r ing  w a s  con- 
s idered  t o  b e  elastic. Variat ions i n  t h e  first- 
col l is ion d o s e  ca lcu la ted  with t h e s e  three assump- 
t i o n s  a r c  shown i n  Fig.  3.10.3. It is noted that  
there  a re  very large differences i n  t h e  d o s e  cal- 
cu la ted  with t h e  t w o  extreme t reatments  of in- 
e l a s t i c  scat ter ing.  

All t h e  ca lcu la ted  d o s e s  i n  Fig. 3.10.2 l i e  be- 
tween t h e  two cxtrcme curves  of Fig, 3.10.3. The 
differences i n  t h e  var ious  resu l t s  probably reflect 
var ia t ions in i n e l a s t i c  c r o s s  s e c t i o n s  as wcll as in  
the treatment of energy lost in  an i n e l a s t i c  event. 

It is concluded t h a t  differences i n  the  ca lcu la ted  
doses for t h e  two sources cannot  h e  t raced to  the 
ca lcu la t iona l  techniques but are m o s t  l ikely due 
to var ia t ions i n  c r o s s  s e c t i o n s  stemming from lack  
of updat ing and  de ta i l  of representation. The  
importance of i n e l a s t i c  sca t te r ing  for high-energy 
s o u r c e s  i l l u s t r a t e s  t h e  necess i ty  of obtaining ac- 
cura te  ine las t ic  cross-sect ion data. 
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3.1 1 PROGRESS IN D1SCRETE-ORDINATE 
TRANSPQRT THEORY AND APPLICATIONS 

TO SHlELDlNG PROBLEMS 

F. R. Mynatt' W.W, Engle, Jt.' 

N. M. Greene '  

In support  of the  SNAP Shielding Program, two 
codes ,  ANISN and DOT, have  been  developed. 
T h e s e  c o d e s  so lve  t h e  l inear ,  energy-dependent, 
Boltzmann transport equat ion i n  one  and two di- 
mensions,  respect ively,  us ing  t h e  finite-difference 
technique known as d i s c r e t e  ordinates  or Carlson 's  



S, method. T h e  angular distribution of the scat ter-  
ing  c r o s s  sec t ion  is approximated by a Legendre 
series expansion which a l lows  the  in-scat ter  inte- 
gral to b e  computed by quadrature. 

Shielding ca lcu la t ions  a r e  being performed with 
t h e s e  c o d e s  a s  checkout  problems and to develop 
eff ic ient  routine procedures. Both c o d e s  are 
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operational, but s i n c e  only preliminary c h e c k s  
have been made with DOT, t h e  following resu l t s  
are  res t r ic ted to ANISN calculat ions.  Figure 3.11.1 
s h o w s  t h e  fast-neutron d o s e  rate  froin a point fis- 
s ion  source  i n  a water sphere of  150-cm radius, 
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With t h e  number of energy groups (27) and t h e  
spa t ia l  interval size (2 cm) fixed, t h e  order of S, 
and P ,  w a s  varied with the  fol lowing results: 

1. For S,, ca lcu la t ions  tile fast-neutron d o s e  and 
t h e  individual  group f luxes  converged at P 3 ;  
P ,  was increased  up to  P ,  i n  t h e s e  c a l c d a -  
1. ions. 

2. For FJ3 ca lcu la t ions  t h e  d o s e  and group f luxes  
converged at S,, a s  S, w a s  var ied from S ,  to 

s 3 2 -  

Figure 3.11.2 s h o w s  the fast-tieutron dose  ~ l . e  
irr water  with t h e  2 8 - h - d i a m  L i d  Tank Fac i l i ty  
(LTF) d isk  source  at a power of 1.62 x 10" fis- 
s ians /sec .  T h e  S 1 5 P 3  curve  from Fig. 3.1.1.9 is 
shown transformed to d isk  geometry and normalized 
to  the LTF power, Also shown is a disk trans- 
formation of a n  ANISN S,P, s l a b  calculat ion with 
inf ini te  p lane  source.  T h e s e  a re  compared with 
previously reported experimental d a t a  and a 
IIKNUPAK moments method calculation. ' f i e  
sphere  arid s l a b  ca lcu la t ions  present  widely dif- 
fering diff icul t ies  in  t h e  f ini te  difference tech- 
n iques  i n  ANISN. In t h e  sphere  the geometric 
angular redistribution i s  given an extreme test, 
while i n  the s l a b  t h e  flight path attenuation and 
rapid c h a r ~ g e  in  f lux angular  distribution severe ly  
t e s t  the capabi l i t i es  of the  code. 

Similar ca lcu la t ions  of a point fission source  
i n  a s p h e r e  of lithium hydride have  been performed. 
Variation of S, and P I  gives  t h e  same resu l t s  as 
for t h e  water  sphere.  Comparisons with experi- 
ment have  not y e t  been  made, and lithium cross-  
sec t ion  differences h a v e  confused comparisons 
with other  calculat ions.  
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3.12 MONTE CARLQ CALCULATION OF T H E  
MODIFICATION OF THE 235U FISSION 

SPECTRUM BY A BORON CARBIDE S H E L L '  

R. M, Frees tone ,  Jr. 

In making measurements  of epithermal and fast- 
neutron s p e c t r a  it  h a s  become nearly traditional, 

whatever t h e  detect ion device,  to e n c l o s e  the de- 
tector  by a she l l  of B,C, i n  order to shield out 
the usual ly  high thermal-neutron f lux which would 
otherwise s a t u r a t e  t h e  detector  response.  It h a s  
apparently b e e n  assumed that  the effect of th i s  
she l l  upon t h e  spectrum of those  neutrons which 
penetrate  i t  is qual i ta t ively and quantitatively 
negligible. Recent ly ,  however, some curiosi ty  
concerning t h e  val idi ty  of this assumption h a s  
been  evidenced. ' 

In order  to s a t i s f y  t h i s  cur iosi ty ,  a Monte Carlo 
calculat ion ut i l iz ing t h e  0% Neutron Transport 
Code3 h a s  been  ini t ia ted.  T h e  versat.ility o f  the 
05Rc:od:: makes  it p o s s i b l e  t o  perform such  a cal- 
culat ion without any compromises with geometry, 
energy structure, o r  permissible  interact ions being 
required; and a high degree of s t a t i s t i c a l  confidence 
should b e  obtained. 

T h e  ini t ia l  calculat ion cons iders  a nearly spheri- 
cal s h e l l  of B,C having a 'OB densi ty  of 1.75 
g/cm3. T h i s  s h e l l  is typical  of those  being used  
by Minch and McNeilly, of t h e  Army Nuclear De- 
f e n s e  Laboratory, to e n c l o s e  a s e r i e s  of solid- 
state detectors .  T h e  code  is suff ic ient ly  f lexible  
t h a t  o ther  d e n s i t i e s  may b e  subst i tuted in Eater 
computations. A mock detector  cons is t ing  of a 
thin aluminum disk is posi t ioned a t  the center  of 
the  shel l ,  so tha t  buildup e f f e c t s  due to reflection 
by t h e  detector  will b e  taken into account. 

T h e  source  for t h e  ca lcu la t ion  c o n s i s t s  of an 
essent ia l ly  i so t ropic  seIect.ion from the Cranberg4 
descr ipt ion of t h e  2 3 5 U  f i ss ion  spectrum. Eff i -  
c iency  is improved by forcing a l l  in i t ia l  neutron 
p a t h s  to b e  directed toward the  surface of the 
shell. 

Chss s e c t i o n s  to b e  u s e d  i n  the computation are 
t h e  recent  compil5tion of D. C ,  Irving, of  th i s  
Division, and represent  t h e  most up-to-date informa- 
tion avai lable .  

Although t h e  ca lcu la t ion  is still i n  progress, 
nearly all t h e  rout ines  involved have  been a t  l e a s t  
part.ially t e s t e d  and debugged. It i s  expected that  
a t  l e a s t  preliminary resu l t s  will have  been obtained 
by t h e  time t h i s  Annual i s  published,  
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3.13 ANALYSIS O F  TOWER SHIELDING 
FACILITY NEUTRON SCATTERING DATA 

K. M. Freestone,  Jr. V. V. Verhinski 
J. C. Courtney’ U‘. R. Burrus 

Three  years  ago  a n  ex tens ive  experimental in- 
vestigation of the  sca t te r ing  of neutrons f rom 
cyl inders  of var ious mater ia l s  a s  a function of 
sca t te r ing  angle  w a s  carr ied out  a t  the Tower 
Shielding Fac i l i ty  (TSF). T h e s e  experiments in- 
c luded both measurernents of neutron dose, using 
a conventional (IIurst) dosiiileter, and measure- 
ments of pulse-height spec t ra  us ing  a 2-in.-diam, 
2-in.-high cyl indrical  l iquid organic  scint i l la tor ,  
NE-213.* T h e  d a t a  w7ere expected to be of particu- 
lar in te res t  to t h e  Space  Nuclear  Auxiliary Power 
program, but to a l s o  b e  of va lue  to various other  
shielding programs then current a t  the TSF. 

T h e  dosimetr ic  d a t a  were briefly reported in  a 
previous annual report. T h e  spectrometric data ,  
however, were not. analyzed beyond the pulse- 
height  spectrum s t a g e *  At the time the  experi- 
ments  were carried out  no re l iab le  and convenient 
device.  for further ana lys i s ,  that i s ,  to neutron 
spec t ra  a s  funct ions of energy and sca t te r ing  
angle, w a s  fel t  to ex is t .  Recent  years ,  however, 
have  s e e n  the  rat.her full development of the  F E R D  
group of a n a l y s i s  c o d e s  developed by Burrus, 
and work is now under way to apply t h e s e  codes  
to t h e  s l ight ly  dusty ‘TSF data ,  

T h e  ‘TSF measurements were  made with I-, 2-, 
4, and 6-in.-diam cyl inders  of carbon, polyeth- 
ylene, iron, beryllium, concrete ,  and aluminum, a t  
scat ter ing angles  of 45, 90, and 135” from the 
source-sample axis .  In all, some 60 individual 
miis were  made. Figure 3.13.1 shows the  experi- 
mc I ta1 configuration common to al l  mns. 

Early a t tempts  to  apply t h e  FER[> c o d e s  to  t h e  
unfolding of t h e  TSF d a t a  were somewhat l e s s  
than successfu l .  Judged by comparison of un- 
folded TSF experimental spec t ra  with accepted 
s tandard spec t ra  such  a s  the neutron spectrum of a 
cal ibrated Po-Re source,  curve  s h a p e s  were badly 
distorted and absolu te  magnitudes appeared to b e  
in  error. Intensive study of a l l  components of 
both t h e  spectrometer  system and the unfolding 
c o d e s  during the  l a s t  s i x  months has,  however, 
been  s u c c e s s f u l  in  ident i fying and eliminating 
nearly every one  of the  difficulties. In general, 
the  s o u r c e s  of the diff icul t ies  were traced t o  in- 
adequate  phototube b a s e  performance, n o n l i n e x i t i e s  
in  various regions of the  electronics ,  e tc .  A few 
sterniiied from simple lack  of knowledge of the 
a n a l y s i s  codes ;  tha t  is, i n  the  beginning we were 
not a b l e  to  recognize t h e  a r e a s  within which maxi- 
mum c a r e  w a s  needed in  process ing  data. 

With essent ia l ly  a l l  of the “bugs” out of the 
sys tems,  w e  a r e  now going ahead  with large-scale 
process ing  of t h e  T S F  data. Simple auxiliary 
c o d e s  have  been written so that  the  d a t a  containing 
errors  stemming from tuhe-base and analyzer  non- 
l ineavi t ies  can  b e  effect ively corrected to resemble 
da ta  obtained with our present  “good” system. 
Using  s u c h  treatment, we  should be  a b l e  to obtain 
qui te  useful d a t a  from the old measurements. 
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F. H. S.  Ciark 

T h e  Radiat ion Shielding Information Center  con- 
t inues to serve  the  technica l  community engaged 
in radiation sh ie ld ing  research and development. 
As reported previously, the  sh ie ld ing  information 
provided by RSIC now covers  radiat ions from re- 
actors, radioisotopes,  weapons,  and acce lera tors  
and radiat ions which wi l l  b e  encountered by s p a c e  
vehic les .  The  s t a t u s  of t h e  literatiire surveys  
made by t h e  Center  in t h e s e  various a r e a s  is de- 
;cribed i n  Sect. 4.2. 

RSIC's col lect ion of digi ta l  computer codes 
h a s  increased to  include a total  of 60 complete 
code  packages ,  and a s e t  of de ta i led  abs t rac ts  
descr ibing 39 of the  packages  h a s  been pub- 
l i ~ h e d . ~  The  Center  h a s  become a c lear ing  house  
for t h e s e  c o d e  packages ,  and a procedure for dis-  
seminat ing them rapidly h a s  been es tab l i shed .  
Cooperation with t h e  European Nuclear  Energy 
Agency Computer Prograinme Library h a s  con- 
t inued,  and  a b a s i s  for computer code  s tandardiza-  
tion and exchange w a s  d i s c u s s e d  a t  a sh ie ld ing  
computer c o d e s  seminar-workshop held at Ispra ,  
I ta ly ,  on April 26-29, 1966. 

Considerable  in te res t  h a s  been demonstrated 
i n  t h e  monthly IZSIC newslet ter ,  espec ia l ly  in  t h e  
a c c e s s i o n  l i s t  of newly received literature. 
RSIC h a s  made th i s  l i s t  more useful  by providing 
microfiche copies  of the  l i terature  whenever 
possible .  Efforts have begun t o  include in  t h e  
newslet ter  announcements of current sh ie ld ing  
efforts by encouraging var ious instal la t ions t o  
suhmit  brief accounts  of their  sh ie ld ing  ac t iv i t ies  e 

Work h a s  begun on a review of the ava i lab le  
da ta  needed to ca lcu la te  t h e  at tenuat ion of neu- 
trons a n d  gamma rays through conciete .  ?1 study 
of the  empir ical  forms ava i lab le  for a lbedos  and 
an examination of the state-of-the-art for fallout 
sh ie ld ing  ca lcu la t ions  (see Sect .  4.4) ace also 
under way. 

A working group or workshop program h a s  been 
ini t ia ted i n  which a s inal l  group of experts  a r e  
invited by RSIC to d i s c u s s  some press ing  need 
of the  sh ie ld ing  community. Recommendations by 
the group wil l  be  published. T h e  f i rs t  s u c h  woik- 
i n g  group met on April l4--15,  1966, t o  d i s c u s s  
radiological un i t s  -d other re la ted quant i t ies .  

Efforts aie being made to incorporate t h e  KSIC 
computer-based information retrieval sys tem into 
the  more general  s c h e m e  of information retrieval 
a t  ORNL. Many of the  local ly  unique features  of 
the  present  RSIC s y s t e m  wi l l  be u s e d  in t h e  
larger system. A part of th i s  effort will involve 
a telecommunication sys tem which should not only 
acce lera te  l i terature  s e a r c h e s  but reduce by a 

factor of a t  l e a s t  3 the  multiple t ranscr ipt ions of 
information that  a r e  now necessary .  
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Shielding Information Center, ORNL-RSIC-13 
(1966). 

%emma Franc is ,  Henriet ta  Hendrickson, and 
Juani ta  Brown, members of the  staff of the  Central  
Data  P r o c e s s i n g  Fac i l i ty  at t h e  Oak Ridge 
Gaseous  Diffusion P l a n t ,  a s s i s t  i n  all p h a s e s  of 
RSIC computer code  operat ions,  as wel l  as  handle  
production c o d e s  for t h e  Neutron P h y s i c s  Di- 
vis ion research  s taff .  

4.2 LITERATURE EXAMINED BY THE 
R A ~ ~ A ~ ~ O ~  SHIELDING lHFORMATlON CENTER 

'I'he l i terature  examined by RSIC fa l l s  into three 
broad ca tegor ies ,  T h e  l i terature  in  t h e s e  catego-  
ries is handled s e p a r a t e l y  for reasons  of expe-  
diency,  and t h e  effor ts  in  e a c h  case are descr ibed  
separa te ly .  

Reactor and Weapons' 

S, K. Penny D. K. Tiubey J .  Gurney' 

T h e  l i t r ra ture  co l lec ted  in t h e  a r e a  of sh ie ld ing  
a g a i n s t  radiat ions near  reactors ,  from radioiso- 
topes, and in  the environment of weapons w a s  in- 
c reased  considerably.  A revis ion of the  previously 
publ ished bibliography (ORNt-RSIC-5) w a s  is- 
s u e d ,  arid a b s t r a c t s  corresponding t o  the  addi- 
tions i n  the bibliography were s e n t  to the  iecip- 
ien ts  of QRNL-RSIC-6, a previously i s s u e d  
loose-leaf binder for the col lect ion of abs t rac ts .  
The  volume of l i terature  h a s  become suff ic ient ly  
large tha t  it w a s  deemed n e c e s s a r y  t h a t  th i s  
bibliography should  list documents  only undet the 
subjec t  ca tegor ies  which a r e  of major importance. 
It IS expec ted  that  t h e  s h i c l d i n g  community wil l  
begin to depend upon t h e  Center  t o  perform morc 
exhaustive l i terature  s e a r c h e s  upon request .  

of the l i terature  covered i n  the bibliography w a s  
publ ished as ORNL-RSIC-12. ' A new s e r v i c e  
cons is t ing  of t h e  automatic  and s e l e c t i v e  dis-  
seminat ion of t h e  l i terature  w a s  ini t ia ted,  so that  
persons  ~ 1 1 0  provided RSIC with their  field-of- 
in te res t  profiles were a le r ted  as relevant  litera- 
ture of s p a c e  a n d  acce lera tor  sh ie ld ing  w a s  placed 
in  t h e  sys tem.  

Computer Codes 

B. F. Maskewitz B. I,. McGill 
J.  Gurney' 

T h e  l i terature  descr ib ing  computer c o d e s  for 
sh ie ld ing  ca lcu la t ions  is col lec ted  a long  with 
other  literatiire descr ib ing  c o d e s  to perform cal- 
cula t ions  in fringe a r e a s  of sh ie ld ing  arid to 
perform auxiliary d a t a  handling. A bibliography of 
s u c h  l i terature  w a s  publ ished a s  OKNL-RSIC-15. a 
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Examined by the  Radiat ion Shielding Information 
Center, OKNL-RSIC-15. 

A large part of the  effort of the  Radiation Shield- 
i n g  Information Center  is t h e  col lect ion and d is -  
seminat ion of cornputer c o d e  packages useful  to 
those  engaged in s h i e l d  research or design.  T h e  
concept  of a computer code  "package" a s  used  
by RSIC i s  the  inclusion of a l l  the  items neces-  
sa ry  t o  make a code operable. 'These include riot 
only computer material s u c h  a s  card d e c k s  (or 
tapes)  and inachine l i s t ings  but a l s o  documenta- 
tion descr ibing the theory and prc,,ram, auxiliary 
routines, and da ta  l ibrar ies .  A sample  problem is 
also included in  a package so that  e a c h  user  c a n  
verify tha t  the code  is operable  a t  h i s  instal la-  
tion. 

T h e  col lect ion i s  descr ibed  in tabular form on 
t h e  basis of computer features  and theoret ical  
methods. To da te ,  60 packages  have  been ac- 
cepted and assembled.  

Re fe ren c e5 

'Abstract  of paper t o  b e  publ ished in  Nucle-  
onics ,  August 1966. 

4.4 A MONTE CARLO CALCULATION OF 
FALLOUT GAMM4-RhY DOSE RASE5 

D. K. Trubey 

Several  ca lcu la t ions  of garnma-ray d o s e  ra tes  
due t o  fallout have been carr ied out in an  effort 
to  determiiie the  difficulty in applying ex is t ing  
Monte Carlo codes  t o  t h e  problem of determining 
d o s e  ra tes  in  she l te rs  both above and below 
ground. 

'The f i rs t  s t e p  w a s  the  development and u s e  of 
OGRE-P4 ( s e e  Sect. 5.3) to  determine t h e  free- 
field d o s e  in an air-over-ground geometry, s i n c e  
the one-dimensional problem can be  so lved  with 

comparatively l i t t le  difficulty. Bes ides  es tab-  
l i sh ing  a solut ion by which t o  compare a three- 
dimensional  calculat ion,  i t  w a s  found that  (for 
6oCo contamination) the  d o s e  rate 3 ft above the  
ground w a s  unaffected when t h e  ground w a s  as- 
sumed t o  be  air. 

The  next s t e p  w a s  t h e  development of a threc- 
dimensional  code based on OGRE-6.'  T h e  main 
change required w a s  in  the  s o u r c e  routine. I t  
w a s  found that  the uncollided flux could be  c o m -  
puted within 0.1% by picking source  posi t ions 
froin a 1 / R  distribution, where X is t h e  d is tance  
from t h e  detector. Schemes have  also been in- 
corporated t o  pick the  direct ion and path length 
f rom t h e  s o u r c e  s i t e  so  that  t h e  f i r s t  col l is ion wil l  
be  likely t o  occur in  a i r  near  the  detector  (or 
shelter). Russ ian  roulet te  generally terminates 
h is tor ies  unlikely t o  make further s ignif icant  con- 
tributions. 

It h a s  been  poss ib le  t o  dupl ica te  the resu l t s  
given by OGRE-P4 (but with a larger  var iance)  
for t h e  free-field d o s e  rate .  Further  developinent 
and  comparisons wi l l  be  made for other con- 
figurations. 
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4.5 A MONTE CARLO CALCULATION OF 
~~~~~-~~~ REFLECTlQId FROM A 

CONCRETE SLAB 

D. K. Trubey B. W. Wieland' 

A study of the ref lected dose  rate  a t  point de- 
tec tors  from a 6oCo s o u r c e  h a s  been  undertaken 
in a n  effort t o  resolve the  anomalies  apparent in  
a comparison of a n  a lbedo  integration' and ex-  
perimental resu l t s  and t o  accumulate  experience 
with Monte Carlo reflection ca lcu la t ions  u s i n g  
06RE-P3.3 It was found t h a t  t h e  Monte Carlo 
resu l t s  a r e  in  good agreement with measured 
va lues  and that  disagreement  with the  a lhedo  
integration will. increase  with a wider range of 
source-detector separa t ion  d i s t a n c e s .  
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5.1 SDC, A SHIELDING-DEStGN CALCULATION 5.2 DESCRIPTION OF OGRE, ,A MONTE CARLO 
CODE %OW FUEL-HANDLING FACILITIES' SKSTEM FOR ~ A ~ ~ A " ~ ~ ~  TRANSPORT 

STUDIES, INCLUDING AN EXAMPLE 
(OGRE-$1) FOR TRANSMISSION E!. D. Arnold' B. F. Maskewitz 

A simplified computer code ,  SDC, is presented  
for calculat ing t h e  gamma-shielding requirements 
for chemical  processing,  fabrication, or fuel-han- 
dl ing faci l i t ies .  It is an JBM 9090 FORTRAN code  
designed to  handle  13 source  geometries (point, 
line, disk,  plane, s l a b ,  cylinder with sh ie ld  a t  
s ide ,  cylinder with sh ie ld  a t  end, sphere,  ring, 
rod c lus te r ,  skew l ine ,  annular cylinder with sh ie ld  
at s ide ,  and annular cylinder with sh ie ld  a t  end)  
e i ther  unshielded or sh ie lded  by s l a b  sh ie lds .  
Materials of construct ion for sh ie ld ,  c ladding,  or 
source  volume may b e  s e l e c t e d  f rom a l i s t  of 17. 
A s  iiiany as 12 gamma-ray energy groups, covering 
a n  energy range 0.10 t o  10 MeV, with corresponding 
soixce strengths ,  may b e  used  to descr ibe  t h e  
gamma spectrum. 

Integration of t h e  b a s i c  exponential attenuation- 
point kernel over t h e  var ious geometries was  the  
method chosen  for ca lcu la t ing  t h e  nncollided gam- 
ma flux. rSiologica1 d o s e  rate  w a s  obtained by 
multiplying t h i s  uncollided flux by the  product of a 
flux-weighted buildup factor and a dose-conversion 
factor. 

SDC h a s  been used successfu l ly  t o  eva lua te  

THWQUGW LAMI 

S. K. Penny D. K. Truhey 
M. E. Emmett2 

A sys tem of computer subrout ines  (cal led OGRE) 
h a s  been designed for the  s tudy of gamma-ray 
transport by t h e  Monte Carlo method. T h e  var ious 
s t e p s  of the  procedure have  been i so la ted  so that  a 
complete  code  to s o l v e  a spec i f ic  problem may b e  
eas i ly  synthesized.  P. cross-sec t ion  sys tem which 
is e a s y  to  u s e  is included. A spec i f ic  example of 
t h e  sys tem's  u s e  (OGRE-PI) which computes t h e  
d o s e  r a t e s  from gamma rays  penetrat ing a s l a b  is 
incli.ided. 

Re f e r e n  ce s 

'Abstract of ORML-3805 (April 1966). 
'Mathematics Division. 

5.3 
CODE 

8GWE-P4, AN OGRE SYSTEM MONTE CARLO 
FOR THE CALCULATIOW OF GAMMA-WAY 

sh ie ld  th ickness  and/or d o s e  ra tes  for s e v e r a l  
des ign  jobs, with an avrrage  machinr  time of less 
than 0.01 h per case. Dosc-rate deteiriiinations, 
where compared with experiment or other calcula-  
t ions,  have been conservat ive (t O-SM) .  

Complete documentation and a code  p a r k a g c  are 

C E S  
T E D  

avai lable  f r o m  t h e  Radiat ion Shielding Information 
Center. 

D. K .  Trubey 

OGRE-P4, an OGRE sys tem Monte Carlo code,  
h a s  been written for t h e  calculat ion of d o s e  rate  

'Abstract of ORNL-3011 (March 1966). by s t a t i s t i c a l  es t imat ion a t  arbitrary d i s t a n c e s  
'Chemic a1 Techno logy Divis ion. from a plane source  i n  a laminated s lab .  T h i s  c o d e  

Re fe ren c e s  
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is s i m i l a r  to OGRE-PI ,  except. tha t  t h e  dose  rate 
i s  ca lcu la t ed  at each region bound:iry and the 
S O L I I C ~  may h e  placed at any spec i f ied  boundary. 
'['he sca i te r ing  may be b ia sed  toward a speciEied 
cIc:t.c?ctor boundary by picking t h e  sca t te red  photon 
direction from an isotropic PIu:; cosf" (0) distribu- 
tion ( 8  =- angle measured from slab perpendicular). 
The probability of picking from the  isotropic- d i s -  
iribution is controlled by input. The va lue  I\d 

increased with the d i s t a n c e  from the spec i f ied  
detector.  
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ex t inc t  (because of advancing computer technolo- 
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TWO moments method codes  are  being writ ten 
which ca lcu la te  gamma-ray and neutron transport  
i n  any homogeneous media that. c a n  be s imulated 

by t h e  c r o s s  s e c t i o n s  included in  the OGRE and 
0 5 K  cross-sect ion sys t ems .  T h e  gamma-ray code 
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Sy  stertz for G~1~n111a-Rr~g. T ~ t i n ~ p o r t  S I ~ d i e s ,  I ~ c ~ u  ding 

An arialog calculat ion w a s  set up to determine 
t h e  effect  of the  grazing flux on the su r face -cmss ing  
flux est imator  used in  Monte Carlo calculat ions.  It 
was  found that  grazing par t ic les  make only higher 
order contributions to current or flux but signifi- 
cant ly  inc rease  the var iance.  T h e s e  effects are 
inure pronounced a t  internal  su r f aces  than at el(-- 
ternal boundaries.  The u s e  of nonstochast ic  meth- 
ods i o  es t ima te  contributions of grazing par t ic les  
is just i f ied.  

References 

'Abstract  o f  OKNL-TM-1548 (1966); submitted to 
Nuclear Science and Engineering. 

K. J. Yost R. K. Coveyou 

A study is i n  progress  with the  primary a i m  of 
developing a sys t ema t i c  technique for t h e  deter-  
mination and subsequent  utilization of biasing 
funct ions for Monte Carlo transport  ca lcu la t ions  
which yield ininimial var iance per history.  An op- 
t imization process  in  t h e  Monte Carlo context  
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Table 5.6.1. Comparison of Analytical and Numerical Results for  t h e  Various Scoring Techniques 

Execution T i m e  

per History 

Fractional Standard 

Deviation (70) Escape  Probahility 

~ _ _  Sampling Technique ~. ~ 

.L\nalytica! Computed Computed (set) 

~~ 

Direct Analogue 6.54 7.61 0.01832 0.0203 0.0033 

Analogue, Absorpbon Weight 2.84 2.63 0.01832 0.0193 0.0124 

Next Flight Estimator 2.95 3.70  0.01832 0.0172 0.0057 

Next Flight Estimator, 0.69 1.55 0.01832 0.01815 0.0188 

Absorption W e i  &I t 

Last  Event Estimator 2.24 1.85 0.01832 0.0190 0.0051 

would i n  general  be  directed toward t h e  reduction 
of t h e  pertinent variance(s) and coxiiputer running 
time per par t ic le  history. In pract ice ,  both t h e s e  
objec t ives  a r e  seldom if ever  s imultaneously 
achieved.  T h e  introduction of biasing factors  into 
t h e  random walk forinulation usual ly  r e s u l t s  i n  a 
longer history execut ion time. One  is then  forced 
to think i n  terms of t h e  most favorable  compromise 
between a reduction of t h e  number of h is tor ies  
required for a cer ta in  accuracy throi-igh minimizing 
t h e  var iance with a weight function, and t h e  cor- 
responding increase  i n  per-history execut ion time 
assoc ia ted  with t h e  greater complexity of t h e  
sampling scheme.  

T h e  subjec t  invest igat ion is structured t o  t rea t  
problems of progressively increasing complexity 
both analyt ical ly  and numerically, t h e  la t ter  by  
means of Monte Carlo transport c o d e s  written 
specif ical ly  for e a c h  of t h e  b ias ing/scor ing  tech-  
niques considered.  To t h i s  da te ,  work h a s  been 
completed on a s imple problem involving neutron 
s lowing dowri i n  a hydrogen-pure absorber medium 
with constant  c r o s s  sec t ions .  Es t imates ,  vari- 
ances ,  and execut ion t imes were generated as 
indicated in ’Fable 5.6.1. T h e  sampling techniques  
c i ted  in  t h e  tab le  have  t h e  following definitioiis: 

1. 

2. 

Direct Analogoe: score 1 for par t ic le  t ransmis-  
s i o n  through boundary; s c o r e  0 upon absorption 
before par t ic le  reaches  boundary. 
Analogue, Absorption Weight: par t ic le  weight 
factored by survival  probability for each  colli- 
s ion  prior to  reaching boundary; upon transrnis- 
s ion,  score  par t ic le  weight. 

3 .  Next F l igh t  Estimator: score product of survival  
probability and probability for t ransmiss ion  t o  
boundary without further interact ion at e a c h  
col l is ion.  

4. Next Fl ight  Est imator ,  Absorption Weight: par- 
t i c l e  weight factored by survival  probability a t  
e a c h  col l is ion;  score  product of par t ic le  weight 
and probability of t ransmission on succeeding  
flight at e a c h  col l is ion.  

5. 1,ast Event  Estimator: upon par t ic le  absorp- 
tion, s c o r e  the quotient of the  probability for 
survival  and t ransmission on t h e  next flight by 
the Probability of absorption. 

5.7 ADJOINT AND IMPORTANCE FUNCTIONS 
IN MONTE CARLO APPLICATEON 

K. R.  Coveyou 

In support of current work on the  ut i l izat ion and 
evaluat ion of various b ias ing  methods i n  Monte 
Carlo ca lcu la t jons ,  a n  expository report h a s  been 
prepared and i s  in  internal. c i rculat ion with t h e  
primary purposes  of explaining, clarifying, and 
making prec ise  the  role of adjoint operators  and 
adjoint equat ions i n  the  se lec t ion  of f e a s i b l e  and 
useful  weighting and b ias ing  schemes.  Some ob- 
jec t ive  cr i ter ia  of efficiency are  d i s c u s s e d ,  and 
inethods for evaluat ing b ias ing  s c h e m e s  in  ac- 
cordance with these  criteria a r e  s e t  down. 
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2;. €3. Clark N. A. 13c?tz2 

Several importance sattipling scherties are d is -  
cussc?d i n  s o m e  detail. A path-length s t re iching 
sclmne and an exponential  transform scheme, both 
ava i lab le  in  0 5 R ,  are descr ibed analyt ical ly  and 
by m e a n s  of listing:; and flow charts. A scheme t o  
adapt these two schi.mes to ""never escal:e seler- 
tion," not  a v d a b l e  i n  05R, is descr ibed ma ly t -  
ically only.  A sc:heme for b iased  se l ec t ion  of 

O5R, is described arialytically. This last scheme, 
udikt? 
any lest. 

labor;lt!,rj direc:tion il r scatter, avaiiaide in 

t h ~  others, has  nof. Led tu good W S U ~ ~ S  in  

Several routines, to h e  iased as part of the opeca- 

tiorrs iovolving the O5R program, have t e e n  de- 
veloped for the c1,e 1604 and the  Ih3M 7090 rnm- 
pubers. This prt,gram, which is available as  part 
of the OSK package through t h e  Radiation Shield- 
ing lrrformrition Center, inc ludes  t he  sut)routines 

OSRREAD is a machine language subioul h e  used 

.he Instory t ape  read operatruns are i d l e r e d  to 
a l l o w  s i m d t a n e o u s  computation and tape read with 
a cor~sexluen? sav ing  h i  compufer iime, In addition, 
DSRREAD handles till the details cullcettlillg, the 
ac tua l  format o f  the hjs tory tape i~rtd {tie e r r o r  

05RREIZD, PICTURE, and PUMCISSHG;. 

i ~ r  aniPly:jis r o ~ t i ~ l i r s  to 113tid the 05R h i s t ~ r j i  I ; ~ ~ c ' s -  
c." 

s s a r y  for the tape  0 

t b 1 r s  s implif ies  the writ ing of title :1nalysis progra!n. 

FHC'TUME,  a diagnostic a id  in  checkiirg iiiput 
prepared f o r  the general geometry routj 116: (>EOM, 
prodiices as printed output a graphical d isp lay  of 

arbiti-ary sections through the three-tlimenslona1 
geometry spec i f ied  by the  GEOM input:. Discrep- 
a n c i e s  between the intended geometry atid that 
actually resul t ing f rom the input may  then be 
e a s i l y  :;potted and corrected. 

PUNCHSIC; provides a tape-to-card capability foe 
OSR m a s t e r  cross-sectr tm t apes .  It allow:; cross- 
section data  contained on any 05R master CPOSS- 

s ec t ion  tape, s u c h  as the cross -sec t ion  libsary 
tapes, to b e  purnched on cords  i n  the  6XK format. 
A spec ia l  feature in PIJNCWSIC fac i l i t a t e s  the 
excliaiige of cross-section da ta  k t w e w  the coni- 
puter instailat iotis at O R N L  and ~3RCiDP. 

I -  Central  Data  Processing Facility, Oak Ridge 
Gaset,us Diffusion P l a n t .  
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by t h e  05R computer program, and information 
concerning i t s  conterits and u s e  h a s  heen distrih- 
u t rd  t o  05K u s e r s  i n  t h e  Neutron P h y s i c s  Divis ion 
and other divis ions.  T h e  library is being revised 
to contain additional nuc l ides  and t o  incorpoiate 
more recent  da ta  on t h e  present ly  ava i lab le  nu- 
c l ides .  

Acquisition of reports and other information 
concerning cross -sec t ion  eva lua t ions  be ing  per- 
formed at other  ins ta l la t ions  i s  continuing. A s i z -  
a b l e  library of s u c h  documents is maintained as 
part of t h e  Radiat ion Shielding Information Center. 
Programs have  been written t o  convert dat.a froin 
t h e  Aldermaston and United Nuclear Corporation 
formats into t h e  05R format, and cross -sec t ion  
l ibrar ies  obtained froiii t h e s e  ins ta l la t ions  are now 

avai lable  to  05R u s e r s  at Oak Ridge. 
In cooperation with t h e  Reactor  Divis ion and 

other  divis ions,  c ross -sec t ion  eva lua t ions  a r e  be- 

ing  coordinated and will be  compiled in to  a Lab-  
oratory-wide library. T h e  exchange of cross-sec-  
tion d a t a  with other  ins ta l la t ions  will b e  faci l i ta ted 
through t h e  u s e  of t h e  evaluated nuclear  d a t a  f i l e  
format designnd by 11. I-Ioneck (presently with t h e  
AEC). Programs are being developed t o  uti!izc 
t h i s  format in preparing, da ta  for t h e  Monte Carlo 
and multigroup c o d e s  used  a t  t h e  Laboratory. 
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'Central Data P r o c e s s i n g  Fac i l i ty ,  Oak Ridge 
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5.12 FORTRAN-IV VERSiQtdS OF THE Q5R 
N E U T R O N  TRANSPORT CODE 

E. C. Long '  

0.512, t h e  highly versa t i le  Monte Carlo neutron 
transport code  invented by Coveyou,'  w a s  perfected 
for u s e  on t h e  CDC 160.1 and IBM 7090 computers. 
With t h e  planned replacement of t h e s e  machines  by 
t h e  IC-3M 360-ser ies  computers a t  both O K N L  and 
t h e  Central  Data  P r o c e s s i n g  Fac i l i ty ,  it h a s  be- 
come necessary  t o  modify 05R accordingly. 

Vers ions  of 05F: and i t s  companion cross -sec t ion  
handling program XSECT have  therefore been pre- 
pared in  t h e  FORTRAN-IV language for both the  
IBM 7090- and 36Qhe:ies machines. Within t h e  

minor l imitat ions imposed by differing machine 
capabi l i t i es ,  t h e  new vers ions  of the  c o d e s  are 
merely direct  t ransl i terat ions of t h e  ex is t ing  
FORTRAN-I1 and -63 programs. (The  FORTRAN-IV 
7090 code  was used as a n  intermediate s t e p  be.- 
tween t h e  ex is t ing  vers ions  and t h e  FORTRAN-IV 
360 code.)  T h e  new versions of 05R and XSECT 
will se rve  t o  keep t h e s e  c o d e s  operable  unt i l  tile 
completion of 0 6 K  (C5R Revised) ,  which i s  being 
written direct ly  in  FORTRAN-IV ( s e e  Sect. 5.13). 
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'Central Data  P r o c e s s i n g  Fac i l i ty ,  Oak Ridge 
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2D. C. Irving e t  af., 0 5 R ,  A General-Purpose 
Monte Carlo Nevfroon l 'ransport Code, ORNI,-3622 
(1965). 

K.  R. covcyou 

T h e  acquis i t ion of an IBM 360/75 by O R N L  arid 
of a n  IBM 360/50 by Central  Data  P r o c e s s i n g  
Fac i l i ty  h a s  made necessary  the  provision of Monte 
Carlo par t ic le  transport prograins (05K or  equiva- 
lent)  for t h e s e  machines. At the  s a m e  time t h e  
greatly increased  capabi l i t i es  of t h e s e  machines  i n  
speed  and meinory have  made i t  both des i rab le  and 
feas ib le  to extend and improve the  present  05R 
sys tcm for full ut i l izat ion of t h e s e  capabi l i t i es .  It 
h a s  hence  been decided to undertake B thorough 
revision and extension of t h e  05R system. T h e  
system as thus  revised and extended will b e  des-  
ignated 06R (0% Revised). 

T h e  first s t e p  will b e  a t ransl i terat ion of t h e  
present  05R systein into 2 language (FORTRAN- 
IU) compatible with t h e  IUM 360 sys tem,  T h i s  
project  i s  d i s c u s s e d  in  Sect. 5.12, t h i s  report, 

T h e  b a s i c  design of t h e  06R sys tem is e s s c n -  
t ia l ly  complete, and t h e  programming i s  well begun. 
Some of the features  of C6K which a r e  new or 
greatly extended over those  of 0511 a r e  l i s t e d  and 
discussed below. 

1. Certain problem parameters u s e d  in  0 5 R ,  
notably, number of sca t te re rs  in a medium, number 
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of media in We problem, number of an iso t ropic  
sca t t e re r s  in  the  problem, number of quadric sur- 
faces i n  a block, number of b locks  and zones  i n  
t he  sys tem,  and number of energy va lues  at which 
~ i i c r o s c o p i c  c r o s s  sec t ions  rriay be specified, are 
limited to arbitrary maximum values. Every effort 
will be  made to remove such  res t r ic t ions  and t o  
substitute Cor all of them the  s ing le  restriction that 
t he  resu l t ing  code  p lus  data necessary  to solving 
the preblem shall fit into the  ava i lab le  s to rage  
space :  fa.st s torage ,  bull, s torage ,  disks,  and tapes. 

2. The present  supergroup and siibgroiip energy 
s t ructnre  Cor c ros s - sec t ion  handling, with subgroup 
limits equally spaced  in energ ies ,  wi l l  b e  pre- 
sewed., !-I<pwevei, the allowed Specif~.C&iQKlS €or 

sirpergroups will iniclvlde equal spac ing  in  lethargy 
(the present  method requi res  supergroups to  cover 
a factor of 2 in ernergy), equal spac i t ig  in  enctrgies, 

In addition, some all of the cross sections may 
b e  tabulated as above, or they may be ca lcu la ted  
at Ihe t i m e  of use by subroutiaies supplied by the  
system or b y  the user. 

angular ~disfribuiions as  isotropic,  f ,  (or cos ine) ,  
and i n  a form which apprtaxirnates at7. angular dis- 
tribut.ion spec i f ied  by a f ini te  number of Ltrgeadre 
coefficient!;, d l  seen i l l  t he  center-of-mass FO- 

allow further opl.io.ni; i n  the specificatiocl of s c a t -  
tering angular distributions,  including specific:;i- 
t ions  by I-nis!:tagram or continuous, p iecewise  h e a r  
distrributjons, and, with the  introduction of special 
subroutines,  anything else within reasonable  in- 
genu ity . 

The treatmerit of inelas1.k sca t te r ing  will  b e  
siixplified and, as Par a s  is possible, brought with- 
in the gene~:al logical framework a€ the  s y s t e m .  
Specification of angular distributions in laboratory 

ification is required in Ii5R. Codes to convert  
:scattering da ta  to laboratory $;cat.- 

tering data ,  for use in arialysis, will  b e  provided. 
4 ,  The general-geometry rout lnc GEOM is being 

redesigized, both to prt>vi.de wider options in the  
)e8 of geometries which call be used and to make 
ripler the task  of input spec i f ica t ions .  A inore 

ilexible input  language is 1 0  b e  used,  a l luwit~g,  for 

and [tiore usua l  l o r m s  than the  completely expanded 
forrii now r iqujred.  Further  provision wil I he  made  
for the succinct  spec i f ica t ion  of s y s t e m s  composed 

or arbitrarily spec i f ied  supergroup energy limits. 

3. 05R CiliQwS the spf?cifiCation of scattering 

ordinate system. 06R will, in  addition to these ,  

CoOdinZf.i?S W i l l  be dlo\Ved; Cefl te i -of-Xl3SS si)CX- 

example, quadric surface:; t o  be spec i f ied  in sirrnpler 

of or containing a r rays  of similar geometric ob jec ts .  
Chrved su r faces  more complex than quadric: stir- 

faces m a y  be introduced by subroutine. 
S. Extens ive  efforts ; 3 0 e  being  made t o  provide 

fast ,  reliable,  random variable generators for u s e  
in 06R; these efforts are described in  Sect .  5.14. 

6. 'Fhe u s e  of adjoint problem spec i f ica t ions  is 
being investigated.  There are two p laus ib le  ways  
in  which the adjoint spec i f ica t ions  may b e  used 
in  Monte Carlo ca lcu la t ions .  First, the adjoin: 
spec i f ica t ion  may itself bc:  sol.& by Monte Carlo 
(meens  for effecting t h i s  a id  the conditions iinder 
which t h i s  may be use fu l  are  be ing  studied).  
Secorad, conventional methods may l e  used  f o r  cal- 
uulat i ~ g  rough adjoint sotutjont; and solutiot1:3 us<?d 
tis importance functions. 

7. Pe rhaps  the  primary purpose of the  0 6 R  p o j -  
ect is t o  make f eas ib l e  the irrvestigai-ion m d  u s e  
of mdYan6:e:d biasing techniques; the bewildering 
variety of poss ib i l i t i e s  makes a detailed discus- 
sion here impossible. T h e  prcivision of $.hest? ex- 
tentled b ias ing  capab i l i t i e s  wilt d ic ta te  botIh major 

8. Mznch inore sophisticated m e t b o d s  of h;intlling 
the t r n r ~ s p o r t  of tliermal rieutroris are aeeiled. A 
treatmerit of thermal  s ca t t e r e r s  a s  P~a.rwell-.R(,I1Lmanpl 
ga::r?s b m  been developed and wil l  be pr.ovid.ed. 
T h e r e  are marly other mi>dels which can  1 x 5  i i t t td 
into the OtiK framework. Some of tllesr will  be 
inves t iga ted ,  and the  requirements of snc:h models 
~ i i l  be c<>n!;idr:red in the overall des ign .  

and minor changes  in the systelrl. 

5-14 W A N D  

R. R. coveyou 



except  that  one  of c,, and p inay b e  zero. 
recursively,  

Define, 

cn + 

X c n  + p (mod I“) , 

< a l l  t h e  cn being in  t h e  range 0 = c 
l e t  

< P .  Final ly ,  

xn = C J P  ; 

t h e  Xn form t h e  sequence  which is the output of 
t h e  random number generator. T h e  choice  h - 5  
(mod 8 )  and {L = 0 ensures  tha t  P / 4  different va lues  
of Xn occur  before repetition; the  choice  X 1 
(mod 4) and p odd prodiicer, P s u c h  different val- 
ues .  

‘These fac ts  l e a v e  nothing io  b e  des i red  con- 
cerning our  knowledgc of the  distribution of t h e  
terms of the  output sequence  when averaged over  a 
full period of t h e  generator; t h e  distribution is 
essent ia l ly  perfectly uniform. 

Until recently, l i t t l e  h a s  been known of t h e  
independence properties of s u c h  sequences .  T h e  
s ingle  s ignif icant  f a c t  known and proved w a s  that ,  
if h i s  too small ,  s u c c e s s i v e  terms i n  the output 
sequence  would b e  very ser iously correlated.  Re-  
c e n t  work’ h a s  provided a method for a n  essent ia l ly  
complete ana lys i s  of t h e  s t a t i s t i c a l  performance of 
s u c h  generators. 

Imagine t h e  joint distribution of n s u c c e s s i v e  
terms of t h e  sequence  a s  a probability distribution 
spread over an n-dimensional unit cube.  If the  
method were perfect, t h i s  distribution would h e  
uniform and smooth. T h e  work c i ted  shows that  
departures  from uniformity inay b e  visualiLed a s  
11 waves” in  th i s  distribution, and, for spec i f ic  
c h o i c e s  of h and p, t h e  amplitude and wavelength 
of t h e s e  waves  may b e  calculated.  Though it is 
not immediately obvious, reflection will make i t  
c l e a r  tha t  s u c h  waves are harmful if both amplitude 
and wavelengths a r e  large. 

An important conclusion of t h i s  s tudy was that  
there  w a s  a natural limit t o  the  s t a t i s t i c a l  per- 
formance of t h e  method, depending only upon P 
(therefore the  machine) and not upon t h e  choice  of 
X and p. Further, although i t  seems that  thoroughly 
rel iable  generator performance i s  p o s s i b l e  o n  t h e  
CDC, 1604 computer, t h i s  is not completely c l e a r  
for t h e  IBM 7090 and is a l i t t l e  more dubious for 
t h e  IRM 360. T h e  trouble comes  mainly i n  the  
distribution of quadruplets and longer s t r ings.  

Out present  concern is with random number gen- 
erators  for t h e  IBM 360/75, s i n c e  they a r e  neces-  
sa ry  in  the  preparation of Monte Carlo programs for 
t h i s  machine. Several. c o u r s e s  are open to  us :  

We c a n  go ahead with present ly  known methods 
and hope for t h e  best .  

Since t h e  actual  effect  of t h e s e  correlat ions on 
pract ical  ca lcu la t ions  is unknown and,  real is-  
t ical ly ,  incalculable ,  we c a n  examine t h e  effect  
of using s u c h  presumably faulty generators  i n  
pilot calculat ions.  

We can ,  a t  a sacrifice of machine time, artifi- 
c ia l ly  increase  t h e  effect ive word length t o  a 

“safe” value. 

We c a n  invest igate  methods other  than l inear  
congruential for generators  of random numbers. 
Several  s n c h  methods, having  various degrees  
of promise, have  been devised ,  and at tempts  a t  
niathematicnl ana lys i s  have  been s ta r ted .  

Course 1, though not hopeless  (one might b e  
lucky), is probably unacceptable .  We have ,  tem- 
porarily, adopted c o u r s e  3 in order t o  h a v e  a reli- 
ahle  method for ins tan t  use .  Course 2 and c o u r s e  
4 will be invest igated further. 
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5.15 CDC 160-A PROGRAMS FOR PROCESSllNC 
DATA FROM NEUTRON TIME-OF-FLIGHT 

ME ASU R EM EN TS ’ 
Vi. E:. Kinney J. A.  Biggersiaff‘ 

C o d e s  have  been written for process ing  t h e  d a t a  
from experiments which measure neutron e l a s t i c -  
and inelast ic-scat ter ing c r o s s  s e c t i o n s  by t h e  
time-of-flight technique. T h e  d a t a  are accumulated 
in  an ND-150 4096-channel pulse-height analyzer  
and are extracted from i t  by means of puriched 
paper tape or s e n t  direct ly  t o  a CDC 160-A computes 
over a data-link cable .  T h e  c o d e s  e n a b l e  the  d a t a  
t o  be printed, the  background l o  be normalized and 
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siilatracted, the  walk m the  circuitry to bc corrected,  
and the corrected resu l t s  t o  be printed. 

References 

’ Ahstrect of OKNX,-’lrM-1208 (1966)- 
’Physics Division. 

5.116 F. 
LEGE 

LEGENDRE is a F’OR‘TKAN program, written for 
e i ther  the  CLX 1604 or IBM 7090, to  ca lcu la te  the  
coefficients of the  Legendre expansion of an angu- 
lar  distribution. ‘The angular distribution, repre- 
sented by either the  different ia l  cross section or a 
probability distribution, may be  spec i f ied  at arbi-. 
trary va lues  of the cos ine  with linear interpolatioii 
between given values .  The Legendre coeff ic ients  
are punched on ca rds  i n  the format used by t h e  
05R cross-sect ion handl ing package. Comparisons 
a re  rnsde between the ini t ia l  distribution and the 
ca l cu la t ed  Legendre expansion.  
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SSIBLE LEGENDRE COEFFICIENTS’ 
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It has  long been real ized tha t  Legendre polynomial 
expansions of differeiitial c r o s s  s e c t i o n s  can resu l t  
in negat ive cross-sect ion va lues  due to t h e  trunca- 
t ion of t h e  inf ini te  series. It is also poss ib l e  tha t  
a given s e t  of Legendre coeff ic ients  may resu l t  in 

negat ive cross sections b e c a u s e  they (10 not  repre- 
s e n t  any physical ly  possible, everywhere posi t ive 
angu1.m distribution. T h e  mathematical  cr i ter ia  that 
m u s t  be sa t i s f ied  in order that there exist  an every- 
wlieie posi t ive dis t r ibut ion having a given set of 
Legendre coeff ic ients  itre ~ ~ S C U S S C ~ .  A check of 
the Legendre coefficients f rom severa l  pub?ished 
sowces h a s  revealed a surprisingly large number 
of i n s t a n c e s  where the coeff ic ients  axe hpG!;sible. 
A computer program is offered which v~ill examine 
a set of Legendre coefficients to determine if they 
can be derived from a possible distribution. 
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WATETIME is a FORTRAN program for analyzing 
t h e  neutron history tapes produced by the  OS? 
Monte Carlo neutron transport  c o d e 2  and for cal- 
culat ing the neutron population x; a function of 
time. T h e  program w a s  developed fur the  interpre- 
ta t ion of prompt-neutron decay experiments. Source 
neutrons are  injected into t h e  systern a t  time zero. 
Although t h e  time distribution of source  neutrons 
is a d e l t a  function at present,  i t  c a n  be extetided 
t o  other distribul ions.  

Weferen ce s 

‘Central  Data P rocess ing  Fac i l i ty ,  Oak Ridge 
Gaseous Iliffusion Plant .  
‘D. C. Irving et al., OSR, a Genc~ral-Purpose 

Monte Carlo Neutnm Trrmspnrf Code, ORML-3622 
(February 1965). 



T. V. Blosser 

T h e  design of a neutron spectrometer for u s e  i n  
t h e  neutron energy range from thermal t o  approxi- 
mately 10 keV which h a s  been  under development 
for  some time’ h a s  been completed. T h e  spectrom- 
e te r  is basical ly  a spher ica l  RF, counter enc losed  
i n  a thick ‘ O f 3  she l l ,  which i s  penetrated by a 
1-in.-diam collimator. Twenty-three ‘OR f i l ter  
d i sks ,  each of a different th ickness ,  c a n  b e  suc- 
c e s s i v e l y  positioned a t  the  mouth of the  colliiiiator 
to, i n  effect ,  peel  off greater and greater f ract ions 
of t h e  incident neutron spectrum. 

T h e  spectrometer h a s  been used  i.ii three f ie ld  
t e s t s :  a nieasnrenent  of a portion of a neutron 
spectrum of t h e  Bulk Shielding Reactor (see Sect. 
1.10); measurements of epi thennal  s p e c t r a  of t h e  
Tower Shielding Reactor  (see Sects .  3.3 and 3.5) ;  
and measurements of t h e  s p e c t r a  from beam h o l e s  
HB2 and €1133 of t h e  High Flux  Isotope Reactor .  
T h e  field t e s t s  indicated tha t  t h e  number uf f i l t e rs  
should b e  increased  by approximately five: th ree  
for f i l l ing in somewhat large g a p s  between some 
f i l ters  in  t h e  ex is t ing  sequence  and two very thin 
f i l t e rs  for improving t h e  resolution of the  instrument 
a t  near-theirnal c nergies. 

Analys is  of t h e  da ta  obtained with t h e  epithermal 
neutron spectrometer h a s  turiied out  t o  be  difficult, 
and var ious methods are still being s tudied.  Ini- 
t ia l ly ,  a s t rong effort w a s  made to  u s e  t h e  qui te  
accurate  methods of Burrus  et al. as  embodied i n  
t h e  F E R D  seiies of c o d e s . 3  This effort fa i led,  
largely because  of t h e  intractable  s h a p e  of the  
spectrometer response  functions. Typical!y, the  
response curve for any s ingle  f i l ter  of the  s e t  r i s e s  
s teeply  to a rather broad peak,  then  slowly and 
monotonically d e c r e a s e s  i n  a l / v  fashion. T h e  ful l  
width at half maximum of t h e  peak is roughly two 

energy decades .  For the  successf i l l  appl icat ion 
of t h e  F E R D  c o d e s  much sharper  cutoffs  a re  needed. 

‘The a n a l y s i s  method which proved s u c c e s s f u l  
for t h e  f i r s t  and second f ie ld  t e s t s  mentioned above 
cons is ted  fundamentally of making a f i rs t  g u e s s  a s  
to t h e  s h a p e  of t h e  measured spectrum and us ing  
t h e  measured t ransmiss ions  of t h e  ‘OB filters to 
ca lcu la te  the  number of counts  which would have  
been obtained f rom s u c h  a spectrum. Comparison 
of t h e  ca lcu la ted  count spectrum with the experi-  
mentally obtained counts  enabled a second and 
bet ter  guess t o  b e  made. ’This  i terat ion process  
w a s  carr ied out  until a t  l e a s t  +5% agreement be- 
tween calculat.ion and experiment vias obtained. 

Further s tudy of ana lys i s  methods is being car-  
ried out concurrently with t h e  preparation of t h e  
final report and the  manual covering t h e  spectrom- 
eter ,  for which out l ines  are present ly  being d is -  
cussed .  

‘Work funded by Defense  Atomic Support Agency 
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3858, vol. 1, p. 59; T. V. I3losser, Neutron Phys.  
Div. Ann. Pro&. Repf. Aug. 1, 1964, OKNL-3714, 
vol. 1, p. 84. 
3W. R. Burrus, Neutron Phys.  Div. Ann. Progr. 

Xepi. Rtag!. 1, 1964, ORNL-3714, vol. 1, p. 77. 

T. V. B l o s s e r  

Previous  annual  progress  reports have d i s c u s s e d  
t h e  des ign  of a highly sens i t ive ,  isotropical ly  

6 0  
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responding fast-neul.ron dosimeter and outlined 

carried on c o t ~ c u r r e n t l y  with t h e  design of the 
epithermal neutron spectrometer descr ibed i n  Seci 
6.1. Although most of the effort has been on s p e c -  
trometer des ign  duririg the p a s t  year ,  a considerable  
body of cal ibrat ion d a t a  has been accurnulated on 
a dosimeter configuration consisting of a IO-in-OI? 
polyeihylene sphe re  enc los ing  a 2-jn.-diam spher-  

i c d g  isotropica%ly responding BF proportional 
counter. Most of the data ,  iinfortunately, are in 
somewhat disconnected bits and p ieces .  ?‘his i s  
due to t h e  fact that  the heavy workload on the 
fac i l i t i es  required for t h e s e  cal ibrat ions (the 5- 
MeV Van de  Graaff, for instarice) h a s  Iorced our 
work to fit a “time ava i lab les9  part.ern. 

the g ~ a l s  of i t s  The work has  beer1 

.At present  we have obtained accurate  cal ibra-  
t.ions with 3- arid 14-MeV monoenergetic neutrons,  
with neutrons from Po-& arid Po-B sources ,  and 
in a 1/E flux behind the 23 * ‘1-1 f i l t e rs  belonging 
io the  epithernial neutron spectrometer.  A long 
counter,  to se rve  a s  an accurate  flux monitor during 
cal ibrat ion runs,  w a s  also carefully calilxated. 

Since t h e  d a t a  a re  not in  order, 110 attempt has  
yet  been made to perform a careful  analysis. Wow- 
ever ,  evidence to d a t e  ind ica tes  tha t  the  combina- 
tinil of the lO-in.-OD sphe re  with the 2-in.-diam 
proportional cmmter (having a double-loop collector 
and filled to a p res su re  of $2 a t m  with enriclied 

BF, gas) will have a sens i t iv i ty  and r e sponse  
siinilar to, but possibly better than, t h e  end re- 
s p o n s e  of the  modified long counter used i n  the 
survey of the sh ie ld  of t h e  NS “ S a ~ a n n a h . ” ~  UThell 
used in  t h e  mode for which it was  designed,  t h e  
1 atter instrument produced exce l len t  measurements 
of the rnullicollision t i s s u e  dose.  
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For severa l  yea r s  we have been cmcerned with 
t h e  problem of operating upon experimental  pulse- 
heigh! dis t r ibut ions f rom sciritiliation counters  i n  
order to obtain the desired neutron or garrrtiia-nay 
spectrum. ~t present ,  the FERIIO” coda is the 
most advanced general  code  that we have made 
generally avai lable .  It has a number of restr ic t ive 
approximatic:ris but operates  qui te  fas t  and gives 
good ~ e s u l t s  for scint i l la t ion counter pulse-height 
di!;tributio~ls with many channels .  A number of 
small improvement:; have  been irinde and some 
errow correctt?d, and a revised vt:r:~ io~ ,  FEWDOR, 
will  soon be i s sued  a:; m ORNL report. A com- 
ple te  revision which is not so restr ic t ive,  known 
as FERD, has  been completed,  checked on severa l  
problems, and tlocumented. Kt is planned t o  d is -  
tr ibute F E R D  through the Kndii*ti(>n Shielding In- 
formation Center.  There is a good chance that  
F‘E;X?B> wil l  p r w e  useful  o r [  treating d a t a  froin 
threshold act ivat ion foils and other few-channel 
spectrometers ,  such  as the Bonner-sphere spec- 
trometer. ‘ 

We are still trying to el iminate  all ad hoc  RS- 

sumptions or res t r ic t ions from f.he method. Previous 
at tempts  at running a complete code using quadratic: 
programming demonstrated the  validity of the  metli- 
od,  but were plagued by long running t imes arid 
diff icul t ies  with the floating-point tolerance prob- 
l e m .  W e  are trying to adapt  t h e  symmetric l inear  
programming method of Talacko’ for very f a s t  
quadratic programming, and hope that  judicious 
use  of interval ari thmetic or  s ignif icance arith- 
met ic6 wil l  e l iminate  the  necess i ty  for prcscal ing 
input or worrying with floating-point tolerances.  
Effort cont inues on a superspeed approach? which 
requires on the  order of IO3 arithmetic operat ions 

lor operating on a 100-channel spectrum, as opposed 
to lo7 for present: methods. It is planned to  refine 
the code  in order to dea l  with NaX(TI) sc in t i l l a t ion  
gamma spectrometers ,  and then to attempt to pro- 
gram the method for our PDP-8 computer. W e  are 
a l so  trying to get  some resu l t s  ou t s ide  the narrow 
context  of unfolding pulse-height distributions.  W e  
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have  jus t  published a n  algorithm for t h e  gener- 
a l ized inverse’ which w e  think is among t h e  m o s t  
e legant  and eff ic ient  known. T h e  generalized in- 
v e r s e  code  w a s  a s l ight  variant of a n  algorithm 
used by FERDO (and its predecessor ,  SLOP). A 
numerical experiment is now under way on so lv ing  
s y s t e m s  of equat ions us ing  programmed arithmetic 
and input/output rout ines  which have  a random 
rather than a determinis t ic  error. T h i s  makes i t  
poss ib le  t o  bring powerful s t a t i s t i c a l  techniques t o  
bear on ques t ions  of accuiuulation of error. We 
expect  t o  obtain some sharp  resu l t s  which will 
then have appl icat ion to ac tua l  computers with 
determinis t ic  f ini te  precis ion arithmetic and input/ 
output truncation. 
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SPECTROMETRY WITH BULK 
GANIC SCINTILLATORS’ 

V. V. Verbinski R. Tcxtor2 
K. M. Frees tone ,  Jr. W. R. Burrus 

T h e  development of a fast-neutron spectrometer 
of high efficiency and relat ively la rge  s i z e  h a s  

been pursued by t h e  Neutron P h y s i c s  Divis ion 
b e c a u s e  of its importance t o  a number of pas t ,  
p resmt ,  and proposed programs of in te res t  t o  t h e  
Division. T h e s e  include appl icat ions in reactor 
shielding,  fast-neutron albedo and reactor source  
spectrum determinations, sca t te r ing  c ross -sec t ion  
measurements, determinations of ( a , n )  and (p,n) 
y ie lds  and c r o s s  s e c t i o n s  for 0.5- to 50-MeV neu- 
trons, and measurements of cosmic-ray neutrons 
i n  and above the  earth’s atmosphere. T h e  capabi l i ty  
of good gamma-ray discrimination with the  NE-213 
scint i l la tor  is of utmost importance in  most of t h e s e  
measurements, e v e n  where time-of-flight techniques  
a r e  used.  

Both 5- by 5-in. and 2- by 2-in. sc in t i l l a to is  have  
been cal ibrated and used  for a number of m e a s -  
urements where time-of-flight techniques were pos- 
s ib le .  T h e s e  cal ibrat ions have been carefully m a d e  
and are qui te  re l iable ,  as evidenced by the  good 
resu l t s  obtained and by t h e  use of t h e  published 
cal ibrat ions at severa l  other laboratories. T h e s e  
cal ibrated de tec tors  a r e  usefu l  in  c r o s s  cal ibrat ing 
very large scint i l la tor  tanks  often used  with l inacs ,  
and t h i s  proves to b e  a very convenient procedure 
i n  time-of-flight arrangements. 

For time-of-flight appl icat ions,  only the  integral  
b i a s  efficiency is needed. T h e s e  a re  obtained frorn 
response  funct ions ca lcu la ted  with a Monte Carla  
code.  

For measurements where time-of-flight techniques 
a re  not feas ib le ,  t h e  complete pulse-height dis t r ibu-  
tion for incident  monoenergetic neutrons must  b e  
known so that  unfolding techniques c a n  b e  applied. 
T h e s e  have  been obtained with reasonable  accuracy 
f rom 0.1 to  20 MeV with t h e  05s Monte Car lo  c o d e  of 
lex tor .  They  have  been checked  for proper s h a p c  
at a large number of neutron energ ics ,  and for 
absolu te  differential eff ic iency a t  2.66 and 14.43 
MeV. 

To obtain rel iable  spec t ra  with reasonably good 
energy resolution and a rel iable  es t imat ion of t h e  
s t a t i s t i c a l  uncertainty of t h e  resu l t s ,  i t  is n e c e s -  
sa ry  to have  good pulse-shape discrimination capa-  
bi l i t ies ;  t h e  e lec t ronics  mus t  h e  s tab le ,  l inear ,  and 
yield very reproducible resu l t s ;  t h e  Monte Carlo 
ca lcu la t ions  of the  response must be  accurate  and 

based  on experimental inputs  and checks ;  and a 
reasonably sophis t ica ted  unfolding-type code  must 
b e  avai lable .  

A Fort&ype gamma-ray discriminator h a s  been 
developed t o  t h e  point where i t  is s t a b l e  and c a n  

- 
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Fig .  6,4.1, 2 5 2 C f  Spectrum Showiny Oayonic Scintillotor R e s u l t s  Compared with Boiloff Spectra  Fi t ted to  Pub- 
l i shed  R e s u l t s ,  

accept  neutron-induced p u l s e s  at near 100% ef- 
ficiency over a pulse-lieight range that corresponds 
to recoi l  protons of about 0.4 MeV (corresponding 
to a pulse  height produced by a 0.05O-MeV elec- 
tron) to 20 MeV. It h a s  been used with convent ional  
amplifiers and an analyzer in  gamma-ray environ- 
tnents producing count  ra tes  up to 10,00O/sec 
(about 10% of  these even t s  were due to neutrons). 
Pmper adjustment of the  ci rcui t  for this range i s  
not poss ib l e  without expevirnental checks. T h e s e  
have recently been impmved t.o thr: point where 
gocd perlormarice and reliabil i ty are  achieved. 
‘The reliability, l inear i ty ,  and reproducibil i ty of 

the electronics have been advanced s ignif icant ly  
by proper rmtckring of amplifier arid analyzer  and 
by improving the tube-base design.  The requirement 
of obtaining a l inear  output from the  10th or 11th 
dynode of a 14-st.age photomultiplier operated i n  a 
high-current mode l e a d s  to seve re  interelectrode 
coupl ing problems. T h e s e  have  been overcome to 
ari ex ten t  where two  different tube-base d e s i g n s  
appear to be reasoriably re l iabb.  It i s  hoped that 

the problem can  be pursued further so that  ail 
operable  b a s e  c a n  be obtained that  has nmcasecord 
time s lewing,  in  addition to the above-mentioned 
requirements of l inearity,  reproducibiIity, and good 
gamma-discrirnini~~ion capabi l i ty ,  

T h e  Monte Carlo ca lcu la t ions  hili/e recently showr;. 
s ignif icant  improvement in matching the r e sponses  
that  could be measured at a f e w  points,  bcath as a 
resul t  of more  prec ise  measuring techniques and 
improved inputs  to the calculat ion.  Previously,  the 
mismatch w a s  s u c h  that the Gauss i an  “window 
w i d t h s ~ ~  genc?r;3ted by the FER110 urnfolding cotlc: 
had to be widened additionally by a factor of 1.4 
to avoid local aberrations in the neutron spectra. 
It is expected that t h i s  factor can IIOW be  reduced, 
SI) that. t.he e n e r g y  resolution of the system shouId 
approach that l imited by the sc:inti l lafor i tself  and  
not b y  the heretsfore-req~zired additional smearing. 

The FERDO code  h a s  been carefully checked,  
iricluciing a test case where a published 2 5 2 ~ f  
spect.rum was  converted to a pulse-height distribu- 
tion, using the 2-in. : nti 1 I ator res pot1 se matrix. 
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Fig.  6.4-2. Pu-Be Spectrum with Qrgnnic  Scintillator Resu l t s  Compared with Published R e s u l t s .  

T h i s  pulse-height distribution w a s  operated on by References 
t h e  FERDO code ,  which very sat isfactor i ly  r e -  
produced the  or iginal  spectrum, both i n  s h a p e  and 
magnitude. 

of measurements a t  ORNL, 
as processed  by FEKDO, are  shown in Figs. 6.4.1 
and 6.4.2, where the  measured "'Cf and Po-& 

source  spec t ra  a re  compared with measurements 2Central Data  P r o c e s s i n g  Fac i l i ty ,  Oak 12idge 
obtained by nuclear-emulsion and time-of-flight Gaseous Diffusion 
techniques performed a t  other laboratories. 

'Abstract  of paper to  be  presented at a Conference 
on Radiat ion Measurements in  Nuclear Power a t  

Berkeley C a s t l e ,  Berkeley, England, Sept. 12-16, 
1966* 
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