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ABSTRACT 

D i f f e r e n t i a l  cross sec t ions  f o r  the  neutron-induced gamma-ray 

product ion  from na tu ra l  vanadium have been measured f o r  i n c i d e n t  

neutron energies between 0.2 and 20.0 MeV. The Oak Ridge L inear  

Acce lera tor  (ORELA) was used t o  p rov ide  the  neutrons and a 'NaI spec- 

t rometer  t o  de tec t  the  gamma rays  a t  125O. The data presented a r e  

the  double d i f f e r e n t i a l  cross sect ion;  d%a/d~dE, f o r  gamma-ray 

energies between 0.3 and 10.6 MeV f o r  coarse i n t e r v a l s  i n  i n c i d e n t  

neutron energy. The i n teg ra ted  y i e l d  o f  gamma rays  o f  energies 

greater  than 300 keV and h igher  r e s o l u t i o n  i n  the  neutron energy i s  

a l s o  presented. The experimental  r e s u l t s  a re  compared w i t h  the  

Evaluated Neutron Data F i l e s  (ENDF). 



INTRODUCTION U 

As p a r t  o f  a  cont inu ing  f o r  determin ing numerical values 

o f  gamma-ray product ion  cross sec t ions  f o r  neutron-induced reac t ions ,  we 

have measured the  absolute d i f f e r e n t i a l  cross sec t ions  f o r  gamma rays  

produced by neutron i n t e r a c t i o n s  w i t h  na tu ra l  vanadium. The data are  

presented i n  t h i s  r e p o r t  i n  t a b u l a r  and graph ica l  form and a r e  compared 

t o  the  c u r r e n t  evaluated data f i l e  f o r  vanadium (MAT' 1196 ENDF/B-IV) .l 

Two methods o f  data ana lys i s  were employed. The f i r s t  g ives t h e  

detailed.gamma-ray spectra f o r  a  se r ies  o f  r e l a t i v e l y  coarse i n t e r v a l s  

i n  i n c i d e n t  neutron.energy w h i l e  t he  second method uses i 'n tegra l  quant i -  

t i e s  t o  i l l u s t r a t e  t k e  d e t a i l e d  behavior o f  t h e  cross sec t ions  as a  

f u n c t i o n  o f  t he  i n c i d e n t  neutron energy. The second approach i s  used t o  

f a c i l i t a t e  comparison o f  t he  experimental  and evaluated data i n  t he  

reg ion  o f  the  thresholds f o r  t he  (n,2n) and (n,3n) reac t ions .  

EXPERIMENTAL PROCEDURE 

3 D e t a i l s  o f  t he  experimental procedure a re  g iven elsewhere .and o n l y  

a  b r i e f  d e s c r i p t i o n  w i l l  be g iven here. Neutrons were produced by 

photonuclear processes due t o  bremsstrahlung from the  impact on a  tan ta-  

lum t a r g e t  o f  e lec t rons  from the  Oak Ridge E lec t ron  L inear  Acce lera tor  

(ORELA). The present  experiment employed an e l e c t r o n  beam energy o f  135 

MeV w i t h  a  r e p e t i t i n n  r a t e  o f  800 pulses per second and a  pu lse  w id th  o f  

12 ns. The t o t a l  e l e c t r o n  beam power was 18 kW. 

Neutrons produced a t  t he  l i n a c  t a r g e t  t raversed a  47.35 m f l i g h t  

path and were i n c i d e n t  on a  t h i n  s lab  of n a t u r a l  vanadiunl v r i e n t e d  45" 



w i t h  respec t  t o  t h e  i n c i d e n t  beam. The s lab  was 30 cm wide by 30 cm h igh  

w i t h  a  th ickness  o f  0.0231 atomslbarn. Gamma rays o r i g i n a t i n g  i n  t he  

sample were detected by a  h e a v i l y  sh ie lded 12.5 cm by 12.5 cm NaI detec- 

t o r  a t  125' w i t h  respec t  t o  t h e  i n c i d e n t  neutron beam. For each event 

i n  t h e  de tec to r  da ta  were recorded i n  a  two-parameter a r r a y  con ta in ing  

gamma-ray pu lse  h e i g h t  as a  f u n c t i o n  o f  t i m e - o f - f l i g h t  f o r  the  i n c i d e n t  

neutron. 

The neutron f l u x  a t  t he  sample p o s i t i o n  was determined i n  a  separate 

experiment us ing c a l  i b r a t e d  t h i c k  organic s c i n t i l  l a t o r s .  During the  

course of the  gamma-ray measurements t h e  f l u x  was monitored us ing a  small 

p l a s t i c  s c i n t i l l a t o r  i n  t he  edge o f  the  neutron beam 30 m from the  source 

DATA REDUCTION 

Two methods nf da ta  reduc t i on  were employed. I n  the  f i r s t ,  t he  

pu lse  h e i g h t  spec t ra  were i n teg ra ted  over i n t e r v a l s  o f  neutron t ime-of-  

f l  i g h t  t o  form pu lse  Re iy t l l  spectra f o r  s p c c i f  i c  I n c l d ~ r l l .  neutron energy 

ranges. These i n t e r v a l s  ranged i n  w id th  from 0.5 MeV a t  energies below 

5  MeV t o  3 MeV i n  t h e  range 14 t o  20 MeV. The spectra so formed were 

then unfolded us ing  the  code FERD drid measured rcsponse func t i ons  nf the  

NaI de tec tor .  The r e s u l t s  were the  gamela-ray spectra dc f l ned  by 148 

p o i n t s  cover ing  the  gamma-ray energy range from 0.26 t o  10.6 MeV. A f t e r  

c o r r e c t i o n  f o r  se l f -abso rp t i on  and neutron s e l f - s h i e l d i n g  i n  t he  sample, 

these spectra were normal ized t o  cross sec t ions  us ing the  measured neu- 

t r o n  f l u x  and sample th ickness.  A f u r t h e r  cur.r.ection was then app l i ed  

t o  t h e  unfo lded data. The c o n t r i b u t i o n  t o  the  observed cross sec t i on  

a t  Ey = 0.511 MeV due t o  p a i r  p roduct ion  i n  the  sample was a n a l y t i c a l l y  



removed. This  was done by f i r s t  c a l c u l a t i n g  the  p a i r  p roduct ion  proba- 

b i l i t y  as a  f u n c t i o n  o f  gamma-ray energy us ing  a  Monte Car lo technique. 

I m p l i c i t  i n  t he  c a l c u l a t i o n  a r e  the  assumptions o f  un i fo rm gamma-ray 

product ion  probabi 1  i ty  w i t h i n  the  sample volume in te rcep ted  by the  beam 

and the  i s o t r o p y  o f  emi t ted  gamma rays. The t o t a l  0.511-MeV cross 

sec t i on  w i t h i n  each neutron energy group was then ca l cu la ted  from the  

product  o f  t he  observed gamma-ray cross sec t i on  and the  p a i r  p roduct ion  

p r o b a b i l i t y .  Th is  cross sec t i on  was then "smeared" w i t h  the  de tec to r  

r e s o l u t i o n  and subtracted from t h e . o r i g i n a 1  data. The magnitude o f  t he  

c o r r e c t i o n  ranged from on the  order  of 0.04 mblsr  f o r  En = 1.0-1.5 MeV 

t o  6 mbls r  f o r  En = 10-12 MeV. 

These r e s u l t s  a re  presented i n  the  f i r s t  s e t  o f  f i g u r e s  a t  t he  end 

o f  t h i s  repo r t .  F igure  1  i s  a  three-dimensional representa t ion  o f  the  

data g i v i n g  cross sec t i on  versus gamma-ray and i n c i d e n t  neutron energy. 

Figures 2-20 present  the  d e t a i l e d  gamma-ray spectra f o r  each i n c i d e n t  

neutron energy in te rva l ' .  These a re  compared t o  cross sec t ions  generated 

from the  eva lua t i on  (ENDFIB- I V  MAT 11 96) by averaging over t he  app rop r ia te  

neutron energy i n t e r v a l .  

The data described above prov ide  d e t a i  1  ed in format ion about t h e  

secondary gamma-ray spectra, bu t  because the  unfo ld ing technique requ i res  

good s t a t i s t i c a l  accuracy the  data must be binned over l a r g e  neutron 

energy i n t e r v a l s .  Therefore, a  second type o f  data reduct ion,  pu lse  

he igh t  was a l so  used. This  technique prov ided o n l y  i n t e -  

g r a l  in format ion about the  secondary gamma spectra (e.g., t o t a l  y i e l d  and 

average photon energy)', b u t  because the  demands on s t a t i s t i c a l  accuracy 

a re  l e s s  i t  al lowed b e t t e r  r e s o l u t i o n  i n  the  i n c i d e n t  neutron energy. 



. I n  t h i s  work the  pu lse  h e i g h t  weight ing ana lys i s  was app l i ed  t o  spectra 

formed by i n t e g r a t i o n  over t i m e - o f - f l i g h t  i n t e r v a l s  corresponding t o  

AEn = 0.1 MeV a t  En = 1  MeV increas ing  t o  AEn = 1.0 MeV a t  En = 20 MeV. 

The r e s u l t s  o f  t h i s  ana lys i s  f o r  t he  t o t a l  y i e l d  and average secondary 

gamma-ray energy as a  f u n c t i o n  of the  i n c i d e n t  neutron energy a re  pre-  

sented i n  F igures 21-24. Two values o f  t he  lower c u t - o f f  i n  gamma-ray 

energy were used, 0.26 and 0.70 MeV. Comparisons are  made f o r  the  same 

q u a n t i t i e s  c a l c u l a t e d  from t h e  evaluated f i l e s .  

The data shown i n  t h e  graphs are  g iven i n  the  tab les  contained i n  

t h e  l a s t  sec t i on  o f  t h e  r e p o r t .  The values shown i n  the  graphs and, 

p r e s e n t e d ~ i n  the  tab.1es do n o t  i nc lude  an unce r ta in t y  o f  10% i n  o v e r a l l  

no rma l i za t i on  due main ly  t o  the  de terminat ion  o f  the  i n c i d e n t  neutron 

f l u x .  
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0 2 .OO 4 -00 6 a00 8 -00 10 .O 12 .O 14 .O 16 -0 18 -0  20 

Neu t ron  Energy I M e V  I 
F I G U R E  2 2  
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(I) 
0 
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LI 

Neutron Energy (MeV I 
F I G U R E  2 3  
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O I I I 1 R E B T I L L  C B O S S  S E C I I O I S  I 0 8  G I I I I  6 1 1  PBOOOCTIOI  II V  . 7 8 1  I I B S T  S E T  
0I I U W B 1 8 S  I S  T R S  DOUBLY t I 1 I 1 B C I ¶ I l L  C R O S S  S E C T I O U ,  U H I L Z  THE S C C O l C  S E T  I S  T H E  
G I I I 1 L  B L 1  PBOOUCTIOW C 8 0 S S  S E C T 1 0 1  FOB THE C 1 S Z G I I T 1 0  0 1 1 1 1 1  811 l l 8 8 G l  I l ? E R V A L S .  
T R I S  S I C C L O  S R  B I S O L T S  PB011 1 1 T B G 8 1 T I O U  O I  T H E  DOOBL1 O I ? I E R L 1 T I I L  O I T L .  THE 
O R C E R T I I @ T I B S  I B 1  G I l E I  I #  ¶ B E  S I R 1  O I I I S  I S  THE O I T I  LBO DC 1101 I I C L O O E  I #  I S T I -  
MATED 1 0  PLBCCWT LRBOR I1 I E S O L m L  I O F l l L L I I I T I O R .  

I - S E C T I O N  
( 8 / 5 8 / 1 6 V l  

I R T E G R A T 1 0  t k T L  

PHOTO8 EBEKGY I B T E 6 V A L  I - S E C T I O N  EEROR 
II]LVl ( 8 / S R )  (B/SR)  



oxrranmxu CBOSS S I C I I O ~ S  ma 011101 111 PBOOOCTIOI 11 1 . T E I  rInst SET 
0. . 0 1 1 1 1 9  13 9 0 1  D O O B L I ~ D I P P 1 1 1 I T I I L  CBOSS S I C T I O I .  V E I L 1  TEE S I C 0 1 0  SET I S  T B 1  
i i s i i ~ i i i ~ ~ S w G ~ o r ~ c i o s s  sarrou ma tes tssronrri~ orwar srr  amasor I m z a s r r L s .  
T O I S  S I C 0 1 0  SET I l l O L T S  P I C 0  I I T 1 6 1 I T I O I  O I  T 8 1  OOOBLl O I I I 1 B B l T I I f  O I T I .  2 8 1  
o I C m T u l t I 1 S  I11 01111 I1 TIII  S I l 1  0 1 1 t S  I S  T 8 1  O I T I  I 1 0  0 0  not 11CLOO1 I1 I S T I -  
~ I T R O  10 m u n T  I I ~ P  11 IISOLOTI I O B 1 I L I 1 I T I O 1 .  





o x r r m m m ? x & L  CMSS s c c t m s  mn ornnr E r r  vsooocrrov 1s v . T E E  rrssr SET 
or B O ~ B I I S  IS 781 DOOBLX o x r r m t w t I a L  CBOSS S I ~ I O I ,  U E I L ~  T E E  SICODD szt IS TEE 
O I ~ I I  111 smwmlol cnoss src~rom ma rsa tssrorrrao ornnr arr  sscsor ~ m ~ s s i r ~ s .  
T l X S  SRCOSD IX? 1 1 S O L T S  P 1 C 1  I D l 1 6 1 1 I T I 0 I  01 l R 1  DOOBLI D I I ~ B B C l T I A L  DITA. T 8 1  
O l C 1 l T I 1 1 T I 1 S  111 0 1 1 1 1  11 181 S I I 1  OBITS I S  ?RE O I T l  IUD DO HOT I I C L O O I  11 I S T I -  
11IT10 1 0  P I I C E I T  11I01 I1 1 1 S O L O f 1  M B I I L I I I T I O V .  



or ronacss 1s zsa pars~r  oxrnsuTrrr caoss sscrror, sarrs IIIE srcoro err XI t i 1  
0111111 ELI PBOOOCTIOI CBCSS SECTIOI IOU THC LUIOlIT~O 011111 111 1IIlDt I I T ~ ~ l L L ~ .  

ODE .. I*..- 

I-SECTIOI 
(0/SW1CVl 

iBOlOl ElES61 I-SICTIOI 11101 
(IEV) (B/SU/II~IVI is/su/amj 



O I P ~ E B C I I T I A L  cwss SLC'IIOII mu crnnr BIT  PEOOOCTIOD II  v . T B E  r I n s 7  sn 
OP HUIIBERS I S  THE OOOBLI D I I ~ E B t l T I I L  CBOSS SCCTIOI, UBILE TRI  SZCOSD S I T  1s TBK 
n.llA B l V  OannnCTInn CROSS SECT101 FOR THE ~ 1 9 I G l A T E D  O I I I I  8 1 1  1 1 1 9 0 1  I lT l !9 l ILS .  - "  --. .--------- ----- ------. - - ~  --- .--.- .. - - - ~ - ~ -  ~~ - ... --- 
T H I S  ~ ~ c o n ~  SET BESOLTS I B C I  r n r e c e r r I o u  or ' Ins  o o o a r r  orrraserrIrr O A T ~ .  rsa 

S80TOD Em1861 I -S1CtX01  
( I l l )  (8/SE/11V) 

9.0 t o o  
9 . 1 5 0 8  
9 .3001  
9 . 4 6 0 8  
9 .6208  
9.780E 
9.9UOE 
1.010E 
1.026E 
1.U91E 
1 . 0 5 8 1  



D I ~ P E R B i l T I A L  C R O S S  S B C I I O U S  PO6 6111111 S l I  PBOOOCTIOII I N  V  . 7 8 8  F I R S ¶  S E T  
C? m n s a r s  is T E E  moerr c x , r e u : n t I l r  csoss sacrron, u n I r E  mt'srcoso SET 1s rus 
CL11111 E l 1  PROOOCTXOll C R O S S  S I C T I O R  )OR TBL C i S I G l l T E D  611111 RAT C N E R 6 I  I L T E R V I L S .  
T H I S  S l C C l O  S!3 R I S O L T S  PPCII I l T E G R I T I O l l  0) I H 1  OOOBLI OI?PEREIITIAL DATA. THE 
O n C 1 R T I I i l T I E S  I R E  G I V E 1  I N  THE SAM1 O B I T S  AS TRL OAT1 I l O  0 0  ROT I l C L O O E  All E S T I -  
l l L t C 0  1 0  P t R C I l l T  E 8 s O R  II I P S O L U I E  B 0 F I ) I L I E I T I O R .  

P R O ~ U  E U Z R G I  I-SBCTIOD 1 6 8 0 8  FEOTOR BREBGI I - S E C T I O N  E88OE 
( I I E I )  ( 8 / S W 1 1 1 )  ( 8 / S W l E V )  (MeV) ( 8 / S R / I E V )  ( B / S E / I E V )  

' I m r r o o r t e o  t r r s  

PHOtOL E l E l G I  I N T E 6 P R L  1-SECTIOL ERROR 
( n i v )  IB/SRI IB/SRI 



O I ~ ~ B D ~ D T I I L  CKISS SICTIOUS roe o r n n r  1111 PROOOCTIOU I B  v . T 8 1  PIEST szr 
01 1 0 1 1 1 1 9  I S  T I 1  OOOBLI D I ? ? X R 1 U T I I L  CROSS S E R I O B ,  I B I L E  T 8 1  S1COUO S E T  I S  ?BE 
e~mrn~  n a y  D ~ O O O R Y ~ I  cnoss S r c T r n n  me 7 8 1  r a s r o n r m o  o r an r  srr lrssor I n T s s r r L s .  
i i i s ~ s s C O ~ ~ ~ i i i ~ i i i 6 ~ i 5 ~ r S c i ~ 1 ~ ~ ~ o 1 1 ~ 1 o  01 l e i  WOBLI OI~I IBXIITI IL  OITI .  7 8 1  
O I C 1 1 T I I U T I 1 S  LUX 0 1 1 1 D  I1 1 8 1  S I l 1  ONITS I S  TUG O I T I  IUD 0 0  1 0 T  IUCLOOE II B S T I -  



o I r i 1 n c u t I u  CBOSS SLCTIOIC m a  o r n n r  o r r  Q n o D o c n o u  11 i . 111 r r a r r  In 
O r  101111RS I S  THE 0 0 0 1 L 1  D I ~ I X B 1 l l I l L  CBOSI S I C T I O l r  U 8 1 L 1 ' 1 1 I  S I C O l D  8 8 1  X I  lll 
0111111 BIT PBODOCTIOI CIOSS SCCTIOI IOU THE CIIIOIITID OIB~I 111 BIIIDI I u l n a L s .  
T H I S  StCCBD SET BESOLTS P I C 1  1 1 1 E O 1 I T I O 1  0 1  1 R I  DOOBLl D I l l Z l Z l f I l L  DIVA. T I E  
O I C E R T I I I T I E S  I B E  Q I l E I  11 I R E  9 1 1 1  O l l T S  I S  TO1  O I T I  I I D  0 0  1 0 1  I I C L O D I  II 1111- 
n w r o  l o  P L R C C ~ T  z n m a  XI IBBOLOTE MBIIILISITIOI. 

PROTON 1 1 1 8 0 1  I -SKCI ' IO1  EBBOR C8OTOl E I E R F I  I - S E C l I O l  E l B O l  
l n1v l  18/SR/11V) ( B / S V 1 1 1 )  ( I L l )  I B / S ~ / 1 1 1 )  (n/IB/LlEV) 

PRMOB EBE6GV I B T E B V I L  I -SECTION LBBOB 
l I 1 V l  ( 0 / 3 1 l  I 0 1 S B l  



I R C I O I R T  N E O T R O N  E N E R G Y  = 0 . 5 0  T O  U . 9 8  n E V .  A N G L E  1 125 C E G R E Z S .  

P H O T O N  E R E R G T  % - S E C T I O N  E R R O R  € H O T O N  E R E R G l  1 - S E C T I C R  E 6 6 0 8  
c u e s )  ( 8 / s s / a e v )  ( e / s v n e v )  I I I E V )  I E / S R / I E V I  ( B / S R I I E V )  

I N T E G R A T E D  [(TI 

P H O T O N  E N U F G I  I N I E F V L L  X - S E C T I C H  E R R O R  
( R E V )  l 8 / S R )  ( B / S R )  



I R C I O E R T  REOTBOI E S E I G Y  = 4 . 9 8  TO 6 . 0 0  REV. AHGLE = 125  DECREES. 

ROTOR EREB 
( I E V I  

CHOTOR EREBG 
( n 1 v )  

I - S E C T I O R  
( a / s n / a c v )  

PHOTOU E R E f G Y  I R T E f V A L  I - S E C T I O N  EBBOR 
( n E v )  ( B / S R I  ( B / S R I  





n I r r c n c n t x b L  CROSS SICTIOIS ton 13~111 B A T  P B O O ~ ~ E T I O I  18  r . T B I  1 x 1 ~ ~  SET 
O P  I O 1 B E B S  I S  T R E  DOUBLY 0 1 1 I L B E B T I I L  C B O S S  S Z C T I O I ,  U 8 I L 1  THC S C C O I O  S E T  I S  T l l  
GAIIIIA R A 1  PROOOCTIOY C B O S S  SECTIOU 1 0 8  T I E  C E S I G l A T E O  CAII IA B I T  1 1 1 1 0 ' 1  I I T I I V A L S .  
T H I S  SECOAO S E T  8 1 S O L T S  P B C I  I U l E G B 1 T 1 0 1  01 l R 1  C 0 0 8 L 1  0 1 1 1 1 8 1 1 T I A L  DATA. T O 1  
U I C E R T L I I T I E S  L E E  G I V E B  1 8  I R E  S A l 1  O B I T S  AS T R C  0 1 t h  A I C  DO 1 0 T  I I C L O O E  A I  I S X I -  
n l T 1 0  1 0  P E R C l U T  1 8 E U B  I8 1 9 S O t M E  I O R ( I A L I Z I T I O 8 .  

I I C I O E B T  BEOTROI  E l 1 6 6 1  - 7 . 0 1  TO 1.97 111. AIGLC . 1 2 5  0 1 6 1 1 1 1 9 .  

P B O T O I  E R t R G l  IATERVLL I - S E C l I O R  ERROR 
I n E V I  l B / S R l  (B/SB)  



o I r r c n c n T 1 u  cwss SccTIoas  108 G I ~ I I A  FIT P ~ O O O C T I O U  18 v . T E E  r IRsT SET 
o r  BOIIBGDS IS T B C  WOBLI c I r t c n c n 1 x u  CROSS SECTIOB. unILe I H ~  SICOBO SET IS T E E  
CAllA 111 PlOOOCTIOD CPOSS SICTIOM 108 TRI tCSIGR1TLD GAllA 811 ERERGI IRTERVALS. 
TBIS SECCDO S R  PISILTS 1BOl I ~ l G G R l T I O l  0 1  TRG DOORLI 0111tRLRTIAL OITI. 1HB 
O ~ C C ~ T I I D T I C S  1 8 1  oncm I U  res s r n e  o a r r s  A S  Tas DITI rao oc ROT I N C L O O E  ra  r s r I -  
IIITIO 10 PGRCCBT 1DMR I1 AIISOLW?C B O ~ l l L I I I T I O I .  

IICIDBDT BEOTROB 1UlR6.I . 7.97 'I0 9.01 REV. ANGLE - 125 01GRCES. 

ERROR 
(R/SWlEV) 

SBGTOR ERERGI 
IIIEVI 

2.7501 C O  
2.8101 00 
2.87OE 00 
2.9308 00 
2.990E 00  
3.0501 00 
3.1101 00 
3.180E 00 
3.2608 00  
3.3401 00 
3.420E 00 
3.5001 00 
3.5801 00 
3.6608 00 
3.7401 00 
3.8201 00 
3.9001 00 
3.9809 00 
4.0601 00 
9.lUOE 00 
9.2201 00 
4.3001 00 
4.3808 00 
4.4601 00  
4.5UOE 00 
0.6301 00 
4.7301 00 
4.8308 00 
4.9301 00 
5.0301 00 
5.1301 00 
5.230E 00 
5.3301 00 
5.4301 00 
5.530E 00 
5.6301 00 
5.7301 00 
5.8301 00 
5.9301 00 
6.0301 00 
6 . 1 3 0 ~  oo  
6.2301 00 
6.3301 00 
6.490E 00 
6.5601 00 
6.6801 00 
6.8COE 00 
6.9201 00 
7.040E 00  
7.160B 00 
7.2801 00 
7.4001 00 
7.520E 00 
7.6UOT 00 

I-SICTIOR 
(B/SR/IEVl 

2.7721-02 
3.0941-02 
3.U20E-01 
3.6341-02 
3.7781-02 
3.0781-02 
3.9661-02 
U.166F-02 
U.5861-02 
5.0731-02 
5.3221-02 
5.1981-02 
4.711E-02 
3.9U92-02 
3.2061-02 
2.736E-02 
2.9261-02 
2.097E202 
1.8701-02 
1.8361-02 
1.9251-02 
2.OU5E-02 
2. 1 0 3 ~ - 0 2  
2.093E-02 
1.9571-02 
1.9101-02 
1.0111-02 
1.6191-02 
1.500E-02 
1.UU7E-02 
1.3621-02 
1.300E-02 
1.2821-02 
1.2991-02 
1.365E-02 
1.3861-02 
1.2851-02 
1.139E-02 
1.017E-02 
9.5391-03 
9.7501-03 
1.0398-02 
1.050E-02 
1.0151-02 
9.3201-03 
8.0911-03 
6.8258-03 
6.0031-03 
5.5121-03 
5.1558-03 
U.686E-03 
U.02UE-03 
3.3351-03 
2.7111-01 
2.0721-03 
1.3551-03 
7.6261-OU 
4.706E-09 
3.538E-04 
2.3UIE-OU 
1.118E-09 
U.099E-05 
2.2741-05 
2.5021-05 
2.8UOt'-US 
2.0758-05 
5.1971-06 

-7.637E-06 
-1.OUUE-05 
-2.6ClE-06 

8.5131-06 
1.7428-05 
2.244%-05 
2.1978-05 

IITEGRLTEO tLT1 

PBOTOB EIEBGf IRTEFVLL I-SECTION ERROR 
IIIEVI (R/SRl IBISRI 



O I ~ ~ L R E N T I A L  CBOSS SECTIOIS 108 G A R U A  O A T  PBOOOCTIOI X I  i . ~ 1 1  rxas? s n  
0 1  1011B18S I S  TRL OOOBLI O I I I 1 8 U T I I L  CBOSS SLCTIOI, YBILG ?BE SICOID SIT 11 TO1 
GA1111A EL1 PBOOOCTIOl CBOSS S K T l U I  108 TRE ffSlGDAI10 41111 BAI 1lE9OI IlTlDVALS. 
TRIS SICCUD SET BISOLTS ruC0 111168AT101 0) ~ R I  E0OILS D Y P V R P I ~ T ~ B ~  o a t h .  ram - -- - - - -  ---.-------- ----. .-- 
ORCIRTAIBTIES ARE GIVE6 X I  THE SAM1 OlXTS IS  TRL DATA A I D  DO 1 0 1  XICLOD1 &I ISTI- 
lLT1D 10 FZBCLNT 1EEOB ID A8MLm1 IOBIIALIZ11101. 

PROTON EIEBGT 
m e v )  

2.7251-01 
2.8751-01 
3.0251-01 
3.1751-01 
3.3251-01 
3.0751-01 
3.6251-01 
3.7751-01 
3.9251-01 
0.1001-01 
0.3001-01 
0.500E-01 
n. ll~lls!-ll I 
0.9001-01 
5.100E-01 
5.300E-01 
5.500E-01 
5.7OOE-01 
S.YUU1-UI 
6.1001-01 
6.3001-01 
6.5001-01 
6.7001-01 
6.900E-01 
7.1001-01 
7.3001-01 
7.500E-01 
r . rooe-01  
1.9001-01 
8.100s!-Ol 
8.300E-01 
8.500E-01 
8.700E-01 
8.9001-01 
9.1001-01 
9.300E-01 
9.5001-01 
9.700E-01 
1.OOOE 00 
1.04OE 00 
1.0801 00 
1.1201 00 
1.1601 00  
1.2001 00 
1.290E 00 
i .a8oe  00 
1.3201 00 
1.3601 00  

PBOTOI 111961 
111VI 



D I ~ P B R E l T I L L  C R O S S  S C C T I O R S  I 0 9  G I I I I  E l 1  PROCOCTIOR I B  V . T R 1  l I 8 S I  S E T  
O? m n e c B s  IS 1 8 1  DOUBLI  O I P P B R L I T I I L  caoss SICTIOR. UHILE THE S ~ C O E O  SET IS THE 
G L ~ ~ I  R I I  PRODOCTIOI CBOSS SCCTIOB POR T H E  C ~ S I G R L T E O  G I ~ ~ L  a A r  r n ~ n c r  I ~ ~ E R V I L S .  
IRIS S G C C ~ D  s m  RGSOLTS p a o n  IRTEGBITIOR or  T H E  OOOBLI  D I I I L R E R T I L L  D A T A .  l a c  
ORCERTIIITIES I R E  G I V E R  xa rue S A ~ E  O ~ I I S  L I  TEE D L I A  A R O  DO ROT I n c L u D e  A R  esrr- 
R L T L D  10  P E R C E ~ T  maoa II  a e s o L v r 1  s o i n L L I a h T I o n .  

ERROR 
( B / S W I E V )  



O I ? ? E B I R T I A L  C R O S S  S Z C T I O I S  1 0 8  G I 1 1 1  8 1 1  P B O O O C l I O l  I #  V . ? H I  P I E S T  S Z T  
OP ROllBERS I S  THE DOOBLY O I ~ I E B t l l T I A L  CBOSS S L C T I O I ,  Y B I L 1  THC S E C O I D  S E T  I S  T I 1  
G A R ~ L  R I I  PRODUCTIOII C B O ~ S  SICTIOU fnn T H E  tcsrcnrrro G A I I R A  s r r  mmrscr I m T r o i r r s .  
~ m r s  s v r r a n  SPT BESOLTS ? n c n  I IT?GRITIOU or  T H E  GOOBLI  OI??IBIITIAL D A T A .  ?BE . - - - - - - - - - - - - - - - - .-. - .  - .  
I I Y C P R T L I I T T P S  I R E  GIVEN II  TIIE SLIIE O I I T S  AS THE DATA I l D  DO I O T  I I C L O O E  A# 1 S T 1 -  

PROTON EREBGT 
(nevi 

I - S E C T I O I  
lB/SE/ i lEVl  

I R T I G R L T E O  OAT1 

PROTON e U 1 R G l  INIEBVAL I - S K C I I O R  EBBOB 
l 8 f V l  (B/SB) IB/SB)  



o n r c R e n f I A L  CROSS SECTIOIIS mr ormar E A T  p l o o o c r r o s  IR v . rue rIast ser 
o r  IOIIDEBS IS T R C  W O B L T  O I ~ ~ E R ~ I T I ~ L  CROSS SGCTIOII, Y R I I E  T R L  SLCOIIO SET IS t a e  
n l l l l  el. PnODOCTIOI  C R E S S  S I C T I O I  FOR THE t 1 S I G l A T 1 0  61111 BAT EIIERGT I I I T E R V l L S .  
; ~ ~ i - s ~ ; i ~ E ~ s ~ ~ i i i o ~ i s ~ i ~ o h ~ i n I i ~ ~ ~ ~ ~ o n  o p t u i  o o o e L v  o r r r r a r n T I r L  elm. m e  
O R C I R T I I I I T I I S  A n 1  OIVGII 11 1 8 8  S A I 1  Q U I T S  AS TRG DATA A I D  OC MOT IRCLOOE & I  I S T I -  
MATZO 1 0  P E R C l I I l  ZERO8 I1 A B S O L m E  I O f 1 A L I Z l T I O R .  

PR)TOR BIERGT I-SICTIOR E K R O R  1 R 0 1 0 I  8 I I E R 6 1  I - S I C T I O I I  ERROR 
( l l v )  ( 8 / S R / l l V )  (8 /S8/ME1)  (MEV) ( B / S R I I E V )  (B/SR/IEV)  

PROTO1 E 1 1 6 G T  I U T E S V I L  I -SECTION ERROn 
( 1 1 ~ 1  ( 8 / S R )  (B/SRI  



Il lCIDElT ll1OfBO8 E1180T r 17 .04  TO 20 .06  BEV. IICLE - 125  01CR11S. 



I=. NT. 
ENERGY 

(MeV) 

0. 150 
0.251 
0.350 
0.451 
0.551 
0.649 
0.746 
0.845 
0.947 
1.126 
1.374 
1.618 
1.875 
2.122 
2.375 
2.631 
2.864 
3. 120 
3.378 
3.623 
3.878 
4.120 
4.366 
4.611 
4.852 

ENERGY 
SPREAC 

,(MEV) 

0.101 
0.100 
0.100 
0.101 
0.099 
0.097 
0.096 
0 . 1 0 1  
0.103 
0 .255  
0.240 
0 .250  
0 .264  
0 .231  
0.. 274 
0.240 
0.227 
0.284 
0 .233  
0 . 2 5 8  

.O. 250 
0 -235  
0 . 2 5 7  
0 . 2 3 2  
0.251 

TOTAL SECONDARY GAMMA RAY YIELC AND BVERAGE SECONDARY GAMMA RAY ENERGY PROM 
V AS A CONCTION OP THE INCICENT NEUTRON ENERGY. THESE DATA RESULT PROM A PULSE 
HEIGHT U3IGRTIRG ANALYSIS PO6  PULSE REIGHTS GREATER THaN 0.260 MEV. UNCERTAIN- 
T I E S  ARE GIVEB I N  PARENTHIESES I N  THE SAME ONITS BS  THE DATA. THE OUCEBTAINTIES 
I N  TOTAL YIELD DO NOT INCLUDE A 10 FERCENT ERROR I N  AESOLUTE NOFMALIZLTIOR. THE 
ANGLE I S  125 DEGREES. 

SECONDARY PHOTO1 
YIPLD (B/SR) 

AVERAGE ENERGY 
(flEV) 

ENERGY 
SPREAD 

(HEV) 

0 .504  
0.516 
0.514 
0. 495 
0.457 
0.504 
0.557 
0.489 
0.463 
0.5oc 
0 . 5 4 1  
0 .499  
0.444 
0.569 
0.508 
0.430 
0.569 
0.483 
0.510 
0 .538  
0 .866  
1. 109 
1.046 
0.948 
1.025 

SECONDlRY PBOTON 
YIELD (B/SR) 

LVERAGI EEERGI 
(flEV) 



I N C - N T .  
ENERGY 

( I E V I  

0. 150 
0. 251 
0.350 
0.451 
0.551 
0.649 
0.7U6 
0.845 
0.9U7 
1. 116 
1.374 
1.618 
1.875 
2. 122 
2.335 
2.631 
2.869 
3.120 
3.378 
3.623 
3.878 
4. 120 
4. 3-56 
4.611 
4. 852 

ENERGY 
SPREAD 

(REV) 

0.101 
0.100 
0.100 
0.101 
0.099 
0.097 
0.096 
0.101 
0.103 
0.255 
0.240 
0.250 
0.264 
0.231 
0.279 
0.240 
0.227 
0.284 
0.233 
0.258 

TOTAL SECONDARY GARIA RIY YIELD A.PD AVERAGE SECONDARY GAOIA RAY EllEBGl PBOi3 
V AS A F O N C I G N  OF THE INCIDENT NEOTR3N ENERGY. THESE DATA RESULT PROM A DULSZ 
HEIGHT 1 E I G W I R G  ANALYSIS PO9 PULSE HEIGHTS GREATER THAN 0.700 I E V .  UNCERTLIN- 
T l E S  ARE GIVEN I N  PARENTHIESES I N  THE SANE UNITS AS THE DATA. THE UNCEATAClTIES 
I F  TOTAL YIELD DO NOT IICLUCE A 10 F E E E N T  ERROR I N  ABSOLUTE NORIALIZATMW. TEE 

. AFGLE IS 125 DEGREES. 

SECC NDA RY PHOTON 
Y3ELD (E./SR) 

LVERA6E ENER GY 
w v )  

INC.  NT. 
ENERGY 

(REV) 

5.230 
5.7UO 
6.255 
6.759 
7.235 
7.7 16 
8.246 
8.768 
9.244 
9.725 

10.2U6 
10.766 
11.237 
11.7U4 
12.283 
12.751 
13.251 
13.777 
14.274 
1U.798 
15.500 
16.487 
17.565 
18.562 
19.54.8 

ENERGY 
SPREAD 

0.5i)u 
0.516 
0.51U 
0.U95 
0. 457 
0.50U 
0.557 
0.889 
0.a63 
0.500 
0.5U1 
0.U99 
0.444 
0.569 
0.508 
0.430 
0.569 
0.483 
0.510 
0.538 
0.866 
1.109 
1.0U6 
0.948 
1.025 
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