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D j f f e r e n t i a l  c ross  sec t i ons  f o r  t h e  neut ron- induced gamma-ray 

p roduc t i on  f rom n a t u r a l  manganese have been measured f o r  i n c i d e n t  

neu t ron  energ ies  between 0.2 and 20.0 MeV. The Oak Ridge L inea r  

Acce le ra to r  (ORELA) was used t o  p rov ide  t h e  neut rons and a  NaI spec- 

t rometer  t o  d e t e c t  t he  gamma rays  a t  125". The da ta  presented a r e  

t h e  double d i f f e r e n t i a l  c ross  sec t ion ,  d2a/d$2dE, f o r  gamma-ray 

energ ies  between 0.22 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  

neu t ron  energy. The i n t e g r a t e d  y i e l d  o f  gamma rays  o f  energ ies  

g r e a t e r  than  220 keV w i t h . h i g h e r  r e s o l u t i o n  i n  t h e  neu t ron  energy i s  

a l s o  presented. The exper imenta l  r e s u l t s  a r e  compared w i t h  t h e  

Eva1 uated Neutron Data F i  l e s  (ENDF) . 



INTRODUCTION 

As p a r t  o f  a  cont inu ing  program1 f o r  determin ing nume.rici1 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  n a t u r a l  manganese. The data are 

presented i n  t h i s  r e p o r t  i n  t abu la r  and graph ica l  form and a re  compared 

t o  the  c u r r e n t  evaluated data f i l e  f o r  manganese (MAT 1197 ENDF/B-IV). 
2  

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

d e t a i l e d  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  the  second method uses i n t e g r a l  quant i -  

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

f u n c t i o n  o f  the  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  the  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 i ons .  

EXPERIMENTAL PROCEDURE --- 

D e t a i l s  o f  t he  experimental procedure a re  g iven elsewhere' and on 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 o 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  the  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  o f  na tu ra l  manganese o r i en ted  45" 



with respect to the incident beam. .The slab was 30 cm wide by 30 cm high 
I 

with a thickness of 0.0388 atomslbarn. Gamma rays originating in the 

sample were detected by a heavily shielded 12.5 cm by 12.5 cm NaI detec- 

tor at 125" with respect to the incident neutron beam. For each event 

in the detector data were recorded in a two-parameter array containing 

gamma-ray pulse height as a function of time-of-flight for the incident 

neutron. 

The neutron flux at the sanlple position was determined in a separate 

experiment using calibrated thick organic scintillators. During the 

course of the gamma-ray measurements the flux was monitored using a small 

plastic scintillator in the edge of the neutron beam 30 m from the source. 

DATA REDUCTION 

Two methods of data reduction were employed. In the first, the pulse 

height spectra were integrated over intervals of neutron time-of-flight 

to form pulse-height spectra for specific incident neutron energy ranges. 

These intervals ranged in width from 0.5 MeV at energies below 5 MeV to 

3 MeV in the range 14 to 20 MeV. The spectra so formed were then unfolded 

using the code FERD and measured response functions of the NaI detector. 

The results were the gamma-ray spectra defined by 149 points covering the 

gamma-ray energy range from 0.22 to 10.6 MeV. After correction for self- 

absorption and neutron' sel f-shielding in the sample, these spectra were 

normalized to cross sections using the measured neutron flux and sample 

thickness. A further correction was then applied to the unfolded data. 

The contribution to the observed cross section at E = 0.511 MeV due to 
Y 

pair production in the ,sample was analytically 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  product ion p r o b a 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  calcu-  

l a t i o n  a re  the  assumptions o f  un i fo rm gamma-ray product ion p r o b a b i l i t y  

w. i thin 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  0.51 1-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  the  observed gamma- 

r a y  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 .  This 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 the 

o r i g i n a l  data. The magnitude o f  the  c o r r e c t i o n  ranged from on the  order  

o f  0.05 mblsr  f o r  En = 1.0-1.5 MeV t o  11 mblsr  f o r  En = 10-12 MeV. 

These r e s u l t s  are 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 

of 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 ion  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 i n t e r v a l  . These a re  compared t o  cross sec t ions  generated 

from the  eva lua t i on  (ENDFIB-IV MAT 1197) by averaging over the  appropr ia te  , 
, . .  

neutron energy i n t e r v a l .  

The data described above prov ide  d e t a i l e d  in fo rmat ion  about t he  

secondary gamma-ray spectra, b u t  because the  un fo ld ing  technique requS 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 .  Therefor.e, a  second type o f  data reduct ion,  pu l  se- 

he igh t  was a l so  used. This  ' technique prov ided o n l y  i n t e -  

g r a l  i n fo rma t 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 

are  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  pulse he igh 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 M ~ V  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  a n a l y s 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  o f  the  i n c i d e n t  neutron energy are  pre- 

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

energy were used, 0.22 and 0.62 MeV. Comparisons are  made f o r  t he  same 

q u a n t i t i e s  ca l cu la ted  f rom t h e  evaluated f i l e s .  

The data shown i n  the  graphs a re  g iven i n  the  tab les  conta ined 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 

presented i n  the  t a b l e s  do n o t  i nc lude  an u n c e r t a i n 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  t h e  de terminat ion  o f  the  i n c i d e n t  neutron 

f l u x .  
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OI ~ I I B E R S  IS T H E  W U B L T  O I P I E B ~ I I A L  CROSS SBCTION, Y H I L E  T H E  S E C O ~ O  SET IS THE 
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TOTAL SECONDAEY GAHHA RAY Y I E L D  AND AVERAGE SECONDAKY GAHHA RAY ENERGY PROH 
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0 . 3 5 t  
0.451 
0.55 1 
0.650 
0.747 
0.845 
0.948 
1. 127 
1.375 
1.62 1 
1.878 
2. 126 
2.379 
2.636 
2.870 
3.112 
3.371 
3.631 
3.886 
4.129 
4.376 
4.621 
4.864 

ENERGY 
SPR EA D 

(REV) 

0.101 
0.100 
0.100 
0.101 
0.099 
0.098 
0.096 
0.102 
0.103 
0.256 
0.240 
0.250 
0.264 
0.232 
0.274 
0.290 
0.227 
0.257 
0.261 
0.259 
0.251 
0.236 
0.257 
0.233 
0.252 

TOTAL SZCON3A3Y G A R R A  R A Y  YIELD A N D  AVERAGE SECONDARY G A R l A  R A Y  E N E R G Y  PROR 
R N  A'S A PONCTIOR O? THE INCIDENT NEUTRCN ENERGY. THESE DATA RESULT FRCaH A PULSE 
HEIGHT 1 EIGHTINC A?IALYSIS FOR PULSE HEIGHTS GREATER THAN 0.220 R E V .  CNCEBTAIN- 
TIES ART GIV3N I H  2ARENTHIESES I N 1  THE SAHE UNITS AS THE DATA. THE OLCEBTAINTIES 
I N  TOTAL Y I E D  r0 3OT INCLUDE 8. 1 0  PERCENT E R R O R  I N  ABSOLUTE NORMALI2b'II~ON. THE 
A N G U  I S  125 DEGRE3S. 

SECONDRRY PHOTON 
YIELZ (B/SR) 

0 .8351  01(  0.391E M) 
0.930E 0 1 (  0.419E 02)  
0.3823 01(  0..212E 01) 
0.260E 0 1 (  0.99CE 00) 
0.278E 0 1 (  0.770E 03) 
0.247E 01( 0.94 7E 00) 
0.280E 0 1 (  0.481E 03) 
0.253E 01  ( 0.442E 03) 
0.2283 01( 0.419E O D )  
9.883E 0 0 (  0. l05E-01) 
0.865E 0 0 (  0. 11 7E-01) 
0.928E 00(  0.91 02-02) 
9 .9741 00  ( 0. J29E-02) 
0.107E 01(  0. 849E-02) 
0.116E 01(  0.93 1E-02) 
0.127E 01 ( 0.956E-02) 
0.131E 01(  O.1OlE-01) 
3.139E 0 1 (  0.  103E-09) 
0.148E 01(  0.112E-01) 
9. 152E 0 1 (  0. 11OE-04) 
0.156E 01 ( 0. 320E-01) 
9.160E 01(  0. 127E-01) 
0.163E 0 1(  0. 126E-01) 
0.167E 01  ( 0. 130E-03) 
3.170E 01( '0. 128E-01) 

INC.NT. E N E R G Y  
E N E R G Y  SPREAD 

(REV) (NEV) 

SECOtiDbRP PHOTON 
YIELD (B/SB) 

bV E B A G E  ENERGY 
(REV) 
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