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ABSTRACT 

Cross s e c t i o n s  f o r  product ion of gamma r a  rs di e t o  ne1 t r o n  i n t e r -  

a c t i o n s  wi th  i r o n  have been measured as a func t ion  of both neutron and 

gamma-ray energy. Two experimental  c o n f i g u r a t i o n s  w e r e  used t o  o b t a i n  

t h e  d a t a ,  and t h e s e  were (a )  a NaI-spectrometer system us ing  t h e  Oak 

Ridge Linear  Acce le ra to r  as t h e  neutron source ,  and (b) a Ge(Li)- 

spectrometer  system us ing  a pulsed Van d e  Graaff and t h e  D(d,n) r e a c t i o n  

as t h e  neutron source.  

i n  t h i s  r e p o r t .  It w a s  used t o  acqu i r e  d a t a  f o r  0.8 < E < 20 MeV and 

8 = 125 deg, which were unfolded t o  o b t a i n  d a/dwdE v a l u e s  f o r  gamma- 

r ay  e n e r g i e s  between 0.7 and 10 MeV. The Ge(Li) system w a s  used t o  

o b t a i n  h igh - re so lu t ion  information on t h e  product ion of d i s c r e t e - l i n e  

da/dw va lues  f o r  4.85 < En e 9.0 MeV and 8 Our 

d a t a  are compared wi th  p rev ious ly  r epor t ed  experimental  d a t a  and wi th  

t h e  c u r r e n t  ENDF/B eva lua t ion .  Although t h e r e  i s  g e n e r a l l y  reasonable  

(20%) agreement, important  d i f f e r e n c e s  among t h e s e  d a t a  are  d i scussed .  

The NaI-spectrometer system is  desc r ibed  completely 

n -  - 
2 

Y 
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I. INTRODUCTION 

There are many a p p l i c a t i o n s ,  f o r  example t o  compute t h e  e f f i c a c y  of 

neutron s h i e l d s ,  f o r  which neutron-induced gama-ray  product ion c r o s s  

s e c t i o n s  are r e q u i r e d ,  A s  a r e s u l t ,  many r e q u e s t s  f o r  such c r o s s  s e c t i o n s  

have been tabulated. '  This paper r e p o r t s  measurements f o r  t he  product ion 

c r o s s  s e c t i o n s  f o r  g a m a  r a d i a t i o n  r e s u l t i n g  from neutron i n t e r a c t i o n s  

wi th  Fe f o r  i n c i d e n t  neu t ron  e n e r g i e s  between 0.86 MeV ( th re sho ld  f o r  

i n e l a s t i c  s c a t t e r i n g  from 56Fe) and 20 MeV. For t h i s  range of neutron 

e n e r g i e s ,  many groups have r epor t ed  gamma-ray product ion c r o s s  s e c t i o n s .  

The more r e c e n t  r e p o r t s  i nc lude  Benjamin e t  a l . ,  

f o r  En between 0.95 and 4.0; Drake e t  a l . ,  

t o r y  (LASL) from En between 4.0 and 7.67 M e V ;  Broder e t  a1.,4 Obninsk 

f o r  E between 0.93 and 7.37 MeV;  Haouat e t  a l . ,  

Atomique (CEA) f o r  E between 2.5 and 8.8 MeV;  and Orphan -- e t  a1. ,6 Gulf 

Radiat ion Technology (GRT) f o r  E between 0.86 and 16.74 MeV. However, 

t h e s e  r e p o r t s  do n o t  always ag ree  w e l l  among themselves nor wi th  earlier 

work, and i n  several cases t h e  u n c e r t a i n t i e s  ass igned t o  a b s o l u t e  

Texas Nuclear (TNC) 

3 Los Alamos S c i e n t i f i c  Labora- -- 

-- 
5 Commissariat a 1 'Ene rg ie  -- n 

n 
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c r o s s  s e c t i o n s  are r a t h e r  l a r g e  (20% o r  more),. One r e s u l t  of t he  experi-  

mental  disagreements and u n c e r t a i n t i e s  has been t h e  d i f f i c u l t y  i n  c r e a t i n g  

a s a t i s f a c t o r y  gamma-ray f i l e  f o r  t h e  ENDF e v a l u a t i o n  f o r  Fey e s p e c i a l l y  

f o r  En > 4 MeV. The p resen t  s tudy w a s  undertaken t o  o b t a i n  a complete 

and c o n s i s t e n t  d a t a  se t  w i t h  smaller u n c e r t a i n t i e s  which would l ead  t o  

a b e t t e r  understanding of t h e  d i s t r i b u t i o n  of absorbed neutron f l u x  by 

Fe . 
The most r e c e n t   experiment^^-^ employed G e  (Li) d e t e c t o r s  and revealed 

5 
( e s p e c i a l l y  i n  t h e  CEA r e p o r t  ) a wealth of information about d i s c r e t e  

gamma r a y s .  C o r r e l a t i n g  t h e  gamma r a y s  observed with p a r t i c u l a r  t r a n s i t i o n s  
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56 between l e v e l s  of Fey  excitied by i n e l a s t i c  s c a t t e r i n g ,  has  proved 

d i f f i c u l t  e s p e c i a l l y  f o r  l e v e l s  above an  e x c i t a t i o n  energy of 4 MeV.  

The b e s t  experimental  information concerning d e e x c i t a t i o n  of h ighly  

exc i t ed  states i n  56Fe has  come from the  s tudy of 56C0 b e t a  decay. 8 9 9  

We have obtained a number of s p e c t r a  us ing  a good-resolution Ge(Li) 

d e t e c t o r  system wi th  emphasis on ob ta in ing  branching-ra t io  informat ion  

as  w e l l  as product ion c r o s s  siections as a func t ion  of En and 8 

i n d i v i d u a l  gamma-ray t r a n s i t i o n s  i n  56Fe. 

f o r  En > 9 MeV proved unsa t i sEac to ry  f o r  bo th  o b j e c t i v e s .  We d i d  n o t  

observe new high-energy t r a n s i t i o n s  i n  t h e s e  s p e c t r a ,  sugges t ing  t h a t  

f o r  Y 
Spect ra  which w e r e  obtained 

e i t h e r  h igh ly  exc i t ed  s ta tes  decay by cascade t r a n s i t i o n s  t o  in t e rmed ia t e  

energy l e v e l s  o r  there are many very  weak t r a n s i t i o n s  and our energy 

r e s o l u t i o n  w a s  inadequate  t o  r e so lve  them. Even wi th  t h e  p r e s e n t l y  

a v a i l a b l e  good-resolut ion Ge(1Li) spec t rometer ,  such r a d i a t i o n  w i l l  appear  

as a "Continuum". lo This observa t ion  v e r i f i e s  t h a t  of GRT;6 f o r  E > 
n 

7 . 7  MeV t h e s e  au tho r s  r e p o r t  <: 45% of the  t o t a l  gamma-ray product ion  

c r o s s  s e c t i o n  i n  d i s c r e t e  l i n e s  wi th  t h e  remainder r epor t ed  as a 

continuum". II 

For many a p p l i c a t i o n s  , t h e  d e t a i l e d  informat ion  on d e e x c i t a t i o n  of 

many i n d i v i d u a l  states i s  no t  r equ i r ed ,  and may no t  even be d e s i r e d ,  i n  

view of t h e  d a t a  handl ing problems. I n  o rde r  t o  s a t i s f y  the  needs f o r  

complete and c o n s i s t e n t  gamma--ray informat ion  i n  a p p l i c a t i o n s  such as 

s h i e l d i n g ,  we  have set up a f a c i l i t y  t o  measure neut ron  gamma-ray produc- 

t i o n  d a t a  a t  t h e  Oak Ridge E lec t ron  Linear  Acce lera tor  (ORELA) Sh ie ld  

T e s t  S t a t i o n .  

t h e  neut ron  source.  

A NaI-detector spec t rometer  system i s  used wi th  ORELA as 

The system w a s  f i r s t  used t o  s tudy gamma-ray 
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product ion c r o s s  s e c t i o n s  f o r  samples of tantalum and carbon. We 

have used t h i s  system t o  o b t a i n  similar d a t a  f o r  i r o n  samples f o r  neutron 

e n e r g i e s  between 0.86 and 20 MeV. 

The scope of t h i s  r e p o r t  is  as fol lows.  I n  Sec t ion  I1 t h e  experimen- 

t a l  system i s  p resen ted ,  w i th  p a r t i c u l a r  emphasis on the  NaI spectrometer .  

I n  a d d i t i o n  w e  p r e s e n t  some of t he  Ge(Li) d a t a  f o r  samples of both Fe 

and 54Fe ( i s o t o p i c  abundance 5.8%). 

n a t  

We a l s o  demonstrate t h e  c a p a b i l i t i e s  

of our system f o r  measuring high neutron-energy r e s o l u t i o n  c r o s s  s e c t i o n s  

f o r  t he  f i r s t  e x c i t e d  s ta te  i n  56Fe. 

t h e  p re sen t  d a t a  w i t h  some of t h e  r e c e n t l y  published work 

t h e  gamma-ray f i l e  of t h e  most r e c e n t  eva lua t ion13  (ENDF/B Mat 4180). 

However, u n l i k e  our  previous r e p o r t s  'I5 of gamma-ray product ion c r o s s  

Sec t ion  I11 i s  devoted t o  comparing 

2-6,12 and wi th  

. s e c t i o n s  f o r  o t h e r  e lements ,  we do n o t  p re sen t  a d e t a i l e d  a n a l y s i s  of 

The q u a n t i t y  and d i v e r s i t y  of t he  d a t a  f o r  n + Fe r e q u i r e s  the  d a t a .  

cons ide rab le  s tudy  t o  arrive a t  a c o n s i s t e n t  o v e r a l l  set  of c r o s s  

s e c t i o n s  - a t a s k  beyond t h i s  r e p o r t .  

11. EXPERIMENTAL METHODS AND DATA REDUCTION 

A. N a I  Experiment 

A g e n e r a l  schematic of t h e  experimental  l ayou t  i s  shown i n  Figure 1. 

Neutrons w e r e  produced The ORELA w a s  used t o  provide t h e  e l e c t r o n  beam. 

by photonuclear p rocesses  due t o  bremstrahlung from e l e c t r o n  impact on 

a tantalum t a rge t . "  

130 MeV w i th  a r e p e t i t i o n  ra te  of 800 p u l s e s  p e r  second. 

t h e  d a t a  r epor t ed  h e r e ,  except where s p e c i f i c a l l y  i n d i c a t e d ,  a p u l s e  

width of 10 nsec wi th  a t o t a l  e l e c t r o n  beam power of 1 2  kW w a s  used,  

For t h i s  experiment t he  e l e c t r o n  energy was about 

For most of 
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Fig. 1. Experimental arrangement showing neutron source, flight 
path with collimators and filters, and NaI spectrometer. The shadow 
bar shown dotted is used for b<ackground measurements. 
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Neutrons produced a t  t h e  l i n a c  t a r g e t  t r a v e r s e d  a 47-m f l i g h t  p a t h  

and were i n c i d e n t  on t h e  i r o n  sample. 

w a s  under vacuum i n  o rde r  t o  i n c r e a s e  t h e  neutron i n t e n s i t y  a t  47 m 

and t o  reduce t h e  s t r u c t u r e  i n  t h e  neutron f l u x  due t o  s c a t t e r i n g  

resonances i n  a i r .  

l o c a t e d  about 5 m behind t h e  sample. Gamma r a y s  produced i n  %he sample 

were observed by a 12.7 x 12.7 c m  NaI c r y s t a l  l oca t ed  i n s i d e  a substan- 

t i a l  s h i e l d  made of l ead  and " l i t h i a t e d  pa ra f f in" .  

b r i c k s  were made by inco rpora t ing  l i t h i u m  ca rbona te  i n t o  t h e  p a r a f f i n  when 

t h e  b r i c k s  were cast .)  

s c a t t e r e d  from t h e  sample by a 25-cm-thick, 1-m-diam s l a b  of l i t h i u m  

hydride placed i n  f r o n t  of t h e  co l l ima to r .  

About 40 m of the f l i g h t  pa th  

The neutron beam w a s  stopped i n  a conc re t e  c a t c h e r  

(The " l i t h i a t e d  pa ra f f in ' '  

The NaI d e t e c t o r  w a s  sh i e lded  a g a i n s t  neu t rons  

The i r o n  sample cons i s t ed  of a 30 x 30 x 0.64 c m  s l a b .  The d e n s i t y  

3 
of t h e  i r o n  w a s  7.87 g/cm . The sample w a s  analyzed f o r  i m p u r i t i e s  which 

w e r e  found t o  be p re sen t  i n  amounts smaller than  0.03% except Mn (0.77%), 

C (0.21%), Mo (0.07%) and N i  (0.07%). 

A f i l t e r  c o n s i s t i n g  of 1 .9  c m  of 'OB w a s  l oca t ed  i n  t h e  neutron beam 

5 m from t h e  l i n a c  t a r g e t .  This f i l t e r  removed "al l"  neutrons of less 

than 1 keV energy, prevent ing overlap between neu t rons  of ad jacen t  acce le ra -  

t o r  pu l se s .  

uranium t o  reduce t h e  i n t e n s i t y  of t h e  gamma f l a s h  a t  47 m. The diameter  

Also loca ted  a t  5 m w a s  a 2.5-cm-thick f i l t e r  of dep le t ed  

of t h e  neutron beam a t  the sample p o s i t i o n  w a s  l i m i t e d  t o  1 5  cm by a 

7.6-cm-diameter c o l l i m a t o r  l o c a t e d  28 m from t h e  l i n a c  t a r g e t  ( s ee  Figure 1). 

Care fu l  measurements were made of t h e  p r o f i l e  of t h e  neutron beam a t  t h e  

sample p o s i t i o n ,  47 m,  us ing a 6 x 6 mm p l a s t i c  s c i n t i l l a t o r ;  one such 

p r o f i l e  i n  t h e  h o r i z o n t a l  p l ane  i s  shown i n  t h e  i n s e t  of Figure 2 .  From 
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Fig. 2. Measured neutron f l u x  a t  47.35 m f o r  beam power 2 1  kW. 
The i n s e t  shows t h e  p r o f i l e  of t h e  neutron beam a t  t h e  sample p o s i t i o n .  
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t h e  p r o f i l e  measurements w e  can determine t h e  e f f e c t i v e  neutron beam 

area a t  t h e  sample, a q u a n t i t y  r equ i r ed  t o  re la te  count ing rates t o  c r o s s  

s e c t i o n s .  In v i e w  of t h e  simple c o l l i m a t o r  geometry employed, w e  can 

a l s o  u s e  t h e  p r o f i l e  measurements t o  c a l c u l a t e  an  " e f f e c t i v e  neutron 

source area" a t  t h e  l i n a c  t a r g e t .  

t h e  neutron source ,  a t  t h e  l i n a c  t a r g e t ,  has  l i n e a r  dimensions of approxi- 

mately 2.5 c m .  From t h i s  dimension, of t h e  o rde r  of t he  s i z e  of t h e  t a n t a -  

lum t a r g e t ,  we  deduce t h a t  most of t h e  neu t rons  reaching t h e  sample, 

i n  t h e  MeV r eg ion ,  emanate from t h e  tantalum t a r g e t  r a t h e r  than from i t s  

w a t e r  coo l ing  j a c k e t ,  

The p r o f i l e  measurements i n d i c a t e  t h a t  

16  

We are t h e r e f o r e  conf iden t  t h a t  t h e  neutron energy 

spectrum shape measured along t h e  a x i s  of t h e  neutron beam a p p l i e s  reason- 

a b l y  w e l l  t o  t h e  complete beam area. 

comparing t h e  f l u x  shapes obtained by t i m e  of f l i g h t  with a 5 x 5 cm 

NE-213 d e t e c t o r  placed (a)  a long the beam a x i s  and (b) 5 c m  o f f  t he  beam 

a x i s .  The t w o  measurements gave neutron energy s p e c t r a l  shapes which 

ag ree  t o  b e t t e r  than - +3% over the  complete energy range from 1 t o  20  MeV.  

A second de te rmina t ion  of t h e  e f f e c t i v e  neutron beam area w a s  made by 

comparing t h e  neutron induced gamma-ray count ing ra te  from the  sample 

used i n  t h e  experiment,  which covered t h e  whole neutron beam, t o  t h a t  

obtained from a small ( 4  x 4 cm)  i r o n  s l a b  of i d e n t i c a l  t h i ckness  and 

composition loca ted  a t  t h e  c e n t e r  of t he  beam. Measurements using t h e  

two approaches were i n  agreement to w i t h i n  5%. 

A d i r e c t  check on t h i s  w a s  made by 

The neutron f l u x  w a s  measured along t h e  neutron beam a x i s  a t  t h e  sample  

p o s i t i o n  by t ime-of-f l ight  u s ing  a 5 x 5 cm NE-213 s c i n t i l l a t o r  coun te r .  

The i n t e g r a l  neu t ron  e f f i c i e n c y  of t h e  d e t e c t o r  as a func t ion  of energy 

w a s  obtained from Verbinski  -- e t  a d 7  who used a d e t e c t o r  w i th  t h e  same 
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diameter .  The r e s u l t  of t h i s  measurement, normalized t o  2 1  kW of 

e l e c t r o n  beam power, i s  shown i n  F igu re  2 .  For t h e  f l u x  measurement 

t h e  same f i l t e r s  w e r e  i n  t h e  f l i g h t  p a t h ,  and ORELA w a s  operated a t  t h e  

same e l e c t r o n  energy (130 MeV) b u t  w i th  t h e  s h o r t  p u l s e s  (-5 nsec )  and 

ve ry  low beam power (< 1 kW). A neutron monitor coun te r  l o c a t e d  i n  
18 

t h e  l i n a c  t a r g e t  v a u l t  w a s  used t o  normalize the  f l u x  t o  t h e  a c c e l e r a t o r  

c o n d i t i o n s  used i n  t h e  gamma-ray measurements. A second neu t ron  f l u x  

monitor w a s  used i n  t h e  experiment,  a 6 x 6 mm p l a s t i c  s c i n t i l l a t o r  

l o c a t e d  i n  t h e  edge of t h e  neutron beam a f t e r  t h e  c o l l i m a t o r  a t  t h e  28 m 

s t a t i o n  of t h e  f l i g h t  pa th .  During a l l  runs  a t ime-of-f l ight  spectrum 

w a s  recorded from t h i s  p l a s t i c  s c i n t i l l a t o r ,  Numerous checks have been 

made of t h e  cons i s t ency  of t h e s e  two independent monitors as a f u n c t i o n  

of e l e c t r o n  energy,  beam power and p u l s e  width.  

w e  have concluded t h a t  both t h e  re la t ive  shape of t h e  neu t ron  energy 

spectrum from 1 t o  20 MeV and t h e  a b s o l u t e  no rma l i za t ion  of t h i s  spectrum 

are determined t o  w i t h i n  10% f o r  t h e  c o n d i t i o n s  p r e v a i l i n g  du r ing  t h e  

gamma-ray product ion measurements. These f l u x  measurements, t o g e t h e r  

w i th  the  neutron beam area de te rmina t ions  desc r ibed  ear l ier ,  were used 

t o  determine t h e  number of neu t rons  pe r  u n i t  energy i n c i d e n t  on t h e  

sample. 

From t h e s e  measurements 

A diagram of t h e  e l e c t r o n i c s  used f o r  t h e  gamma-ray measurement is  

shown i n  F igu re  3. 

a f a s t  s i g n a l  which passed through a t i m i n g - f i l t e r  a m p l i f i e r  and a 

c o n s t a n t - f r a c t i o n  d i s c r i m i n a t o r .  

f o r  a time-to-amplitude conve r t e r  which w a s  s t a r t e d  by a f i d u c i a l  s i g n a l  

based on t h e  l i n a c  gamma f l a s h .  

The anode of a phototube on t h e  N a I  c r y s t a l  provided 

This  ou tpu t  served as t h e  s t o p  s i g n a l  

The f i d u c i a l  s i g n a l  i s  obtained from a 



P ? 

+ 
TIME- TO - GATE AND 

a 3 

* AMPLITUDE 

I w 

4 DELAY 

ORNL-DWG 72-975 - 
LINAC GAMMA 

FLASH 

RESET 
I 

t TIMING 

PREAMPLIFIER 0 
LINEAR 

AMPLIFIER 

d 

LINEAR GATE AND 

STRETCHER GENERATOR 
GATE AND DELAY 

TIMING SCHEME 

GAMMA NEUTRON 

FRACTION DISC. 
OUTPUT (NO. 1) 

u ColNC'DENCE INPUT (NO. 2) 

GATE PERIOD 
FOR LINEAR GATE 

,, LINEAR AMPLIFIER 
OUTPUT 

STRETCHER 
OUTPUT - 

0 2 4 6  
psec 

Fig. 3 .  Block diagram of t h e  e l e c t r o n i c s  used f o r  t h e  gama-ray 
measurements. 



10 

b a r e  phototube which views the  l i n a c  t a r g e t  d i r e c t l y .  

of t h e  c r y s t a l  and e l e c t r o n i c s  system w a s  < 5 nsec.  Coincidence g a t i n g  

w a s  used t o  exclude t h e  gamma f l a s h  s c a t t e r e d  by t h e  sample. 

The t i m e  r e s o l u t i o n  

Because 

of t h e  uranium f i l t e r ,  t h e  gamma f l a s h  seen by t h e  spectrometer  w a s  q u i t e  

s m a l l  (only 20% of the l i n a c  p u l s e s  produced gamma-flash even t s  i n  t h e  

N a I  g r e a t e r  than 500 keV). A c l i p p i n g  t i m e  of 100 nsec i n  t h e  main ampli- 

f i e r ,  used i n  conjunct ion  wi th  a l i n e a r  g a t e  and s t r e t c h e r ,  insured  t h a t  

t h e  gamma f l a s h  s i g n a l  d i d  n o t  i n t e r f e r e  wi th  s i g n a l s  due t o  neutron-  

induced gamma r a y s  from the  sample f o r  a l l  E < 2 0  MeV. 

f l i g h t  (TOF) and pulse-height  (PH) s i g n a l s  w e r e  d i g i t i z e d  and presented  

t o  a PDP-9 computer which c o r r e l a t e d  t h e  even t s  and s e n t  t h e  TOF-PH p a i r s  

t o  t h e  ORELA-SEL-810B computer € o r  s t o r a g e  on magnetic d i s c s  i n  a 512 x 

512 channel  a r r a y  ( see  Ref. 1 9  f o r  a d e s c r i p t i o n  of t h i s  d a t a  a c q u i s i t i o n  

system). I n  a d d i t i o n ,  a 2048-channel spectrum of t ime-of - f l igh t  f o r  a l l  

p u l s e  h e i g h t s  g r e a t e r  than t h e  f a s t  d i s c r i m i n a t o r  l e v e l  w a s  s t o r e d  on 

d i s c .  A 512-channel spectrum of p u l s e  he igh t  f o r  a l l  t ime-of - f l igh t  

w i t h i n  t h e  co inc idence  per iod w a s  a l s o  s t o r e d .  The d a t a  accumulated 

on d i s c  w e r e  w r i t t e n  on magnetic t ape  t o  be  reduced later on an I B M  360 

sys  t e m .  

The time-of- n -  

, 

The response of t he  spectrometer  must be known t o  unfold t h e  pulse-  

he igh t  d i s t r i b u t i o n s  t o  o b t a i n  gamma-ray energy s p e c t r a .  For t h e  spec- 

t rometer  used i n  t h e  p re sen t  work, response func t ions  were measured over  

t h e  gamma-ray energy range from 0.66 t o  6.13 MeV us ing  a series of  ca l i -  

b ra t ed  sources  loca t ed  a t  the  sample p o s i t i o n .  The measured responses  

thus  included a l l  t h e  c h a r a c t e r i s t i c s  of t h e  spec t rometer .  

i n  a d d i t i o n  t o  t h e  i n t r i n s i c  response of t he  c r y s t a l  i t s e l f  - t h e  e f f e c t i v e  

That i s  - 
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s o l i d  a n g l e ,  t he  gamma-ray a t t e n u a t i o n  and i n s c a t t e r i n g  i n  t h e  L i H  

s h i e l d ,  and t h e  e f f e c t s  of s c a t t e r i n g  i n  t h e  l ead  c o l l i m a t o r  and s h i e l d  

were a l l  included i n  t h e  response f u n c t i o n  measurements. Measurements 

w e r e  taken f o r  sources  i n  t h e  f r o n t  and the  back of t h e  i r o n  sample; t h e  

e f f e c t  of s c a t t e r i n g  of t h e  g a m a  r a y s  by t h e  sample could n o t  be d e t e c t e d  

i n  t h e  response f u n c t i o n  shape. Sources used i n  t h e s e  measurements 

included 137Cs, 54Mn, 22 Nay H(n,y) ,  2 4 N a ,  241Am-Be and 244Cm-13C ( f o r  

E = 6.13 MeV (Ref. 20 ) ) .  For E > 6.13 MeV responses  measured a t  t h e  

ORNL Tower Shielding F a c i l i t y  us ing  a c r y s t a l  of i d e n t i c a l  s i z e  were 
Y Y 

2 1  

employed a f t e r  t ak ing  i n t o  account t h e  s o l i d  ang le  and L i H  t ransmission 

as c a l c u l a t e d  from t h e  dimensions of t h e  spectrometer .  Using a l l  of 

t h e s e  response f u n c t i o n s ,  a response ma t r ix  w a s  generated by an i n t e r p o l a -  

t i o n  procedure.  The method of i n t e r p o l a t i o n  w a s  similar t o  the  one 

employed f o r  gene ra t ing  the  response ma t r ix  f o r  t he  ORNL Tower Sh ie ld ing  

spectrometer .  The response ma t r ix  w a s  square us ing  125 b i n s  t o  cover  

t h e  gama-ray  energy and pulse-height  ranges from 0.69 t o  10.6 MeV.  

2 1  

The 

b i n  widths  were chosen so  as t o  g ive  about 2 t o  3 b i n s  p e r  r e s o l u t i o n  

width of t he  d e t e c t o r .  Because of t h e  s h o r t  c l i p p i n g  t i m e  and t h e  L i H  

s h i e l d ,  t h e  energy r e s o l u t i o n  of our N a I  d e t e c t o r  w a s  no t  optimal and 

v a r i e d  from about 10% a t  1 MeV t o  5% a t  6 MeV. 

To test t h e  response f u n c t i o n s  t h u s  ob ta ined ,  as w e l l  a5 t h e  computer 

226 r o u t i n e s  used i n  t h e  un fo ld ing ,  a spectrum of a known Ra source w a s  

obtained.  This  source has 48 (or more) d i s c r e t e  gamma r a y s  f o r  E 
Y 

22 ,23  The between 0.7 and 3.0 MeV having well-measured i n t e n s i t i e s .  

r e l a t i v e  i n t e n s i t i e s  of t he  s t r o n g e s t  l i n e s  have been determined t o  w i t h i n  

a few percent  accuracy. The unfolding code used w a s  FERD ( see  Refs. 24-26 
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f o r  a d e s c r i p t i o n  of t h i s  code and i t s  a p p l i c a t i o n  t o  un fo ld ing  of N a I  

s p e c t r a ) .  The window f u n c t i o n s  used f o r  each b i n  w a s  a gauss i an  whose 

width w a s  se t  equa l  t o  the  r e s o l u t i o n  of t he  N a I  d e t e c t o r  f o r  t h e  energy 

corresponding t o  t h e  b i n .  

f i d e n c e  i n t e r v a l  a t  125 e n e r g i e s  covering t h e  gamma-ray energy range 0.69 

t o  10.6 MeV. 

u n i t  s o l i d  a n g l e  emit ted i n  t h e  d i r e c t i o n  of t he  d e t e c t o r .  The 226Ra 

unfolded pulse-height spectrum i s  compared i n  Figure 4 wi th  v a l u e s  of 

r e l a t i v e  i n t e n s i t y  obtained by llsmearing" the d i s c r e t e - l i n e  i n t e n s i t i e s  

w i th  gauss i an  f u n c t i o n s  corresponding t o  the  window f u n c t i o n s  used i n  

t h e  unfolding.  The v i s u a l  comparison is  q u i t e  good, as  the  l a r g e s t  

e r r o r s  are f o r  t he  smallest re la t ive i n t e n s i t i e s .  The only l a r g e  vari- 

ances  occur f o r  E between 0.95 and 1.0 MeV,  and i t  i s  by no means c e r t a i n  

t h a t  t h e  e r r o r  l i e s  s o l e l y  i n  the  NaI measurement and a n a l y s i s .  It i s  

appa ren t ,  though, t h a t  a f t e r  grouping t h e  gamma-ray d a t a  i n t o  0.24-MeV 

energy i n t e r v a l s  (as w i l l  be discussed below when comparing our d a t a  wi th  

p r i o r  work) t h e  u n c e r t a i n t i e s  due t o  measured response f u n c t i o n s  and 

unfolding methods w i l l  be smal!l, a t  least f o r  s m a l l e r  gamma-ray e n e r g i e s .  

The unfolded spectrum c o n s i s t s  of a 66% con- 

Un i t s  are t h e  number of gamma r a y s  p e r  u n i t  energy p e r  

Y 

Resu l t s  similar t o  those  showri i n  Figure 4 were obtained f o r  sou rces  of 

56C0 and ThC". 

Because of t h e  l ead  s h i e l d  around the  NaI d e t e c t o r ,  t he  background 

due t o  n a t u r a l  r a d i o a c t i v i t y  vas ve ry  s m a l l  and c o n t r i b u t e d  l i t t l e  t o  

t h e  count ing ra te  during t h e  per iod of obse rva t ion  which l a s t e d  only a 

few microseconds a f t e r  each a c c e l e r a t o r  pu l se .  

Data were accumulated i n  1.2-hour runs  with t h e  i r o n  sample a l t e r n a t i n g  

with "background" measurements. A s  w i l l  be d i scussed  below, "background" 
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measurements are obtained by p l a c i n g  a 5.1-cm l ead  shadow b a r  between 

t h e  sample and t h e  NaI c r y s t a l  j u s t  o u t s i d e  the  L i H  s h i e l d  i n  f r o n t  of 

t h e  c o l l i m a t o r ,  as shown i n  Figure 1. S imi l a r  runs were made f o r  a 

carbon sample and a beryl l ium sample. The B e  sample w a s  used because,  

f o r  4 - < En - < 11 MeV,  t h e r e  are no gamma r a y s  r epor t ed  known due t o  

n+Be r e a c t i o n s .  3,15,27,28 

A s  u s u a l  i n  such experiments t h e  background c o n t r i b u t i o n s  t o  t h e  

pulse-height  s p e c t r a  cannot be measured d i r e c t l y  and must b e  est imated 

on t h e  b a s i s  of v a r i o u s  assumptions f o r  which only p l a u s i b l e  - a p r i o r i  

arguments can be given. Extensive i n v e s t i g a t i o n s  w e r e  made t o  develop 

a method of e s t i m a t i n g  t h e  background coun t s  i n  t h i s  experiment.  

out  any sample i n  t h e  neutron beam, t h e  count ing rate i n  t h e  d e t e c t o r  

w a s  ve ry  small, about 1% of t h e  sample-in count ing ra te .  These counts  

were most l i k e l y  due t o  a i r  s c a t t e r i n g  of neu t rons  i n t o  t h e  d e t e c t o r  

s h i e l d .  Some of t h e s e  s c a t t e r e d  neu t rons ,  and/or  gamma r a y s  produced 

by them, reached t h e  d e t e c t o r  d e s p i t e  t h e  heavy s h i e l d i n g .  'When t h e  

sample i s  placed i n  t h e  neutron beam, t h e  background c o n t r i b u t i o n  must 

i n c r e a s e  due t o  t h e  additional1 neutron s c a t t e r i n g  i n  t h e  room, and i n  

p a r t i c u l a r ,  i n t o  t h e  s h i e l d  and d e t e c t o r .  The pulse-height  d i s t r i b u t i o n  

With- 

as  w e l l  as t h e  t i m e  d i s t r i b u t l o n  of t he  background counts  must depend 

on t h e  angu la r  and energy d i s t r i b u t i o n  of t he  neutrons emi t t ed  by t h e  

sample as a f u n c t i o n  of t i m e .  

sample p reven t s  t h e  measurement of t h i s  background. However, a l ead  

shadow bar  placed between the  sample and t h e  d e t e c t o r  w i l l  s t r o n g l y  

a f f e c t  t h e  d e t e c t i o n  of gamma rays  from t h e  sample but  no t  n e a r l y  s o  

The presence of gamma r a y s  from t h e  

E 

e 

P 
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s t r o n g l y  t h e  background due t o  neutrons i n c i d e n t  on t h e  s h i e l d .  The 

s i z e  of t h e  l ead  shadow b a r  was d i c t a t e d  by t h e  requirement t h a t  i t  

needed t o  s h i e l d  t h e  N a I  d e t e c t o r  from gamma r a d i a t i o n  emanating only 

from t h e  sample. A s  can be seen from Figure 1, t h i s  s i z e  shadow b a r  

covers  only a small f r a c t i o n  of t h e  t o t a l  f r o n t  f a c e  of t h e  s h i e l d .  

The th i ckness  of t h e  shadow b a r  must b e  a compromise between t h e  need 

t o  a t t e n u a t e  s u b s t a n t i a l l y  t h e  gamma r a y s  from t h e  sample without 

s e r i o u s l y  p e r t u r b i n g  t h e  i n c i d e n t  neutron f i e l d ,  e s p e c i a l l y  s i n c e  t h e  

shadow b a r  w i l l  a l s o  s h i e l d  t h e  d e t e c t o r  and i t s  immediate environment 

from sample-scattered neutrons.  We used a 5.1-cm t h i c k n e s s ,  a convenient ly  

a v a i l a b l e  s i z e .  For t h i s  t h i ckness  t h e r e  is  a t  most a 9% t r ansmiss ion  

of gamma r a d i a t i o n  from t h e  sample ( f o r  3 < E 

photon abso rp t ion  c r o s s  s e c t i o n s .  However, f o r  t h i s  t h i ckness  of l e a d ,  

one may c a l c u l a t e ,  on t h e  b a s i s  of t h e  neutron t o t a l  c r o s s  s e c t i o n ,  t h a t  

only about h a l f  of t h e  neutrons h i t t i n g  t h e  shadow b a r  w i l l  s t r i k e  t h e  

L i H  s h i e l d  unco l l ided .  However, about h a l f  of t he  t o t a l  c r o s s  s e c t i o n  

i s  due t o  e las t ic  s c a t t e r i n g  which i s  dominated by small-angle s c a t t e r i n g .  

< 4 MeV) based on t h e  l ead  - Y -  

The changes i n  energy and d i r e c t i o n  introduced by t h e  l ead  e l a s t i c  

s c a t t e r i n g  on about h a l f  of t h e  neu t rons  i n t e r a c t i n g  wi th  t h e  shadow b a r  

may n o t  be ve ry  important i n  view of the  25-cm-thick L i H  s l a b  which fol lows 

i t .  For t h e  remaining 50% of t h e  neutrons i n t e r a c t i n g  with t h e  l ead  however, 

t h e r e  i s  a ve ry  s u b s t a n t i a l  deg rada t ion  i n  energy due t o  (n ,n ' )  and (n,2n) 

i n t e r a c t i o n s  as w e l l  as reemission of neutrons away from t h e  s h i e l d .  This  

p e r t u r b a t i o n  of t h e  l ead  shadow b a r  on t h e  background had t o  be i n v e s t i -  

gated.  

t h e  B e  sample i n  the  beam wi th  and without t h e  l ead  shadow ba r .  The 

In orde r  t o  do so  w e  used a be ry l l i um sample. Runs were made wi th  
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gamma-ray pulse-height  s p e c t r a  w e r e  compared as  a f u n c t i o n  of f l i g h t  

t i m e  ( i . e ,  i n c i d e n t  neutron ene rgy) ,  and w i t h i n  s t a t i s t i c a l  u n c e r t a i n t i e s ,  

no d i f f e r e n c e s  i n  t h e  shape of the  s p e c t r a  {N(E ) vs E 1 w e r e  observed 

except f o r  a very small E 

f o r  En > 3 MeV. 

t i o n  of t he  f i r s t  e x c i t e d  s t a t e  i n  208Pb. The r a t i o  of t h e  count ing 

rate shadow-bar-inlshadow-bar-out w a s  found t o  be 0.82. This  r a t i o ,  

which g i v e s  some measure of t h e  p e r t u r b a t i o n  of t h e  l ead  on t h e  background 

measurement, w a s  s t u d i e d  as a f u n c t i o n  of t ime-of-f l ight  and found t o  

be c o n s t a n t .  

of i n c i d e n t  neu t ron  energy. .A carbon sample w a s  a l s o  used t o  test  t h e  

background. 

4.8 MeV ( th re sho ld  f o r  i n e l a s t i c  s c a t t e r i n g ) ,  t h e  same r a t i o  of 0.82 

w a s  obtained f o r  t he  shadow-bar-in/shadow-bar-out r a t i o  of count ing rates. 

No change could be d e t e c t e d  i n  t h e  pulse-height  d i s t r i b u t i o n  e i t h e r .  

For f l i g h t  t i m e s  corresponding t o  E > 4.8 MeV and f o r  p u l s e  h e i g h t s  

above 5 MeV,  w e  t r i e d  t o  v e r i f y  t h i s  r a t i o  i n  the c a s e  of t h e  carbon 

sample. 

s t a t i s t i c s  and appeared t o  dec rease  a t  t h e  h i g h e s t  neutron e n e r g i e s  where 

it could have been as low as 0.4.  

i n  t h e  case of carbon i f  t h e r e  were some high-energy gamma r a y s .  

our pulse-height  spectrum d i d  no t  extend t o  15 MeV,  we  could n o t  p o s i t i v e l y  

a s c e r t a i n  i f  t h i s  w a s  t h e  case .  It is  p o s s i b l e  a l s o  t h a t  t h e  5 .1  c m  of 

l ead  p e r t u r b s  t h e  background more f o r  high-energy neu t rons ,  even though 

t h i s  w a s  no t  found t o  be t h e  case  with the  be ry l l i um sample. 

of t h e  d a t a  a t  hand, we  f e l t  j u s t i f i e d  i n  keeping t o  0.82 t h e  r a t i o  of 

Y Y 
= 2.61 MeV peak i n  t h e  l ead - in  measurement Y 

This peak was a t t r i b u t e d  t o  neu t ron  i n e l a s t i c  e x c i t a -  

No exp lana t ion  was found as t o  why t h i s  r a t i o  i s  independent 

For f l i g h t  times corresponding t o  neutron e n e r g i e s  below 

n -  

This r a t i o  w a s  poorly determined because of t h e  poor coun t ing  

However, t h i s  dec rease  could be explained 

Since 

I n  view 

R 

Y 



17 

d 
t h e  magnitude of t h e  background f o r  shadow-bar-inlshadow-bar-out 

a t  a l l  e n e r g i e s  bu t  i nc reased  t h e  u n c e r t a i n t y  i n  t h i s  r a t i o  from 20% 

a t  low neutron ene rg ie s  t o  50% a t  t h e  h ighes t  e n e r g i e s .  

w e r e  included i n  t h e  background s u b t r a c t e d  d a t a  be fo re  unfolding and 

propagated throughout t h e  a n a l y s i s .  Therefore our method of s u b t r a c t -  

ing t h e  background, by us ing  a c o n s t a n t  r a t i o  of 0.82, may be s y s t e m a t i c a l l y  

underest imat ing i t  a t  t h e  h ighe r  e n e r g i e s ,  b u t  t h e  e r r o r s  i n  t h e  r e s u l t i n g  

d a t a  should t a k e  i n t o  account t h i s  p o s s i b i l i t y .  

These e r r o r s  

Our procedure f o r  analyzing the d a t a  c o n s i s t e d  of adding t o g e t h e r  

t h e  TOF-PH a r r a y s  of a l l  runs f o r  a given sample c o n f i g u r a t i o n  ( i . e ,  

i r o n  sample wi th  e i t h e r  shadow-bar-in o r  shadow-bar-out). Frequent 

c a l i b r a t i o n s  i n  both pulse-height and t ime-of-f l ight  showed n e g l i g i b l e  

v a r i a t i o n s  during t h e  cour se  of t h e  measurement. 

The next  s t e p  w a s  t o  form pulse-height d i s t r i b u t i o n s  f o r  v a r i o u s  

neutron e n e r g i e s  by i n t e g r a t i n g  t h e  pulse-height  s p e c t r a  over time-of- 

f l i g h t .  I n  our experience t h e  unfolding procedure works w e l l  only i f  

t h e  s ta t i s t ica l  u n c e r t a i n t i e s  are s m a l l  ( < 3 % ) .  - This n e c e s s i t a t e d  summing 

over a s u f f i c i e n t  number of t ime-of-f l ight  channels  t o  ge t  adequate 

s t a t i s t i c s  i n  t h e  pulse-height spectrum. Based on the  need f o r  s ta t i s t i -  

c a l  accuracy and smoothness of t he  y i e l d  curve,  t he  d e c i s i o n  w a s  made 

t o  b i n  t h e  d a t a  i n  neutron energy i n t e r v a l s  of 0 . 2  M e V  f o r  E between 

0.6 and 1 MeV,  0.5 MeV f o r  En between 1 and 1 0  MeV,  1 MeV f o r  En between 

10 and 16  MeV,  and 2 MeV f o r  En > 16  MeV. 

made using neutron energy i n t e r v a l s  i d e n t i c a l  t o  t hose  of GRT6 t o  a l low 

a d i r e c t  comparison of t he  experiments.  

n 

A second d a t a  r educ t ion  w a s  
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The s p e c t r a  obtained wi th  the l ead  shadow b a r  w e r e  c o r r e c t e d  by t h e  

f a c t o r  0.82 and s u b t r a c t e d  from the s p e c t r a  obtained without  t h e  shadow 

b a r .  One such example of s p e c t r a  i s  given on F igu re  5 f o r  5.15 < E < n -  

6.15 MeV t o g e t h e r  w i t h  some response f u n c t i o n s  f o r  t h e  d e t e c t o r .  The 

channels  of t hese  pulse-height d i s t r i b u t i o n s  w e r e  t hen  grouped t o g e t h e r  

i n t o  a series of b i n s  corresponding t o  t h e  s t r u c t u r e  of t h e  response 

matr ix .  

t o  8 . ) .  The binned d a t a  wi th  e r r o r s  were then  unfolded wi th  the  code 

FERD us ing  t h e  response ma t r ix  p rev ious ly  desc r ibed .  

t hen  c o r r e c t e d  f o r  t h e  t r ansmiss ion  of t h e  gamma r a y s  through t h e  l ead  

shadow ba r  and f o r  neutron and gamma-ray a t t e n u a t i o n  i n  t h e  sample. The 

f i n a l  r e s u l t s  f o r  t h e  5.15 < Elm < 6.15 MeV neu t ron  energy i n t e r v a l  are 

shown i n  F igu re  6. The s e n s i t i v i t y  of t h e  spectrometer  i s  c l e a r l y  i n d i c a t e d  

i n  t h i s  f i g u r e ;  n o t e  t h a t  gamma r a y s  having E > 6.15 M e V  are observed. 

W e  b e l i e v e  t h a t  t h e s e  are real  and are due t o  f a s t -neu t ron  c a p t u r e  i n  

Fe , fo r  which r e a c t i o n  t h e  c r o s s  s e c t i o n  i s  13 1 mb f o r  En - 5 MeV (Ref. 7 ,  

13).  

- 

(The number of pulse-height channels  p e r  b i n  v a r i e d  from 1 

The d a t a  were 

- - 

Y 

Our N a I  unfolded d a t a  y i e lded  c l o s e  t o  4000 d a t a  p o i n t s .  It i s  

i m p r a c t i c a l  t o  p u b l i s h  t h e s e  numbers wi th  t h e  paper .  

of t h e  d a t a  are c o l l e c t e d  i n  a s e p a r a t e  r e p o r t . 2 9  

t h e  bu lk  of t h e  d a t a ,  w e  have grouped t h e  gamma r a y s  i n t o  240-keV intervals  

t o  f a c i l i t a t e  comparison w i t h  the d a t a  of r e f e r e n c e  6. The numerical  

t a b l e s  are r e l a g a t e d  t o  the  appendix. 

NaI gamma-ray d a t a  does not  do j u s t i c e  t o  t h e  f i n e  s t r u c t u r e  p o s s i b l e  

with t h e  N a I  spectrometer  as evidenced on Figure 6.  

The numerical  v a l u e s  

I n  an at tempt  t o  reduce 

This  ve ry  c o a r s e  binning of t h e  
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Fig. 5. Gama-ray pulse-height s p e c t r a  produced by 5.14 t o  6.13  MeV 
neutron i n t e r a c t i o n s  wi th  i r o n .  The background spectrum obtained by p l a c i n g  
t h e  5.1 c m  l e a d  shadow ba r  i n  f r o n t  of t h e  c o l l i m a t o r .  The curves shown 
a t  t h e  bottom of f i g u r e  are some of t h e  response f u n c t i o n s  f o r  t he  NaI 
d e t e c t o r .  
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Fig. 6 .  D i f f e r e n t i a l  crolss s e c t i o n s  f o r  gamma r a y s  produced by 
5.14- t o  6.13-MeV neu t ron  i n t e r a c t i o n s  w i t h  i r o n .  The p resen t  r e s u l t s  
are compared wi th  similar d a t a  repor ted  by Drake e t  a l . ,  (LASL (Ref. 3) 
and Orphan e t  a l . ,  GRT (Ref. 61). 
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d 
B. Ge(Li) Experiment 

The Ge(Li) experimental  system has been r epor t ed  several t i m e s  i n  

The i n c i d e n t  neut rons  (monoenergetic and pulsed ,  generated d e t a i l .  

us ing  a Van de  Graaff a c c e l e r a t o r )  i n t e r a c t e d  wi th  a 30 g sample of  n a t u r a l  

14,15,30 

i r o n  i n  t h e  form of  a r i g h t  c i r c u l a r  c y l i n d e r .  Spec t r a  w e r e  ob ta ined  a t  

-0.5-MeV i n t e r v a l s  f o r  En between 5.35 and 9.0 MeV us ing  t h e  30-cm3 d e t e c t o r  

14’15 For a l l  En d a t a  were obtained a t  8 = 55 descr ibed  in p r i o r  r e p o r t s .  Y 

and 90 deg and f o r  s e v e r a l  En a t  0 

were obta ined  f o r  En = 4.85 and 7.0 MeV a t  0 

d e t e c t o r  (45 c m  ) and an improved experimental  arrangement (see Ref. 10).  

Fast-t iming e l e c t r o n i c s  were used t o  d i s c r i m i n a t e  a g a i n s t  most unwanted 

background events  s o  t h a t  t h e  r e s u l t i n g  s p e c t r a  contained d a t a  p r i m a r i l y  

due t o  prompt 2 -I- Fe i n t e r a c t i o n s .  Detec tor  c a l i b r a t i o n  and c o r r e c t i o n s  

due t o  m u l t i p l e  s c a t t e r i n g  and f i n i t e  sample s i z e  followed methods d iscussed  

previous ly .  14’15 

i s  be l ieved  r e l i a b l e  t o  ?7% (Ref. 15 ) .  

= 35 and 75 deg. Addi t iona l  s p e c t r a  Y 
= 125 deg using a l a r g e  Y 

3 

The a b s o l u t e  c a l i b r a t i o n  of t h e  beam monitor ing system 

The spectrum obta ined  f o r  En = 4.85 MeV is shown schemat ica l ly  i n  

F igure  7 .  

d i s t r i b u t i o n ,  and t h e  peaks i n d i c a t e  t h e  shapes observed. Note t h a t  some 

of t h e  peaks corresponding t o  high-energy gamma r a y s  are n o t  Gaussian 

shaped and are broad. This  i s  due t o  Doppler broadening, i . e . , t h e  decay 

of t h e  exc i ted  Fe ion  whi le  s t i l l  i n  motion. Experience has  shown t h a t  ve ry  

nonsymmetric peak shapes may be  observed, 15’31 and i t  i s  no t  always c e r t a i n  

that a given broad peak i s  due t o  more than  one gamma ray.  

t h e  measured gama-ray ene rg ie s  were s h i f t e d  from t h e  t r u e  gamma-ray ene rg ie s  

up t o  0.15% of t h e  t r u e  gamma-ray energy. 

I n  t h i s  f i g u r e  t h e  shaded band i n d i c a t e s  t h e  underlying Compton 

I n  a d d i t i o n ,  

The a c t u a l  amount of  energy s h i f t  
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Fig. 7. Gamma-ray spectrum f o r  t h e  Fe(n,xy) r e a c t i o n  a t  En = 4.85 

MeV,  8 = 125'. Each whole segment has 750 channels .  Peaks corresponding 

t o  t r a n s i t i o n s  i n  56Fe are i n d i c a t e d  by t h e  l a r g e r  l a b e l s .  Peaks known 

t o  b e  due t o  o t h e r  n u c l e i  are i n d i c a t e d  by i s o t o p e  symbol. F u l l  energy 

peaks are l a b e l l e d  wi th  t h e  gamma-ray energy; escape peaks are  l a b e l l e d  

with (E - 511) and (E - 1022) f o r  t he  s i n g l e -  and double-escape modes, 

r e s p e c t  i v e l y  . 

Y 

Y Y 
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depends upon t h e  l i f e t i m e  of t h e  emi t t i ng  s t a t e  and t h e s e  are n o t  always 

known. 

r a y  peaks w i t h  i n e l a s t i c - s c a t t e r i n g  t r a n s i t i o n s  t o  o b t a i n  branching r a t i o s  

f o r  levels where t h e s e  are n o t  known. 

A l l  of t h e  s p e c t r a  were c a r e f u l l y  s tud ied  t o  r e l a t e  observed gamma- 

The b e s t  spectrum f o r  t h i s  s tudy i s  t h e  one shown i n  F igu re  7 ,  and an 

a t t empt  w a s  made t o  i d e n t i f y  t h e  sources  f o r  a l l  gamma r a y s  observed. 

ment of t h e  g a m a  r a y s  among known l e v e l s  i n  56Fe depended upon p rev ious ly  

determined e x c i t a t i o n  ene rg ie s  ,32 e s p e c i a l l y  s i n c e  t h e  gamma-ray ene rg ie s  

could n o t  be determined t o  b e t t e r  than 3 keV f o r  t h e  h i g h e s t  energy gamma 

rays.  The gamma-ray energy c a l i b r a t i o n  f o r  t h i s  spectrum u t i l i z e d  p rev ious ly  

determined a c c u r a t e  gamma-ray ene rg ie s  8y33 c o r r e c t e d  f o r  exc i t ed  s t a t e  l i f e -  

t i m e s  when using Blaugrund’s methods.35 The r e s u l t s  of t h i s  a n a l y s i s  

are presented i n  Table 1. All t r a n s i t i o n s  corresponding t o  E > 4 . 4  MeV 

are e i t h e r  new o r  support  previous t e n t a t i v e  assignments. Study of  s p e c t r a  

f o r  En = 5.4 MeV y ie lded  a number of a d d i t i o n a l  gamma r a y s  having s m a l l  

d i f f e r e n t i a l  c r o s s  s e c t i o n s  ( g e n e r a l l y  < 0.2 mb/sr).  

unambiguously b e  assigned as t r a n s i t i o n s  among levels i n  56Fe. 

E = 4049 keV assigned t o  t h e  4875-846 keV t r a n s i t i o n  and ground-state 

t r a n s i t i o n s  from levels w i t h  Ex = 5228 and 5255 (k3) keV. A few higher  

energy gamma r a y s  w e r e  observed i n  t h e  s p e c t r a  obtained f o r  En - > 6 MeV; 

t hose  observed had ve ry  s m a l l  y i e l d s  and they could n o t  be r e l i a b l y  assigned 

t o  s p e c i f i c  t r a n s i t i o n s  among known l e v e l s  i n  56Fe. 

Place- 

x -  

Only 3 of t h e s e  could 

These were 

Y 

Absolute v a l u e s  of da/dw were e x t r a c t e d  from t h e  s p e c t r a  i n  t h e  same 

manner as p rev ious ly  discussed.  l4’I5 The major u n c e r t a i n t i e s  a s s o c i a t e d  

wi th  r educ t ion  of t h e s e  d a t a  were r e l a t e d  t o  (a)  t h e  l a r g e  number of gamma 

r a y s  observed, which r e s u l t e d  i n  i n c r e a s i n g  t h e  underlying Compton d i s t r i -  

bu t ion ,  and (b) e s p e c i a l l y  a t  t h e  h ighe r  bombarding ene rg ie s  t h e  e f f e c t  of  
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TABLE 1. GAMMA RAYS FROM 4.85-MeV NEUTRON INTERACTIONS 
WITH 5 6 F e ( 8  =125 DEG, A En=0.15 MeV) Y' 

(b) 
Y 
I ( c )  Assignment E 

Y 
I 
Y 

Assignment 

787.9 
846.8 
8 69 

1037.8  
1171.4 
1175.3 
1238.3  
1302.6  
133 6 

1360.4 
1575  
1668 

1771.4  
1 7  90 

1810.8 
1852 
1880 

1963.9  
2008 

2015.4 
2034.9 

2082 
2095.1 
2113.6 

2213 
2272.3 

2374 
2425 (d)  

1 

0 . 5 3 . 3  
89.0 2 4 . 5  

0.2520.12 
5.5350.40 

2.20+0.30 - 

0.8 2 5 . 2 5  
0 . 2 9 9 1 5  
1 . 5 1 9 .  1 6  
0 . 4 0 9 . 2 0  
0.20+0.12 
2.67zO. 28 
0 . 2 3 9 . 1 2  

10 .4  +O. 60 
1.0 6 5 . 1 5  
0.3 6 9 . 1 5  
0.4320.14 
0 . 4 2 5 . 2 2  
0.6520.22 
1 . 7  920.15 
0 . 5 1 3 . 1 4  
2.0320.14 
7 ,2820.40  
0.1450.10 
4 . 9 8 9 . 3 0  
0 . 1 8 9 . 1 2  
0 . 8 3 3 . 2 2  

20.0 21.1 

3445.4-2657.6 

3829-2960.4 
3122.9-2085.1 

3829-2657.4 
4298.2-3122.9 
2085.1-846.8 
3387.7-2085.1 

4458-2960.4 
3445.4-2085.1 

4694-3119.1 
3753-2085.1 

3856.5-2085.1 
4447-2657.6 

8 4 6 . 8 - g . ~ .  

2657.6-846.8 
4509-2657.6 
4537-2657.6 
404 9-208 5.1 
4093-2085.1 

4100.5-20185.1 
4 1  20.0-20185.1 

4740-26157.6 
2941.9-846.8 
2960.4-84 6.8 

4298-20185.1 

4459-20185.1 
4509-20185.1 

3119.1-846.8 

2461 0.2220.12 
2523.5 4 . 6 e 0 . 4 2  
2598.6 4.4520.31 
2657.6(d) 0 . 2 5 . 1  
2757(e)  3.850.3 
2960. 4(d) 0 . 2 s .  1 

2982 2 e 1320.18 
3009.7 0 .2550.11  
3119.1 0 . 3 2 3 . 1 1  
3202.2 2.0320.16 
3253.7 1 . 1 2 5 . 1 1  
3273.2 . 4  620.10 
3370.3 .7450.20 

3448 } 3.0550.35 3451.4 
3548 1 . 6 7 5 . 1 0  

3600} 3.8520.20 3 604 
3 662 0.6750.10 
37 65  0.2420.09 

3829} 0.5350.09 3830 
3880 0.1 950.08 

4537} 4544 0.3220.08 

4658 0 .2  420 . 0 9 
4673 0 . 1 1 + P . O  7 

4546-2085.1 
3370.3-846.8 
3445.4-846.8 
2657.6-g. S. 

3 604-8 4 6.8 
2 9 6 0 . 4 - g . ~ .  

3829-846.8 
3856.5-846.8 
3 1 1 9 . 1 - g . ~ .  
4049.0-846.8 
4 100.5-84 6.8 
4120.0-846.8 
3370.3-g. S. 

3448-g. S .  

4298.2-846.8 
4395-846.8 
4447-846.8 
3 604-g . s . 
4509-846.8 
4612-846.8 
3829-g . S .  

4673-846.8 
4727-84 6.8 
4537-g. s. 
4544-g . s . 
4658-g . s . 
4673-g. S. 

a AE =0.08%, d u e  p r i n c i p a l l y  t o  u n c e r t a i n t i e s  i n  Doppler  s h i f t  c o r r e c t i o n s .  

bElemental d i f f e r e n t i a l  c r o s s  s e c t i o n s  (mb/sr)  n o t  c o r r e c t e d  f o r  i s o t o p i c  
abundance.  

C n a t  
Other  l i n e s  obse rved  d u e  t o  i n t e r a c t i o n s  of n e u t r o n s  wi th  F e  i n c l u d e :  
211-keV from 56Fe(n ,p )  56Mn, I =:0.13+0.07 mb/sr ;  352-keV from 5 7 F e ( n , n ' )  57Fe  

Y 

and 5 6  F e ( n , y ) 5 7 F e  seen i n  bacxground,  1,=0.6_+0.2 mb/sr ;  567-keV d u e  t o  
56 F e ( n , ~ i ) ~ ~ C r ,  I =0.25_+0.12 mb/'sr; and several t r ans i t i ons  d u e  t o  
54Fe(n ,n ' )  54Fe.  Y 

C o i n c i d e n t  w i t h  gamma r a y s  d u e  t o  e x c i t a t i o n  o f  54Fe(5 .8% i s o t o p i c  abundance  
i n  sample) .  

May i n c l u d e  2752-KeV gamma a s s o c i a t e d  w i t h  3599-846.8 keV t r a n s i t i o n .  

d 

e 
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Doppler broadening, which r e s u l t e d  i n  reduced apparent  energy 

The combined u n c e r t a i n t y  i n  c r o s s  s e c t i o n s  r e s u l t i n g  from a l l  

r e s o l u t i o n .  

of t h e  o t h e r  

parameters  (e.g., geometr ical  c o r r e c t i o n s ,  d e t e c t o r  e f f i c i e n c y ,  e tc . )  

i s  es t imated  t o  be < 10%. Numerical va lues  of t he  a b s o l u t e  d i f f e r e n t i a l  

c r o s s  s e c t i o n s  and a s soc ia t ed  u n c e r t a i n t i e s  a re  c o l l e c t e d  i n  t h e  

s e p a r a t e  report2 '  mentioned above. 

C. Experimental  Resu l t s  f o r  fi + 54Fe 

* 

I n  a l l  t h e  h igh- reso lu t ion  s p e c t r a  a number of peaks w e r e  observed 

which could n o t  be  r e l a t e d  t o  known t r a n s i t i o n s  due t o  n + 56Fe. 

mental  de te rmina t ion  of t h e  o rde r  of magnitude of gama-ray y i e l d s  i n  

5 4 F e ( n , q )  would assist i n  gamma-ray i d e n t i f i c a t i o n s  , s i n c e  t h e  i s o t o p i c  

abundance of 54Fe i s  5.8%. 

Ge(Li)-spectrometer system mentioned above" f o r  a 48 g sample enriched 

t o  >97% i n  t h e  54Fe i so tope .  

6.45 MeV a t  8 

spectrum obta ined  f o r  En = 5.4 MeV is  shown i n  F igure  8 .  

Experi- 

Four s p e c t r a  were obtained us ing  t h e  improved 

Data were obtained f o r  E = 4.85, 5.4,  and n 

= 55 deg. = 125 deg, and f o r  En = 5.92 MeV a t  8 
Y Y The 

I n  a d d i t i o n  t o  ob ta in ing  gama-ray  product ion c r o s s  s e c t i o n s ,  which 

a r e  t abu la t ed  i n  Ref. 2 9 ,  t h e  fou r  s p e c t r a  w e r e  s tud ied  f o r  spec t roscop ic  

information about t h e  54Fe nuc leus ,  and t h e  r e s u l t s  of t h i s  s tudy a re  

summarized i n  F igure  9 .  

t h i s  f i g u r e  are a c t u a l l y  r a t i o s  of c r o s s  s e c t i o n s  a t  8 

r a t i o s  are i n  reasonable  agreement wi th  p r i o r  in format ion  ( see  Ref. 3 6 )  

except  f o r  t h e  1509 keV t r a n s i t i o n  from t h e  4048-keV s ta te .  

v a l u e  of 25% i s  much l a r g e r  than  t h e  2% given i n  Ref. 3 6 ,  sugges t ing  t h a t  

t h e  observed peak inc ludes  another  t r a n s i t i o n .  

corresponding t o  E 

The "branching" r a t i o s  shown i n  parentheses  i n  

= 125 deg. These Y 

The p resen t  

A t  En = 5.4 MeV t h e  peak 

= 3.29 MeV i s  c l e a r l y  a double t  having ene rg ie s  3288 
Y 
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1 
CHANNEL NUMBER 

Fig.  8. 4096-channel spectrum of y r a y s  f o r  5.4-MeV neu t ron  bombard- 

ment of  54Fe, 0 

d e t e c t e d  y ray.  Escape peaks are i n d i c a t e d  by (E - 0.511) and (E - 1.022) 

l a b e l s .  I so tope  symbols i n d i c a t e  y r a d i a t i o n  emanating from n u c l e i  o t h e r  

t han  54Fe. 

r a y s  could not  be determined; t h e s e  peaks are i n d i c a t e d  by smaller l a b e l s .  

= 125 deg. Peaks are l a b e l l e d  w i t h  t h e  energy of t h e  
Y 

Y Y 

The c o n t r i b u t i n g  n u c l e a r  s p e c i e s  f o r  some of  t h e  observed gamma 
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Fig. 9. Transi-  

t i o n s  are  l a b e l l e d  by E + AE (branching r a t i o ) ,  w i th  E i n  keV and branch- 

i n g  r a t i o  i n  %. The AE f o r  E > 3700 keV are due p r imar i ly  t o  u n c e r t a i n t i e s  

i n  Doppler s h i f t  de te rmina t ion  because of l a c k  of information on the  l i f e -  

times of t h e  exc i t ed  s ta tes .  T r a n s i t i o n s  without  AE i n d i c a t e  gamma-ray 
Y 

ene rg ie s  which could n o t  unambiguously be determined. "Branching" r a t i o s  

are  r a t i o s  of c r o s s  s e c t i o n s  f o r  8 = 125 deg and are averages f o r  a l l  Y 
va lues  obtained.  
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and 3294 keV and about equa l  i n  i n t e n s i t y ,  sugges t ing  (by t h e  dashed l i n e  

i n  Figure 9 )  ano the r  energy l e v e l  i n  54Fe n e a r l y  degene ra t e  w i t h  t h e  4702- 

keV s ta te .  I n  a d d i t i o n ,  new information concerning t h e  r e a c t i o n  

F e ( n , ~ y ) ~ ~ M n ,  which has a l a r g e  c r o s s  s e c t i o n  ( > 400 mb f o r  En = 5.4 54 
- 

MeV), w a s  obtained from s tudy  of t h e s e  d a t a ? 7  

s tudy  of 2 + 54Fe r e a c t i o n s  would be i n t e r e s t i n g ,  t h e  b a s i c  purposes w e r e  

Although a more thorough 

s a t i s f i e d .  Reasonable estimates can be made t o  t h e  t o t a l  gamma-ray 

product ion y i e l d  of t h e  e f f e c t  of neu t ron  i n t e r a c t i n n s  w i t h  54Fe. 

D. E x c i t a t i o n  of t h e  846-keV Level i n  56Fe Near Threshold 

12 38 Recent ly ,  Voss e t  a l .  and Perey e t  a l .  have r epor t ed  measurements 

which demonstrate t h a t  near  t h re sho ld  t h e  e x c i t a t i o n  f u n c t i o n  f o r  t h e  

product ion of t h e  846-keV gamma ray  e x h i b i t s  pronounced resonant  s t r u c t u r e ,  

more s o  than  had p rev ious ly  been o r  expected. Since o t h e r  

n u c l e i  have resonant  s t r u c t u r e  i n  e x c i t a t i o n  f u n c t i o n s  f o r  i n e l a s t i c  scat- 

w e  were i n t e r e s t e d  i n  a s c e r t a i n i n g  i f  t h e  p r e s e n t  N a I -  6 , 12,38 t e r i n g  

spectrometer  system could b e  used t o  determine such s t r u c t u r e .  There- 

f o r e  a r u n  w a s  made t o  r e p e a t  t h e  846-keV gamma-ray c ross - sec t ion  

measurements f s r  E between 0.8 and 2 MeV. 

ment desc r ibed  i n  Sec t ion  I I A  above w a s  used,  except  t h a t  t h e  beam p u l s e  

The same experimental  arrange-  n 

width w a s  reduced t o  5 nsec.  Since only one gamma r a y  was involved (and 

s i n c e  unfolding s e v e r a l  hundred s p e c t r a  w a s  a l a r g e  t a s k ) ,  t h e  data- taking 

r o u t i n e  was changed as fol1ow:s: a window w a s  set about t h e  peak correspond- 

i n g  t o  t h e  846-keV full-energ:y peak i n  t h e  pulse-height spectrum and a 

2048-channel TOF spectrum w a s  obtained f o r  p u l s e  h e i g h t s  i n  t h e  window; a 

second window of t h e  same s i z e  w a s  set i n  t h e  pulse-height spectrum j u s t  

above t h e  846-keV peak and a second 2048-channel TOF spectrum was obtained.  

4 



29 

The t o t a l  running t i m e  was 40 hours .  

from t h e  f i r s t  t o  provide a re la t ive  set  of c r o s s  s e c t i o n s .  These w e r e  

i n t e g r a t e d  and then normalized t o  product ion c r o s s  s e c t i o n s  obtained as 

desc r ibed  above i n  Sec t ion  IIA, The r e s u l t s  f o r  En < 1.35 MeV are  shown 

i n  Figure 10 and compared wi th  d a t a  of Voss e t  a1.l' (Karlsruhe) and GRT. 6 

The second TOF spectrum w a s  s u b t r a c t e d  

-- 
Although t h e  p r e s e n t  r e s u l t s  do not  have q u i t e  as good a neutron energy 

r e s o l u t i o n  as t h e  Karlsruhe r e s u l t s ,  w e  f e e l  t h a t  t h e  system i s  capable  of 

comparable r e s u l t s  should t h e  need arise. For Fe t h e  Kar l s ruhe  r e s u l t s  

(corroborated by t h e  r e p o r t  of Ref. 3 8 )  appear t o  be q u i t e  r e l i a b l e .  

111. DISCUSSION AND COMPARISON OF DATA 

The d a t a  may be considered t o  belong t o  two c a t e g o r i e s .  I n  t h e  f i r s t  

ca t egory  w e  cons ide r  dD/dw va lues  f o r  d i s c r e t e  i n d i v i d u a l  gamma r a y s ;  

t h e  second w e  cons ide r  da/dw v a l u e s  f o r  binned-group d a t a ,  i . e . ,  t h e  

sum of do/dw f o r  a l l  d i s c r e t e  i n d i v i d u a l  l i n e s  having E 

b i n  l i m i t s .  The r e c e n t  r e p o r t s  using Ge(Li) spec t romete r s  have concentrated 

on t h e  f i r s t  ca t egory  and t h e  d a t a  have proved u s e f u l  i n  n u c l e a r  s t r u c t u r e  

s t u d i e s .  For s h i e l d i n g  c a l c u l a t i o n  purposes,  however, t h e  second category 

is  t h e  p r e f e r r e d  format and evaluated gamma-ray f i l e s  are u s u a l l y  prepared 

i n  similar format. 

system desc r ibed  above w a s  developed as an e f f i c i e n t  system f o r  ob ta in ing  

c ross - sec t ion  d a t a  of t he  second ca t egory .  

i n  

wi th in  t h e  s p e c i f i e d  Y 

Therefore,  t h e  NaI spectrometer  and data-reduct ion 

A. Comparison of E = 846-keV Data 

The 846-keV gamma r a y  i s  t h e  s t r o n g e s t  l i n e  observed (see Figure 6) 

and makes t p  more than 97% of t h e  d i s c r e t e  gamma-ray y i e l d  i n  t h e  
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39 708 -e E .( 946 keV b i n ,  

Ge(Li) measurements. Comparison of our d a t a  f o r  t h i s  E b i n  wi th  those  of 

T N C Y 2  LASL, and GRT, 

F igu re  11. 

of d a t a .  

and 5.7 MeV, bu t  t h e i r  d a t a  i s  higher  by 35% f o r  En > 6.0 MeV. 

behavior i n  t h e  c r o s s  s e c t i o n  seems i n d i c a t e d  by the  two sets of continuous 

a t  least  f o r  En < 9 MeV, according t o  our  - Y -  

Y 
3 6 and t h e  ENDF/B-I11 gamma-ray f i l e 1 3  is  shown i n  

There are some obvious disagreements among t h e  v a r i o u s  sets 

Our d a t a  ag ree  very w e l l  w i th  the  two LASL d a t a  p o i n t s  a t  En = 4 

No such 

neutron-energy measurements, ours  and GRT's.  Except f o r  t h e  p o i n t  f o r  

4.10 < E 

The TNC measurements seem t o  support  our  lower c ros s - sec t ion  va lues  below 

2 MeV and GRT's h igher  v a l u e s  between 3 and 4 MeV, a l though t h e r e  t h e  TNC 

e r r o r  b a r s  overlap t h e  o t h e r  two sets of d a t a .  

< 5.15, t h e  GRT d a t a  are approximately 10% h ighe r  a t  a l l  ene rg ie s .  n 

F igu re  1 2  shows t h e  comparison of our r e s u l t s  w i th  several Ge(Li)- 

spectrometer  measurements f o r  t h e  energy r eg ion  4 < E < 10 MeV. The 

shaded band r e p r e s e n t s  t h e  l i m i t s  of ou r  NaI-spectrometer d a t a  f o r  t h e  

t o t a l  E b i n  of Figure 11, bu t  a l l  t h e  remaining d a t a  are f o r  t h e  

846-keV gamma r a y  only.  Note t h a t  i n  t h i s  c a s e  t h e  GRT d a t a  ag ree  w e l l  

n 

4- 6 
Y 

6 

wi th  t h e  p re sen t  NaI d a t a  even though we are comparing our t o t a l  y i e l d  

f o r  708 < E 

Both ours  and GRT's d a t a  were obtained us ing  an e l e c t r o n  l i n e a r  a c c e l e r a t o r  

t o  provide t h e  neu t ron  source:  on t h e  o t h e r  hand t h e  Obninsk, CFA and 

p r e s e n t  G e ( L i )  r e s u l t s  employed Van de  Graaff a c c e l e r a t o r s  t o  Droduce neu t rons .  

There is  a d i s t i n c t  d i f f e r e n c e  i n  t h e  c h a r a c t e r  of t h e  e x c i t a t i o n  f u n c t i o n ,  as 

t h e  GRT and p resen t  N a I  d a t a  peak f o r  E 

d s t a  con t inue  t o  i n c r e a s e .  A l l  t h r e e  of t h e s e  experiments (Refs. 5 and 6 and 

p resen t  Ge(Li) d a t a )  used t h e  D(d,n) H e  r e a c t i o n .  

< 346 keV t o  t h e i r  d a t a  f o r  t h e  846 keV gamma r a y  only.  
Y 

4 5  

about 5 MeV;  whereas the  Van de  Graaff n 

3 
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Fig. 11. Elemental  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  gamma r a y s  due t o  
t h e  Fe(n,xy) r e a c t i o n s  f o r  t he  gamma-ray energy b i n  between 0.703 and 0.946 
MeV. The p r e s e n t  N a I  r e s u l t s  are compared wi th  d a t a  r epor t ed  by t h e  Los 
Alamos Group (Ref. 3 ) ,  t h e  Gulf Radiat ion Technology Group (Ref. 6 ) ,  and 
wi th  t h e  c u r r e n t  ENDF/B e v a l u a t i o n  (Ref. 1 3 ) .  



33 

120 

110 

1 
L 
u) \ 

f 100  

E 
Y 

z 

0 w 
m 
m 
m 90 
0 
K u 
1 

I- 
Z 
W 
n 
LL 

0 

5 

W 80 
k 

70 

60 

I I  

- I  Fe (n,n'y 1 
E,.= 846 keV 

REF er DETECTOR - 
PRESENT 125 No1 

.V PRESENT 5 5  Ge(Li) 
0 GRT(1971) 125 Ge(L i )  
0 CEA (1971) 90 Ge(L i )  
0 OBNINSK (1970) - Ge(Li) 

RNL-DWG 72-38' 

4 5 6 7 8 9 10 
INCIDENT NEUTRON ENERGY (MeV) 

Fig; 1 2 .  Elemental d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  846-keV gamma r a y s  
due t o  Fe(n,n'y) r e a c t i o n s .  The p r e s e n t  N a I  binned-group d a t a  shown 
i n  Fig. 10 are h e r e  i n d i c a t e d  by t h e  shaded band. These d a t a ,  and t h e  
p re sen t  Ge(Li) r e s u l t s ,  are compared with d a t a  r epor t ed  by groups a t  Los  
Alamos (Ref. 3 ) ,  Obninsk (Ref. 4 ) ,  Commissariat a 1 'Ene rg ie  Atomique (Ref. 5 ) ,  
and Gulf Radiat ion (Ref. 6).  
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The three-body break up f o r  th is  r e a c t i o n  which occurs  f o r  E > 5 MeV d -  

( i .e. ,  such t h a t  E > 8 MeV f o r  t h e  two-body r e a c t i o n )  could n o t  e x p l a i n  

t h i s  apparent  sys t ema t i c  behavior.  Cross s e c t i o n s  f o r  t h e  three-body 

break up4' have been used t o  estimate t h e  e f f e c t  a t  9 MeV which accounted 

f o r  7% of t h e  observed gamma-ray product ion c r o s s  s e c t i o n  i n  our d a t a .  

n -  

4 1  

Although a l l  of t h e  d a t a  on F igu re  1 2  may w e l l  be  w i t h i n  t h e  est imated 

sys t ema t i c  u n c e r t a i n t i e s  of t h e  experiments,  most of t h e  Van de  Graaff 

d a t a  show a sys t ema t i c  l a r g e  i n c r e a s e  i n  c r o s s  s e c t i o n s  s l i g h t l y  above 

6 MeV and i n  t h i s  s ense  are similar t o  t h e  LASL r e s u l t s 3  shown on Figure 

11. However, t h e r e  is  a d i f f e r e n c e  between t h e  LASL d a t a  and t h e  o t h e r  

Van d e  Graaff measurements. A s  w i l l  be  shown l a t e r ,  a l l  of t h e  measure- 

3 495 

ments are i n  good agreement f o r  t h e  1238-keV gamma r a y  above 6 MeV except  

t h e  LASL d a t a  which are a l s o  about 30% too  high.  Orphan c- e t  a l .  c o n j e c t u r e  

t h a t  t h e  LASL d a t a  inc lude  some c o n t r i b u t i o n  due t o  "continuum" gamma r a y s ,  

bu t  t h i s  could no t  e x p l a i n  t h e  disagreement shown on Figure 11 s i n c e  t h e  

6 

GRT d a t a  and our NaI d a t a  are  a l s o  supposed t o  inc lude  any "continuum" 

p r e s e n t .  

To conclude on t h e  comparisons f o r  t h e  846 keV gamma ray ,  t h e  GRT 

6 binned-group d a t a  shown i n  Figure 11 are i n  ve ry  good r e l a t i v e  agreement 

wi th  our d a t a ,  t h e  only d i f f e r e n c e  being t h a t  our d a t a  average -10% lower 

a t  a l l  ene rg ie s .  Our binned group d a t a  f o r  708 < E 

e x c e l l e n t  agreement wi th  t h e i r  va lue  f o r  t h e  846-keV gamma-ray l i n e ,  

c o n s i s t e n t  with our estimate of t h e  continuum c o n t r i b u t i o n .  

< 946 keV are i n  Y 
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B. Comparison of EY = 1.24-MeV Data 

a 

The E = 1.24 MeV gamma ray  i s  t h e  second s t r o n g e s t  l i n e  observed i n  Y 
a l l  s p e c t r a  f o r  En > 2 MeV. 

1185 < E 

s imi l a r  t o  F igu re  11 except  t h a t  t h e  GRT d a t a  i n s t e a d  o f  being 10% higher  

are c l o s e r  t o  50% higher .  Comparison f o r  t h e  product ion of dG/dU f o r  t h e  

1.24-MeV gamma r a y  i t s e l f  is  shown on F igure  13. 

f o r  t h i s  dG/dw w a s  obtained from our NaI d a t a  by assuming t h a t  t h e  y i e l d  

i n  t h e  s p e c t r a  from 1.20 < E 

a t  E = 1.24 MeV. The cons t an t  of p r o p o r t i o n a l i t y  w a s  obtained f o r  2 < Y 
En < 3 MeV > 3 MeV. 

of approximation, due t o  "continuum" gamma r a y s  o r  a nearby gamma r a y ,  

should r e s u l t  i n  t oo  l a r g e  values f o r  do/dw. 

a l l  of t h e  d a t a ,  except  t h e  LASL r e s u l t s Y 3  are i n  reasonably good agreement. 

There i s  some scatter among t h e  s e v e r a l  d a t a  sets obtained wi th  Ge(Li) 

d e t e c t o r s ,  p a r t i c u l a r l y  t h e  Obninsk r e s u l t s .  

f u n c t i o n  may be expected, p a r t i c u l a r l y  nea r  t h r e s h o l d ,  s i m i l a r  t o  those 

observed i n  Figure 10 f o r  the 846 keV t r a n s i t i o n .  However, none of t h e  

experimental  r e s u l t s  shown i n  F igu re  13 appear t o  y i e l d  such in fo rma t ion ,  

except  p o s s i b l y  t h e  Obninsk r e s u l t s  f o r  which t o  our knowledge a complete 

r e p o r t  has  n o t  been published.42 It i s  worth n o t i n g  t h e  d i f f e r e n t  shapes 

of t h e  c r o s s  s e c t i o n s  as a f u n c t i o n  of energy f o r  t h e  846 and 1238 keV 

l i n e s .  

t h e  846 and 1238 keV l i n e s ,  ve ry  ev iden t  i n  our d a t a ,  i s  r e l a t e d  t o  t h e  

onse t  of t h e  56Fe(n,2n) r e a c t i o n  (En th re sho ld  of about 1 2 . 7  MeV). 

Comparison f o r  our binned group d a t a  f o r  

6 < 1424 keV w i t h  LASL,3 GRT and the  ENDF/B e v a l u a t i o n  appear Y 

I n  t h i s  f i g u r e  an estimate 

< 1.31 MeV w a s  p r o p o r t i o n a l  t o  t h e  c r o s s  s e c t i o n  Y 

and assumed cons t an t  f o r  E Any e r r o r  i n  t h i s  method n 

A s  i n d i c a t e d  i n  t h e  f i g u r e ,  

4 Resonances i n  the  e x c i t a t i o n  

The ab rup t  r educ t ion  of da/dw v a l u e s  f o r  En above 1 2  MeV,  f o r  both 
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Fig. 1 3 .  Elemental d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  1238-keV gamma 
rays  due t o  56Fe(n,n 'y)  r e a c t i o n s .  
are estimates from t h e  NaI d a t a  as desc r ibed  i n  t h e  t e x t .  
and t h e  p r e s e n t  Ge(Li) r e s u l t s ,  are compared wi th  d a t a  r epor t ed  by groups 
a t  Texas Nuclear (Ref. 2 ) ,  Los Alamos (Ref. 31,  Obninsk (Ref. 4 ) ,  Commissariat 
a 1 'Ene rg ie  Atomique (Ref. 5) and Gulf Radiat ion (Ref. 6 ) ,  and wi th  t h e  
c u r r e n t  ENDF/B e v a l u a t i o n  (Ref. 1 3 ) .  

The p o i n t s  l a b e l l e d  p r e s e n t  NaI 
These d a t a ,  

a 
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To conclude on t h e  comparison of t h e  two s t r o n g e s t  l i n e s  of t h e  i r o n  

a 

d a t a ,  t h e  only ones w e  can c o n f i d e n t l y  e x t r a c t  from our  NaI d a t a ,  t h e r e  i s  

g e n e r a l l y  20% agreement among a l l  t h e  d a t a  sets. 

C. Discussion of Remaining Gamma-Ray Data 

Comparisons f o r  o t h e r  d i s c r e t e - l i n e  d a t a  are s imi la r  t o  t h o s e  shown 

on F igures  1 2  and 1 3 ,  and comparisons f o r  binned group d a t a  are somewhat 

similar t o  t h o s e  shown i n  F igu re  11. Orphan e t  a l .  have made an e x t e n s i v e  

comparison of t h e i r  l i n e  d a t a  w i t h  our  Ge(Li) r e s u l t s  on t h e  b a s i s  of ou r  

prel iminary data4'and found good o v e r a l l  agreement. We s h a l l ,  t h e r e f o r e  , 

n o t  r e p e a t  t h i s  comparison he re .  For t h e  unfolded d a t a  t h e  major t r e n d ,  

w i t h  a few except ions,  is toward b e t t e r  agreement f o r  l a r g e r  E p a r t l y  

6 

Y' 
accounted f o r  by inc reased  u n c e r t a i n t i e s .  An i n d i c a t i o n  of d i f f e r e n c e s  

as w e l l  as agreements between t h e  p r e s e n t  N a I  d a t a  and GRT r e s u l t s '  is 

given i n  Table 2. 

The "C l i n e s "  d a t a  are i n  good agreement (-15%), with t h e  l a r g e s t  

This d i f f e r e n c e  i s  almost e n t i r e l y  d i f f e r e n c e  f o r  t he  h i g h e s t  En b i n .  

accounted f o r  by the  h igh  v a l u e s  f o r  t h e  846 keV l i n e  d i scussed  be fo re .  

The " P a r t i a l "  d i f f e r e n t i a l  c r o s s  s e c t i o n s  are i n  e x c e l l e n t  agreement f o r  

En < 10 MeV,  becoming ve ry  poor f o r  E 

c r o s s  s e c t i o n s  are i n  f a i r  agreement (-20%) f o r  E < 5.15 MeV (except p o s s i b l y  

> 12.5 MeV. The "Total" d i f f e r e n t i a l  n 

n 

f o r  t h e  3.06 < En < 4.10 MeV b i n ) .  

o r  more l a r g e r  t han  t h e  p re sen t  NaI v a l u e s  f o r  E In view of 

t h e  o v e r a l l  agreement f o r  discrete l i n e s  and f o r  t h e  ' !Par t ia l"  sums up  t o  

E 

c a r e f u l  c o n s i d e r a t i o n .  

However, t h e  GRT "Total" d a t a  are 40% 

> 5.15 M e V ,  n 

= 10 MeV,  t h e  v e r y  l a r g e  disagreement i n  t h e  t o t a l  gamma-ray y i e l d  dese rves  n 
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TABLE 2. TOTAL AND PARTIAL GAMMA-RAY YIELDS (IN m/SR)  
FOR e = 1 2 5  DEG. Y 

C C Lines  b Tota la  P a r t i a l  
e e f En 

(MeV) G R T ~  P resen t  GRT Presen t  GRT P r e s e n t  

0.86-1.32 

1.32-2.14 

2.14-3.06 

3.06-4.10 

4.10-5.15 

5.15-6.15 

6.15-7.71 

7.71-9.78 

9.78-12.56 

12.56-16.74 

43  

7 1  

9 6  

185 

214 

318 

332 

338 

379 

326 

33 

58 

87  

139  

1 9 0  

229 

252 

252 

247 

174  

44 

68 

98  

9 10 148  

33 34  168  175(193)  

52 48 187  172(194)  

62 63 1 7 5  174(186)  

74 78 158 183(188) 

105 85 147 

92 54 106 

a 

b In teg ra t ed  Yie ld  f o r  E 

I n t e g r a t e d  y i e l d  f o r  E > 0 .71  MeV. 

> 2.38 MeV. 

Y -  

Y -  
C Summed da/dw f o r  t h e  d i s c r e t e  l i n e s  r epor t ed  by GRT. 

dRef. 6. 

e 

f 

P resen t  N a I  binned-group d a t a .  

P re sen t  Ge(Li) d a t a ;  v a l u e s  are averages  obta ined  f o r  one o r  more 
s p e c t r a  having mean E w i t h i n  des igna ted  b in .  Values i n  pa ren theses  
are s i m i l a r l y  summed %/dw f o r  a l l  d i s c r e t e  l i n e s  r epor t ed  i n  t h e  
p r e s e n t  experiment.  

a 
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The l a c k  of agreement f o r  E 

r e s u l t s  f o r  En > 5 .1  MeV. E r r o r s  i n  t h e  response func t ions  f o r  low-energy 

gamma r a y s  can be excluded as a major source of discrepancy i n  view of t h e  

f a i r  agreement below E = 5.1 MeV. 

r ay  response f u n c t i o n s  seems t o  be j u s t i f i e d  by t h e  226Ra r e s u l t s  shown i n  

Figure 4 .  

of  t h e  low-energy Compton d i s t r i b u t i o n  of t h e  response func t ions  f o r  high- 

< 2.4 MeV i s  apparent  i n  t h e  unfolded 
Y 

Our confidence i n  our low-energy gamma- n 

Some of t h e  d i f f e r e n c e s  could come from an inadequate  d e s c r i p t i o n  

energy gamma rays .  It is  n o t  ve ry  easy t o  t es t  d i r e c t l y  t h e  low-energy 

p a r t  of t h e  response f u n c t i o n s  f o r  high-energy gamma rays .  

t h i s  p o s s i b l e  sou rce  of disagreement does n o t  appear t o  u s  t o  b e  capable  

of exp la in ing  completely t h e  discrepancy.  For our  N a I  d e t e c t o r ,  approximately 

Never the l e s s ,  

20% of t h e  t o t a l  response f o r  4.4 MeV gamma r a y s  corresponds t o  a deposi ted 

energy between 0.7 and 2.4 MeV, and t h e  response func t ions  a g r e e  wi th  t h a t  

f o r  an i d e n t i c a l  d e t e c t o r ,  w i th  d i f f e r e n t  s h i e l d ,  used a t  t h e  ORNL Tower 

Sh ie ld ing  F a c i l i t y .  22 

response func t ions  have been checked us ing  thermal-capture measurements where 

high-energy gamma-ray t r a n s i t i o n s  dominated t h e  s p e c t r a .  

f o r  5.15 < E < 6.15 MeV i t  i s  d i f f i c u l t  t o  a s c r i b e  t h e  90 mb/sr d i f f e r e n c e  

between t h e  GRT "Total" and our N a I  "Total" t o  some e r r o r  i n  t h e  N a I  

response f u n c t i o n s ,  f o r  t h i s  would imply t h a t  more than 60% of t h e  t o t a l  

The Tower Sh ie ld ing  F a c i l i t y  gamma-ray spectrometer  

Furthermore, 

n -  - 

response func t ions  f o r  high-energy gamma r a y s  corresponded t o  a depos i t ed  

energy between 0 .7  and 2.4 MeV i f  dO("Partial")/dw is 50 mb/sr as i n d i c a t e d  

f o r  t h i s  En b i n  i n  Table 2.  

a l s o  from c o n s i d e r a t i o n  as t h e  s o l e  sou rce  of t h e  d i sc repancy ,  t h e  inadequcies  

of t h e  low-energy p a r t  of t h e  response f u n c t i o n  of t h e  GRT Ge(Li) d e t e c t o r .  

By t h e  same reasoning w e  can probably e l i m i n a t e ,  
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W e  have compared ve ry  c a r e f u l l y  t h e  r e s u l t s  of t h e  un fo ld ing  of ou r  

d a t a  u s i n g  t h e  same neutron and gamma-ray energy i n t e r v a l s  as t h e  GRT d a t a ,  

and F igu re  6 for  5.15 < En < 6.13 MeV i s  t y p i c a l  of t h e  r e s u l t s  f o r  a l l  

E i n t e r v a l s .  Major d i s c r e p a n c i e s  occur f o r  946 < E < 1185 keV and 1424 < 

E < 1663 kev where t h e  N a I  d a t a  show unmistakable deep minima, i n  a d d i t i o n  

t h e  b i n  1185 < E 

n Y 

Y 
< 1424 keV has much h ighe r  v a l u e s  i n  t h e  GRT d a t a .  These 

The LASL 

Y 
' d e e p  minima are ve ry  ev iden t  i n  our r a w  d a t a  shown i n  Figure 5. 

r e s u l t s 3  do reproduce t h e  c h a r a c t e r  of t h e  p re sen t  N a I  r e s u l t s ,  i n  F igu re  6,  

q u i t e  w e l l .  For t h e  o t h e r  E i n t e r v a l s ,  however, t h e  LASL r e s u l t s  are i n  

much less agreement. The h ighes t  neu t ron  energy group f o r  which t h e r e  i s  

good o v e r a l l  agreement i s  4.10 < E n 

d e t a i l e d  comparison of t h e  fou r  sets of d a t a  f o r  t h i s  neutron energy 

group. 

disagreement occurs  f o r  t h e  gamma-ray b i n s  from 946 t o  1663 keV. On t h e  

b a s i s  of t h e i r  l i n e  d a t a  and t h e i r  unfolded spectrum, Orphan -- e t  a1.6 conclude 

t h a t  t h e r e  i s  about 46 mb/sr of "continuum" f o r  t h i s  energy group. 

b a s i s  of our G e ( L i )  gamma-ray l i n e  d a t a  a t  4.85 MeV,  w e  conclude t h a t  t h e r e  

i s  no "continuum" c o n t r i b u t i o n  when w e  compare t o  our  unfolded N a I  d a t a  and 

about 20 mb/sr of "continuum" when w e  compare t o  t h e  GRT Ge(Li) unfolded 

d a t a ,  t h i s  "continuum" being e n t i r e l y  wi th  gamma-ray e n e r g i e s  from 946 t o  

1663 keV. However, f o r  5.15 < En < 6.15 MeV t h e  p r e s e n t  r e s u l t s  i n d i c a t e  

n 

< 5.15 MeV. I n  Table 3 w e  show t h e  

It can  be seen t h a t  a l r e a d y  f o r  t h i s  neu t ron  group t h e  on ly  sys t ema t i c  

On t h e  

a gamma-ray "continuum" of 35 mb/sr o r  15% of t h e  t o t a l  we o b t a i n ,  whereas 

t h e  GRT d a t a  suggest  about 130 mb/sr o r  40% of t h e i r  t o t a l  r e s u l t s .  

r a t h e r  sudden i n c r e a s e  of "continuum" suggested by t h e  GRT r e s u l t s  seems 

d i f f i c u l t  t o  understand. Over h a l f  of t h e  d i f f e r e n c e  i n  t h e  two sets of 

d a t a  aga in  occurs  f o r  946 < E 

This  

< 1663 keV, with t h e  GRT d a t a  being more Y 
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TABLE 3. COMPARISON OF SUMMED DISCRETE-LINE do/dw AT E = 4.855.15  MeV WITH CONTINUUM 
(BINNED-GROW) do/dw FOR NEUTRON ENERGY INTERVAL 4.10 - 5.15 MeVa 

Summed 
Gamma-Ray 56Fe C da/dw 4Fe Discrete Unfolding Unfolding-Lines (OWL) 

(keV) Present  Resul ts  Orphan et a l .  Present  Resul ts  Present  Orphan, e t  a l .  Present  Orphan,et .al .  Present 
N a I  G e  ( L i )  Energy I n t e r v a l  (Elemental) (El emen t a l )  Lines G e  (Li) NaI 

7 08-9 46 
94 6- 1185 

1185-1424 
1424- 1663 

1663-1902 
1902-2141 

214 1- 2 380 

2380- 2 619 

2619-2858 
2858-3097 
3097-3336 

333 6- 3 57 5 

357 5- 3814 
3814-4053 
40 53- 42 91 

> 4291 - 

89.824.8 

S . 7 s . 8  
2 2 . e 2 . 3  

0 . 4 5 . 2  
14,921.5 
13.121.4 

5 . 3 5 . 5  
l O . l + l . O  

4 . 0 9 . 4  

3 . 9 5 . 5  
5 . 5 5 . 7  

2 . 6 5 . 4  

4 . 8 5 . 4  
0 . 7 5 . 2  

0 . 4 5 . 2  

87.9 
6.0 

24.9 

11.9 
9.1 

3.9 
10.4 

4.3 

1.5 
3.6 
4.2 

0 . 6 9 . 1  
1 . 3 9 . 2  

4 . 1 9 . 4  
0 . 4 5 . 1  
0 . 2 5 . 1  
0 . 3 9 . 1  

0 . 2 5 . 1  

0 . 2 5 . 1  
0 . 4 5 . 1  
0 . 5 5 . 1  

90.424.9 
9 . e o . 9  

26.722.7 
0 . 8 9 . 3  

15.121.6 
1 3 . 4 5 . 5  

5 . 3 5 . 5  
10.351.1 

4 . 2 5 . 4  
3 . w . 5  

5 . 5 5 . 7  

4 . 4 5 . 6  

4 . 8 9 . 4  
0 . 7 5 . 2  

0 . 4 5 . 2  

91.227.1 
16.322.7 
31.422.0 
8 . 2 5 . 8  

15.421. 2 

1 4 . 8 9 . 9  

3 . 4 5 . 4  

5 . 9 5 . 4  
3 . 3 5 . 3  

9.4k0.7 

3 . 7 5 . 2  
3 . 6 5 . 3  
6 . w . 2  
0 . 3 5 .  1 

0 .35 .1  

91.751.7 
12.821.2 
1 9 . 1 5 . 9  

1 . 5 3 . 7  
1 3 . 5 5 . 7  
l l . w . 6  

6 . 2 5 . 5  
8 . w . 4  

5 . e 0 . 3  
3 . 6 5 . 3  
4 . 4 3 . 2  
7 . 3 5 . 2  
3 . 8 5 . 1  
0 . 8 5 . 1  
0 .15.1 

0 . 3 5 . 2  

M.828.6 +1.3+5.2 
+7.3+2.8 +3.821.5 
+4.7+3.4 -7.622.8 
+7 .45 .8  +0.7+0.8 
+0.322.0 -1.651.7 
+la 421.9 -2.421.6 

c- -1 .55 .6  +0.95.7 P 

-0.921.3 -1.451.2 

+1 .75 .6  +0.85.5 
+0 .35 .6  W . 6 3 . 6  
-0 .75 .4  +O.w.6 
-1 .95 .8  +1 .89 .7  
+1.2+0.4 - 1 . w . 4  
- 0 . 4 s . 2  +o.l-K).2 
W . 3 5 . 1  +0.l+o.l 

- 0 . 4 5 .  2 -0.15.3 

Tota l  193.421 6.7 2 13.721 7.4 189.3ts. 2 

a The gamma-ray energy i n t e r v a l s ,  neutron energy i n t e r v a l  and d a t a  i n  colums 3 and 6 w e r e  reported i n  Gulf Radiation 
Technology Report RT-A10743 (see Ref. 6). 
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t h a n  t w i c e  as l a r g e  as our d a t a  i n  those  t h r e e  gamma-ray b i n s .  (Our N a I  

unfolded d a t a  g i v e  50 mb/sr;  t h e i r  Ge(Li) unfolded d a t a  g ive  104 mb/sr.) 

According t o  OUT knowledge of t h e  r e a c t i o n  mechanisms involved,  i t  i s  

d i f f i c u l t  t o  understand t h i s  sudden jump i n  c r o s s  s e c t i o n  between t h e  

two energy r eg ions .  

elastic c r o s s  s e c t i o n s  are n e a r l y  c o n s t a n t  a t  1350-1400 mb, 

110 mb/sr t o  use  u n i t s  comparable t o  Table 2 .  For E from 5 t o  6 M e V ,  

t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  56Fe(n,y) , 56Fe(n,p) and 56Fe(n,a) 

are a l l  less than  1 m b / ~ r . ~  

must be c o r r e c t e d  f o r  i s o t o p i c  abundance of 5.8%, l eav ing  about 2 mb/sr 

as t h e  p o s s i b l e  c o n t r i b u t i o n  from t h i s  r e a c t i o n .  Thus from 4 t o  6 MeV 

i n c i d e n t  neu t ron  energy t h e  dominant gamma-ray producing r e a c t i o n  i s  

( n , n ' ) .  

gamma-ray product inn d a t a  of GRT i s  t o  assume t h a t  t h e r e  i s  a sha rp  

I n  f a c t ,  f o r  En between 4 and 1 2  MeV t h e  t o t a l  non- 

7 i . e . ,  a/4T = 

n 

7 
The 54Fe(n,p) c r o s s  s e c t i o n s  0/4v = 40 mb/sr 

The only way t o  account f o r  t h e  sha rp  i n c r e a s e  i n  t h e  "Total" 

i n c r e a s e  i n  average gamma-ray m u l t i p l i c i t y  from 2 f o r  4 .1  < E < 5.1  MeV n 

t o  3 f o r  5.1 < En < 6.1 MeV. 

gamma-ray m u l t i p l i c i t y  imp l i e s  a ve ry  l a r g e  change i n  t h e  m u l t i p l i c i t y  

f o r  t h e  levels populated by 5- t o  6-MeV neutrons as opposed t o  those  

populated by - < 5-MeV neutrons.  

average m u l t i p l i c i t y  i n c r e a s e s  by only 10% from 5 t o  6 M e V .  

t h a t  w e  do no t  d i s a g r e e  w i t h  the  premise t h a t  some amount of "continuum" 

To o b t a i n  such a l a r g e  i n c r e a s e  i n  average 

T h e o r e t i c a l  expec ta t ions13  are t h a t  t h e  

We emphasize 

e x i s t s  i n  t h e  GRT measurements as w e l l  as our own; bu t  we f a i l  t o  under- 

s t and  t h e  sudden jump a t  En = 5 . 1  MeV, p a r t i c u l a r l y  i n  view of t h e  then 

almost cons t an t  va lue  of t h e  c r o s s  s e c t i o n  up t o  10 M e V .  

The l a r g e  dec rease  i n  t h e  gamma-ray product ion c r o s s  s e c t i o n  above 12 

MeV,  seen i n  our d a t a ,  can be understood i n  t e r m s  of t h e  onse t  of t h e  (n,2n) 
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r e a c t i o n .  This  r e a c t i o n  populates  low-lying l e v e l s  i n  t h e  r e s i d u a l  nucleus 

wi th  s m a l l  gamma-ray m u l t i p l i c i t i e s  a t  the  expense of t he  (n ,n ' )  r e a c t i o n ,  

which populates  t h e  high exc i t ed  states i n  t h e  r e s i d u a l  nucleus wi th  much 

higher  gamma-ray m u l t i p l i c i t i e s .  A t  14.5 MeV, i n  t h e  middle of t he  las t  

neutron energy group of t he  GRT d a t a ,  t he  ( n , n ' )  c r o s s  s e c t i o n  wi th  r e l a t i v e l y  

high gamma-ray m u l t i p l i c i t i e s  is  about equa l  t o  the sum of t h e  (n ,2n ) ,  (n,p) 

and (n ,a )  r e a c t i o n s  which l ead  t o  much lower gamma-ray m u l t i p l i c i t i e s .  We, 

t h e r e f o r e ,  expect a r educ t ion  i n  t h e  average m u l t i p l i c i t y  shown i n  our d a t a  

bu t  absen t  i n  the  GRT d a t a  which g ives  t h e  same v a l u e  as i n  t h e  i n t e r v a l  

5 < En < 10 MeV. 

The above arguments suggest  t o  u s  t h a t  t h e  source of t he  d i s c r e p a n c i e s  

may be i n  t h e  area where t h e  two experiments d i f f e r  most markedly - t h e  

de t e rmina t ion  of t h e  background c o n t r i b u t i o n  f o r  t he  unfolded s p e c t r a .  For 

our experiment t h e  assumptions underlying our background s u b t r a c t i o n  method 

have been d e t a i l e d  i n  Sec t ion  11. 

6 I n  t h e  GRT experiment t h e  t h r e e  main assumptions concerning t h e  back- 

ground s u b t r a c t i o n  from t h e  i r o n  d a t a  appear t o  be:  1 )  

s p e c t r a l  shapes are determined by s u b s t i t u t i n g  a be ry l l i um s c a t t e r e r ,  u s ing  

t h e  background 

s p e c t r a  obtained a t  i n c i d e n t  neutron ene rg ie s  1.344 t i m e s  h igher  tocompensate 

f o r  t h e  d i f f e r e n c e  i n  kinematic  energy l o s s  f o r  e l a s t i c  s c a t t e r i n g  through 125'; 

2) no rma l i za t ion  f o r  t h e  background s u b t r a c t i o n  can be determined on t h e  

b a s i s  of t h e  area of t h e  596-keV l i n e  from Ge(n,n'y);  3) t h e  "background" 

and "foreground p l u s  background" s p e c t r a  can b e  unfolded f i r s t  and then  sub- 

t r a c t e d .  

experiment beyond what is  s t a t e d  i n  t h e  r e p o r t . 6  

74 

W e  do no t  know how w e l l  t h e s e  assumptions were v e r i f i e d  f o r  t h i s  

One may c o n j e c t u r e  about 
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p o s s i b l e  breakdowns i n  t h e s e  assumptions on t h e  b a s i s  of t h e  i n f o r n a t i o n  

given i n  t h e  r e p o r t  

unfolded d a t a  and ours.  W e  r e a l i z e  how c o n j e c t u r a l  t h e  fo l lowing  remarks 

may be;  w e  claim on ly  t h a t  t hey  appear t o  u s  p l a u s i b l e  a t  t h e  moment 

on t h e  b a s i s  of t h e  information i n  t h e  r e p o r t  

t h e  areas of disagreement between t h e  two sets of unfolded d a t a .  

t o  a c e r t a i n  neutron energy, s ay  En = 5 MeV, t h e  procedure followed i n  u s i n g  

6 which might exp la in  t h e  d i f f e r e n c e s  between t h e i r  

6 and could p o s s i b l y  e x p l a i n  

Up 

t h e  be ry l l i um d a t a  as background f o r  t h e  i r o n  sample might be working w e l l  

because of t h e  s i m i l a r i t y  between t h e  neu t ron  energy s p e c t r a  s t r i k i n g  t h e  

d e t e c t o r s ,  i . e . ,  mostly elastic s c a t t e r i n g .  

12  MeV, t h e  high-energy p a r t  of t h e  background may a l s o  b e  ob ta ined  c o r r e c t l y  

because i t  is  a l s o  dominated by t h e  e las t ic  s c a t t e r i n g  from both samples. 

Above t h i s  energy, s ay  up t o  En = 

However, t h e  low-energy p a r t  of t h e  background, s ay  f o r  E < 2.4 M e V ,  comes 

from two sources :  a) t h e  high-energy e l a s t i c a l l y - s c a t t e r e d  neutrons,  and 

Y 

t h i s  would b e  obtained c o r r e c t l y  and b) t h e  low-energy neu t rons ,  and t h i s  

p a r t  of t h e  background may not  have been obtained c o r r e c t l y .  

because w e  suspec t  t h e  (n ,n ' )  neutron spectrum from i r o n  t o  b e  cons ide rab ly  

ha rde r  t han  t h e  (n,2n) neutron spectrum from be ry l l i um;  t h e  "background", i. e. , 

neutron induced counts  i n  t h e  G e ( L i )  d e t e c t o r ,  might n o t  have been s u b t r a c t e d  

enough i n  us ing  t h e  beryl l ium spectrum. 

have used r i g o r o u s l y  t h e  areas i n  t h e  596-keV 74Ge(n,n'Y) peaks t o  s u b t r a c t  

t h e  background from t h e  d a t a  bu t  t o  have a l s o  performed, a t  least  a t  t h e  lower 

e n e r g i e s ,  

counts." 

assumption, such as s e n s i t i v i t y  of t h e  596-keV y i e l d  as a f u n c t i o n  o f  neutron 

energy s p e c t r a ,  might have a f f e c t e d  t h e  r e s u l t s .  The above c o n j e c t u r e s ,  

This  is  

Orphan e t  a1.6 do n o t  c la im t o  

I t  any needed r enorma l i za t ion  by matching t h e  higher  gamma-ray energy 

It i s ,  t h e r e f o r e ,  n o t  obvious t o  u s  how any breakdown i n  t h i s  
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i f  c o r r e c t ,  could poss ib ly  exp la in  a l l  of the s i m i l a r i t y  and d i f f e r e n c e s  

i n  t h e  two sets of d a t a  below 10 MeV. However, w e  do n o t  have enough quan- 

t i t a t i v e  information t o  judge i f  t h e  e f f e c t s  could be l a r g e  enough t o  exp la in  

a l l  of t h e  observed d i f f e r e n c e s .  W e  do n o t  t h i n k  t h a t  t he  above arguments 

could account f o r  much more than 2 / 3  of  t h e  d i f f e r e n c e s  above 10 MeV and, 

i n  p a r t i c u l a r ,  exp la in  the  discrepancy f o r  E 

above 12.5 MeV. 

ground p l u s  background" s p e c t r a  a f t e r  unfo ld ing  them. 

s p e c i f i c a l l y  t h a t  they p r e f e r  t o  do t h i s  r a t h e r  than unfold t h e  background 

co r rec t ed  s p e c t r a  because MAZE I,  t h e i r  unfo ld ing  code, "is s e n s i t i v e  t o  

s m a l l  i n c o n s i s t e n c i e s  i n  t h e  spectrum be ing  unfolded." 

case, w e  might t h i n k  t h a t  t he  reverse procedure,  unfo ld ing  t h e  sub t r ac t ed  

> 2.4 MeV which i s  very l a r g e  

sub t r ac t ed  t h e  "background" from t h e  "fore- 

Y 
6 Orphan e t  a l .  

They s t a t e  q u i t e  

I f  t h i s  i s  the  

pulse-height  spectrum, would be  p r e f e r a b l e  i n  p a r t i c u l a r  a t  h igh  ene rg ie s .  

The concept of  unfo ld ing  a pulse-height  spectrum i s  based on t h e  p r e m i s e  

t h a t  i t  can b e  decomposed by a supe rpos i t i on  o f  l ines  having given response 

func t ions .  I f  t h e  pulse-height  spectrum con ta ins  f e a t u r e s ,  i n c o n s i s t e n c i e s ,  

which cannot  be e a s i l y  reso lved  wi th  the response func t ions ,  i t  i s  n o t  

obvious how the unfolded spectrum i s  a f f e c t e d .  A t  low energy,  i f  t h e  

background i s  mostly coming from gamma rays induced i n  t h e  germanium by 

t h e  neut rons  s t r i k i n g  t h e  d e t e c t o r ,  t h e  procedure could be  adequate provided 

t h e  response func t ions  used were a l s o  a p p l i c a b l e  t o  a gamma-ray source 

d i s t r i b u t e d  i n s i d e  t h e  d e t e c t o r .  But a t  high ene rg ie s  where i n  a d d i t i o n  

t h e r e  i s  l i k e l y  t o  be a t  least  (n,p> and (n,a> r e a c t i o n s  i n  t h e  germanium, 

i t  i s  no t  clear t o  u s  what happens. 

sub t r ac t ed  from t h e  pulse-height  spectrum be fo re  unfo ld ing ,  such t h a t  only 

counts  from gamma rays  f o r  which the  response func t ions  have been obtained 

In p r i n c i p l e ,  i f  t h e  background i s  
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remain i n  t h e  spectrum, w e  have a much more r e l i a b l e  s i t u a t i o n  f o r  t h e  

unfolding p rocess .  

I V .  SUMMARY AND CONCLUSIONS 

W e  have presented i n  t h i s  paper t he  r e s u l t s  of our  measurement of 

neutron-induced gamma-ray product ion c r o s s  s e c t i o n s  f o r  i r o n .  The N a I  

d e t e c t o r  system used a t  t h e  ORELA Shield T e s t  S t a t i o n ,  t h e  data a c q u i s i t i o n  

and t h e  r e d u c t i o n  techniques employed were desc r ibed  i n  d e t a i l .  Our Ge(Li) 

spectrometer  d a t a ,  acqu i r ed  a t  t h e  ORNL Van de  Graa f f ,  w e r e  b r i e f l y  r e p o r t e d  

upon and used i n  comparisons w i t h  t h e  N a I  d a t a .  The bu lk  of t h e  numerical  

v a l u e s  of t h e  d a t a  w a s  no t  given h e r e  as  t h e s e  are a v a i l a b l e  i n  a s e p a r a t e  

29 r e p o r t .  

Our d a t a  were compared i n  some d e t a i l  w i t h  t h e  r e s u l t s  of an  expe r i -  

ment, similar t o  our NaI measurement, performed a t  GRT6 u s i n g  a Ge(Li) 

spectrometer .  The GRT d a t a  are of two types ,  l i n e  d a t a  and unfolded s p e c t r a .  

A t  5 MeV t h e  agreement between a l l  f o u r  sets of d a t a  is  ve ry  good, from 10% 

f o r  s t r o n g  l i n e s  t o  20% f o r  t h e  weaker l i n e s .  The gamma-ray l i n e  d a t a  from 

t h e  two Ge(Li) experiments are  a l s o  w i t h i n  10% f o r  t h e  s t rong  l i n e s  

i n  t h e  r eg ion  of ove r l ap ,  5 < E < 9 MeV. (We have only shown t h e  compari- 

sons i n  a few i n s t a n c e s ,  a more complete comparison being made i n  t h e  GRT 

report .  1 

could make a comparison of our N a I  d a t a  w i t h  t h e  GRT l i n e  d a t a  and t h e  

n 

6 
For t h e  two s t r o n g e s t  gamma-ray l i n e s ,  a t  846 and 1238 keV, w e  

agreement i s  of t h e  o rde r  of 10% over t h e  complete energy r eg ion .  

agreement between t h e  N a I  and G e ( L i )  unfolded d a t a  i s  not  as good. 

s p e c i f i c a l l y ,  t h e  d a t a  are i n  f a i r  agreement up t o  E = 5 MeV,  and f o r  

5 < En < 10 MeV w e  only f i n d  agreement f o r  E 

The 

More 

n 

> 2400 keV. (For  5 < En < 10 MeV Y 
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and f o r  950 < E < 2400 keV t h e  d a t a  of GRT are approximately twice as 

l a r g e  a s  ou r s . )  Above En = 10 MeV, t h e  disagreement i n c r e a s e s  f o r  a l l  

gamma-ray e n e r g i e s ,  and i n  t h e  r eg ion  of 12.5 < E < 16.7 MeV t h e  o v e r a l l  

disagreement i s  approximately a f a c t o r  of two. We have i n v e s t i g a t e d  t h e  

n a t u r e  of t h e  disagreements  i n  some d e t a i 1 , b o t h  from a p o i n t  of view of 

t h e  r e a c t i o n  mechanisms involved and t h e  experimental  techniques used 

i n  t h e  two d i f f e r e n t  experiments.  We have i n d i c a t e d  i n  two s p e c i f i c  

i n s t a n c e s  a few of t h e  t h e o r e t i c a l  d i f f i c u l t i e s  encountered i n  t r y i n g  

t o  understand some of t h e  behavior of t h e  GRT d a t a .  We c o n j e c t u r e  t h a t  

i f  t he  background c o n t r i b u t i o n s  t o  t h e  pulse-height s p e c t r a  have been 

improperly s u b t r a c t e d  i n  t h e  GRT d a t a ,  t h i s  could e x p l a i n  t h e  d i s c r e p a n c i e s  

between t h e  two sets of d a t a .  

Y 

n 
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APPENDIX 

TABULATED CROSS SECTIONS FOR NaI-SPECTROMETER DATA 



P 

707- 945 
945-118Q 

1184-1423 
1423-1662 
1662-1901 

1901-2 140 
2140-2379 
2379-2618 
26 18-28 57 
2857-30 96 

3096-3335 
3335-3574 
3574-3813 
3813-4052 
4052-4290 

4290-4529 
4529-4768 
4768-5007 
5007-52U6 
5246-54 85 

5485-5724 
5724-5903 
5963-6202 
6 20 2-64 4 1 
6441-6680 

6680-6919 
6 9  19-7 158 
71 58-73 97 
7397-7636 
7636-7875 

NEUTRON GAHBA RAY PPODUCTION C R O S S  S O C T I O N S  FROB 1RON.THE TABULATED VALUES ARE D I P F E l P N T I A L  CF!OSS 
S E C T I O B S  AT 125 D E G B E E S , I N  LIB/SR,FOF THE GALILIA RAY ENERGY I N T E R V A L S , I N  KEV,SHOUN I N  THO LEFTHOST 
C O L U I I . T H E  EBBORS I N D I C A T E D  ARE I N  THE SAME U N I T S  AND DO NOT INCLUDE AN E S T I I I i T E D  10% ERROX DUE TO 
THE ABSOLUTE FLUX MEASUREtlENT.THE R E L A T I V E  ERRORS FOR ADJACENT COLUMNS SHOULD B E  L E S S  THAN S % . T H E  
C O I U I N  HEADINGS A R E , I N  MEV.THE LCHER L I H I T  O F  THE NEUTRON E N E R G I  I N T E R V A L  FOR THAT COLUHN.THE UPPER 
L I n m  FOR THE LAST NEUTRON E N E R G Y  INTERVAL IS 5.003 M E V .  

0.800 

18.60 0.19 
0.20 0.03 
0.02 0.03 
0.02 0.02 
0.01 0.00 

0.02 0.03 
0.02 0.01 
0.02 0.02 
0.03 0.02 
0.01 0.02 

0.01 0.02 
0.03 0.02 
0.01 0.02 
0.03 0.02 
0.01 0.02 

-0.01 0.02 
0.00 0.01 
0.03 0.02 
0.02 0.02 
0.01 0.02 

0.01 0.02 
-0.00 0.00 

0.02 0.02 
0.02 0.01 

-0.01 0.01 

-0.00 0.01 
0.01 0.01 
0.02 0.01 
0.01 0.01 
0.01 0.01 

1.011 

39.90 0.28 
0.40 0 .05  
0.17 0,03 
0.10 0.02 
0.01 0.02 

0.02 0.02 
0.01 0.01 

-0.01 0.00 
0.04 0.01 
0.02 0.01 

0.02 0.01 
0.02 0.01 

-0.00 0.01 
-0.01 0.01 

0.02 0.01 

0.02 0.01 
0.01 0.00 

-0.00 0.01 
0.01 0.01 
0 . O P  0.01 

-0.00 0.00 
-0.01 0.00 

0.03 0.01 
0.01 0.01 

-0.01 0.01 

0.01 0.01 
0.02 0.01 
0.00 0,oo 
0.00 0.00 
0.01 0.01 

1.500 

54.60 0.52 
1.85 0.12 
1.42 0.08 
1.13 0.05 
0.06 0.02 

0.01 0.00 
0.03 0.82 
0.03 0.02 
0.01 0.01 
0.02 0.01 

0.01 0.01 
-0.02 0.01 

0.02 0.01 
0.04 0.02 
0.01 0.01 

-0.01 0.01 
0.01 0.01 
0.02 0.01 

-0.01 0.01 

0.01 0.01 
0.01 0.01 
0.01 0.01 

-0.01 0.01 
-0.01 0.00 

0.01 0.01 
q.02 0.01 
0.00 0.00 

-0.01 0.01 
0.00 0.00 

0.01 0.01 

2.008 

71.50 0.66 
1.34 0.19 
3.76 0.14 
1.16 0.07 
0.20 0.04 

0.07 0.04 
0.05 0.03 
0.02 0.02 

-0.01 0.01 
0.00 0.00 

0.03 0.02 
0.01 0.00 

-0.02 0.02 
0.00 0.00 
0.ou 0.02 

-0.00 0.01 
0.00 0.01 
0.01 0.02 
0.01 0.02 
0.01 0.02 

0.00 0.01 
0.00 0.01 
0.03 0.01 
0.00 0.01 

-0.01 0.01 

0.01 0.00 
0.02 0.01 
0.01 0.00 

-0.00 0.00 
0.01 0.01 

2.50 5 

74.70 0.97 
2.90 0.39 
7.83 0.30 
1.35 0.17 
4.42 0.16 

0.40 0.07 
0.27 0.06 
0.14 0.04 
0.06 0.03 

-0.00 0.01 

0.00 0.01 
-0.01 0.02 

0.07 0.02 
0.03 0.03 

-0.01 0.02 

-0.01 0.02 
0.01 0.01 
0.04 0.02 

-0.02 0.01 
-0.00 0.00 

0.02 0.01 
-0.07 0.01 

0.01 0.00 
0.03 0.01 
0.01 0.01 

0.00 0.01 
0.00 0.01 

-0.00 0.00 
-0.00 0.00 

0.01 0 - 0 1  

3.009 

80.80 1.31 
3.53 0.70 

10.90 0.56 
1.19 0.25 

10.90 0.42 

7.59 0.33 
4.69 0.21 
0.75 0.11 
0.33 0.08 
0.55 0.06 

0.29 0.05 
0.07 0.03 

-0.02 0.03 
0.01 0.00 
0.07 0.03 

0.00 0.00 
0.00 0.02 

-0.01 0.02 
0.01 0.01 
0.01 0.02 

0.04 0.02 
-0.00 0.01 
-0.01 0.01 
-0.00 0.01 

0.02 0.01 

0.01 0.01 
-0.01 0.01 

0.00 0.01 
0.03 0.01 
0.01 0.01 

86 
6 

13 
1 

10 

3.516 

.90 1.62 

.80 1.03 

.40 0.80 

.10 0.44 

.90 0.59 

9.26 0.55 
6.91 0.47 
6.50 0.34 
2.96 0.22 
1.11 0.17 

1.57 0.15 
3.53 0.15 
1.11 0.08 
0.09 0.05 
0.01 0.ou 

0.03 0.0'4 
0.04 0.03 

.o.oo 0.02 
0.03 0.02 
0.05 0.03 

0.01 0.02 
-0.01 0.02 

0.01 0.02 
0.03 0.02 
0.02 0.02 

-0.01 0.01 
-0.02 0.01 

0.01 0.01 
0.01 0.01 
0.01 0.01 

4.009 

88.00 1.85 
10.60 1.25 
16.60 0.99 

0.95 0.23 
12.30 0.74 

10.60 0.69 
6.12 0.60 
7.98 0.48 
4.71 0.35 
3.09 0.29 

2.94 0.24 
6.04 0.22 
2.51 0.13 
0.3U 0.07 
0.03 0.05 

-0.02 0.03 
-0.02 0.04 

0.01 0.03 
0.03 0.03 
0.01 0.02 

-0.02 0.02 
0.01 0.02 
0.04 0.02 

-0.03 0 .03  
-0.00 0.01 

*O.O4 0.02 
0.01 0.01 
0.00 0.01 
0.01 0.01 
0.01 0.01 

4.494 

93.90 2 - 1 0  
13.90 1 .U7 
19.90 1.11 

1.12 0.85 
14.20 0.8U 

11.10 0.81 
6.40 0.71 
9.U8 0.57 
5.03 0.44 
3.56 0.37 

5.09 0.32 
7.83 0.29 
4.33 0.18 
0.79 0.11 
0.10 0.08 

0.13 0.04 
0.18 0.05 
0.32 0.01 
0.02 0.02 

-0.02 0.C3 

0 . 3 1  0.01 
0.05 0.02 
0.02 0.01 

-0.01 0.00 
0.00 0.01 

0.01 0.01 
-0.00 0.01 
-0.00 0.00 

0.01 0.01 
0.02 0.01 

UI w 



707- 945 
945-1184 

1184-1423 
1423-1662 
1662-1901 

1901-2 140 
2140-2379 
2379-26 18 
2618-2857 
2857-3056 

3096-3335 
3335-3574 
3574-3813 
3813-4052 
4052-4290 

4290-4529 
4529-4768 
4768-50 07 
5007-5246 
5246-5485 

5485-5724 
5724-5963 
5963-6202 
6202-6441 
644 1-6680 

6680-6919 
69 19-7 158  
7158-7357 
7397-7636 
7636-7875 

NEUTRCN GAHHA FAY PEODUCTION CROSS S E C T I O N S  FROH 1 R O N . T H E  TABULATED VALUES A 9 E  D I F P E R E N T I A L  CROSS 
S E C T I O N S  A T  125 D E G R E E S , I N  HB/SR.POR T H E  GAHNA RAY ENERGY 1 N T E R V A L S . I N  KEV,SHOHN I N  THE LEPTHOST 
COLUHN.THE EFRORS I N D I C A T E D  ARE I N  T H E  SAHE U N I T S  AND DO NOT I N C L U D E  AN E S T I H A T E D  10% ERROR DUE T O  
T H E  ABSOLUTE: FLUX NEASUREHENT.THE F E L A T I V E  ERRORS FOR ADJACENT COLUMNS SHOULD B E  L E S S  THAN 5 % . T H E  
COIUMN H E A D i N G S  A R E , I N  MEV.THE LOWER L I H I T  OF THE NEUTPON ENERGY I N T E R V A L  FOR THAT COLUHW.THE UPPER 
LIMIT FOR THE L A S T  NEUTRON ENERGY I N T E R V A L  I S  9.463 HEV. 

5.003 

97.30 3.26 
15.00 2.33 
27.40 1.77 

2.99 1.29 
15.60 1.29 

12.20 1.27 
7.20 0.95 
9.46 0.89 
5.97 0.58 
4.23 0.51 

5.43 0.44 
8.34 0.41 
5.95 0.30 
2.40 0.21 
0.85 0.16 

0.64 0.13 
0.26 0.10 
0.03 0.00 
0.20 0.05 
0.16 0.05 

-0.01 0.01 
0.00 0.03 

-0.01 0.00 
-0.00 0.02 

0.05 0.03 

0.02 0.02 
-0.00 0.01 
-0.02 0.02 
-0.01 0.01 

0.03 0.01 

5.524 

94. 90 3.63 
14.50 2.60 
32.60 2.05 

5.08 1.39 
16.20 1.43 

13.00 1.38 
7.58 1.18 

10.80 0.95 
6.66 0.69 
4.48 0.55 

5.97 0.50 
8.34 0.46 
6.33 0.37 
2.73 0.31 
1.37 0.25 

1.39 0.21 
0.74 0.17 
0.43 0. 12 
0.42 0.11 
0.55 0.08 

0.25 0.06 
0.03 0.05 
0.02 0.03 
0.02 0.03 
0.03 0.03 

0.01 0.01 
-0.01 0.01 

0.01 0.01 
0.01 0.01 
0.00 0.01 

6.038 

92.00 3.91 
14.50 2.75 
36.10 2. 16 

5.25 1.58 
16.40 1.52 

12.90 1.44 
8.65 1.25 

11.00 1.03 
8.30 0.72 
5.64 0.60 

6.57 0.54 
8.12 0.49 
5.80 0.45 
2.96 0.36 
1.62 0.34 

1.74 0.30 
1.08 0.26 
1.24 0.21 
1.16 0.16 
0.96 0.12 

0.43 0.10 
0.17 0.08 
0.09 0.06 

-0.00 0.01 
0.03 0.04 

0.06 0-03 
0.02 0.02 

-0.02 0.01 
-0.01 0.01 

0.02 0.01 

6.523 

90.50 3.94 
16.70 2.91 
36.30 2.38 

5.72 1.76 
15.70 1.57 

13.30 1.41 
10.00 1.28 
12.10 1.08 

8.97 0.81 
6.02 0.65 

6.81 0.59 
8.26 0.54 
6.56.0.48 
2.76 0.43 
1.61 0.39 

1.63 0.38 
1.45 0.31 
1.24 0.26 
1.63 0.23 
1.34 0.17 

0.78 0.15 
0.44 0.12 
0.34 0.11 
0.26 0.09 
0.15 0.06 

0.00 0.02 
0.02 0.02 
0.03 0.02 
0.01 0.01 
0.00 0.01 

7.012 

89.10 4.06 
17.50 3.09 
37.70 2.37 

5.55 1.76 
16.40 1.66 

12.90 1.62 
9.11 1.43 

11.50 1. 19 
9.03 0.88 
6.61 0.74 

7.00 0.69 
8.82 0.58 
6.86 0.51 
3.02 0.51 
1.52 0.46 

1.91 0.44 
2.04 0.37 
1.58 0.31 
1.38 0.28 
1.08 0.25 

1.18 0.22 
1.58 0.20 
0. 87 0.18 
0.55 0.14 
0.43 0.11 

0.26 0.08 
0.13 0.06 
0.03 0.03 
0.01 0.02 
0.04 0.02 

7.495 

85.50 4.07 
16.70 3.01 
37.50 2.48 

6.74 1.15 
15.60 1.68 

13.60 1.61 
8.15 1.55 

10.90 1.27 
7.73 0.95 
7.47 0.79 

7.47 0.73 
8.85 0.67 
6.94 0.56 
4.12 0.54 
2.60 0.50 

1.99 0.49 
1.87 0.41 
1.43 0.36 
2.06 0.35 
1.65 0.32 

1.23 0.31 
1.20 0.30 

1.14 1.26 0.27 0.22 
0.88 0.16 

0.50 0.11 
0.60 0.08 
0.32 0.05 
0.12 0.03 
0.05 0.02 

8.029 

82.30 4.71 
16.10, 3.55 
37.60 2.91 

5.41 2.08 
16.40 1.85 

13.20 1.96 
7.39 1.79 

11.80 1.53 
8.37 1.07 
5.91 0.96 

7.59 0.86 
9.20 0.75 
7.54 0.71 
4.95 0.69 
2.98 0.69 

2.65 0.67 
1.74 0.55 
1.82 0.49 
1.85 0.46 
1.37 0.43 

1.24 0.42 
1.11 0.40 
1.53 0.39 
1.32 0.33 
1.16 0.27 

1.17 0.21 
0.91 0.16 
0.61 0.11 
0.32 0.09 
0.18 0.06 

8.468 

80.50 4.48 
17.10 3.50 
37.60 2.85 

6.58 1.94 
14.90 1.80 

11.20 1.91 
8.30 1.70 

11.20 1.48 
7.30 1.20 
7.68 0.99 

8.40 7.80 0.87 0.92 

7.34 0.75 
3.60 0.75 
2.62 0.75 

3.56 0.70 
2.87 0.60 
1.47 0.53 
1.54 0.48 
2.45 0.45 

1.86 0.43 
0.94 0.44 
1.40 0.40 
1.63 0.36 
1.43 0.33 

1.25 0.26 
1.06 0.22 
0.85 0.17 
0.84 0.14 
0.48 0.11 

9.028 

77.10 4.81 
15.10 3.75 
36.00 3.00 

6.04 2.05 
13.30 2.14 

10.70 2.01 
8.21 1.84 

10.20 1.60 
6.99 1.21 
7.11 1.14 

7.12 1.06 
7.60 1.00 
6.67 0.88 
4.13 0.94 
4.21 0.89 

2.79 0.83 
2.31 0.75 
1.48 0.64 
1.89 0.58 
2.42 0.56 

1.70 0.55 
1.58 0.55 
1.52 0.52 
1.78 0.50 
1.69 0.45 

1.13 0.37 
0.91 0.32 
1.93 0.27 
1.05 0.24 
0.76 0.21 



707- 945 
945-1 184 

1184-1423 
1423-1662 
1662-1901 

1901-21 40 
2140-2379 
2379-26 18 
2618-2857 
2857-30 96 

3096-3335 
3335-3554 
3574-38 13 
3813-4052 
4052-4290 

4290-4529 
4529-4768 
4768-5007 
5007-5246 
5246-5UE5 

5485-5724 
57 24- 5 9 63 
5963-6202 
6202-6441 
6441-6680 

6680-69 19 
6919-1  158 
7 15 8-73 57 
7397-7636 
7636-7875 

NEUTRON G A M A  BAY PPODUCTION C R O S S  S E C T I O N S  FROM 1 R O N . I H E  T t B O L A T E D  VALUES ARE D I P P E R E N T I A L  CROSS 
S E C T I O N S  AT 125 D E G R E E S . I N  MB/SR.FOR THE GAMHA RAY ENERGY I N T E R V A L S , I N  KEV.SHOYN I N  THE LEPTMOST 
CCLOHN.THE ERRORS I N D I C A T E D  ARE I N  THE SAME U N I T S  AND DO NOT INCLUDE AN E S T I M A T E D  10% ERROR DUS TO 
THE ABSOLUTE FLUX FIEASURENENT.THE F E L A T I V E  EFRORS FOR ADJACENT COLIIBNS SHOULD B E  LESS THAN 5 X . T H E  
COLUMN HEADINGS A R E . I N  MEV,THE LOYER L I B I T  OF THE NEUTRON ENERGY I N T E R V A L  FOE THAT COL0MU.THE U P P E S  
L I l I T  EOR THE L A S T  NEUTRON ENERGY I N T E R V A I  I S  19.900 MEV. 

9.463 

77.20 4.84 
15.10 3.72 
40.20 2.98 

6.12 2.12 
12.50 1.96 

10.00 1.92 
6.88 1.84 

10.40 1.50 
8.69 1.27 
7.51 1.11 

7.57 1.09 
6.45 1.05 
6.22 0.93 
4.3U 0.97 
3.86 0.87 

2.81 0.86 
2.09 0.74 
2.78 0.64 
2.62 0.62 
3.03 0.58 

2.01 0.58 
1.64 0.57 
2.09 0.57 
1.54 0.53 
1.82 0.48 

1.60 0.42 
0.76 0.38 
1.09 0.34 
1.30 0.32 
0.53 0.28 

1 0 . 0 ~ 0  

74.00 4.83 
14.90 3.57 
40.70 2.87 

6.74 1.97 
12.50 2.05 

9.55 2.02 
6.97 1.87 
9.19 1.59. 
7.43 1.18 
6.85 1.01 

7.54 @.95 
8.32 0.90 
6.71 0.87 
4. 47 0.93 
3.83 0.94 

3.14 0.85 
2.30 0.78 
3. 14 0.65 
2.67 0.63 
2.58 0.57 

2.60 0.57 
2.05 0.57 
1.U5 0.56 
1.55 0.50 
2.61 0.46 

2.40 0.40 
0.70 0.36 
1.05 0.34 
1.46 0.32 
1.20 0.31 

10.970 

20.50 5.06 
15.00 3.96 
42.40 3.13 

5.22 2.24 
12.80 2.08 

10.10 2.02 
6.14 2.01 

10.00 1.72 
6.62 1.37 
6.35 1.18 

7.74 1.08 
7.41 1.08 
6.89 1.09 
4.39 1.10 
2.82 1.15 

3.27 1.06 
3.86 0.90 
2.74 d.81 
3.03 0.71 
3.12 0.71 

1.38 0.74 
1.85 0.72 
3.86 0.73 
3.45 0.68 
1.42 0.63 

0.86 0.56 
2.04 0.us 
1.96 0.47 
0.99 0.45 
1:21 0.42 

11,948 

6T.20 6.07 
14.10 4.28 
41.00 3.65 

7.25 2.37 
10.60 2.41 

8.19 2.35 
6.72 2.20 
9.03 1.79 
6.38 1.60 
6.17 1.34 

7.52 1.25 
5.37 1.20 
5.75 1.10 
4.72 1.25 
4.94 1.28 

1.41 1.29 
1.56 1.03 
3.52 0.91 
3.03 0.84 
1.88 0.83 

2.57 0.87 
2.75 0.86 
2.28 0.84 
2.70 0.79 
2.00 0.70 

1.36 0.63 
2.01 0.56 
4.89 0.53 
1.53 0.50 
0.86 0.U7 

13.030 

53.80 6. 12 
13.20 4.64 
36.30 3.90 

7.01 2.51 
9.47 2.50 

6.34 2.60 
6.18 2.28 
7.34 2.30 
5.77 1.53 
3.46 1.35 

5.47 1.42 
4.83 1.21 
5.57 1.29 
4.26 1.36 
2.39 1.47 

3.25 1.39 
1.95 1.14 
1.58 1.06 
3.42 0.98 
2.33 1.00 

1.62 0.95 
1.42 1.03 
1.78 0.95 
1.25 0.98 
2.84 0.83 

2.31 0.74 
1.69 0.67 
0.69 0.62 
0.30 0.58 
0.95 0.57 

13.950 

48.10 3.44 
14.20 4.39 
31.10 3.93 

5.82 2.37 
8.54 2.21 

6.37 2.44 
3.48 2.06 
4.82 1.91 
3.92 1.54 
4.37 1.44 

3.95 1.31 
2.61 1.35 
3.35 1.27 
3.51 1.28 
1.86 1.34 

2.13 1.29 
2.22 1.15 
2.15 1.00 
1.33 0.92 
1.58 0.92 

1.37 0.93 
1.23 2.03 0.95 0.94 

1.08 0.88 
2.05 0.78 

1.71) 0.65 
0.03 0.19 
0.49 0.53 
0.71 0.51 
0.66 0.49 

14.970 

44.40 5.60 
1u.20 9.18 
27.30 3.56 

6.58 2.26 
5.38 2.36 

4.09 2.39 
1.48 0.62 
3.35 1.24 
3.82 1.53 
5.23 1.23 

1.32 1.14 
2.96 1.24 
2.96 1.16 
1.97 1.24 
1.11 1.27 

0.84 1.22 
1.81 1.01 
1.51 0.91 
1.72 0.88 
0.81 0.77 

-0.16 0.49 
1.78 0.80 
1.30 0.78 
0.93 0.76 
1.01 0.69 

0.95 0.57 
0.81 0.57 
0.95 0.50 
0.88 0.51 
0.31 0.42 

16.120 

36.70 5.63 
10.70 3.75 
27.50 3.23 

6.09 2.03 
5.32 1.89 

3.16 1.82 
4.89 2.77 1.68 1.51 

1.56 1.18 
3.86 1.02 

2.85 0.95 
2.U3 0.90 
2.07 0.91 
0.46 0.96 
1.78 0.91 

0.74 0.91 
1.89 0.82 

0.11 1.35 0.07 0.68 
0.32 0.62 

0.28 0.58 
1.21 0.60 
1.50 0.62 
0.48 0.57 
0.22 0.50 

0.65 0.46 
0.87 0.43 
0.25 0.41 
0.20 0.35 
0.43 0.34 

18.090 

36.30 6.09 
13.80 4.59 
27.90 3.86 

6.69 2.52 
7.48 2.31 

3.22 2.70 
4.27 2.33 
4.38 1.81 
3.01 1.42 
1.44 1.u1 

4.69 1.22 
4.36 1.14 
2.82 1.16 
0.63 0.31 
0.49 1.07 

1.04 1.01 
2.04 0.84 
0.70 0.80 
0.29 0 . 4 1  
0 . 1 0  0.14 

1.27 0.67 
0.39 0.65 
0.85 0.65 
0.20 0.45 
0.02 0.34 

0.53 0.51 
0.63 0.38 
0.19 0.33 
0.08 0.28 
0.20 0.25 



L I I I I T  FOR T H E  L A S T  NEOTRON ENERGY I N T E S V A L  I S  16.740 H E V .  

0.856 1.320 2.140 3.070 4.110 5.140 6.130 

707- 945 32.00 0.22 54.20 0.45 74.20 0.74 84.00 1.28 91.70 1.73 95.10 3.28 90.30 3.54 
945-1184 0.21 0.03 1.45 0.10 2.20 0.27 5.43 0.76 12.80 1.22 14.4F 2.36 16.40 2.65 
1184-1423 0.02 0.01 1.20 0.06 6.25 0.20 12.30 0.59 19.10 0.92 39.00 1.78 36.80 2.07 
1423-1662 0.02 0.02 0.84 0.04 1.30 0.11 1.13 0.U4 1.51 0.71 4.20 1.27 5.91 1.50 
1662-1901 0.01 0.02 0.06 0.02 2.56 0.09 10.90 0.4U 13.50 0.68 16.30 1.25 16.00 1.40 

NEUTRON GAMHA E A T  PRODOCTION C R O S S  S E C T I O N S  FROR 1 R O N . T H E  TABOLATZD VALOES A 9 E  D I P P E R Z N T I I L  C R O S S  
S E C T I O N S  AT 125 D E G R E E S e I N  NB/SR.FOB THE GAHHA RAY ENERGY I R T J R V A L S , I N  KEV.SHOUN 11 THE L Z P T H O S T  
COLUMN.THE ERRORS I N D I C A T E D  ARE I N  T H E  SANE O N I T S  AND DO NOT I N C L U D E  A N  E S T I H A T E D  10% ESROR DOE T O  
T H E  ABSOLOTE FLOX H E A S U S E R E N T . T H E  R E L A T I V E  ERRORS FOR ADJACENT COLUNNS SHOULD B E  LESS THAN 5 X . T H E  
COLUMN HEADINGS A R E . I N  LIEV.THE LOYEP L I M I T  O F  THE NEUTRON ENERGY 1NTE:BVAL FOR THAT COLUHN.THE UPPER 

1901-2140 0.02 0.02 0.02 0.02 0.44 0.05 8.66 0.37 11.00 0.64 12.70 1.22 13.30 1.27 
2140-2379 0.01 0.02 0.02 0.02 0.22 0.00 6.08 0.28 6.19 0.55 7.51 0.97 9.19 1.12 
2379-2618 0.00 0.00 0.02 0.02 0.08 0.03 3.67 0.18 8.87 0.44 , 10.20 0.82 11-40 0.91 
2618-2857 0.03 0.01 0.01 0.01 0.04 0302 1.74 0.12 5.01 0.32 6.39 0.55 8.72 0.64 
2857-3056 0.01 0.01 0.02 0.01 0.01 0.02 0.90 0.09 3.59 0.26 4.42 0.46 6.25 0.51 

3096-3335 0.02 0.01 0.03 0.01 0.01 0.02 0.94 0.07 4.41 0.22 5.73 0.41 7.05 0.46 
3335-3574 0.02 0.01 0.00 0.00 -0.01 0.01 1.88 0.07 7.28 0.20 8.23 0.37 8.55 0.39 
3574-3813 0.01 0.01 -0.01 0.01 0.03 0.02 0.60 0.05 3.78 0.12 6.18 0.28 6.43 0.34 
3813-4052 0.01 0.01 0.03 !a01 0.00 0.00 0.07 0.03 0.76 0.08 2.66 0.21 3.04 0129 
4052-4290 0.01 0.02 0.02 *..01 0.02 0.02 0.04 0.03 0.12 0.05 1.18 0.17 1.68 8.25 

42904529 0.01 0.01 -0.bl 6.01 -0.00 0.01 0.00 0.00 0.06 0.03 1.22 0.14 1.82 0.24 
4529-4768 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.13 0.04 0.57 0-11 1.61 0.20 
4768-5007 0.01 0.01 0.02 0.01 0.01 0.01 -0.00 0.01 0.01 0.00 0.36 0.08 1.32 0.17 
5007-5246 -0.00 0.01 0.02 0.01 -0.01 0.01 0.03 0.01 -0.01 0.02 0.40 0.07 1.51 0.14 
5246-5Ue5 0.03 0.01 -0.01 0.01 0.01 0.01 0.01 0.01 8.00 0.00 0.11 0.05 1.22 0.12 

5485-5724 0.02 0.01 -0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.12 0.05 0.80 0.11 
5724-5963 -0.01 0.01 0.01 0.01 -0.00 0.00 -0.00 0.01 0.02 0.01 0.03 0.04 0.80 0.09 
5963-6202 0.C2 0.01 0.02 0.01 0.02 0.01 0.00 0.01 0.03 0.01 0.03 0.03 0.58 0.08 
6202-6441 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 -0.02 0.01 0.01 0.02 0.37 0.07 
6441-6680 -0.00 0.01 -0.01 0.01 -0.01 0.01 0.02 0.01 -0.00 0.00 0.03 0.02 0.25 0.05 

6680-6919 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.01 0.01 0.14 0.04 
6919-7158 0.01 0.01 0.02 0.01 0.02 0.01 -0.02 0.01 0.01 0.01 -0.02 0.01 0.12 0.03 
7158-7397 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 -0.01 0.01 -0.01 0.01 0.04 0.01 
7397-7636 0.01 0.01 -0.00 0.01 0.00 0.00 0.03 0.01 0.00 0.00 0.01 0.00 -0.01 0.01 
7636-7875 0.01 0.01 0.01 0.00 0 . M  0.00 0.00 0.01 0.02 0.00 0.02 0.01 0.01 0.01 

I .  

7.750 

80.40 3.94 
16.30 3.03 
37.60 2.42 
5.89 1.70 
14.90 1.54 

11.80 1.54 . 7.67 1.42 
11.10 1.16 
7.56 0.84 
7.18 0.72 

7.41 0.66 
8.21 0.61 
7.06 0.U7 
4.28 0.48 
3.24 0.44 

2.73 0.43 
2.02 0.36 
1.78 0.30 
1.99 0.27 
2.04 0.26 

1.60 0.24 
1.28 0.24 
1.44 0.22 
1.47 0.20 
1.33 0.17 

1.17 0.19 
0.35 0.11 
0.77 0.09 
0.62 0.08 
0.38 0.07 

9.830 

71.10 4.60 
14.80 3.45 
41. 40 2.74 
6.14 1.92 
11.90 1.84 

9.58 1.72 
6.85 1.63 
9.45 1.35 
7.57 1.03 
6.71 0.87 

7.36 0.80 
7.19 0.75 
6.72 0.72 
4.53 0.74 
3.71 0.74 

2.80 0.69 
2.73 0.59 
3.17 0.49 
2.75.0.45 
2.77 0.43 

2.25 0.U4 
1.94 0.43 
4.30 0.42 
2.36 0.38 
2.17 0.35 

1.67 0.30 
1.25 0.27 
1.46 0.25 
1.39 0.24 
1.06 0.22 

12. 600 

49.00 13.60 4.57 3.42 

32.50 2.86 
6.59 1.73 
8.40 1.73 

5.70 1.80 
4.32 1.53 
5.54 1.39 
4. 19 1.03 
4.29 0.86 

4.61 0.79 
3.79 0.81 
3.85 0.73 
3.02 0.78 
2.29 0.81 

2.24 0.80 
1.74 0.62 
1.72 0.55 
2.16 0.52 
1.UO 0.50 

1.27 0.'51 
1.73 0.52 
1.80 0.50 
1.29 0.50 
1.86 0.42 

1.58 0.36 
1.01 0.33 
0.94 0.30 
0.80 0.29 
0.65 0.27 

c 8 
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