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MEASUREMENT OF THE NEUTRON TOTAL CROSS SECTION OF NATURAL 

MAGNESIUM FROM 9  keV TO 39 MeV 

D. C.  Larson, J .  A. Harvey, N. W. H i l l  and H. Weigmann 

ABSTRACT 

The neu t ron  t ransmiss ion  through a  5.09-cm sample 
o f  n a t u r a l  magnesium has been measured f o r  neu t ron  
energ ies between 9 keV and 39 MeV. The Oak Ridge E l e c t r o n  
L i n e a r  Acce le ra to r  (ORELA) was used t o  p rov ide  t h e  
neutrons, which were de tec ted  a t  t h e  200-m f l i g h t  pa th  
by a  NE-110 p ro ton  r e c o i l  d e t e c t o r .  The exper imenta l  
r e s u l t s  a r e  t abu la ted  and compared w i t h  t h e  t o t a l  c ross  
s e c t i o n  i n  t h e  ENDF/B-IV f i l e  f o r  magnesium. 

INTRODUCTION 

Dur ing  p repa ra t i on  o f  t h e  magnesi um e v a l u a t i o n  f o r  ENDF/B-IVY the  

l a c k  of a  c o n s i s t e n t  da ta  base f o r  t h e  t o t a l  c ross  s e c t i o n  was no ted  

(DR75). As a  r e s u l t ,  much o f  t h e  t o t a l  c ross  s e c t i o n  e v a l u a t i o n  was 

based on a  number o f  o l d e r ,  low r e s o l u t i o n  da ta  se t s  which were o f t e n  

i n  disagreement. S ince t h e  e v a l u a t i o n  by Drake and F r i c k e  was done, two 

new da ta  s e t s  have been repor ted .  The unpubl ished da ta  o f  Perey e t  a l .  

(PE74) a r e  o f  h i g h  r e s o l u t i o n  and cover  t h e  energy range f rom 120 keV t o  

20 MeV. However, t h e  sample t h i ckness  used i n  t h e i r  measurement ( n  = 

0.875 atomslb)  prec luded e x t r a c t i o n  o f  c ross  sec t i ons  g r e a t e r  than r\, 6  b. 

The da ta  o f  Singh, e t  a1 . (S I76)  cover  t h e  energy range f rom 10 eV t o  

500 keV, b u t  a r e  o f  low r e s o l u t i o n .  From a  nuc lea r  s t r u c t u r e  p o i n t  o f  

view, t h e  neu t ron  t o t a l  c ross  s e c t i o n  o f  magnesium i s  i n t e r e s t i n g  because 

o f  t h e  p o s s i b i l i t y  o f  observ ing  i s o b a r i c  analogs o f  low l y i n g  s t a t e s  i n  

25Na. We thus  undertook a  measurement o f  t h e  neu t ron  t o t a l  c ross  s e c t i o n  



o f  n a t u r a l  magnesium t o  complement t he  d a t a ' o f  Perey e t  a l . ,  as w e l l  as 

l o o k  f o r  t h e  analog s t a t e s .  The.data r e p o r t e d  i n  t h i s  paper were taken 

immed ia te ly  f o l l o w i n g  a  measurement o f  t h e  t o t a l  c ross  s e c t i o n  o f  sodium 

(LA76). Se lec ted  reg ions  o f  t h e  da ta  descr ibed  i n  t h i s  r e p o r t  have been 

ana lyzed  i n  a  paper by  Weigmann, Mack l i n  and Harvey (WE76), i n  which they  

r e p o r t  t h e  obse rva t i on  o f  t h r e e  analog s t a t e s  o f  25Na. 

The purpose o f  t h i s  r e p o r t  i s  t o  desc r i be  t h e  exper imenta l  procedure 

and da ta  r e d u c t i o n  techn iques  f o r  t h e  measurement, as w e l l  as t o  p rov ide  

a  t a b u l a t i o n  o f  t h e  da ta  and a  g raph ica l . compar ison  w i t h  t h e  c u r r e n t  

ENDFIB-IV and new ENDFIB-v eva l  ua t i ons .  I .  

EXPERIMENTAL PROCEDURE 

The 200-m f l i g h t  pa th  o f  t h e  Oak Ridge E l e c t r o n  L i n e a r  Acce le ra to r  

(ORELA) was used f o r  t h e  measurement. The a c c e l e r a t o r  was r u n  us ing  a  

r e p e t i t i o n  r a t e  o f  800 pps a t  an e l e c t r o n  b u r s t  w i d t h  o f  5 ns, w i t h  11 kW 

o f  power on the  t a r g e t .  A  Be-clad water-cooled tan ta lum t a r g e t  was used 

f o r  t h e  neu t ron  p roduc t i on .  The 715-9 n a t u r a l  magnesium sample was 

c y l i n d r i c a l  i n  shape w i t h  a  d iameter  o f  10.16 cm and a  l e n g t h  o f  5.09 cm, 

g i v i n g  a  sample t h i ckness  o f  0.2192 atoms/b. A  chemical a n a l y s i s  f o r  

lmpurf t i e s  i n d i c a t e d  t h e  sample con ta ined  0.12% S i ,  0.03% A l ,  0.03% Fe 

and 0.005% Cu by we igh t .  F i l t e r s  used i n  t h e  neu t ron  beam inc luded  1.9 

cm o f  uranium t o  d i m i n i s h  t h e  gamma f l a s h  produced when t h e  e l e c t r o n  beam 

s t r i k e s  t h e  t a r g e t ,  and a  300-mg/cm2 B1° f i l t e r  t o  e l i m i n a t e  ove r l ap  o f  

low energy neut rons f rom preced ing  b u r s t s .  Data a c q u i s i t i o n  was under 

computer c o n t r o l ,  w i t h  t h e  sample be ing  a1 t e r n a t e d  i n  and o u t  by t h e  

computer each 20 minutes f o r  a  t o t a l  o f  87 hours.  About 2  neu t rons  p e r  

b u r s t  were accepted f o r  t h e  sample- in c y c l e  and 3.5 neut rons pe r  b u r s t  
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fo r  the sample-out cycle. A neutron monitor, viewing the neutron 

producing t a rge t  d i r e c t l y ,  was used t o  normalize the sample-in and 

sample-out data t o  the  same neutron source in tens i ty .  The t ime-of-fl ight  

technique was used t o  determine the neutron energy. The neutron energy 

resolution can be expressed as 

as determined by Fowler and Johnson (F076) from a study of narrow 

resonances in 208Pb  + n ,  under experimental conditions ident ica l  t o  

ours.  A t  the end of the measurement, the data were converted t o  a 

standard binary format and t ransferred t o  a DEC PDP-10 f o r  reduction. 

DATA REDUCTION 

The data were corrected f o r  dead-time e f f e c t s ,  the  l a rge s t  correction 

being 12% in the cross section a t  1.1 MeV. Corrections were then made 

f o r  the four iden t i f i ed  sources of background. They a re :  1 )  a constant 

room background, 2)  2.2-MeV gamma rays from hydrogen capture i n  the 

water moderator of the target , .  3 )  478-keV gamma rays from the l0B(n , aY)  

reaction with the boron i n  the Pyrex face of the photomult ipl ier ,  and 

4 )  very small pulses produced a t  shor t  times via some i nd i r ec t  process 

by gamma rays of approximately 0.5 MeV from the source. To a id  in the 

background determination, we ac tua l ly  record four 50,000 channel spectra 

f o r  both sdmple i n  and out .  Each spectrum i s  characterized by a d i f f e r en t  

lower and upper cutoff  on the pulse height from the  NE-110 proton recoi l  

detector .  This technique serves t o  i so l a t e  approximately the d l  t f  erent 

background components, even in the presence of the neutron f lux .  After 



removing the  var ious  background components from each o f  the  f o u r  spectra, 

we then s e l e c t  reg ions  from each spectrum based on t o t a l  counts and maxi- 

mum count-to-background r a t i o ,  and sum these regions t o  ob ta in  the  f i n a l  

co r rec ted  sampl e - i n  and sampl e-out spec i ra .  

Since t h i s  measurement was done immediately f o l  lowing the  sodium 

t ransmiss ion  measurement (LA76), .under i d e n t i c a l  experimental  cond i t i ons  , 

the  backgrounds a re  very  s i m i l a r .  Reference LA76 conta ins a  p l o t  o f  the  

background i n  percent  as a  f u n c t i o n  o f  neutron.energy. We have checked 

the  backqround f o r  t he  present  measurement a t  a few energy po in t s ,  and 

f i n d  t h a t  the  background g iven i n  F ig .  1  i n  LA76 i s  almost i d e n t i c a l  t o  

t h e  background f o r  t h i s  measurement. I n  p a r t i c u l a r ,  the  background was 

2% o f  t h e  open beam around 50 keV, and decreased t o  u s u a l l y  l e s s  than 

0.2% f rom 100 keV t o  20 MeV. 

F i n a l l y ,  normal ized r a t i o s  were formed o f  t he  sample-in and sample- 

ou t  spec t ra  and combined w i t h  the sample th ickness t o  ob ta in  the  cross 

s e c t i o n  as a  func t i on  o f  energy. An i n t e r a c t i v e  computer program which 

averages t h e  data was then used t o  reduce the  number o f  p o i n t s  wh i l e  pre-  

se rv ing  t h e  resonant s t r u c t u r e .  This  reduced the number o f  c ross-sec t ion  

values from 50,000 t o  5,874. A t a b u l a t i a n  of these averaged c ross-sec t ion  

values i s  g iven i n  t he  Appendix. 

A  more d e t a i l e d  d iscuss ion  n f  t . h ~  d a t a  reduc t i on  i s  g i vcn  clscwhcre 

( ~ A l b a ) .  

RESULTS 

Resu l ts  o f  our  measurement, compared w i t h  the  present ENDF/B-IV 

e v a l u a t i o n  (DR75), and the  new ENDF/B-V eva lua t i on  (LA78), a re  shown i n  

F igs .  1-27. Figures 28-30 show a  comparison over se lec ted  regions o f  our  



data  w i t h  t he  measurement o f  Perey e t  a l .  The ENDFIB-IV e v a l u a t i o n  was 

based on p rev ious  da ta  sets ,  and represented t h e  b e s t  es t ima te  o f  the  

cross s e c t i o n  a t  t h e  t ime  of t h a t  eva lua t i on .  Thus, t o  keep t h e  p l o t s  

as c l e a r  as poss ib le ,  we compare our  da ta  w i t h  t h e  e v a l u a t i o n  r a t h e r  

than i n d i v i d u a l  da ta  se ts .  The ENDFIB-V e v a l u a t i o n  i s  based on t h e  

p resen t  data and t h e  da ta  of SINGH e t  a l .  (SI76) .  

The energy r e g i o n  f rom 9  keV t o  50 keV i s  shown i n  F ig .  1 .  ENDFIB-IV 

i s  based on da ta  o f  Newson e t  a l .  (NE59) i n  t h i s  r eg ion .  The resonance a t  

46.4 keV was n o t  observed i n  p rev ious  measurements. F igures  2  and 3  compare 

e v a l u a t i o n  and measurement f rom 50 keV t o  120 keV. The resonance a t  68.7 

keV was n o t  observed i n  p rev ious  t ransmiss ion  measurements. Our sample 

was t o o  t h i c k  t o  observe t h e  peak o f  t h e  83.5 keV resonance, so ENDFIB-V 

was based on t h e  measurement o f  Singh e t  a l .  (S I76) ,  which was i n  good 

agreement w i t h  our  measurement i n ,  t he  reg ions  where t h e  c ross  s e c t i o n  i s  

smoothly va ry i ng  w i t h  energy. Again, ENDFIB-IV was based on data of  

Newson e t  a1 . (NE59). 

Data f rom 120 keV t o  200 keV a r e  shown ' in  F ig .  4. The ENDF/B-IV 

e v a l u a t i o n  i s  based on da ta  o f  Newson e t  a l .  (NE59) and, Cranberg e t  a l .  

(CR58), and i s  10% lower  than  our  data.  F igs .  5-7 show t h e  ENDFIB-IV 

e v a l u a t i o n  i s  lower  than our  da ta  over  n e a r l y  t h e  whole range f rom 200 keV 

t o  420 keV, by as much as 23% near  285 keV. Again, ENDFIB-IV i s  based 

on da ta  o f  Newson e t  a l .  and Cranberg e t  a l .  

F igs ,  8 and 9 show t h e  energy r e g i o n  f rom 420 keV t o  620 keV. I n  

t h i s  r e g i o n  ENDFIB-IV i s  based on da ta  o f  Cranberg el; a1 . (CR58), Elw,yn 

and Smith (EL64) anc! H i  bdon (HI69) .  Except f o r  m i ss i ng  t h e  d-wave 

resonance a t  475 keV and t he  p-wave resonance a t  498 keV, p rev ious  da ta  

a r e  i r ~  average agreement w i t h  our  measuremen.t. 



The r e g i o n  from 620 keV t o  950 keV i s  shown i n  F igs .  10-12. The 

group of  resonances around 645 keV i s  p o o r l y  descr ibed  i n  o l d e r  data,  as 

i s  t h e  d-wave resonance near  844 keV. Otherwise, o l d e r  da ta  a re  i n  f a i r  

agreement w i t h  o u r  measurement. I n  t h i s  reg ion ,  ENDF/B-IV i s  based on 

da ta  o f  Elwyn and Smi th  (EL64) and Hibdon (H169). 

From 950 keV t o  1.2 MeV, we observe a number of resonances which 

a r e  e i t h e r  p o o r l y  desc r i bed  o r  missed hy o l d e r  da ta ,  as st~uwn i n  F i g s .  13 

and 14. lowever ,  o f f  resurldnce, our measurement i h  I n  good agreement 

w i  t h  o t h e r  data.  ENDFIB-IV i s  based on da ta  o f  Elwyn and Smith (EL64), 

Cranberg e t  a1 . (CR58) and F r e i e r  e t  a1 . (FR50) i n  t h i s  energy reg ion .  

F i g s .  15 and 16 show a comparison of our  measuren~ent w i t h  o l d e r  

data,  as represen ted  by ENDFIB-IVY f rom 1.2 MeV t o  1.5 MeV. Around 1.29 MeV 

t h e r e  i s  a group o f  resonances which we see i n  much y r e a t e r  d e t a i l  than  

o l d e r  measurements. Otherwise,  our  measurement aga in  i s  i n  agreement 

w i t h i n  a few pe rcen t  w i t h  ENDF/B-IV, which i n  t h i s  r e g i o n  i s  based on 

da ta  of  Elwyn and Smith ( E ~ 6 4 ) ,  Cranberg e t  a1 . (CR58) and rre i e r  e t  a I .  

( F K ~ u ) .  

The ENDF/B-IV e v a l u a t i o n  f rom 1.5 MeV t o  2.0 MeV i s  based on t h e  

o n l y  measurement a v a i l a b l e  a t  t he  t ime, t h a t  of F r e i e r  e t  a l .  (FR50). 

Ihe  cumparison w i t h  our  measurement i s  shown i n  F igs .  17 and 18. There 

i s  a s i g n i f i c a n t  d i f f e r e n c e  between the  two measurements over  t h e  whole 

energy range, i n c l  u d i  ng t h e  of f - resondr~ce r e g i o r ~ s  . 
From 2.0 MeV t o  2.6 MeV, t h e  ENDFIB-IV e v a l u a t i o n  i s  based on da ta  

o f  Gal loway and Schrader (GA66), and Fos te r  e t  a l .  (F071).  There i s  

g e n e r a l l y  poor  agreement w i t h  our  measurement, worsened somewhat by 

a s h i f t  i n  energy between ou r  measurement and t he  e v a l u a t i o n .  A lso,  we 



observe l a r g e r  peak. c ross  sec t ions ,  even f o r  t h e  broad resonance groups. 

F igures  18 and 19 show the  comparison. 

F igs .  2b and 21 show a comparison o f  ENDFIB-IV w i t h  our  measurement 

from 2.6 MeV t o  3.8 MeV. Except f rom about 2.6 MeV t o  2.9 MeV, t h e r e  i s  

f a i r  agreement between ou r  measurement and t h e  eva lua t i on ,  except  t h a t  we 

see much more s t r u c t u r e .  The da ta  o f  Galloway and Schrader ( ~ ~ 6 6 )  and 

Fos te r  e t  a l .  (F071) p rov ide  t h e  da ta  base f o r  ENDFIB-IV i n  t h i s  reg ion .  

The ENDFIB-IV e v a l u a t i o n  f rom 3.8 MeV t o  5.0 MeV i s  aga in  based on 

t h e  data o f  Galloway and Schrader (GA66) and Fos te r  e t  a1 . ( ~ 0 7 1 ) .  Again, 

we see much more s t r u c t u r e  i n  our  measurement, b u t  t h e  energy averaged 

e v a l u a t i o n  and our  measurement appear t o  be i n  good agreement. F igures  22 

and 23 show t h e  comparison o f  o u r d a t a  w i t h  t h e  eva lua t i on .  

From 5.0 MeV t o  10.0 MeV, t h e  ENDFIB-IV e v a l u a t i o n  cons iders  t h e  

da ta  of Gal loway and Schrader (6.466) and Fos te r  e t  a1 . (F071) , b u t  i s  

based ma in l y  on t h e  h i g h e r  r e s o l u t i o n  da ta  o f  Car lson e t  a l .  (CA67). 

F i gs .  23-25 show t h e  comparison between our  measurement and ENDFIB-IV. 

There i s  q u i t e  good agreement, except  we have somewhat b e t t e r  r e s o l u t i o n .  

F i gs .  26 and 27 show a comparison o f  our  measurement w i t h  ENDFIB-IV 

from 10.0 MeV t o  20.0 MeV. Again, t h e r e  i s  q u i t e  good agreement. ENDF/B-IV 

i s  based 'ma in ly 'on  da ta  of  Car lson  e t  a i .  (CA67), b u t  cons iders  da ta  o f  

Gal loway and Schrader (GA66), ' Fos te r  e t  a1 . (F071) , A1 b e r g o t t i  and Ferguson 

(ALGS), and Petcrson e t  a l .  (PE60). 

Figure 28 shows a comparison of our  da ta  w i t h  t h e  da ta  of Percy e t  

a l .  f rom 1.25 t o  1.40 MeV. T h e i r  measurement u t i l i z e d  t he  47-m f l i g h t  p a t h  

a t  ORELA. The sample used by Perey e t  a l .  was t o o  t h i c k  t o  observe t he  

peak c ross  sec t i ons  of t h e  resonances near 1.3 MeV. The r e s o l u t i o n  o f  



t h e  p r e s e n t  measurement i s  b e t t e r ,  due ma in l y  t o  t h e  use o f  t h e  200-m 

f l i g h t  pa th .  I n  t h e  o f f - resonance  reg ions ,  t h e  two measurements a r e  i n  

q u i t e  good agreement. F i g u r e  29 shows t h e  r e g i o n  f rom 2.0 t o  2.5 MeV. 

Again,  excep t  f o r  ou r  b e t t e r  r e s o l u t i o n ,  t h e r e  i s  good agreement between 

t h e  two s e t s  o f  data.  F i n a l l y ,  F i g .  30 shows t he  r e g i o n ' f r o m  10 t o  20 

MeV. Our c ross  s e c t i o n  i s  s l i g h t l y  l a r g e r  above 16 MeV, b u t  agreement 

between t h e  two measurements i s  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 .  

As i s  e v i d e n t  f rom t h e  p rev ious  f i g u r e s ,  ou r  measurement p rov ides  a  

s i g n i f i c a n t  improvement i n  t h e  neu t ron  t o t a l  c ross  s e c t i o n  da ta  base f o r  

magnesium. We o b t a i n  bo th  a  b e t t e r  d e s c r i p t i o n  o f  t h e  resonance s t r u c t u r e ,  

and a  c o n s i s t e n t  n o r m a l i z a t i o n  and energy sca le  f rom 9 keV t o  20 MeV. 

SUMMARY 

We have measured t h e  t r ansm iss ion  of neu t rons  th rough n a t u r a l  

magnesium f rom 9  keV t o  39 MeV. These r e s u l t s  have been compared w i t h  

t h e  t o t a l  c ross  s e c t i o n  i n  ENDF/B-IVY and revea l  a  number o f  weaknesses 

i n  t h i s  eva lua t i on ,  p a r t i c u l a r l y  below 5 MeV. A  number o f  resonances 

n o t  p r e v i o u s l y  seen i n  t r ansm iss ion  exper iments have been observed, and 

a  c o n s i s t e n t  energy s c a l e  and n o r m a l i z a t i o n  have been p rov ided .  These 

da ta  have been analyzed, t oge the r  w i t h  r ecen t  cap tu re  data,  t o  o b t a i n  

resonance parameters and an es t ima te  o f  i s o s p i n  i m p u r i t i e s  i n  t h r e e  

i s o b a r i c  analog s t a t e s  (WE76). Thcsc da ta  a l s o  p rov ide  most of t h e  

da ta  base f o r  t h e  ENDF/B-V e v a l u a t i o n  o f  n a t u r a l  magnesium (LA78). 

The averaged t r ansm iss ion  and c ross -sec t i on  va lues have been 

t r a n s m i t t e d  t o  t h e  Na t i ona l  Nuclear  Data Center  a t  Brookhaven Na t i ona l  

Labo ra to r y .  
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APPENDIX 

This appendix l i s t s  the 5874 values of the averaged cross sections. 

The neutron energies are i n  MeV, and the cross sections and errors are given 

i n  barns. The errors given are  s t a t i s t i c a l  only, and do not include an 

estimated +3% systematic uncertainty , correlated over the e n t i  r e  energy 

range. 
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