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ABSTRACT 

Neutron transmission through natural silicon samples has bePn 

measured for neutron energies between 5 eV and 730 keV. 

Electron Linear Accelerator (ORELA) was used t o  provide the neutrons. 

The 80-m flight path with a 6Li glass detector was used for the low 

energy measurement, and the 200-m flight path with a NE-110 detector 

was used fo r  the higher energy measurements. 

are tabulated and compared with the current ENDF/B-IV evaluation. 

The Oak Ridge 

The 1,488 resulting values 

ii i 





INTRODUCTION 

Dur ing the re -eva lua t i on  (LA75) o f  s i l i c o n  f o r  EWDF/B-IV, an 

absence o f  h i g h  r e s o l u t i o n  t o t a l  cross sec t i on  data was noted below 

200 keV. 

(PE72) was a v a i l a b l e  from 200 keV t o  20 MeV, and a measurement by Schrack, 

Schwartr and Heaton (SC71) o f  s i m i l a r  q u a l i t y  was a v a i l a b l e  from 500 keV 

t o  20 MeV. 

from 500 keV t o  20 MeV, b u t  was n o t  c o n s i s t e n t  i n  no rma l i za t i on  wi th  the  

The good r e s o l u t i o n  data (0.12 ns/m) o f  Perey, Love and Kinney 

The data o f  C ie r j acks  e t  a l .  (CI68) a l s o  spanned the reg ion  

p r e v i o u s l y  mentioned measurements, a l though o f  somewhat b e t t e r  energy 

r e s o l u t i o n .  

w e l l  as t o  reso lve  some discrepancies i n  the e x i s t i n g  s e t s  o f  data, we 

measured t h e  t ransmiss ion of neutrons through two samples o f  s i l i c o n .  

We observe several  new resonances, and p rov ide  more d e t a i l  f o r  p r e v i o u s l y  

observed resonances, i n  p a r t i c u l a r  f o r  t he  55-keV and 180-keV resonances. 

I n  order  t o  p rov ide  h igh  r e s o l u t i o n  data up t o  500 key, as 

EXPERIMENTAL PROCEDURE 

The s i l i c o n  samples consis ted of two n e a r l y  i d e n t i c a l  p ieces o f  

t r a n s i s t o r  grade s i l i c o n ,  23 cm i n  diameter and 0.75 cm t h i c k ,  having 

thicknesses n = 0.0370 and n = 0.0376 atoms/barn, r e s p e c t i v e l y .  

Two d i f f e r e n t  experimental setups were used f o r  t he  measurement. 

For t h e  data from a few eV t o  a few tens of keV, the 80-m f l i g h t  path 

was used, i n  con junc t i on  w i t h  a 1.3-cm t h i c k ,  l l - c m  diameter 6 L i  s c i n t i l -  

l a t i o n  de tec to r .  The ORELA beam b u r s t  w i d t h  was 5.5 ns w i t h  a r e p e t i t i o n  

r a t e  o f  160 sec-’, and 2 kW o f  power on the t a r g e t  Two f i l t e r s  were 

used i n  the  neutron beam; 0.60 cm of l ead  t o  d im in i sh  the  gamma f l a s h  
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produced when the  e l e c t r o n  beam s t r i k e s  the  water-moderated Ta ta rge t ,  and 

a 300 mg/cm2 'OB f i l t e r  t o  e l i m i n a t e  over lap o f  low enevgy neutrons from 

preceding bursts .  For t h i s  measurement, both samples were i n s e r t e d  i n  

the beam f o r  a t o t a l  sample th ickness n = 0.0746 atoms/barn. 

Higher energy data from a few tens o f  keV t o  730 keV were acquired 

on the  200-m f l i g h t  path w i t h  a NE-110 proton r e c o i l  detector .  

b u r s t  w id th  was 5 ns w i t h  a r e p e t i t i o n  r a t e  o f  1000 sec- l ,  and 10 kW o f  

power on the  t a r g e t .  

uranium t o  reduce the gamma f lash, and 300 mg/cm o f  'OB t o  reduce the 

f l u x  of low energy neutrons. 

for t h i s  measurement. 

The beam 

F i l t e r s  i n  the f l i g h t  path inc luded 2.0 cm o f  
2 

The n = 0.0376 atoms/barn sample was used 

The two measurements over lap from about 20 t o  150 keV and the  

r e s u l t i n g  cross sect ions are i n  good agreement, except over very narrow 

resonances, where the energy r e s o l u t i o n  a t  the 80-m f l i g h t  path was 

comparable t o  the  widths o f  t he  resonances. 

A neutron source moni tor  i s  used t o  normal ize the sample i n  and 

sample o u t  data t o  the  same neutron source i n t e n s i t y .  

the sample i n  and o u t  o f  the beam was under c o n t r o l  o f  t he  data t a k i n g  

A l t e r n a t i o n  o f  

program. A t y p i c a l  c y c l e  t ime was about t h i r t y  minutes, and t o t a l  beam 

t ime for  t he  two runs was about 110 hours. Neutron energies a re  d e t e r -  

mined by the t i m e - o f - f l i g h t  method, u t i l i z i n g  the gamma f l a s h  as a s t a r t  

s igna l  and d e t e c t i o n  o f  the neutron as a s top  s igna l .  

t i m e - o f - f l i g h t  channels was adjusted w i t h  the data a c q u i s i t i o n  program 

so as t o  have a t  l e a s t  t h ree  channels per r e s o l u t i o n  w id th  over the 

neutron energy range o f  i n t e r e s t  i n  the experiment. 

d e s c r i p t i o n  o f  t he  experimental system can be found i n  Ref. (LA76). 

The w id th  of the 

A more d e t a i l e d  
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, 

DATA REDUCTION 

The data were corrected f o r  deadtime ef fec ts ,  with the largest  

correction be ing  15% i n  the cross section a t  160 keV for  the 80-m data,  

and 1.1% a t  640 keV for  the 200-m data. Corrections were then made for  

the background components. For the 80-m measurement, above 70 keV the 

largest  background source i s  2 . 2  MeV gamma rays from neutron capture i n  

the water moderator surrounding the Ta target .  

3% of the open beam a t  14 keV. 

nates and i s  %0.2% of the open beam a t  400 eV, r is ing t o  %lo% a t  7.6 eV. 

This background i s  about 

Below 400 eV, the room background domi- 

For the 200-m measurement, corrections a re  made for  constant room 

background, 2.2-MeV gama rays from capture i n  the water moderator, and 

478-keV gamma rays resul t ing from the "B(n,ny) reaction w i t h  the boron 

i n  the Pyrex face of the photomultiplier. 

determination, we record four 25,000 channel spectra.  Each spectrum i s  

characterized by a d i f fe ren t  lower and upper cutoff on the proton recoil 

energy of the PIE-110 detector. 

i so la te  the d i f fe ren t  background components, even i n  the presence of the 

neutron f l u x .  

each o f  the four spectra,  we then se lec t  from each spectrum regions based 

on to ta l  counts and maximum count t o  background r a t i o  and sum these 

regions t o  obtain the f inal  corrected samp'le-in and sample-out spectra. 

The sum of the backgrounds i s  l ess  than 0.5% of the open beam from 60 t o  

800 keV, the upper energy range of this measurement. 

discussion o f  data reduction techniques is given i n  Ref. (LA76). 

To a i d  i n  the background 

T h i s  technique serves t o  approximately 

After removing the various background components from 

A more detailed 
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F i n a l l y ,  r a t i o s  were formed o f  the sample-in and sample-out spectra 

f o r  both the  80-m and 200-rn data and combined w i t h  the  sample th icknesses 

t o  form spect ra o f  cross sec t i on  versus energy. 

f rom the  80- and 200-m data f o r  the  f i n a l  spectrum are  l i s t e d  i n  Table I .  

An i n t e r a c t i v e  computer program which averages the  data was then used t o  

reduce t h e  number of po in ts ,  w h i l e  p reserv ing  t h e  resonant s t r u c t u r e .  

This reduced the  number o f  cross sec t i on  values t o  1,488. A t a b u l a t i o n  

o f  these averaged t ransmiss ion and cross sec t ions  i s  g iven i n  the  Appendix. 

The reg ions se lec ted  

RESULTS 

Resul ts  o f  our  measurements compared w i t h  t h e  present  €NDF/B-IV 

eva lua t ion  f o r  s i l i c o n  (LA75) a re  shown i n  Figs.  1-4. 

f rom 5 eV t o  20 keV i s  shown i n  F ig .  1. 

eva lua t ion  f rom 5 eV t o  5 keV i s  t h e  sum o f  a constant  thermal s c a t t e r i n g  

cross sec t ion  o f  2.15b and a l / v  r a d i a t i v e  capture c m s s  sec t ion .  

5 t o  10 keV t h e  data o f  Brugger and F luha r t y  (BR56) were used, w h i l e  the  

data of F i e l d s  and W a l t  (F151) were used from 13.5 t o  20 keV. 

resonance near 5 keV has been observed i n  the 30Si -t n separated iso tope 

measurement o f  Good and Harvey (6073). 

t i o n  i s  observed up t o  10 keV. 

F igure  2 shows a comparison of our  data w i t h  the present  eva lua t i on  

The energy reg ion  

Due t o  absence o f  data,  the 

From 

The 

Good agreement w i t h  t h e  evalua- 

from 20 t o  100 keV. 

of F i e l d s  and Walt (FI51) .  Three resonances a re  observed i n  t h i s  reg ion.  

The resonance a t  38.8 keV has a l s o  been observed i n  the  separated iso tope 

measurement of Good and Harvey, where i t  was assigned t o  " S i  + n. 

The eva lua t i on  i n  t h i s  reg ion  i s  based on t h e  data 

The 



s-wave resonance a t  55.7 keV has a minimum cross sec t i on  o f  about 200 2 

80 mb, a peak cross s e c t i o n  o f  49 b, and i s  n o t  present i n  the c u r r e n t  

evaluat ion.  The narrow resonance a t  67.7 keV i s  i n  *%i + n. 

The reg ion  f rom 100 t o  450 keV i s  shown i n  Fig.  3, a long w i t h  the  

evaluat ion.  

Whalen and Meadows (WH66). 

h igher  energies from the present  measurement, and we observe a minimum 

o f  about 170 _t 50 mb near 150 keV and a peak cross s e c t i o n  o f  14.3 b f o r  

the 180-keV s wave. The resonance a t  354 keV has n o t  been seen i n  

previous t ransmiss ion measurements. 

I n  t h i s  energy range the eva lua t i on  i s  based on the data o f  

The e v a l u a t i o n  i s  s h i f t e d  about 8 keV toward 

F i n a l l y ,  F ig .  4 shows our data from 450 t o  730 keV, together  w i t h  

the eva lua t i on .  From 450 t o  500 keV t h e  e v a l u a t i o n  i s  based on data o f  

Whalen and Meadows (WH66), and from 500 t o  730 keV the  data o f  Schrack, 

Schwartz and Heaton (SC71) were used. 

q u i t e  complicated, and the  h igher  peak cross sect ions which we observe 

are c h a r a c t e r i s t i c  of our b e t t e r  energy r e s o l u t i o n .  

532, 565, 587, 590 and 602 keV a re  observed. The resonance a t  590 keV 

i s  a narrow s-wave resonance w i t h  the c h a r a c t e r i s t i c  i n t e r f e r e n c e  minima; 

the remainder a r e  most l i k e l y  p- o r  d-wave resonances. 

The reg ion  from 530 t o  610 keV i s  

F i ve  resonances a t  

SUMMARY 

We have measured the  t ransmiss ion o f  neutrons through s i l i c o n  from 

5 eV t o  730 keV. 

I V  eva lua t i on  f o r  t he  s i l i c o n  t o t a l  cross sect ion,  and a number o f  d i s -  

crepancies are observed. In p a r t i c u l a r ,  t he  eva lua t i on  does n o t  account 

The r e s u l t s  have been compared w i t h  the  present  ENDF/B- 
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f o r  the large s-wave resonance a t  55 key ,  and peak cross sections f o r  a 

number o f  other resonances a re  too small in the psesent evaluation. 

The transmission and crnss  section values have been sent to  the 

National Neutron Cross Section Center a t  Rrookhaven National Laboratory. 
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TABLE I .  Sumiary o f  exper imental  i n fo rma t ion  about the  energy 
boundaries which were used t o  generate the  f i n a l  s e t  o f  cross section 
values. Neutron energies a re  i n  keV unless otherwise noted. 

Neutron Energy F1 i g h t  Sample Run 
Path Thickness 

E m i  n Emax n (atoms/ barJ1- 

5.12 eV 38.66 80 0.07462 8090 

38.73 38.95 200 0 .) 03762 3032 

38.96 67.46 80 0.07462 8090 

67.54 727.9 200 0.03762 3032 
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APPEND1 X 

This Appendix l is ts  the 1,488 values o f  the averaged cross sections.  

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

given i n  barns. 

include an estimated i3% systematic uncertainty. 

The er rors  g i v e n  are s t a t i s t i c a l  only, and do no t  
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E M E R G ?  X- ? E C T I l  

0.51212:-02 0.221171 
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c . l k f 3 6 1 - c 2  o . l q q l ? r  
0 ; 1 8 6 a 6 i - i i  
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0.922031-02 
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0.32: 12E -01 
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0.5 16UlE-0 1 
0.590801-01 
0.682508-01 
0.757341-01 
0.920151-0 1 
0.96 191 E -0 1 
0.100611 00 
0.105341 00 
0.110411 00 
0.115861 00 
0.121721 00 
0.128031 00 
0.13485E 00 
0.142231 00 
0.150291 00  
0.158941 00 
0.161411 00 
O. l lEl61  0 0  
0.190101 00 
0.202541 0 0  
0.216251 0 0  
0.231401 00 
0.248211 00 
0.266911 00 
0.287801 0 0  
0.311251 0 0  
0.331691 00 
0.361691 0 0  
0.401761 00 
0.936841 0 0  
0.45834U 00 
0.481391 00 
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0 . 5 3 3 0 3 1  00 
0.562033 00 
0.59345E C O  
0.627581 00 
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0.10532Z 00 
0.149721 00 
C.79845E 00 
0.852081 00 
0.91 1311 00 
C.976941 0 0  
0.104991 0 1  
0.113141 0 1  
0.122271 0 1  
0.13256B 01 
0.144201 01  
0.156081 0 1  
0.163331 01 
0.111078 01  
0.179371 0 1  
0.188298 0 1  

0.208291 01  
0.219931 01  
0.23155E 01  
0.24469E 01 
0.258991 01  
0.212508 01 
0.291628: 0 1  

0.33083E 01  
0.353471 0 1  
0.378523 01 
0.406321 01 
0.437311 01  
0.411981 0 1  
0.484141 0 1  
0.487971 01 
0.491851 0 1  
0.493421 0 1  
0.499201 01 
0.394991 01  
0.495781 01  
0.496U7E 01  
0.496872 01 
0.491211 0 1  
0.497668 01 
0.498061 0 1  
0.498U61 01  
0.U9 6861 01  
0.499261 01  
0.499661 0 1  
0.500161 01  
0.500961 01 
0.501761 01 
0.50257B 01  
0.504U9E 01  
0.50652E 01  
0.5 1094E 0 1 

o.19iagB 0 1  

0.3 1 0 3 0 ~  o i 

. .. 
0.209811 I 
0.21556E 
0 .199831 
0.212151 
0.212671 
0.215801 
0.21 3QOE 
0 . i l292L 
0.20591 1 
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O.iO4061 
0.20859E 
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0.207681 
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0.203071 
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0,2125UP 
0.21290E 
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0.212151 
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0 . i l  1021 
0.205851 
0.205341 
0 .iO98OE 
0.209 19 Z 
0.205151 
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0.210101 
0.208131 
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0 .212681 
0.205331 
0.208921 
0.209231 
0.211771 

0 .ilOOlE 
0. 20 f 3 4 1  
0.205191 
0.208501 
0 .211901 
0.209 161  
0.2 16561 
0.208361 
0.209061 
0.20761L 
0.206337 
0.203391 
0.209411 
0.203951 
0.205311 
0.2OJ3OE 
0 .21  2801 
0.206321 
0.22096E 
0.2 136irE 
0.211151 
0 -2030% 
0.186901 
0.22761 L 
0 -279301 

0.522108 
0 .U123UE 
0 .249981 
0.15415E 
0 . i0742z  
II .2158J1  
0.21450E 
0.198711 
0.20091E 
0 . 1 0 3 5 5 1  

0.205161 
O.i1?321 

o .21072r 

0.206313 e 

0. u i i a i 1  

o .19490 r 
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01 
0 1  

,"! 
01 
01 
01 
01 
01  
01  
01 
01  
01 
01 
01  
01 
0 1  
0 1  
01 
01 
01  
01 
01 
01 
01 
01 
01 
01  
01 
01 
0 1  
01 
01 
01 
01 
01 
01 
01  
01 
01 
01  
01 
01 
01  
01 
01 
01 
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01 
01 
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01 
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01 
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01 
01  
01  
01 
01  
01 
01 
01  
01 
01 
01 
01 
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01 

X-E RAOR 

0.62431E-01 
0.511681-01 
0.809331-01 

0.742U9E-01 
0.70 791pE- 01 
0. 61 3071-01 
0.612021- 01 
0.610331-07 
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0.552251-01 
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