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ELECTRON SCAmRING 

Introduction 

Measurements of t h e  cross  sect ions f o r  Coulomb sca t t e r ing  of 
e lec t rons  without atomic exc i ta t ion  by A l  and of the e lec t ron  pene- 

t r a t i o n  spec t ra  due t o  bombardment of thick Al s labs  were previously 

reported and published i n  NASA Contractor Report NASA CR-334: 
present  repor t  contains the  r e s u l t s  of addi t iona l  t h i ck  t a r g e t  t rans-  

mission measurements on Al, t h i ck  t a rge t  transmission measurements on 

Au, and e l e c t r m  backscat ter ing measurements on t a r g e t s  of Al, Fe, Sn, 
and Au. Where the d a t a  is  ava i lab le  comparisons are made t o  t h e  Monte 

Carlo ca lcu la t ions  of M. J. Berger. 

The 

Experimental R e s u l t s  

E l e c t r m  Transmission Spectra 

Aluminum. The i n i t i a l  measurements of e lec t ron  transmission 

spec t ra  f o r  the case of 1-&V e lectrons w i t h  normal incidence on Al 
slabs were general ly  i n  good agreement w i t h  the Monte Carlo ca lcu la t ions  

of M. J. Berger. Measurements were reported f o r  thicknesses correspond- 

ing  t o  0.2, 0.4, and 0.6 t h e  range of 1-MeV e lec t rons  i n  Al (0.11 g/cm , 
2 2 0.22 g/cm , and 0.33 g/cm respect ively) .  

tra normalized with respect  t o  the incident  number of e lec t rons  and 

the  so l id  angle increment were made at various angles i n  the  forward 

half  of t he  sphere. This type of comparison was considered t o  be the  

most meaningful and de ta i led  tha t  could be made i n  terms of " tes t ing" 
the  calculat ions.  A t  t h e  time of the previous repor t  only a l imited 

number of spectra had been wasured for the penetrat ion of t he  0.33- 

g/cm slab. In addi t ion the  da t a  f o r  t he  0.11-g/cm slab, where the 

penetrat ion is  grea tes t ,  was assigned an uncertainty of 2Q$, o r  twice the  
uncer ta in ty  assigned t o  the measurements at the other  thicknesses. 

t o  complete the transmission measurements f o r  Al addi t iona l  spec t ra  f o r  
the 0.33-g/cm thickness were accumulated so t h a t  t he  energy spec t ra  

f o r  all three thicknesses could be integrated over so l id  angle t o  obtain 

t o t a l  transmission spectra,  and addi t ional  measurements were made f o r  

2 

Comparisons of energy spec- 

2 2 

Thus 

2 

1 



t he  O.ll-g/cm* s l ab  t o  reduce the experimental e r ro r .  

spectra  f o r  t he  three s l ab  thicknesses are shown i n  Figs. 1-3 compared 

with two d i f f e r e n t  Monte Carlo calculat ions of Berger, labeled Set A 

and Set B, and the transmitted f r ac t ion , in  Fig. 4. The d e t a i l s  of these 

calculat ions have not been made avai lable  i n  published form. As can be 

seen the  agreement between t h e  calculat ions and the experiment f o r  t he  

thickest  slab i s  qu i t e  good. The agreement is  not qu i t e  as good f o r  
t he  intermediate thickness, where the calculated spectrum begins t o  
sharpen r e l a t i v e  t o  the  experimental spectrum, and f o r  the th innes t  

layer,  where t h e  discrepancy appears t o  be i n  both shape and area, 
o r  yield.  Remeasurement of the penetration spectra  has yielded a 

result  indicat ing tha t  the measured transmissim y ie ld  shown i n  Fig. 1 

should be reduced by less than 546, s o  t h a t  t he re  s t i l l  appears t o  be 

a discrepancy f o r  t h i s  thickness which, w h i l e  it i s  w e l l  within the 

l i m i t s  suggested by the combined unce r t a in t i e s  of t h e  experiment and 

calculation, i s  s t i l l  greater than the differences f o r  t h e  other  two 

thicknesses. Comparisons of t h e  calculated and measured angular d i s t r i -  

butions are shown i n  Fig. 5 .  This figure i s  s i m i l a r  t o  the angular 

d i s t r ibu t ions  of Report NASA CR-334 except t h a t  addi t ional  points  are 
included f o r  the 0.33-g/cm thickness and t h a t  the re-measured y i e l d s  
at angles less than 30 deg f o r  t h e  0.11-g/cm2 thickness a r e  on the 

average 10% lower than the previously reported values. 

The integrated 

2 

The experimental arrangement and the experimental techniques employed 

t o  carry out the measurements and t o  reduce the energy spec t r a  are iden t i -  

cal  with those used previously and described f’ully in  NASA CR-334. How- 

ever, the measurements f o r  the 0.11-g/cm thickness at  the most forward 

angles present a special  pmblem since here the counting rates f o r  mea- 

surable beam i n t e n s i t i e s  s a t u r a t e  the  counting system. To overcome t h i s  

problem, which had l ed  t o  the l a rge  u n c e r t a i n t i e s  i n  the previous data ,  

ordinary beam current i n t eg ra t ion  was abandoned and a beam monitor was 
used. 

counted back-directed e l ec t rons  while t he  measurements were made a t  the 

forward angles. 

much less than those penetrat ing the slab i n  near ly  t h e  straight-through 
d i r e c t i m  and could be e a s i l y  r e l a t e d  t o  t he  beam current .  

2 

The monitor was a s o l i d  state de tec to r  posit ioned at 135 deg which 

The y i e ld  of backscattered e l ec t rons  at 135 deg was 

2 
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The f i n a l  experimental values reported are believed t o  be not more 

than 10$ f r 3 m  the t r u e  values. 

Gold. The transmission spec t ra  f o r  l-hkv e lec t rons  with normal - 
incidence on s labs  of Au corresponding t o  thicknesses of 0.192 and 0.405 
the  range of 1-MeV e lec t rons  in  Au are shown at three angles f o r  each 

thickness i n  Figs.  6 and 7. Dis t r ibu t ions  at 2.5, 37.5 and 77.5 deg 
illustrate the  f a c t  that the  spec t ra  are nearly constant with angle f o r  
a given thickness.  The angular d i s t r ibu t ions  of t ransmit ted e l ec t rons  

are shown in  Fig. 8 and the energy spectra integrated over so l id  angle 
are shown in  Fig. 9. A comparison of the  transmission spec t ra  f o r  the 

same f rac t ion  of the  range in  both A 1  and Au is shown in  Fig. 10. The 
transmitted beam f r ac t iom corresponding t o  these spec t ra  are presented 

in  Fig. 4. 
that described f o r  the  Al slabs. 
transmission of t he  Au slabs and the increased bremsstrahlung production 

e f f ic iency  of Au, bremsstrahlung backgrounds became a mme s ign i f i can t  

problem f o r  these measurements. This is i l l u s t r a t e d  i n  Fig. 11 which 

show the r e l a t i v e  in t ens i ty  of the  bremsstrahlung t o  the  t o t a l  y i e ld  

f o r  8 = 77.5 deg f o r  each thickness.  These spec t ra  represent  t he  cases 

where the  background is l a rges t .  Even so, it can be removed accurately 

from the  d a t a  and does not  have a ser ious  effect on the accuracy of the 

ne t  spectra .  

These measurements were car r ied  out i n  the  s a m  manner as 
However, due t o  t h e  r e l a t i v e l y  lower 

The experimental uncertainty i n  t h e  measurement of Au transmission 

spectra  is about 7% and arises as f3r t h e  case of Al primari ly  from the 

determination of the  number of incident  e lec t rons .  

Electron Bsckscatter Spectra  

The energy spec t ra  at various angles  due t o  backscat ter ing from 
target materials of severa l  d i f f e ren t  atomic numbersare shown in  Figs.  
12-15. In all cases t h e  inc ident  e l ec t ron  beam was d i rec t ed  with normel 

incidence t o  the target and t h e  beam energy was f ixed  at  1 *V. 
materials of Al (Z=13), Fe (2126), sn (%SO), and Au (21.79) were used i n  
the  experiment. 

t h e  spec t r a l  d i s t r ibu t ions  and t h e  t o t a l  backsca t te r  f r a c t i o n  on atomic 

Target 

"his allowed a systematic s tudy of t h e  dependence of 

8 
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, 

number t o  be made. Measurements were made on sa tura t ion  thicknesses of 

the  t a r g e t  materials f o r  backscattering, which amounted t o  a thickness 

corresponding t o  0.4 the  range of 1-MeV e lec t rons  f o r  each material i n  

t h e  present  case. 

are shown i n  Fig. 16. 
but ions integrated over so l id  angle. Also shown i n  t h e  figure is  the  

spectrum of backscattered e lec t rons  from a thickness of Al corresponding 
2 t o  less than a sa tura t ion  thickness,  namely a thickness of 0.22 g/cm . 

Figure 18 shows the  backscat ter  fraction of t he  present  experiment i n  

the e n e r a  region above 0.1 MeV corrected by about 3$ due t o  y ie ld  

below 0.1 MeV as estimated by extrapolation of t he  da t a  below t h i s  energy. 

The backscat ter  f r a c t i o n  is  p lo t ted  versus atomic number, along w i t h  a 

similar set of backscat ter  f r ac t ions  measured by Wright and Trump by 
a d i f f e ren t  technique. 

periment is 7$. 
the estimated experimental e r ro r .  Discrepancies of t h i s  order have been 

seen i n  other  measurements where both of these techniques have been 

employed. However, the  present method is  as accurate  f o r  backscat ter  

measurements as f o r  penetrat ion measurements where good agreement w i t h  

the ca lcu la t ions  have been obtained. 
f r ac t ions  are i n  agreement w i t h  t he  backscat ter  f r ac t ion  observed from 

CsI c r y s t a l  s c i n t i l l a t i o n  spectrometers where a d i r e c t  measurement of 

backscat ter  can be made. 

The angular d i s t r ibu t ions  of backscattered e lec t rons  
Figure 17 shows the backscattered energy d i s t r i -  

2 

The l i m i t  of e r ro r  assigned t o  the present  ex- 

The d i f fe rences  obtained by the two methodsare outside 

Also the present  backscat ter  

Several i n t e re s t ing  fea tures  of backscattering due t o  normal inc i -  

dence are apparent from the  backscattering data. 

energy of t he  backscat ter  d i s t r i b u t i m  increases  with atomic number. 

The t o t a l  backscat ter  spec t ra  f o r  t h e  lower Z materials not  only have 

a lower most probable energy than those f o r  higher 2 materials but  a l s o  

are considerably broader. I n  t he  case of Al and Fe a t  angles of obser- 

va t ion  near t h e  t a r g e t  plane a high energy shelf develops i n  the d i s t r i -  

bu t ions  due t:, a r e l a t i v e l y  la rge  contribution frm sca t t e r ing  at the 

surface of the slab as compared t o  the contr ibut ion from grea te r  depths. 

The spectrum from the 0.22-g/cm 
over the  spectrum from the sa tura t ion  thickness  of Al allows an ident i -  

f i c a t i o n  of the cmt r ibu t ions  from the d i f f e r e n t  thicknesses t o  be d e .  
F ina l ly ,  the  t o t a l  backscat ter  coeff ic ient  increases with atomic number. 

The most probable 

2 s lab  of Al shmn i n  Fig. 17 p lo t ted  
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ELM;r"RON-BRFSISSLUNG CROSS SECTION 

MEASURESIENTS 

Introduction 

Measurements of electron-bremsstrahlung cross  sec t ions  f D r  Al, Cu, 
= 1.0 Sn, and Au have been completed f o r  an incident e lec t ron  energy T 

MeV. 
e lec t ron  energies  To = 1.7 and 2.5 MeV. 
shown graphical ly  with the  Bethe-Heitler values f o r  an unscreened nucleus 

t o  allow an easy comparison of the  experimental r e s u l t s  t o  the  theory. 

Tables of experimental values are a l s o  Included so that the  values may 

be obtained accurately f o r  comparison t o  o ther  ca lcu la t ions  such as 
3 those now being car r ied  out by C. D. Zerby of the Union Carbide Research 

I n s t i t u t e .  Although the r e s u l t s  presented are i n  some instances only 
first masuremerts, t h e  cross  sec t ions  are Believed t o  be free from 

unknown experimental e r rors .  

here w i l l  be made i n  the  near future .  
and Au at  To = 1.7 and 2.5 MeV w i l l  be 3btained. 
periments w i l l  be made ava i lab le  i n  the  quar te r ly  repor t s  as they become 

ava i lab le .  Previous r e s u l t s  of cross-section measuremnts at @=l5 and 

30 deg f o r  To = 0.5 and 1.0 MeV and Z-13 were given i n  NASA Contractor 

Report NASA CR-334. 
it should be considered as being replaced by the present  r e s u l t s .  

0 

Cross sec t ions  f o r  A 1  have been completed f o r  t h e  addi t iona l  
The expe r imnta l  values are 

Measurements t o  confirm t h e  d a t a  presented 

A t  t h e  same t i m e  d a t a  f o r  Cu, Sn, 
Results of these ex- 

Since the  earlier data was preliminary data only, 

Experimental. Results and Procedure 

The experimental. cross  sec t ions  fo r  bremsstrahlung production by 

1-MeV e lec t rons  sca t te red  by A l ,  Cu, Sn, and Au atoms compared t o  the  
Sauter cross  s e c t i m s  

shown i n  Figs. 19-23. 
Figs.  24 and 25. 

i n  t he  figures. 

above about k = 0.1 To. 

t o  t h e  end points .  

ins tead  of t h e i r  counterpar ts  i n  Table I because of t h e i r  improved 

accuracy. The experimental r e s u l t s  are i n  g o d  agreement with the 

4 (plane-wave Born approximation, unscreened ) are 

Comparisons at 1.7 and 2.5 MeV fo r  Al are shown i n  
Tables I and I1 contain the cross-section values plot ted 

Table I includes values over t he  complete spec t r a l  range 

Table I1 includes values from about k = 0.6 T 
0 

The values i n  Table I1 have been used in  the figures 

23 
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Figure 19. Bremsstrahlung d i f f e r e n t i a l  cr38s s e c t i m s  fo r  
1.0-MeV electrons on Al. 
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Figure 21. Bremsstrahlung d i f f e r e n t i a l  crass sec t ions  f o r  
1.0-MeV e lec t rons  3n Sn. 
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Figure 22. Bremsstrahlung d i f f e r e n t i a l  c r w s  sect ions f o r  
1.0-&V electrons on Au. 
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0 = 4 deg, f o r  1.0-MeV e l e c t r o n s  on A l ,  Cu, 
Sn, and Au. 
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Figure 25. Bremsstrahlung d i f f e r e n t i a l  cr3ss  sec t ions  f o r  
2.5-MeV e lec t rons  on Al. 
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theory f o r  the case of Al, except i n  t h e  l o w  and high photon energy 

regions of t he  spec t ra  f o r  a l l  angles. 

number of t he  t a r g e t  mater ia l  the experimental spec t ra  become r e l a t i v e l y  

harder, as shown by the values f o r  Cu, Sn,and Au. 
To = 1.7 and 2.5 MeV f o r  Al a l s o  indicate  t h a t  t he  experiment and theory 

are i n  good agreement except i n  the  low and high photon energy regions 

of t h e  spectra.  A t  0 and 4 deg, however, the  experimental values appear 

t o  be f a l l i n g  lower with increasing incident e lec t ron  energy as compared 

t o  t h e  Bethe-Heitler values. 

However, with increasing atomic 

The measurements a t  

The estimated average experinrental e r r o r  i n  the photon energy 

A t  0 and 4 deg the  region 0.1 To < 
e r r o r  is  estimated t o  be 7%. 
arises due t o  the  angular uncertainty of 0.3 deg and the  s t rong dependence 

of the y i e l a  on angle a t  angles grea te r  t h m  10 deg. 
energy region grea te r  than k = 0.9 To addi t iona l  uncertainty arises due 

t o  the  increased s t a t i s t i c a l  error and the spectrometer response remmal 
from the  pulse height spectra. 
i n  the region from k = 0.9 To t o  0.95 To and then more rap id ly  t o  about 

30-50$ at the  end point  value. 

k < 0.9 To i s  about 15%. 
A t  l a rger  angles addi t ional  uncertainty 

I n  the photon 

Thus the t o t a l  e r r o r  increases slowly 

Various methods of Spectrometer response removal from the pulse 

height spec t ra  were attempted. The cross sect ions presented here have 

been obtained f r 3 m  the  pulse height data  normalized with respect  t o  the 

spectrometer so l id  angle and t h e  number of incident  e lec t rons  by the 

following 3perations: 

1. 

2. 

3. 

4. 

The hand-smoothed pulse height spec t ra  were smeared by 

multiplying the  spec t ra  by the spectrometer response 

matrix. 

The r a t i o s  of the smoothed pulse height spectra  t o  the 

smeared spec t ra  were computed. 

The o r ig ina l  unsmoothed pulse height spec t ra  were multiplied 

by these r a t i o s .  

The spec t ra  thus obtained were corrected for  spectrometer 

e f f ic iency .  
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The cgmbined corrections applied t o  the pulse height spec t r a  are shown 

i n  Fig. 26. = 1 MeV and 
f o r  Al at 8 = 0 deg and To = 1 MeV. 

of the c x r e c t i o n s  made t o  most 3f the spectra.  The A l  correct ion f a c t Q r s  

d i f f e r  from those of Au near t he  end point.  This difference arises frDm 

the difference i n  the spec t r a l  shapes a t  the  end p3int .  Most of the 

spectra  f a l l  off sharply at the high energy end while at the  forward 

angles 0 and 4 deg, the AI. and Cu smoothly drop off i n  magnitude with 
considerably less curvature near the end point .  
removal was shown by use of t es t  spectra  t o  have an accuracy t o  within 

a few percent i n  the ph3ton energy region below k = 0.9 To. 

region k > 0.95 To, however, t h i s  method tended t o  undercorrect the 

pulse height spectra  by about 15% on the  average. 

correction taken i n t o  accmnt  the re  is s t i l l  added uncertainty i n  the 
c r m s  sect ions i n  t he  r e g i m  k > .9 T r epwted  here, since the c3r- 

rect ions near the end pDint depend strongly on the  de t a i l ed  shape of 

t he  p u l s e  height d i s t r ibu t ion  i n  the pulse height r e g i m  corresponding 

t o  k > 0.75 To. Where many spectra  a r e  t o  be analyzed, as in  the 

present case, it i s  impracticable t o  f ind  the  c m r e c t i o n  f a c t o r s  f o r  
each case because of the necessi ty  fgr hand-smoothing the pulse height 

spectra.  The present analysis  c m s i s t e d  of f inding the c w r e c t i o n  fac-  

t o r s  fo r  c lasses  of pulse height d i s t r i b u t i o n  shapes. Pulse he i sh t  

d i s t r i b u t i m s  i n  the various shape c a t e g x i e s  were then corrected by 

t h e  appmpriate set of f a c t o r s  f o r  t h e i r  c lass .Thus t h i s  procedure d id  

not a l l 9 w  f o r  the small differences within the shape classes .  

Shown are examples f o r  Au a t  8 = 0 de3 and T 
o 

The Au correction r a t i o s  are typ ica l  

T h i s  method of response 

I n  the 

With the  under- 

o 

Some of the spectra  at each energy were accumulated with a Pb 

absorber, or beam hardener, i n  the photon beam between the  t a r g e t  and 
spectrometer. 

m i s s i o n  of photons with k > 
attenuation would be small. Running i n  t h i s  manner allowed improved 

s t a t i s t i c s  t o  be Dbtained i n  t h i s  region of the spectra ,  since r e l a t i v e l y  

high beam currents  could be r u n  without d i s t o r t i o n  due t:, pulse pile-up. 

The cross sections obtained from d a t a  taken with t h e  beam hardener a re  

given i n  Table 11. S t a t i s t i c a l  f l uc tua t ions  i n  t h e  1 - M e V  d a t a  where t h i s  
procedure was not f o l l m e d  are c l e a r l y  evident .  

The thickness of Pb was chosen t o  allow 85% or  more t rans-  

0.6 To 8 3  t h a t  correct ions due t o  the  
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The d e t a i l s  of t he  x-ray spectrometer and i t s  ca l ibra t ion  and t h e  

sca t te r ing  geometry have been presented i n  previous repor t s  including 

NASA Contractor Report NASA CR-334. 
present experiment was t o  include provision f o r  bending the e lec t ron  

beam a f t e r  it passed through the t a r g e t  so t h a t  t he  e lec t rons  could be 

separated from the photon beam at  the  forward angles.  

w i t h  a permanent magnet which def lected the beam i n t o  a shielded Faraday 

cup, "he 0-deg d i r ec t ion  f o r  t he  incident  e lec t ron  b e a m  w a s  determined 

by mapping, with the  spectrometer t he  bremsstrahlung f i e l d  in  the  region 

of i t s  maximum in the  forward d i r ec t ion .  

The only m d i f i c a t i o n  i n  t he  

This was done 
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TABLE I 

EXPERIIBNTAL ELJX"RON-BRWSTRAHUTS CROSS SECTIONS 

2 13 

To 0 1.0 k V  

da/dndk ( cm2/sr-MeV) 

0 079 
0.096 
0.113 
0.133 
0.147 
0.164 
0.181 
0.198 
0.215 
0.233 
0.250 
0.267 
0.284 
0.301 
0.318 
0.335 
0.352 
0.369 
0.386 
0.403 
0.4'20 
0.437 
0.454 
0.471 
0.488 
0.505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0 * 659 
0.676 
0.693 
0.710 
0.727 
0.744 
0.761 
0.778 
0.795 
0.812 
0.8a 
0.. d 
0.863 
0.880 
0.897 
0.914 
0.931 
0.9u 
0.965 
0.982 
0.999 

e -  O 0  

7 . 0 (  -23) 
5.68( -23) 
4.77( -23) 
3.87( -23) 
3.21 -23) 
2.71 I -23) 

5.65(-24) 

2.08( -24) 

4.12 25 
2.471 :25{ 
2.46( -25) 
3.07(-25) 

4' 

6*36(-23) 

1.48( -23) 

3.04( -24) 
2.96 -24) 

2.46 -24) 

1.84( -24) 
l.86( -24) 
1.67( -24) 
1.54(-24) 

2.681 -24) 

2.26{ - 24) 

1.20( -24) 

10 ' 

2.16( -23) 

1.19( - 23 
1.06(-23) 

4.73 -24 )  
4.321 -24) 

3.12(-24) 
2.96 -24) 
2.88[ - 24) 

1.58( -24) 

1.18( -24) 
1.16( -24) 

LOj( -24) 
8.96( -25 

5.44( -25) 
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TAF3LE I (Continued) 

Z = 13 

To = 1.0 MeV 

0.079 
0.096 
0.113 
0.130 
0.147 
0.164 
0.181 
0.198 
0.215 
0.233 
0.250 
0 267 
0.284 
0.301 
0 . 3 8  
0.335 
0.352 
0.369 
0.386 
0.403 
0.420 
0.437 
0.454 
0.471 
0.488 
0.505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0 659 
0.676 
0.693 
0.710 
0 . 7 n  
0.744 
0.761 
0.778 
0.795 
0.812 
0.829 
0.846 
0.863 
0.880 
0.897 
0.914 
0.931 
0.948 
0.965 
0.982 
0.W 

2o' 

9.75( - 24) 
7.92( -24) 
6.63( -24) 
5 * 39( -24 
4-96( -24) 
4 .3(  -24) 
3.88( -24) 
3.55(-24) 
3.23(-24) 
3.00( -24) 

2.62( -24) 
2.36( -24) 
2. p( -24) 

2.83( -24) 

1.73( -24) 
1.70( -24) 
1.62( -24) 
1.44( -24) 
1.41( -24) 

1.25( -24) 
1.22( -24) 

LIT( -24) 

1.00( -24) 
1.0-4 -24) 

8-97( -25) 
8.55(-25) 

7. 58( -25 
6.90( - 25) 
5.95( - 25 

4.96 -25) 
4-67 I -25) 
4.64( -25 ) 
4.28(-25) 
3.77 -25) 
3.23 I -25 
3.78(-25) 
2.80(-25) 
2*73(-25) 
2.82 -25) 
2.64[-25) 

1.73(-25) 

40' 

3.36(-24) 
2.62( -24) 
2.06( -24) 
1.62( -24) 
1.36( -24) 
1.12( -24) 
9.65(-25) 

7 - 63( -25) 
6.%(-25) 
5.9 3( -25) 
5.54( -25) 
4-92( - 25 
4.5a-255) 

8.&( -25) 

4.05( -25) 
3.7d -25) 
3.43( -25 
3.30 -25) 
3.06 I -25) 
2.64( -25) 
2.49( -25) 

2*07(-25) 
1.94(-25) 
1*95(-25) 
1.49(-25) 
1.5'4 -25) 
1.64 -25) 
1-30 t -25) 
1.09 -25) 

2 . N - 2 s )  

1.21 I -25) 

7.55 I -26)  

7.6'1 I -26) 

1.M - ?j 1 
6-68 -26) 
9.7'1 I -26) 
8.79(-26) 
8.06 -26)  

6.87 -26) 

6.78(-26) 
6.15( -26) 
5.30 -26) 
4.40[ -26) 
4.10( -26) 

4.14 -26) 

3.13 -26) 
3.05 I -26) 
2-36 -26) 
3.11+{-26) 
2.30(-26) 
1.7'1( -26) 
9*32( -27) 

3.49 t -26) 
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TABLE I (Continued) 

2 - 2 9  

To = 1.0 MeV 

0.079 
0.096 
0.113 
0.130 
0.147 
0.164 
0.181 
0.198 
0 . ~ 5  

0.250 
0 233 

0.267 
0. '284 
0. pl 
0.318 
0.335 
0.352 
0 - 369 
0.386 
0.403 
0.4B 
0.437 
0.454 
0.471 
0.488 
0.505 

0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0.7rl 
0.744 
0.761 
0 * 778 
0.795 
0.812 
0.829 
0.846 
0.863 
0.083 
0.897 
0.914 
0.931 
0.948 
0.965 
0.982 
0 999 

0.522 

e =  0. 

2 
dO/dRdk ( ~ m  /S~-MCV) 

4' 10 
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TmLE I (Continued) 

To = 1.0 MeV 

k =(MeV 

0.079 
0.096 
0.113 
0.130 
0.147 
0.164 
0.181 
0.198 
0.215 

0.250 
0.267 
0.284 
0.301 
0.318 
0.335 
0.352 
0.369 
0.386 
0.403 
0.420 
0.437 
0.454 
0.471 
0.488 
0.505 
0.522 
0.539 
0.556 
0.573 

0.607 
0 . G b  
0.641 

0.676 

0.233 

0 . 5 9  

0 659 

0.693 

O.'(P/ 
0.744 
0.761 
0.7'(8 
0*'(95 
0.012 
0.829 
0.846 
0.863 
0.Wl 
0*@7 
0.914 
0.931 
0.948 

0.710 

0.965 
0.982 
0.999 

2 do/dndk (cm /sr-MeV) 

30" 

3.61( - 23) 
2.9O( -23) 

1.95(-23) 
2. jd (  -23)  

1.62( - 2 j )  
l a b (  -23) 
l.21( -23) 
1.04( - 2 j )  
9.03( -24) 
d.49( -24) 
7.72( -24) 
'(.10( -2'0 
6.40( -24) 
6.04( -24) 
5.74( -24) 
5 ~ 7 (  -24) 
4.94( -24) 
4.45( -24) 

4.m( -24) 
j:(4( -24) 
3.24( -24) 

2.&>( -24) 

Llj(  -24) 

3 .  a( - 2 J b )  

'z.6(( -2h) 
2.'(4( -24) 

2.4'(( -24) 
2.17( -24) 

2.0(( -24) 
1. (9( -24) 
2.1 j( -?4) 
1.>0( -24) 
1.5 j( -24) 
1.40( -24) 
1.2>( -24) 
1.11 j ( - 24) 
l.p( -24) 
l . O f d (  -24) 
1.2>( -24) 
1.13( -24) 
9.07( -2>) 
9 -'17( - 25 ) 
U.47(-25) 
4.2( (-25) 
6.>1(-25) 
(.24( -25) 
6 . d - 2 5 )  
'I - j>( -25 
4.()4( -25) 
>.71( - 25) 
4.16(-2>) 
4.Jbh(-2>) 
4. w( - 2> 
4. j?( -2>) 
>.tl8( -25) 

40' 

1.82( -23) 

l.lU( -23) 
9 .'(6( - 24 ) 
'(.!E( -24) 
6 .  54( -24) 
>.yJ( -24) 
4.9tq -24) 
4.51( -24) 
3.99( - L.4 1 
3-64( -24) 
3. 20( -2h) 
3.02( -24) 

1.'15( -231) 

2.31( -24) 
2. 56( -24) 
2. h5( - 24) 

l.gtl( -24) 
2.m( -24) 

l.X( -2h)  
1. *I j( -24) 
J .51( -24) 
1.Y(( -24) 
1.34( -24) 
1.%( -24) 
l.n( -24) 
l .Otj( -24) 
1,11( -24) 
l . d t (  -24) 
9 .  j6( - 2 5 )  
9.03(-25) 
'(.91( - 2 > )  
'(.oo( -2j) 
6.dj(  -25) 
'(.i2( - % j )  
>.hF( -? j )  
6.11(-25) 
j.w( - 2 5 )  
4.24( -25) 
4.m( -?5)  
3.90( - c ! j )  
3 .  fO( - 25 1 

60' 

5.d((-24) 
4.69( -24) 
3.'70( -24) 
2.91(-24) 
2.46( -24) 
2.10( -24) 
1.72( -210 
1.44( -24) 
1.3,1(-24) 
Ll(( -24) 
1.0 j ( - 24) 

s.je( -25) 
'(.94(-25) 

6. W/( -25 

5.07( -25) 

8.62( -25 ) 

6.66( -25) 

6.25(-25) 
5 39 ( - 25 

5.15(-25) 

4.19( -25) 
3. %( - 25 ) 

2.15( -25) 

4.21( -25) 

3.0q -25) 

3.11( - 25 
2.9'1 (-25) 
2.0'(( -25) 
2. N( -25) 
2.09( -25) 
2 -  3'1 ( -25)  
1.M - 25 1 
1.54(-25)  
l . S i i (  -25) 
J .W( -25) 
1..54(-25) 
1. j4 (  -25) 
1.01( -25) 
8. j6( -26) 
9.'id( -26) 
6.91( -26) 
tl. @( -26) 
d.'j1( -26)  
9 . 2 3  - 26 1 

5 .  'I 1( - 26) 

5.'(0( -26) 

I>. 51( - 26 ) 

j.64(-26) 
4.j4(-?6) 

6.91( -26) 

'(.00(-26) 

7. S4( - 26 ) 
h.W( -26) 

3.~(9( -26) 
1.33( -26) 

39 



TABLE I (Continued) 

0 079 
0.096 
0.113 
0.130 
0.147 
0.164 
0.181 
0.198 
0 . ~ 5  
0.233 
0.250 
0.267 
0 . a  
0 .91  
0.38 
0.335 
0.352 
0.369 
0.386 
0.403 
0.420 
0.437 
0.454 
0.471 
0.488 
0. 505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0.7rl 
0.744 
0.761 
0.778 
0.795 
0.812 
0.83 
0.846 
0.863 
0.880 
0.897 
0.914 
0.93.l 
0.948 
0.965 
0.982 
0.999 

2 do/&& (cm /sr-MeV) 

4' 

1.82 2-251:235 23) 
1.79 -23) 
1.76 -23) 
1.78 i -23) 
1.58 -23) 
1-30 I -23) 
1.19(-23) 
1.14( -23) 
9 47( -24 
8.57 -24) 
9.05 I -24) 
6.12( -24) 

6.61 -24) 
4.77 I -24) 
6.11( -24) 

7.94( - 24 1 

10 * 

5.16( -22) 
4.25( -22) 
3.47(-22) 
2.88( - 22) 
2.40( -22) 
2.09( -22) 

1.60( -22) 
1.46( -22) 

1.83( -22) 

1.3'4 -22) 
l.l8( -22) 
1.16( -22) 
1.03 -22) 
9-58 I -23) 
8.59 -23) 
8.48 -23) 
7-89 i -23) 
7 *01( -23) 
6.83(-23) 
6.50(-23) 
6.03( -23) 
5.57 -23) 
4.83 I -23) 
5.17 -23) 
4.64 -23) 
4.00 i -23) 
4.09(-23) 
3*77(-23) 
3- 52(-23) 
3.47 -23) 
3.17 I -23) 
2.75(-23) 
3-01(-23) 
2.41( -23) 
2.41( -23) 
2.35 -23) 
2.15 I -23) 
1-94 -23) 
1.87 -23) 
1-60 i -23) 
1.64 -23) 
1.71 t -23) 
1.65(-23) 
1.14 -23) 
1.23 I -23) 
1.25( -23) 
1.10( -23) 
9.74( -24) 
9.78( -24) 
9.76 -24) 
8.04 -24) 
7.64 I -24) 

40 



TABLE I (Continued) 

2 - 5 0  

To - 1.0 MeV 

k (MeV) 

0 

0.om 
0.096 
0.113 
0.133 
0.147 
0.164 
0.181 
0.198 
0. a 5  
0.233 
0.250 
0.267 
0.284 
0.91 
0.318 
0.335 
0.352 
0.369 
0.366 
0.403 
0.420 
0.437 
0.454 
0.471 
0.486 
0.505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0 659 
0 676 
0.693 

0.727 
0.710 

0.744 
0.761 
0 778 
0.795 
0.812 
0.829 
0.846 
0.863 
0.0% 
0*&7 
0.914 
0.931 
0.948 
0.965 
0.982 
0.W 

da/dndk ( cm2/sr-MeV) 

40' 

5-15 -23) 
4.00 I -23) 

2.62( -23) 
2.13 -23) 
1.83 t -23) 
1*57( -23) 
1.41 -23) 
1.23 I -23) 
1.11( -23) 

3 . N  -23) 

9.83 -24) 
9.10 I -24) 
8.62( -24) 
8.18( -24) 
7 * 30( -24 1 
6 . P  t -24) 
6.00(-24) 
5 35( -24) 
5-15(-24) 

-24 1 
4.18 -24) 
4,06[ -24) 

3.50( -24) 

3.09(-24) 

6.65 -2k) 

3.W-24) 

3.12( -24) 

2.77 -24) 
2.611-24) 
2.56( -24) 
2.31 -24) 

2 . U (  -24) 

1-59 I -24) 
1-60 -24) 
1.53 I -24) 
1.61 -24) 
1.53 I -24) 
L32( -24) 
1.19( -24) 
1.22 -24) 
1-09 I -24) 
L03( -24) 
9.14( -25 
8.53(-25) 
8.07( -25 
8 * 17( -25 
6-40 -25) 
7-03 I -25) 

8 .  'I 3( -25 
6.77( -25 
6.25( -25 
2.84( -25) 

2.181-24) 

2.21 -24) 

7.00(-25) 

4 1  

90. 

5.55 -24) 
4.31 1 -24) 
3.45 -24) 
2.67 1 -24) 
2.20( -24) 
1.78( -24) 
1&( -24) 
1. a( -24) 
1. P(-24) 
1.03( -24) 
9.36 -25) 

7*51(-25) 
6*63(-@) 
6 . W  -25) 

5-16 1 -25) 
4*56(-25) 
4.20 -25) 
3.43 -25) 
3-59 1 -25) 
3.50 -25) 

2.63(-25) 
2.86( -25) 
2.51(-25) 
2.44( -25) 
1.73 -25) 

8.69 1 -25) 
6.01 -25) 

3.35 1 -25) 

2.11 1 -25) 

1.19 1 -25) 

1.w -25) 
1.37( -25 
1*56(-25) 
1.18( -25) 
1.31 -25 

1.16( -25) 
1.16( - 25) 
9.25( - 26) 
1.02(-25) 
8.10( -26) 
5 49( -26) 
9-95 -26) 

6.35(-26) 
5.17( - 26) 
6. 8( -26) 
6.48( -26) 
4.87(-26) 
7.19 -26) 
3.25 -26) 
4.21 -26) 

3.86( -26) 

5.60 1 -26) 

3.49 1 -26) 
4.64(-26) 
3.40(-26) 



TABLE I (Continued) 

\ 

0 -  O 0  

0 * 079 
0.096 
0.113 
0 . 1 3  
0.147 
0.164 
0.181 
0.198 
0.215 
0.233 
0.250 
0.267 
0.284 
0'. 301 
0.318 
0.335 
0.352 
0.369 
0.386 
0.403 
0.420 
0 437 
0.454 
0.471 
0.488 
0.505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0 659 
0.676 
0.693 
0.710 
0.7rl 
0.744 
0 761 
0 778 
0.795 
0.812 
0.829 
0.846 
0.863 
0.880 
0.897 
0.914 
0 . 9 3  
0.948 
0.965 
0.982 
0.999 

1*93(-2l) 
1.57 -2l) 
1.33 I 
L O T (  -2l) 
9.08( -22) 
7*73(-22) 
6.71(-22) 
6.08 -22) 
5.421-22) 
4.81( -22) 
4.38( -22) 
4.04( -22) 

3.42( -22) 
3.77(-22) 

3.15( -22) 
3.07(-22) 
2.82( -22) 
2.v( -22) 
2.29 -22) 

l.se( -22) 

2.15 -22) 
2 . 0  I -22) 

1.78( -22) 
1.62 -22) 
1.51 I -22) 
1.44 -22) 
1.361 -22) 
1.19( -22) 
1.16 -22) 
l.O6[ - 22) 
9 87( -23 1 
9.91( -23) 
8.26( -23) 
8.31(-23) 
8.19(-23) 
7*14( -23) 
6.65(-23) 
5.93( - 23) 
5 69( - 23) 
5 .81( -23) 
5 * 42( -23) 
4.64( - 23) 
4*57(-23) 
4.43(-23) 
3.76( - 23) 
3.5'4 -23) 
3.56 -23) 
3.27 I -23) 
3.06 -23) 
2.71 I -23) 
2. b( -23) 

2.31 -23j 
2.371 -23) 
2.38 -23) 
2.48( -23) 

42 



TABLE I (Continued) 

2 - 7 9  

To - 1.0 MeV 

k (MeV) 

e -  

0.079 
0.096 
0.113 
0 .13  
0.147 
0.164 
0.181 
0.198 
0.U5 
0.233 
0.250 
0.267 
0.284 
.o. 91 
0 .-a8 
0 335 
0.352 
0.369 
0.386 
0.403 
0.420 
0.437 
0.454 
0.471 
0.488 
0.505 
0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 

0.676 
0.659 

0.693 

0.727 
0.710 

0.744 
0.761 
0.778 
0.795 
0.812 
0.829 

0.880 

0.646 
0.863 

0,897 

0.931 

0.965 
0.982 
0.999 

0.914 

0.948 

au/dndk (crn2/sr-Mev) 



TABLE I (Continued) 

- 79 

To = 1.0 MeV 

k 

0.079 
0.096 
0.113 
0.133 
0.147 
0.164 
0.181 
0.198 
0.2l.5 
0.233 
0.250 
0.267 
0.284 
0. p r  
0.318 
0 335 
0.352 
0.369 
0.386 
0.409 
0.42) 
0.437 
0.454 
0.471 
0.488 
0.505 

0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0 659 
0.676 
0.693 
0 710 
0.727 
0.7& 
0.761 
0 778 
0.795 
0.812 
0.8s 
0.846 
0.863 
0.880 
0.@7 
0.914 
0.931 
0.948 
0.965 
0.982 
0.999 

0.522 

44 



TABIE I (Continued) 

Z = 13 

To 1.7 MBV 

0 

0.156 
0.186 
0.216 
0.245 
0.275 
0.305 
0.335 

0.394 
0.424 
0.454 
0.484 
0.513 
0.543 
0,573 
0.603 
0.633 
0.662 
0.692 
0.722 
0.752 
0.781 
0.811 
0.841 
0.871 
0. !XI1 
0.930 
0.960 
0.990 
1.020 
1.050 
1.079 
1.109 
1.139 
1.169 
1.19 
1.228 
1.258 
1.288 
1.318 
1.347 

0.364 

1.3ri 
1.407 
1.4n 

1.4% 

1.586 

1.645 

1.467 

1.526 

1.615 

1.556 

1.675 

- 0 0  

8.01(-23) 

2 do/&& (a /sr-MeV) 

40 loo 200 
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TABU I (Continued) 

Z = 13 

To - 1.7 MeV 

k (MeV) 

e -  
o. 156 
0.186 
0.216 
0.245 
0.275 
0-  305 
0.335 
0.364 
0.394 
0.424 
0.454 
0.404 
0.513 
0.543 
0.573 
0.603 
0.633 
0.662 
0.692 
0.722 
0.752 

0.841 
0.871 
0.91 
0.930 
0.960 
0.990 
1.020 
1.050 
1.079 
1.109 
1.139 
1.169 
1.19 
1.228 
1.258 
1.288 
1.318 
1.347 

0. OT' 11 

. 

1- 377 
1.407 
1.437 
1.467 
1.4% 
1.526 

1.586 

1.645 

1.556 

1-61) 

1.675 

30' 

46 



TABU I (Continued) 

0.227 
0.q2 
0.317 
0.362 
0.407 
0.451 
0.4% 
0.541 
0.586 
0.631 
0.676 
0.721 
0.765 
0.810 
0.855. 
0.900 
0*%5 
0.990 
1.035 
1.079 
1.124 

1.214 
1.169 

1.259 
1.3~4 
1.348 
1.393 
1.438 
1.483 
1.528 
1,573 
1.61.8 
1.662 
1.707 
1.752 
1.797 
1.842 
1.887 
1.932 
1.976 
2. a21 
2.066 
2.111 
2.156 
2.201 
2.245 
2.290 
2.335 
2.380 
2.425 
2.470 

2 da/dndk (cm /sr-MeV) 

40 

6.34 (-23 

20° 
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TABU I1 

EWERIMWTAL EIECTRON - B R E ~ ~ ~ G  

BEAM IfARDENER 
CROSS SECTIONS OBTAINED WITH Pb 

Note: The values used in this table are to be used in preference to the 
corresponding values in Table I because of their improved statietlcal * 

0.607 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0-73 
0.744 
0.761 0.m 
0.795 
0.812 
0.829 
0.846 
0.863 
0.000 
0.8m 
0.914 
0.931 
0.948 
0.965 
0.532 
0.999 

100 200 30' 
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T U B  11 (Continued) 

0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0.727 
0.744 
0.761 
0.m 
0.795 
0.812 
0.829 
0.846 
0.863 
b.880 
0.8¶ 
0.914 
0.931 
0.948 
0.965 
0.932 
0.999 

do/&& (cm 2 /sr-MeV) 

16 200 

49 



TABU I1 (Continued) 

0.522 
0.539 
0.556 
0.573 
0.590 
0.m 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0.78 

0.761 
0.744 

0.778 

0.812 
0.829 
0.846 
0.863 
0.880 
0.897 
0.914 
0.931 
0.9 
0.965 
0.982 
9.999 

0.795 

0.522 
0.539 
0.556 
0.573 
0.590 
0.607 
0.624 
0.641 
0.659 
0.676 
0.693 
0.710 
0.727 

0.761 

0.812 
0.829 
0,846 
0.863 
0.880 
0.897 
0.914 
0.931 
0.948 
0.965 
0.902 
0.999 

0.761 

0.778 
0.7% 

2 da/dndk (cm /sr-&V) 
e =  400 

2-95 (-24) 

2 da/dOdk (cm /sr-&V) 

e -  40° 

2.49( -24) 
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2 I 13 

TO I 1.7 EeV 

k (wv) 

1.190 
1.228 
1.29 
1.288 
1.318 
1.347 
1.377 
1.407 
1.437 
1.467 
1.496 
1.526 
1.556 
1.586 
1.615 
1.645 
1.675 

0.91 
0.930 
0. w 
0.990 
1.m 
1.050 
1.079 
1.109 
1-139 
1.169 
1.19 
1.228 
1.258 
1.200 
L3l8 
1-37 
1.377 
1.407 
1.437 
1.467 
1.496 
1.526 
1.556 
1.96 
1.615 
1.645 

TABU I1 (Continued) 

do/&& (cm 2 /sr-MeV) 

e -  00 

e I 200 

100 

40' 
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TABU I1 (Continued) 

1.348 
1.393 
1.43 
1.483 
1.528 
1.573 
1.618 
1.662 
1.707 
1 * 752 
1.797 
1.842 
1.887 
1.932 
1.976 
2. a3 
2.066 
2.111 
2.156 
2.201 
2.245 
2.290 
2.335 
2.380 
2.425 
2.470 

52 

200 

2. 18 (-25) 
300 
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“The aeronadcal and space activities of the United States shall be 
condurted so ILT to confribrrte . , . to the expansion of buman knowl- 
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