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ELECTRON BREMSSTRAHLUNG PRODUCED I N  

THICK TARGETS AT INCIDENT ELECTRON 

ENERGIES'OF 0.2,  1 .0 ,  2.0,  AND 2.8 MeV 

INTRODUCTION 

A systematic experimental study of t h i ck  t a rge t  bremsstrahlung production 

w a s  i n i t i a t e d  under an e a r l i e r  NASA contract ,  as a r e s u l t  of t h e  lack of avai l -  

able bremsstrahlung da ta  i n  t h e  electron energy range around t h e  rest m a s s  

energy, which i s  t h e  region where theo re t i ca l  calculations based on t h e  Bethe- 

Hei t le r  cross sect ions are expected t o  be l e a s t  sa t i s fac tory .  Experimental 

measurement of absolute i n t e n s i t i e s  i s  of importance i n  the  space shielding 

program i n  t e s t i n g  the  v a l i d i t y  of computational programs predicting the  

bremsstrahlung production, such as t h e  Monte Carlo calculat ions of Berger and 

Seltzer', and t h e  calculations reported by Scot t .  2 

The r e s u l t s  of e a r l i e r  measurements of bremsstrahlung i n t e n s i t i e s  from 

th ick  t a r g e t s  of A 1  and Fe i n  t h e  energy range 0.5 t o  3.0 MeV were reported 

i n  an e a r l i e r  NASA r e p ~ r t . ~  

work t o  extend t h e  incident e lectron energy range down t o  0.2 MeV and t h e  

range of atomic numbers t o  include B e ,  Sn, and Au. In  t h e  present work inten- 

s i t y  measurements were made on Be,  A l ,  Fey Sn, and Au at  incident energies of 

0.2, 1.0, and 2.0 MeV, and on A l ,  Fey Sn, and Au at 2.8 MeV. 

measured a t  photon emission angles ranging from 0 deg t o  150 deg t o  t h e  inci-  

dent beam direct ion.  Targets were of su f f i c i en t  thickness i n  each case t o  

These measurements were continued i n  the  present 

In t ens i t i e s  were 

s top  t h e  electrons.  

reported earlier w e r e  remeasured i n  t h e  present work f o r  a grea te r  degree of 

accuracy, t h e  results presented i n  t h i s  report  s h a l l  replace t h e  overlapping 

data appearing i n  t h e  previous reports .  

A s  some of t h e  spec t ra  f o r  t h i ck  t a rge t s  of Al and Fe 
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EXPERIMENTAL PROCEDURE 

The experimental geometry u t i l i z e d ' i n  t h e  measurement of th ick  target 

The bremsstrahlung spec t ra  w a s  described i n  detai l  i n  NASA Report CR-334. 

e lectron beam from t h e  Van de Graaff accelerator  w a s  d i rected at normal inci-  

dence t o  the  t a r g e t ,  which w a s  enclosed i n  an evacuated sca t t e r ing  chamber as 

shown i n  Fig. 1. The bremsstrahlung radiat ion produced i n  t h e  t a rge t  and 

emerging at  an angle 0 w a s  observed with a T r a i l  and Raboy 

spectrometer. For determining t h e  electron beam current fo r  currents i n  t h e  

range 10 

bremsstrahlung measurements w a s  replaced by a beam monitoring system which 

u t i l i z e d  a second sca t te r ing  chamber, placed i n  f ront  of t h e  primary brems- 

strahlung t a r g e t  chamber. Electron currents were then determined by observing 

with a S i ( L i )  detector  t h e  electrons sca t te red  in to  a given s o l i d  angle by a 

t h i n  WNS film inser ted  i n t o  t h e  beam as it traversed the  monitor chamber. A s  

t he  thickness of t h e  film w a s  approximately 10 pg/cm2, energy loss  i n  t h e  film 

and s p a t i a l  spread of t h e  beam on the  target i n  the  bremsstrahlung chamber w a s  

negligible.  

t h e  lo-' range using a current integrator .  

4 anticoincidence 

-11 t o  lo-' amp the  electrometer used i n  the  earlier th ick  t a rge t  

Cal ibrat ion of t h i s  monitor w a s  car r ied  out at current values i n  

The technique of removing the  e f fec t  of t h e  cha rac t e r i s t i c  spectrometer 

response from t h e  pulse height spec t ra  w a s  t h a t  u t i l i z e d  i n  t h e  bremsstrahlung 

cross sect ion work i n  another NASA report5 from t h i s  laboratory. 

may be summarized: 

(spectrum A ) .  

response matrix, yielding a "smeared" spectrum (spectrum B) , which simulated 

This procedure 

A given pulse height d i s t r ibu t ion  w a s  hand-smoothed 

This smoothed d i s t r ibu t ion  w a s  then mult ipl ied by t h e  detector  
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the  d is tor t ion  produced by t he  spectrometer. Spectrum A w a s  divided, channel 

by channel, by spectrum B y  thus producing a correction f ac to r  as a function of 

pulse height channel. The or ig ina l  unsmoothed pulse height d i s t r ibu t ion  was  

then multiplied by these correction fac tors  t o  obtain the  corrected spectrum. 

Examples of the  correction fac tors  applied t o  the  pulse height da ta  are shown 

i n  Fig. 2. The curves shown are f o r  the  spectra  of aluminum, a t  a bombarding 

energy of 1 .0  MeV, a t  0 = 20 and 120 deg. 

I 

i 
I 

1 . .  
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EXPERIMENTAL RESULTS 

1 

The experimental spec t r a l  d i s t r ibu t ions  of bremsstrahlung in t ens i ty ,  

kdn/dkas2 (k  = photon energy, n = number of photons), f o r  values of t h e  

bombarding energy T of 0.2, 1.0,  2.0, and 2.8 MeV are presented i n  Figs. 

3-22 fo r  t a r g e t s  of t he  specif ied thicknesses. A t  each bombarding energy 

the  t a rge t  thicknesses were equal t o  or s l i g h t l y  grea te r  than t h e  mean 

range for  e lectrons at t h a t  energy, as given by Berger and Se l tzer  . 
The spectra  are d is t r ibu t ions  of t h e  external  radiat ions emitted from 

t h e  t a rge t  s labs  and hence include no corrections f o r  photon attenuation 

i n  the  t a r g e t  mater ia l .  

0 

8 

The in t ens i ty  spectra  from B e ,  A l ,  Fey Sn, and Au at  0.2 MeV bombard- 

ing energy, seen i n  Figs. 3-7, exhibi t  increasing hardness with atomic 

number Z f o r  a l l  photon angles,  becoming nearly f l a t  f o r  Au i n  t h e  region 

0.5 To<k< 0.75 To. 

backward d i rec t ion  t o  t h e  forward angles. An addi t ional  fac tor  a f fec t ing  

the  shape of t he  spectra  below approximately 0.5 T i s  photon attenuation 

i n  the  t a rge t  which i s  seen t o  increase with atomic number. In  t h e  case 

of t he  Au spec t ra ,  shown as histograms i n  Fig. 7 ,  several  fac tors  compli- 

ca te  t he  removal of t h e  spectrometer response from the  pulse height spec- 

t ra  below about k = 0.5 To. 

lung spectrum at 70 keV i s  t h e  cha rac t e r i s t i c  K x-ray from Au. 

Spectral  hardening i s  a l so  seen i n  going f romthe  

0 

Superimposed on the  continuous bremsstrah- 

I n  t h i s  

region t h e  continuous spectrum is decreasing sharply due t o  a t tenuat ion 

i n  the  t a rge t .  The spec t r a l  shape i n  t h i s  region i s  fur ther  d i s to r t ed  



by t h e  sharp change i n  t h e  photon absorption i n  Au around 80 keV due t o  

t h e  t r a n s i t i o n  i n  t h e  photoelectr ic  absorption coef f ic ien t  at t h e  K edge. 

Above t h e  K absorption edge, as t h e  photon energy decreases, t h e  attenua- 

t i o n  rapidly increases.  

t h e  at tenuat ion drops sharply. The resu l t ing  enhancement i n  t h e  spectra  

at t h i s  energy combines with t h e  Au K x-ray causing a broadening of t h e  

x-ray peak and an apparent detector  resolut ion of about twice t h e  ac tua l  

resolut ion of 22%. 

considerably l e s s  than t h e  resolut ion width of t h e  de tec tor ,  t h e  de ta i led  

s t ruc ture  of t h e  spectrum i n  t h i s  region i s  not accurately re t r ievable  

from t h e  pulse height data.  Thus t h e  Au spectra  a t  t h i s  bombarding energy 

On t h e  low energy s ide  of t h e  absorption edge 

A s  these e f f e c t s  a l l  occur within an energy region 

are p lo t ted  as histograms t o  indicate  t h e  degree of uncertainty i n  t h e  

spectra .  . 

Although a l l  t h e  

60 deg spectrum shows 

c h a r a c t e r i s t i c  x-ray, 

hand, i n  t h e  backward 

forward angle spec t ra  a r e  s i m i l a r  i n  shape, t h e  

somewhat grea te r  a t tenuat ion i n  t h e  region of t h e  

r e s u l t i n g  i n  addi t ional  uncertainty.  On t h e  other  

d i rec t ion  at tenuat ion i s  a less s igni f icant  fac tor  

a f fec t ing  t h e  shape of t h i s  portion of t h e  spectrum, and t h e  contribution 

from t h e  c h a r a c t e r i s t i c  x-ray i s  r e l a t i v e l y  small compared t o  t h e  continuous 

spectrum. 

and i s  higher than t h e  forward spectra  at low photon energies.  

i s  a l so  s i g n i f i c a n t  i n  t h e  Sn spectra  a t  t h e  forward angles. 

t h e  complexity a r i s i n g  from t h e  K x-ray and t h e  discont inui ty  i n  t h e  photo- 

e l e c t r i c  absorption coeff ic ient  is  absent,  s ince these  e f f e c t s  occur i n  t h e  

energy region below t h e  instrumental cut-off. 

Hence t h e  120 deg spectrum crosses t h e  forward angle spectra  

Attenuation 

However, 
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A t  1 .0  MeV bombarding energy in t ens i ty  spectra  are shown fo r  Be, Al, Fey 

Sn, and Au i n  Figs. 8-13. 

photon angles only, as the  y i e ld  at t h e  backward angles f o r  l o w  atomic number 

approaches t h e  magnitude of t h e  room background, thus prohibit ing reasonable 

counting s t a t i s t i c s .  The increasing portion of t he  t o t a l  y i e ld  emitted i n  

the  backward d i rec t ion ,  with increasing atomic number can be observed i n  a 

comparison of t h e  Al spectra ,  Fig. g Y  with the  Au spectra ,  Fig. 12 .  A t  a pho- 

ton energy k = 0.85 To, f o r  example, t h e  in t ens i ty  from Al i s  nearly three  

orders of magnitude lower at 150 deg than at 0 deg, while fo r  Au the  corres- 

ponding in t ens i ty  at 150 deg i s  only one order lower than at 0 deg. 

intermediate Z mater ia l ,  Fey Fig. 10 ,  the  corresponding in t ens i ty  at 150 deg 

is two orders lower. 

i s  seen t o  be smaller than a t  0.2 MeV, with no subs tan t ia l  e f fec t  f o r  k > 0.2 To. 

For B e ,  Fig. 8,  spectra  were taken at t h e  forward 

For an 

The portion of t h e  spectra  affected by photon attenuation 

In the  higher Z materials Sn and Au at 1 . 0  MeV, shown i n  Figs. 11 and 1 2 ,  

i n  t h e  photon energy region below approximately 0.25 T 

over t o  lower in t ens i t i e s  i n  going from 0 deg t o  75 deg due t o  t h e  increasing 

attenuation i n  t h e  increasing s l an t  thickness of t a rge t  material  as t h e  photon 

angle 0 i s  increased. Hence the  forward angle spectra  cross over and f a l l  

below the  backward spectra  at 120 and 150 deg, where t h e  detector observes 

t h e  photons emitted from the  incident face of t he  t a rge t  where t h e  at tenuat ion 

is  small. The e f f ec t  of atomic number on t h e  in t ens i ty  spectra  d i f f e r e n t i a l  

i n  photon energy and angle at a bombarding energy of 1 .0  MeV and an emission 

angle of 10 deg i s  shown i n  Fig. 13. 

t he  spectra  tend t o  bend 
0 

A t  2.0 MeV bombarding energy, Figs. 14-18, t he  forward-direction "peaking" 

of t h e  in t ens i ty  with increasing To becomes apparent i n  t h e  d i f f e r e n t i a l  



spec t ra  when these spectra  are compared with t h e  spectra  at 0.2 

For A 1  at To = 2.0 MeV f o r  example, t he  in t ens i ty  at 0 deg and k = 0.5 To i s  

approximately three  orders of magnitude grea te r  than at 150 deg, whexeas f o r  

A1 at  0.2 MeV the  in t ens i ty  at 0 deg, k = 0.5 T ,is only a fac tor  of 5 grea te r  

than t h a t  at 150 deg. For low atomic numbers t h i s  e f f ec t  becomes more pro- 

nounced with increasing photon energy, as t h e  spectra  f a l l  off toward t h e  high 

energy end more rapidly as t h e  emission angle is increased. By comparing the  

same spectra  from A1 ( Z  = 13) a t  k = 0.85 To, it i s  seen t h a t  t he  0 deg in tens i ty  

at To = 2.0 MeV i s  nearly f ive  orders of magnitude grea te r  than t h e  150 deg 

in t ens i ty ,  while a t  T = 0.2 MeV the  0 deg in tens i ty  i s  only a f ac to r  of 20 

grea te r  than t h e  150 deg in t ens i ty  at tha t  photon energy. 

and 1.0 MeV. 

0 

0 

The in t ens i ty  measurements at 2.8 MeV bombarding energy fo r  A l ,  Fe, Sn, 

and Au are  shown i n  Figs. 19-22. Spectra a re  given f o r  t h e  forward direct ion 

only f o r  Sn and Au, as at t h i s  energy the  radiat ion i s  most peaked i n  t h i s  

direct ion and the  low yield-to-background r a t i o  at backward angles again pro- 

h ib i t ed  the  gaining of meaningful data at these angles. 

The measured bremsstrahlung in tens i ty  d is t r ibu t ions  at each bombarding 

energy, kdn/dkdQ, were integrated over t he  forward angles 0-90 deg and over 

a l l  angles 0-180 deg. 

u t i l i z e s  unequal increments i n  the  integrat ion var iable ,  w a s  u t i l i zed .  The 

r e s u l t s  of these integrat ions are given f o r  each incident e lectron energy as 

a function of atomic number i n  Figs. 23-30. 

deg are generally s i m i l a r  i n  shape t o  the  d i f f e r e n t i a l  spec t ra  observed i n  t h e  

.region from 0 = 45 t o  75 deg, as these points are weighted heavily by t h e  s i n  

For t h i s  integrat ion a modified Simpson's ru l e ,  which 

The spectra  integrated over 0-90 

0 f ac to r  i n  t h e  Simpson integrat ion.  A t  To = 2.0 and 2.8 MeV comparison of 
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t he  forward angle integrat ions with t h e  integrat ions from 0 t o  180 deg show 

similar spec t r a l  shapes f o r  t h e  low Z materials, with an increasing contribution 

t o  t h e  l o w  energy end of t he  spectrum f romthe  backward angles f o r  higher atomic 

numbers, due t o  t h e  absence of appreciable a t tenuat ion when t h e  photons are ob- 

served f romthe  incident-beam side of t h e  t a rge t .  

from a similar comparison there  i s  an appreciable contribution from t h e  backward 

angles for k<0.5 T even f o r  t h e  low Z materials A1 and Be.  

A t  To = 0.2 MeV, however, 

0 

Angular d i s t r ibu t ions  of t he  bremsstrahlung i n t e n s i t i e s  integrated over 

photon energy, dI/dS2, a re  given i n  Figs. 31-34. 

out f o r  photon energies greater  than a cut-off energy which var ies  i n  these 

integrat ions with t h e  bombarding energy. The respective cut-off energies 

The integrat ions are car r ied  

f o r  To = 0.2,  1 . 0 ,  2.0,  and 2.8 MeV are  36 keV, 5O,keV, 133 keV and 171 keV. 

The forward peaking with increasing bombarding energy of t h e  in tens i ty  per 

un i t  s o l i d  angle i s  qui te  apparent from these d is t r ibu t ions .  The dashed l i n e s  

connecting t h e  experimental data points converge t o  a value of zero at 90 deg 

because at t h i s  angle f o r  normal e lectron incidence the  photon detector 

observes an i n f i n i t e  thickness of t a r g e t  material .  

The t o t a l  energy radiated from the  t a rge t s  w a s  determined by integrat ing 

t h e  spectra  over photon energy and angle. The t o t a l  energy radiated,  as a 

function of e lectron energy and atomic number, i s  shown i n  Fig. 35. The so l id  

l i n e s  are least squares f i t  t o  t h e  experimental data  points .  From these 

p lo t s  t h e  t o t a l  external  energy E, in tegrated from 0 t o  180 deg may be wri t ten:  

2.16 

2.02 
0 

= 1 . 4  x T 

= 4.6 x T E A l  0 
-2 1.91 = 1.0 x 10 To EFe 
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-2 2.07 = 1.6  x 10  To 

= 2.3 x 10 To 

ESn 

EAu 
-2 1.90 

where E i s  i n  MeV/electron and T i s  i n  MeV. If  t h e  Z dependence i s  removed 
0 

from the  coef f ic ien t  i n  t h e  above expressions the  t o t a l  energy may be wr i t ten  

as : 

A E = CZTo , 1 

The values of C and A f r o m t h e  data of Fig. 37 then a re  given i n  t h e  following 

table : 

z C A 

4 3.53 2.16 

13 3.51 x lf4 2.02 

26 3.85 1.91 

‘ 50 3.24 x 2.07 

79 2.96 1.90 

A de ta i led  discussion of t h e  experimental e r rors  i n  t h e  measurement of 

bremsstrahlung cross sections w a s  given i n  reference 4.  A s  t he  experimental 

geometry used i n  t h e  th ick  

same, t h e  sources of e r r o r  

sect ion measurements. The 

energies 1.0,  2.0, and 2.8 

(1) Electron current 

t a rge t  in tens i ty  measurements w a s  e s sen t i a l ly  t h e  

f o r  t h e  most par t  are those t h a t  apply t o  t h e  cross 

e r rors  i n  the  present measurements a t  e lectron 

MeV may be summarized as follows: 

integrat ion:  + 5% 

(2) Detector eff ic iency - Sol id  angle fac tor :  

and - + 5% f o r  k>2.0 MeV. 

- + 3% f o r  k<2.0 MeV 
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( 3 )  Electron beam energy: 

(4) Errors introduced by photon angle measurement: 2 3%. 

( 5 )  S t a t i s t i c a l  f luctuat ions:  + 3% below 0.5 T f o r  W90 deg; 

+ 1.5% at  1.0 and 2.0 MeV; + 2.5% at  2.8 MeV. - - 

0 - 
+ 6% below 0.5 To f o r  0c90 deg; 2 5% at 0.9 T 

+ 30-60% above 0.9 T 

f o r  0 = 0 deg; 
0 - 

f o r  0> 30 deg. 
0 - 

(6 )  Detector response removal: I n  regions where t h e  s p e c t r a l  values 

decrease slowly as t h e  photon energy' increases t h e  method of 

response removal i s  accurate t o  within 3%. 

end-points t h e  uncertainty increases t o  approximately 15% at  0.9 T 

and 30 t o  60% a t  t h e  high energy l i m i t .  

a t  1 . 0  and 2.0 MeV, which f a l l  off  sharply at t h e  low photon 

energy end due t o  a t tenuat ion,  addi t ional  uncertainty is  introduced 

Near t h e  s p e c t r a l  

0 

In  t h e  Sn and Au spec t ra  

i n t o , t h a t  s p e c t r a l  region by t h e  method of response removal used, 

s ince t h e  ' ' tai l" portion of t h e  response matrix becomes more sig- 

n i f i c a n t  with respect t o  t h e  bremsstrahlung y i e l d ,  and s ince some 

d i s t o r t i o n  r e s u l t s  from t h e  presence of t h e  K x-ray. This e f f e c t  

i s  grea tes t  i n  t h e  1 .0  MeV Au spectrum at 75 deg. The lowest 

p lo t ted  point i s  i n  e r r o r  possibly by as much as a f a c t o r  of 2. 

However, t h e  next po in t ,  at 132 keV, has an estimated uncertainty 

of 30%. A t  the  other  forward angles f o r  gold, and a t  75 deg f o r  

Sn a t  1 . 0  MeV incident energy t h e  estimated e r r o r  i n  t h e  lowest 

point (100 keV) is  20%. 

2.0 MeV spectrum f o r  Au at  75 deg f o r  which t h e  estimated e r r o r  

Also affected by t h i s  a t tenuat ion i s  t h e  

i n  t h e  lowest p lo t ted  point  at 222 keV i s  10%. 
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The combined error in the measurements at T = 1.0, 2.0 and 2.8 MeV is 

estimated to be - + 15% for  photon energies below 2 MeV in the region 0.15 To 

to 0.9 T 

and 79. 

is - + 18%. 

0 

for  Z = 4, 13, and 26, and in the region 0.30 To to 0.9 To for Z = 50 
0 

For photon energies above 2 MeV and below 0.9 To the estimated error 

In the data at 0.2 MeV the estimated error is - + 20% for O< 90 deg 

, I.. and - + 30% f o r  O> 90 deg. 

i 
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FIGURE 1. EXPERIMENTAL ARRANGEMENT OF BREMSSTRAHLUNG CHAMBER AND 
SPECTROMETER . 
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ELECTRONS ON A T H I C K  BE TARGET 
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FIGURE 6. BREMSSTRAHLUNG DIFFERENTIAL INTENSITY SPECTRA FOR 0.2 MeV 
ELECTRONS ON A THICK Sn TARGET. 
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FIGURE 8. BREMSSTRAHLUNG DIFFERENTIAL  INTENSITY SPECTRA FOR 1.0 MeV 
ELECTRONS ON A T H I C K  Be TARGET. 
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FIGURE 17. BREMSSTRAHLUNG D I F F E R E N T I A L  I N T E N S I T Y  SPECTRA FOR 2.0 MeV 
ELECTRONS ON A T H I C K  Sn TARGET. 
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FIGURE 18. BREMSSTRAHLUNG DIFFERENTIAL INTENSITY SPECTRA FOR 2.0 MeV 
ELECTRONS ON A THICK A u  TARGET. 
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ELECTRONS ON A T H I C K  A1  TARGET. 
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FIGURE 20. BREMSSTRAHLUNG DIFFERENTIAL INTENSITY SPECTRA FOR 2.8 MeV 
ELECTRONS ON A THICK Fe TARGET. 
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FIGURE 21. BREMSSTRAHLUNG DIFFERENTIAL INTENSITY SPECTRA FOR 2.8 MeV 
ELECTRONS ON A THICK Sn TARGET. 
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FIGURE 23. BREMSSTRAHLUNG INTENSITY SPECTRA, INTEGRATED OVER THE FORWARD 
ANGLES 0 - 90 DEG FOR 0.2 MeV ELECTRONS ON THICK TARGETS OF Be, 
A1 , Fey and Sn.  
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0-180 DEG FOR 0.2 MeV ELECTRONS ON THICK TARGETS OF Be, A l ,  
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FIGURE 27. BREMSSTRAHLUNG INTENSITY SPECTRA, INTEGRATED OVER A L L  ANGLES 
0 - 180 DEG FOR 1 .O MeV ELECTRONS ON T H I C K  TARGETS OF A1 , Fey 
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FIGURE 34. ANGULAR DISTRIBUTIONS OF BREMSSTRAHLUNG INTENSIT IES,  INTEGRATED 
OVER PHOTON ENERGY, k > 0.171 MeV, FOR 2.8 MeV ELECTRONS ON 
THICK TARGETS OF A l ,  Fe, Sn, AND Au. 
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