
Penetration of Electrons and Associated*Bremsstrahlung 
through Aluminum Targets 

M. J, Berger and S. M. Seltzer 
National Bureau of Standards 

Washington, D. C. 

This paper contains a brief description of Monte Carlo programs 
designed to calculate the transport of fast electrons and associated 
bremsstrahlung through extended media. 
cussedr 
and ( 2 )  emergence of secondary bremsstrahlung from such targets. It 
is shown that the predicted results are in reasonably good agreement 
with recent experiments for electron beams with energies up to 8 MeV 
incident normally on aluminum targets. 
for transmission. and thick-target bremsstrahlung production are pre- 
sented for aluminum targets exposed to an isotropic electrun flux. 

Two applications are dis- 
(1) transmission of electrons through plane-parallel targets, 

Extensive new calculated data 

* Work supported by National Aeronautics and Space Administration 
under Contract R-80. 
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1. Introduction 

(1) t o  review t h e  s t a t u s  uf This paper has two purposes! 

e lectron and photon t ransport  calculat ions t h a t  have been done 

i n  recent years a t  the  National Bureau of Standards under t h e  

sponsorship of the  National Aeronautics and Space Administration; 

and (2) t o  present r e s u l t s  on the  transmission of e lectrons through 

aluminum and on the  production of thick-target bremsstrahlung i n  

such targets. 

f o r  e lec t ron  beams incident perpendicularly on t h e  target .  In  

addition, extensive information i s  presented f u r  a s i tua t ion  of 

Comparisons are made with recent experimental data  

prac t ica l  importance f o r  which d i r e c t  experimental data are lacking, 

namely, aluminum ta rge t s  exposed t o  an i so t ropic  e lectrun flux. 

The assumed source-medium cunf iguration has been kept simple. 

It involves a broad incident  e lectron beam, and a plane-parallel 

target t h a t  i s  f i n i t e  i n  one dimension and unbounded i n  the  u the r  

two. Results f o r  such a simple configuration provide an under- 

standing of t h e  e s sen t i a l  features  of electron t ransport  i n  extended 

matter, and allow f o r  convenient d i r e c t  comparison with corresponding 

experiments. 

check the  v a l i d i t y  of mure appruximate calculat ional  procedures that 

may have t u  be used f o r  t he  solut ion of cmplex  engineering problems. 

They a l s o  provide reference da ta  which may be used to 
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The computer programs that have been developed provide 

information about: 

(2) production of bremsstrahlung photons in targets of arbitrary 

thickness, and the emergence of these photons from the target5 

(1) transmission and reflection of electrons; 

(3) depositiun of energy and charge by the incident electron beam 

in the targets (4) the energy spectrum of the electron flux (both 

primary and secondary) as a function of the depth in the medium, 

In the earlier stages of our wurk, a number of different programs 

were developed which treated these problems separately, With the 

availability of ever larger computer memories the trend has been 

to combine these into one master pragram, In the present paper, 

information of types (1) and (2) only is presented. Preliminary 

results fur items (3)  and (4) will be presented elsewhere. 1/ 

2. Method of Calculation 

The required task is to solve an electron-photon cascade problem 

in which each type of radiation acts as a source fur the other. The 

determination of the photon component af the cascade is done by con- 
- 

ventional randem sampling imitating the physical processes of photo- 

electric absorption, Compton scattering and pair production. Elec- 

tron collisions (elastic as well as inelastic) are too numerous to 

be followed individually. Electron tracks are therefore sampled by 
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l e t t i n g  t h e  e l ec t rons  c a r r y  o u t  a random walk wcth t r a n s i t i o n  proba- 

b i l i t i e s  derived from a n a l y t i c a l  mu l t ip l e  scattering theor ies ,  

cu l a t ions  according t o  such a random-.walk mcsdel have been ca r r i ed  

o u t  a l ready by several authors. ’-’’ 
pear  t o  be m a r e  detailed than m o s t  &hers in t h e  l i t e r a t u r e ,  and 

are an e labora t ion  of those described earlier i n  Ref. 6 ,  

Cal- 

The procedures used by u s  ap- 

W e  shall nuw descr ibe t h e  sampling r u l e s  used i n  our most up- 

Some of the r e s u l t s  t o  be to-date Monte C a r l o  program (ETRAN 15). 

given below w e r e  obtained w i t h  earlier programs which I n  s o m e  c a s e s  

have lesser gene ra l i t y  and make m o r e  approximatiuns. A comparison 

of  t hese  programs is  given i n  Table 1. 

2.1. Each t rack  

i s  divided into many major segments which we cal l  s teps ,  I n  an 

aluminum medium the  s tep-s ize  i s  chosen so that the e l e c t r o n  energy, 

on the  average, decreases  by a f a c t o r  2 -8 
p e r  step. Each s t e p  i s  

i n  turn  subdivlded i n t o  fou r  equal subdivisions which are ca l led  

shor t  s teps .  The choice of s t e p  s i z e s  i s  determined by t h e  condi- 

t i o n s  of v a l i d i t y  of t h e  mul t ip le  s ca t t e r ing  theo r i e s  used and by 

t h e  requirement t h a t  a f u r t h e r  decrease of the s tep  s i z e  should 

not change t h e  f i n a l  r e s u l t s  significantly. 
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c 

2e2, A t  t he  end of 

each short  s tep  the  d i r ec t ion  of t h e  e l e c t m n  i s  allowed to change 

i n  conformity with the  ne t  multiple sca t te r ing  angular def lec t ion  

sampled from the  Goudsmit-Saunderson d is t r ibu t ien .  This d i s t r ibu-  

t i o n  has t he  form of a long Legendre series whose coef f ic ien ts  are 

determined by the  Mott single-scattering cross section, Screening 

e f f e c t s  are taken in to  account i n  t h e  same manner a s  i n  the mult iple  

sca t te r ing  theory of Molihre, 

2.3. Multiple I n e l a s t i c  Scat ter ing by Atomic Electrons, The 

energy loss resu l t ing  from the  cumulative e f f e c t  of many inelastic 

co l l i s ions  i n  each s tep  i s  sampled from the Landau d i s t r ibu t ion  

(modified i n  t h e  manner of Blunck and Leisegang t o  take in to  account 

binding ef fec ts ) ,  
* 

* I n  some of t h e  simpler Monte Carlo models, based on the so-called 

continuous slowing down approximation, t he  c o l l i s i o n  energy loss i s  

taken to be t h e  product of t h e  mean lo s s  (given by the  Bethe stopping 

power formula) and the length of t he  step. 
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2.4. Knock-on Electrons, The production uf secondary electrons 

(with energies grea te r  than some chosen cut-ff value) i s  sampled 

from a probabi l i ty  d i s t r ibu t ion  derived f r o m  t he  Wler cross section. 
* 

___ - _ _  

* This cross sect ion appl ies  unly t o  the  scattering of  e lectrons by 

f r e e  electruns and does not take i n t o  account binding effects .  It 

can therefore  be used only f o r  primary electron energLes that a r e  a 

mod deal l a rge r  than the  atomic binding energies involved (1.56 kev 

f o r  aluminum), Reliable infomat ion  about electron-electron sca t te r ing  

with binding e f f ec t s  i s  not availabl& 

The h i s t o r i e s  of t h e  secondary electrons are fullowed i n  turn. 

a l l  required generations of knock-on e lec t rons  are included, 

Eventually 

2.5. Bremsstrahlung. The production of bremsstrahlung quanta i s  

sampled from a probabi l i ty  d i s t r ibu t ion  derived from t h e  best  ava i lab le  

theore t ica l  bremsstrahlung cross  sect iuns (Bethe-Heitler theory plus  

refinements). W e  have used a cross sect ion package e s sen t i a l ly  

equivalent with t h a t  recommended i n  a review ar t ic le  by Koch and Motz 

which includes, a t  l e a s t  approximately, t h e  e f f ec t s  of screening, the  

Coulomb correction, and t h e  exact high-frequency l i m i t .  Koch and Motz 

lo/  

a l so  suggest mult ipl icat ion of t h e  cross sect ion by empirical correction 

f ac to r  t h a t  depends on the  energy of t h e  electron before the  bremsstrahlung 
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event, For aluminum this  cor rec t ion  f a c t o r  d i f f e r s  frdm un i ty  

most a t  an energy of 0,s MeV where it has t h e  va lue  1.3. We 

have used t h i s  cor rec t ion  f a c t u r  i n  some but  nu t  i n  a l l  of o u r  

ca 1 cula  t ion s. 

The energy given t o  a bremsstrahlung photun i s  subtracted 
* 

from the  energy of t h e  electron. The h i s to ry  of t h e  photons 

- - 

* Ih some of t h e  simpler Monte Carlo models w e  have not  sampled 

t h e  occurrence of bremsstrahlung events ,  but have simply sub- 

t r a c t e d  the  mean r a d i a t i v e  energy loss i n  each shor t  s t e p  from 

t h e  e lec t ron  energy. 

i s  followed i n  turn,  as are t h e  h i s t o r i e s  of t h e  photQ-electrons, 

Comptun e l ec t rons  and electron-posi t ron p a i r s  r e s u l t i n g  from photon 

in t e rac t ions  wi th  the  medium. 

pos i t rons  are t r e a t e d  as i f  they w e r e  e lectrons.  

t reatment  i s  planned which w i l l  t ake  i n t o  account electron-positron 

d i f fe rences  i n  energy loss, knock-on production and mul t ip le  elastic 

sca t te r ing .  

I n  t h e  present  vers ion  of t h e  program 

A m e r e  r e f ined  
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2.6. Boundary Crossings, The program is set up so as to treat 

simultaneously many slab targets with different thicknesses. 

crossings (transmission or reflection) of electrons usually occur in 

the middle of a short step, The energy and direction at the time of 

crossing are determined by the energy and direction at the beginnlng 

of this short step modified in two waysr 

energy loss in the fraction of the step te the buundary (sampled 

again from the Landau distribution), 2) by a smaIl additional de- 

Boundary 

1) by a small additional 

flection sampled from an exponential approximation to the GQudsmit- 

Saunderson distribution. The assumption is built into this pro- 

cedure that the path of the electron is rectilinear in each short 

step, the entire trajectory having the form of a polygon, 

experimentation indicated to us that with the step-size finally 

chosen the error introduced by this approximation was not significant. 

Far the evaluation of the emergence of the phutons from the target 

Numerical 

such an approximation is not needed. 

ing we compute the probability that the photon, after the collision, 

will escape from the target without any further interaction. 

average value of this probability then provides an estimate of the 

emergent number of photons. 

For each sampled photon scatter- 

The 
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2.7, Approximations, Certain simp1 if icatiuns are introduced 

into the Monte Carlo model which involve mainly the neglect of cor- 

relations, The electrons are not allowed to be deflected as the 

result of bremsstrahlung events! this type uf deflection is assumed 

to be included in the large-angle tail of the Gaudsmit-Saunderson 

multiple scattering distribution, Thus we neglect the correlation 

of sudden large deflections and large bremsstrahIung losses. 

Similarly, inelastic collisions resulting in the appearance of knock- 

on electrons are not allowed tu result in a deflection of the primary 

electron; this type of deflection is taken into account approximately 

by an inelastic scattering due tu Fanu whfch is incorporated into the 

Goudsmit-Saunderson distribution. Thus the correlation between 
* 

* We do nut regard our present procedures for treating inelastic 
scattering as entirely satisfactory, and are working on improvements. 

large energy losses and deflections in inelastic scattering events is 

neglected. The energy of a secondary knuck-on electron is not sub- 

tracted from the energy of the primary electron producing it; the 

energy loss of the primary is determined entirely by the Landau 

distribution. This implies neglect of the correlation between the 

occurrence of large energy losses of primary electrons and the ap- 

pearance of energetic delta rays, 
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I n  t h e  sampling of t h e  production of bremsstrahlung photons 

and knock-un e l ec t rons  t h e  energy of t h e  primary e l ec t ron  a t  any 

poin t  wi th in  a s t e p  i s  taken to be weighted average of t h e  energ ies  

a t  t h e  beginning and a t  the end of t h e  step,  I n  o t h e r  words, energy- 

loss s t r agg l ing  i s  allowed only a t  t h e  end of each s tep ,  bu t  w i th in  

a s t e p  t h e  continuous-slowing-dum approximation i s  used. 

W e  w e r e  r e l u c t a n t  t o  introduce t h e s e  approximations but w e r e  

f i n a l l y  l ed  to adopt them because they considerably s implify and 

shorten the  calcuIat ions,which a l ready  are lengthy enough, W e  con- 

vinced ourselves  by t r i a l  ca l cu la t ions  with var ious  models t h a t  t h e  

e r r o r s  r e s u l t i n g  from t h e  approximations are l i k e l y  to be s m a l l .  

Our program c e r t a i n l y  could be improved i n  var ious  respec ts  i f  one 

wanted t o  take  t h e  t rouble ,  bu t  w e  t h ink  it  i s  s u f f i c i e n t l y  accura te  

f o r  many app l i ca t ions  i n  space science and technology, and com- 

mensurate i n  i t s  d e t a i l  wi th  the  prec is ion  of t h e  a v a i l a b l e  input  

c ross  sections.  

2.8. Preparat ion uf Input  Da ta .  The sampling procedures out- 

l i ned  above r e q u i r e  as input  t h e  va lues  of many c ross  sec t ions  and 

mul t ip le  s c a t t e r i n g  d i s t r i b u t i o n s  a t  a l a r g e  number of energies  and 
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angles. Numerical experimentation ind ica t e s  t h a t  t h e  Monte Carls 

r e s u l t s  depend q u i t e  s e n s i t i v e l y  on most of t h e  input  information, 

so t h a t  approximation of t h e  input  by crude and simple formulas i s  

no t  appropriate.  

Carlo computations it would be  p roh ib i t i ve ly  time-consuming to 

evaluate t h e  d a t a  every t i m e  when needed. 

t o  g rea t  lengths  t o  t a b u l a t e  a l l  t h e  input  d a t a  once and f o r  a l l  

i n  a form convenient for t a b l e  look-up. The evaluat ion and pre- 

d iges t ion  of inpu t  d a t a  i s  ca r r i ed  on i n  a program called WTAPAC 

which generates  t y p i c a l l y  on the  o rde r  of 20,000 words of infurma- 

t i o n  and s t o r e s  them on magnetic tape  for later use  by ETRAN 15. 

Even DATAPAC does not  cumpute a l l  c ross  sec t ions  and o t h e r  da t a  

Because of t h e  r e p e t i t i v e  n a t u r e  of the  Monte 

W e  have the re fo re  gone 

from sc ra t ch  but  makes use of an extensive t a p e  library wi th  cross 

sect ion information f o r  approximately f i f t y  elements, compounds 

and mixtures, 

3. 

3.1, When present ing transmission and thick-target  

bremsstrahlung d a t a  as func t ion  of t h e  target thickness ,  we  f i n d  

it convenient to use t h e  scaled thickness  z/r where z i s  t h e  

actual thickness,  and r t h e  mean e l ec t ron  range a t  t h e  source 

energy T 

on t h e  source energy is g r e a t l y  reduced so t h a t  i n t e rpo la t ion  wi th  

r e spec t  t o  T i s  much easier. A shor t  l i s t  of r -values f o r  aluminum 

0' 

0 

By t h i s  choice o f  va r i ab le  t h e  dependence of t h e  r e s u l t s  
0. 

0 0 

.. - 
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i s  given i n  Table 2, 

the  reciprocal of t h e  mean energy l u s s  by c o l l i s i o n  and radiat ion,  

Le. r 0 = -L (dE/ddU1dT. 

These values w e r e  obtained,by in tegra t ing  

TU 

3.2. Electron Transmission (Perpendicular Incidence). Figures 

1 and 2 contain comparisons between Monte Carlo r e s u l t s  and recent  

experiments by Jup i t e r ,  Merkel and Lonergan’” (source energy 8.2 MeV) 

and by Rester and Dance’” (source energy 1 Mev) un t h e  transmission 

of e lectrons through aluminum targets ,  The Monte Carlo r e su l t s ,  ob- 

tained with t h e  computer program ETRAN 9, are i n  each case based on 

a sample of 30,000 electron his tor ies .  Comparisons are made f o r  t he  

energy spectra of t h e  transmitted electrons emerging at  various 

angles with respect  t o  t h e  d i rec t ion  of incidence. On the whole 

there  i s  a reasonably good agreement between the  calcuIated and 

measured spectra but there  are discrepancies which ind ica te  a 

possible  need f o r  fu r the r  wurk. The f u r t h e r  study of t he  location 

and pa r t i cu la r ly  the  width of t h e  peak of t h e  spectrum would be of 

i n t e re s t ,  

somewhat greater  than the calculated width, 

can think of a few effects t h a t  might broaden the spectrum, e,g. 

the  energy spread of t h e  incident beam around the  nominal source 

energy, a possible  angular divergence of t h e  incident beam, etc. 

There i s  a tendency f a r  t h e  experimental width to be 

m e r i m e n t a l l y  one 
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0.224 

0.255 

0.287 

0.351 

0.417 

0.483 

0.549 

0.683 

0.816 

0.949 

1.08 

1.21 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

7.0 

8.0 

9.0 

10.0 

1.54 

1.86 

2.17 

2.4% 

2.78 

3.08 

3.37 

3.66 

4.23 

4.78 

5.32 

5.84 

Table 2. Electron Mean Ranges i n  Aluminum 
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Comparisons wi th  o t h e r  experimental r e s u l t s  are now i n  progress. 

13/ W e  show one of them i n  Fig. 3, with  an experiment by Van Ramp 

designed to  measure t h e  transmission spectrum i n  the  farward 

d i r ec t ion  wi th  great accuracy i n  t h e  v i c i n i t y  of the spectral 

peak. I n  t h i s  case, f o r  relatively t h i n  aluminum t a r g e t s  and 

a source energy of 3.66 MeV, t h e  agreement wi th  t h e  Monte C a r l o  

r e s u l t s  i s  r a t h e r  close. 
-"$ : 

3.3,  Thick-target Bremsstrahlung (Perpendicular Incidence). 

Figures 4-6 contain comparisons, f o r  source energ ies  up to 2 MeV, 

between ca lcu la ted  and experimental results f o r  t h e  d i s t r i b u t i o n  

i n  energy and angle  of bremsstrahlung photons emerging fram th ick  

ta rge ts .  The Monte Carlo r e s u l t s  shown w e r e  obtained wi th  t h e  

program THICJKBRM which employs t h e  cuntinuous-slowing-down 

approximation. Recent t r i a l  ca l cu la t ions  wi th  t h e  program ETRAN 15 

ind ica t e  t h a t  t h e  inc lus ion  of energy-loss s t r agg l ing  raises t h e  

amount of bremsstrahlung from an aluminum t a r g e t  by only 1-2 per- 

cent  f o r  a source energy of 2 MeV. 
* 

* The s t r agg l ing  effect i n  aluminum increases  w i t h  source energy 

and i s  estimated t o  raise t h e  bremsstrahlung y i e l d  by 5-6 percent  

a t  5 MeV and by 7-8 percent  a t  10 MeV. 
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Figures 4 and 5 contain comparisons with the experimental 

r e s u l t s  of Dance and Baggerl~,’~’ mainly f u r  aluminum but a l s o  

f o r  i ron and gold. 

based on a sample of 2,500 e lec t ron  h i s to r i e s  and 125,000 photon 

h i s t o r i e s  for each case. For aluminum and i ron,  a bremsstrahlung 

The corresponding Monte Carlo r e s u l t s  a r e  

* 

* The number of bremsstrahlung photons per e lec t ron  was a r t i f i c i a l l y  

increased to obtain b e t t e r  s ta t  ical  accuracy, and t h i s  increase 

was compensated by giving the  phutons appropriate small weight factors .  

- _  - 

cross sect ion package without the  Koch-Motz empirical correct ion 

factor  was used, whereas for gold t h i s  f ac to r  was included. 

choice was made to get  the  best  agreement with the  experimental 

resul ts .  W e  have made o ther  calculat ions t h a t  ind ica te  t h a t  the  

inclusiun of t h e  correction fac tu r  leaves the  shape of t he  brems- 

strahlung spectrum essen t i a l ly  unchanged but alters the  normalization. 

For aluminum the spec t r a l  values w e r e  found t o  be increased by 28$, 

34% and 31% f o r  source energies of 2, 1 and 0.5 MeV, Respectively. 

Conversely, the  omission of t he  correction f a c t o r  f o r  gold lowered 

the  spectrum by 42% f o r  a source energy of 2 MeV. 

This 

Inspection of Figs, 4 and 5 shows good agreement between calcu- 

la ted and measured r e s u l t s  i n  regard to spec t ra l  shape, f u r  various 

source energies, target thicknesses and d i rec t ions  of emergence. 

300 



The absolute  normalization can be brought i n t o  agreement through 

the use of a su i tab le  empirical correction fac tor ,  depending an 

the e lec t ron  energy only, that mul t ip l ies  t h e  bremsstrahlung cross 

section. However, t he re  is an inconsistency between t h e  value of 

the  correct ion f ac to r  t h a t  one would ex t rac t  from the  cross section 

measurements reviewed by Koch and Motz, and the  value derived from 

the thick-target experiment of Dance and Baggerly, 

kept i n  mind tha t  t h e  experimental uncertainty of t h e  Koch-Motz 

data  i n  the energy region of i n t e r e s t  i s  estimated tu be 20% so 

that t h e  discrepancy may be m o r e  apparent than reaI, and cuuld 

It shuuId be 

very w e l l  be resolved by fu r the r  measurements of t h e  bremsstrahlung 

cross section. I n  t h i s  connection new measurements by Kester and 

Dance15’ may be of help. 

I n  Fig, 6, f u r t h e r  comparisuns f o r  l o w  source energies a r e  

made between thick-target bremsstrahlung spectra  calculated with 

the program THICKBREM (based on samples of 1,000 electron h i s t o r i e s  

and 25,000 photon h i s to r i e s )  with corresponding measurements 

by Placious. 16’ The ca lcu la t ions  include t h e  Koch-Motz cor- 

rec t ion  factor.  Agreement between calculated and measured spectra 

is good. Attention should be ca l led  to the  low-energy peak of t he  
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spectrum for tin between 10 and 20 kev, as well as to the peak 

for the spectra at 70 kev from gold targets in Fig. 6 ,  These 

peaks are caused by the presence of characteristic x-ray 

productiun, 

4, Results for Cosine-law Sources 

4.1. Definition of Cosine-law Source, The extent to which 

electrons penetrate through a thick target depends on their direc- 

tion of incidence. In detailed shielding calculations for space- 

craft one must therefore take into account the orientation of the 

vehicle, and the characteristics of the radiation field, at each 

point along the trajectory. A simplifying approximation is of ten 

made in whidh the electron flux is assumed tu be isotropic, 

approximation is justified tu the extent that the time-average 

of the electron flux is isotropic In a courdinate system attached 

to the shield, and to the extent that the perturbation of the 

flux by the shield can be disregarded. If the shield has the 

This 

shape of a plane-parallel plate, the number of eIectrons enter- 

ing a unit area of the shield is then proportional to the cosine 

of the angle between the normal to the shield and the incident- 

velocity vector, and we speak of a coslne-law source, 
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4-2. E1e.ctm.n Transmissbn. Extensive calculation af electrdn 

transmission, based on Monte Carlo samples on the  order of 100,000 

his tor ies  per case, have been ctarrred out by &L Lapez17’ a t  NASA 

(muston MSC), using the computer pragram ETRAN 5, They pruvide 

the most detailed set of available calculated data. We present 

here some excerpts f r o m  them, taken fmm a wmputer print-aut 

put at 0ur d i s p s a l ,  

Table 3 gives a l i s t  sf number and energy transmission co- 

ef f ic ien ts  for variaus target thicknesses, as we11 as corresponding 

reflection coefficients f o r  a semi-infinite m e d i u m ,  a l l  for aluminum 

and seven source energLes between 0.5 MeV and 6-0 MeV, Ckte bteresthg 

feature of t h i s  table i s  that the transmlssiun coefficients as  func tbns  

of the scaled target thickness z/ro a re  rather sluwly varying fumtiun 

of the 6ource energyw 

found in  calculatians based on the continuaus-slowing-dm approx- 

imathn5 the scaling of the transmlssien curves appears to be pre- 

senred t o  a large extent when energy-loss straggling i s  taken in- 

account. Fig, 7, fer a 2-Meu source, shbws the energy spectra iaf 

transmitted electrons emerging a t  v a r h u s  dhmt ions ,  I n  Fig, 8 

corresponding spectra a r e  shown that result f r a m  an Integratiun over 

a l l  forward directien and correspond to the reading of a 2x-detector, 

The Monte Carlo histagrams w e r e  swathed out by eye t o  obtain 

spectra curves, 

Thts is  a phenememn which has previausly been 

It can be seen that  the spectra for thin targets  
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To (MeV) 0.50 1.00 2.00 3 -00  4.00 5.04 5.99 

0.224 0,549 1.21 1.85 2-48 3.10 3.65 2 
r,(g/cm 1 

z/ro 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 

0.841 
0,708 
0.555 
0.394 
0.241 
0,119 
0.042 

0,736 
0,530 
0.356 
0.214 
0,110 
0.045 
0.013 

Number Transmission Coefficient 

0,853 0.875 0.889 0.899 
0,732 0.766 0,789 0.807 
0.587 0.634 0,667 0,692 
0,428 0.484 0,522 0.555 
0,271 0.322 0.363 0.399 
0,146 0,181 0.218 0,250 
0.051 0,068 0,090 0.109 

Energy Transmission Coefficient 

0.735 0.741 0.746 0,751 
0.533 0,542 0,550 0,558 
0.360 0,373 0.384 0.394 
0.220 0,233 0.246 0.257 
0.115 0.126 0.137 0.147 
0.048 0.057 0.065 0.072 
0.014 0,016 0.020 0.024 

0,906 
0.819 
0.711 
0,577 
0.425 
0.276 
0,127 

0.753 
0.562 
0.400 
0.264 
0.155 
0,077 
0.027 

Reflection Coefficients for Semi-infinite Medium 

Number 0.273 0.251 0.216 0.193 0.172 0.158 
0.176 0.153 0.122 0,103 0.088 0.078 

0,914 
0.831 
0,725 
0.593 
0.441 
0.290 
0.135 

0.757 
0,567 
0.405 
0,268 
0.159 
0.079 
0.028 

0,145 
0.070 

Table 3. Transmission and Reflection Coefficients for Aluminum Targets, 

for a Cosine-law Source. 

3 04 



are characterized by ra ther  sharp peaks which then broaden with 

increasing t a rge t  thickness. The spectra at  a given scaled 

target thickness z/ro9 when p lo t ted  as function of ratio TIT o 

of t h e  spec t ra l  energy t o  the  source energy, have a shape t h a t  

depends r a the r  insens i t ive ly  on the  source energy. This f a c i l i t a t e s  

in te rpola t ion  t o  suurce energies  uther  than those f o r  which calcula- 

t ions  have been made. Figure 9 shows angular distributionaof t r ans -  

mitted photons, integrated over a l l  spec t r a l  energies, f o r  various 

t a r g e t  thicknesses, For a very th in  ta rge t ,  the  d i s t r ibu t ion  i s  

given very nearly by a cosine-law, which means that the  incident 

angular d i s t r ibu t ion  i s  s t i l l  preserved. For thicker  ta rge ts ,  

the angular d i s t r ibu t ion  i s  concentrated m o r e  strongly i n  the  

forward d i rec t ion  than would be the  case f o r  a cosine-law, 

4,3. Thick-target Bremsstrahlung, Very recent ly  w e  have 

car r ied  out thick-target bremsstrahlung calculat ions f o r  aluminum 

targets with program ETRAN 15, using a blcemsstrahlung cross sect ion 

package including t h e  Koch-Motz correction factor. J u s t  as i n  t h e  

case of t he  Houston transmission r e su l t s ,  t h e  bremsstrahlung re- 

s u l t s  are much too voluminous to be reproduced here, and we  have 

merely selected f o r  presentation some t y p i c a l  cases. Figure 10 

305 



shows spectra, f o r  various source energies and a target thickness 

equal to r for photons emerg€ng In the  forward d i r ec t iun  (O-lOo>- 

and a t  an pblique angle (55-65O). 

not s e e m  to depend very st rongly on the source energy or tm the  

d i r ec t ion  of emergence. 

spectra rap id ly  increase3 i n  the  absence of photon absorption 

the  spectra  would tend t u  rise indef in i te ly  as t h e  spec t ra l  energy 

becomes lower; i n  fact the  spec t ra  have a d e f i n i t e  peak a t  sume 

energy between 30 t o  50 Kev whose position depends somewhat on 

the  angle of emergence, and below which the  spectral  curve f a l l s  

off  rap  Ldly, 

01 
The shape gf t h e  spectra does 

Sta r t ing  f r o m  t h e  top energy To the  

Corresponding r e s u l t s  of t he  bremsstrahlung spectra  integrated 

over a l l  forward d i rec t ions  ( 2 ~  geometry) are shown i n  Fig, I1 f o r  

various target thicknesses, An i n t e re s t ing  fea ture  of t h e  spectra 

can be noted f o r  t h e  highest  source energy shown; a t  5 MeV, f o r  

targets with thicknesses equal to  r or 2 r  the  low-energy 

pa r t  of t h e  spectrum (between 10 and 20 kev) show a sudden in- 

crease. 

cascade we have convinced ourselves that t h i s  phenomenon i s  ne t  

a numerical f luke  but qu i te  real, and must be a t t r i bu ted  t u  phutuns 

of t h e  fourth or higher stages of the  cascade which happen to be 

praduced by secundary e lec t rons  very close to the  exit surface. 

'0 0' 

By looking a t  various stages ccf t h e  electron-photon 
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Another i n t e r e s t i n g  quan t i ty  i s  t h e  forward bremsstrahlung 

e f f i c i ency  by which we mean t h e  f r a c t i o n  of t h e  inc ident  e lec t ron  

energy that  leaves t h e  t a r g e t  i n  t h e  forward d i r e c t i o n  i n  t h e  form 

of bremsstrahlung. A p l o t  of t h e  e f f i c i e n c y  VS. t a r g e t  thickness  

f o r  d i f f e r e n t  source energ ies  i s  given i n  Fig. 12. It can be seen 

that a f t e r  a r a p i d  buildup t h e  e f f i c i ency  reaches a peak a t  a 

t a r g e t  thickness  approximately equal t o  0.6 r A s  t h e  t a r g e t  

thickness  i s  f u r t h e r  increased a s m a l l  decrease of t h e  e f f i c i ency  

occurs due t o  photon absorption within t h e  target .  

venient  t o  represent  t h e  forward e f f i c i ency  by a formula 

0. 

It i s  con- 
* 

4 Y = 10 aZTo 

* A s i m i l a r  formula i s  o f t e n  used t o  descr ibe  t h e  conversion of elec- 

t ron  k i n e t i c  energy t o  bremsstrahlung energy i n  an unbounded medium, 

without regard t o  geometric fac tors .  It should be kept  i n  mind t h a t  

our  parameter a p e r t a i n s  to a s p e c i f i c  s i t ua t ion ,  namely, a cosine-law 

source and a plane-paral le l  t a r g e t  of f i n i t e  thickness ,  and t akes  i n t o  

account s c a t t e r i n g  and absorpt ion of t h e  photons wi th in  the t a rge t .  
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where 2 i s  t h e  atomic number, T 

p ropor t iona l i t y  constant  t h a t  i s  usua l ly  taken t o  be a constant.  

Actually, - a i s  somewhat dependent on the  source energy and t o  a 

greater ex ten t  on the  t a r g e t  thickness,  as can be  seen i n  d e t a i l  

i n  Table 4. 

t h e  Soume energy and a i s  a - 0 
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3.0 3eo 2.8 2.8 2.6 

4.1 4.2 4.1 4.0 4.0 

4.4 4*5 4.4 4e3 4.3 

4,2 4.4 4.3 4.2 4E3 

3.9 4.2 4,2 4.1 4.2 

3*7 4.0 4,o 4.0 4.1 

3.5 3.8 3.9 3-9 4e0 

3*3 3.7 3-8 3.8 3.9 

3,1 3-5 3e7 3.7 3.8 

3.0 3.4 3.6 3.6 3.8 

Table 4, Value of the parameter - a in the formula Y 10YaZTo 

for  the forward bremsstrahlung efficiency (coslne-law 

source, aluminum target), 

3 09 



I I I I I I 
0 0 0 0 0 0  z . z s - -  d o  

I I I I 

L I I a I I 
0 0 0 0 ~ 0  
u3 o g z z 0  

3 10 

I I 

t-- 



I I I I I 

311 



8.0" 

T, MeV 

Figure 3. 
tion from aluminum target bombarded with 2. 66-Mev electrons. 
cidence. 
(=O. 15 ro). 
grams were obtained with Monte Carlo program ETRAN 15. 

Energy spectra of transmitted electrons emerging in forward direc- 
Normal. in- 

2 2 (=O. 084 ro) and 0.254 g/cm Target thicknesses are 0.137 g/cm 
Points are from an experiment by Van Camp and Vanhuyse. Histo- 

%. 
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To = 0.5 MeV 
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To = I MeV 
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To = I MeV 

0.01 0. I I 

k. MeV 

Figure 4. Energy spectra  of bremsstrahlung emerging in  forward direc-  
tion (0 degrees).  Normal incidence. Aluminum targe ts  with thickness of 
0.548 g / c m  2 (=2.44 ro) for  To = 0.5 Mev and 0.707 g / c m  2 (= l .  29 ro )  fo r  
To = 1 MeV. Iron targets  with thickness of 0.248 g / c m  2 (=l. 0 ro) for  T 

2 To = 0.5 Mev and 0.870 g / c m  
experiment of Dance and Baggerly. 
Carlo program THICKBREM. 

(=l. 44 ro) for  To = 1 MeV. Points are f r o m  
Histograms were  calculated with Monte 
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10-5 
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01 0.1 I 
k, MeV 

Figure 5. Energy spectra of bremsstrahlung emerging in various directions 
f rom thick targets bombarded by 2-Mev electrons. Normal incidence. Tar -  
get thicknesses are 1.74 g/cm2 (=l. 43 ro) aluminum, 1.30 g/cm2 (=O. 986 ro) 
iron, and 1.62 g/cm2 (=l. 04 ro) gold. 
and Baggerly. 
THICKBREM. 

Points f rom the experiment by Dance 
Histograms were calculated with Monte Carlo program 
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Figure 6. 
ward directions from thick targets. Normal incidence. Target thicknesses 

Energy spectra of bremsstrahlung emerging in forward and back- 

a r e  3.8 mg/cm 2 (=O. 67 ro) aluminum for To = 50 kev, 21.6 mg/cm 2 (=O. 82 ro) 
tin for To = 100 kev, and 19.3 mg/cm 2 (=O. 64 ro)  gold for To = 100 kev. Points 
are from an experiment by Placious. 
Carlo program THICKBREM. 

Histograms were calculated with Monte 
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Figure 7. 
directions from aluminum targets. Source energy 2 MeV, cosine-law source. 
Calculated by M. Lopez with Monte Carlo program ETRAN 5. 

Energy spectra of transmitted electrons emerging in various 
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Figure 8. Energy spectra of electrons transmitted through aluminum. Spectra 
are integrated over all forward directions. Cosine-law source. Calculated by 
M. Lopez with Monte Carlo program ETRAN 5. 
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Figure 9. 
Distributions are normalized to unity. To = 2 MeV, cosine-law source. 
Histograms are Monte Carlo results obtained by M. Lopez with program 
ETRAN 5. 

Angular distribution of electrons transmitted through alwninum. 

The curves represent the distribution (l/.rr)cos9. 

318 



k,MeV 

Figure 10. 
f rom thick aluminum targets.  
Calculated with Monte Carlo program ETRAN 15. 

Energy spectra  of bremsstrahlung emerging in  var ious directions 
Cosine law source, target  thickness 0.6 ro. 
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Figure II. Energy spectra, integrated over all forward directions of 
bremsstrahlung emerging f rom thick targets. Cosine law source. Calcu- 
lated with Monte Carlo program ETRAN 15. 
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