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Theoretical estimates of the spectral distribution and total intensity of the bremsstrahlung (BS) 
relative to the Compton yield have been determined for photoelectrons liberated in scattering 
experiments on heavy metals with 60 keV radiation. Whereas the total-intensity calculations are 
based on the approach of Alexandropoulos et al., the spectral distribution has been computed using 
the Born approximation along with the Elwert and form factor corrections. These results are 
compared with another calculation based on the approach of Lee et al. Typical results for Mo, Ta, 
and W are presented. It is found that the relative contribution of BS from a W target is not trivially 
small, although K-shell photo-ionisation is not possible at these energies. 
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I. Introduction 

T h e r e h a s been a revival of in teres t in t he use of t he 
C o m p t o n sca t t e r ing t e c h n i q u e for inves t iga t ing t he 
e lec t ron ic s t r u c t u r e of ma te r i a l s [1, 2]. T h e C o m p t o n 
line shape , J(p:), is expe r imen ta l ly d e t e r m i n e d in such 
s tudies a n d can be c o m p u t e d theore t ica l ly in a d i rec t 
m a n n e r by the d o u b l e i n t e g r a t i o n of the e l ec t ron den -
sity in m o m e n t u m space. T h e e x p e r i m e n t a l d e t e r m i -
n a t i o n of J{pz), however , is n o t s t r a i g h t f o r w a r d . As 
has been d iscussed by several a u t h o r s [1, 2], t he r a w 
s p e c t r u m of the r a d i a t i o n sca t t e red by t he t a rge t h a s 
t o be co r rec ted for several fac tors , the m o s t t e d i o u s 
a n d difficult of these be ing t he c o r r e c t i o n s fo r t he 
energy r e sponse of the s p e c t r o m e t e r a n d m u l t i p l e sca t -
te r ing in the sample . D u r i n g the last d e c a d e o r so, 
c o n s i d e r a b l e p rogress has b e e n m a d e in h a n d l i n g 
these cor rec t ions , a n d r a w d a t a wi th a p rec i s ion of a 
few t e n t h s of a pe rcen t h a v e been r e p o r t e d [3]. 

F o r heavy meta ls , it h a s been real ised fo r over t h r ee 
decades t h a t b r e m s s t r a h l u n g (BS) can h a v e a cons ide r -
ab le inf luence on C o m p t o n sca t t e r ing d a t a [4]. A few 
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years ago , A l e x a n d r o p o u l o s et al. [5] r e -examined the 
effects of b r e m s s t r a h l u n g in the inelast ic p h o t o n scat-
t e r ing e x p e r i m e n t . T h e s e a u t h o r s ca lcula ted n o t only 
the to t a l BS in tens i ty (/B S) b u t a l so the spect ra l distr i-
b u t i o n us ing K r a m e r ' s t heo ry a n d have been able to 
r e p r o d u c e the o w n m e a s u r e m e n t s o n W u p to 30 keV 
closely. T h e s e a u t h o r s f u r t h e r conc luded t h a t the BS 
c o n t r i b u t i o n re la t ive to the C o m p t o n yield cou ld ex-
ceed even 1 0 % , if o n e used 60 keV g a m m a r a d i a t i o n 
wi th t a rge t s h a v i n g a n a t o m i c n u m b e r larger t h a n 40. 
Recen t ly we h a v e u n d e r t a k e n a sys temat ic s tudy of 
s o m e 5 d m e t a l s us ing 60 keV r a d i a t i o n [6, 7]. I t was 
t he r e fo re t h o u g h t w o r t h w h i l e t o examine the effects of 
BS carefu l ly fo r the a c c u r a t e d e t e r m i n a t i o n of J{pz) in 
these h i g h - Z meta l s . Accord ing ly , we have ca lcu la ted 
t he spec t ra l d i s t r i b u t i o n of BS us ing the first B o r n 
a p p r o x i m a t i o n a n d t h e n app l ied t he necessary cor rec-
t ions d u e to the E lwer t f ac to r a n d the f o r m fac to r 
(screening). We h a v e a lso c o m p u t e d this s p e c t r u m us-
ing the a p p r o a c h of Lee et al. [8], a n d the t w o resul ts 
h a v e been c o m p a r e d . T h e es t ima tes of the BS con t r i -
b u t i o n in the reg ion of the C o m p t o n profile h a v e been 
d e t e r m i n e d f r o m these spec t ra fo r a n u m b e r of me ta l s 
of t he 4 d a n d 5 d series. 

I n Sect. I I we descr ibe the m e t h o d of ca lcu la t ion . In 
Sect. I l l o u r resul ts a n d thei r d iscuss ion are p resen ted . 
T h e c o n c l u s i o n s a re given in Sec t ion IV. 
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II. Method of Calculation 

The formulae for calculating the intensity and spec-
tral distr ibution of BS by electrons are readily avail-
able [9], and hence we state here only the key relations 
used in this work. The non-relativistic differential BS 
cross-section for the emission of a pho ton with energy 
w can be written as 

dw 
i J _ 
3 L 

A 
w 

log 
'(VTq + VTQ-W) 

(1) 

where cf) = Z2rl/137.04, r0 = e2/{m0c2), p = m0c2, and 
T0 is the kinetic energy of the pr imary electron. As 
pointed out in [9], this fo rmula is valid only when 
Ze2/hv 1 with v being the velocity of the electron. 
Otherwise (1) must be multiplied by a factor (Elwert 
factor) given as 

m, i 0 ) = 
f l _ e - 2 * « o 

1 - e •2*4 
J _ 

t o ' 
(2) 

where £ and respectively are Ze2/hv and Ze2/hv0. 
Further , a correction due to screening of nuclear 

charge may become necessary [9] for low-energy 
pho tons and high-Z materials (such as those involved 
here). The unscreened differential cross-section for-
mula (1) may be corrected for screening effects by 
including the multiplicative factor \F(q)\2, F(q) being 
the form factor defined as [10] 

F(q) = l - ^ l Q ( r ) e i « ' d r , (3) 

where ^ g(r) dr = Z, q=px — p2~ k and g(r) is the 
charge density of the electron cloud. 

The total BS cross-section is then defined as 

To 

w 
dw 

dw, (4) 

where E0 = T0+ m0 c2. 
In the present case we cannot make use of these 

relations directly, as electrons are l iberated inside the 
sample owing to bo th photoelectr ic and C o m p t o n 
effects. Thus we have first to know the energies and 
(relative) yields of electrons generated via these two 
processes. This can, however, be determined f rom the 
cross-section for the photoionisation of different shells, 
C o m p t o n cross-section and incident p h o t o n flux. The 
knowledge of the pho ton flux is not necessary if we are 
only interested in relative intensities of BS and Comp-

ton scattered radiat ion, because then the pho ton flux 
cancels. Fur ther , at this low energy (60 keV), the con-
t r ibut ion of C o m p t o n electrons is almost negligible 
[5], as also discussed later. We thus consider only the 
BS f rom photoelec t rons to determine I B S / I c • order 
to obta in tha t ratio, we have used the following well 
k n o w n relations [11]: 

/B°sal = Z N(W0) • öpe,i(w0, Z) • k -Z- (w0 —£ b i i)2 (5) 

an d 

I l° t a l = AT(w0) • <xc(w0, Z) • w c , (6) 

where is the total intensity of BS owing to pho to -
electrons, / £ t a l the total intensity of C o m p t o n radia-
tion, N(w 0 ) the incident flux of pho tons with energy 
w 0 and öp£ i the photoelectric cross-section for a par-
t icular shell i with binding energy Eb f of the target 
element with a tomic number Z for the incident-photon 
energy w 0 . The constant k « 1 0 - 3 M e V - 1 , <rc is the 
C o m p t o n cross-section and w c the (average) energy of 
the Compton-sca t te red photons . 

F r o m these relations we calculate the ratio /Bsal/^c tal-
In order to determine the relative contr ibut ion of BS 
in the region of the C o m p t o n profile (i.e. — 7 p 0 to 
+ 7 Po) we have used (1) to (4). The spectral dis-
t r ibut ions of BS f rom individual electron shells have 
been summed with proper weight for each value of w 
th rough the photoelectr ic cross-section to yield the 
to ta l a tom contr ibut ion. The area of BS in the region 
of energies f rom 44 to 53 keV corresponding to — 7 to 
+ 7 p0, relative to the total, is obtained f rom this. By 
combining these two steps we have computed the rel-
ative BS intensity in the region of C o m p t o n profiles 
(— 7 to +7 p0) for each case. In another approach , we 
have repeated this procedure using the cross-section 
values f rom the self-consistent screened calculation of 
Lee et al. [8], which includes all the above corrections 
an d is expected to yield similar results. 

III. Results and Discussion 

Using the procedure described in the last section, 
we have calculated the relative BS contr ibut ion for 
M o , Ta and W. However, as a representative case we 
present detailed results for W only. The photo-ionisa-
t ion cross-sections for W were taken f rom Rakavy and 
Ron [12]. As s tated earlier, these values are modified 
for the Elwert and the form factor corrections using (2) 
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Energy K ( keV) 
Fig. 1. Theoretical spectral distribution of bremsstrahlung 
calculated for decelerating electrons liberated in a photo-
electric process resulting from 59.54 keV gamma-rays. 

Table 1. Relative intensities of bremsstrahlung (BS) and 
Compton scattered radiation. 

Target Primary 
energy 

r to ta l / r t o t a l 
' B S / i C 

1-1 PO... 
J B S 

Born 
approx. 

+ 7 p o * I J t o t a l 

After 
corrections 

Mo 59.54 keV 3.27 • 10~2 0.00024 0.0005 1 

Ta 59.54 keV 5.99 • 10~2 0.0014 0.0041 1 

0.0054 2 

W 59.54 keV 6.8 -10~ 2 0.0016 0.0047 1 

0.0069 2 

0.0049 3 

1 After Elwert correction. 
2 After Elwert and form factor correction. 
3 For screened field. 
* p0 = 1 a.u. of momentum = 1.99289 • 10~2 4 kg m/s. 

a n d (3). T h e f o r m f ac to r va lues h a v e been t a k e n f r o m 
[10]. 

In Fig . 1 we p lo t the spec t ra l d i s t r i b u t i o n for differ-
ent c o m b i n a t i o n s of correct ions , viz. the Born-approx i -
m a t i o n w i thou t f u r t h e r c o r r e c t i o n (BA), Elwer t co r -
r ec t i on to the B o r n a p p r o x i m a t i o n (EBA) a n d Elwer t 
a n d f o r m fac tor (EBF) . Also given he re is the resul t 
f r o m the screened field (SF) va lues [8]. In the first t w o 
cases we have t a k e n t he m i n i m u m value of w as 
0.1 keV, since the c ross -sec t ion b e c o m e s infini te at 
z e r o p h o t o n energy. F i g u r e 1 clear ly depic t s t ha t these 
BS s p e c t r a o v e r l a p wi th the C o m p t o n - p r o f i l e reg ion 
(44 k e V to 53 keV). F u r t h e r , it c an be seen f r o m this 
f igure t h a t the E B A c o r r e c t i o n increases the BS c o n -
t r i b u t i o n in the h i g h - p h o t o n - e n e r g y r a n g e (i.e. f r o m 
20 k e V t o 59 keV). F u r t h e r m o r e , the co r r ec t ion o w i n g 
t o t h e f o r m fac to r p r o d u c e s a n a b r u p t decrease in the 
l o w - p h o t o n - e n e r g y reg ion (15 keV), a n d hence the 
v a l u e of the c ross -sec t ion for 0.1 k e V is near ly zero . 
T h e S F values [8] give a n a l m o s t flat c o n t r i b u t i o n 
f r o m w = 0 to w = 4 4 k e V ; a f t e r t h a t it decreases 
a b r u p t l y a n d b e c o m e s ze ro a t t he t ip (w = T0). T h i s 
f igure shows t h a t the EBA, E B F a n d S F values a re 
n e a r l y equa l a f te r 20 keV. T h e a b r u p t decrease a r o u n d 
44 k e V arises o w i n g to the fact t h a t the L-e lec t ron 
c o n t r i b u t i o n van i shes b e y o n d this reg ion a n d on ly 
o u t e r e lec t rons c o n t r i b u t e to BS. 

S ince the BS in tens i ty is p r o p o r t i o n a l to the cross-
sec t ion , the r a t i o of the a r ea s u n d e r the curve in the 
e n e r g y region of t he C o m p t o n prof i le a n d the to ta l 
c u r v e will be e q u a l to the r a t i o of b r e m s s t r a h l u n g 
in t ens i ty given by /ßs7 Po " + 7 P W s a l - T h i s h a s been 
d e t e r m i n e d f r o m the a b o v e p lo t , a n d fo r the E B A a n d 
E B F curves the in tens i ty r a t i o c o m e s o u t to be 0.069 
a n d 0.102, respect ively. 

T h e in tensi ty r a t i o /Bs a l / /£ t a l as ca lcu la ted us ing (5) 
a n d (6) t u rns o u t t o be 0.068 fo r W. T h e r e f o r e the 
va lues fo r /bS

7 Po • • • + 7 P o / / £ t a l a re 0 .0047 a n d 0.0069 for 
E B A a n d EBF, respect ively. F o r the screened-f ie ld 
a p p r o x i m a t i o n th is va lue c o m e s o u t t o 0.0049. These 
resu l t s for W a l o n g wi th t h o s e fo r the o t h e r t w o 
me ta l s , viz. M o a n d Ta, a re s u m m a r i s e d in Table 1. 

B e f o r e we c o n c l u d e th is sect ion, it is w o r t h w h i l e to 
p o i n t o u t tha t A l e x a n d r o p o u l o s et al. [5] have m e a -
s u r e d t he s p e c t r u m of r a d i a t i o n w h e n a g a m m a ray 
b e a m of 59.54 k e V was inc iden t o n a th ick ta rge t of W. 
T h e y h a v e a l so ca lcu la t ed the BS s p e c t r u m us ing 
K r a m e r ' s f o r m u l a for a th in t a rge t , 

ß ( ; . ) d ; . = 1 . 8 - 1 0 _ 1 4 4 > Z - ( — - 1 J - ^ y , (7) 
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whe re is the ene rgy flux (keV/s) of t he inc iden t b e a m 
of energy w 0 = h c /A 0 . 

H o w e v e r , as is c lear f r o m Fig. 2 of [5], the i r t heo re t -
ical cu rve agrees on ly u p t o 30 k e V w i t h t he exper i -
m e n t a l curve. T h e p re sen t resu l t s a re n o t very dif ferent 
f r o m these, a l t h o u g h s o m e di f ferences d o r e m a i n . Reli-
ab le va lues fo r the t o t a l b r e m s s t r a h l u n g c o n t r i b u t i o n 
a n d p h o t o i o n i s a t i o n c ross - sec t ion a r e t h e r e f o r e essen-
tial be fo re a n y q u a n t i t a t i v e c o r r e c t i o n fo r BS can be 
m a d e in C o m p t o n sca t t e r i ng e x p e r i m e n t s . 

As fa r as C o m p t o n recoil e l ec t rons a r e r e g a r d e d , the 
BS p r o d u c e d by the C o m p t o n e l ec t rons is l imi ted t o 
energies be low 11 k e V in t he p re sen t case, because the 
m a x i m u m ene rgy t r a n s f e r r e d is a b o u t 11 k e V a n d its 
t o t a l c o n t r i b u t i o n is m u c h sma l l e r t h a n t h a t p r o d u c e d 
by p h o t o e l e c t r o n s . F u r t h e r , in the r a n g e — 7 p0 t o 
+ 7 p0, i.e. 4 4 - 5 3 keV, t he c o n t r i b u t i o n t o BS by these 
e l ec t rons will b e a l m o s t nil. H o w e v e r , if h igh -ene rgy 
r a d i a t i o n is used t h e n th is c o n t r i b u t i o n m i g h t a l so 
b e c o m e i m p o r t a n t e n o u g h t o b e i nc luded in t he ca lcu-
la t ions . 

IV. Conclusion 

T h e BS s p e c t r u m ove r l aps t he C o m p t o n - p r o f i l e 
region , a n d its c o n t r i b u t i o n is a r o u n d 0 . 7 % of t he 
to t a l C o m p t o n in tens i ty fo r Ta a n d W. It c a n be m i n -
imised by selecting such a sca t t e r ing ang le t h a t BS a n d 
s c a t t e r e d - b e a m spec t r a d o n o t ove r l ap . O t h e r w i s e we 
s h o u l d app ly a c o r r e c t i o n t o the C o m p t o n prof i le fo r 
the BS c o n t r i b u t i o n a l o n g w i th o t h e r c o r r e c t i o n s fo r 
h igh-prec i s ion C o m p t o n sca t t e r ing d a t a of t he 5 d 
me ta l s w h e n us ing 59.54 k e V r a d i a t i o n . 
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