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Research in radiation physics using energetic electrons and photons — 
some recent trends
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Abstract: Studies on interaction of photons and electrons with matter 
have been pursued vigorously over the last few decades and have con
tributed immensely to our understanding on the structure of matter. The 
results obtained from these studies are also finding important applica
tions in industry. The availability of high resolution semiconductor de
tectors and sophisticated electronics in the recent past have facilitated 
cohducting precision experiments on several important aspects of the 
interaction of photons with matter. Consequently, accurate data on 
cross sections for various processes have been obtained. On the theoret
ical side, the availability of fast computers and relevant software tech
niques have made it possible to compute the cross sections with a higher 
degree of accuracy. Some of these developments are discussed in this 
paper with a particular reference to atomic form factors and incoherent 
scattering functions based on the studies conducted in our laboratory.

In order to facilitate undertaking advanced level research and de
velopment programs in radiation physics using energetic electrons and 
photons, a variable energy microtron that accelerates electrons in the 
energy range of 4-12 MeV has been installed at our University recently. 
The salient features of this new facility are presented. Since high-energy 
electrons are finding increasing applications in medicine and in indus
try, undertaking of systematic studies using high-energy electrons is 
very important. R&D programs on radiation dosimetry, bremsstrahlung 
process and engineering of materials proposed to be undertaken using 
the microtron facility are outlined and possible applications of the re
sults are discussed.
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1. Introduction

The interaction of energetic photons with matter, which is the desig
nated theme of the workshop, represents one of the most varied classes of phe
nomena in the whole of experimental physics in general and radiation physics 
in particular. The studies in this field arc important not only because of the 
light they throw on many fundamental aspects of physics but also because of 
important applications in industry, medicine and agriculture. An attempt is 
made in this paper to piesent a brief account of the research studies carried out 
on some of the aspects of this subject with a particular reference to work car
ried out recently in our laboratory on coherent and incoherent scattering. The 
R&D programs planned employing energetic photons and electrons using 
microtron accelerator installed in our university arc also outlined.

Although there are as many 12 different processes [1] by which ener
getic photons interact with matter, in the energy domain of common interest,
0.1 to 10 McV, the predominant processes arc photoelectric effect, photon 
scattering and pair production. In the intermediate energy range, of about 0.1 
to 1 MeV, photon scattering is the predominant process of 7-ray interaction. 
In this process incident photons are scattered by atomic electrons with or 
without energy loss and correspondingly we have the inelastic scattering and 
the elastic scattering processes.

2. Elastic scattering

The elastic scattering of 7 rays by atoms occurs mainly through the 
coherent contribution of the four component processes. Rayleigh scattering, 
nuclear Thomson scattering, Delbriick scattering and nuclear resonance scat
tering. However, in the incident energy range up to 1 MeV and scattering 
angle corresponding to small and intermediate momentum transfer, only Ray
leigh scattering makes significant contribution to the elastic coherent scatter
ing.

There are mainly two approaches [2] to obtain theoretically detailed 
description of the coherent (Rayleigh) scattering process: (i) numerical partial 
wave calculation of elastic scattering amplitude using second-order S-matrix
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and (ii) form-factor formalisms. In the numerical calculation method the com
puter codes are very lengthy and requires many hours of computer time even 
on fast machines. Also in this method not all subshell contributions are calcu
lated directly and are based on the independent election model in which full 
non-local exchange and many electron correlations are not included. The 
environment of the outer electrons and even the widths of levels are not 
included. Due to these difficulties and drawbacks the presently available the
ories on coherent scattering are based on the form-factor formalism. The form 
factor is defined as the Fourier transformation of electron charge density and 
gives a measure of the distribution of electron charge density within in the 
atom. The form-factor predictions are relatively easy to calculate since these 
involve only the evaluation of the integral over the atomic electron charge dis
tribution. The angular distribution for coherent scattering is expressed as the 
product of the distribution function of classical Thomson scattering and 
square of the atomic form factor. Hence differential cross sections for coher
ent scattering can be obtained theoretically from the knowledge of form fac
tors wherever experimental values are not available and vice versa.

Form-factor derivations assume essentially two things: (i) electrons are 
loosely bound to atom; and (ii) the photon energy is much greater than the 
electron binding energy. The form factor >-• expressed [3,4] as

2.1 Non-relativistic form factors

Using the solution of Schrodinger wave equation for a non-relativistic 
hydrogen-like atom of charge Ze, the form factor is written as

(1)

For a spherically symmetric atom it becomes [5,6]

f (x ,  1) = (1 +4n2 a02 x2) 2 (3)

where the momentum transfer variable

(4)
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and X is the photon wavelength expressed in units of A 'f ( X f A '1]  = 12.398/ 
£[kcV]), and a0 = t 2/m e2 is the first Bohr radius. For many electron 
atoms, exact solution for the atomic form factors are not directly obtainable 
and therefore a variety of approximations have been used [7-12]. Using the 
available state of the art theoretical data Hubbell et al. [13] have presented 
tables of  non relativistic atomic form factors extending over the range 0 < a < 
It)" A for all elements Z = 1 to 100.

2.2 Relativistic form factors

The relativistic Hartree-Fock equations which provide accurate gener
ally calculable atomic wave functions, were derived by Swirles [14] and 
Grant [15], Solving the equation of Grant numerically, Coulthard [16] 
obtained the relativistic Hartree-Fock self consistent field for a number of 
atoms. Using these wave functions, relativistic form factors have been com
puted by a number of investigators [17-20] yielding extensive tabulations of 
relativistic atomic form factors.

2.3 Modified form factors

It has been shown [21,2] that the conjecture that the Thomson amplitude 
represents the high-energy limit is wrong. Consequently the form factor can 
not be valid in the forward direction at high energies and this has resulted in 
the modified factor formalism. The modified form factor g(q) is given by [3]

g{q,Z)  = J y * T ^ ^ e x p ( i ' $  r ) d r ,  (5)

where E is the relativistic total energy of a bound electron and V(r) is the cen
tral potential.

Schaupp et al. [22] have presented an extensive tabulation of relativistic 
form factors from x = 0-100 A-1 for all elements Z= 1-100. These tabulations 
are based on self consistent wave functions.

2.4 Experimental

The advent of high resolution Ge(Li) and HPGe detectors have led to an 
enormous increase in the accuracy of experiments on an elastic coherent scat
tering of y rays. Quite a number of investigators have reported accurate results 
on coherent scattering cross sections and form factor [23-30]. Most of these 
experimental reports were made for 662 keV y rays and experimental results

M )
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are not available in the intermediate photon momentum transfer region and 
for heavy atoms. A systematic study was carried out in our laboratory to 
bridge this gap and to facilitate a detailed comparison of the experimental 
results with form-factor predictions. Experiments were carried out using iso
topic y-ray sources and high purity thin absorbers. Experiments were con
ducted employing high resolution HPGe detector. The sketch of the 
experimental setup and block diagram of HPGe spectrometer are given else
where [31]. A 133 cc HPGe detector (resolution of 2 keV at 1332 keV) was 
used to detect coherently scattered 84.3, 145.4, 279.2-keV yrays and a 6 cc 
HPGe detector (227 eV at 5.9 keV and 500 eV at 59.54 keV) was used to 
detect 59.54-keV photons.

If d£l\ is the solid angle subtended by the scatterer from the source, and 
dili is the solid angle subtended by the detector from the scatterer, the number 
of yrays nc coherently scattered at 90° and reaching the detector is given by

where S is the strength of a point source, n is the number of scattering atoms 
in the scatterer, e is the photopeak efficiency of the detector and da/d£l is the 
differential cross section for coherent scattering at 90° scattering angle. (This 
expression neglects self absorption in the target.) The differential cross sec
tion for coherent scattering is calculated using the above expression. From the 
measured coherent scattering cross section the form factor is evaluated using 
the expression

Here {do/d£l)j is the Thomson cross section, coherent contribution for scat
tering from a free electron is given by

where r0 represents the classical electron radius, 0 is the scattering angle and 
/(a,Z> is the atomic-form factor.

(6)

(7)

(8)

71B(J)-25
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For 90° scattering

383

d o \  rj )  

d Q h  "  2 '

Therefore,

A*,Z) = ‘2 {<1(5/dQ.) 1/2

( 10)

A representation spectrum recorded for 145.4-keV y rays coherently 
scattered at 90° by Ho is shown in Fig. 1. The differential cross section for 
coherent scattering of 59.5-, 84.3-, 145.4- and 279.2-keV yrays at 90° scatter
ing angle were measured for 16 elements in the region 29 < Z < 92. In Table 
! is given sample results. The form factors were determined correspondingly 
at photon momentum transfer 3.395,4.808, 8.295 and 15.923 A 'l. Some sam
ple results obtained are shown in Table 2 along with the experimental values 
reported in literature and cross sections computed by numerical calculation 
methods for available cases. It may be noted that, in all, 49 cross sections mea
sured in our laboratory constitute the first measurement as there are no values 
reported in literature for these cases. It is also clear from the tables that cross 
section computed on the basis of numerical calculation method arc also avail
able only for a few cases. Graphical comparison of our experimental form fac
tor results with form factor theories arc shown in Fig. 2. The comparison 
clearly shows that the relativistic modified form-factor theory is more appro
priate in predicting elastic scattering in the intermediate photon energy range, 
f  urther, the results of form factors for Dy-66, Ho-67, Yb-70, Ta-73 at 59.5 
keV ( x  = 3.395A"*) and for Pb-82 at 84.3 keV (.v = 4.808A"1) confirms the 
presence of dispersion effect near K edges.

Inelastic scattering

In the inelastic scattering of y rays the electron absorbs some of the 
momentum and either remains in excited state or leaves the atom with the 
result the scattered photon has less energy than the incident photon. In this 
ease there is no phase relation between the radiation scattered by different 
electrons and hence the process is also known as incoherent scattering. If the 
incident photon energy is sufficiently high, then the binding energy of the 
scattering electron can be neglected and the process is referred to as Compton 
scattering. KJeimNishina theory [32] is a good attempt to describe Compton
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Table 2. Comparison of differential incoherent scattering cross
sections.

element do/dil (bams/atom-sr) at

59.5 kcV 145.4 keV

present work present work literature value
Cu-29 0.8710.04 0.7210.04

M o42 1.2310.06 1.0310.05

Ag-47 1 3810 07 1.1510 06

Cd-48 1 3910 09 1 1610.06

Sn-50 1 401007 1.211006

Pr-59 1 6110.08 1.4210.07

Sm-62 1.671008 1.4910.07

Gd-64 1.7210.09 1.5310 08 1.5810.05 (a)

Dy-60 1.781009 1.5710 08 1.6510.05 (a)

Ho-67 1.6010.08

Yb-70 1.6710.08

Ta-73 l.87±0.09 1.7310.09

W-74 1.871009 1.7610.09 1.8210.05(a) #

Ph-82 2.0610,10 1 9310.10 2.0110 06(a)

Th-90 2.11 ±0.11

(a) Rao & Rao (1981), Ref. [40].

scattering process. Departure from Klcin-Nishina theory are found to occur at 
low energies because of the binding effect of the electron and at the high ener
gies because of the possible emission of an additional photon and radiation 
correction associated with the emission and absorption of the virtual photon 
[13]. The binding effects of atomic electrons become important at low photon 
energy, high atomic number and at small scattering angle.

The electron binding effect has been taken into account [34-36] in the 
impulse approximation by including a factor as a multiplicative correction 
factor to the Klein Nishina cross section to give the incoherent scattering cross 
section for the bound electron. The multiplicative cross section factor thus 
introduced is known as the incoherent scattering function. Thus the differen
tial cross section for incoherent scattering is written as

dflJlCN

dc
d a

S ( a -, Z) . (11)
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There are two methods to estimate incoherent scattering functions. In 
the method based on Thomas-Fermi model [9,10J the atomic electrons are 
treated as a degenerate gas obeying Fermi-Dirac statistics and the Pauli prin
ciple, with the ground state energy of the atom equal to the zero-point energy 
of this gas. In the other method, based on the Hartree-Fock model, the accu
rate computation of wave functions of many electrons atoms are made by the 
self consistent field method [37]. This is an independent-particle model in 
which each electron is assumed to be in the field of nucleus and in average 
field due to the other electrons. Another approach to describe the bound-elec
tron Compton scattering of y rays is based on S-matrix theory [38,39]. This 
method involves evaluation of second-order S matrix of quantum electrody
namics in the bound interaction picture where the relativistically bound elec
tron propagator is used to describe intermediate electron-positron states and 
relativistic external field eigenfunctions are used for the initial and final 
atomic states. The results of direct numerical integration calculation based on 
S-matrix formalism and non-relativistic Hartree-Fock formalism tabulated by 
Hubbell el al. [13] have clearly established an excellent agreement between 
the predictions of two methods.

Employing the experimental setup outlined in the previous section, the 
whole atom differential incoherent scattering cross section of 84.3-, 145.3-, 
279.2- and 59.6-keV yrays were measured lor 16 elements in the region 29 < 
Z < 92. Some sample results are shown in Table 2. It can be seen that most of 
the results constitute the first measurement. There is a lone report [40] of the 
experimental values for Gd, Dy, W and PB and our results agree within exper
imental uncertainties with these literature values.

From the measured cross sections incoherent scattering functions were 
extracted. The results of he incoherent scattering functions are compared with 
the theoretical formalism in Fig. 3. The disagreement of the experimental 
results with the Thomas-Fermi model is slightly more than that for the non- 
relativistic Hartree-Fock formalism; the disagreement of experiment with the
ory is greater at larger momentum transfer values. The incoherent scattering 
formalism based on non-relativistic Hartree-Fock theory is better than Thom- 
son-Fermi model in predicting the incoherent scattering functions.

3. R&D using Microtron

Electron and other charged particle accelerators are widely used in 
developed countries like the USA, Canada, France, Germany, the UK, Swe
den and Russia for R&D activities relevant to technological and industrial 
applications. As far as electron accelerators are concerned, linear accelerators 
are extensively used in the USA, Canada, the UK and other European coun-
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tries while microtron accelerators are more extensively used in Russia.
A variable energy microtron has been setup at our university in collab

oration with CAT (Indore) and BARC (Bombay). The facility would provide 
electrons of 4-12 MeV energy and bremsstrahlung radiation of 3-10 MeV 
energy. It is also possible to obtain neutrons through photo neutron reaction. 
The important characteristics features of the microtron are given below:

Beam energy: 8/12 MeV
Pulse current: 50 mA (max)

No. of electron orbits: 14
Beam size: 3 mm x 5 mm

Pulse duration: 2.5 |i.s
Average beam power: 250/375 W

Electromagnet diameter: 740 mm
Electromagnet weight: 550 kg

Magnetic field strength: 1285/1927.5 G
Magnetron power: 2 MW

Operation frequency: 2998 MHz
Voltage in RF cavity: 682/1023 kV

Dose rate at 1 m: 5 Gy/min

The machine has been successfully commissioned in September, 1995, 
and the facility has opened new vistas in teaching and research programs of 
radiation physics and in R&D work relevant to industry. In our country stud
ies on radiation shielding, radiation dosimetry, radiation damage in materials 
and in several basic aspects of atomic and nuclear physics are being carried 
out using accelerators at VECC (Calcutta), NSC (New Delhi), TIFR (Bom
bay), BARC (Bombay), Institute of Physics (Bhuvaneshwar) and also in a few 
universities with smaller accelerators. Research at the national centers is con
ducted mainly using accelerated heavy charged particles like proton, alpha 
particle and other heavy ions. Investigations employing accelerated electrons 
are relatively sparse even at the international level in spite of the fact that lin
ear accelerators and microtrons are readily available to the scientific commu
nity. Precise experimental data on several basic aspects such as radiation 
dosimetry, bremsstrahlung and other processes are not available above 2 to 4 
MeV energy. Therefore, it is proposed to undertake R&D programs using the 
newly commissioned variable energy microtron in the following areas:

• bremsstrahlung and other basic interaction process in the elec
tron energy range 4-12 MeV;

• radiation damage and radiation processing in semiconductor

71 HO) 2h
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materials and devices;
• irradiation effects on electro-optic and nonlinear optical proper

ties in inorganic and organic crystals;
• irradiation effects on the physical and mechanical properties in 

polymers and other materials;
• industrial radiation processing for developing electronic com

ponents with tailored characteristics;
• geochemical analysis of mineral, soil, marine sediment and oth

er samples.
The facility will also be utilized to train graduate students in all these impor
tant areas needed for Science and Technology programs.
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