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Differential cross sections for incoherent scattering ofg rays by elements

Önder Şimşek
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A method was developed for the accurate measurement of cross sections. This method involves the mea-
surement of a differential incoherent cross section in terms of theK-shell cross section in the target, such that
source strength, source-target, and target-detector solid angle terms cancel out in the final expression used to
evaluate the differential incoherent scattering cross section. Differential cross sections for incoherent scattering
of 59.54-keVg rays by Zr, Nb, and Mo have been measured for angles ranging from 40° to 135° using a
high-resolution Si~Li ! detector. The experimental values have been compared with those estimated on the basis
of the nonrelativistic Hartree-Fock wave functions.

PACS number~s!: 32.80.Cy
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I. INTRODUCTION

Incoherent scattering is an important mode of photon
teraction with atoms in the energy range below 5 MeV.
changes the phase and usually the energy of the photon.
magnitude of changes depends on the scattering angle
the energy of the photon. The incoherent scattering by
electrons is Compton scattering and the bound electron c
terpart is often called ‘‘atomic Compton’’ scattering. Ov
most of the region in which incoherent scattering is a ma
part of the total cross section, the Klein-Nishina theory
directly applicable@1#. Departures from the Klein-Nishina
formula occur at low photon energies because of the elec
binding effect. Many effects of the interaction of radiatio
with atoms depend on the so-called incoherent scatte
function S(x,Z) which is a measure of electron binding@2#.
Values ofS(x,Z) have been calculated. Cromer and Ma
@3# and Cromer@4# have evaluated the Waller-Hartree fun
tion S(x,Z) using nonrelativistic Hartree-Fock atomic wav
functions and these results have been tabulated by Hub
et al. @5#. Most of the experimental work related to incohe
ent scattering is confined to higher photon energies@6–11#.
Some authors have studied this process at lower ene
@12–15#. The data will be very useful in calculating radiatio
attenuation, transport, and energy deposition in med
physics, reactor shielding, industrial radiography, and in
variety of other applications in addition to x-ray crystallo
raphy. Thus, there is a general need for subjecting the ca
lated values of incoherent scattering cross sections to ex
sive experimental tests.

With this in view, in the present work, we have measur
total atomic incoherent scattering differential cross secti
for Zr, Nb, and Mo elements at scattering angles from 40
135° by using a high-resolution Si~Li ! detector.

II. EXPERIMENTAL METHOD

The experimental set up is shown in Fig. 1. The expe
ment was carried out using a filtered point source241Am
~100 mCi! which emits monoenergetic~59.54-keV! g rays.g
rays of 26.4 keV andNp L x rays coming from241Am are
completely~;99.99%! filtered out with the help of graded
filter of Pb, Cu, and Al of thickness 0.1, 0.1, and 1 m
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respectively, because even a small fraction of these ra
tions would produce sizable interference due to their la
interaction cross sections withK-shell electrons. The grade
filter consisting of Pb, Cu, and Al was used for preferent
absorption of fluorescent x rays produced in the filter itse
Estimated transmission of 59.54-keVg rays was;45%. The
g source was placed in a lead collimator.g rays of 59.54 keV
from the 241Am source are collimated on targets. The sou
with its collimator was rotated step by step with 5° annu
increments about the horizontal axis. For the values 4
135° of scattering angles, the spectra of scatteredg rays and
emittedK x rays from the targets were recorded with a Si~LI !
detector~full width at half maximum5160 eV at 5.96 keV,
active area512.5 mm2, sensitive depth53 mm! coupled to a
1024 computerized multichannel analyser through a sp
troscopy automatic fine-tuning research amplifier. The a
plifier shaping time constant that resulted in the best res
tion was 6 ms and this value was used throughout t
measurement. The built-in computer enabled data stor
peak resolution, background subtraction, and the determ
tion of the net area of theK x-ray and incoherent scattere
peaks. The spectra were analyzed using a quantitative x
analysis computer code Analysis of X-ray Spectra for Ite
tive Least-Squares Fitting~AXIL ! @16–18#. The component of
incoherent scattered photons in the spectrum is separ
from the component of coherent scattered photons at s
scattering angles using theAXIL x-ray analysis computer pro

FIG. 1. Experimental setup.
©2000 The American Physical Society11-1



d
ut
t

ls
is
a

ri
he
pr
ht

ha

at-
ils
ils
m
9 to
d

rget
, are

tion
,

rent
-

ak

f

,

ts

the
ent

get

n
re
st
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gram. To obtain the net pulse-height spectra of scattereg
rays and emittedK x rays, a background spectrum witho
the target was subtracted from the spectrum acquired for
same time and experimental condition. The resulting pu
height distribution of net scattered counts of Mo at 50°
displayed in Fig. 2~a!. Elastic scattering peak was fitted as
Gaussian function. The solid curve in Fig. 2~a! represents
Gaussian fitted elastic scattering peak. The elastic scatte
contribution is obtained with the help of the solid curve. T
elastic scattering contribution is subtracted from the data
sented in Fig. 2~a! in order to determine the pulse-heig
distribution of Compton scatteredg rays. The resulting dis-
tribution is shown in Fig. 2~b!.

The detector was shielded by a lead collimator so t

FIG. 2. ~a! The net pulse-height spectrum of 59.54-keV photo
scattered at 50° by Mo. The solid curve is a Gaussian for cohe
peak.~b! Pulse-height data obtained after a subtraction of the ela
scattering contribution from the data displayed in~a!.
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only photons from a very small solid angle around the sc
tering foils could arrive at the detector. Thin elemental fo
of Zr, Nb, and Mo were used as scatterers. The purity of fo
was better than 99.9% and all the foils were of unifor
thickness. The thickness of these foils ranged from 0.012
0.0225 g/cm2 for the elimination of multiple scattering an
bremsstrahlung. The emittedK-shell x-ray counting rate and
incoherent scattered radiation counting rate from the ta
of the element under study, as measured by the detector
given by Eqs.~1! and ~2!, respectively@19#

N~K !5I otb~K !s~K !

dV

4p
«~K !v~K ! ~1!

and

N~ inc!5I otb~ inc!

ds~ inc!

dV
dV«~ inc! , ~2!

whereI o is the incident beam intensity at the target,t is the
sample mass per unit area in g/cm2, b (K) andb ( inc) are the
absorption correction factors of the target,s (K) is theK-shell
photoelectric cross section of the element at the excita
energy of 59.54 keV,v (K) is theK-shell fluorescence yield
dV is the target-detector solid angle,« (K) and« ( inc) are the
detector efficiencies at the fluorescence x-ray and incohe
scatteredg-ray energies,ds ( inc) /dV is the incoherent scat
tering differential cross section. From Eqs.~1! and ~2!,

ds~ inc!

dV
5

N~ inc!

N~K !

b~K !

b~ inc!

«~K !

«~ inc!

s~K !v~K !

4p
. ~3!

N(K) and N( inc) values are determined from the photope
and incoherent scattered peak areas,s (K) values were taken
from a table@20#, v (K) values were taken from the table o
Hubbell et al. @21#.

Since the emergentK x rays consist of two components
the procedure for calculation ofb (K) described earlier is fol-
lowed @22#. b (K) is computed from the relation

b~K !5

12expF2S m~g!

cosf1
1

m~K !

cosf2
D t G

S m~g!

cosf1
1

m~K !

cosf2
D t

, ~4!

where m (g) and m (K) are the total attenuation coefficien
@23# of the target at the energy of the incidentg rays and the
weighted mean energy of the fluorescentK x rays, respec-
tively.

The energies of the various peaks are taken to be
weighted mean energies of the various components incid
under the corresponding peaks@24#. f1 and f2 are the
angles of the incident and emitted photons with the tar
normal. ForK x rays, Eq.~4! with m (K) at the weighted mean
K x-ray energy can confidently be used@22#.

The b ( inc) value is similar to Eq.~4!
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b~ inc!5

12expF2S m~g!

cosf1
1

m~ inc!

cosf2
D t G

S m~g!

cosf1
1

m~ inc!

cosf2
D t

, ~5!

wherem (g) and m ( inc) are the total attenuation coefficien
@23# at primaryg and incoherently scatteredg rays, respec-
tively. The detector efficiency was measured using241Am,
133Ba, and54Mn radioisotope testing sources according to
earlier method@25#.

The theoretical incoherent scattering differential cro
sections are calculated by using Eq.~6!

ds~ inc!

dV
5

dsKN

dV
S~x,Z!, ~6!

wheredsKN /dV is the Klein-Nishina cross section per ele
tron, S(x,Z) is the incoherent scattering factor,Z is the
atomic number,x5(sinu/2)/l, u is the angle of scattering
andl(A°) is the photon wavelength.

TABLE I. Comparison of experimental and theoretical incoh
ent scattering differential cross sections for Zr, Nb, and Mo in b

ds/dV ~b/sr!

Zr Nb Mo

u ~deg! x ~Å°! Theor. Expt. Theor. Expt. Theor. Expt
40 1.644 1.823 1.846 1.861 1.805 1.896 1.9
45 1.840 1.771 1.815 1.805 1.768 1.839 1.9
50 2.032 1.698 1.730 1.731 1.671 1.748 1.7
55 2.220 1.604 1.652 1.636 1.590 1.652 1.6
60 2.404 1.501 1.520 1.532 1.574 1.563 1.5
65 2.583 1.420 1.505 1.452 1.510 1.482 1.5
70 2.758 1.337 1.403 1.365 1.392 1.381 1.4
75 2.927 1.282 1.230 1.310 1.375 1.324 1.3
80 3.090 1.224 1.170 1.250 1.275 1.277 1.3
85 3.248 1.198 1.152 1.224 1.248 1.242 1.2
90 3.400 1.170 1.134 1.197 1.185 1.209 1.2
95 3.545 1.178 1.208 1.205 1.230 1.233 1.2
100 3.683 1.184 1.243 1.211 1.250 1.238 1.3
105 3.814 1.227 1.280 1.255 1.310 1.289 1.3
110 3.938 1.269 1.304 1.299 1.340 1.328 1.3
115 4.055 1.311 1.405 1.341 1.360 1.372 1.4
120 4.164 1.390 1.473 1.422 1.450 1.454 1.5
125 4.264 1.430 1.520 1.464 1.537 1.497 1.5
130 4.357 1.509 1.570 1.544 1.574 1.579 1.6
135 4.442 1.587 1.618 1.624 1.591 1.661 1.6
V
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III. RESULTS AND DISCUSSION

The present experimental results for incoherent scatte
differential cross sections are listed with the theoretical v
ues in Table I. In addition, the present experimental res
are graphically compared with the theoretical results in F
3. It can be seen from Table I and Fig. 3 that the pres
results are in good agreement with the theoretical res
within the experimental errors. In order to reduce the sta
tical error the spectra have been recorded for a long ti
The error associated in evaluating the photopeak area is
The uncertainties in self-absorption correction factors w
about 3%. The error in the detector efficiency is estimated
be about 3%. The overall error in the measured incohe
scattering differential cross sections is estimated to be
than 7%.

This present method is being used for the first time
the measurement of incoherent differential cross sections
this method, theK x-ray counting rate@Eq. ~1!# and scatter-
ing radiation counting rate@Eq. ~2!# from target are measure
at the scattering angles from 40° to 135°. From these eq
tions, the incoherent differential cross section,ds ( inc) /dV,
is obtained using Eq.~3!. The use of Eq.~3! considerably
simplifies experimental problems such as the estimation
source strength, source-target, and target-detector s
angles, etc.

FIG. 3. Incoherent scattering differential cross sections a
function of scattering angle inb/sr.
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