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Differential cross sections for incoherent scattering ofy rays by elements
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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 oKtkhell 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-keV vy rays by Zr, Nb, and Mo have been measured for angles ranging from 40° to 135° using a
high-resolution SiLi) detector. The experimental values have been compared with those estimated on the basis
of the nonrelativistic Hartree-Fock wave functions.

PACS numbdrs): 32.80.Cy

[. INTRODUCTION respectively, because even a small fraction of these radia-
tions would produce sizable interference due to their large

Incoherent scattering is an important mode of photon ininteraction cross sections witk-shell electrons. The graded
teraction with atoms in the energy range below 5 MeV. Itfilter consisting of Pb, Cu, and Al was used for preferential
changes the phase and usually the energy of the photon. Tladsorption of fluorescent x rays produced in the filter itself.
magnitude of changes depends on the scattering angle afgtimated transmission of 59.54-keMays was~45%. The
the energy of the photon. The incoherent scattering by frees source was placed in a lead collimatgmrays of 59.54 keV
electrons is Compton scattering and the bound electron courfrom the 2*!Am source are collimated on targets. The source
terpart is often called “atomic Compton” scattering. Over with its collimator was rotated step by step with 5° annular
most of the region in which incoherent scattering is a majoiincrements about the horizontal axis. For the values 40°—
part of the total cross section, the Klein-Nishina theory is135° of scattering angles, the spectra of scatterealys and
directly applicable[1]. Departures from the Klein-Nishina emittedK x rays from the targets were recorded with &L5j
formula occur at low photon energies because of the electrodetector(full width at half maximum=160eV at 5.96 keV,
binding effect. Many effects of the interaction of radiation active area12.5 mnf, sensitive depth3 mm) coupled to a
with atoms depend on the so-called incoherent scattering024 computerized multichannel analyser through a spec-
function S(x,Z) which is a measure of electron bindifg].  troscopy automatic fine-tuning research amplifier. The am-
Values of S(x,Z) have been calculated. Cromer and Mannplifier shaping time constant that resulted in the best resolu-
[3] and Cromeif4] have evaluated the Waller-Hartree func- tion was 6 us and this value was used throughout the
tion S(x,Z) using nonrelativistic Hartree-Fock atomic wave measurement. The built-in computer enabled data storage,
functions and these results have been tabulated by Hubbeleak resolution, background subtraction, and the determina-
et al. [5]. Most of the experimental work related to incoher- tion of the net area of th& x-ray and incoherent scattered
ent scattering is confined to higher photon enerfigesll]. = peaks. The spectra were analyzed using a quantitative x-ray
Some authors have studied this process at lower energiemalysis computer code Analysis of X-ray Spectra for Itera-
[12-15. The data will be very useful in calculating radiation tive Least-Squares FittingxIL ) [16—18. The component of
attenuation, transport, and energy deposition in medicahcoherent scattered photons in the spectrum is separated
physics, reactor shielding, industrial radiography, and in grom the component of coherent scattered photons at small
variety of other applications in addition to x-ray crystallog- scattering angles using the&iL x-ray analysis computer pro-
raphy. Thus, there is a general need for subjecting the calcu-
lated values of incoherent scattering cross sections to exten-
sive experimental tests.

With this in view, in the present work, we have measured
total atomic incoherent scattering differential cross sections =
for Zr, Nb, and Mo elements at scattering angles from 40° to .
135° by using a high-resolution (&i) detector.
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The experimental set up is shown in Fig. 1. The experi- Pb
ment was carried out using a filtered point sourésAm
(100 mCj which emits monoenergeti&9.54-keV} y rays.y
rays of 26.4 keV andNp L x rays coming from**’Am 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 mm, FIG. 1. Experimental setup.
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II. EXPERIMENTAL METHOD

Am -241
point source
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only photons from a very small solid angle around the scat-
tering foils could arrive at the detector. Thin elemental foils
of Zr, Nb, and Mo were used as scatterers. The purity of foils
was better than 99.9% and all the foils were of uniform
thickness. The thickness of these foils ranged from 0.0129 to
0.0225 g/crh for the elimination of multiple scattering and
bremsstrahlung. The emittédshell x-ray counting rate and
incoherent scattered radiation counting rate from the target
of the element under study, as measured by the detector, are
given by Eqs(1) and(2), respectively{19]
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wherel, is the incident beam intensity at the targeis the
sample mass per unit area in gf’crﬁ(K) and Binc) are the
absorption correction factors of the targe{y, is theK-shell
photoelectric cross section of the element at the excitation
energy of 59.54 keV , is theK-shell fluorescence yield,
dQ is the target-detector solid angley) ande ) are the
detector efficiencies at the fluorescence x-ray and incoherent
scatteredy-ray energiesdo i, /d{() is the incoherent scat-
tering differential cross section. From Ed4) and (2),
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400 Ny and Nin¢) values are determined from the photopeak
- and incoherent scattered peak aregg, values were taken

“ from a table[20], w ) values were taken from the table of
od RS Hubbell et al. [21].
00 | si0 | o0 | 80 1000 1020 Since the emergerk x rays consist of two components,
Channel the procedure for calculation ¢, described earlier is fol-

) lowed[22]. B, is computed from the relation
FIG. 2. (a) The net pulse-height spectrum of 59.54-keV photons

scattered at 50° by Mo. The solid curve is a Gaussian for coherent

peak.(b) Pulse-height data obtained after a subtraction of the elastic 1—exd — ( Ky + H(K)
scattering contribution from the data displayedan 3 COS¢; COS¢h,
K=

, 4
Koy HK

gram. To obtain the net pulse-height spectra of scattered
COS¢; COS¢,

rays and emitte x rays, a background spectrum without
the target was subtracted from the spectrum acquired for the
same time and experimental condition. The resulting pulsewhere w(,) and p, are the total attenuation coefficients
height distribution of net scattered counts of Mo at 50° is[23] of the target at the energy of the incidentays and the
displayed in Fig. 2a). Elastic scattering peak was fitted as aweighted mean energy of the fluorescé&ni rays, respec-
Gaussian function. The solid curve in Fig@p represents tively.
Gaussian fitted elastic scattering peak. The elastic scattering The energies of the various peaks are taken to be the
contribution is obtained with the help of the solid curve. Theweighted mean energies of the various components incident
elastic scattering contribution is subtracted from the data prednder the corresponding peak®4]. ¢; and ¢, are the
sented in Fig. @) in order to determine the pulse-height angles of the incident and emitted photons with the target
distribution of Compton scatteregrays. The resulting dis- normal. ForK x rays, Eq.(4) with x, at the weighted mean
tribution is shown in Fig. @). K x-ray energy can confidently be usgzp].

The detector was shielded by a lead collimator so that The S, value is similar to Eq(4)
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TABLE I. Comparison of experimental and theoretical incoher- ]
ent scattering differential cross sections for Zr, Nb, and Mo in b/sr. 1o > ° o geor.
: . o Exp
do/dQ (blsn e Mo 5 se
Zr Nb Mo s Se Logt’
—_ 121 "830c”
6(deg x(A°) Theor. Expt. Theor. Expt. Theor. Expt. % 20
40 1.644 1.823 1.846 1.861 1.805 1.896 1.9652{ S
45 1840 1.771 1.815 1.805 1.768 1.839 1.918 2 S
50 2032 1698 1.730 1.731 1.671 1.748 1.713 § Lk NS 8 g .8 ¢
55 2220 1.604 1.652 1.636 1590 1.652 1.607 § 14l a - g °
60 2404 1501 1520 1532 1.574 1.563 1.547 8 ° g Lo 8 ¢
65 2583 1420 1505 1.452 1510 1.482 1541 % 4] ° f 0
70 2758 1.337 1.403 1.365 1.392 1.381 1427 & ]
75 2927 1.282 1230 1.310 1.375 1.324 1.392¢ ' ° 8 g
80 3.090 1.224 1.170 1250 1.275 1277 1.324C 18] 8 -
85  3.248 1198 1.152 1224 1248 1242 1272 1] “ o Oa
90 3.400 1.170 1.134 1.197 1.185 1.209 1.260 12 © e A g °
95 3545 1.178 1.208 1.205 1.230 1.233 1.244 o ° e
100 3.683 1.184 1.243 1211 1.250 1.238 1.305 40 60 80 100 120 140
105 3.814 1.227 1.280 1.255 1.310 1.289 1.356 Scattering angle 6
110 3.938 1.269 1.304 1.299 1.340 1.328 1.380 . . . .
115 4055 1311 1405 1341 1360 1.372 1 FIG. 3. Incoherent scattering differential cross sections as a

120 4164 1390 1473 1422 1450 1454 1510 unction ofscattering angle ib/sr.

125 4264 1430 1.520 1.464 1.537 1.497 1.567 Ill. RESULTS AND DISCUSSION
130 4357 1509 1570 1544 1574 1579 1.602

135 4442 1587 1618 1624 1591 1661 1696 The present experimental results for incoherent scattering

differential cross sections are listed with the theoretical val-
ues in Table I. In addition, the present experimental results
are graphically compared with the theoretical results in Fig.
1—ex;{—(m+ MH 3. It can be seen from Table | and Fig. 3 that the present
COS¢;  COS¢h, results are in good agreement with the theoretical results
' ®) within the experi is-
perimental errors. In order to reduce the statis
) tical error the spectra have been recorded for a long time.
The error associated in evaluating the photopeak area is 3%.
where 1,y and uinc) are the total attenuation coefficients The uncertainties in self-absorption correction factors were
[23] at primary y and incoherently scatteredrays, respec- about 3%. The error in the detector efficiency is estimated to
tively. The detector efficiency was measured us?ﬁ@\m, be about 3%. The overall error in the measured incoherent
183843, and**Mn radioisotope testing sources according to anscattering differential cross sections is estimated to be less

IB(inc):
M(y) n M(inc)

COS¢p; COS¢,

earlier method 25]. than 7%. . - o
The theoretical incoherent scattering differential cross This present method is being used for the first time for
sections are calculated by using E6) the measurement of incoherent differential cross sections. In

this method, theK x-ray counting rat¢Eq. (1)] and scatter-

ing radiation counting ratgEq. (2)] from target are measured

at the scattering angles from 40° to 135°. From these equa-
tions, the incoherent differential cross sectidw; i, /d{2,
wheredoyy /dQ is the Klein-Nishina cross section per elec- is obtained using Eq(3). The use of Eq(3) considerably
tron, S(x,Z) is the incoherent scattering factaz, is the  simplifies experimental problems such as the estimation of
atomic numberx=(sind/2)/\, 6 is the angle of scattering, source strength, source-target, and target-detector solid

dU(inc) _ dokn

aQ _ dq o9 ©)

andA (A°) is the photon wavelength. angles, etc.
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