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Abstract. We determined L subshell photoeffect cross-sections by using La, L1, and Ly 36,8 X-ray flu-
orescence cross-sections and atomic parameters and total L shell photoeffect cross-sections for Hf, Hg,
TIl, Bi, T1, and U at 59.54 keV. These values were compared with the theoretical values of Scofield and

experimental values that exist in the literature.

PACS. 32.80.Cy Atomic scattering, cross-sections, and form factors; Compton scattering

1 Introduction

The photoeffect phenomenon has been studied since
the photoeffect cross-section is an important parameter
in X-ray Fluorescence (XRF) analysis. Values of cross-
sections for the photoeffect of inner shell electrons are
required for radiation physics, nuclear physics, energy
transport and deposition calculations, dosimetry, and el-
emental analysis of materials using X-ray emission tech-
niques. The numerical data of Scofield [1] on the total
and subshell photoeffect cross-sections are considered to
be most accurate theoretical data [2]. These data include
elements of Z = 1 to 101 in the energy region 1 to
1500 keV. On the other hand, K shell, L shell and total
L shell photoeffect cross-sections have been determined
experimentally by many workers using photons and accel-
erated particles [2-20]. The accurate and reliable data on
the L XRF cross-sections have an important bearing in
the theory for developing more realistic models describing
the fundamental processes following inner-shell ionisation,
namely, radiative, Auger, and Coster Kronig [1]. A bet-
ter approach to check parameters is to measure the XRF
cross-sections for the X-rays originating from the individ-
ual L; (i = 1,2, 3) subshell and total L shell.

In the present study, Lo, Lvyi, L2368, Ly, and
Lvys XRF cross-sections for elements in the atomic re-
gion 72 < Z < 92 (namely, Hf, Hg, T1, Bi, Th, and
U) at 59.54 keV incident photon energy have been ex-
perimentally measured using an Energy Dispersive XRF
(EDXRF) setup including 24! Am radioisotope source as
exciter. Then, we calculated L subshell and total L shell
photoeffect cross-sections by using Lo, Ly, and Lyz 36,8
XRF cross-sections and atomic parameters since there are
insufficient works on L subshell and total L shell photoef-
fect cross-sections at 59.54 keV.
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Fig. 1. Experimental setup.

2 Experimental technique

As shown in Figure 1, the experimental set-up consists of
a point ?*'Am radioisotope source with 100 mCi activ-
ity and gamma photon energy 59.54 keV, a Si(Li) solid-
state detector of 12.5 mm? active area and a resolution
of 160 eV at 5.9 keV Mn Ka line, and a sample. The de-
tector coupled to a ND 66B 1024 multichannel analyser.
The direct beams from the source mentioned above were
incident on the sample. The samples were placed at a 45°
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Fig. 2. A typical

to the direct beam from the source and fluorescent X-rays
emitted at 90° with respect to the direct beam from the
source were detected by a Si(Li) solid-state detector. The
samples used were spectroscopically high purity (~99.9%)
and in the form of powder evaporated on mylar backing.
A typical L X-ray spectrum of U is shown in Figure 2.
The counts under the peaks of various X-ray lines were
estimated by both Gaussian and Gaussian with a tail as-
suming a polynomial background. To reduce the statistical
error in the measurements, five spectra were recorded for
each target and the live time was 10 h. Further, to mini-
mize the systematic errors, if any, spectra for each target
were taken on three different occasions. The thickness of
the powders used in the experiment was about 25 pm.

3 Data analysis

The spectrum of L X-rays shown in Figure 2 contains four
groups; i.e. L¢, La, L3, and Ly groups of L X-rays. The L~y
group of X-rays consists of four components as shown in
Figure 2’s inset, that is, L1, Ly2,3,6,8, Ly4,4, and Lrys. Ly
and Lvs are related to the Liy subshell, Ly4 4. are related
to the Ly subshell, and Lys 36,5 is related to both L; and
Lir (Lye,3 is related to the Ly and Lryg g is related to the
Lip). The spectra were analysed by using Origin Software
Program. As shown in the Figure 2’s inset, a linear back-
ground is placed below the spectra of the L. X-rays, from
the first to the last channel. The mean of ten channels at
each side of the overlapped peaks was used to calculate the
background and to define the peak [21]. The composite Ly
peaks have been analysed into four Gaussians as shown in
Figure 2’s inset. In addition, the composite Ly peaks have
been fitted into four Gaussians and exponential tailings in
their low-energy sides [22,23].

spectrum of U.

L-subshell photoeffect cross-sections were calculated
by using the following equations [13]

FL'YG,S Fl 1

TLa = UL%'B”G'S ~9n FL’Y FL’Y W_l (1)
1 2,3
1 Iy
Ol = Oy, ——— — o 2
Ln = Ol o Ji201, (2)
a1, F3
OLin = Sl (flS + f12f23)ULI - f23ULII (3)
w3 ILa
OLr = OL; + 0Ly + 0Ly (4)

where f;; (i # j = 1,2,3) are Coster-Kronig transition
probabilities, w; (i = 1,2,3) are L subshell fluorescence
yields, I (i = 1,2, 3) are theoretical total radiative tran-
sition rates of L; (i = 1,2,3), I'La, I1y, Iy, 4 Ly 0 and
I, Lo AT theoretical total irradiative transition rates of
the appropriate peaks, and oL, oL,,, and OLy, s AT€
the L X-ray fluorescence cross-sections determined exper-
imentally.

OLyy> 0Ly 568 and o1, XRF cross-sections are exper-
imentally determined using [24]

I,
T TG ®)

oL
where I1,, is the observed intensity (area under peak) cor-
responding to the L; group of X-rays, Iy (F) is the intensity
of the incident radiation at the excitation energy, G is the
geometric factor that influences the relative importance
of absorption of the primary and secondary (analyte-line)
X-rays [25], e1,; is the detection efficiency of the L; group
of X-rays and [ is the self-absorption correction factor for
the target material which accounts for the absorption in
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Fig. 3. Efficiency curve of Si(Li) detector.

the target of the incident photons and the emitted char-
acteristic X-rays [24],

5= 1 —exp [—h.(E;)t]
o h.(E)t
h2(E;) = [ine S€C 81 + Lemit sec B2]

(6)
(7)

where pine and pemit are the mass absorption coefficients
of the incident photons and the emitted characteristic
X-rays in the target, respectively, taken from Hubbell and
Seltzer [26]. §; and 0y are the angles of the incident pho-
tons and the emitted characteristic X-rays with respect to
the normal at the surface of the sample. These angles are
equal to 45° in the present sample and ¢ is the thickness of
the sample. The value of the factor IyGe was determined
by collecting the K X-ray spectra of thin samples of Fe,
Ni, Cu, Rb, Mo, and Ag, and by using the relation [24]
IKa

O—KaﬂKat (8)

where the terms Ik, Bka, and €k, have the same mean-
ing as in equation (5), except that they correspond to K
X-rays instead of the ith group of L X-rays. Theoretical
values of (ok,) XRF cross-sections were obtained using
the relation

IQGEKa =

(9)

where ok (E) is the theoretical K shell photoeffect cross-
sections taken [27] for the given element at the excitation
energy E, wik is the K shell fluorescence yields [28], and
Fx. is the fractional X-ray emission rate for Ka X-rays,
defined as

0Kka = 0k (B)wk Fka

Fia = {1 + IK—ﬁ] - (10)

IKa

where Ixg/Ikq is the theoretical K5 to Ko X-ray intensity
ratio. In the Figure 3, it’s shown the curve and equation
of IyGe versus energy in keV.

L XRF cross-sections are theoretically calculated by
using following equations [24]

ove = (o1, f13 + ov, fi2foz + ouy foz + oLy) waFse (1)
OLa = (0Lf13 + oLy fi2fa3 + 0Ly f23 + 0Ly ) waFza (12)
org = on,wi1Fig + (o1, fi2 + oLy ) wa Fog

+ (o1, f13 + ov, fi2 fo3 + 0wy faz + ULIH)OJ3F3ﬁ(13)

0Ly = oW1 Fiy + (01, f12 + oL )w2 Fay (14)
where the op,, (¢ = 1,2,3) are the L subshell photoeffect
cross-sections, w1, we, and ws are the L subshell fluores-
cence yields, fi12, fi13, and fo3 are the Coster-Kronig tran-
sition probabilities [28], and F,,, (F3¢, F3a, F3g, etc.) are
the fractions of the radiation width of the subshell con-
tained in the yth spectral line, i.e.

(F3a = I3a/13).

Here, I'5 is the theoretical total radiative transition rate
of the Ly subshell and F3, is the sum of the radiative
transition rates that contributes to the L« lines associated
with hole filling in the Lyj; subshell, that is,

Fry =y /In, (15)

F3o = [I’3(Myy — Lyir) + I3 (My — Linn)] /I3 (16)
is the radiative transition rate from the My and My sub-
shell to the Ly subshell. Scofield, who applied relativis-
tic Hartree-Slater theory with a central potential and in-
cluded retardation, has calculated the radiative transition
rates for many elements [30] and we used these values to
obtained the F,,,.
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Table 1. The values of o, oLy, 0Ly, and or, photoeffect cross-sections (barns/atom).

oL OLn
U  644.394+44.06 655.68 +26.51 671.29 639.37 4+ 15.86 637.68 4+ 12.89 638.91
Th 605.98 +53.17 704.03 £+ 58.78 635.41 536.34 4+ 26.37 554.57 4+ 13.76 565.84
Bi  493.03 +21.90 549.25 + 38.59 511.43 368.07 4 14.55 387.37 4+ 28.12 360.21
Tl 470.85 +£33.72 497.38 £39.82  477.52 287.09 4+ 32.56 309.88 4+ 28.03 313.94
Hg 446.94 +32.30 446.89 £20.04 460.71 285.95 +17.14 295.95 + 15.97 292.74
Hf 366.93 +£36.36 380.94 +45.01 335.73 172.94 £+ 18.75 180.63 £ 20.23 160.85
Ly OLt
U  551.05+£23.31 596.84 £25.37 622.38 1834.81 +£171.37  1890.20 + 113.41 1933 2060 (I. Method)
Th 633.26 +24.32 609.17 +11.39 619.22 1775.58 +£191.16  1867.77 + 166.39 1763 2110 (II. Method)
Bi 470.10 £45.83 435.98 +£36.28  381.57 1331.21 +152.01  1372.60 + 179.65 1253 2090 (III. Method)
T1 50.04 + 62.31 320.75 +10.42 338.87 1007.98 4+ 225.26  1128.01 4+ 144.74 1130 1680 (I)
Hg 27843 +£36.20 303.74 £19.89 318.87 1011.32 £ 162.19  1046.58 + 100.44 1072 1720 (I1)
Hf 181.40 +12.81 178.80 +£10.69 188.58 720.62 £ 118.41 740.37 £125.86  685.23

E* determined experimentally and peaks fitted Gaussians, E** determined experimentally and peaks fitted Gaussians with an
exponential tail on their low energy sides, T*** calculated theoretically.
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Fig. 4. A comparison of determined photoeffect cross-sections with the theoretical values of Scofield [1] and experimental values
exist in the literature [11].
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4 Results and discussion

The values of o1, oLy, 0Ly, and o, photoeffect cross-
sections calculated experimentally and theoretically are
tabulated in Table 1. Also included in Table 1 are the o,
photoeffect cross-sections of Arora et al. [11] determined
using three different versions of Sood’s method of measur-
ing the absolute yield of fluorescent X-rays when a target
is irradiated with a known flux of photons at 59.54 keV.

The L; subshell photoeffect cross-sections (o) have
been deduced from the measured Ly; and Lys 368 XRF
cross-sections by using equation (1). The Ly values agree
within experimental errors with theoretical values. The
Ly subshell photoeffect cross-sections (o, ) have been de-
duced from the measured Lvy; and o, XRF cross-sections
by using equation (2). The Ly subshell photoeffect cross-
sections (o1,,,) have been deduced from the determined
OLa, OL;, and or,; XRF cross-sections by using equa-
tion (3). Total photoeffect cross-sections (or,.) are cal-
culated as the sum of the or, (i = 1,2,3) photoeffect
cross-sections by using equation (4).

The errors in the oy, o1y, 0Ly, and o, are 7-10%,
7-12%, 10-12%, and 16-17% when the peaks are repre-
sented with a Gaussian; 7-9%, 4-11%, 8-10%, and 13-
17% when the peaks are represented with a Gaussian and
an exponential tail on their low-energy sides respectively.
These errors arise from the maximum experimental errors
in the opLa, oLy, and OLry s These errors are typically
8% for o1, and 11% for JLVV1 and o1, , ;. When the peaks
are represented with the Gaussians. These errors are at-
tributed to the uncertainties in the different parameters
using equations (1-3). The errors in the evaluation of the
peak areas are about 6%, 10%, 10% for oL, oL,,, and
Oy 568 respectively; the error in IyGe is less than 5%,
the error in the absorption correction (3 is less than 1%,
the error in the thickness measurement is in the order of
1%. When the peaks are represented with the Gaussians
and an exponential tail on their low-energy sides, the max-
imum experimental errors are typically 7% for or., and
10% for OL~, and OLyy 568 In this situation, the errors in
the evaluation of the peak areas are about 5%, 9%, 9% for
OLa, 0Ly, and OLry g0 respectively.

L; (i = 1,2, 3, and Total) photoeffect cross-sections are
plotted as a function of the atomic number Z in Figure 4.
It is clear from these figures that the measurement of oy,
OLys OLyy, and oL, photoeffect cross-sections are in good
agreement with the theoretical values. The determined
values of the o, photoeffect cross-sections are in good
agreement with the theoretical values within experimen-
tal errors. But the total L shell photoeffect cross-section
values for U are lower than the op,,. values determined by
Arora et al. [11]. o,;, (i = 1,2,3) values determined by
fitting a Gaussian with an exponential tail on their low
energy sides are in very good agreement with the theo-
retical values (within the experimental errors) compared
with values that determined by fitting Gaussians.
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