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The L-subshell ionization cross sections for tungsten have been measured for incident electron beams of
low energies. The electron energy was in the range of 1 < E/I;, < 4. The values of the three L -subshell cross
sections o,, o, and o, were deduced from the thick-target yields of LB; LB, and La, x rays of
tungsten. A differential method was employed in the deduction procedures. The x-ray spectra were obtained
by an improved version of a single-crystal, high-angle goniometer. The shape of the energy dependence of
the measured cross sections deviates from the predictions given by McGuire’s scaling result as well as

Gryzinski’s classical scaling result.

I. INTRODUCTION

The plane-wave Born approximation (PWBA)
and other approximations predict, in the nonrela-
tivistic limit, a scaling law for the K-shell ion-
ization cross sections for all target elements
under bombardments by electrons® and fast light
ions.? The product of the cross section o,, and
the square of the 1s-shell ionization energy is a
universal function of the projectile energy in units
of 1s-shell ionization energy, i.e., o, ([,,)*
=f(E/\,,), where X is the mass ratio of the inci-
dent particle to the electron. This scaling is an
essential feature of the Coulomb excitation of an
atom by the bombardments of charged particles.

The existing data for K -shell ionization cross
sections indicates this general gross feature, even
though the scaling overestimates the ionization
cross section at low bombarding energies. Re-
cently, scaled electron ionization cross sections
of atomic subshells (other than the K shell) in the
Born approximation were obtained by McGuire, ®
This scaling has, in general, a nonclassical fea-
ture, i.e., it does not vary inversely with the
square of the ionization energy. Thus cross sec-
tion measurements for the electron ionization of
atomic subshells are important in assuring the ap-
plicability of this scaling law in various energy re-
gions.

There are a few experimental data on the cross
sections of electron ionization of atomic L sub-
shells,* and they do not quite agree with each
other, especially at low electron energies. Ire-
port here measurements of the total L-subshell
ionization cross sections of tungsten under elec-
tron bombardment at low energy E, in the range
1 <E/1L¢ <4, where [, is the ionization energy of
the ith L subshell (=1, 2, 3). The three L-sub-
shell ionization cross sections of tungsten, Op .
01, and 0, , were deduced from the thick-target
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yields of L3;, LB, and L@, x rays of tungsten. A
differential method was employed in the deduction
procedures. The x-ray spectra were obtained by
an improved version of a single-crystal, high-
angle goniometer.

The shape of the energy dependence of the mea-
sured cross sections deviates from the predictions
of McGuire’s nonclassical scaling result® as well
as from Gryzinski’s classical scaling result.® In
the very-low-energy region (E/I;, <1.5) the mea-
sured cross sections fall off less than those pre-
dicted by these two scalings.

II. EXPERIMENT

A thick block of tungsten, 99.9% pure, was
bombarded by an electron beam of known energy
and flux. The electron beam was generated by a
homemade electron gun in which the tungsten fila-
ment was fitted in a stainless-steel focusing cup.
An insulated transformer supplied the filament
with the heating current. A high-voltage power
supply connected in series with a voltage regula-
tor and a ripple suppressor and rated at less than
0.3% ripple at a full load of 120 kV and 30 mA
was used to accelerate the electron beam. For
our present work, the load was kept at a constant
current of 0.3 mA and a voltage of 12-40 kV.

The target was tilted such that the normal of the
target surface was 7.73° from the incident-beam
direction. This arrangement makes the takeoff
angle 6 of the emitting characteristic x ray of the
target 7.73°. These X rays pass through a thin
(0.254-mm) beryllium window which was lined up with
the entrance Soller slits of the single-crystal
goniometer. The wavelength of the x ray was
analyzed by a calcite single crystal and the dif-
fracted x ray was detected by a NaI(T1) detector
with a 0.127-mm beryllium window.

The x-ray spectra of Lg;, LB,, and Lo, were
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taken by scanning the target x rays in steps. Each
step consisted of a change of 26=0.01° and a one-
min interval. The tungsten x ray spectra of Lg;,
LB, and Lo, at an electron energy of 20 keV are
shown in Fig. 1. The full width of the half maxi-
mum of the Lo, x ray was measured to be 18 eV.
This high-resolution spectrum has the advantage
of eliminating the contamination, if any, present
in the target. The LB; and LB, x rays can be re-
solved well, and so the cross sections 0., and oy,
can be readily deduced. However, the efficiency
of the single-crystal goniometer is very small

(on the order of 1077), so at low electron energy a
reasonably good yield can be obtained only by using
a thick target without too much of a change of beam
current. This is especially true for Lj, x rays.

III. DATA ANALYSIS AND RESULTS

The x-ray production cross section at an inci-
dent energy can be obtained by differentiating the
measured x-ray yields of the thick target, ¥, (E)
[here Y, E) has already been corrected for the
electron rediffusion effect®];

[ Y, (E)~FY, (E - AE)

o (E) =
Ine, AR
_f (YLI(E) -Y, (E - AE) AE
Ine, AE AR

+(1-P)Y,, (B - a5) 2 ) (1)

where the terms have the following definitions:

I is the total number of the incident electron, and
is 1.124 x 10* for 0.3 mA min in the present work.
7 is the number of atoms per unit volume of the
target material. For tungsten, n=3.121 x 10* /g,
€, is the detection efficiency of the goniometer,
including the reflectivity of the calcite crystal,
the counting efficiency of the NaI(T1) detector,

the solid-angle correction, and the attenuation of
the photon path through the beryllium windows and
air. f is the fraction of direct ionization by elec-
tron bombardments. This quantity was found to
be about 67% and independent of the electron en-
ergy.” F is a correction factor for the intensity
of the x rays emitted from a layer of thickness
AR. For a takeoff angle of 6,

F= e-ARu csce’

where 1 is the mass-absorption coefficient of the
target material for the analyzed x rays.
As AR— 0 and AE— 0, Eq. (1) becomes

v, (E) dE
L (E)= Bﬁ(d dE( ) o5+ ucscoy, (E))
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FIG. 1. LB;, LBy, and La, xrays of a thick-tungsten
target at electron energy of 20 keV. The spectra were
obtained from an improved high-angle, single-crystal
goniometer.

where dY, | (E)/dE is the slope of the exmtatlon
function of the measured x-ray yields and dE/dR
is the stopping power of tungsten for electrons.
Note that all subscripts x in Egs. (1) and (2) rep-
resent a particular L -x-ray line, such as Lj;,
LB, or La,. For example, O%a, represents the x-
ray production cross section of the Lo, line.

To evaluate dE/dR, one may have to take the
contribution of bremsstrahlung® into account. In
the energy region under consideration, however,
this contribution is three orders of magnitude
smaller than that due to collision and can there-
fore be neglected. Bethe’s nonrelativistic for-
mula® was used to calculate dE /dR for tungsten.
Numerically, it was found to be

dE/dR=314601n(1.7059E)/E keV cm?/g.  (3)

The relativistic correction for dE/dR was found
to be negligible at E =40 keV (v/c=0.374).

The excitation function of the thick-target yields
of L x rays could follow the empirical law™® ¥, (E)
:K(E/I“—l)", where K and » are adjustable pa-
rameters. Measured yields of LB,, LB,, and L&,
x rays were plotted versus (E/IL‘ —1) on a full-
log scale in Fig. 2. These are not quite straight
lines because I did not correct for the target self-
absorption effect. I then deduced the slope
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FIG. 2. LBj3, LBy, and La,, x- ray production yields
plotted vs E/ILi ~1 on a full-log scale. The x-ray pro-
duction yields have been corrected for the effect of elec-
tron rediffusion.

dY, (E)/dE by fitting the measured x-ray yields
Y, (E) to a polynomial function of E. The experi-
mental and fitted values of ¥, (E) and the slopes
dYLx(E)/dE are listed in Tables I(a)-I(c).

The x-ray production cross section O'LI(E) for
LB;, LB, and L@, X rays can readily be deduced
from Eq. (2), provided that f/¢, is known. Since '
f is independent of energy, it can be absorbed into
€, and make f/€,=1/€,. The €7, €7p, and €7,
can only differ from each other through their dif-
ferent photon-absorption coefficients in air and
beryllium windows. Here the phéton path through
air (=38.5cm) and the total thickness of the beryl-
lium windows (=0.38 mm) make €}, ,/¢;,.=0.952,
Egal/egﬂgz 0.833, and €7, /€5 =0.875.'" The rel-
ative total ionization cross sections for each L
subshell, €, .07, €4 0p,, and €7, 0y can be ob-
tained through the following formulas:

’ i

€18,008, = €1850L W1 F 184 5 (4a)
’ —_ 4 ’ ’ ’ -

€16,028,= (€26,02, + €15,/ €16,626,0L , F12)waF g, (4D)
7 p— ’ ’ ’ ’ .

€ 0% 0y = (€L Oy + €1, /€18,608,02, 2

+ Eial/eiﬁgeiﬂso.l', 1fm,)“"stm L (4c)

where w,, w,, and w; are the L-subshell fluores-
cence yields, f;, fo3, and f,; are the Kronig transi-
tion probabilities,*? andFs, , Fpg, and Fyy are
the fractional widths for the La,, LB,, and LB,

x rays, respectively.’® These relative ionization
cross sections were then scaled to the values of
07, Oz, and oy, calculated according to the
McGuire scaling at E =40 keV, The respective
values of €74, €14,, and €;, were then found to be
5.33x1077, 4.58x 1077, and 3.98 X 10”7, Using
these values, I obtained a new set of ratios,
€16,/€18,=0.859, €1a,/€18,= 0. 747, and €ay/€1s,
=0.870. The first two are about 12% smaller
than those calculated above (by considering the
different absorption coefficients in air and mylar
for the different x-ray lines of LB,, LB,, and La,),
while the third is comparable to that calculated
above. It is therefore reasonable to assume that
the value of €, is scaled too high. Furthermore,
the previously calculated value €4 1/egﬁsz 0.952
must be considered more suitable, since the ener-
gies of the LB; and LB, x rays are very close to
each other and this ratio should thus be close to
unity. Accordingly, we take the following set of
values to be the “effective efficiency” of the de-
tecting system: €7, =4.7x107, ¢, =4.5X 107,
ans eialz 3.9x10"". These values can be con-
sidered accurate to within 5%. If these values

are wrong, multiplication by a constant factor
should correct them.
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FIG. 3. Individual L-subshell ionization cross sec-
tions. The two solid curves represent the results
scaled with the McGuire scaling (M) and the Gryzinski
scaling (G). Circles represent the measurements for
6=17,73°, and triangles the measurements for 6=3.3°,
The three vertical arrows indicate the threshold of the
three subshells of Ly, L,, and L,.
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TABLE I. (a) Tungsten L -subshell ionization cross sections UL1(E) for incident electrons of energy E. Column 2 is
the measured thick-target yields of L B3 x-rays, ¥ g;(E) and the fitted yields Y’Zﬁs(E) in units of x rays per incident par-
ticle. Column 3 is the slope of the excitation function. Column 4 is the relative L 83 x-ray production cross sections in
ém?, Column 5 is the L-subshell ionization cross sections in cm?, as determined by Eq. (4) with €7g,=4.7 x10°7, (b)
Tungsten L ,-subshell ionization cross sections ULZ(E) for incident electrons of energy E. The rest o% the description is
the same as in (a), except that L B3 is changed to Ly and €75,=4.5 %1077, (c) Tungsten L;~subshell ionization cross sections
0. (E) for incident electrons of energy E. The rest of the description is same as in (a) except that L33 is changed to
Lay and €z, = 3.9x 10”7, The negative numbers represent negative powers of ten, for example, 1.14 -11=1.14 X 10711,

E Y 15,(E) Y%, (E) dY%,(E)/dE €18,018 oz, (E)

3 3, 1
(keV) (x rays/particle + 3%) (x rays/keV particle +10%) (cm? £12%) (cm? +17%)
15 1.14 -11 1.14 -11 4.49 -12 1.25 -30 5.64 -23
17 1.89 -11 1.91 -11 5.23 —-12 1.45 -30 6.56 ~23
20 3.76 =11 3.98 -11 5.64 -12 1.93 -30 8.68 —23
23 6.31 —11 5.71 -11 5.87 =12 2.50 =30 1.13 =22
@) 26 7.48 -11 7.50 =11 6.04 —12 2.73 -30 1.23 -22
29 9.20 —-11 9.33 —-11 6.18 —12 3.10 -30 1.40 —-22
32 1.17 -10 1.12 -10 6.31 —12 3.66 —30 1.65 -22
35 1.29 -10 1.31 -10 . 6.41 —-12 3.93 -30 1,77 =22
38 1.44 -10 1.51 -10 6.51 —12 4.26 -30 1.92 -22
40 1.64 -10 1.64 =10 6.57 -12 4,73 -30 2.14 -22
E Y 15,(E) Y%, (E) dY’4,(E)/dE €'i8,018, 0y, (E)
(keV) (x rays/particle if%) (x rays/keV particle +10%) (cm? +10%) (cm? +£15%)
13 1.55 =11 1.43 -11 2.07 -11 5.37 -30 5.08 -23
15 7.50 —11 8.09 —-11 3.45 -11 9.42 —-30 8.00 -23
17 1.45 -10 1.56 —-10 3.50 =11 1.07 -29 9.24 -23
20 2,76 =10 2.91 -10 3.565 -11 1.34 -29 1.08 —-22
23 4,01 -10 3.97 =10 3.59 -11 1.61 =29 1.28 -22
(b) 26 5.46 —10 5.06 -10 3.62 -11 1.94 -29 1.57 =22
29 6.12 =10 6.15 -10 3.65 -11 2,07 -29 1.65 -22
32 7.28 =10 © 7.26 -10 3.67 —-11 2.34 -29 1.86 —-22
35 8.46 —-10 8.35 —10 3.68 —-11 2,62 —-29 2.09 -22
38 9.68 —10 9.46 -10 3.70 -11 2.91 —-29 2.36 —-22
40 1.02- 9 1.02 -9 3.71 -11 3.03 -29 2.43 -22
E Yia,B) - Yy (B) Y1, (E)/dE €La OLay 9z, (E)
(keV) (x rays/particle +0.6%) (x rays/keV particle +10%) (cm? +£10%) (cm? ' +15%)
11 1.79 -11 1.74 -11 3.02 -11 8.78 -30 1.17 -22
12 5.08 —11 5.36 —11 4.14 -11 1.24 -29 1.54 -22
14 1.50 —-10 1.51 -11 5.52 —11 1.81 -29 2.23 -22
17 3.57 =10 3.39 -10 6.91 —-11 2.69 -29 3.17 -22
(c) 20 5.51 =10 5.63 =10 7.96 —11 3.43 -29 4.09 -22
23 7.56 -10 7.56 —10 5.63 —11 3.67 —29 4,30 —-22
26 9.35 —=10 9.35 =10 5.567 —11 4,24 -29 5.01 —-22
29 1.06- 9 1.07- 9 6.92 —11 4,83 -29 5,73 -22
32 1.22- 9 1.18- 9 6.90 —11 5.33 -29 6.26 —22
35 1.31- 9 1.29- 9 6.90 —11 5.43 —29 6.34 —22
40 1.46- 9 1.45- 9 6.87 —11 6.06 —29 6.89 —22
The three L -subshell total cross sections were tungsten (69.5 keV) is higher than the highest
then obtained from Eqs. (2) and (4) and tabulated bombarding energy (40 keV) used in the measure-
in Tables I(a)-I(c). These were also plotted in ments.

Fig. 3. In order to check the validity of my data-deduc-
The error bars in Fig. 3 are purely statistical. tion procedures, additional measurements were
The main uncertainties in the measured values of made at 6=3.3° for the L@, x rays. The deduced

01,5 Or, and oy, were due to the uncertainties of total ionization cross sections of 0., were also
the atomic parameters (5%), the deduced slope plotted in Fig. 3. The total uncertainty of my
dy, (E)/dE (10%), and the stopping power dE/dR relative cross sections was estimatedto be about
(10%). There is no interference from K ioniza- 15%.

tion, since the K-ionization threshold energy of
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IV. DISCUSSION

The classical scaling law predicted by Gryzinski
can be written

o = ﬁlx—l)m
UL;_bLi i x<x+1

2 (1-1) 1,2}
x[1+3 (1-2x'1n[2.7+(x—1) 11,
where b, is the number of electrons on the sub-
shell L;, x=E/I;,, and 0,=6.56x 107 cm®eV®.
This formula can be rewritten

IeLgaLi = bL;f(E/IL{) .

This classical scaling apparently predicts the
same value of f(E/ILi) at the same value of E/IL,-
for all subshells. While McGuire’s nonclassical
scaling predicts this same feature of f(E/I;,) only
for the subshells having the same orbital angular
momentum, such as 2p,,, and 2p;,,. Thus the
shapes of these two predicted ionization cross
sections of the L, subshell (2s,,,), 0y,, are dif -
ferent from each other as expected (see Fig. 3).

The L-subshell ionization cross sections cal-
culated from Gryzinski’s classical scaling were
plotted in Fig. 3 and were denoted by G, and those
calculated from McGuire’s nonclassical scaling
were also plotted in the same figure and denoted
by M. McGuire’s predictions were 5% —20%
higher than those of Gryzinski. The shape of the
energy dependence of my measured cross sections
follows neither of these predictions. Substantial
discrepancies between my measurements and the
two theories were observed at energies below
about 20 keV.

In order to compare my measured cross sections
to the other existing data for different elements,
the universal functions f(E/ILi) was used. In a
comparison of my measurements of o, for tung-
sten with the measurements of o,, , for Ar by
Langenberg et al.* and the measurements of Opg -
for Au by Davis et al.,* the 0, . of Ar and o for
Au were normalized to McGuire’s scaled values
at E/I;,=4.0 and 5.0, respectively. The univer-
sal functions f(E/I;,) of Ar, W, and Au were
plotted with the scaled values (the solid curve) in
Fig. 4. My data agree with those of Langenberg
et al. Nevertheless, the measured values tend
to fall off less rapidly than the scaled values at
very low electron energies. This disagreement
is expected since the Born approximation is not
expected to be accurate near the threshold ener-
gy. But one should note that the Born approxima-
tion usually predicts higher cross sections at low
energies. This is in contradiction to what I have
observed.
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FIG. 4. Comparison of my measured cross sections
01, of W to the cross sections of Ar and Au (Ref. 4)
through the universal function f (E/I L) The cross sec-
tions of Ar and Au were normalized to McGuire’s scaled
values at E/I L3=4 and 5, respectively.

My measured cross sections may have been
scaled (through the values of €5, €75, and €, )
too high. The absolute cross sections of Ar
measured by Langenberg et al. were found to
agree with those calculated according to the
McGuire scaling quite well at E/I; > 10, while
below this energy they are lower than the calcu-
lated values. The agreement at high energy is a
reasonable result so far as Born approximation
is concerned. However, even if we normalize my
measured cross sections to those of Ar at E/IL3
=4.0, the two lowest-energy data of o, for tung-
sten are still substantially higher than those pre-
dicted by McGuire’s scaling.

In a thick solid target, there is the effect of
multiple scattering. Due to the complexity of
this effect, I have not included it in the data-de-
duction procedure. Nevertheless, the scattering
effect was found to be discernible, even with a
thin solid target, in the light-ion-atom collision
for low bombarding energies. ** So the effect of
multiple scattering may affect the shape of the en-
ergy dependence of the measured ionization cross
sections.

Since the thick-target yields should be reduced
by the correction for the multiple scattering of
the incident electron in the thick target, the cor-
rection factor, f,(E) for Y, (E) in Egs. (1) and
(2) has values between 0 and 1. The range of the
incident electron in the target is also affected by
multiple scattering, and the effect is stronger for
incident electrons of lower energy. So the cor-

‘rection factor f4F is greater than 1 for AR in Eq.

(1). For simplicity, we assume that 7, (E) =f,(E
—~ AE). Then Eq. (2) should be corrected by mul -
tiplying its first term by a factor £, (E)/f 4% and
its second term by a factor f,(E).

In the data-deduction procedure I found that the
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first term of Eq. (2) dominates the x-ray produc-
tion cross sections when the bombarding energies
of the incident electrons is below about 20 keV,
and that the second term of Eq. (2) becomes
dominant when the bombarding energy is above
about 30 keV. So the shape of the energy depen-
dence of the measured cross sections should be
altered by the effect of the multiple scattering,
and the low-energy portion of the data may fall
off more rapidly than shown in Fig. 3, as f,(E)/
£4% and f,,(E) may fall off with the energy. Thus
the discrepancies between the data and the predic-
tions of the scalings may be partially due to the
effect of multiple scattering. But one should also
note that the factor f,(E) should be a slowly vary-
ing function of energy, since this factor is propor-
tional to the product of two quantities; one relates
to the degree of multiple scattering and the other
relates to the probability of producing x rays.

The good agreement of our tungsten data with the
argon data of Langensberg ef al. (see Fig. 4) in-
dicates that the correction factor f,(E) is nearly
a flat function of energy in the energy range 1.5
SE /Is4. Therefore the large discrepancies ob-
served near the threshold may not be completely
corrected by the effect of multiple scattering.
However, further experimental study is needed to:
clarify this point.

V. CONCLUSION

The differential method used to analyze the
thick-target x-ray yields in order to obtain inner-
shell ionization cross sections provides a way to
measure the cross sections down to the electron
energy E/I ~1. For L-subshell ionization cross
sections, the maximum occurring at E/I ~3.5
is in agreement with the predictions of either the
classical theory of Gryzinski or the nonclassical
scaling law of McGuire (see Fig. 4). But the ob-
served cross sections fall off less than these two
predictions at very low energies.

The pronounced difference between the shapes of
the energy dependence of the cross sections of the
three L subshells of tungsten obtained experimen-
tally in comparison to the scaled values indicates
that more investigation is needed both experimen-
tally and theoretically for heavy elements at low
electron energies for a better understanding of
the inner-shell ionization processes for the heavy
elements.
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