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L-shell partial production cross sections of L_—, Lg—, L

.~ Tays by electron impact were measured by observing

the counts of X-ray from impacted thin tungsten target. Total production cross sections and mean ionization cross

sections were deduced from these measured results. The electron beam energy range was from 11 to 36 keV. Tungsten

was sputtered onto a carbon backing to reduce bremsstrahlung of the backing. The effect of electrons reflected by the

backing has been corrected. Comparison with two theoretical calculations has performed. The experimental results

agree rather well with the theoretical predications.
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The determination of atomic inner shell ionization
cross sections for electron impact is of importance in
various basic and applied fields. Furthermore, this
type of data is also important to see to which extent
the existing theoretical models can describe the ex-
perimental data in the energy range from threshold to
several tens keV. But reliable experimental values for
ionization cross sections are quite scarce, especially for

L and M shells.

ies of relative L-shell ionization by low-energy elec-

For tungsten the experiment stud-

tron impact there were three reports, namely the mea-
surement of L-subshell ionization cross section ratios
(on3/oL2 and o12/01,1) by Carvalho et al.(in the en-
ergy range from 12.5 to 40 keV),[l] the measurement
of L-subshell ionization cross section ratio op,3/012 by
Salgueiro et al. (in the energy range of 11.59-11.98
keV),[z] and the determination of L-subshell ioniza-
tion cross sections o1,1,012, ors by Chang (in the en-
ergy range of 11-40 keV).[3] In the report of Chang a
thick target was used and the relative ionization cross
sections deduced from the measured X-ray production
cross sections were finally scaled to the values of or,1,
012, oL3 calculated according to the McGuire scaling

at £.=40 keV.

Up to now not any report dealing with absolute
measurement of the production cross sections o1, , o1,
and oy, for tungsten in the energy range of the present

experiment has been found to our knowledge. These

cross sections have been measured by observing the
number of characteristic I. X-rays produced when thin
tungsten target was impacted with an electron beam
of known energy and intensity. A block diagram of

the present experimental setup is described in Fig.1.

Beam

Fig.1. Block diagram of the equipment. 1.View win-
dow; 2.Chamber; 3.Target; 4.Faraday cup; 5.Si(Li)
detector; 6.Preamplifier; 7.Main amplifier; 8. MCA;
9.Charge integrator.

A monoenergetic beam of electron whose energy
varied from 11 to 36 keV was well collimated and then
hit the target which was placed at 45° with respect
to the direction of incident beam. The beam spot
on the target was less than 3 mm in diameter. A
Si(Li) detector, which with a horizontal dipstick was
kept inside a vacuum chamber to reduce energy loss
from air and placed about 10 cm from the center of

the target, had 12 mm? active area, 3.5 mm effective
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depth and an energy resolution of 180 eV (full width
at half maximum) at 5.9 keV for the MnKa X-ray.
The detector efficiency was calibrated with a set of
standard sources with 3% uncertainty: 24'Am, '37Cs
and ®*Mn. A deep graphite Faraday cup connected
with an ORTEC model 439 digital current integrator,
was used to collect the charges on and through the tar-
get. The tungsten of 28.8 ug/cm? was sputtered onto
a 63ug/cm? carbon backing and the target thickness
was determined by direct weighing of a measured area,
by using a balance with a precision of 10~%g. The tar-
get was placed at the center of the chamber and was
provided by China Institute of Atomic Energy. Dur-
ing experiment the gas pressure was less than 3x1073
Pa in the chamber and the intensity of electron beam
current was adjusted to be about 1 nA. Accelerating
voltage can vary from 0 to 60 kV and was furnished
by a special supply having a stability of 1073, A dig-
ital voltmeter was used for monitoring high voltage
variance.
The production cross section oy, is related to the
observed L, X-ray counts Nr. by the formula
47 Ny, cos B
7L = T Nedne? )
where n (in 1/cm®) and d (in cm) are the density and
the thickness of the target respectively; N, is the num-
ber of electrons hitting the target; € the efficiency of
the detector; {2 the solid angle subtended by the beam
spot to the detector’s effective area; 6 the angle be-
tween the incident electron beam and the normal of
the target surface. The expressions of o, and oy, are

similar to the above expression. The mean ionization

cross section &, of the L-shell can be expressed as

_ oL, OL, t0L; +oL,
oL = — = —

WL WL

; (2)

where oy, is the total production cross section and
wr, is the mean fluorescence yield of L-shell, which

is defined(*! by

_ Wi/ + wi /Ty + 205 /T

UL tUhLt2ols 0 0

where I; is the ionization energy of the ith subshell

and
WS = wy + frows + (fiz + frzfos)ws, (3b)
w§™ = wy + fazws, (3¢)
wgff = (‘,‘.)37 (3d)

with w; being the fluorescence yield for the ith sub-
shell and f;; the Coster-Kronig transition probability
between the ith and jth subshells. The value @y, of
the tungsten was estimated to be 0.27 from the above
equations. The main sources of the total production
cross section uncertainties come from inhomogeneity
of the target thickness (<5%), the detector efficiency
(<4%), the beam integration (<3%) and the counting
statistical errors ((2-12)%). Without taking into ac-
count the errors of constants used in the cross section
calculation, the overall uncertainty of the cross section
was estimated to be less than 14%. The fluorescence
yields, Coster-Kronig transition probabilities and ion-
ization energies of L-subshell used in the evaluation

procedure of the present study are given in Table 1.

Table 1. Fluorescence (w;)®), Coster-Kronig transition coefficient (f;;)), ionization energy (I;)»

(in keV) and X-ray emission rates (I')) for W.

w1 w3 w3 f12 f13 fas I; I3 I3
0.147 0.270 0.255 0.170 0.280 0.133 12.099 11.542 10.205
Fiotal-1,  LTtotal-l,  ltotalLs IMa-L, IMsL, IM4L, Im3r, Im2r, INiL, INLL,
0.805 1.397 1.244 0.1018 0.898 1.138 0.330 0.2636 0.01119  0.00755
I'No-L, I'ns.1, I'Ng1, I'nsy,  TosL, T'og1, r'o41,
0.0647 0.0858 0.2118 0.1593 0.01288  0.00586  0.00468

3) taken from Ref.[5]; ®) taken from Ref.[6]; ©) taken from Ref.[7].

A typical X-ray spectrum for tungsten was shown
in Fig.2. The partial production cross sections of L,—,

Lg-, L,-rays, the total L-shell production cross sec-

tions o, (not including L; X-rays), and the L-shell
mean lonization cross sections o, as functions of inci-

dent electron energy are plotted in Figs.3 and 4.
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Fig.2. X-ray spectrum of tungsten at the electron
energy of 30 keV.
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Fig.3. L-shell cross sections as functions of electron
energy. (a) experimental values of L _rays produc-
tion cross section, (b) experimental values of Lﬁfrays
production cross section, (c) experimental values of
L,-rays production cross section; The symbol Mc in-
dicats McGuire’s theory, Gr Gryzinski’s theory. The
hollow symbols are experimental values and the filled
symbols are corrected experimental values for the re-

flected electron effect.

E./keV

Fig.4. Total production cross sections (Lp) and ion-
ization cross sections (L;)of tungsten as functions of
electron impact energy. The hollow symbols are ex-
perimental values and the filled symbols are corrected

experimental values.

Because the preparation of a thin self-supporting
target is difficult, a 63 pug/cm? carbon film was used as
backing in the present experiment. But the electrons
reflected from the backing film, when inversely pass-
ing through the tungsten target, may once again ionize
tungsten atoms, resulting in a systematic overestima-
tion of the measured cross sections. We have calcu-
lated the fraction of L-shell ionization events caused
by the electrons reflected from the carbon backing,
the resulting L-subshell production cross section can

be written as

47w Ny, cos 6
Ey=——1——
(B) Nedne (2

E
—cos@/ &et(E)or, (E)AE', (4)
0

where ¢ indicates a, 3,7 and the second term is the
fraction of L-subshell ionization events caused by
the electrons reflected from the carbon backing, and
@.t(E’') is the energy spectrum of the electrons re-
flected from the backing surface, which can be ac-
quired by using a so-called bipartition model for elec-
tron transport.[¥l The symbol oy, (E’) is the produc-
tion cross sections induced by the electrons with en-
ergy E'. Equation (4) can be resolved by iteration (see
Ref.[9]).The corrected values of the measured cross
section and corresponding errors are also presented
in Figs.3 and 4.

In Figs.3 and 4 the measured cross section val-

ues for L lines from the present measurements are
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the so-

called binary encounter approximation(BEA) theory

compared with two different calculations:

of Gryzinskil'® and the theory of McGuire for atomic

rearrangement.[ll}

For comparison with the experi-
mental data, the L-subshell ionization cross sections
OL,, OL,, 0L, deduced from the above two theories

must be converted into the production cross sections

by following formulae:!*2
I'vig st
oL, = Fizw?,[UL3 + fazov, + (f13 + fizfes)ow, ],
total-Ls

(5)

I'nisL, +To45.L,
O'LB =

Ftotal-Lg
w3lor, + fason, + (fis + fizfes)on,]
gL, 231,

+
Ftotal—Lz

wa(or, + fi2on, )+ W10L,,

(6)

Ftotal—Ll

I'Nnign, + TosL,
o, =< —2 >W2(f120'L1+0'L2)
Ftotal-Lz

I'Nvogsn, + To231,
T w10L, -
total-L;

(7)

In Eq. (5) I'via5-L, and IietalL, indicate the
X-ray emission rates for L, (M4,5-L3 transition) and
the total (M,N,O-Ls transition) X-rays. In Eqgs.(6)

and (7) corresponding parameters have similar mean

within Eq.(5). The emission rates used in theoreti-
cal calculation of the production cross section are also
given in Table 1.

It can be seen that the shape of the energy depen-
dence of cross sections measured in this work follows
neither of the two theories. At lower energies ( bellow
19, 18, 15 keV for 0,, 0g, 0., respectively) experimen-
tal data are higher than the two theory predictions
and at higher energies the experimental results are
gradually getting close to the predictions by BEA and
in remainder energy ranges the present experimen-
tal results lie in between the two theory predictions.
The above observed trend of experimental curves is
roughly consistent with the results of Chang,® who
measured the production cross sections for Lni, Lg;
and Lgs X-rays, then deduced the ionization cross sec-
tions or,,, 0L,, 0L, and also compared these ionization
cross sections with the predictions of Gryzinski and
McGuire.

In conclusion, owing to the discrepancies between
the experimental data and the theoretical results near
threshold energy, it seems that none of available theo-
ries can successfully interpret the behaviors of L-shell
ionization of the heavy elements by low-energy elec-
tron impact so far. Therefore, further investigation
is needed both experimentally and theoretically for
heavy elements at low-energy electron impact so as to
get a better understanding of the inner-shell ionization

processes for the heavy elements.
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