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Abstract

Individual L-subshell ionization cross sections have been measured for bombardment of 100-200
keV H* ions in 10 keV steps upon a thick Gd (Z = 64) target and for bombardment of 600-1000
keV He* ions in 100 keV steps upon thick W (Z = 74) and thick and thin Au (Z = 79) targets.
Experimental results for the individual L subshells are compared with the theoretical predictions of
the ECPSSR theory as developed by Brandt and Lapicki. The differences are discussed as a function
of the reduced ion velocity. The occurrence of collision induced intra-shell transitions is discussed
as a possible source for the discrepancy between experiment and theory.

1. Introduction

The theory of inner shell ionization by ion bombardment, as developed by Brandt
and his coworkers over the past decade culminating in the ECPSSR theory (Brandt
and Lapicki 1979, 1981), describes the ionization process in terms of a projectile
perturbed by the Coulomb field (C) of the nucleus and the target electron orbits in
terms of screened hydrogenic (SCH) wavefunctions under the influence of the pro-
jectile as perturbed stationary states (PSS) with relativistic effects (R). The energy
loss (E) of the projectile is incorporated in the Coulomb field and also as a simple
multiplicative factor except when exact limits of momentum and energy transfer are
used. This so-called ECPSSR theory is incorporated in the plane wave Born approxi-
mation (PWBA) formalism as a series of modifications to the effective binding energy
and effective projectile energy which appear in the limits of momentum and energy
transfer. The ECPSSR theoretical calculations presented here use the exact limits
of momentum and energy transfer (for details see the Appendix).

Concurrent with this development has been a renewed interest in ion induced
X-ray spectra (as a means of trace elemental analysis) due to improved X-ray detection
technology. The publishing by Krause (1979) of a least-squares fit to all current
experimental data for K- and L-shell fluorescence yields and Coster—Kronig transition
probabilities for elements 5 < Z < 110 has enabled a consistent comparison of both
K- and L-shell X-ray production cross sections with the theoretical predictions of the
ECPSSR theory.

2. Procedure

The experimental arrangement for He™ ion bombardment is essentially identical
to that described elsewhere (Cohen 1980a, 1981a). The Australian Atomic Energy
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Commission’s 3 MV Van de Graaff accelerator was used to bombard a thick tungsten
and one thick and (three) thin or transmission gold samples (mounted at 90° to the
incident beam direction) with He* ions of 600-1000 keV in 100 keV steps. The three
transmission Au targets of thickness 375, 222 and 93-8 ugcm™? were prepared by
vacuum evaporation onto polished carbon discs. The range of a 600 keV He* ion
in Au is 2-:22mgem~2. For a 222 ugem ™2 Au target there is an energy loss of
~80 keV for a 600 keV He™ ion. The 375 and 93-8 ugcm™? targets were thus used
only to check that the 222 ugcm ™2 target could be used as a transmission target
since, to maximize the yield, the thickest transmission target is required. The trans-
mission target thicknesses were determined and monitored during the data acquisition
using Rutherford backscattering at 135°.

The L X-rays produced from He* bombardment were detected by an ORTEC
7900T-449 Si(Li) detector with an active area of 12 mm? and with an energy resolution
of 140 eV at 5-89 keV. The detector was coupled to the vacuum system of the target
chamber at 135° to the incident beam direction.

A KAMAN A-1254 neutron generator with a H, gas supply was used to produce
the 100200 keV H* ions. The beam was mass analysed to remove any HF contam-
inants. The beam energy was calibrated using the 1*B(p, y)'?C resonance at 163 keV
which was measured at 163-5+1keV. A thick Gd target mounted at 45° to the
incident beam direction was then bombarded with 100-200 keV H* ions in 10 keV
steps.

The L X-rays produced from H* bombardment were detected by an ORTEC
SLP-06165 Si(Li) detector with an active area of 28 mm? and with an energy resolution
of 175eV at 5-89 keV. The detector was mounted outside the target chamber at
90° to the incident beam direction.

3. Analysis

The absolute efficiencies of the two detectors used were determined using a standard
241 Am source and fitted to a function of the form (Cohen 19805b)

&= fBefSifAuffilfg(l —fe)s

where fg., fsi» fau @nd f;;, are the X-ray transmission probabilities through the beryl-
lium window, silicon dead layer, gold contact electrode, and any filters present;
fe is a geometric factor correcting for losses due to apertures or annular dead layers
within the crystal and f;, is the probability of an X-ray escaping the crystal. For the
X-ray energy range of interest here (5-20 keV) the detection efficiency, including
filter effects, was always better than 50 .

Each spectrum was fitted using standard gaussian peak shapes upon a scaled
linear background. The raw peak areas obtained were corrected for total detec-
tion efficiency and divided by the deadtime corrected total charge to obtain a yield
in counts per uC per 100% efficiency for each of the L X-ray transitions of interest
(L, L, Ls L, L,,L,) over the whole range of bombarding energies. The yields
obtained were fitted to an empirical function of the form

Ip(E) = a(E/b - l)c’

where a, b and ¢ are the least-squares fitted constants for a given transition p and
I(E) is the yield in counts per uC per 1007 efficiency at bombarding energy E.
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For thin (i.e. transmission) targets the X-ray production cross section is related
to the raw X-ray yield Y(E) at bombarding energy E by (Cohen 1980a)

o*(E) = 4nY(E)/BNQe,

where B is the number of atoms per cm? in the target, N is the total number of ions
hitting the target, Q is the solid angle in steradians subtended by the ion beam spot
at the detector and ¢ is the total detection efficiency. For singly charged ions traversing
a target of thickness X (um) the X-ray production cross section becomes (in barns)

oX(E) = 2-013 x 10'¢ Y(E)/AXQQ¢,

where Q is the total charge hitting the target (1C) and 4 is the number of atoms per
cm? in the target.

Even for a transmission target the ion will still experience some energy loss AE
in traversing the target and similarly the emergent X-ray, emitted at an angle 0,
to the target surface normal, will suffer some attenuation due to self-absorption. This
projectile energy loss and X-ray absorption can be allowed for by assuming that all
X-rays are produced in the centre of the target.* Hence the X-ray production cross
section a’,f(E ) for a peak p at bombarding energy E is related to the corrected yield
I(E) by

oNE—3AE) = 2-013 x 10'°I(E—3AE)/AQX exp(—0- 5, tsec,),

where p, is the X-ray mass attenuation coefficient in cm?g~! for an X-ray peak p
(Mayer and Rimini 1977) and ¢ is the target thickness in gcm™2.

For thick (i.e. stopping) targets, corrections for the projectile energy loss and X-ray
attenuation require more rigorous treatment. Merzbacher and Lewis (1958) derived
a simple expression relating the X-ray production cross section to the X-ray yield
from a thick target that depends upon the change in yield with energy which, when

related to the corrected yield 7,(E), becomes

2-013 x 10'2p dI(E) cos 0,
XE) = S(E)—2 17 E)
o (E) AQ (( )4E THreose, PE)

where p is the target density in gcm‘?, S(E) is the stopping power at energy E
(MeV cm? g™1) (Andersen and Ziegler 1977) and 0, is the ion inward angle relative
to the target normal.

The fitting of the yield in counts per uC per 100 % efficiency in the form a(E/b —1)°
allows the change in yield as a function of ion energy [dI,(E)/dE] to be easily deter-
mined for the thick target relationship. The experimentally determined individual
L-shell ionization cross sections (g}, i = 1,2,3) were then determined by unfolding
the relationship between o3 and o} using the (a) o, B,y lines and (b) o, y;, Lo(@)
transitions (as outlined previously by Cohen 1980a, 19814) and taking the mean of
the two results. The fluorescence yields and Coster-Kronig transition probabilities
of Krause (1979), together with the emission rates of Salem et al. (1974), were used
throughout. ’

* Note that for a thin target this will correspond to the point where the bombarding ion has energy
E—IAE.
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Table 1. Thick W (Z = 74) ionization cross sections

He* energy =~ Reduced Oexp Gtheory Gexpl Gineory
(MeV) velocity (b) (b)

L, shell
0-6 0-2300 8:31x10-2 5:93x10°2 1-40
0-7 0-2468 2-38x 1071 1-56x 101 1-52
0-8 0-2624 5:19x 10~ 3-34x 10~ 1-55
0-9 0-2771 9-63x 101 6-17x10°1 1-56
1-0 0-2910 1-61 1-03 1-56
Mean: 1-52
s.d.: 0-07

L3 subshell
0-6 0-2300 3:53x10°2 2:60x10-2 1-35
0-7 0-2468  1-05x10°* 7-17x10-2 1-46
0-8 0-2624 2:45%x10°1 1:60x 101! 1-53
0-9 0-2771 4-88x 101! 3:08x 10! 1-58
1-0 0-2910 8:67x10"* 5-35x10°* 1-62
Mean: 1-51
s.d.: 0-11

L, subshell
0-6 0-2076 1-68x10~2 3:80x10°3 4-43
0-7 0-2226 4-64x102 1-12x10-2 4-16
0-8 0-2365 9-98x 102 2:61x10-2 3-82
0-9 0-2495 1-82x 10! 5:24x10-2 3-48
1-0 0-2619 2:97x 1071 9-39x10-2 3-16
Mean: 3-81
s.d.: 0-51

L, subshell
0-6 0-2080 3-05x10-2 2:95x10-2 1-03
0-7 02224 8:57x10~2 7-35x10°2 1-17
0-8 0-2358 1-72x 101 1-48%x 10! 1-17
0-9 0-2484 2:91x10-1 2:57x10"1 1-13
1-0 0-2604 4-24x 101 4-03x 101 1-10
Mean: 1-12
s.d.: 0-06

4. Results and Discussion

Tables 1 and 2 show the individual and total L-shell ionization cross sections
obtained for thick W (Z = 74) and thick Gd (Z = 64). The results from both thick
and thin Au (Z = 79) are shown in Table 3. The systematic differences between the
thin and thick target results are usually within experimental uncertainties except for
the L, subshell which is essentially obtained by the subtraction of two large but
approximately equal numbers. The mean of the two results is taken in order to
minimize any systematic errors that may have occurred due to experimental peak
fitting inaccuracies. In order to compare the data obtained with that taken previously
(Cohen 1981a, 19815), a mean value over the range of the reduced velocity of the
bombarding ion used is also given. The reduced velocity of the bombarding ion is
just the ratio of the target electron orbital time (corrected for relativistic and binding
effects) to the collision time (corrected for energy loss and Coulomb deflection).
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The ratios of 6,,,/0 yeory Obtained (see Fig. 1) exhibit a trend with ion energy consistent
with data published previously (Cohen 1981a, 19815b) taken at higher bombarding
energies, indicating an increasing deviation between experiment and theory as the
reduced velocity decreases (see Fig. 2).

Because of uncertainties in the atomic parameters, such as fluorescence yields
and Coster—Kronig transition probabilities etc., as well as uncertainties in the fits
to the absolute yields per uC for the component X-rays (usually better than 59%;) and
in stopping power data, target thicknesses etc., the absolute cross sections measured
are known to within +219, for the L,,, shell and L, subshell, +209%; for the L,
subshell and +239%, for the L, subshell.

For W (Table 1), the ECPSSR theoretical cross section underpredicts the experi-
mental values for the L; and L, cross sections with ratios of e,/ heory Of 1:51£0-11
and 1-524-0-07 respectively. For the L, subshell a smaller deviation is observed
with a ratio of 6,,,/0 ey = 1:124£0-06. For the L, subshell, however, the ECPSSR
theory underpredicts the experimental results by a factor of more than 4 near the
lowest bombarding energy with a ratio of 3-81+0-51 over the entire range. Similar
deviations for the L, shell have been observed for some time for He* bombardment
of heavy nuclei, although usually for higher bombarding energies (>1-0 MeV)
(Chang et al. 1975; Li et al. 1976; Sarkadi and Mukoyama 1980).

For Au (Table 3), if we compare the mean of the thick and thin target results, the
Oexp/Otheory Tatios obtained are similar to those for W for L; and L, (1-30£0-05
and 1-37+0-13 respectively). For the L, subshell the value for 6.,/ heory Of 110+
0-24 was obtained. For the L, subshell the ECPSSR theory again grossly underpre-
dicts the experimental results with a ratio of 3-91+0-52.

For Gd (Table 2), 6,,,/0 cory atios for the L and L, cross sections are 1-15+0-16
and 1-26+0-23 respectively. For the L, subshell of Gd a ratio of 1-174+0-34 was
obtained. For the L, subshell, however, a much higher ratio was obtained of 2-29 +
0-10. It should be noted that the results for Gd are from H* bombardment and not
He™* asis the case for Au and W. This difference between the ratios obtained suggests
an ion-related effect.

The general underprediction of experiment by the ECPSSR theory may, in part,
reflect the use of SCH wavefunctions rather than more realistic Dirac-Hartree—Slater
(DHS) wavefunctions as suggested by Chen et al. (1982) and more recently used in
a calculation for K-shell ionization by Mukoyama and Sarkadi (1983). The use of
DHS wavefunctions is expected, however, to produce only 10-409%, differences in
the theoretical predictions of ionization cross sections and hence another mechanism
must be sought to explain the current discrepancy. Such a mechanism should possibly
include ion effects as well as target effects.

One possible mechanism which could produce the effect is via a collision induced
intra-shell transition. Here a primary vacancy initially produced in the L, subshell
can transfer to the L, or L; subshell whilst the ionizing projectile is still within the
Coulomb field of the nucleus. Transfer to the L, subshell is more likely due to the
comparatively small difference in binding energy. Such a mechanism is expected
to be more significant when the ratio of target electron orbital time to collision time
(i.e. the reduced ion velocity) is less than one. For the results reported here the
reduced ion velocity ranges from ~0-19 to ~0-32. This mechanism would enhance
the experimentally observed L, and L, subshell ionization cross sections at the expense
of the L; subshell. This would have a pronounced effect on the experimentally
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observed ratio of the L, ionization cross section to L, ionization cross section (see
Fig. 3). For a fixed collision velocity such an effect should scale as the Coulomb
interaction strength between the ionizing projectile and the target electron (i.e. as
the square of the atomic number of the ionizing particle), leading to a higher probabil-
ity for collision induced transitions for He* ions than for H* ions.

10 T T T T T T . : .
I . (@) 1 W b) ]
- —mew -
hs' I nr B
b
~
hs‘ I ar -
I r E . t -
i * Experiment xperimen
1 1 I I 1 | | . .
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Ion energy (keV/a.m.u.)

10 T T T T
I () |
L Theory J
Fig. 3. Plot of experimental | |

and theoretical ratios o /o7y,
against ion energy for ST ]
(a) W (Z =74), (b) Au (Z =179), N
A T il

r * Experiment 1

1 1 | 1 )

50 100 150 200 250

Ion energy (keV/a.m.u.)

Calculations performed by Sarkadi and Mukoyama (1981) and more recently by
Finck et al. (1983), comparing available experimental data for bombardment of Au
by ions ranging from H* to 10, show a pronounced departure from the theoretical
predictions of direct ionization cross section theory. They calculated the collision
induced intra-shell transition probabilities in a two-step model. Sarkadi and
Mukoyama used relativistic Dirac atomic wavefunctions incorporated in the PWBA
formalism to obtain RPWBA-BC (binding and Coulomb corrections) calculations
for the direct ionization cross sections and a two-step model using the semi-classical
approximation (SCA) and retaining only dipole (Am = 0) terms for intra-shell
transition probabilities. Finck et al. calculated the direct ionization cross sections
using the CPSSR theory and the intra-shell transition probabilities using the SCA,
but retaining both dipole and quadrupole terms. In both cases, although a better
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agreement between experiment and theory is obtained (especially for bombarding
ions which are heavier than He"), there is still room for substantial improvement
in gaining insight into L-shell ionization through the use of higher order ionization
theories.

5. Conclusions

Further work is needed in examining the L-shell ionization cross sections for
bombarding ions of very low energies (<250 keV/a.m.u.). In particular, examination
of the L, subshell should provide a detailed insight into the direct ionization mechan-
ism and collision induced effects through the use of ions of varying atomic number
(e.g. H, H,, He,...!150). The results reported here suggest that the probability of a
collision induced transition for H* bombardment is, whilst smaller than that for
He*, not insignificant. The use of DHS wavefunctions incorporated into the ECPSSR
theory may provide a more realistic description of the direct ionization process,
allowing closer examination of ion-related effects and their scaling with projectile
atomic number.
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Appendix. ECPSSR Theoretical Calculations

Following the method of Brandt and Lapicki (1979, 1981) the equation for the
ECPSSR theoretical cross section is

GECPSSR = C (quOs (s/(zs2 + Zs) )(UOS/CS 05) Fs (mg(és/cs)”s/(Cs 05)2, Cs es ) ’ (Al)

where the subscript s refers to the target subshell. The parameters in the above
equation are defined as follows:

C(x) = VE, ;1(x) - (A2)

is the Coulomb deflection factor where E,(x) is the exponential integral of order n
(v = 9 for the K and L, shells and v = 11 for the L, and L; shells);

d=Z,Z,/Mv? (A3)

is the half-distance of closest approach in a head-on collision and where M =
My M,[(M;+ M»);

Gos = UZS/DI (A4)

is the minimum momentum transfer (atomic units) for AE < E; and small ejected
electron kinetic energy &, where AE is the energy transfer equal to U, +¢;, and
U, is the observed binding energy (the subscripts 1 and 2 refer to the projectile and
target respectively);

Cs =1 +(2ZI/ZZS Hs)(gs_hs)9 (AS)

where g, and A, are tabulated analytical functions (see Basbas et al. 1978; Brandt
and Lapicki 1979) of the reduced ion velocity &, representing changes in the binding
parameter 6, due to increased binding (close collisions) and polarization of the target
state (distant collisions) respectively;

Zg = {1 - 4(CS/éS)Z/MCS Os}% (A6)

represents the energy loss of the ion in traversing the target atom system (and hence
appears only in the argument for the Coulomb deflection factor for exact limits of
integration);

Oos = (2.]+ 1)4na§s(Z1/ZZS)2 (A7)

may be viewed as a wave mechanical cross section 4na3, (a,, = n*/Z,, is the average
target s-shell radius, with principal quantum number #, in atomic units) for each of
the 2j+1 electrons, weighted by the square of the Coulomb interaction strength;

F(x,) = 2f(x, »)/(2j+ Dnxy ~ (A8)

is the so-called reduced universal cross section and is a function of the reduced
projectile energy 5, and reduced binding energy 6, corrected for Coulomb deflection,
binding and relativistic effects (while #m® is the ‘local’ relativistic electron mass as
defined by Brandt and Lapicki 1979).
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Also, in equation (A8) we have

Wmax

_ Qmax 2112
e = [ aw [ a0 R @, (A9)

Wmin

where (using atomic units)
W = 2AE|Z3, (A10)
(AE is the energy transfer to the atom in the centre-of-mass frame) and
0 =q*Z3, (A1)

(g is the momentum transfer); Fy (Q) is the form factor for the transition between
the initial and final target electron states and can be expressed algebraically in terms
of Q and W (see e.g. Benka and Kropf 1978);

Qmin = (qO/ZZS)Z (A12)
and :
g0 = @QME/m*{1 —(1 —AE/E)*}, (A13)
hence
Omin = @ME|Z5,m){1 —(1 —AE[E)*}?, (A14)

where E is the centre-of-mass energy of the system (=ME,/M,) and m is the electron
mass (equal to 1 in atomic units). From the expressions for the reduced projectile
energy,

ne = 2E;m/M, Z3, (A15)
and for W (equation A10), we have in equation (A14)

2ME|Z3;m = n(M|m)*,  AE[E = Wm[s, M,
hence

Qmin = ns(M/m)z{l _(1 - Wm/nsM)%}z s (A16)
Qmax = ns(M/m)z{l +(1 - Wm/ﬂs M)%}Z . (A17)

The minimum energy transfer (for ionization) to the target atom is just the observed
binding energy U, and the maximum energy transfer is simply E; hence

. Wmin = 2U25/Z %s = es/n‘2 (A18)
in terms of the reduced binding parameter, and
Weax = 2E|Z5, = n(M]m) (A19)

in terms of the reduced energy parameter.
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