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Abstract

The inner-shell ionization processes of atoms by bombardment of fast heavy ions are studied systematically throug
high-resolution measurements Kfx rays. TheK , satellite andK_, hypersatellite x rays from targét-shell ionization were
measured for He, C, N, O, and Ar-ion impact at energies between 0.56 and 92 MeV/u for satellite x rays and between 4.7 ar
92 MeV/u for hypersatellite x rays. From the intensity distribution ofkhesatellite x rays with a different number bfshell
vacancies, th&-shell ionization probability at small impact parameters (close collisions) have been obtained and the results
are discussed in the framework of simple first-order theories like binary-encounter approximation (BEA), and semiclassica
approximation (SCA). The results qualitatively agree with the BEA and SCA scalings at higher collision velocities than the
orbital velocity of theL electrons. The intensity ratio betweé), hypersatellite x rays an#, satellite x rays has been
compared with results calculated by BEA and SCA. (IntJ Mass Spectrom 192 (1999) 49-63) © 1999 Elsevier Science B.V

Keywords: Kshell ionization; DoubleK-shell ionization; Inner-shell ionization; Multiple ionization; Heavy ion-atom collisignsatellite
x-rays; K hypersatellite x-rays; Binary encounter approximation; Semiclassical approximation

1. Introduction resolution x-ray measurements. Hereafter we denote
an atomic state witm K vacancy and L vacancies
In fast ion—atom collisions, the production oika as aK™ML" state M = 2, n = 7) andK x rays from
vacancy in the projectile or target atom can be this state a&KL" x rays form = 1 (satellites) and a
accompanied by the production of anotkevacancy KZL" x rays form = 2 (hypersatellites). The multiple
or one or mord. vacancies in the same atom. TKe inner-shell ionization of a target atom is largely
x rays from decays of excited states with such enhanced by heavy-ion impact. Such enhancement
multiple innershell vacancies have higher energies was observed as a energy shift of tkex rays in
than that from a singlé&k-vacancy state. Therefore, low-resolution measurements [1], and thenKh"
x-ray spectra from the collisions have satellite and x-ray intensity distribution in high-resolution mea-
hypersatellite structures that can be observed in high- surements [2,3]. Since such enhancement was first
observed, many studies have been made on this
P . subject [4-7]; the dependence of the structure of the
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of the target atom, and physical or chemical condi-
tions of the target.
Olsen and Moore [8] measur&fL" x-ray spectra
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spectrometer. But at the coincidental measurements
we have to prepare a very finely collimated beam so
as to determine a very small scattering angle, espe-

by using high resolution spectrometer and compared cially at high projectile energy. This makes it difficult

the intensity distributions of th&2L" x rays with the
KL" x rays.

to make systematic studies of impact parameter de-
pendence of inner-shell ionization. On the other hand,

If multiple ionization is treated as simultaneous for the measurement &fL" x-ray distribution, we can
independent single ionization of the orbital electrons use a same x-ray crystal spectrometer for different
and the electron correlation effects are neglected, the collision systems and velocities, where the coinci-
multiple-ionization probability can be expressed by dence measurements are difficult because of small

the single-electron ionization probabilities. If all the
electrons have the same ionization probability, the
cross section of simultaneous sinddeand n-fold L
ionization is expressed as

OknL = j: ZWbZPK(b)<§) P (b)"

X[1—=Py(b)]*"db 1)

where Py (b) and P, (b) are the singleK and L
ionization probabilities as functions of the impact
parameteb. SinceP(b) has nonzero values only at
small impact parameters where thedependence of
P, (b) is not significantP, (b) in the above equation
can be replaced by a constdit = P, (0). Then the
multiple L-ionization cross section has a binomial
distribution:

oen = o §JP1 - PO @

whereo is theK-ionization cross section. The value
of P_ is obtained from relative cross sections to
produce different numbers df vacancies simulta-
neously with aK-vacancy production, which can be
deduced from the intensity distributions of tk&" x
rays.

scattering angle. We have investigated many collision
systems and a wide range of collision velocities
systematically by using this equipment to test the
validity of theories and general scaling laws as func-
tions of the parameters describing the collision sys-
tem; the atomic number of the projectil&,(, the
target ¢,), and the collision velocity\().

Several experimental studies have been reported
on systematics df - andM-shell ionization probabil-
ities through measurements &fL" x-ray intensity
distribution. The results have been compared with
first-order direct coulomb ionization models, like the
plane-wave Born approximation (PWBA), semiclas-
sical approximation (SCA), or binary encounter ap-
proximation (BEA).

Kauffman et al. [4] studied projectile and target
dependences with 0.8 MeV H, 3.2 MeV He, and 30
MeV O ions on targets of Ca, Sc, Ti, V, Cr, and Mn.
They found that the relative cross sections of the
multiple L-vacancy production followed a binomial
distribution, and BEA calculations qualitatively re-
produced the experiment®, values for proton and
He projectiles, whereas crude SCA calculations over-
estimated them. They also found that the BEA calcu-
lations significantly overestimate tig values for the
O-ion projectile.

Richard et al. [5] studied collision energy depen-

The impact parameter dependence of inner-shell dence of ionization cross sections for tke" states
ionization probabilities are often studied through co- with 0.4-3.0 MeV He ions on an Al target. A BEA
incidence measurements between characteristic x rayscalculation reproduces the gross feature of their ex-
or Auger electrons and the deflection of the projectiles perimental results, but some discrepancies were found
by nuclear coulomb scattering. These kind of mea- between them, especially in the position of the ex-
surements usually offer more detailed information on trema of the cross sections.
the inner-shell ionization probabilities than the high Schmiedekamp et al. [6] studied projectile depen-
resolution measurements of x rays with a crystal dences ofKL" x-ray intensities of Ar gas target
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excited by 1-5 MeV/u H, C, N, O, F, Si, and Cl ions
on Ar. They compared the results of tRg to BEA
and PWBA universal functions and found agreements
when velocity-dependent binding corrections were
introduced. They also evaluated the influence of the
rearrangements of the vacancies biM Auger
transitions prior to the x-ray emission on tRe.

Awaya et al. [11] reported the first systematic
experimental study of the- and M-shell ionization
probabilities P, and P,, as functions of all the
parameterZ,, Z, andv; with projectiles of He, C, N,
and O at energies between 47 E = 8.2 MeV/u.
The targets used for the, measurements were Al,
Ar, Ti, Cr, Fe, Ni, Kr, and Y, and those for the,,
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ions as an extension of the previous works at RIKEN.
The study includes the dependence®pfon theZ,,
Z,, andyv;, in a wider range o¥, andv;, measured in
the same experimental setup as before, then we have
been able to get systematic data for a very wide range
of projectile energy for the first time. We compare the
results of singleK and n L ionization with simple
scaling laws predicted by theoretical models of direct
coulomb ionization, and study the applicability and
limitation of them to various collision systems accord-
ing to the collision velocity. The theoretical models
applied here are BEA and SCA in which impact
parameter dependent formulation are available.

We had a special interest in asymmetric collisions

measurements were Y, Mo, Ag, and Sn. The results at velocities lower than the targetelectron velocity

agreed well with a BEA scaling.

Systematic studies on the doubk-ionization
process are only a few. Olsen and Moore [8] mea-
sured Ca hypersatellite x-ray spectra induced by O
ions of energy from 24 to 48 MeV, as well as the
satellite x rays. They studied the, for both the
satellite and hypersatellite lines.

Fujimoto et al. [9] studied the Be x-ray spectra
induced by proton and He projectiles with energies
from 0.5 to 2.0 MeV by using a crystal spectrometer.
They observed the hypersatellite lines for He impact

and studied the incident energy dependence of hyper-

satellite x-ray production cross section. Kawatsura et

v, and near-symmetric collisions at velocities much
higher thanv, .

When the nucleus of the projectile approaches the
target nucleus during the collision, the time-depen-
dent coulomb force by the projectile distorts the wave
function of the target electron and thus changes the
ionization probabilities. These effects are called bind-
ing and polarization effects: The binding effect is
more important at small impact parameters whereas
the polarization is important at large impact parame-
ters. These effects influence the ionization probability
significantly at velocities lower than the orbital elec-
tron velocity and for higheZ, to deviate them from

al. [10] studied projectile atomic number dependences the first-order theories. We have made measurements

of double ionization in Be, B, and O atoms by
protons, H, and He ions whose energies ranged
from 0.25 to 2.0 MeV. They found that the doulide
ionization cross section depends upth

Awaya et al. studied the intensity ratio of hyper-
satellite X-rays to satellite x rayd, = SX(K?L")/
SX(KLM), whereX(K2L") and X(KL") are the yield
of K?L" andKL" x rays, respectively, for the projec
tiles whose incident energy ranged from 4.7 to 7.7
MeV/u [13]. They reported is well proportional to
Z2, for the collision system of 6 MeV/u projectiles of
Z,=2,6,7,and 8 on a Ti target.

Here we present systematic investigation of the
L-shell ionization probability?, of the target atoms

and systematics of intensity ratio between hypersatel-

lite and satellite x rays by close collisions with heavy

with slow (4.8 = v; = 9.8) Nions and studied the
binding effect in a SCA.

These first-order theories are usually not applied
for nearly symmetric collisionsZ; ~ Z,) where the
electron orbits of the collision partners are strongly
deformed during close collisions. However, it is
expected that at high collision velocities the ionization
process in nearly symmetric collisions can be de-
scribed by the same first-order theories as the asym-
metric case. We have made measurements with fast
(56.8a.u.) Arions on Ti, V, Fe, Ni, and Cu targets and
compared the results with those of lower-velocity
light-ion collisions.

On the doubleK ionization, we measured thie
values for the 26 MeV/u N ions and 92 MeV/u Ar
ions. Together with the previous data [13], we will
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Table 1
Projectile—target combinations and collision energies that were
studied

Projectile Target Energy (MeV/u)

N Cr 0.56,0.82,1.1,15,2.1,24

N Ti 0.81, 0.84, 1.09, 1.3, 1.5

He, O Ti 6.0

C Ti 5.1,6.0,6.8,4.7,4.9

N Ti 4.7,5.1, 6.0, 6.8, 7.7

N Cr, Fe, Ni, Y 6.0

N Ar 5.0,5.3,5.6, 5.8, 6.0, 6.2,
7.6,7.8

N Ti, Fe, Ni, Cu 26

Ar Ti, V, Fe, Ni, Cu 92

discuss the projectile energy dependence of Ithe
values, which is roughly approximated to the ratio of
the double to the singlK ionization cross section.

Atomic units are used in the following sections
unless otherwise specified.

2. Experiments

Heavy-ion beams were produced by three acceler-
ators of RIKEN: 4.7-8.2 MeV/u He, C, N, and O ions
were produced by an ordinary 160 cm cyclotron,
0.56—2.4 MeV/u N ions by a heavy-ion linear accel-
erator (RILAC), and 26 MeV/u N ions and 92 MeV/u
Ar ions by a ring cyclotron (RRC). The collision
velocity ranges from 3.5% to 41% of the speed of
light, c, or from 4.8 to 56.8 a.u. Table 1 summarizes
the collision systems which we have investigated. Part
of the works at the 160 cm cyclotron and a part of
preliminary results at the RILAC and the RRC have
been reported elsewhere [7,11-14].

Most of the solid targets were self-supported me-
tallic foils with a thickness of a few micrometers. The
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evaporated on a mylar foil and about 2@/cn? on a

C foil, impinged by a N-ion beam at 0.56-2.4 MeV/u.
The largest energy spread due to the energy loss was
about 4% of the incident energy. The Ar target was
contained in a gas cell with windows for the entrance
and exit of the ion beam [7]. The energy of the ions at
the position of x-ray measurement in the gas cell was
estimated from the incident energy, the energy loss by
the entrance window and that by the gas before the
position for each run.

The K x rays from the target elements were
measured with a broad range crystal spectrometer [15]
placed at 90° to the beam to resolve &g X rays to
theKL" andK?L" components. The crystal spectrom
eter consists of a gas-flow position sensitive propor-
tional counter (PSPC) and a flat crystal. A crystal of
Ge(111) was used for Ti x rays and that of LiF(200)
or LiF(220) for Cr, Fe, Ni, and Cu x rays. In addition
to this spectrometer, a step-scanning crystal spectrom-
eter was used in experiments at the 160 cm cyclotron.

Some examples of the Ti x-ray spectra are shown
in Fig. 1. Peaks are labeled according to the vacancy
configuration of the states before the emission of x
rays. Peaks around 4.5 keV are tke! x rays, and
those around 4.9-5.0 keV are thé; x rays. Small
peaks around 4.7 keV are hypersatellitd&l(? x
rays).

3. SingleK-shell ionization
We have analyzed all the x-ray spectra data from

the experiments in a same procedure for a consis-
tency. The old data have been re-analyzed.

3.1. Experimental results

energy loss of the ions in the targets are less than 6%3.1.1. Corrections for fluorescence yields

of the incident energ\e = 4.7 MeV/u. At lower
energiesE = 2.4 MeV/u, the energy loss is large for
thick targets. Actually at projectile energies of 0.8—
1.5 MeV/u in the 2um thick Ti target, the spread is
estimated to be 4-5 MeV which is about 20%-50% of
the incident energy. To avoid this problem, we used
targets of Cr with thicknesses of about @@/cn?

We have fitted th& L x-ray spectra with a sum of
Gaussian functions on a smooth background by using
least-squares method to obtain the intensity distribu-
tions among the components, and corrected each of
the KL" x-ray intensities for its fluorescence yield to
get the relative cross sections of the singleand
multiple L ionization. For the correction, we needed
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Fig. 1. Spectra oK x rays from a Ti target excited by (a) Ar ions at 92 MeV/u and N ions at (b) 26 MeV/u and (c) 1.3 MeV/u.

values of fluorescence yield for states withkKa yield changes the value &f_ within 10% in the case
vacancy and different numbers &f vacancies of  of the Ti target.

different elements. Although there are plenty of ex- In the present case, we are interested in the relative
perimental and theoretical fluorescence yields for cross sections of th€L" states, therefore the relative
neutral atoms, and detailed calculations for several values of the fluorescence yield among these states are
ions with inner-shell vacancies, they are not enough more important than their absolute values. We have
for our purpose, since the fluorescence yield dependscompared the fluorescence vyields of Ar from the
on the electronic configuration of theshell and the scaling technique mentioned above with that from
atomic number. We have adopted a scaling technique detailed calculation by Bhalla [19] for eathvacancy
given by Larkins [16], with values of radiative tran- configuration. Although the absolute values of the
sition rate by Scofield [17] and those of Auger rate by fluorescence yield foKL" (n = 4) states differ by
Chen et al. [18]. The corrections for the fluorescence about 3%-5%, the ratio of that f&L" satellite to the
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Fig. 2. Distribution ofKL[, x-ray intensities of a Ti target excited by (a) Arions at 92 MeV/u and N ions at (b) 26 MeV/u, and at (c) 1.5 MeV/u.
Solid bars show the experimental data and white bars, the best-fit values to a binomial distribution.

KL transition is smaller than 3%, and the effect of 3.1.2. KL" intensity distribution

this difference on the results of thig value is about Fig. 2 shows the distribution of th&L" x-ray

1%. intensities, corrected for the fluorescence vyield, for Ti
Schmiedekamp et al. [6] discussed the effect of Ka x rays excited by N ions with different energies.

electron rearrangement due to thedM Auger effects The intensity distributions among differentare

after the ionization and before thé x-ray emission fitted to binomial distributions given by Eq. (2) to find
by model calculations and concluded that the change the optimum values d?, . The binomial distributions
of P, is within =10% if theM-shell vacancy produc  with the best-fit values dP, are also shown in Fig. 2.
tion probability is not very small. We have made no The binomial distribution can reproduce the experi-
corrections for the rearrangement effects on the mental results in wide range of projectiles, targets,
present data. and collision velocities. It supports the idea that the
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Table 2

Average ionization probabilit?, and the intensity ratid between hypersatellite and satellite x rays obtained from the measurements for
each combination of projectile, target, collision velocity, and energy in the laboratory system; the collision velocity is shown in atomic
units

Projectile Target Energy (MeV/u) v;(au) P |
He Ti 6.00 155 0.0086
C Ti 5.08 14.3 0.113 0.019
6.00 15.5 0.102 0.021
6.75 16.4 0.0894 0.022
N Ar 4.71 13.7 0.173
4.86 13.9 0.166
5.00 14.1 0.168
5.29 145 0.164
5.52 14.9 0.155
5.86 15.3 0.150
5.96 154 0.149
6.14 15.7 0.152
7.64 17.4 0.125
7.86 17.7 0.121
Ti 0.807 5.70 0.196
0.836 5.80 0.199
1.093 6.63 0.227
1.30 7.23 0.237
1.50 7.77 0.237
4.71 13.7 0.153 0.023
5.07 14.2 0.146 0.026
6.0 155 0.129 0.027
6.79 16.5 0.118 0.029
7.71 17.5 0.102 0.032
26 31.7 0.0353 0.014
Cr 0.561 4.75 0.1300
0.821 5.75 0.167
1.10 6.65 0.199
1.50 7.77 0.213
2.10 9.19 0.203
2.40 9.82 0.196
6.0 155 0.116 0.023
Fe 6.0 15.5 0.0940 0.017
26 31.7 0.0262 0.013
Ni 6.0 15.5 0.0870 0.012
26 317 0.0289 0.015
Cu 26 31.7 0.0248 0.015
Y 6.0 15.5 0.082
@) Ti 6.0 15.5 0.157
Ar Ti 1.27 7.15 0.373
92 56.8 0.0635 0.024
\Y 92 56.8 0.0623 0.020
Fe 92 56.8 0.0463 0.029
Ni 92 56.8 0.0498 0.024
Cu 92 56.8 0.0429 0.025

multiple ionization of thel-shell electrons proceeds the collision energy which we have investigated. For
independently of each other, without large effects of the targets wittZ, = 24, the overall error of the,
electron correlation. Table 2 lists the best-fit value of is within 5%. For heavier targets, the energy differ-
P, for each combination of the projectile, target, and ence between thi€ , andK ., x rays approaches the



56

width of the lines. Therefore the structure of the x-ray

spectra becomes more complicated. For these targets

the error of theP, is nearly 20%.

3.2. Binary encounter approximation

The BEA is an impulse approximation where an
ionization is treated as a classical binary coulomb
scattering between the projectile and a quasi free
target electron.

In 1965, Gryziski [20,21,22] presented a basic
formulation of BEA; a classical treatment of binary
collisions, its application to coulomb scattering and
formula of ionization cross sections by charged par-
ticles. He also gave a simple scaling law to express
the ionization cross sectianof an electron in a shell
with a principal qguantum number:

o = (N7Z3/u3)G(V) (3)

whereN is the number of the electrons in the sha}],

is the binding energy of the target electron, &id/)

is a universal function of a scaled collision velocity
V = vi/v,, wherev, = V2u,. McGuire and Richard
[23] applied the BEA with a universal function of
Gerjuoy-Vriens-Garcia [24] (GVG) to calculate the
ionization probabilities at small impact parameters.
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Fig. 3. Scaled_-shell ionization probabilities of target atoms by
heavy-ion projectiles are plotted against the scaled veldgity
vi/\/2u,,. Closed marks show the experimental data with Ar
projectile. The solid line shows the universal GVG curve and the
dashed line shows the Thomson curve.

curve as well as a Thomson curve which will be
described later. The scaled velocityranges between
0.7 and 9.5 relative to the targktshell electrons.

The overall behavior of the scaled experimeiftal
values for different collision systems agree the GVG

They assumed that the impact parameter dependenceurve for 2 < V < 6, although the GVG curve is

of the ionization probabilityP,,(b) was a step function
of b:

ol (N7R?)

if b<R,
P(b) = {O otherwise

4)

with a cutoff radiusR, independent of the collision
velocity:

Rc = \JEHZ/ Zeff (5)

where Z 4 = nV2u, is an effective target nuclear
charge. The scaling for the ionization probabiliy
of one electron is then given as

n%uP/Z3 = G(V). (6)

TheL-shell ionizationP, is thus scaled asug P, /Z3.
In Fig. 3, the scaled®, values from all of our

higher, by about 20%, than the experimental values.
At the lower and higher velocities, the experimental
P, is apparently lower than the GVG curve.

The experimentaP, values for the Ar gas target
come into line with those of the other solid targets like
Ti and Fe, therefore we found no indication of
solid—gas effects in the present conditions. This is
consistent with an investigation by Schmiedekamp et
al. [6] who reported that the solid—gas difference in
the KL" distribution is evident for targets with, <
16 but small for Ar and heavier targets.

At low velocities, V < 1.6, behavior of the
experimental data is not much different from the GVG
prediction: The experimental data have a maximum at
aboutV = 1.15 whereas the BEA prediction has a
maximum atv = 1. However, the scaled, from the

measurements are compared with the GVG universal BEA predictions are larger than the experimental data
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by a factor of about 2, as shown in Fig. 3. The ratio is N7Zz2 [ 1— 32] ©)

larger at small collision velocities. 7= w2 4\/2
Since we observe collisions at impact parameters
smaller than thé&-shell radius, thé& electrons feel the
projectile nuclear charge in addition to the target
nuclear charge during the collision and are bound
more tightly. This binding effect as well as the effect
of deflection of projectile ions by Coulomb scattering
strongly influence the ionization cross section when
the collision velocity is smaller than the orbital

electron velocity. Corrections for these effects are ;s velocity range are lower than the GVG univer-
discussed on the basis of Born approximation [25,26]. <5 curve by about 20%-50%, and tend to agree better
However, it is not appropriate in view of consistency \ith the Thomson curve. We cannot determine
to incorporate these corrections to the classical BEA \yhether this behavior is caused by the deviation of the
model. The binding effect is further discussed in Sec. | _shell ionization cross section from the GVG to meet
3.3 with SCA. the Thomson curve at these high velocities, or by the
We have made measurements at a high velocity slow dependence of the cutoff radiBs in Eq. (4).

with a 92 MeV/u Ar beam on targets of Ti, V, Fe, Ni,
and Cu. The corresponding scaled velocitiésare
higher than 6.

As this projectile velocity is comparable to the The SCA is a perturbation theory with a classical
speed of light, (abou.41c), we consider here the  projectile trajectory [28]. We adopted two SCA cal-
relativistic effects in a BEA model, from both the culations and compared the results with experimental
kinematics of binary collision and the coulomb scat- data for the Ti target: (1) Hansteen et al. [29]
tering cross sections. Sinog > v,, we adopt a  proposed a table of impact parameter dependent
simplified model where the initial target electron is at probabilities of ionization for proton impact. The
rest and the electrons with a higher recoil energy than calculation includes a straight-line trajectory approx-
the binding energy are ionized by the collision. In the imation. We have calculated the totalshell ioniza-
nonrelativistic case, this results in a total cross section tion probability from the probabilities fdr1, L2, and

with B = v;/c. Although a quantum mechanical Mott
cross section is preferable to the classical Rutherford
cross section in this case, the difference between these
cross sections is within 10% at most of the scattering
angle for our cases [27]. Thus the scaling Eq. (3)
approximately holds in the present case if the velocity
is scaled bV = v;/V2u,,.

As shown in Fig. 3, the experimental resultsRyf

3.3. Semiclassical approximation

formula, given by Thomson: L3 subshells at the smallest impact parameter on the
) table. Hereafter this calculation is referred as SCAH.
o= quZl< _ 1) @) (2) Trautmann and Reel [30] presented a computer
uaVv? 4v? code for full numerical calculation which includes a

Coulomb trajectory. We calculated the ionization
probabilities for theL1, L2, andL3 subshells for a

1 1 N-Ti collision system at a impact parameter of 200

G(v) = V2 (1 B 4\/2> (8) fm. In the calculations, we assumed relativistic hy-

drogenlike wavefunctions for the target electrons,

in Eq. (3) and is shown in Fig. 3 by a dashed curve. took a recoil effect into account, and included multi-

When the energy transfer to the electron is evalu- poles up td = 3. Since in the calculation the target

ated from a relativistic kinematics and a relativistic |-electron wave function is given by the screened
Rutherford cross section is adopted, the total ioniza- nuclear charge of the target atafy, , we study the

tion cross section is almost same as the nonrelativistic binding effect by comparing the following two cases;
one: Z, = Z, — 4.15 where binding effect is not cen

This corresponds to a universal curve
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Fig. 4. L-ionization probabilities for one electrd® of a Ti target
bombarded by He, C, N, O, and Ar ions, divided by square of
projectile atomic numberZZ). The solid line shows SCA calcula
tion results with a straight-line trajectory for proton impact (SCAH)
[29]. The dashed line shows a full SCA calculation for nitrogen
impact [30] with separated-atom target wave function (SCAT-SA)
and the dot-dashed line shows that with a united-atom wave
function (SCAT-UA).

sidered (separated atom; SA) ang = Z, + Z, —
4.15where binding effect is considered (united atom;
UA). The former is hereafter referred as SCAT-SA
and the latter as SCAT-UA.

To compare the ionization probabilities by differ-
ent projectiles, we normalized them to that of dne
electron by proton impact with the same velocity: The
experimentaP, values are divided by3.

Fig. 4 shows the experimental and calculated
L-ionization probabilities against the collision veloc-
ity v; in atomic units. The.-electron orbital velocity
v, = (Z, — 4.15)/2 isabout 8.9.

At v; > v, these SCA predictions show similar
behavior, although the SCAH is higher than
SCAT-SA and SCAT-UA aty; > 30. These SCA

results are lower than the experimental data by about
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Fig. 5.P_ of a thin Cr target bombarded by N ions. The lines show
full SCA calculation for nitrogen impact [30]; solid line for the
united-atom calculation (SCAT-UA) and dashed line for the sepa-
rated-atom calculation (SCAT-SA).

K-shell ionization cross sections measured for 80—
200 MeV/u Biions on C, Al, and Ni targets are higher
than the SCA predictions by about 50%.

At v; < v, the experimental results are signifi
cantly lower than the SCAT-SA and SCAH, and tend
to follow the SCAT-UA. This implies the importance
of the binding effect at these velocities. However,
with a few micrometers thick Ti target, the observed
P, is averaged over the projectile energy spread due
to the energy loss in the target. To minimize effect of
the energy spread, we made measurements with the
thin Cr targets evaporated on C and mylar foils as was
described in Sec. 2. Fig. 5 shows the result®ofor
the Cr targets compared with the SCAT-SA and
SCAT-UA calculations. The experimental results well
follow the SCAT-UA prediction at; < v, = 10. It
shows that the influence of the binding effect is well
reproduced by the SCAT-UA calculation.

As is shown in Fig. 4, the SCAT-UA merges the

20%-30%, but reproduces well the general behavior SCAT-SA prediction above, = 10 and theP, /Z3

of the data for different projectiles from He to Ar. It

is notable since the experimental results were normal-

ized by a factozZ; 2 which ranges between 1/4 for He
and 1/324 for the Ar impact. Similar results have been
reported by Rymuza et al. [31] where the projectile

have almost same values for four different projectiles
(He, C, N, and O) with the same velocity = 15.5
(about 6 MeV/u). The binding effect seems to vanish
at higher collision velocities.

The binding effect has been studied by some
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authors with measurements of impact parameter de-
pendence of ionization probabilities. Schuch et al.
[32] measured theK-ionization probability in 1
MeV/u He on Ca collisions and found that the
experimental probabilities at impact parameters
smaller than th&-shell radius can be reproduced by
SCA calculations if the UA is used to calculate the
targetK-shell wave function. Same calculation with
SA reproduces the experimental probability at larger
impact parameters. Similar effect was observed for
L-shell ionization of Au by 1 MeV/u Ar ions [33].
However, the effect has been investigated at a given
collision system at one projectile velocity. This is the
first systematic observation of the binding effect as a
function of the collision velocity.

In the BEA described previously, the ionization
probability P, is related to the total cross section in
Eqg. (3) with an assumption of step function [Eq. (4)]
where the cutoff radius is independent of the collision
velocity [Eq. (5)].

To check the validity of the assumption, we com-
pared the cutoff radiuR. in Eqg. (5) with an average
radius Rgca = Vogca/ 7P sca Which is deduced
from the totalL-shell ionization cross sectiotigca
and theP, at small impact parameters with the SCA
program [30] for N-Ti and N—-Cu systems at collision
energies between 10 and 1000 MeV. The r&iQ »/

R., as seen in Fig. 6slowly increases with the
collision velocity, and is almost same for the two
targets. Although the absolute value of the cross
sectiono is different by a factor of 36 between 10 and
1000 MeV for the N-Ti system, the increase of the
ratio Rsc4/R. is 38%. This supports the simplification
used in the BEA approximation.

4. Double K-shell ionization

As is described in the Sec. 1, the intensity ratio of
hypersatellite and satellit¢,, x-rays| = SX(K?L")/
SX(KL™ were previously obtained at RIKEN by
Awaya et al. [13] for Ti targets and the projectiles of
He, C, N, and O ions at 4.7-7.7 MeV/u. The ratio
have been further obtained for 26 MeV/u N-ion
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Fig. 6. The ratio between average radRig-p = V ogca/ TP sca
calculated with a SCA program by Trautmann anté&d30] and
the cutoff radiusR. in Eq. (5) for collision systems of N-Ti and
N—Cu at incident energies between 10 and 1000 MeV.

impact on Ti, Fe, Ni, and Cu targets, and 92 MeV/u
Ar-ion impact on Ti, Cr, Fe, Ni, and Cu targets.

Among the previously obtained data, the results of
C- and N-ion bombardments are included in the
following discussions. The hypersatellite x rays from
the target were scarcely observed in the present work
when the incident energy of ions was lower than 2.4
MeV/u.

4.1. Experimental results

The experimental values including the previous
data are plotted again&/Auy in Fig. 7, whereE is
the total incident energy of projectilesy is the
projectile mass in unit of electron mass angdis the
binding energy of a targe&K electron. The parameter
E/Auy is roughly equal to \i/vy)? wherev, is the
orbital velocity of the targe electron. The values of
| for C ions and for Ar ions are scaled & to the
N-ion projectile with the same velocities, that is,
the data is multiplied by 6% and (7/18%),
respectively. According to Eqg. (6), the scaling
factor ofu(Z,)/u(Ti) was multiplied by the values
of V, Cr, Fe, Ni, and Cu targets. The experimental
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Fig. 7. (a) The intensity ratio between hypersatellites and satellitggrmalized to N-Ti system and scaled Bju,(Z,) as a function of
E/Au. The solid curve iK ionization cross section from BEA scaling normalized to the experimental d&&af = 1. (b) The intensity
ratio | divided by the projectile charge squaretf) as a function of;. The curves show the results of SCA calculations by Hansteen et al.
[29] (SCAH) and Trautmann andRel [30] (SCAT-SA).

data are obtained directly from the yields of both thanwy,_ by 5.5%, 5.0%, 5.2%, and 5.8% for the
hypersatellite and satellite x rays and are not n (in 2p state)= 0, 1, 2, 3 and no £vacancies,

corrected for the fluorescence yields of e&ch" x respectively. Though the target elements are a little
rays andKL" x rays. Numerical values of are heavier than Ar, we assumed that the relation
shown in Table 2. between thewy, and wg, is similar to the

The uncertainty comes mainly from the statistics present target elements. In the present measure-
and the estimation of the background caused by the ments as well as previous ones, strong lines among
Compton scattering of rays which were induced by  the K’L" andKL" ones are those with = 0, 1, and
the nuclear reactions and incident to the PSPC di- 2. As the difference between the calculated value of
rectly. Errors ofl range from 20% to 30% for the = w,, and that ofwy ,_is almost constant and is
cases of 6 and 6.75 MeV/u C ion on Ti, 26 MeV/u N within the experimental error in the present mea-
ion on Niand Cu, and 92 MeV/u Ar on all the targets. surements, we assume thaj, , = wg,_for the

In other cases, it ranges from 3% to 10%. same value oh.

As is seenin Fig. 7, all the experimental dakews Olsen and Moore [8] observed that the structure of
a systematic dependence on the incident energy whenhypersatellitek , and satelliteK , x rays is similar to
we adopted the BEA scaling of ti#g, Z,, andE. each other, that is, the value Bf for hypersatellite

lines and that for satellite lines is almost same. This is
the same in our case, as is seen in Fig. 1(a) and (b), as
4.2. Fluorescence yield and intensity distributions well as the previous data [12].
Since the intensity of the hypersatellite x rays is
The fluorescence yield for initial states with double lower than 4% of that of satellite x rays, the contri-
K andn L vacanciesmw,y ,, and that with single< bution of singleK vacancy from the de-excitation of
andn L vacancieswy , were calculated for Arions  doubleK vacancies can be neglected when we con-
by Zou et al. [34]. The values ob, ,_ is larger sider the error of the measurements.
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4.3. Comparison of experimental results with
calculations

According to the discussions in the previous sub-

section, we can consider thaX(KZL")/ZX(KL") is
roughly equal too(K?)/a(K), where o(K?) is the
doubleK ionization ando(K) the singleK ionization
cross section. When the ionization probability is
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nearly the same results as the SCAH calculation when
they are scaled by Z#. However, it should be noted
that the SCAT-SA calculation for Ar—Ti yields un-
physical results oP,(b) > 1 at smallb and lowyv;.

The experiments at 6 MeV/w(= 15.5) for N
projectile on different targets reveal that the ratios for
the heavier targets are lower than the lighter ones.
This tendency is qualitatively reproduced by the

assumed to be constant, that is, it takes an averageSCAT-SA calculation which yields lowerr(K?)/

value of K-ionization probability, then the curve of
o(K?)/a(K) shows similar dependence d& Auy.
The ionization cross section from BEA, which is

o(K) for the heavier target & < 28. These collision
velocities are lower than th&-electron velocity.
However the calculations cannot reproduce the energy

normalized to the experimental data, is shown by the dependence of the experimental results for N-Ti at

solid line in Fig. 7 for comparison. The experimental
values decrease more rapidly in the rang&fu, >
1 than the BEA curve, but it roughly follows the

13.7<v; < 17.5.
On the other hand, at higher velocities, all the
(normalized) theoretical ratios converge to a common

experimental data. The similar tendency was obtained curve independent of the target and the projectile. This is

by Fujimoto et al. [9] for He ions on a Be target,

in good agreement with the experimental results for N

where the yield of hypersatellite x rays decreases ions at 26 MeV/u and Ar ions at 92 MeV/u where values
more strongly compared to that of satellite ones in the of /ZF are almost independent of the target.

region ofE/Au, > 1.

We made calculations ofr(K?)/o(K) based on
SCAH and SCAT-SA. The singlE-ionization prob-
ability, 2P,(b), is calculated as a function of the
impact parametdn, where the factor of 2 is from the
number ofK electrons. The SCAH calculation is for a
proton projectile on Ti, whereas the SCAT-SA calcu-
lations were performed for ' + Ti, N’* + Ni, and
Ar'®" + Ti collision systems. The ionization process
is assumed to be independent between the kwvo
electrons; thus, the ratie(K?)/o(K) is expressed as

o(K?) B
a(K)

j 2wPK(b)2bdb/J 272P(b)bdb
[0] 0

(10)
where a contribution oP,(b)? is neglected in the
denominator. In the SCAT calculations, the effective
charge of the target was assumed tazge— 0.3.

5. Conclusions

We have presented experimental results of target
L-shell ionization probabilityP, at small impact
parameter by ions of 2= Z, = 18 and 4.8= v; =
56.8, obtained from intensity distributions ¢fL" x
rays.

The general behavior of tHe-ionization probabil-
ity P, agree the BEA scaling with the GVG universal
function, for different projectile-target combinations
and a wide range of the scaled collision velocity
between 2< V < 9.5. It means that the inner-shell
ionization is explained by a two-body collision be-
tween an incident ion acting as a point charge and an
independent target electron, when the collision veloc-
ity is larger than the orbital velocity of the ionized
electron. It also means that the relation Eq. (4) holds

The results are compared with experimental results for wide range ofv;, and collision systems with a

in Fig. 7(b) as functions of the collision velocity. The

results of SCAH are plotted directly whereas those

from the results of experiment and SCAT-SA calcu-
lations are divided by?. The SCAT-SA calculations
of o(K?)/o(K) for N-Ti and Ar-Ti collisions give

cutoff radius almost independent of

The agreement between the experiments and the
GVG curve becomes worse at lower velocitiés< 2,
where the binding and coulomb deflection effects are
expected to influence the ionization process.
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The experimentaP, value for a Ti target agrees

with theL-ionization probability calculated by SCA at
small impact parameters for projectiles with 2
Z, = 18 when the collision velocity is higher thap.
At lower velocities, the experimental results are much
smaller than the SCA calculation with separated-atom
target wave function, and they are well reproduced
when a united-atom target wave function is used in
the same calculation.

The both first-order theories, SCA and BEA are
found to reproduce the overall behavior of the
ionization probabilities for the collision systems in-
vestigated here when the collision velocity is higher
than the orbital velocity of the targdt electrons,
although the absolute values of the experimental
probabilities deviate from the predictions by about
20% for most cases.

The intensity ratio between hypersatellite and sat-
ellite K, X-rays from the target] = SX(KZL")/
2ZX(KL") is obtained for C, N, and Ar projectiles at
13.7 = v;. This ratio is deemed to be nearly equal to
the ratio of the double to the singieionization cross
section, SX(K2L")/EX(KL") = o(K?)/o(K). The
experimental results plotted as a function E\u,
are compared with thi§-shell ionization cross section
from BEA, and cross-section ratios from SCA
(SCAH, SCAT-SA, and SCAT-UA). All the calcula-
tions roughly fit to the experimental data, showing a
maximum at collision velocity; close to the target
K-electron velocity. It supports the description that
the doubleK ionizations are independent ionizations
of K electrons. Especially, at very high velocities >
V), the ratio normalized b7 becomes almost indepen
dent of both the target and the projectile which is in good
agreement with the experimental data.
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