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Argon Ka x-ray satellites produced by ion collisions have been analyzed in high resolution. Ions of H, C,
N, 0, F, Si, and Cl with energies in the range 1—5 MeV/amu were used to bombard argon contained in a
gas cell. This study is the first systematic study of K x-ray satellites from free-atom targets with Z & 10.
The relative satellite intensities and satellite energies are tabulated and their projectile dependence is
qualitatively discussed. The average number of I.-shell vacancies formed in single-K-vacancy-producing
collisions is determined from a model calculation based on theoretical decay rates. This model includes (i) the
variation in fluorescence yield, and (ii) the variation in L-shell rearrangement with the number of L-shell
and M-shell electrons. The averages obtained from the model calculation are nearly the same as the (I)
values obtained by weighting the x-ray satellites equally. A universal scaling of (I) in Zl and projectile
velocity is obtained on the basis of an increased binding efFect. This is the first successful demonstration of a
scaling law for multiple ionization by heavy ions.

I. INTRODUCTION

Ka x-ray satellites from ion-atom collisions
in solid targets have been studied for several
years. ' ' lt has been shown that the distribution
Of L-shell vacancies which produces the KeL"
satellites can be fit to a binomial distribution in
the probability for L-shell vacancy production at
small impact parameters P~(0). These studies
have been extended to gas targets where single-
collision conditions are easier to satisfy. ' In
these two experiments using a Ne gas target, it
was shown that the distribution of L-shell vacan-
cies follows a binomial distribution as in the case
of the solid targets, however, the distribution
does depend on the charge state of the incident ion
which can be maintained in the gas collision re-
gion. The P~ (0),values increase with increasing
charge state. In the solid target case the prob-
ability of L-shell ionization appears to saturate
at values near 0.3, for low-Z targets as one in-
creases the Z of the projectile in the 1—2-MeV/
amu energy range, whereas L-shell vacancy prob-
abilities as large as 0.65 have been observed in
the gas target experiments.

Additional considerations to this problem have
been presented in three recent experiments.
Kauffman et al. ' have shown that the Kn satellite
structure of SiH~ differs substantially from that
obtained with a thin solid Si target. The data im-
plies that large L-shell decay rates are required
in the solid to produce the L-shell rearrangement
observed in the x-ray spectra, assuming that the
KL" ionization cross sections are the same in the
solid as in the gas target. Watson et al.3 9 have
shown that the spectra of different compounds of

S in solid targets display different KnL distribu-
tions which they have attributed to interatomic
electron rearrangement. Hopkins et a/. "have
shown further that molecular gas targets yield
different satellite distributions. Light ligand gas-
es such as SiH~ have a higher KaL" centroid than
does a heavy ligand gas such as SiF~. The heavy
ligand gases in fact display KnL" spectra closely
resembling the spectra of solid targets. A. sim-
ilar rearrangement mechanism must be leading
to the qualitatively identical spectra observed in
the solid, solid molecular, and gas molecular
targets.

In the present paper we study the problem of
multiple ionization in ion-atom collisions with a
free atom target in which only atonic rearrange-
ment is present. The transformation from deex-
citationE x-ray satellite probabilities to vacancy for-
mation probabilities still requires the considera-
tion of variation of fluorescence yield with primary
vacancy configurations and the rearrangement of
the L-shell vacancies through intraatomic tran-
sitions. The only monoatomic gas studied' sys-
tematically is Ne which has the difficulties of a
very smaQ Z-shell fluorescence yield for the
characteristic line and therefore has a very large
variation of fluorescence yield' ' with the num-
ber of L-shell vacancies. Ne also has a very
small L-shell binding energy so that the L-shell
ionization cross section is very sensitive to vari-
ations in the I -shell binding energies.

We present a systematic study of the Ar Ao.
satellite formation in H, C, N, 0, F, Si, and Cl
bombardment in the energy range of l-5 MeV/
amu. Effects of L-shell rearrangement and fluo-
rescence yield are taken into account by a model
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calculation which utilizes the available theoretical
decay rates' "for Ar. The extracted L-shell
ionization probabilities do not scale as I/Z', as
predicted. by Coulomb ionization theories. ""
The effects of including an increased binding fac-
tor & is investigated. Semiempirieal scalings of
the form P~e/Z', vs v/e for the plane-wave Born
approximation (PWBA) model and P~e'/Z', vs
v/v~ for the binary-encounter approximation
(BRA) model are studied. The effects of charge
exchange are not included in the analysis and may
well lead to better fits to the data.

II. PROCEDURE

The argon Ao. satellites (Ko'.L') were produced
by bombardment of argon in a high pressure gas
cell. This cell has an entrance window of 1-
mg/cm' Ni foil. The beam stop is internal to the
gas cell so no exit window for the beam is used.
The exit window for the x rays is a 6-p.m alumi-
num coated Mylar window.

The gas cell was filled to-100 Torr of argon.
Higher pressures degraded the beam quality for
some of the beams before they reached the view-
ing region of the spectrometer. The viewing re-
gion was defined by an entrance slit to the spec-
trometer which also serves to support the Mylar
window. The beam collimators and the beam
stop were kept outside the viewing region of the
spectrometer.

The x rays were analyzed with a 4-in. curved
crystal spectrometer placed 90 to the beam axis.
The spectrometer used a. NaCl crystal (2d = 5.641
A). The data for all spectra were taken in a
multiscalar mode and most spectra were repeated
to check reproducibility.

The beam stop could not be used as an accurate
monitor of the ion beam because of its location in
the gas and because of its small size. Instead a
proportional counter was mounted on the opposite
side of the beam from the spectrometer. This de-
tector has an adjustable entrance aperture. This
monitor provided a good indication of beam inten-
sity variations but had gas density dependence due
to the absorption of the x rays by the argon gas.
To prevent density changes the gas cell was closed
off from the filling system during the collection of
a spectrum.

III. THEORY

The experimental quantities obtained from the
KnL' satellite spectra are (l), the average L-
shell satellite number, and ~E„ the energy shift
of the KnL' satellite peaks. These two quantities
can be used to determine the probability of I.-
shell ionization at zero impact parameter Pz (0).

In the lowest order P, (0)=—', (l). This approxima-
tion assumes that the vacancy production for the
KnL states follows a binomial distribution, that
the transitions from these states have equal fluo-
rescence yields, and that there is no outer-shell
rearrangement prior to filling of the K shell. In
a second method the variation of fluorescence
yield with the number of L-shell and M-shell va-
cancies is taken into account as well as the effects
of outer-shell rearrangement due to L-MM Auger
transitions.

The second method attempts to estimate (l) and
the energy shifts of the satellites by using binom-
ial statistics for the production of the vacancies
and tabulated and estimated Quorescence yields
of the appropriate defect configurations. The mod-
el has as its input parameters the probability for
producing an L-sheQ vacancy P~ and the prob-
ability for producing an M-shell vacancy J'~.
These effective probabilities may include all
mechanisms for vacancy production, not direct
Coulomb ionization alone. From these parameters
an initial vacancy matrix is constructed with the
element corresponding to / I.-shell vacancies and
m M-shell vacancies given by

v'l&m) () )&D, & =P,)' '( )-&„(& &„)'-
Rearrangement is then permitted via L-MM

Auger transitions. This is accomplished by cal-
culating a new matrix of vacancies with the ex-
pl esslon

V"(I, m) =V'(l, m)

+P, „„.,[V'(i -l, m+2)

+P, , „„(V'(l-2, m+4)+. "}],
(2)

where E& &
i s the ratio of the I.-MM Auger rate to

the t;otal decay rate for a vacancy configuration of
i L-shell vacancies and j.M-shell vacancies. The
rates used are averaged over subshells, and the
L-shell vacancies filled by the L-MM transitions
are. assumed to be evenly divided among the I.
subshells. The L-Auger rates used were obtained
from McGuire" with Larkins scaling" for M- and
L-shell va.cancies. The K-shell rates were ob-
tained from the tables of Bhalla" with smoothly
extrapolated values used for configurations not
given.

The relative satellite intensity for $ L-shell and
m M-sheQ vacancies is then given by

l(l, m)=&, (l, m)V (l, m),

where &ox(l, m) is the fluorescence yield for a Kn
transition with l L-shell vacancies and m M-shell
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FIG. 1. Model predictions of argon KeL' average
satellite number (l). Pz and Ps are one-electron
vacancy-production probabilitkes for the L shell and
M shell, respectively. The dashed line corresponds to
(I)=8PI. ~

vacancies.
The calculated (l) i s then obtained from the ex-

pression

where I, are the matrix elements of the matrix
I(l, m). The average effective M-shell vacancy
for the KeL' satellite is obtained from the expres-
sion

(5)

This quantity (m)„ is related to the energy shifts
&E) of the KeL' sateQites. "

This model was used to investigate the effect of
M-shell vacancies on the observed satellite dis-
tribution. Figure 1. shows several curves calcu-
lated for different values of the M-shell vacancy
production probability P„. The centroid of the
spectrum (l) is predicted to change by as much as
30% depending on the value of P„or on the aver-
age number of M- shell vacancies. The relative
change in (l) with P„ is seen to be almost indepen-
dent of P~, the probability per electron of produc-
ing an L-shell vacancy. The straight line is the
prediction given by the first approximation [P~(0)
=8(l)], as discussed above. The large variation of
P~ in the rearrangement model from the -', (l) line

FIG. 2. Model predictions of the average number of
M-shell vacancies in argon. Pl and P„are one-electron
vacancy production probabmties for the L shell and M
shell, respectively.

is for the unlikely event of large L-shell vacancy
production with small M -shell vacancy production.

Figure 2 shows a similar set of curves for the
effective average number of M-shell vacancies
(m). This figure indicates that the number of M-
shell vacancies is a strong fmction of the number
of initial L-shell vacancies when P„ is small. As
P„ increases, the variation in (m) due to rear-
rangement becomes smaller, so that in the case
of Ar this model predicts a large rearrangement
in the case of small P„and large P~.

This two-parameter model can be used by an
iterative process to obtain estimates of P~ and

P„, given the measured (l) and (m) values.

IV. EXPERMENTAL RESULTS AND ANALYSIS

A. Semiempirical analysis

Representative spectra for 1.9- or 1.95-MeV/
amu ions are shown in Fig. 3. From each spec-
trum the energies of the satellites and the aver-
age L-shell satellite number (l) were obtained.
Tables I and II list the satellite energies and the
average L-shell satellite number (l). Experimen-
tally (l) is defined by the expression

(6)

where I„are the measured x-ray satellite inten-
sities. ' The quantity (l) is a measure af the num-
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squared (Z/A) of the ion and tk have a strong de-
pendence on the atomic number of the projectile
(Z, ) as can be seen in Fig. 4. The Z, dependence
is partially described by a 1/Z' scaling as would
be predicted by a simple binary encounter (BEA)"
or plane-wave Born approximation" for direct
Coulomb ionization. Figure 5 depicts the scaled
results.

In anticipation that the remaining Z, dependence
could be described as an increased binding of the
L-shell electrons, the data were fit to BRA and
PWBA ionization curves. ' ' The data were
scaled with a parametrized binding correction
factor &. The scaling was obtained by a least-
squares fit of the (l) to a scaled universal ioniza-
tion function of the form

Kf(Vs ")Z',s ",

where K is a proportionality constant, f(Vs ") is
the ionization function, V is the scaled velocity of
the incident ion relative to the L-shell electron
velocity, and s is the binding correction factor.
Two sets of values for p. and v were used. The
PWBA theory predicts that p. and v should both
be 1 while the 9EA theory predicts that p, should
be 0.5 and v should be 2. The correction factor
& is defined by the equation U, =&U~, where U, is
the "corrected" binding energy, and U~ is the nor-
mal, unperturbed binding energy. For U~ we have
used the binding energy of the L2 subshell of
argon. Several methods have been suggested for

TABLE I. {A) Energy shifts in argon Kn L~ satellites~.

aZ {ev)
g& Eel, XO, L, Knl. KeI Eo, I.

3.0

ENERGY (keV)

I

3.I

FIG. 2. Representative spectra for 2-MeV/amn ions
incident on argon. Due to energy loss in the gas cell
windows the collision energies are 1.9 MeV/amu for H
ions and 1.95 MeV/amu for Si, F, 0, N, and C ions.

1
6
7
8
9

14
17

0.5
4.4
4.7
5.2
5.9

1.07
5.8
6.7
7.6
9.2

13.0
12.5

6.0
6.5
7.9
8.8

13.0
12.6

73
8.2
9.8

10.8
13.9
14.9

8.8
11.2
12.7
13.4
16.8
18.0

ber of L-shell vacancies at the time of the Kn
transition.

In the semiempirical analysis presented in this
section we assume that the observed average L-
shell satellite number is proportional to the prob-
ability of L-shell ionization. This assumption is
valid when the effects of vacancy rearrangement,
vacancy-dependent K-fluorescence yields, and
vacancy production by electron transfer are small.

Over the rather small energy range of the data
the (1) tends to vary linearly with the velocity

{B)Extrapolated satellite positions

Satellite Channel E {eV)

Ke I 0

Ko. L,~

Ko, I 2

Ko. L,
Ea I.'
Xe I

34.88
57.60
82.41

106.11
128.59
163.19

4.1928 b

4.166
4.137
4.109
4.083
4.042

2956
2976
2997
3017
3036
3067

~Energies are relative to an extrapolated energy at
Z=0. The relative error is -1.0 eV in the energy shift.

"Taken as energy calibration point.
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TABLE II. L-shell and M-shell vacancy probabilities obtained under the different assump-
tions discussed in text.

Pl PN

Proj.
E

(MeV/amu)
With

Rearrangement
Without

Rearrangement

0.85
1.38
1.64
1.90
2.16
2.41
2.67
2.92
3.94
4.95
1.44
1.70
1.95
2.20
2.46
2.71
2.96
1.70
1.95
2.20
2.46
1.70
1.95
2.20
2.46
1 44
1.70
1.95
2.20
2.46
1 44
1.70
1.95
1.44

0.015(4)
o.o13(4)
0.010(3)
0.010(2)
o.o1o(3)
0.010(2)
0.008 {2)
0.008 (2)
0.006 (2)
o.oo6(2)
o.3o (4)
O.29 (4)
0.28 (4)
O.26 (4)
o.24 (3)
O.23 (3)
o.22 (3)
O.32 (4)
O.31 (4)
0.30 (4)
o.29 (4)
O.34 {4)
0.34 (4)
O.33 (4)
O.33 (4)
0.38 (5)
O.38 (5)
O.36 {4)
O.36 (4)
O.37 (4)
o.44 (7)
O.47 (6)
0.49 (6)
0.45 (6)

0.017
0.016
0.011
0.011
0.011
0.009
0.009
0.009
0.006
0.007
0.31
0.30
0.29
0.27
0.25
0.24
0.23
0.33
0.32
0.31
0.30
0.35
0.34
0.34
0.33
0.37
0.38
0.36
0.35
0.36
0.42
0.44
0.46
0.42

0.09
0.09
0.09
0.09
0;09
0.09
0.09
0,09
0.09
0.09
0.41
0.41
0.42
0.42
0.43
0.43
0.43
0.47
0.47
0.48
0.48
0.53
0.53
0.53
0.53
0.62
0.62
0.62
0.62
0.62
0.78
0.78
0.78
0.76

0.017
0.016
0,011
0.011
0.011
0.009
0.009
0.009
0.006
0.007
0.30
0.30
0.29
0.26
0.25
0.23
0.22
0.32
0.31
0.30
0.29
0.34
0.34
0.33
0.32
0.37
0.37
0.35
0.35
0.36
0.42
0.44
0.46
0.42

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0,10
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.51
0.51
0.51
0.51
0,56
0.56
0.56
0.56
0.64
0.64
0.64
0.64
0.64
0.78
0.78
0.78
0.77

This column is taken directly from the x-ray yields according to Eq. (6). Fluorescence
yields are assumed independent of number of L-shell vacancies as discussed in text. The
number in parenthesis is the experimental error in the last digit.

estimating the binding correction for ionization
and electron capture which provide the correction
in polynomial form. Several authors" "have sug-
gested using the form e =1+ (2Z,/Z» e~)g as the
binding correction, where Z,~ is Z, -4.1.5, 8~ is
given by 4'/[Z', ~(13.6 eV)], and g is a velocity-
dependent correction term. They have used this
form for both electron capture and ionization. In
neither case does the g depend on the charge of
the projectile Z, . This expression predicts a lin-
ear dependence on Z, but does not extrapolate
properly to the united atom limit. " The maximum
binding correction would be the case where the
L-shell electrons see a united atom (target plus
projectile) potential. This corresponds to a cor-

rection factor of the form e=, (1+(U„,-U~)/UB) .
The expressions used for & in fitting the data

are

ol

where the second form includes the velocity-de-
pendent correctiong(V) taken from Eq. (19), Ref.
23. Figure 6 depicts the best fit of the data to
various scaling laws. These plots have scaled
the different sets of data so that they Say be
plotted with a single universal ionization curve.
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ber {i)plotted vs velocity squared (in MeV/amu). The
lines are to guide the eye.
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FIG. 5. Measured argon Ee I ' average satellite num-
ber {i)with simple scaling with atomic number of the
projectiles. The lines are to guide the eye.

FIG. 6. Scaled measured average satellite number for
Ar and theoretical universal ionization curves plotted vs
scaled projectile velocity. Plot {a)uses a BRA universa1
ionization function, the BRA form for projectile scaling
and no velocity dependence of the binding correction c in
the scaling adjustment. Plot {b) is the same as plot {a)
except the velocity dependence of the binding correction
is used in the scaling adjustment. Plot {c)is the same
as plot {b) except the P%BA universal ionization func-
tion is used. Plot (d) is the same as plot (c) except
the PNBA form for projectile scaling is used.
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The data scaling corresponding to Eq. (7) is

(I)& '/&&'„ (10)

and the data was plotted versus V&, Figure
6(a) and 6(b) show the improvement in the fit when
the velocity-dependent correction is included in
the expression for e. The major effect seen is
that the slopes of the individual projectile curves
follow much more closely the theoretical ioniza-
tion curve. Equation (9) was adopted as the better
parameterization of the binding energy correction,
and was used in the fits given in Fig. 6(c) and
6(d).

The results of fits of the (I) to the scaled ioniza-
tion curves have indicated that the ionization
curve predicted by the PWBA theory is slightly
better than the analytical ionization curve obtain-
ed from the BEA theory. The criterion used in
these tests is that a significantly lower reduced

chi-squared value in the fit indicated a better ap-
proximation.

The BEA scaling [p.=0.5 and v=2 in Eqs. (V) and
(10)] yielded much better fits than the PWBA scal-
ing [p=v=l in Eqs. (V) and (10)) as can be seen in
Fig. 6(c) and 6(d). Table III lists the values of
the binding correction factor e obtained from
least-squares adjustments to the PWBA and BRA
ionization curves. It also lists the values of e
predicted by the simple united atom model. As
expected the fit values in columns 3 and 4 are
smaller than the united atom values. Table IV
lists the model parameters obtained from the ad-
justments.

8. Rearrangement analysis

The second method of analyzing the data involves
using the energy shifts of the satellites to estimate

TABLE III. Bindirg-energy correction factors.

Fit to
BEA curve

BEA scaling

Fit to
PWBA curve
BEA scaling

Fit to
PWBA curve

PWBA scaling
United atom

estimates

1
1
1
1
1
1
1
1
1
1
6

6
6
6
6
6

7
7
7
7
8
8
8
8
9
9
9
9
9

14
14
14
17

0.85
1.38
1.64
1.90
2.16
2.41
2.67
2.92
3.94
4.95

1.70
1.95
2.20
2.46
2.71
2.96
1.70
1.95
2.20
2.46
1.70
1,95
2.20
2.46
1.44
1.70
1.95
2.20
2.46
] 44
1.70
1.95
1.44

1.08
1.06
1.06
1.05
1.05
1.05
1.05
1.04
1.04
1.03
1.61
1.57
1.52
1.50
1.48
1.46
] 44
1.72
1.67
1.64
1.60
1.88
1.82
1,78
1.74
2.14
2.06
1.99
1.94
1.89
3.34
3.17
3.04
4.26

1.03
1.03
1.02
1.02
1.02
1.02
1.02
1.02
1.02
1.01
1.41
1.38
1.36
1.34
132
1.31
1.30
1.50
1.47
1.45
1.43

. 1.64
1.60
1.57
1.54
1.86
1.79
1.75
1.71
1.67
2.94
2.80
2.69
3.81

1.36
1.29
1.27
1.25
1.24
1.22
1.21
1.20
1.18
1.16
2.54
2.42
2.34
2.27
2.20
2.15
2.10
2.63
2.53
2.45
2.37
2.82
2.71
2.62
2.53
3.16
3.00
2.88
2.78
2.69
3.98
3.76
3.59

.4.34

1.18
1.18
1.18
1.18
1.18
1.18
1.18
1.18
1.18
1.18
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.55
2.55
2.55
2.55
2.8,2
2.82
2.82
2.82
3.10
3.10
3.10
3.10
3.10
4.82
4.82
4.82
6.1,3
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TABLE IV. Universal scaling parameters for Ar+ Z&

collisions. Values a and b are from Eg. (9); K is from
Eq. (1o).

BEA curve
BEA scaling ~

PWBA curve
BEA scaling

PWBA curve
PWBA scaling

b

K
x2/n

0.33.(10)
o.o47(6)
o.28 (2)
0.38

0.10(6)
o.os(4)
1.19(5)
0.23

1.68 (3)
-o.o32(2)

o.s6 (3)
1.9

The numbers in parentheses are the fitting errors in
the last digit.

the average number of M-shell vacancies (m) and
comparing that number and the (l) to the results
of a model calculation that includes rearrange-
ment and vacancy-dependent transition rates as
discussed in Sec. III. Figure 7 shows the varia-
tion of satellite position as a function of the pro-
jectile's nuclear charge. Since no significant
projectile energy dependence is seen in the satel-
lite position, the satellite channel numbers were
averaged over projectile energy. The lines are
the linear functions used to extrapolate the data
to a charge of zero. To estimate the average num-
ber of I-shell vacancies the energy shifts of the
satellites were compared to the theoretical re-

suits of BhaQa. '~ The energy shifts were esti-
mated as the difference between the value of the
fitted line at a particular Z and the value extra-
polated to Z =0.

Table II shows the results of the analysis with
and without rearrangement. The fourth and fifth
columns are the results for I'~ and P„, respec-
tively, from fitting the (l) and (m) experimental
values to the model which includes rearrange-
ment and vacancy-dependent decay rates. The
last two columns are based on the same model
with no rearrangement included but with the in-
clusion of vacancy-dependent rates. The latter
P~ values thus differ from the -', (l) values given
in the third column only by the inclusion of the
vacancy-dependent rates. The (m) values are not

. tabulated for the purpose of brevity and further-
more the -', (m) values, obtained from the Knl. '

energy shifts, are equal to the tabulated P„val-
ues within the experimental uncertainties.

V. CONCLUSION

The results presented here represent a large
amount of experimental data on the projectile en-
ergy and atomic-number dependence of the Kn
satellite spectra of argon. The research was
undertaken with the purpose of studying two ef-
fects: (i) the gas-solid differences in satellite
spectra and (ii) the effect of M-shell rearrange-
ment in a free-atom collision system. These two
effects are not completely distinct since part of
the gas-solid difference' or the light-ligand-gas-
heavy-ligand-gas difference' is due to rearrange-
ment. For the lower-Z-gas data there is also the
projectile charge-state effect' which to date has
not been observed in solids. For the Ar free-
atom-gas case the rearrangement is not compli-
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FIG. 7. Average satellite positions, in channel num-
bers, as a function of projectile atomic numbers. The
channel number values may be converted to wavelength
or energy by use of Table I (B). The solid lines are
straight-line least-squares fits to the data.
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FIG. 8. Survey of ~ (l) for 1.7-1.9-MeV/emu oxygen
on Ca-Mn, Ref. 28; Ti, Ref. 30; Al, Ref. 29; Si and S,
Refs. , 9 and 26; Ne, Ref. 6; Al, Cl, and K, Ref. 27; Ar,
present work. Open circles are gas target data, and
closed circles are solid target data.
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cated by interatomic transitions.
The KnLI satellite data from Ar yields (l) val-

ues which are systematically consistent with the
values obtained from solid targets. This can be
seen for oxygen projectiles in the 1.7—1.9- MeV/
amu range in Fig. 8 which compares existing
data' ' '~' from Z, of IO to 25. A solid-gas
effect is observed for Z,=14. At lower Z (Z =10)
a large variation in (l) is observed as a function
of projectile charge state. Similar systematics
are observed for Cl projectiles"""""' in the
1.1-1.9-MeV/amu range from Z, of 10 to 18 as
shown in Fig. 9. Even though there is a large
spread in the —', (l) values, the gas-solid effect is
very evident. The heavy-ligand-gas value of. —', (l)
is seen to be nearly the same as the solid for Z,
=&6. The charge-state effect is also larger for
the heavier projectile presumably due to the in-
crease in the electron capture cross section with
Z, . From these systematics it is evident that the
effect of rearrangement and the gas-solid effect
are small for a target with as high an atomic num-
ber as argon. The charge-state effect may, how-
ever, reoccur at high Cl energies in which higher
projectile charge states are reached.

The Ar data when analyzed with the rearrange-
ment model shows virtually no L-shell filling due
to M-shell electrons. In order to understand why
rearrangement was not important for any of the
projectiles a contour plot was made of the percent
change in the predicted (f) due to rearrangement.
Figure 10 shows that plot together with the re-
duced data obtained from the fits. It is seen that

all the data points lie below the 1% contour. This
is a result of the fact that in none of the cases
were large numbers of L-shell vacancies pro-
duced without also producing large numbers ofI-shell vacancies. Rearrangement may become
important at higher projectile energies where I'~
may be larger than P~.

The attempt to fit the experimental (l) values to
a universal curve is justified by the result that
rearrangement and vacancy-dependent rates had
very little effect on the fitted value of P~(0) when
compared to the simple theory, i.e., -', (f).

The most important result of this work is the
demonstration of a universal behavior of (l) ob-
tained from the sirgle-K- multiple-L-shell satel-
lite spectra of Ar. The quantity (l)s'/KZ', vs
V/Me agrees very well with the PWBA ionization
function for K= 1.19 and & =1+ (0.1Z,+0.05Z,')g(V)
and nearly as well with the BRA ionization func-
tion for K=0.28 and e =1t(0.31Z,+0.047Z', )g(V).
This function can thus be used to predict multi-
ple ionization over a large range of incident en-
ergy and projectile Z for elements near Ar. Ad-
dltiollal sy'steIIlatlc Qleaslll'eIIlellts of (f) fo1' solid
targets would serve as a test of the proposed func-
tion and would also give insight into the Z, depen-
dence of K.
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FIG. 9. Gs,s-solid effect on & (f) for 1.1—1.7-MeV/amu
Cl on Ne, Ref. 6; Al, Ref. 29; Si, Refs. 10 and 31; S,
Ref. 26; Cl and K, Ref. 27; two points for both targets
are for S and Ar beams, and Ar present work. Open
circles are gas target data and closed circles are solid
target data.
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