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Atomic collisions with relativistic heavy ions. IV. Projectile EC-shell ionization
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Projectile 1s ionization cross sections are reported for 82-, 140-, and 200-MeV/amu Xe projec-
tiles incident on a variety of thin solid targets between Be and Au. The cross sections were calculat-
ed with the plane-wave Born approximation. Possible relativistic wave-function, target-screening,
and transverse-excitation effects are discussed. Comparisons of the data with the perturbed-
stationary-state theory of Basbas et al. and the Glauber approximation are made. Scaled, interpo-
lated Xe+Xe ionization cross sections agree well with measured p+H ionization cross sections.

I. INTRODUCTION

The present paper returns to a question considered in
the first part of this, series of papers on relativistic heavy-
ion —atom collisions: inner-shell ionization. While paper
I considered target inner-shell vacancy production, sig-
naled by the emission of target E x rays, here we consider
projectile E-shell ionization, manifested by the charge-
state gain by one- or two-electron heavy ions passing
through thin foils. Heavy (Z 30), relativistic one- or
two-electron ions are normally in their ground 1s or 1s
states. Hence, a measurement of the fraction of zero- or
one-electron ions after passage through a thin foil
represents a measurement of projectile ls ionization.

The experimental arrangement is described in paper III
of this series. Section II of the present paper discusses
the differences between studies of target E-shell ioniza-
tion by measuring target E x rays, and of projectile ioni-
zation in light and heavy projectiles by measuring charge
states.

Ionization cross sections can be calculated with the
plane-wave Born approximation if the ratio of the ion
velocity v to the velocity vx of the E electron being ion-
ized is much larger than unity. This is certainly valid for
the low-Z relativistic projectiles considered in paper II,
but is less valid for the high-Z, 82- to 200-MeV/amu Xe
ions considered here, for which v/vx is between 1 and 2.
Although several minor effects are discussed in Sec. II,
the major effect at these velocities is the binding or polar-
ization of the active electron by the perturbing nucleus.
The theory of these effects formulated by Basbas and co-
workers has been widely applied to measurements of
inner-shell vacancy production. The reduction of the ion-

ization cross sections due to the increased binding of the
1s electron in low-velocity collisions, especially where
molecular orbitals are formed, has been established clear-
ly. ' The polarization of the electronic wave functions
brings the inner-shell electrons closer to the perturbing
nucleus, which increases the excitation probability. Al-
though the polarization effect on electronic stopping
powers (dominated by outer-shell target-electron ioniza-
tion processes) is well established, that on E-shell ioniza-
tion is not as well understood. At the medium electron
velocities (v =vx) where the polarization effect should be
dominant, a competing process due to the capture of tar-
get K electrons by the projectile ion obscures the increase
in the cross section due to the polarization effect, if target
E-shell ionization is studied. ' The advantage of studying
projectile ionization is that the equivalent process (capture
of a projectile E electron by the target) is absent due to
the lack of vacancies in the target atom.

The measured cross sections are compared with theories
of E-shell ionization including binding and polarization
effects in Sec. III. We also make comparisons with
theories that have been applied to symmetric p+H col-
lisions. Since we have new measurements of equilibrium
projectile charge states, and a theory of target K-electron
capture for relativistic heavy ions has now been formulat-
ed, ' we return to the question of target E-electron cap-
ture contributions to target inner-shell vacancy produc-
tion, which was left open in paper I. A difference be-
tween the relative importance of the binding and polariza-
tion effects on target ionization and on projectile ioniza-
tion is suggested by the present data, but the uncertainties
due to target electron capture do not allow us to draw a
definite conclusion.
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II. THEORIES OF INNER-SHELL IONIZATION

A. The plane-wave Born approximation

Our discussion of theories of inner-shell ionization by
relativistic projectiles will contrast effects on target
inner-shell vacancy production with effects on projectile
ionization in low-Z and high-Z projectiles, which are
summarized in Table I. The starting point for all three is
the nonrelativistic plane-wave Born approximation
(PWBA) in which the ionization cross section is calculat-
ed using'
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Here, Z„ is the atomic number of the perturbing nucleus
(the projectile charge for target ionization or the target
charge for projectile ionization), v =pc is the ion velocity,

Evidence is obtained in this work for single-electron
ionization in the collisions ( T =target)

Xe +(ls)+T~Xe ++T,

Xe +(ls )+T~Xe ++T,
and for double-electron ionization:

Xe»+(ls')+ T~Xe'4++ T .

We show in Sec. III C that the double-ionization cross sec-
tion can be calculated from the product of one-electron
ionization probabilities' ' integrated over impact param-
eters.
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E) and
~

ls) are continuum and ls electronic wave
functions. We shall consistently calculate single-
ionization cross sections per E electron in this paper.
Target X-vacancy production cross sections are defined
per atom, hence are factors of 2 larger. '

B. Wave-function effects

The form factor F(q) is usually calculated with non-
relativistic, hydrogenic 1s and continuum wave functions.
For target K-vacancy production in neutral target atoms,
one must approximate the many-electron wave functions
by using a reduced effective target charge Z*=Z, —0.3
for the EC shell, ' and one accounts for the difference be-
tween the ideal hydrogenic binding energy —,'Z* a.u. and
the actual one E~ by introducing a parameter L9z, which
is the ratio between the two. Then the ionization cross
section is given by
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where rIK =13 /(aZ*),

c is the speed of light, a is the fine-structure constant, ao
is the Bohr radius, e is the kinetic energy of the ionized
electron, qo ——(EK +e) /v is the minimum momentum
transfer needed to ionize the electron, Ez is the E-
electron binding energy, F(q) is the ionization form factor
given by

TABLE I. Effects on E-shell ionization.

Effect
On target
ionization

On projectile ionization
Low-Z High-Z

First-order
theory

PWBA PWBA PWBA

Electronic
wave function

)fc

gp-e
use Z*=Z, —0.3

4o-e
Z Z

Dirac; Z=Z~
s —1 —Zro-r e

Binding

energy

E~ =e~ —,
' Z" 1Eg =——Z2 E~ ——(1—$)inc,

S2=1—a2Z2

Wave-function
distortion

polarization +
binding effect

U/U~ g 10
no correction

U/u~ —1 to 2
corrections needed

Relativistic
velocity
P a interaction

calculate with
Z*, 6I~

negligible calculate with
Dirac
wave functions

Perturbing
nucleus screening

bare projectiles
no screening

cross-section
reductions

Zg ~zg +Zt2 2

Coulomb deflection negligible negligible negligible

Experimental
effects

target X-
electron capture
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In this case, the size of the radial wave functions, propor-
tional to the expectation value of the electron coordinate
r, affects the magnitude of the form factor. Hence, the
contraction of the relativistic wave functions leads to
smaller ionization cross sections at large ion velocities.

E-shell ionization cross sections were calculated for Xe,
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FICx. 1. Ratios of 1s-2s and 1s-2p excitation and 1s ioniza-
tion cross sections for Xe, Au, and U projectiles calculated with
Dirac relativistic wave functions and with nonrelativistic wave
functions.

W=(Ex+@)/( —,'Z' ), Qo ——8' /4gx, and I'x(Q, S') is
given by Khandelwal et al. Tables of the function
f(gx, 8x) or related quantities are available from which
target E-vacancy production cross sections can be calcu-
lated. With relativistic ions, one must calculate gz using
the ion velocity P, not the ion energy (y —l)Mc, where
y =1—P, as is usually prescribed. ' ' For low-Z pro-
jectile ionization, where hydrogenic wave functions and
energies are valid, these tables can be used by taking
e~= 1 and Z„=Z,.

For high-Z ions and target atoms, one should use Dirac
electronic 1s and continuum wave functions. ' At low ion
velocities, the use of Dirac wave functions is known to
enhance high-Z X-shell ionization cross sections. ' The
factor r' ' in the 1s and continuum wave functions gives
a weak divergence at small r because s[=(1—a Z )'~,
a= 1/137.037] is less than unity, which contracts the ra-
dial electronic density distribution. This contraction
enhances the electronic momentum distribution at large
momentum q. Since the ionization form factor is just the
Fourier transform of the product of the 1s and continuum
electronic wave functions, the form factor at large q is
enhanced, leading to larger ionization cross sections. For
the present high-velocity ions, however, the minimum
momentum transfer qo-Ex/Pc is small, so one can ap-
proximate the form factor with

Au, and U projectiles using the plane-wave Born formula-
tion of Jamnik and Zupancic. ' All multipoles up to l =3
were included. The ratios of cross sections calculated us-
ing Dirac wave functions and energies to those using non-
relativistic wave functions and energies are shown in Fig.
1 for ls ionization, ls-2s excitation, and is-2p excitation.
The excitation cross sections are relevant to studies of
projectile x-ray production, which are discussed in a later
paper in this series. The use of relativistic electronic wave
functions clearly gives smaller ionization cross sections at
high velocities. Part of this reduction is due to wave-
function effects, but part is due to the use of the larger
Dirac binding energies [(1—s)mc =132 keV for U] than
nonrelativistic ones (Z /2 a.u. =115 keV for U). The di-
pole 1s-2p excitation cross sections tend to be more re-
duced than the monopole 1s-2s ones. Dipole 1s ioniza-
tion is dominant, but all multipoles up to l =3 contribute
to the total ionization cross section. At small P, the rela-
tivistic cross sections increase, consistent with earlier cal-
culations. '

C. Distortion effects

For the high-Z targets and high-Z projectile ions used,
the increased binding of the ls electron and/or the polari-
zation of the inner-shell wave functions affect the K-shell
ionization cross sections. ' At low velocities, where the
target and projectile electrons form molecular orbitals, the
increased binding of the is electron makes it more diffi-
cult to excite the electron, which gives smaller ionization
cross sections. ' At high velocities, molecular orbitals
may not be formed, but the electron clouds are neverthe-
less strongly distorted by the perturbing potential. Since
the potential is attractive, the electronic density is redistri-
buted toward the perturbing nucleus, bringing the electron
and perturber closer together, and increasing the probabil-
ity of excitation. For the relevant intermediate velocities
(v-vx), Basbas et al. have developed a formulation that
interpolates between the low- and high-velocity regimes.
At the heart of the theory a cutoff impact parameter
b, =coax (ax is the Bohr radius of active electron and cx
is a constant) is assumed, below which binding effects are
dominant and above which polarization effects dominate.
At low velocities, ionization occurs mainly at impact pa-
rameters b &ax., so binding effects should give reduced
cross sections. At high velocities, ionization can occur at
large impact parameters b & ax, so the polarization effect
gives increased cross sections. By changing the cutoff im-
pact parameter, one changes the relative weighting of the
binding and polarization effects. A value of cz ——1.5 was
chosen in Ref. 9 to fit existing experimental target-atom
ionization data. The measurements described in the fol-
lowing section suggest the need to use a larger value of c~
for projectile ionization for large perturbing charges, thus
deemphasizing the polarization effect. However, the ex-
pressions for binding and polarization effects developed in
Ref. 9 ar'e valid strictly only in the region of small pertur-
bations, Zz «Z, for target ionization or Z, «Zz for
projectile ionization. In some of the present cases, where
Zz is approximately equal to Z„ the applicability of this
theory is no longer certain.
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D. Relativistic velocity effects

Most of the effects discussed in Secs. IIA—IIC occur
for nonrelativistic projectiles with energies less than about
20 MeV/amu. At relativistic velocities, the perturbing
Hamiltonian consists of the Coulomb interaction between
the perturbing nucleus and electron and, in addition, a
magnetic current-current interaction. The longitudinal
part of the current-current interaction combines coherent-
ly with the Coulomb potential to give the cross section
calculated with the nonrelativistic PWBA. The trans-
verse interaction between the current of the perturbing nu-
cleus Z„ePc and that of the electron eu gives a cross sec-
tion that increases as lny —p at large projectile kinetic
energies (y —1)Mc . At high energies, the longitudinal
part is constant, since it only depends on the ion velocity,
which approaches a constant c. In the present cases,
where y &1.2, the transverse contribution increases the
ionization cross sections by less than 4%%uo. For high-Z tar-
get and projectile ionization, the transverse contribution
should be calculated using Dirac wave-functions (and in-
cluding distortion effects), but because of the negligible
magnitude of the transverse cross sections, the contribu-
tions were calculated with just the first-order plane-wave
Born approximation.

E. Screening effects

For projectile ionization by neutral target atoms, one
must account for the screening of the perturbing nucleus
by the target electrons. 6' 2O This effect does not occur
for target K-shell ionization by nearly bare projectiles.
Paper II showed that the target screening reduced ioniza-
tion and excitation cross sections for low-Z projectiles by
significant factors. The transverse cross sections were so
much more reduced than the longitudinal ones, that they
could be neglected for low-Z projectiles with Ep (2000
MeV/amu.

To account for electronic screening on projectile ioniza-
tion, Eq. (3) has to be modified as follows:6's

1$~3EqZ, —E, q, Z,

+Z, —g I F;,(q, Z, )
I
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I
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is the target form factor for the ith target electron occu-
pying orbital f;, F, =Q,.F;,(q), and the sum is over all
bound target electrons. The first term in the brackets in
Eq. (8) is due to the normal perturbing potential
represented by Z„ in Eq. (3). The screening correction
—

I
F,(q, Z, )

I
approaches Z, at low q (corresponding to a

fully screened potential) and vanishes at large q. The
"antiscreening" term, Z„accounts for the ionization of
projectile electrons by Z, separate target electrons. The
final term is an antiscreening correction factor that van-
ishes at large q and approaches Z, at sma11 q, canceling

out the antiscreening term. The net effect of these terms
is that for small q, corresponding to excitation at large
impact parameters where the projectile would see a neu-
tral target atom, the perturbing charge is nearly zero, but
for large q, o.» varies as Z, +Z„where Z, comes from
the electron-target nucleus Coulomb potential and Z,
comes from Z, separate electron-electron interactions.

For the present —100-MeV/amu Xe ions, q is suffi-
ciently large so that the calculated cross sections vary as
Z, +Z, . The binding and polarization effects affect the
cross-section term proportional to Z, , but not that associ-
ated with the Z, separate electron-electron interactions.
However, the theory of McGuire et al. ' neglects kinetic
energy constraints on the electron contributions. In 82-
MeV/amu Xe collisions, the target electrons have a kinet-
ic energy of -45 keV in the projectile frame, which is
barely sufficient to ionize the Xe K-shell electron (binding
energy 42 keV). Therefore, this electro'n contribution
(Z,o, ) is smaller than Z, o~, where o~ is the first Born
cross section. We calculated this contribution using the
formulas of Rudge and Schwartz ' for electron-induced
ionization cross sections o.„which agree reasonably well
with experimental results near the threshold ionization en-

ergy 22

F. Experimental effects

When one measures target E-vacancy production by
bare projectiles, contributions due to the capture of target
K electrons by the projectile are present" [as well as
secondary processes discussed in paper I (Ref. I)]. These
contributions are difficult to estimate since one must cal-
culate both the electron-capture cross sections and the
number of vacancies in the projectile into which the target
electrons can be captured. Assuming equilibrium target
thicknesses and that only zero-, one-, or two-electron pro-
jectiles are present, the capture contribution to target K-
vacancy production is given by

1

Ecapt ( EE+&KH )Fo+( 2 &x'x +&yj.H )F~ +cT~HF2

(10)

where F„ is the measured equilibrium fraction of projec-
tiles carrying n electrons, o.zz is the capture cross- section
for single-electron capture from a fully occupied target K
shell to an empty projectile K shell, and o-zH is that where
the K electron goes into L-shell and higher projectile orbi-
tals. Equation (10) assumes that the projectile is in its
ground state (which is approximately valid for Xe projec-
tiles used in this work, as shown in a later paper in this
series). We included all charge fractions with n & 2 in the
n =2 fraction, since 0.~~ is not significantly reduced by
the presence of one or two 2s electrons (which only occurs
for a small fraction of 82-MeV/amu Xe ions incident on
high- Z targets).

When one determines projectile ionization cross sec-
tions by passing one- or two-electron, high-Z projectiles
through a thin foil and measuring the zero- or one-
electron fractions, capture and projectile excitation play
no role. The target atom cannot capture projectile elec-
trons efficiently due to the lack of bound-state vacancies.
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For high-Z projectiles, excitation leads to the immediate
radiative decay back to the ground state, because of the
very short lifetime of excited states compared to the time
between ionizing collisions. Therefore, the projectile does
not change charge unless 1s ionization occurs. We made
numerical simulations for the present collisions using an
11-state model discussed in a later paper in this series,
which includes excitation processes. The simulations
show that as long as small target thicknesses are used,
ionization cross sections measured using thin targets are
exactly equal to the 1s ionization cross sections.

III. RESULTS

A. Projectile ionization

In all the cases studied the Xe + single-electron ioniza-
tion cross section was equal to twice the Xe + ionization
cross section within the experimental uncertainties shown
in Figs. 2—4. To obtain the most accurate 1s single-
electron ionization cross section, we took the weighted
average of the measured Xe + and one-half of the Xe +

single-electron ionization cross sections. From the linear
target-thickness dependence of the Xe + yield for a
Xe + projectile, we could also search for two-electron
ionization.

Figure 2 shows the single-electron and Xe + double-

200 MeV/'a(T) u Xe

electron ionization cross sections for 200-MeV/amu pro-
jectiles. We discuss double-electron ionization in Sec.
III C. The solid lines in Fig. 2 were calculated using rela-
tivistic electronic wave functions and including transverse
excitation and target-screening effects, but not the wave-
function distortion effects. The calculated cross sections
increase roughly as Z, . At low Z„ the calculations are in
good agreement with experiment, but are higher at large
Z, . We hypothesize that the discrepancy at large Z, is
due to distortion effects. To examine the wave-function
distortion effects more carefully, we obtained reduced
cross sections using

—2
~red ( ~meas Zt ~e )Zt

where o „,are the measured cross sections, and Z, o., are
the electron-induced contributions. '

The theory of Basbas et al. with cx ——1.5 predicts that
for these collisions, the reduced cross sections increase
with Z„because the polarization effects are more impor-
tant than binding effects (thin solid lines in Fig. 3). Clear-
ly, this theory disagrees with the bulk of the high-Z, data.
To obtain better agreement, we semiempirically increased
the cutoff impact parameter b, =cxax to reduce the po-
larization effect and enhance the binding effect. Using
c~ ——3 brings the theory into better agreement with experi-
ment (dashed lines in Figs. 2—4). We found by trial and
error that no improvement is obtained with other values
of cx,' the value cx ——3 gives the best overall compromise
fit.

The theory of Basbas et al. is usually applied to calcu-
late target inner-shell vacancy production where Z„«Z
(Z~ &&Z,). In near-symmetric collisions at the present
relativistic velocities (U /Ux —1), a large number of
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FIG. 2. Single-ionization 1s cross sections and double-
ionization cross sections for Xe' + (1s ) plotted against target
atomic number for 200-MeV/amu Xe. In the plane-wave Born
approximation, the single-ionization cross sections increase as
Z, +Z, (solid line). Wave-function distortion effects reduce the
single-ionization cross sections (dashed lines). The computed
double-ionization cross sections (solid lines) are a factor of 0.26
ZT/Z~ below the single-ionization ones (dashed lines). The dis-
tortion effects further reduce the double-ionization cross sec-
tions, as described in the text. The lower limit of this, reduction
on double ionization is shown by the dashed lines.

) l

20 40 60 80

FIG. 3. Reduced projectile ionization cross sections for 81.5-,
140-, and 200-MeV/amu Xe ions plotted against target atomic
number. The thick solid lines are P%'BA calculations, and the
thin solid lines were calculated with the theory of Basbas et aI.
(Ref. 9) for binding and polarization effects using c~ ——1.5 (solid
lines) and c~——3 (dashed lines). The chain curves are Glauber-
approximation calculations.
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FIG. 4. Scaled p+H and Xe+ Xe 1s ionization cross sec-
tions plotted against proton kinetic energy. The PWBA (thick
solid line), Basbas theory using cI(- ——1.5 (thin solid line) and
c~ ——3 (dashed line}, and Glauber theory (chain curve) results are
shown. The p+H data points are from Park (Ref. 26) (trian-
gles) and Shah and Gilbody (Ref. 25) (closed circles). Some of
Park's points for E~ & 50 keV have been omitted.

theories have been developed to calculate ionization in
H++ H collisions. ' We can obtain reduced cross sec-
tions for Xe + Xe collisions by interpolating between
measurements for Z, =47 and 79. By plotting Z cr

(Z=Z, =Zz) versus the proton kinetic energy, we can
then compare Xe+ Xe with p+H ionization cross sec-
tions ' at the same value of v/Ux. The Xe energy scale
in Fig. 4 is related to the p +H one using

1
2 1/2(1—P )

(12)
p i37 037 (0 040 25E )

where Ex, is in MeV/arnu and E~ is the proton energy in
keV. The Xe energy scale ends at Ez ——160 keV where P
approaches unity. This type of scaling is exact for sym-
rnetric collisions (Z=Z„) in the PWBA (Ref. 3) and in
molecular perturbed stationary-state calculations for one-
electron systems. Since the target electron antiscreening
effects have been removed in deriving the reduced cross
sections, and the electronic relativistic effects and trans-
verse excitation are negligible, this scaling should be near-
ly exact in the present Xe+ Xe collisions. The measured
Xe+ Xe points are clearly in good agreement with the
measurements of Shah and Gilbody and Park. We
also show in Fig. 4 the Basbas calculations using cz ——1.5
(thin solid line) and cx ——3 (dashed line). Those using
c~ ——3 are in reasonable agreement with the measured

p +H and Xe+ Xe cross sections, but the original theory
with c& ——1.5 significantly overestimates the p +H cross
sections.

Of the many theories that have been developed to calcu-
late ionization in p+H collisions, that giving the overall
best agreement with experiment is probably the Glauber
approximation. (See Park and McGuire for further

comparisons. } One of the main things the Glauber ap-
proximation ' for Is ionization does is that the unitari-
ty of the ionization amplitude is preserved. For sym-
metric collisions near U-ux, the first-order semiclassical
approximation' predicts ionization probabilities that are
greater than —,

' in small impact-parameter collisions.
Such large probabilities deplete the initial 1s occupation
amplitude ao(t), assumed to be unity for all times t in
first-order theories like the PWBA, thus leading to small-
er ionization probabilities and cross sections. It is not
clear how the physical ideas behind this approximation
can be compared with the physical ideas of binding and
polarization in the theory of Basbas et al. 9

Figure 3 compares Glauber calculations of the reduced
ionization cross sections with experiment (chain curve).
The Glauber theory agrees well with experiment (and with
our empirical modification of the theory of Basbas et al.
using cx ——3) for Z, &20. The main disagreement occurs
for Z, ~20, where the data points are higher than the
Born calculations. The Glauber cross sections always lie
below the Born ones, possibly indicating the lack of ele-
ments in the theory that can be physically connected with
the polarization effect. The present low-Z, data points do
not agree with the original Basbas theory either. These
points are most affected by target antiscreening. If the
full Born electron-electron contribution Z, a'z were sub-
tracted from the measured cross sections instead of Z, o,
(o, incorporating threshold effects), the reduced cross sec-
tions would be in better agreement with the Born and
Glauber calculations at low Z, (e.g., the 82-MeV/amu
Xe + Be reduced cross sections are reduced by 25%).
These considerations suggest the possibility that the
discrepancy at low Z, may be due to our lack of a com-
plete theory of target screening and antiscreening near the
electron ionization threshold velocity.

B. Target ionization

Figure 5 compares the Basbas theory to measurements
of target E-vacancy production by 82- and 197-MeV/amu
Xe ions. The cross sections for fixed projectile charge and
velocity fall off rapidly with Z, between Ni and U. In or-
der to plot the cross sections on a linear scale comparable
to Fig. 3, we multiplied the K-vacancy production cross
sections by (Z, /Zz) . The resulting cross sections have a
peak at the value of Z, where the ion velocity is equal to
the target K-electron velocity (Z, =54 at 82 MeV/amu
and Z, =77 at 197 MeV/amu). This peak approximately
reflects the peak seen at vjx -1 [Eq. (5)] in reduced ioniza-
tion cross sections plotted against gx (gx increases from
right to left in Fig. 5, however). ' The capture contri-
butions were calculated using measured equilibrium frac-
tions and the eikonal theory of nonradiaive capture. The
solid and dashed lines in Fig. 4 were calculated using
c~ ——1.5 and 3, respectively, and include the capture con-
tribution (shown as dash-dot lines). For target E-vacancy
production, the experimental results lie closer to the origi-
nal theory of Basbas et aL with cx -1.5, except at low

In principle, a theory of the binding and polarization
effects should consistently predict target and projectile
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0.3 l97 MeV/amu Xe „

0.2

Using semiclassical approximation tables of the reduced
impact-parameter dependence of P (b), ' the ratio of the
double-ionization cross section to the single-ionization one
is given by

O. I
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FIG. 5. Target K-vacancy production cross sections for 82-
and 197-MeV/amu Xe projectiles, multiplied by (Z, /Z~) (Ref.
4). The calculated capture contributions to the total K-vacancy
production cross section are shown by the chain curves. The
solid and dashed lines were calculated using the Basbas theory
of polarization and binding effects (Ref. 9) using c& ——1.5 and 3,
respectively, and include the capture contributions.

C. Double ionization

In the independent-electron approximation, ' the proba-
bility of simultaneously ionizing two 1s electrons in a col-
lision with impact parameter b is just the square of the
single-electron ionization probability P(b) (per electron).
In the semiclassical approximation the double-ionization
cross section is given by

cr(ls )=f db2nbP (b) . (13)

ionization cross sections; one should not be required to use
a different cutoff impact parameter for the two different
cases. Target-nucleus screening effects on the distortion
effects on projectile ionization may differ from those on
target ionization, but our calculations show that screening
is neghgible at high perturbing charge. We are not
prepared to conclude that a discrepancy exists between the
results for projectile and target ionization though. We es-
timate that the theoretical capture cross sections in Fig. 5
are uncertain within a factor of 2. If the capture cross
sections were doubled, the Basbas theory using cz ——3
would fit the data better. Also, the independent-electron
theory used to calculate the capture contribution, Eq. (10),
neglects processes like the capture of target I. electrons
followed by target K to I. excitation, which may contri-
bute significantly to the measured target EC-vacancy pro-
duction cross sections.

where D is equal to 0.36, 0.30, and 0.26 for 82-, 140-, and
200-MeV/amu Xe projectiles.

The semiclassical calculations of Hansteen et al. ' are,
like the plane-wave Born approximation ones, based on
first-order perturbation theory. Target-screening, trans-
verse-excitation, Dirac wave-function effects should not
affect the ratio of the double-ionization to single-
ionization cross sections significantly. Binding and polar-
ization do affect the ratio, however, since the ionization
probability at every impact parameter is reduced. ' Since
the constant D can be viewed as the average value of the
ionization probability over the range of impact parameters
contributing to the ionization cross section, a reduction of
the probability at every impact parameter b due to distor-
tion effects, should reduce the ratio of double ionization
to single ionization. The lower limit to this reduction is
the ratio of the single-ionization cross section calculated
with binding and polarization to that without this correc-
tion (o„d/cd in Fig. 3). The application of this reduction
factor gives the dashed curves in Fig. 2.

For mylar targets in 200-MeV/amu Xe collisions, only
an upper limit to the measured double-ionization cross
sections could be obtained. The data for Ag and Au tar-
gets are in agreement, within large experimental uncer-
tainties, with the theory including the distortion effects.

It would be desirable' to increase the accuracy of the
double-ionization measurements, which was determined
here by poor counting statistics due to a limited amount
of counting time. The ratio of the double-ionization to
single-ionization cross sections indirectly tests the validity
of the semiclassical-approximation calculations of P(b)
for relativistic heavy ions. It is presently technically not
feasible to measure directly the impact-parameter depen-
dence of projectile ionization at the Bevalac accelerator, so
the double-ionization cross section is the only means
available to obtain information about the impact-
parameter dependence of the ionization probability.

IV. CONCLUSIONS

Measurements of projectile ionization cross sections us-
ing one-electron, high-Z, nearly relativistic heavy ions
represent the cleanest method of studying wave-function
distortion effects at. intermediate velocities (v=ux). Un-
certainties in target L x-ray measurements due to x-ray
fluorescence yields, contributions of secondary processes,
and of K-electron capture by the projectile are completely
absent when one measures projectile charge-changing
cross sections at small target thicknesses.

The most significant results of the present measure-
ments are that, for the first time, one can probe diverse
theories of ionization ranging from those that have been
used exclusively in near-symmetric collisions such as
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p+H to those where the perturbing charge Z„ is much
less than Z. In particular, one can examine theories such
as that of Basbas et al. which have previously been used
only for Z„&&Z to see whether they are also applicable if
Z is approximately equal to Z. Likewise, one can test
theories like the Glauber approximation in highly asym-
metric collisions where Z «Z. Our measurements using
Xe ions are for velocities where u-ux, as is the case for
-2S keV protons. This region of Zz and u is ideal be-
cause electronic relativistic effects are relatively unimpor-
tant, the required projectile velocity is not so relativistic
that transverse excitation is significant, and the momen-
tum. transfer is large enough that electronic screening of
the perturbing target nucleus is nearly negligible. In this
region, the scaled Xe+ Xe cross sections agree well with
p+H ones.

The present results for projectile K-shell ionization sug-
gest that the Basbas theory with c~ ——1.5 underestimates
the binding effect at large perturbing charges. A larger
binding-polarization cutoff impact parameter is needed
for projectile ionization, which is inconsistent with the
present and many other measurements of target K-shell
ionization, but is consistent with p+H ionization. The
fact that the binding effect is underestimated or the polar-
ization effect is overestimated at large Z„may be due to

the breakdown of the theory at large perturbing charge.
The theory frequently truncates terms in Z„beyond
second order. Possibly the truncated higher-order terms
for the binding effect outweigh those for the polarization
effect. Possibly, the apparent good agreement between
target ionization at nonrelativistic velocities and the origi-
nal theory of Basbas et al. is due to inaccurate estimates
of target electron-capture contributions. The present evi-
dence of projectile double-electron ionization is reasonably
consistent with calculations in the independent-electron
approximation.
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