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Abstract 

Pr-ojectile 1 s-ionization cr-oss sections are r-eported for 82-, 140-, and 

200-MeV/amu Xe projectiles incident on a variety of thin solid. tar-gets between 

Be and Au. The cr-oss sections wer-e calculated with the plane-wave Born 

appr-oximation. Possible relativistic wave-function, target-scr-eening, and 

tr-ansvet'Se-excltation effects are discussed. Comparisons of the data with the 

per-turbed stationary-state theory of Basbas et al. and the Glauber 

appr-oximation are made. Scaled, inter-polated Xe+Xe ionization cross sections 

agree well w1 th measured p+H ionization cr-oss sections. 

/ 
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I. INTRODUCTION 

The Qres_ent paper returns to a question considered in the first part of this 
~--,.-----=--~--·--

series of papers on relativistic heavy-ion-atom collisions: inner-shell 

ionization.1 While part I considered target inner-shell vacancy production, 

signaled by the emission of target K x-rays, here we co·nsider projectile K-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 1 s or 1 s2 states. Hence, a measurement of 

the fraction of zero- or one-electron ions after passage through a thin foil · 

represents a measurement of projectile 1 s ionization. 

The experimental arrangement is described in paper ill of this series.2 

Section II of the present paper discusses the differences between studies of 

target K-shell ionization by measuring target K x-rays, 1 and of projectile 

ionization in light and heavy projectiles by measuring charge states. 

Ionization cross sections can be calculated with the plane-wave Born 

approximation3-5 if the ratio of the ion velocity v to the velocity vK of the K 

electron being ionized is much larger than unity. This is certainly valid for 

the low-Z relativistic projectiles considered in paper II,6 but is less valid for 

the high-Z, 82- to 200-MeV/amu Xe ions considered here, for which v/VK is 

between 1 and 2. Although several minor effects are discussed in Section II, 

the major effect at these velocities is the binding7 or polarizationS of the 

active electron by the perturbing nucleus. The theory of these effects 

formulated by Basbas and co-workers9 has been widely applied to measurements 

of inner-shell vacancy production. The reduction of the ionization cross 

sections due to the increased binding of the 1 s electron in low-velocity 

collisions, especially where molecular orbitals are formed, has been established 
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clearly. 10 The polarization of the electronic wave functions brings the inner

shell electrons closer to the perturbing nucleus, which increases the excitation 

probability.8 Although the polarization effect on electronic stopping powers 

(dominated by outer-shell target electron ionization processes) is well 

established, that on K-shell ionization is not as well unoerstood.. At the 

medium electron velocities (v • VJ<) where the polarization eff~ct should be 

dominant, a competing process due to the capture of target K electrons by the 

projectile ion obscures the increase in the cross section due to the 

polarization effect, if target K-shell ionization is stud1ed.11 The advantage of 

studying projectile ionization is that the equivalent process (capture of a 

projectile K-electron by the target) is absent que to the lack of vacancies in 

the target atom. 

The measured cross sections are compared with theories of K~shell 

ionization including binding and polarization effects in Sect. III. We also make 

comparisons with theories that have been applied to symmetric p+H collisions. 

Since we have new measurements of equilibrium projectile charge states, 2 and a 

theory of target K-electron capture for relativistic heavy ions has now been 

formulatect,12 we return to the question of target K-electron capture 

contributions to target inner-shell vacancy production, which was left open in 

paper- I. A difference between the relative importance of the binding and 

polarization effects in target ionization and in projectile ionization is 

suggested by the present data, but the uncertainities due to target electron 

capture do not allow us to draw a definite conclusion. 

Evidence is obtained in this work for single-electron ionization in the 

collisions (T • target) 

xe53+ (ls) + r • xe54+ + r, 

.. 
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Xe52+ (1s 2) + T + Xe53+ + T, (1) 

and for double-electron ionization: 

Xe52+ (1s2) + T + Xe54+ + T. (2) 

We show in Sect. m.c that the double-ionization cross section can be calculated 

from the product of one-electron ionization probabilities13,14 integrated over 

impact parameters. 

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 _hi&l:l:-Z_ p_rojectiles, which are 

summarized in Table 1. The starting point for all three is the nonrelativistic 

plane wave Born approximation (PWBA) in which the ionization cross section is 

calculated using15 

(3) 

Here, Zx is the atomic number of the perturbing nucleus (the projectile charge · 

for target ionization or the target charge for projectile ionization), v = Sc is 

the ion velocity, a is the fine-structure constant, a 0 is the Bohr radius, t: is 

the kinetic energy of. the ionized electron, q0 • (EK + E)/v is the minimum 

e momentum transfer needed to ionize the electron, EK is the K electron binding 

energy, F(q) is the ionization form factor given by 

F(q) • <t:l exp(iq•r) j1 s>, ( 4) 
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and 1£> and ps> are continuum and 1s electronic wave functions. We shall 

consistently calculate single-ionization cross sections per K electr-on in this 

paper. Target K-vacancy production cross sections are defined per atom, hence 

are factors of two larger.3,4 

B. Wave Function Effects 

The form factor F(q) is usually calculated with nonrelativistic, hydrogenic 

1 s and continuum wave functions. For target K-vacancy production in neutral 

target atoms, one must approximate the many-electron wave functions by using a 

r-educed effective target charge z* • Zt-o.3 for the K shell, 15 and one accounts 

for the difference between the ideal hydrogenic binding energy 1 z*2 a.u. and 

the actual one EK by introducing a parameter 6}(, which is the ratio between the 

two. Then the ionization cross section is given by3 

(5) 

f('K,eK> • j• dW 1. g~ IFK(Q,W)I2, 
9K "Qo 

(6) 

W • (EK+£)/(~ z*2), Q0 •W2/4nK' and FK(Q,W) is given by Khandelwal et al.3 Tables 

of the function f('K,eK) or related quantities are available3,4 from which 

target K-vacancy production cross sections can be calculated. With relativistic 

ions, one must calculate ')< using the ion velocity s2, not the ion energy 

(Y-1)Mc 2 , where y-z • 1 - 82 , as is usually prescribed.3,4, 14 For- low-Z 

projectile ionization, where hydrogenic wave functions and energies are valid, 

these tables can be used by taking eK • 1 and Zx • Zt· 
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For high-Z ions and target atoms,_ one should use Dirac electronic 1 s and 

continuum wave functions. 16 At low ion velocities, the use of Dirac wave 

functions is known to enhance high-Z K-shell ionization cross sections. 17 The _ 

factor rs-1 in the 1s and continuum wave functions gives a weak divergence at 

small r because s [•(1-a2z2)1/2·, a • 1/137.037] is less than unity, which 

contracts the radial electronic density distribution. T!Us .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 1 s 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· q0 - EiBc is small, so one can 

approximate the form factor with 

F(q) - iq• <£jrjls>. (7) 

In this case, the size of the radial wave functions,· proportional 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. 

K-shell ionization cross sections were calculated for Xe, Au, and U 

projectiles using the plane-wave Born formulation of Jamnik and Zupancic.16 All 

multipoles up to .t•3 were included. The ratios of cross sections calculated 

using Dirac wave functions and energies to those using nonrelativistic wave 

functions and energies are shown in Fig. 1 for 1 s ionization, 1 s-2s excitation, 

and 1 s-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 
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ionization c~oss sections at high velocities. Pa~t of this ~eduction is due to 

wave-function effects, but part is due to the use of the la~ge~ Di~ac binding 

energies [(1-s)mc 2 • 132 keV fo~ U] than nonrelativistic ones [Z2/2 a.u •• 115 

keV for U]. The dipole 1 s-2p excitation cross sections tend to be more reduced 

than the monopole 1 s-2s ones. Dipole 1 s ionization is dominant, but all 

mul tipoles up to 1•3 contribute to the total ionization· cross section. At small 

s, the relativistic cross sections increase, consistent with earlier 

calculations.17 

c. Distortion Effects 

For the high-Z targets and high-Z projectile ions used, the increased 

binding of the 1 s electron and/or -the polarization -af-the inne~shell wave 

functions affect the K-shell ionization cross sections.7-10 At low velocities,. 

where the target and projectile electrons form molecular orbitals, the 

increased binding of the 1s electron makes it more difficult to excite the 

electron, which gives smaller ionization cross sections.7,10 At high velocities, 

molecular orbitals may not be formed, but the electron clouds are nevertheless 

strongly distorted by the perturbing potential. Since the potential is 

attractive, the electronic density is redistributed toward the perturbing 

nucleus, b~inging the electron and perturber- closer together-, and increasing the 

pr-obability of excitation.8 For- the r-elevant inter-mediate velocities (v - vK), 

Basbas et al.9 have _developed a formulation that interpolates between the low

and high-velocity ~egimes. At the heart of the theory a cut-off impact 

paramete~ be • ~~ (~ is the Bohr ~adiu.s of active electron, and '1<: is a 

constant) is assumed, below which binding effects are dominant and above which 

polal'ization effects dominate. At low velocities, ionization occurs mainly at 
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impact parameters b<~, so binding effects should give reduced cross sections. 

At high velocities, ionization can occur at large impact parameters b>~, so the 

polarization effect gives increased cross sections. By changing the cut-off 

impact parameter, one changes the relative weighting of the binding and 

polarization effects. A value of ~ • 1.5 was chosen in Ref. 9 to fit existing 

experimental target-atom ionization data. The measurements described in the 

following section suggest the need to use a larger value of.~ for projectile 

ionization for large perturbing charges, thus deemphasizing the polarization 

effect. However, the expressions for binding and polarization effects developed 

in _Ref. 9 are valid stricUy only in the region of small ·perturbations, Zp << Zt 

for target ionization or Zt << Zp for projectile ionization. In some of the 

present cases, where Zp is approximately equal to Zt, the applicablilty of this 

theory is no longer certain. 

D. Relativistic-Velocity Effects 

Most of the effects discussed in Sects. II.A to c 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 longi. tudinal part of the current-current 

interaction combines coherenUy with the Coulomb potential to give the cross 

section calculated with the nonrelati vis tic Pt,.JBA.5 The transverse interaction 
+ + 

between the current of the perturbing nucleus Zxesc and that of the electron ea 

gives a cross section that increases as lnY 2-6 2 at large projectile kinetic 

energies <:Y-1 )Mc 2 • At high energies, the longitudinal part is constant, since it 

only depends on the ion velocity, which approaches a constant c. In the present 
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cases, where Y:iii1 .2, the transverse contribution increases the ionization cross 

sections by less than 4%. For high-Z target and projectile ionization, the 

transverse contribution should be calculated using Dirac wave functions (and 

including distortion effects), but because of the negligible magnitude of the 

transverse cross sections, the contributions 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, 18-20 This effect 

does not occur for target K-shell ionization by nearly bare projectiles. Paper 

II showed that the target screening reduced ionization 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 ionization, Eq. (3) has to 

be modified: 6, 18 

+ Zt - (8) 

where 

(9) 

is the target form factor for the ith target electron occupying orbital ~i• Ft z 

E i Fit(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 
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Zi in Eq. (3). The screening correction -jFt(q,Zt) 1 approaches Zt at low q 

(cot>responding to a fully screened potential) and vanishes at large q. The 

"antiscreening'' term, Zt, accounts for the ionization of projectile electrons by 

Zt separate target electrons. The final term is an antiscreening correction 

factot' that vanishes at large q and approaches Zt at small q, cancelling out 

the antiscreening term.6 The net effect of these terms is that for small q, 

corresponding to excitation at large impact parameters where the projectile 

would see a neutral target atom, the pet>turbing charge is nearly zero, but for 

large q, o1s varies as Zt+Zt' whet>e Zt comes from the electron-target nucleus 

Coulomb potential and Zt comes from Zt separate electron-electron interactions. 

For the present -1 00-MeV /amu Xe ions, q is sufficiently large so that the 

calculated cross sections vary as Zl + Zt• The binding and polarization effects 

affect the cross section term, proportional to Z€, but not that associated with 

the Zt separate electron-electron interactions. However, the theory of McGuire 

et al. 11 neglects kinetic-enet>gy constraints on the electron contribution. In 

82-MeV/amu Xe collisions, the target electrons have a kinetic enet>gy of -45 keV 

in the projectile frame, which is barely sufficient to ionize the Xe K shell 

electron (binding energy 42 keV). Therefore, this electron contribution (Ztae) 
. 

is smaller than Zto8, where o8 is the first Born cross section. We calculated 

this contribution using the fot>mulas of Rudge and Schwartz21 for electron-

induced ionization cross sections oe, which agree reasonably well with 

expeM.mental results near the threshold ionization enet>gy. 22 
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F. Experimental Effects 

When one measures target K-vacancy production by bare projectiles, 

contributions due to the capture of target K electrons by the projectile are 

present 11 (as well as secondary processes discussed in paper r1). These 

contctbutions are difficult to ';estimate since one must calculate both the 

electron· capture cross sections and the number of vac~cies in the projectile 

into which the target electrons can be captured. Assuming equilibrium target 

thicknesses and that only zero-, on~, or two-electron projectiles are present, 

the capture contribution to target K-vacancy production is given by 

oKcapt • (aKK + oKH) Fo + (1oKK + oKH) F1 + aKH F2 , ( 1 0) 

where F n is the measured equilibrium fraction of projectiles carrying n 

electrons, oKK is the capture cross section for single-electron capture from a 

fully occupied target K shell to an empty projectile ~ shell, and aKH is that 

where the electron goes into L-shell and higher projectile orbitals. Equation 

(1 0) assumes that 'the projectile is in its ground state (which is approximately 

valid for Xe projectiles 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 

aKH 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) .2 

When one determines projectile ionization cross sections 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 electrons efficiently due to the lack of 

bound state vacancies. For high-Z projectiles, excitation leads to the 

immediate radiative decay back to the ground state, because of the very short 
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lifetime of excited states compar-ed to the time between ionizing collisions. 

Ther-efor-e, the pr-ojectile does not change char-ge unless 1 s ionization occurs. 

We made numer-ical simulations for the pr-esent collisions using an 11-state 

model discussed in a later- paper in this serles, which includes excitation 

pr-ocesses. As long as small target thicknesses ar-e used, the simulations show 

that ionization cr-oss sections measur-ed using thin targets are exactly equal to 

the 1 s ionization cr-oss sections. 

m. RESULTS 

A. Projectile Ionization 

In all the cases studied ~ the Xe52+ single-electr-on ionization er-os's 

section was equal to twice the xe53+ ionization cr-oss section within the 

exper-imental uncer-tainties shown in Figs. 2 to 4. To obtain the most accur-ate 

1s single-electr-on ionization cr-oss section, we took the weighted aver-age of the 

measur-ed xe53+ and one-half of the xe52+ single-electr-on ionization cr-oss 

sections. Fr-om the linear- target thickness dependence of the xe54+ yield for- a 

xe52+ pr-ojectile, we could also search for- two-electr-on ionization. 

Figur-e 2 shows the single-electron and xe52+ double-electr-on ionization 

cr-oss sections for- 200-MeV /amu pr-ojectiles. We discuss double-electr-on 

ionization in Sect. ill.C. The solid lines in Fig. 2 wer-e calculated using 

r-elativistic electr-onic wave functions and including tr-ansver-se excitation and 

target scr-eening effects, but not the wave-function distor-tion effects. The 

calculated cr-oss sections increase r-oughly as Zt. At low Zt, the calculations 

are in good agreement with exper-iment, but are higher at large Zt· We 

hypothesize that the discrepancy at large Zt is due to distortion effects. To 

examine the wave-function distor-tion effects more carefully, we obtained 
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~educed c~oss sections using 

a~ed • ( amea.s - Zt a e) Zt z , ( 11) 

whe~e a are the measu~ed c~oss sections, and Ztae are the elect~on-induced · mea.s 

contctbutions. 

The theo~y of Ba.sba.s et al9 with ~-1.5 p~edicts that fo~ these collisions, 

the ~educed c~oss sections inc~ea.se with Zt, because tl}e polarization effects 

are mo~e impo~tant .than .binding effects (thin solid lines in Fig. 3). Clearly, 

this theory disagrees with the bulk of the high-Zt data. To obtain bette~ 

ag~eement, we semiempirically inc~ea.sed the cut-off impact pa~amete~ be - cK~ 

to ~educe the polarization effect and enhance the binding effect. Using cK=-3 

b~ings the theory into better agreement with expe~iment (dashed lines in Figs. 

2, 3 and 4). We found by tctal and er~or that no imp~ovement is obtained with 

other values of ~; the value ~-3 gives the best ove~all compromise fit. 

The theory of Bas bas et al. 9 is usually applied to calculate target inner

shell vacancy p~oduction whe~e Zx<<Z (Zp<<Zt). In near-symmetric collisions at 

the p~esent ~elativistic velocities (v/vK- 1), a large numbe~ of theor'ies have 

been developed to calculate ionization in H++H collisions.23,24 We can obtain 

~educed c~oss sections fo~ Xe+Xe collisions by inte~polating between 

measu~ements for Zt • 47 and 79. By plotting zZa (Z • Zt •Zp) ve~sus the 

p~oton kinetic energy, we can then compare Xe+Xe with p+H ionzation c~oss 

sections25,26 at the same value of v/vK. The Xe ene~gy scale in Fig.4 is 

~elated to the p+H one using 

Exe • 932l 
1 

- 1]; . IT=S'T 
54 

B • 137.037 /0.04025Ep, ( 12) 

whe~e Exe is in MeV/amu and Ep is the p~oton energy in keV. The Xe energy 
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scale ends at Ep. • 160 keV where B approaches unity. This type of scaling is 

exact for symmetric collisions (Z•Zx) in the PWBA3 and in molecular perturbed 

stationary-state calculations for on~el.ectron systems.27 Since the target 

electron anti-screening effects have been removed in deriving the reduced cross 
' 

sections, and the electronic relativistic effects and transverse excitation are 

negligible, this scaling should be nearly exact in the pre:sent Xe+Xe collisions. 

The measured Xe+Xe points are clearly in good agreement with the measurements 

of Shah and Gllbody25 and Park.26 We also show in Fig.4 the Basbas calculations 

using <1< • 1.5 (thin-solid line) and <1< • 3 (dashed line). Those using cK • 3 

are in reasonable agreement with the measured p+H and Xe+Xe cross sections, but 

the original theory with ~ • 1.5 significantly overestimates the p+H crass. 

sections. 

Of the many theories that have been developed to calculate ionization in p+H 

collisions, that giving the overall best agreement with experiment is probably 

the Glauber approximation. (See Park23 and McGuire24 for further comparisons.) 

One of the main things the Glauber approximation24,28 for 1s ionzation does is 

that the unitarity of the ionization amplitude is preserved. For symmetric 

collisions near v-vK, the first-order semiclassical approximation14 predicts 

ionization probabilities that are greater than 1/2 in small-impact-parameter 

collisions. Such large probablli ties deplete the initial 1 s occupation amplitude 

a 0 (t), assumed to be unity for all times t in first-order theories like the 

· PWBA, thus leading to smaller 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' 
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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 emipirical modification of the theory of Basbas et a1.9 

using <1< • 3) for Zt > 20. The main disagreement occurs for Zt<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 elements in the 

theory that can be physically connected with the polarization effect. The 

present low-Zt data points do not agree with the original Basbas theory elther. 

These points are most affected by target antiscreening. If the full Born 

electron-electron contribution ZtoB were subtracted from the measured cross 

sections instead of Ztoe ( oe incorporating threshold effects), the reduced cross 

sections would be in better agreement with the Born and Glauber calculations at 

low Zt (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 Zt may 

be due to our lack of a complete theory of target screening and antiscreening 

near the electron ionization threshold velocity. 

B. Target Ionization 

Figure 5 compares the Basbas theory9 to measurements of target K-vacancy 

production by' 82- and 197-MeV/amu Xe ions. The cross sections for fixed 

projectile charge and velocity fall off rapidly with Zt bet ween Ni and U. In 

order to plot the cross sections on a linear scale comparable to Fig. 3, we 

multiplied the K-vacancy production cross sections by CZtiZp)... The t'esul ting 

Ct'OSS sections have a peak at the value of Zt where the ion velocity is equal 

to the target K-electt'on velocity (Zt ~ 54 at 82 MeV/amu and Zt • 77 at 197 

MeV /amu). This peak appt'oximately t'eflects the peak seen at 1)("'1 [Eq.(5)] in 

t'educed ionizatiOQ cross sections plotted against TK ( ~ inct'eases ft'om t'ight to 
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left in Fig. 5 however).15,29 The capture contributions were calculated using 

measured equilibrium fractions and the eikonal theory of nonrad1ative capture.2 

The solid and dashed lines in Fig. 4 were calculated using cK•1.5 and 3, 

respect! vely, and include the capture contribution (shown as dash-dot lines). 

For target K-vacancy production, the experimental results lie closer to the 

original theory of Bas bas et al9 with <1<•1.5, except at ~ow Zt· 

In principle, a theory of the binding and polanzation effect~ should 

consistently predict target and projectile ionization cross sections; one should 

not be required to use a different cut-off 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 negligible at high perturbing charge. We 

are not prepared to conclude that a discrepancy exists between the results for 

projectile and target ionization though. We estimate that the theoretical 

capture cross sections in Fig.5 are uncertain within a factor of two.2 If the 

capture cross sections were doubled, the Bas bas theory using ~· "' 3 would ·fit 

the data better. Also, the independent electron theory used to calculate the 

capture contribution, Eq.( 1 0), neglects processes like the capture of target L 

electrons followed by target K to L excitation, which may contribute 

significantly to the measured target K-vacancy production cross sections.30 

C. Double Ionization 

In the independent-electron approximation,13 the probability of 

simultaneously ionizing two 1s electrons in a collision 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 
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a(ls2) - J: 2~bdb P'(b). ( 13) 

Using SCA tables of the r-educed impact parameter- dependence of P(b), 14 the r-atio 

of the double ionization cr-oss section to the single ionization one is given by 

. z2 
a( 1 s2) 0 t 
cr(1s) • z~' 

. ( 14) 

wher-e 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 al14 ar-e, like th~ plane-wave 

Born approximation ones, based on first-order per-turbation theory. Target 

screening, transverse excitation, and Dirac-wave-function effects should not 

affect the r-atio of the double ionization to single ionization cross sections 

significantly. Binding and polarization do affect the r-atio, however, since the 

ionization pr-obablli ty at evecy impact parameter is r-educed.23 Since the 

constant D can be viewed as the aver-age value of the ionization probability over-

the r-ange of impact parameters contributing to the ionization cr-oss section, a 

r-eduction of the pr-obability at evecy impact parameter- b due to distor-tion 

effects, should r-educe the r-atio of double ionization to single ionization. The 

lower limit to this r-eduction is the r-atio of the single-ionization cr-oss section 

calculated with binding and polarization to that without this cor-rection 

(crz:-ed/crB in Fig.3). The application of this r-eduction factor- gives the dashed 

curves in Fig. 2. 

For Zt ~ 30 in 200-MeV /amu Xe collisions, only an upper- limit to the 

measured double ionization cr-oss section!5could be obtained. The datafor- Ag and 

Au targets are in agr-eement, within large exper-imental uncer-tainties, with the 
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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 dependence 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. 
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IV. CONCLUSIONS 

Measurements of projectile ionization cross sections using one-electron, 

high-Z, nearly relativistic heavy ions represents the cleanest method of 

studying wave-function distortion effects at intermediate velocities (v • vK). 

Uncertainties in target K 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 measurements are, that for the 

first time, one can probe' diverse theories of ionization ranging fr'om those that 

hav:e been used exclusively in neaz:-symmetric collisions like p+H to those where 

the perturbing charge Zx is much less than Z. In particular, one can examine 

theories like that of Basbas et al.9 that have previously been used only for 

Zx<<Z to see whether they are applicable also if Zx is approximately equal to 

Z. Likewise, one can test theories like the Glauber approximation in highly 

asymmetric collisions where Zx<<Z. Our measurements using Xe ions are for 

velocities wher'e v-vK, as is the case for -25 keV protons. This region of Zp 

and v is ideal because electronic relativistic effects are relatively 

unimportant, the required projectile velocity is not so relativistic that 

tranverse excitation is significant, and the momentum 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 suggest that the 

Bas bas theory with ~ "' 1.5 underestimates the binding effect at large 

perturbing charges. A larger binding-polarization cut-off impact parameter is 
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needed fo~ p~ojectile ionization, which is inconsistent with the present and 

many othe~ measurements of target K-shell ionization, but is consistent with 

p+H ionization. The fact that the binding effect is underestimated or the 

polarization effect is ove~estimated at large Zx may be due to the breakdown of 

the theo~ at large pe~turbing charge. The theory frequently truncates te~ms 

in Zx beyond second o~der. Possibly the truncated higher-o~der terms for the 

binding effect outweigh ·those for the polarization effect. Possibly, the 

apparent good agreement between target ionization at nonrelativistic velocities 

and the o~iginal theoby of Bas bas et al. 9 is due to inaccurate estimates of 

target elect~on capture contributions. 

The p~esent evidence of projectile double-elect~on ionization is ~easonably 

consistent with calculations in the independent-elect~on app~oximation. 
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Figure Captions 

Fig. 1. Ratios of 1 s-2s and 1 s-2p excitation and 1 s-ionization cross sections 

for Xe, Au, and U projectiles calculated with Dirac relativistic wave functions 

and with nonrelati vis tic wave functions. 

Fig. 2. Single-ionization 1 s cross sections and double-ionization cross sections 

for xe52+ (1s2) plotted against target atomic number for 200-MeV/amu Xe. In 

the plane-wave Born approximation, the single-ionization cross sections increase 

as ZE + Zt (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 z.¥12~ below the single-ionization · 

ones (dashed lines). The distortion effects further reduce the double-ionization 

cross sections, as described in the text. The lower limit of this reduction on 

double ionization is shown by the dashed lines. 

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 PWBA calculations, and the thin solid lines were calculated with the 

theory of Basbas et al (Ref. 9) for binding and polarization effects using ·<1< = 

1.5 and cK • 3 (dashed lines)o The chain curves are Glauber:-approximation 

calculations. 

Fig. 4. . Scaled p+H and Xe+ Xe 1 s ionization cross sections plot ted against 

proton kinetic energy. The PWBA (thick solid line), Basbas theory using cK • 1.5 

(thin solid line) and <1< - 3 (dashed line), and Glauber theory (chain curve) 

r-esults are shown. The p+H data points are from Park26 (triangles) and Shah and . 
Gilbody25 (closed circles). Some of Park's points for- Ep>50 keV have been 
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omitted. 

Fig. 5. Target K-vacancy production cross sections for 82- and 197-MeV/amu Xe 

projectiles, multiplied by (Zt1Zp)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 .Cy( • 1.5 and 3 respectively and include the 

capture contributions • 
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TABLE 1 

EFFECTS ON K-SHELL IONIZATION 

Effect On Target On Projectile Ionization 

Ionization Low-Z High-Z 

---------- ---------- ---------- ----------
First order PWBA PWBA PWBA 

theory 

Electronic lPo.:..e::..z*r; ~Po-e-Zr; Dirac; Z • Zp 

wavefunction * use Z •Zt-0.3 Z • Zp ~Po-rS-1e-Zr 

Binding ·EX-eKiz*2 EX•iZ2 EK•(1-s)mc 2 , 

energy s 2•1-a 2Z2 

Wavefunction Polarization+ v/vK>~ 0 v/vK-1 to 2 

distortion binding effect no correction corrections needed 

Relativistic calculate with negligible calculate with 

velocity * Dirac z , eK 
+ + 

B·a interaction wavefunctions 

Perturbing bare projectiles cross-section Ze•Ze+Zt 

nucleus screening no screening reductions 

Coulomb deflection negligible negligible negligible 

Experimental Target K-

effects electron capture 

.. ~ 
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