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The influence of excited states of the projectile on the charge states of relativistic heavy ions with
Z <20 in solid targets is investigated. A four-state model for the dynamics of electron capture, ioni-
zation, and excitation of heavy ions by target atoms is formulated, and a simpler three-state model is
solved analytically which explains gas-solid charge-state differences and metastable-state formation.
Numerical calculations are compared with data of Crawford et al. for 140—2100-MeV/amu C, Ne,
and Ar ions. The ionization, excitation, and radiative capture cross sections can be calculated accu-
rately in this regime with use of the plane-wave Born approximation and the impulse approxima-
tion. Nonradiative capture cross sections are extracted from the data and are compared with theory.

I. INTRODUCTION

The present work, which is part of a series of studies of
relativistic heavy-ion—atom collisions,? was undertaken
to investigate the influence of excited projectile states on
the equilibrium charge states of ions and on projectile K
x-ray production in solid targets. Although, initially, we
were concerned primarily with high-Z projectile K x-ray
production, it became clear that the body of data on
charge states of low-Z ( £18) ions taken by Crawford and
co-workers>* should also be examined, for that data pro-
vide a testing ground where theories of the charge states
of ions in matter can be carefully scrutinized.

The advantage of using low-Z relativistic heavy ions is
that most of the requisite ionization and excitation cross
sections can be calculated accurately in the plane-wave
Born approximation (PWBA).>~!2 The molecular bind-
ing, polarization, and Coulomb deflection effects!® which
are important when the ratio of the ion velocity to the K-
electron velocity is smaller than ~2 are absent in the
present cases, where the ratio exceeds ~ 10. In addition,
for small target atomic numbers, radiative electron cap-
ture (REC), which can be calculated using the impulse ap-
proximation, dominates nonradiative electron capture
(NRO). ‘

The screening of the target nucleus by the target elec-
trons®~!! must be considered, however, because it reduces
some cross sections significantly. However, the many-
electron effects associated with the screening of the nu-
clear charge to which the electron is initially attached,
namely the difference between the ideal hydrogenic bind-
ing energies and wave functions and the actual ones when
fully occupied target atoms are used,'* are not present for
low-Z, one-electron projectiles. The use of hydrogenic
wave functions to calculate projectile ionization and exci-
tation is valid without qualification.

Although the radiative capture cross sections can be
calculated,’> !¢ the NRC ones are uncertain. In recent
years much progress has been made on the theory of non-
radiative electron capture. For asymmetric collisions with
high, but not relativistic, velocities, the unsatisfactory
scaled Brinkman-Kramers-Nikolaev theories!”!® ~have
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strong-

been replaced by impulse-approximation, '’ g

potential Born,?° eikonal,?! and second-order Born
theories. The extension of these theories to relativistic ve-
locities is still at a primitive stage. Relativistic first-order
Born-2»?* and second-order Born-?*2% approximation cal-
culations have been made, though the second-order Born
ones?’ are inapplicable at high values of Za, where Z is
either the projectile or target charge and a= —1;7 A rela-
tivistic impulse-approximation formulation exists,?’ but
numerical calculations have not been made yet.

To stimulate theoretical developments, therefore, one of
the goals of this work is to deduce NRC cross sections
from charge-state measurements.>* At first this seemed
impossible since the charge-state measurements provide
only one, or at most two, pieces of information, and in our
multistate models at least ten cross sections are needed to
explain each charge state. However, where NRC is negli-
gible, we prove that most of the required cross sections
can be accurately calculated, leaving only a few NRC
cross sections to be extracted from the data. A theoretical
uncertainty in the extracted NRC cross sections is present,
but the limits of uncertainty are sufficiently small to test
the accuracy of present NRC theories.

Although ultimately we wish to focus on high-Z pro-
jectile charge states and K x-ray production, we separated
this work because the considerations governing the charge
states of low-Z ions in matter differ significantly from
those governing high-Z ions at the relevant projectile en-
ergies ( ~100—1000 MeV/amu). This is due to two facts:
(1) For low-Z ions, the cross sections for the radiative de-
cay of projectile 2p electrons to the 1s state in solid tar-
gets are negligible compared with the 2p ionization cross
sections, and (2) the magnitude of the capture and ioniza-
tion cross sections can be similar for high-Z ions, but cap-
ture is much smaller than ionization for the low-Z ions.
Due to the first fact, a higher population of excited states
of low-Z projectiles inside solid targets and a difference
between projectile charge states measured in gas and solid
targets are possible. The second fact implies that the rela-
tive population of projectiles carrying an electron, which
is of the order of 10~ or less for low-Z projectiles, is of
the order of unity for the high-Z projectiles. We there-
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fore must consider two-electron He-like projectile ground
and excited states in calculating the equilibrium electron
population of high-Z projectiles, but not of low-Z ones.

Section II of this paper discusses a four-state model for
the charge states of relativistic light ions in matter. States
with zero electrons, one electron in the 1s, 2s, and 2p or-
bitals are considered. We show that it is possible to com-
bine the equations for the 2s and 2p states, so that a
simpler three-state model is obtained, which is solvable
analytically. The solution to this equation illuminates
many of the excited-state effects seen when numerical cal-
culations are made in Sec. III. Section IV discusses the
extraction of NRC cross sections and compares them with
present theories, and Sec. V considers projectile K x-ray
and metastable-state formation. The Appendix gives for-
mulas for the ionization, excitation, and REC cross sec-
tions and discusses target screening effects.

II. FOUR-STATE MODELS OF PROJECTILE
CHARGE STATES

A. Rate equations

We consider the four states shown in Fig. 1, having a
relative probability of having zero electrons (N,), and one
electron in the 1s state (V;), in the 2s state (N,), or in the
2p state (N3). Several processes can occur inside a solid
target. Capture of an electron into the 1s, 2s, or 2p states
can occur. We designate the capture cross sections by a;,
a,, and aj, where a, is the cross section for the capture
into a completely empty projectile K shell from all shells
of the fully occupied target atom. Similarly, a, is the 2s
capture cross section, and a; is the 2p one. The 1s, 25, or
2p electrons can be ionized with cross sections (per elec-
tron) designated by s;, s,, and s3. The ls electron can
undergo monopole excitation to the 2s state (cross section
x1) or dipole excitation to the 2p state (x,), and the 2s
electron can be excited into the 2p state (x3). Electrons in
excited states can decay radiatively to a lower state or can
be collisionally deexcited (Auger decay is not possible in
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FIG. 1. Schematic level diagram showing transitions leading
to attachment (a,a;,a3), ionization (s;,s;,s3), excitation
(x1,Xx2,x3), and decay (d,,d,,d3). (a) A four-state model includ-

ing the fully stripped ions N, and those with one electron in the
1s; 25, or 2p state. (b) A simplified three-state model.

one-electron systems). The decay cross sections, in terms
of radiative transition rates?® Ai_s and the excitation
cross sections, are given by

d A2s~»1s
= nayBey b
)V2p—>ls 1
2= Bey +3x2, (1)
}"Zp—>2s 1
3= nzﬁc'}’ + 3x3 ’

where n, is the target atom density, 3 is the relative ion
velocity, and y~?=1—/82. In general, the radiative
25— 1s M 1,2E 1 decay rate? and the 2p—2s decay rates
are negligible compared with the collision deexcitation
cross sections in these systems. :

The rate equations governing the population buildup in
the 1s, 25, and 2p states are given by

No=—(a;+ay+a;)No+5s;N;+5,N,+s3N3, (2a)
Ny=a;Nog—(s+x,+x,)N,+d N, +d,N; ,  (2b)
Ny=a,No+x;N;—(d;+x3+5,)N,+d3N3,  (20)
N3y=a;Ng+x,N1+x3N,—(dy+d3+s3)Ny,  (2d)

where N,-:dN,- /dn,T, T is the target thickness, and
> ;Ni=1. These equations are solved with the initial
condition N;(0)=38§;, (determined by the experiment in
this case). The ratio R of ions having an electron to fully
stripped projectiles was measured,>* which is given by

R =(N,+N,+N3)/Ny . (3)

The equilibrium charge ratios R, are obtained by setting
the derivatives equal to zero and solving the resulting set
of linear equations.

B. Cross sections

Figure 2 shows calculated cross sections for 400-
MeV/amu Ne ions. (See the Appendix for calculational
details.) The K REC cross sections, which increase linear-
ly with the target charge Z, are much smaller than the
1s (=K in Fig. 2) ionization cross sections, which in-
crease almost as Z%. The 2s REC cross sections, which
are not shown, are a factor of + smaller than the K REC
ones, and the 2p REC cross sections are 2 orders of mag-
nitude smaller than the 25 ones. The 2s (=L in Fig. 2)
ionization cross sections are about twice as large as the 1s
ionization cross sections and equal, within about 30% to
the 2p ones. The 1s-—2s excitation cross sections are
smaller than the dipole 1s—2p ones, and the 2s—2p
cross sections are about equal to the 2s ionization ones.
The target nucleus screening, discussed in Sec. 3 of the
Appendix, drastically reduces the 2s—2p cross sections.*
Were it not for screening, the excitation of 2s electrons to
the nearly degenerate 2p levels would be ten times more
probable than 2s ionization. Lastly, the 2p — 1s radiative
decay cross sections [the first term in Eq. (1)] are small
compared to nearly all excitation and ionization cross sec-
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FIG. 2. Cross sections for 1s-2s, 1s-2p, and 2s-2p excitation
(solid lines), 1s (K) and 2s (L) ionization (dashed lines), radia-
tive 2p-1s decay (chain curve), and radiative electron capture
into the projectile K shell (dotted lines) for 400-MeV/amu Ne
ions. (b) The effective ionization cross section defined in Sec.
IID calculated by fitting the numerically computed target-
thickness dependence of the charge ratio (dashed line) and calcu-
lated using Eq. (13) (solid line). (c) The ratio of the 2p to 2s
populations (multiplied by 0.1) and the fractional number of
one-electron projectiles in the 2s state. (d) The equilibrium
charge ratios for solid (solid line) and gas (dashed line) targets
calculated including only REC. The data are from Crawford
et al. (Refs. 3 and 4).

tions. They vary irregularly with Z; due to variations in
target atom densities, 75 ! in Eq. (1).

C. Analytical models

Before discovering the magnitude of the target-
screening reduction on the 2s5s—2p excitation cross sec-
tions, an analytical model was developed based on the as-
sumption that the 2s—2p excitation cross sections are
very large compared to all other cross sections.

Then, the relative population of the 2s and 2p levels
equilibrates according to the level —multiplicity,
N3/N,=N,,/Ny=3. Combining the equations for N,
and N;, we obtain

No=—(a;+a,+a3)No+sNi+5,N,+53N3 ,

Ni=a;No—(s;+x,+x3)N+d N, +d,N5, (4

Ny +Nj3=(a;+a3)No+(x;+x,)N;
—(d;+5,)Ny,—(dy+53)N;

We now write the terms on the right-hand side of Eq. (4)
in terms of the sum N,+N;. Using the equilibrium ra-
tio, the quantities s,N,+s3N; can be written as
5,(N,+N;) where 5,=(s,+3s3)/4. Since the monopole
25— 1s radiative and collisional decay cross sections d,

are much smaller than the dipole ones, we set d;N,=0

and obtain
dyN3=3d,(N,+N3) . (5

One then has a three-state equation. Allison’! has solved
similar equations for the equilibrium charge states,
though the equations are sufficiently simple that rederiv-
ing the solution in the present notation is undemanding.
One obtains for the equilibrium charge ratio [Eq. (3)]

Tda(a)+ay+ay)+5,a,

X2 +X;
Req: 3 — 3 -
Tdas1+(s14x1+x,)5, +d2+75,
a,+a
et (©)
7d2+5;

There are two cases to consider, which depend on the
relative magnitudes of the L ionization cross sections ¥,
and the 2p decay cross sections d,. If 3d, >>%, (requir-
ing that the radiative part of the 2p— 1s decay cross sec-
tion be much larger than ¥, since the collisional part will
always be smaller than the 2s ionization cross section; this
would be the case in a gas target or for a high-Z projec-
tile), we obtain

Reg=(aj+az+a3)/s; . (7

This equation states that all captured electrons decay to
the ground state, so the ratio of projectiles with one elec-
tron to zero electrons is the ratio of the total capture cross
section to the 1s ionization one. If 5, >>+d,, as would be
the case for a low-Z projectile in a solid target, we obtain

ai
S1+X1+Xx,

X1+x3 a+as

S2

(8)

Ry =

kp)

In this case electrons captured into excited states (with
cross sections a, +a3) do not decay, but are ionized with
cross sections 5, so the fraction of projectiles having one
electron in the L state is just (a,+a3)/5,. An electron
captured into the 1s state can be excited into the n =2
state, where, if the L ionization cross section is very large,
it is ionized. Therefore, the fraction of projectiles with 1s
electrons is approximately the 1s capture cross section di-
vided by the 1s ionization plus excitation cross sections
s1+x;+x,. However, the L ionization cross sections are
not infinitely large, so the term 1+ (x; +x,)/5, represents
a correction; a fractional number of excited 1s electrons
given by a(x;+x,)/5,(s; +x;+x,) remain in the n =2
states.

Comparison of Egs. (7) and (8) predicts differences for
relativistic ions between charge states measured in gas and
solid targets. For the typical case of 400-MeV/amu
Ne + Cu collisions, we have a; =0.097 b, a, +a3=0.012
b, 5;=0.36 Mb, 5,~0.915 Mb, and x;+x,=0.15 Mb.
In a gas target, where the radiative decay cross section,
proportional to the inverse of the small target atom densi-
ty, is enormous, one has R =ay/51;=0.30X 10~5, but
in a solid target where the decay cross section shown in
Fig. 2 is much smaller than the L ionization cross section,
we have R.=0. 23x1079, a 30% difference. We note
that most of this ratio, 0.19x 10~%, comes from the first
term in Eq. (8),
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The correction term 1+(x;+x,)/5, increases R, to
0.221x107%, and the excited-state capture contribution
increases R¢q by only 0.013 X 106,

The larger solid-target charge states obtained (lower
values of R.,) are consistent with measurements at nonre-
lativistic velocities.’>~3° The Bohr-Lindhard interpreta-
tion®? of gas-solid differences emphasizes the high degree
of projectile electronic excitation inside solid targets, and
. since electrons are more easily ionized out of excited
states, higher charge states are obtained. The Betz-
Grodzins interpretation®3 emphasizes the contribution of
Auger decay once the projectile leaves the solid and is not
applicable in the present cases where one electron at most
is present on the projectile. Since most of R., comes
from the leading term of Eq. (8), we interpret the higher
charge state somewhat differently. The ratio of the gas-
target to solid-target charge states is approximately

Rys  art+az+az si+x;4x,
Rolig a; 51

(10)

(1) In a gas, capture into all states leads to attachment but
only ls capture leads to attachment in solids and (2) in
solids, excitation into excited states has a high probability
of leading to loss, hence the effective ionization cross sec-
tion s;+x;+x, is larger. This model is similar to the
Bohr-Lindhard model since both emphasize the higher
probability of ionizing excited electrons. The present
- consequence of this, however, is a reduced effective cap-
ture cross section and an increased effective ionization
cross section (see Sec. II D) for the ground-state electron.
Unfortunately, gas-solid—target charge-state comparisons
have not been measured at relativistic velocities.

The 2s—2p excitation cross sections are not really suf-
ficiently large to equilibrate the 25 and 2p levels, however.
The numerically calculated ratios of the 2p to 2s popula-
tion vary between ~ 1.2 and 2.85 [Fig. 2(c)] over the cases
examined (instead of 3 if equilibrated). The reason for the
variation is that capture populates the 2s level preferen-
tially, but excitation populates the 2p. The 2s5-—2p cross
section is not quite large enough to mix the 2s and 2p lev-
els thoroughly before ionization occurs, so one obtains
more or fewer 2p electrons depending on the relative mag-
nitudes of excitation and capture. However, our model
assuming 2s-2p equilibration agrees with the four-state
numerical calculations to within better than £29% in most
cases. Probably it succeeds because the equilibrium 2s-2p
population ratio does not affect the derived results much;
the 25 and 2p ionization cross sections are nearly equal, so
how one calculates the average 5, is not critical. Replac-
ing d, by +d, has no effect on the final equilibrium
charge-state ratios, which for the solid-target cases con-
sidered are independent of d,.

D. Relationship with two-state models

The data discussed below have been compared with a
two-state or charge-state fraction model given by
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YO = —'acaptYO +a'ionizYl ’
(11)
Y = O capt Yo—0ionizY1 »

and

Rm=$=—-‘7"“"t , (12)
0 Tioniz

where Y; and Y, are the fractions of projectiles having
one or zero electrons, Ocapt is the capture cross section,
and oy, is some kind of effective ionization cross sec-
tion.® For a gas target, this model is equivalent to our
three-state model [Eq. (7)] provided we interpret
Y| =N,+N3+N3, Oup=a;+ar+a3, and Oipni;=5;.
However, for low-Z projectiles in solid targets, Eq. (8)
neglecting the last term suggests that one should take
Opt=a1, and that one should use an effective ionization
cross section given by

Oioniz={(81+x1+x2)/[1+(x;+x,)/5,] . (13)

III. NUMERICAL CALCULATIONS

To compare with experiment, one should include more
than just four states. Two- or more-electron states are not
required because of the very small relevant values of R,
but higher one-electron excited states should be included.
The greater number of required cross sections, however,
makes the numerical evaluation more difficult. Since ex-
citation and capture to n 23 states are much less probable
than to the n =2 ones, we made numerical calculations
with the four-state model according to the following
prescription: (1) Increase the 2s capture cross section by

T T | — T
1g° 3
1050 Art+Af ]
]
400 Net A
108 _Jn:
= ]
@
07 L 1050 Ne+ At (7) _|
- _ ]
- I050Ne +Cu(0) ]
H .
1
-8 |
10 4 [ 1 1 1
(0] 20 40 60

x  (10'8 gtoms/cm?)

FIG. 3. Computed ratios R of ions with one electron to fully
stripped ions and data of Crawford et al. (Refs. 3 and 4) vs tar-
get thickness for several collisional systems. The number gives
the projectile energy in MeV/amu. The four-state model
described in Sec. IV was used in these calculations.
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including capture into all higher states (rn 23) assuming
that capture into the projectile state with quantum num-
ber n varies as n ~3; (2) add excitation cross sections to all
higher states n >3 to the 1s-2p excitation cross section;
(3) replace the 2p—1s radiative decay rate by the total
one, >, > 15, in the equation for d.
Including higher states using this prescription has very
 little effect on the equilibrium ratios. For example, for

400-MeV/amu Ne + Cu collisions, R., increases by only
1.6%, which is typical of all other cases studied. We
made one calculation of equilibrium charge states includ-
ing all n =3 states and obtained similar results.

We also solved the set of coupled differential equations
numerically to obtain the target-thickness dependence of
the charge ratio R. Figure 3 compares some calculated
target-thickness dependences with data taken by Crawford
et al.>* They fit their data to a two-state model expres-
sion given by

R(X)'—_Req{1_'exp[_(aioniz‘l‘acapt)nZT” ’ (14)

where x =n,T. In the exponential, one can neglect 0,y
in comparison with ojq,,. Since the ionization cross sec-
tion varies as ~Z%, R(x) reaches the equilibrium value
for high-Z; targets at smaller thicknesses, as is seen com-
paring 1050-MeV/amu Ne + Cu (Zr=29) and Ne + Al
(Z7=13) collisions. To compare with the fitted ioniza-
tion cross sections of Crawford et al.,>* we fitted the nu-
merically calculated R values to the form given by Eq.
(14) with 04y, treated as a fitting parameter. Although
the mathematical expression needed to describe the
target-thickness dependence in a many-state model is

7
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FIG. 4. Top: The equilibrium ratios calculated using only
the REC cross sections (solid line) and including the derived
NRC cross sections (dashed line) for 140- and 400-MeV/amu C
ions. Bottom: The radiative 1s capture cross section (solid line),
the effective ionization cross section o calculated using Eq.
(13) (chain curve) and by fitting the numerically calculated
values of R (x) (dashed line), and the derived 1s nonradiative
capture cross sections (long-dashed lines). The data are from
Crawford et al. (Refs. 3 and 4).
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FIG. 5. Same as Fig. 4 for 250- and 2100-MeV/amu Ne ions.

more complicated than Eq. (14), the relative error of these
fits, defined as 3, (R;/R;5—1)*/(N —2), was less than
0.006 for all cases examined.

Figures 4—6 show the REC and derived NRC 1s cap-
ture cross sections, the effective ionization cross sections,
obtained from fitting the numerical calculations and cal-
culated using Eq. (13), the equilibrium charge ratios, and
data taken by Crawford et al.>* We discuss the derived
NRC cross sections in Sec. IV. When only REC is in-
cluded, the calculated equilibrium ratios decrease with
Z 7, because the REC cross section increases linearly with
Zr, and the effective stripping cross sections increase ap-
proximately as ZZ. At low-Z; values, the agreement be-
tween theory and experiment is very good, but the equili-
brium ratios increase above Z;=30 due to NRC. The
fitted effective ionization cross sections agree well with
Crawford’s data; the effective ionization cross sections
calculated using Eq. (13) are approximately 10% smaller
than the fitted ones for most cases.
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4 '/ X0 v
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4 10 30 100 10 30 100
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FIG. 6. Same as Fig.4 for 400- and 1050-MeV/amu Ar jons.
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IV. NONRADIATIVE CAPTURE

Measurements of equilibrium charge-state ratios cannot
directly provide information about NRC cross sections,
because the charge ratio is given by a ratio of capture to
ionization and excitation cross sections. In the three-state
model at least seven cross sections are needed to calculate
every charge ratio. Even in the two-state (gas-target)
model>* R oq(=0capt/Tioniz) is given by the ratio of two
cross sections. If the two-state model is valid, one can ob-
tain the total capture cross section o,y if one knows
Oionizy Which can be obtained by measuring the target-
thickness dependence of the charge ratio and fitting to Eq.
(14). This method was used by Crawford et al.>* The
practical difficulty is that for low Z, and high Z, where
NRC dominates, very small target thicknesses are needed,
which are difficult to obtain and to handle (since ooy, in-
creases quadratically with Z; and thicknesses 7, T = 0o,
are needed). Therefore, few effective stripping-cross-
section data points exist for Z 230 in Figs. 4—6. Even if
the practical difficulties are surmounted, one must still
realize that the two-state model is not applicable, without
qualification, in the present collisions. Consequently, lit-
tle can be learned about NRC using this method.

We take the point of view that the stripping, excitation,
and REC cross sections are sufficiently well known, as
demonstrated in the region where REC dominates, that
the NRC cross sections can be obtained by fitting the
theory to the experimental equilibrium ratios. This is still
not sufficient, because cross sections for projectile
ground-state and excited-state NRC must be known
separately. However, we assume that the cross sections
for the NRC of target electrons into projectile shells with
principal quantum number n vary as n ~32* which is the
same as for REC.2® The fitting, therefore, is simple. We
need only find the multiplier m of the REC cross section

| D | 1
50 10 20 50 100

ToRd | ! A
10 20 50 10 20

Z7

FIG. 7. Derived NRC 1s capture cross sections from Figs. 4
to 6 compared with relativistic Oppenheimer-Brinkman-
Kramers (OBK) calculations multiplied by 0.295. The dashed
lines were calculated for target K electron capture using hydro-
genic Dirac wave functions. The solid lines include target L
and M capture and used screened Dirac wave functions. The
numbers give the projectile energy in MeV/amu.
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needed to obtain the experimental equilibrium ratio. The
K NRC cross sections shown in Figs. 4—6 are then ob-
tained from

ogNre=(m —1)ogggc . (15)

Table I gives values of the derived NRC cross sections for
the collisions investigated by Crawford et al.>** Three to-
tal NRC cross sections are given. The most probable
cross section, with its uncertainty due to the experimental
uncertainty in obtaining R.,, was calculated assuming
that the NRC cross sections vary as n ~3. The minimum
NRC cross section is obtained assuming all capture goes
into the projectile 1s state and the maximum was obtained
assuming all goes into the projectile excited states. A
higher total cross section is needed to explain the same
equilibrium ratio if capture into the projectile L states
occurs predominantly, because the ratio is then deter-
mined by the ratio of the capture cross section to the
higher n =2 ionization cross section [Eq. (8)]. The max-
imum NRC cross sections may be slightly larger because
the excitation of electrons from the n =2 to n =3 states
(excluded in our model) in reality increases the effective
n =2 ionization cross section somewhat. Nevertheless,
the span from the minimum to the maximum NRC cross
sections sets a realistic limit on the theoretical uncertainty
in the extracted NRC cross sections. However, it must be
emphasized that if one compares theoretical NRC cross
sections with the maximum NRC cross sections, one must
then show that projectile excited-state capture occurs
predominantly.

Figure 7 compares the derived K NRC cross sections
(0.831 times the total cross sections in Table I) with rela-
tivistic Oppenheimer-Brinkman-Kramers (OBK) calcula-
tions of Moiseiwitsch and Stockman.?* Their calculations
were made using Dirac one-electron wave functions for
the capture of a single target K electron into the empty
projectile K shell. They give a simple equation, valid if
Zra and Z,a are much less than unity, but we integrated
over the more general equations (11)—(14) of Ref. 24,
valid for all Za. Since the target K shells are fully occu-
pied, we multiplied their cross sections by a factor of 2.
Also, we multiplied by a factor of ~0.295 which is ap-
proximately the reduction obtained if second-order Born
calculations are made.??* The K to K cross sections
shown in Fig. 7 are larger than experiment at low Z
values and reach a maximum for some projectile energies
near Zr~45 which is not seen experimentally.

The reason why the maxima in the NRC cross sections
are not seen is that target L electron capture becomes im-
portant beyond those Z; values. To approximately in-
clude target L and M electron capture and to account for
screening effects on the electron binding energies in the
many-electron target atoms, we employed a prescription
similiar to that suggested by Nikolaev.!® For capture into
the projectile K shell of a target electron with principal
quantum number n,, (1) replace in the equation for K-K
capture Zr by Z;V'6,,/n,, where 0,, is the ratio of the
np 3/2 binding energy to the ideal relativistic binding en-
ergy,

{([1—(Zra/n,)*2—1}mc?
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TABLE 1. Extracted nonradiative capture cross sections (barns).

E Most
z, Zr (MeV/amu) Min. onre Max. oNre probable Error
6 13 140 0.18 0.35 0.2 0.05
6 29 140 2.95 5.4 3.2 0.7
6 73 140 44.5 77.6 49.0 ' 8.7
6 29 250 0.13 0.23 0.14 0.02
6 28 250 0.12 Q.21 0.13 0.02
6 73 250 2.28 4.0 2.5 0.33
6 79 250 2.9 5.05 3.2 0.42
6 29 400 0.029 0.05 ' 0.032 0.005
6 47 400 0.13 0.24 0.15 0.021
6 73 400 0.52 0.9 0.57 0.085
6 79 400 0.71 1.23 0.78 0.11
10 29 250 2.29 4.47 2.53 0.5
10 73 250 37 71 41 7.3
10 29 400 0.18 0.36 . 0.20 0.08
10 73 400 5.0 9.6 5.5 1.5
10 47 1050 0.024 0.045 0.026 0.0065
10 73 1050 0.123 0.24 0.14 0.021
10 79 1050 0.16 0.32 0.18 0.028
10 73 2100 0.012 0.023 0.013 0.002
10 79 2100 0.017 0.032 0.018 0.004
18 29 400 2.76 5.7 3.0 1.0
18 47 400 17.2 35 19 2.7
18 73 400 66.4 133 75 9.0
18 79 400 93 185 102 13
18 47 1050 0.24 0.48 0.27 0.034
18 79 1050 2.19 4.4 2.4 0.38

and (2) multiply by 2n? for the occupation of the shell
with quantum number 7,. Finally, we summed over
shells n,=1, 2, and 3. The results shown in Fig. 7 agree
within a factor of 2 with experiment for nearly all Z,
values. If one applies this prescription to capture into ex-
cited states n,>1 of the projectile, one finds for the
present light projectiles (Z,a << 1, Z, <<Z7, and 6,,=1)
that the relativistic OBK cross sections vary exactly as
np_3; therefore, the data points plotted in Fig. 7 are the
most probable NRC cross sections from Table I, and the
error bars reflect only the experimental uncertainties in
obtaining Rq.

One can question whether the reduction of the relativis-
tic OBK cross sections by a factor of 0.295 is theoretically
justified. For H™' 4+ H collisions Humphries and
Moiseiwitsch?® found that the second Born calculations
gave reduction factors approximately equal to 0.295 at
nonrelativistic energies and + at ultrarelativistic energies
(¥ >>1). However, in the region between ~500 and

~ 1000 MeV/amu for H* +H collisions, the total second

Born and OBK cross sections are nearly identical.”®> Re-

cent second-order Born calculations for some of the
present cases found reduction factors of between 0.3 and
0.8.3% New relativistic eikonal calculations are in good
agreer3171ent with this data where B is much greater than
ZTC(.

V. MISCELLANEOUS RESULTS

The relative equilibrium populations of projectiles in
the 2s state are of interest in planning possible experi-
ments where the metastable 2s level is prepared for study
downstream of a solid target. For the present ions where
the number of projectiles having one electron is less than
10~* and the number in the 2s state is a fraction of that,
calculating the 2s population is of little practical interest.
However, we wish to contrast metastable production in
low-Z ions with that in high-Z ions or in gas targets. For
the present low-Z ions in solid targets, where the 2p-1s
decay cross sections are less than the L ionization ones,
we obtained in our four-state numerical calculations ratios
of the number of projectiles in the 2s state to the total
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number of one-electron projectiles between 0.06 and 0.09.
We can understand the magnitudes of these populations in
the following way. In the solid-target equation for R
[Eq. (8)], the first term can be interpreted as the popula-
tion of electrons in the 1s state and the remaining terms
as the populations of the 2s and 2p states:

a;
NlS=—-——- ’
S1+Xx1+Xx,
(16)
N _ al(xl—{—xz) (12+a3
BH2T oo (s14+x1+X)) 5,

For the 400-MeV/amu Ne + Cu cross sections given in
Sec. IIC (before including corrections for states with
n >2), we obtain

N N
——Zs-—i_—z—‘i——:o.w. 17
Nig+Na+Nyy

If the 2s and 2p levels were completely equilibrated, the
ratio Nog/Nos o, would be equal to 0.25. With the nu-
merically obtained ratio N,;/Ny ,,=0.319, we obtain

NZS

————=0.06, (18)
le +N2s+N2p

in good agreement with the four-state numerical calcula-
tions for this case. This estimate emphasizes that reason-
ably large 2s populations are obtained due to the capture
into the 2s and 2p states and due to the excitation to
them. Electron sharing with the 2p state reduces the 2s
population somewhat, however. This is the reason why
beam-foil experiments successfully produce one-electron
ions with Z, < 18 in the 2s state.

Consider now the cases where the 2p —1s decay cross
sections are much larger than the L ionization or excita-
tion cross sections. Since the 2p electron decays very
quickly, but the 2s electron decays more slowly depending
on the magnitude of the 2s—2p excitation cross sections,
we can no longer assume 2s-2p equilibration in this case.
Returning to Eq. (2¢) for the 2s population,

N2=02N0+x1N1—(d1+X3+S2)N2+d3N3 (2¢)

(=0 at equilibrium), we have, since Nj is nearly zero due
to the large 2p decay rate,
Ny Nys Ny ar(No/Ny)+xy (19)

N1s+N2s+N2p N]s Nl d1+X3+S2 ’
This gives for 400-MeV/amu Ne + Cu(gas) collisions
(x3~5,=0.9 Mb, d;~x;~0.018 Mb, a,=0.012 b,
N{/Ny~0.3%107° the gas-target value of R.y) a relative
number of projectiles in the 2s state approximately equal
to 0.03. Smaller metastable populations are obtained, but
since the rate determining step in the decay of the 2s state
is the 2s-2p excitation and 2s ionization cross sections, the
2s populations are not too much smaller than the solid-
target values. We discuss metastable production in high-
Z ions at greater length in a future paper. )

Finally, we consider projectile K x-ray production.
There are two contributions: one from inside the target
and the other from outside.’” The number of x rays per
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projectile coming from inside the target is given by
T
Yia=Hn> fo dx Nyp(x)oke 5 (20)

where x is the distance inside the target and the radiative
Ka cross section is given by

o A’Zp—»ls
Ka™= .
nyBey

For thick targets, where N,, has reached its equilibrium
value for x << T, we get

(21)

YKa=n2N2p(eq)aKaT . (22)

When one-electron projectiles leave the target, there are
usually no other perturbations to mix the 2p state with
other states, so every atom in the 2p state is guaranteed to
decay radiatively, thus the total thick-target yield is given
by

YKa:sz(eq)(nzaKaT+l) . (23)

The magnitude of n,0x,T compared to unity deter-
mines the fraction of x rays coming from inside the tar-
get. For example, for 400-MeV/amu C, Ne, and Ar ions
incident on 10-um-thick targets, we obtain n,og,T =0.05
for C, 0.4 for Ne, and 4.4 for Ar ions (independent of Z,
for a fixed thickness in um). For Z, < 10, most of the x
rays come from outside the target, hence a measurement
of the K x-ray yield per projectile gives the equilibrium
population of the 2p level.** For Z =18, most of the x
rays come from inside the target, hence a measurement of
the x-ray cross section, Yy,/n,T, yields the 2p population
after dividing by the theoretical Ka radiative cross sec-
tion, ok4-

Equation (16) gives the fraction of ions having an elec-
tron in the 2s or 2p states; for 400-MeV/amu Ne + Cu
collisions, Egs. (17) and (18) then give the fraction of
one-electron ions in the 2p state, 0.19—0.06=0.13. The
equilibrium 2p population is then Nyyeq)~0.13Rq
=0.3X 1077, hence the Ka x-ray yield is extremely small.
Attempts to measure low-Z projectile K x rays for relativ-
istic heavy ions have not been successful;? it is difficult to
measure a small x-ray yield above the large radiative
backgrounds around the BEVALAC accelerator. Projec-
tile x rays have been observed for Z, > 50, which are
analyzed in a future publication.

VI. CONCLUSIONS

Our theory of the charge states of low-Z relativistic
projectiles in solid targets is in excellent agreement with
experimental data where REC dominates. The origin of
gas-solid charge differences is illuminated by our analyti-
cal solution to the four-state problem. It is interesting to
compare our model with that of Crawford et al.>* who
fit the same equilibrium ratios reasonably well (where
REC dominates) using the two-state model. If exactly
identical ionization cross sections were used, our model
should give smaller ratios than theirs since we include the
excitation cross sections in calculating the effective strip-
ping cross sections. However, we also take into account
target-atom screening, which reduces both the ionization
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and excitation cross sections, leading to approximately the
same ionization cross sections that Crawford used and the
same ratios.

Nonradiative capture cross sections for relativistic
heavy ions have been extracted from the charge-state mea-
surements of Crawford et al>* which have and should
further stimulate the extension of strong-potential Born-,
impulse-, second—Born-, and eikonal-approximation
theories to relativistic velocities.
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APPENDIX: CROSS-SECTION CALCULATIONS

1. Ionization cross sections

The longitudinal contributions® to the ionization cross
sections per electron are given by

Og = © d
where, for the K shell, Fx is from Eq. (2) of Khandelwal
et al’ and W, =1, and for the 2s and 2p shells, F); and
F, are from Eq. (2) and Choi et al.° and W,=0.25. In
these expressions Qu, is equal to W?/4n, n=(B/Z,a)?,
Q= 137,037 »

oo=4mlayaZr/BZ,), (A2)

and a is the Bohr radius.

An important effect on all of the ionization and excita-
tion cross sections herein considered is the electronic
screening of the target nucleus.”~!' McGuire et al.? for-
mulated a theory of the screening of He atoms, which we
generalize to many-electron_ target atoms. Since o, al-
ready includes a factor of Z#, we multiply the right-hand

side of Eq. (A1) by

S(g)= !ZT_ 3 (i lexpliqr) | ;) ‘2

+Zr— 2_ | {¢; | expliq-T) | ;) |2]/Z% , (A3)

where ¥; is the target atomic orbital for the ith electron,
and the sum includes all target electrons. In this expres-
sion, ¢ is the momentum transfer equal to Z,V'Q in
atomic units. The first term in this expression is the ef-
fective screened target charge; if g approaches zero, this
charge vanishes. Then, ionization, which would normally
occur at large impact parameters (of the order of ¢ ~1!),
does not occur, because the target nucleus is completely
screened so the projectile electron sees a neutral atom.
However, in the present cases where g is reasonably large
the matrix elements {1; | exp(iq-r)| ;) are small, so the
effective charge is close to Zy. The antiscreening term,
given by Z; in Eq. (A3), is the contribution to projectile
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ionization by the target electrons. If g is large, the ioniza-
tion cross section is proportional to Z%—+—ZT, where Z%
comes from the Coulomb potential between the target nu-
cleus and electron and the factor of Z; comes from Zj
separate electron-electron Coulomb interactions. Since at
g =0 ionization by the neutral target atom cannot occur,
the final term is an antiscreening correction (ASC) ap-
proaching Z; at small gq.

Calculations of the target . matrix elements
(¢; | exp(iq-r) | ¢;) with Hartree-Fock or other suitable
many-electron wave functions can be done. In the first
term of Eq. (A3), >, (¢; | exp(iq'r) | ¥; ) is just the atom-
ic form factor Fr(q,Z) used in Compton scattering calcu-
lations, so these values can be taken from tabulations by
Hubbell et al.®® [Our g (in atomic units) is equal to their
x times 6.649 71 (=4may X 108).]

We did not make an exact calculation of the ASC, but
obtained a narrow estimate of its effect on the ionization
and excitation cross sections in the following way. Figure
8 shows the form factor Fr, the ASC, and Fy/Z; for
Be(15%2s2), calculated using hydrogenic atomic wave
functions. The exact values of F; or the ASC are not im-
portant here. We note only that the ASC lies between Fy
and F%/Z;. Figure 9 contrasts screening effects on the
reduced ionization cross sections o; /Z# for Ne 1s and 2s
and U 1s and 2s electrons. The unshielded PWBA gives a
Zr-independent reduced cross section. If one introduces
screening without antiscreening, by using | Z;—Fy|? in
Eq. (A3), smaller cross sections are obtained. The reduc-
tion is greatest for ionization of the loosely bound Ne 2s

11 iy’
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=T 1

q/Z (a.u.)

FIG. 8. Form factor F(q,Z7) for Be(15s22s?) calculated using
hydrogenic wave functions (chain curve), the antiscreening,
correction (solid curve), and | F |2/Zy (dashed curve). The an-
tiscreening correction factor lies between F and | F |2/Z7.
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FIG. 9. 2s and 1s ionization cross sections for 400-MeV/amu
Ne and 962-MeV/amu U ions vs Zr. If screening is neglected,
o/Z% is independent of Z; (solid curves). Screening without
antiscreening gives the chain curve. The short- and long-dashed
curves were calculated with all terms in Eq. (A3) using F and
| F|%/Zr, respectively, for the ASC. For U, screening effects
are almost negligible. The U cross sections vary as ZZ+Z; due
to the antiscreening term.

electrons and for ionization by the heaviest target atoms.
If one includes the antiscreening factor, larger cross sec-
tions are obtained. For U K-shell ionization, where
screening is negligible, the antiscreening increases the
cross section by a factor of (Z#+Zy)/Z%, which dif-
fers most from unity for ionization by low-Z targets like
Be. The desired results, including the ASC, lie between
the short-dashed lines (calculated with the ASC equal to
F%/Z;) and the long-dashed lines (calculated with Fr).
The difference between these approximations is negligible
for U 15 and 2s ionization and is as large as 5% for Ne 2s
ionization. Therefore, we calculated all ASC factors us-
ing F}/Zr.

2. Excitation cross sections

The cross sections for the excitation of 1s electrons into
states with quantum number 7 are given by!?

» 2 (3g*+1-n"?
O15,n =00 fﬁ . dqﬁ/qT

[62+(1_n—-1)2]n—3

S(Z,q),
[7°+(14n iy Pl
© _ 2dg -
Tiu=00 [ (qzig)GS(zpq), (A4)
P

O15,2p = 015,20 15,25 >

where §=q/Z, and qmi,,zé( 1—n~=2)/v/n. The screen-
ing effects on, e.g., the 1s-2p excitation cross sections are
similar to those on 1s ionization. The monopole 1s5-2s ex-
citation cross sections tend to be less reduced than the di-
pole 1s-2p ones, because a greater portion of the dipole ex-
citation cross sections come from the region near G,
where S(Z,g) is smaller.
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3. 2s-2p excitation

Since the 2s level is nearly degenerate with the 2p level,
the cross section for the excitation of a 2s electron to the
2p level should be enormous. We questioned whether
first-order perturbation theory and the PWBA can be used
in this case and therefore made semiclassical calcula-
tions’®~*! of 2s-2p excitation to obtain the impact-
parameter-dependent excitation probabilities (Sec. 3a of
this appendix). Perturbation theory fails if the excitation
amplitudes or probabilities approach or exceed unity.

Since the splitting between the 25, /5, 2p, , (abbreviated
P), and 2p3,, orbitals is due to relativistic effects, we cal-
culated the 2s-2p excitation cross sections using Dirac
one-electron wave functions®® (though in fact this is un-
necessary for the low-Z ions considered in this paper, but
will be required when high-Z ions are considered in a
later publication).

a. Semiclassical calculations

The probability for exciting a 2s electron to the 2p,
state in a collision with impact parameter b is given
py¥—4

P.(b) Zre® (A5)
P |R—r| ’

[7 e (v, s
where o is the energy difference, which is the 2s; ,-2p,,,
Lamb shift. The time integral is done along a Coulomb
trajectory, which we approximate by a straight-line trajec-
tory herein. The evaluation of this probability is straight-

forward,3—*! and we obtain
2
4 ZTa 0 b
Py= 5|78 fo dz—Ecos(qz)Gﬁ(R)
2
+ | [, dzgsin(@G,R)| |, (A6)
where the radial matrix element is given by
© r
Gp= [, drr’—-(fufp+8ugy) (A7)
>

g =w/Bc, R*=b%>+2z% r is the larger value of R or r,
and f and g are minor and major components of Dirac
wave functions.”® A similar equation is obtained for
2ps,, excitation with the factor 4 replaced by +.

Figure 10 shows the reduced excitation probabilities,
B 2

I(b)= Zra P(b),'

(A8)

versus reduced impact parameter Z,b. Over this range of
impact parameters, the reduced probabilities are nearly
universal; they are independent of Z,, Zr, and B. A
slight wave-function dependence is seen; the bottom
curves were calculated using hydrogenic wave functions
where the ratio of the 2p, ,, to 2p;,, excitation probabili-
ties is 5, while the top curves were calculated with Dirac
wave functions where the ratios are approximately 0.4.
The total reduced probability never exceeds 0.75, imply-
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FIG. 10. Reduced impact-parameter dependence for 2s-2p
excitation in 962-MeV/amu U ions calculated using Dirac (U)
and nonrelativistic (H) hydrogenic wave functions. Over this
range of impact parameters, I(b) is universal, independent of
Z,, Zr, and ion velocity except for the wave-function depen-
dence that this comparison provides. The dashed lines were cal-
culated using Eq. (A9). The curves denoted p (p) are for 2s-
2p3/2 (~2p1/2) excitation.

ing that the amplitude is much less than 0.9, so that first-
order perturbation theory is valid for all b if Z;a <<f5.
In the present case where 3> 0.5, the PWBA calculations
should then be valid for small Z values.

Even if the peak probability exceeds unity, the major
contribution to the cross section comes from very large
impact parameters, where the probability is smaller. We
note that the dizpole approximation to the radial matrix
elements (r _/r% =r/R?) gives the following excitation
probabilities (using nonrelativistic wave functions):*?

2

Zra
TZ 1 125K %(gb)+K2(gb)] ,

P;= (A9)

where §=w/Z,Bc, and K, is the modified Bessel func-
tion. These probabilities are shown by the dashed lines in
Fig. 10 and vary as (Zpb)_2 for the range of impact pa-
rameters shown, but drop off exponentially at very large
impact parameters of the order of ¢ ~! (g is small here,
since w is very small). The large magnitude of the 2s-2p
excitation cross section, therefore, is not due to the large
probability at any given impact parameter, but to the
large range of impact parameters contributing to the cross
sections. At very large impact parameters, the projectile
electron sees a screened target nucleus, but these effects
are best calculated with the PWBA.

b. PWBA calculations

In the PWBA the cross section for exciting 2s electrons
to the 2p, /, state is given by )

3589
0o o 1 —\ 2 —
op="3 fqmindq; | F5(@)|°S(Z,9) , (A10)
where Gin =w/BcZ,, the form factor is given by
Fy@)= [ drrii(ar)(fafy+8285) » (A1D)

and ji(qr) is the spherical Bessel function. A similar
equation can be obtained for 2p; , excitation with the fac-
tor 0o/3 replaced by 20,/3. Form factors for U, calculat-
ed with hydrogenic and Dirac wave functions, are shown
in Fig. 11. For small g, F(q) varies linearly with ¢, but
for high g, it drops off rapidly with g. The Dirac form
factors drop off less rapidly at large g (due to higher
Fourier components in the electronic relativistic wave
functions), but are smaller at small g [the wave functions
are slightly contracted, giving smaller values of the expec-
tation of » where F(q)=(2s |igr |2p)]. The nonrelativis-
tic 2py » +2p3, form factor is given by

F(g)=3g(1—g*)(14+¢>)*.

As noted already by McGuire and Simony,* screening
affects the 2s-2p excitation cross sections drastically. In
the impact-parameter picture this occurs because the
range of impact parameters is so large (of the order of
atomic sizes) that the electron sees a nearly neutral target
atom. In the PWBA the logarithmic contribution from
small values of g near ¢, are absent, because S(Z,g) is
nearly zero there.

Figure 12 shows reduced 2s-2p excitation cross sections
o/oqy for 400-MeV/amu Ne and 962-MeV/amu U ions.
As in Fig. 9, we calculate the cross sections using various
expressions for the screening factor S(q). The unscreened
Born approximation S(g)=1 gives the largest cross sec-
tions; screening .  without antiscreening, S(q)
= |1—Fy/Zy |? gives cross sections that are factors of

(A12)
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FIG. 11. 2s-2p excitation form factor for 2s,,,-2p;,, excita-
tion in hydrogen (solid line) and U (dashed lines) vs reduced
momentum transfer.
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FIG. 12. Screening effects on 2s-2p excitation cross sections
for 400-MeV/amu Ne and 962-MeV/amu U ions as in Fig. 9
[oo is defined by Eq. (A2)]. The desired cross sections lie be-
tween the short- and long-dashed curves which are identical for
U and differ by only 10% for Ne.
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0.005 (Ne + U) to 0.4 (U + Be) smaller. We calculated
the ASC using Fr and F2/Zy as in Sec. 1 of this appen-
dix, finding only a small difference in Ne and a negligible
difference in U, implying that an exact evaluation of this
term is unnecessary; we used F %/ZT in all subsequent cal-
culations. Our calculations including screening and an-
tiscreening agree well with McGuire and Simony*° for
~1-MeV/amu F and Si ions incident on He.

Screening has one other effect on the cross sections. In
‘the Born approximation the reduced cross sections o/cy
vary as Ing,,;, which is proportional to the logarithm of
the energy difference, so that reasonably accurate values
of the Lamb shift or the fine-structure energy difference
are needed. Since S(Z,7) is nearly zero at gpi,, the
dependence on g, is reduced when screening is included,
so one can essentially put g, =AE =0 in these calcula-
tions. The logarithmic dependence on velocity is no
longer present also, which can be seen in the calculations
of McGuire and Simony®® where the cross sections vary
only as o or v 2.

4. Radiative capture cross sections

In the impulse approximation the cross section for the
REC of a target electron into the empty projectile K shell
is related to the atomic K-shell photoelectric (PE) cross
section by"*

2

vB

where k =(y —1)+Eg/mc®. For small Z,, high-velocity
(high-k) ions, we used the Sauter formula'> with correc-
tions by Pratt et al.:>'®

OkREC=ZT ogpe(k), (A13)

2
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5 3
oKpE=%(0.665)%q)—mRM (barns) ,

kS

M=_4_+L(7/—2) 1— 1 In |18 ’

37 y+1 28y |1-B
R =(Za)*exp -—Zﬁcos—'(Za) {1+"Z“N ] (A14)

B M
4y 34 63 25 8

3N=_._Y_ =7 __
B 15 715 T 15y T s T sy

_7/2—3y+2ln 148

2y°B 1-8 |’

E=(1—-a’Z*'?-1, Z=2, .

Capture into any other empty projectile shell with
quantum number 7 is related to the K REC cross section
by [Eq. (71.17) of Ref. 28]

1

UngzgaKREczUm . (A15)
Capture into the 2p shell, given by?®
3 (Z,a)?
- o=y 7/”_1 O3 > (A16)
is negligible.

5. Transverse excitation

For relativistic heavy ions, a current-current interaction
between the target nucleus (current Z7Be in the projectile
frame) and the projectile electron (current ea in the Dirac
picture) should be added to the Coulomb interaction.?
The longitudinal part of this interaction combines
coherently with the Coulomb potential to give the longitu-
dinal cross sections calculated in the previous sections.
The transverse current-current interaction gives an in-
coherent contribution to the K-shell ionization cross sec-
tions given by®

B o © ., 9
Utrans_aq stdW fqo dq (q2—q(2>/32)2

: a3
XB| Gelg, W) |? [1—= |,
q
(A17)
where the transverse form factor is given by
Gx(q)=(Yy | ayexpliq'T) | ¥;) , (A18)

and a, is the Dirac matrix.?® In the dipole approximation
[exp(iq'r)=1 in Eq. (A18)] one obtains

Otrans =~ 00 ! Gx(q =0) l 21n7/2_.32 ’ (A19)

and the ratio of the transverse ionization cross section to
the longitudinal one (also calculated in the dipole approxi-
mation) is given by?

_ ln,}/Z __BZ
Olong  In(2mc?B*/U) ’

atrans

(A20)
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FIG. 13. Ratio of the transverse to longitudinal 1s ionization
cross sections for 2100-MeV/amu H, Ne, and U projectiles.
Screening (dashed lines) has a negligible effect on the ratio for
U, but reduces the Ne and H ones drastically below the un-
screened values (solid lines).

where U is the K-shell binding energy.

Shielding effects on transverse excitation have not been
formulated rigorously. Assuming that the Coulomb in-
teraction between the target and projectile electrons
shields the target current (and the current-current interac-
tion between the projectile and target electrons is negligi-

ble), we insert the screening factor S(gq) into the right-
hand side of Eq. (A17). This modification reduces the ra-
tio of the transverse to longitudinal cross sections. Com-
paring the resulting expressions for these two cross sec-
tions in the dipole approximation, s

©  S(q)
Olong ~ fqo dq q ’
(A21)

o0

q
T~ [, % (g>—qoB*)
we see that both integrals get a large contribution near
g =qo where S(q) <1, but since the transverse integrand
drops off more rapidly, as ¢~ for large g, a larger part of
the transverse cross section is reduced.

We show ratios of transverse to longitudinal cross sec-
tions in Fig. 13 for 2100-MeV/amu projectiles. Since the
electron binding energy U in Eq. (A20) is larger, the ratio
increases with Z,, as is clearly seen in this figure. For U
K-shell ionization, where U and consequently g, are very
large, S(qq) is close to unity, and screening has a negligi-
ble effect on both the longitudinal and transverse cross
sections. Neglecting screening, ratios of 0.15 are expected
for Ne K-shell ionization, but with screening, ratios small-
er than 0.05 are obtained. For H 1s ionization, transverse
excitation is negligible.

We neglected transverse excitation in all our calcula-
tions for low-Z projectiles. The largest contribution, 5%,
occurs for Ne K-shell ionization for the highest-energy Ne
ions. For K-shell ionization in C, and L- and M-shell
ionization and most excitation cross sections in all ions,
the ratio should be smaller because of the smaller g
values. In Ar, higher g, values are present, but lower-
energy ions were used.
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