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Cross sections for electron capture from inner shells by fully stripped ions are calculated and compared with data
for K-shell vacancy production. A procedure for inclusion of the relativistic effect is developed, and the scheme of
calculations is illustrated through sample evaluations of electron-capture cross sections.

I. INTRODUCTION

We have developed formulas for electron capture
from inner shells by fully stripped ions and have
shown that reliable cross sections can be ob-
tained! ? without semiempirical scaling factors,3
Such factors are still being endorsed, for example,
in recent publications of Gray and his co-workers,*
Our approach goes beyond the first Born approxi-
mation with the neglected internuclear interaction
in the perturbing potential, i.e., the Oppenheimer-
Brinkman-Kramers (OBK) approximation,’ and yet

it does not require involved numerical procedures.s

Although cast in terms of the formulas derived in
an OBK approach, this analysis should not be
viewed as merely its modification. For ions of
low velocity in comparison with the orbital velocity
of innershell electrons, the effects of Coulomb de-
flection and increased electron binding were ac-
counted for! in a manner similar to that of Brandt
and his co-workers’ in the theory for direct ioniza-
tion to the continuum of the target atom. Our low-
velocity results were joined, through an expedient
interpolation formula, with the high-velocity pre-
dictions obtained in the second Born approxima-
tion.! In this approximation, Drisko’s formula®
for the electron transfer from hydrogen (Z,=1)

to proton (Z,=1) was generalized!? for electron
capture in the target-projectile collision systems
with arbitrary atomic numbers Z, and Z,.

Our original electron-capture formulas! have
been modified? so that, to be consistent with the
treatment of this effect in the direct ionization
theory,'®*! the binding effect was reduced. In
Sec. II, we summarize the calculations and intro-
duce the method which—in an analogous manner to
the procedure developed recently for direct inner-
shell ionizations!! —reproduces the cross sections
based on a relativistic description of the target
atom. A detailed comparison of K-shell ionization
cross sections with theoretical predictions is pre-
sented in Sec. III, Section IV contains a summary
of this work. In the Appendix, sample calculations
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of electron-capture cross sections are delineated.
They should provide a recipe for the use of the
present approach. The scheme of calculations
presented in the Appendix can also be easily fol-
lowed and applied to the evaluation of the electron
capture from the L subshells,!? Except in the
figures and the Appendix, atomic units are used
throughout.

II. ANALYTICAL CALCULATIONS

Cross sections for electron capture from inner
shells, described by the nonrelativistic screened
hydrogenic wave functions and observed binding
energies, to hydrogenic states of a fully stripped
ion were derived, in the OBK approximation, by
Nikolaev.!® Nikolaev’s cross section for electron
capture from an S shell to the S’ state (charac-
terized by the quantum numbers 7, and n,, re-
spectively) on the projectile of velocity v, is!4
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Ess (05)=0,5/[v}g +qds (65)]1/2, @)
Here,

9ss(6s)= %[v, + 3505 - vis)/v4] 3)

approximates the minimum momentum transfer
with 39356 denoting the observed binding energy'®
and, v,5=2Z,5/n, and vy 5. = Z;/n; represent the
orbital velocities of the electron before and after
its capture, respectively. We find that in Eq. (1)
the function:
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can be approximated to within 2% by (1 +0.3¢)*
for t <3, i.e,, for the values of £ which are avail-
able in experiments.

Note that for electron capture from a hydrogenic
S shell—with 83=1, Z,s=2Z,, and &,[t=0]=1—
Eq. (1) reduces to the well-known OBK formula for
electron transfer between hydrogenlike shells, !

In the following, we will restrict our discussion to
capture from a screened hydrogenic K shell (r,=1)
described by Z,y=2Z,-0.3 and 6. It is interesting
to observe that the ratio of cross sections for elec-
tron capture to those which are derived with the
same screened hydrogenic wave functions for di-
rect ionization is given in the limit of low pro-
jectile velocity as (4.5/6,)(Z;/n,Z,y)*; the con-
tribution of electron capture to ionization is then
negligible when Z; < Z, but becomes comparable

to the contribution of direct ionization as Z,/Z,
approaches 3. One recalls that, in the determina-
tion of ionization cross sections, electron capture
to the continuum of the projectile can be neglected
for all Z, since, as we have previously estimated,’
the cross sections for such capture are at least
2Z} times smaller than the cross sections for
electron capture to a bound state on the projectile,
Also, we would like to state that, contrary to
conclusions!” inferred from the paper of Dettmann
et al,,'® our estimate predicted the Z} dependence
of the cross sections for electron capture to the
projectile continuum; this dependence was found
and confirmed in the measurements reported very
recently,!’

In the analysis of electron capture to a bound &
state on the low-velocity ion, we have accounted
for the binding effect with the factor

2Z,
eREps;cp=15)=1+ ZaxOx 8xléxs ;€x=1.5),

(5)
where g can be approximated [ see Eq. (19) of Ref,
11], with errors less then 1%, by
grlbxs s Cp=1.5)= (1 +9¢ +31¢2+ 98¢ + 12¢*

+25£% +4.2¢%+0.515¢7)/(1 +£)°.
(6)

The cutoff value of cy=1.5 for the binding effect
comes from the requirement that the increased
binding due to the proximity of the projectile ion
takes place only at the impact parameters which
are less than the mean radius of the electron,

() g, in the K shell,*1*1! The Coulomb-deflection
factor is given by!*1?

C=exp| - mdqys (€x 0p)] , m
where d= Z,Z,/Mv}, with M~1=M7!+M7! being

the reduced mass of the scattering system, ap-
proximates the half-distance of closest approach
in a head-on collision,

The cross section for low-velocity ions,

Oxs=C +0Re5[ £xs (€xOr),€x0k] , (8)

is joined with the cross section for high-velocity
ions,®

0;3' = %02'25[ §xs‘ (ex)9 GK] ’ (9)
through the expedient formula
Os'=0xsOps /(@ Fs" +20%s), (10)

from which one easily recovers Eqgs. (8) and (9)
in the limits of, respectively, low and high veloc-
ity since 0§s. ~ 028" as €2 —1 and C—1 when
V> Vyy, and 0 955 > 0. when v; < v,y

Equation (10) should be viewed only as a con-
venient analytical way of connection between Egs.
(8) and (9). This interpolation has no physical
justification other than it happens to be in error
within experimental uncertainties; in this sense
Eq. (10) is semiempirical in the intermediate-
velocity regime,

Finally, one obtains the cross section for elec-
tron capture from the K shell to all empty shells
of the fully stripped ions as

oxstaxs.za".+on.+2o",, (11)

since, within a few percent, 0y =~ (3/n,)% y, for
ny>3 and 2. 5(3/n)~2,

A procedure reproducing the cross sections
based on relativistic wave functions has been
developed in Ref, 11 for direct ionization, In this
method, the electron mass m=1 in the nonrela-
tivistic cross sections was replaced by its rela-
tivistic value, mZE, which had been found from the
virial theorem and suitably averaged with the
weight functions that give impact-parameter de-
pendence for direct ionization. In an analogous
manner, for electron capture we find

my Eps (0] =1+ 1193 2 +y,, (12)
with
Yr=0.40(Z,,/137)¥/ £ x5 (65) ,

and substitute m¥ £, (65)] v} for v} in Eq. (1) to
obtain 6 22*® the cross section which should dupli-
cate the OBK calculations based on a relativistic
description of the target K shell. Note that to in-
corporate the relativistic effect in the present
approach, the change of velocity prescribed above
should be made only in the arguments of the ¢ 25X
function [ see Eqs. (8) and (9)] ; the Coulomb de-
flection factor comes from the description of the

projectile trajectory and is essentially independent
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TABLE 1. Nonrelativistic and relativistic cross sections (in barns) for electron capture
and quantities required for their computation. The numerical values pertain to the sample
calculation delineated in the Appendix for electron capture from K shell of krypton by 26-MeV

fully stripped fluorine ions.

JFS* —~ yKrK)
vy =7.43
Nonrelativistic Relativistic
S'=K' §'=L' S'=M’ §'=K' S'=L' S§'=M
Quantity (ny=1) (ny=2) (n;=3) (ny=1) (ny=2) (n;=3) Equation
mB [Exs(08)] 1 1 1 1.055 1.057 1.058 Egq. (12)
dxy (0¢=0.826) 69.1  73.2  74.0 675 714 721  Eq.(3)
ks (05 =0.826) 0.512 0.487 0.482 0.524 0.499 0.495 Eq. (2)
08K [b] 177 13.6 3.66 211 16.3 4.47 Eq. (1)
oQPX o] 198 236 Eqgs. (11) and (1)
8x (¢xsiicg=1.5)  0.694 0.717 0.721 0.694 0.717 0.721 Eq. (6)
ef (bxgicyk=1.5) 1.424 1.438 1.440 1.424 1.438 1.440 Eq. (5)
mE [£xsr(€Bon)] 1 1 1 1.079 1.083 1.083 Egq. (12)
dxs (€898 99.1 104 105 95.7 100 101 Eq. (3)
txs (€B0) 0.359  0.343  0.340 0.371  0.357 0.353 Eq. (2)
c 0.937 0.934 0.934 0.937 0.93¢ 0.934 Eq. (7)
oxs ] 5.97  0.470 0.128 7.72  0.652 0.172 Eq. (8)
oxs [b] 5.59  0.440 0.120 719  0.604 0.160 Egq. (10)
ox [b] 6.27 8.11 Egs. (11) and (10)

of the target wave functions,!®

Although the relativistic effect is insignificant
for most of the available data®*~% for relatively
light target atoms, its importance might be ap-
preciated in future experiments for the collisions
of superheavy elements with slow and yet fully
stripped ions. The relativistic correction ac-
cording to Eq. (12) increases the cross section for
electron capture from the K shell of 3Kr to the K’
shell of a 26- MeV ¢F®* by as much as ~30% (see
Table 1),

III. COMPARISON WITH EXPERIMENT

In Fig. 1, the cross sections for electron capture
from K shells of carbon, nitrogen, oxygen, neon,
and argon by protons, as they were extracted from
coincidence measurements,? are compared with the
results of OBKR[Eqs. (1) and (12)] and our calcula-
tions. The present approachgives muchbetter
agreement withthe data thanthe OBKR approxima-
tion. Experimentsinthe low-velocity range (onthe
low-energy side of the cross-section maxima) would
offer an even sharper gauge for distinction between

= MACDONALD et al. (1974)
& COCKE et al. (1976)
gw ® REDBRO et al. [1977)
< R O COCKE et al. (1977)

01 10 10
Eq[MeV)

FIG. 1. Cross sections for electron capture from the
K shell of ¢C, ¢N, 3O, joNe, and ;3Ar to protons accord-
ing to Eq. (11) with Eq. (1) (dashed curves) and Eq. (10)
(solid curves). Both calculations account for the relativ-
istic effect which is negligible for the target elements
and proton energies shown in this figure. Data are from
Ref, 22 and have uncertainties comparable to the size of
the symbols,
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FIG. 2. Cross sections for K-shell ionization in j3Ar
by fully stripped ions according to the direct ionization
theory (Refs. 10 and 11) (dotted curves) and to the elec-
tron capture as given in Eqs. (10)—-(12) (dashed curves).
The solid curves represent the sum of direct ionization
and electron capture cross sections. Data are from Ref.
24; error bars include our estimates of uncertainties in
the fluorescence yields which were corrected for mul-
tiple ionization. For comparison see Fig. 4 in Ref, 1.

the predictions which start to diverge from each
other by as much as an order of magnitude. The
relative paucity of coincidence data for electron
capture leads us to consider K-shell x-ray-pro-
duction cross sections that, after division by
fluorescence yields, are converted to ionization
cross sections for comparison with theoretical
results, Ionization cross sections are assumed to
be given by the sum of electron-capture and direct-
ionization cross sections. As shown in Fig. 2,
excellent agreement is obtained between the data?
and our predictions added to the results of Ref. 10
for direct ionization of the argon K shell.

Figure 3 demonstrates that agreement between
the data’® and our formulas is quite good, especial-
1y for fully stripped projectiles. The theoretical
cross sections have been obtained without the use
of semiempirical scaling factors for electron cap-
ture. However, for the ions with filled K’ shells
(closed circles) and atomic numbers 6 < Z; <9 the
direct ionization theory!® overestimates the data,
whereas the direct ionization theory which does
not account for the polarization of the target inner
shell appears to coincide with experiment.* This
observation led Gray ef al.* to conclude that the
direct ionization theory of Ref, 10, which includes
the polarization effect, is incorrect. We would
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FIG. 3. Cross sections for K-shell x-ray production
in 44Cu by fully stripped (o), hydrogenlike (9), heliumlike
(e), and equilibrated (v) ions of atomic number 1 <Z; <17
and same velocity E;M;=1.7 MeV/amu, The dotted curve
is based on the direct ionization calculations of Refs.
10 and 11, The solid curves are obtained after the ad-
dition of electron-capture cross sections of Egqs. (10)—
(12) for fully stripped, hydrogenlike and heliumlike
charge states of the projectile. The dashed curve rep-
resents the sum of the first Born approximation with
the relativistic effect in the plane-wave Born approxima-
tion relativistic wave functions (PWBAR) calculations
for direct ionization and the OBKR results, Eqs. (1),
(11), and (12), for electron capture by fully stripped
projectiles. Data are from Ref. 35 and have uncertain-
ties comparable to the size of the symbols; the cross
sections for the equilibrated ions with Z;=1, 2, 3, 4, 5,
6, 8, and 9 were obtained from Ref. 35 either directly
or through interpolation (see Ref. 37). The fluorescence
vield wg= 0,44 was used as recommended in Ref. 38.

like to point out that the theory was developed for
fully stripped ions; the screening of the high-
velocity projectile by its electrons results in
smaller direct ionization cross sections which
may explain the observed discrepancy.® Concur-
rently, the orbital velocities of K’ shell electrons
for the 13 < Z; <17 ions are larger than v; =8.3,
.e., these ions are slow enough for the adiabatic
adjustment of their innermost electrons which
may, via their increased binding energy in the
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presence of the target nucleus, enlarge the elec-
tron-capture channel for ionization,

We would further like to emphasize the im-
portance of comparing experimental data to the
appropriate theoretical calculations. For colli-
sion systems, such that Z,/Z,=1/4, the con-
tributions of electron capture to target ionization
must be considered. These contributions are
present when inner-shell vacancies are created in
the ion before the collision either by prior prepara-
tionof theion or by multiple encounters in the target.
For target thickness of a few hundred pg/cm?,
the ions approach a charge-state equilibrium
and may possess a number of inner-shell vacan-
cies.>* In Fig. 3 we have added cross sections
for ions in equilibrated charge states.®® For
Z,/Z,<1/4 the electron-capture contributions to
ionization are only a few percent and the equi-
librated data are in good agreement with the non-
equilibrated data as well as the theoretical calcula-
tions,

A comparison, in Fig, 4, for K-shell x-ray pro--
duction in various targets lighter than copper by
1.7-MeV/amu fluorine ions reveals an excellent
agreement between results of the calculations and
the data®3%3%3¢ when the targets of Z,< 26 are
bombarded by heliumlike ¢F ions and, therefore,
appears to contradict the inferences about the
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FIG. 4. Cross sections for K-shell x-ray production
in the targets of atomic number 14 <Z,<29 by 1.7-MeV
9F3* (0), oF%* (@), and 4F'* (e) ions. The meaning of the
curves is the same as in Fig, 3. Data are from Refs. 4,
30, 33, and 34, and have uncertainties comparable to the
size of the symbols; the fluorescence yields were used
as given in Ref, 38.

importance of the screening effect that we. have
made in the discussion of Fig. 3. It should be
noted, however, that the calculated ionization
cross sections were converted to x-ray-production
cross sections through multiplication by the
fluorescence ‘yields®® which were not corrected
for multiple ionizations., These ionizations might,
via larger yields, increase the calculated x-ray-
production cross sections in such a manner as to
fortuitously offset their decrease due to the
screening effect. The corrected fluorescence
yields become significantly larger than those of
Ref. 38 when Z, decreases; in particular, such
increases could be very dramatic for Zl/ Z,a% in
Fig. 4 as opposed to the collision systems with
Z,/Zy <% in Fig. 3 for which the discrepancy be-
tween the theory and experiment may be a genuine
measure of the screening effect in ionization by
heliumlike projectiles.

For Zl/ Zy> 3 the predictions of the present ap-
proach which strictly applies in the Z; < Z, limit,
tend to overestimate®® the measurements as ex-
hibited. Figure 5 and Table II show the ratios of
theoretical and experimental®%23-34 cross sections
for K-shell x-ray production by fully stripped ions,
However, for Z,/Z, <} these ratios are predom-
inantly well within a factor of 2 of the ideal ratio
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FIG. 5. Ratios of the theoretical ox¥™ and experi-
mental (Refs. 2, 4, and 26-34) UEI&" cross sections for
K-shell x-ray production by fully stripped ions. To ob-
tain of®, the calculated K-shell ionization cross sec-
tions were multiplied by the fluorescence yields of Ref.
38. Symbols represent the ratios found with different
calculations: first Born approximation (o) and the Cou-
lomb-deflected perturbed-stationary-state relativistic
(CPSSR) theory of direct ionization (Refs, 10 and
11) plus electron capture according to Ref. 1 (o) or plus
electron capture according to this work, Eqs. (10)—(12)
(®).
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TABLE II. The ratios of theoretical and experimental cross sections for K-shell x-ray production by fully stripped
ions versus Z;/Z, as plotted in Fig. 5. The theoretical cross sections for ionization, obtained from the CPSSR theory
of direct ionization (Refs. 10 and 11) and present work for electron capture, were multiplied by the fluorescence yields
of Ref. 38. :

E/M; Reference to oEJ' E,/M, Reference to o5
z/z, a}'}”’/ai’;’" (MeV/amu) and (Z,,Z,) z,/z, offgr/of® (MeV/amu) and (2, Z,)
0.028 0.73 1.89 28 (1, 36) 0.82, 0.80 1.50
0.77 2.53 0.86, 0.87 1.88
0.73 3.00 0.448 0.76 1.711 32 (13, 29)
0.056  0.93 1.05 24 (1, 18) 0.472 0.41 2.86 29 (17, 36)
1.03 1.50 0.22 3.43
1.05 1.88 0.46 4.00
1.03 1.05 0.45 4.57
1.01 1.58 0.483 0.71 1.71 32 (14, 29)
0.99 1.87 0.96 1.86 2 (14, 29)
0.93 1.89 28 (1, 18) 0.500 0.93, 0.88 1.88 23 (9, 18)
0.96 2.53 0.70, 0.69 1.05 24 (9, 18)
0.95 3.00 0.82, 0.84 1.50
0.90 2.00 ' 31 (1, 18) 1.04 1.89 28 (9, 18)
0.205 1.38 3.00 27 (8, 39) 0.93 2.53
0.97 5.00 1.15 1.05 30 (9, 18)
0.250 0.83 1.89 28 (9, 36) 0.98 1.37
0.80 2.53 1.00 1.63
0.85 1.37 30 (9, 36) 1.15 1.89
0.65 1.89 1.14 2.16
0.70 2.42 1.01 2.42
0.64 2.95 1.01 2.68
0.65 3.47 0.96 2.95
0.64 4.00 0.97 3.21
0.276  0.92 3.00 27 (8, 29) 1.01 3.47
0.52 5.00 1.05 3.74
0.310 1.11 1.71 32 (2, 29) 1.05 4.00
1.01 1.70 4 (2, 29) 0.88 1.58 31 (9, 18)
1.18 2.00 0.529 2.52 2.26 26 (9, 17)
1.26 2.25 0.552 0.67 1.711 32 (16, 29)
1.40 2.5 0.571 1.07 2.50 25 (18, 14)
0.333 0.78, 0.75 1.05 24 (6, 18) 0.636 1.17 1.86 2 (14, 22)
0.70, 0.76 1.50 0.643 3.40 0.40 32 (9, 14)
0.85, 0.80 1.88 3.20 1.60
1.58 2.5 31 (6, 18) 2.80 0.80
0.333 1.00 1.70 4 (9, 27) 2.36 1.00
0.346 0.85 1.70 4 (9, 26) 2.17 1.20
0.375 0.63 1.70 4 (9, 24) . 2.08 1.40
0.389 0.84, 0.78 1.05 24 (7, 18) 1.82 1.60
0.79 1.50 1.73 1.80
0.80, 0.78 1.88 1.79 2.00
0.84 1.59 1.91 2.20
0.391 0.69 1.7 4 (9, 23) 1.62 1.00 34 (9, 14)
0.409 0.74 1.7 4 (9, 22) 1.48 2.00
0.438 1.27 1.86 2 (14, 32) 0.667 1.27 1.86 2 (14, 21)
0.444 0.79, 0.74 1.05 24 (8, 18)
of unity once the theory follows the present treat- sent the ratios obtained with the full binding effect
ment for electron capture (closed circles). By as described in Ref. 1.

contrast, the first Born approximation with OBKR

cross sections of Nikolaev for electron capture IV. SUMMARY

(squares) leads to the K-shell ionization cross We have demonstrated that the cross sections for
sections which, with increasing Z,/ Z,, can be electron capture and ionization, as inferred from
larger than the experimental values by more than data for K-shell x-ray production by fully stripped

one order of magnitude. The open circles repre- ions, can be accurately predicted without a re-
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course to semiempirical scaling factors., The
calculations, which are cast in terms of the well-
known OBK formulas of Nikolaev and performed
analytically, may obviate the persistent attempts
that scale the OBK cross sections empirically.
This work summarizes the previous development
of an analytical approach for electron capture®-?
and extends it to incorporate the relativity effect
in a manner analogous to the procedure formulated
recently for direct ionization,!!

We point to difficulties in analysis of the data ob-
tained with nonfully stripped ions; subtle differ-
ences between various approaches in the theory for
direct ionization, which was developed for fully
stripped projectiles, cannot and should not be as-
sessed by comparison with such data. One notes
that, aside from relatively large experimental un-
certainties, a theoretical problem arises as to
the role of the electrons on the projectile, Beyond
mere determination of its charge state, these
electrons result in a delicate balance between the
opposing effects of screening and binding on the
projectile, A rigorous treatment of these effects
is outside the scope of the present work,

This work is in good agreement with the vast
amount of data for fully stripped ions when Z,/Z,
< 3. Still, we would like to reiterate the need
for more direct measurements for electron cap-
ture by low-velocity projectiles, and for, if sup-
plemented by reliable fluorescence yields, more
x-ray experiments in the Z,/Z,> 0.3 collision sys-
tems with gaseous or vanishingly thin solid targets
and fully stripped projectiles. Such experiments
will further test the limits of applicability of the
present formulas which, judging from Fig, 5, start
to overestimate the data when Z;/Z,>3. Ultimate-
ly, this perturbative approach should be scrutin-
ized by the results of numerical coupled-state
calculations; in particular, such calculations may
test the validity of the assumption that ionization
cross sections are simply given as a sum of the
cross sections for direct ionization and electron
capture, A comparison between our formulas and
results of a more advanced numerical calculation
should be beneficial for both approaches; such a
comparison may serve as a guide in the develop-
ment of a rigorous theory and, simultaneously, it
should resolve the question of validity and limita-
tions of the present approach.
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APPENDIX: SAMPLE CALCULATIONS OF CROSS
SECTIONS FOR ELECTRON CAPTURE

We illustrate the scheme of cross section cal-
culations for electron capture from the K shell
of argon (Z,=18, M,=39.95 amu=239.95x 1823,
Vo =2Zox=11.7, 6,=0.751) to all shells of 10-MeV
protons (Z,=1, M,;=1,007 amu, v;3=1/n,) and
20-MeV fluorine ions (Z;=9, M;=19.0 amu, v;¢
=9/n,) which, respectively, are the ions of high
(,=20.1, v,/v,,=1.136) and low (v, =6.51, v, /v,y
=0.368) velocity in comparison with the orbital
velocity of the K-shell electrons in j4Ar. The
velocity v, is given in atomic units by v;=6.35(E,/
M,)!/?if E,/M, is expressed in MeV/amu, In
Table III we present the numerical values of the
electron capture cross sections and quantities re-
quired for their computation for the electron cap-
ture from the K shell of Ar by 10-MeV protons and
20-MeV fluorine ions,

Since Eq. (1) is written in atomic units of a}
=2.8Xx 10" b it reads in barns as

VA 5510 ,(0
o Ltrsr O, 0= 10 (2] S5

[1+0.3(1 - 65)t%s.(65)]
[1+1-6ptks (6]

(A1)

and, for the capture from the K shell of argon,
further simplifies to

ZS
“A??'K [£xs:(6x), 6,]=5180 b ;{:!1!' g}ros'(ex)

» [1+ 0.31- ex)gg.(es)] -1

(1+@1-0p8ks (69]°

(A2)
where
Exs'(gx)=17.'7/[Z¥/”f+q¥rs'(9x)]Uz, (A3)
with
313.36, — Zz2/n?
aror (0= (o 4SS ZL) - ag

The binding effect is accounted for with the factor
[see Eqs. (5) and (6)]

€B(Exs;Cx=1.5)=1+0.15X Z, X gylbxs:;Cx=1.5),
(A5)

the Coulomb-deflection factor is determined with
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TABLE III. Electron-capture cross sections (in barns) and quantities required for their computation. The numeri-
cal values pertain to the sample calculations delineated in the Appendix for electron capture from the K shell of argon
by 10-MeV protons and by 20-MeV fully stripped fluorine ions.

{H* —sArE) PF ~ATK)
vy =20.0 v /v,x=1.130 v, =6.51 vy/v,x=0.368
SI=KI SI=LI SI=MI sI=KI SI=LI sI=MI
Quantity (ny=1) (ny =2) (ny =3) (ny=1) (ny =2) (ny = 3) Equation
gky (05=0.751)  15.9 15.9 15.9 15.1 19.8 20.6 Egs. (3) and (A4)
Exs (05=0.751) 1.111 1.113 1113 1.007 0.872 0.850 Egs. (2) and (A3)
oK p] 15.2 1.93 0.572 3.66x10%  1.28x10° 3.04x10* Egs. (1) and (A2)
oPBK o] 18.3 3.85x 108 Egs. (11) and (1)
8k (xsicxk=1.5)  0.304 0.303 0.303  0.350 0.421 0.435 Eq. (6)
€} (¢xsrick=1.5) 1.406 1.046 1.046  1.473 1.568 1.587 Egs. (5) and (A5)
&xs (€20x) 16.1 16.1 16.1 23.7 30.0 31.2 Eq. (3)
Exs (€805 1.097 1.099 1.099  0.698 0.583 0.565 Eq. (2)
c 0.999 0.999 0.999  0.998 0.985 0.984 Eq. (7)
oxs [6] 15.2 1.93 0.573 2.33x10°  4.95x103 1.07x10° Eq. (8)
oxs ] 5.07 0.643 0.191 2.07x10°  4.59x103 1.00x103 Eq. (10)
ox [b] 6.10 2.14x10° Egs. (11) and (10)

TABLE IV. Comparison of theoretical and experimental cross sections (in barns). For each collision system, the
first Born approximation results [PWBAR for direct ionization and OBKR of Egs. (1) and (12) for electron capture] and
the predictions of the CPSSR theory, of Refs. 10 and 11 for direct ionization and present work [see Eq. (11) with Eq.
(10)] for electron capture, are compared to the experimental data. Evaluation of electron capture cross sections is
made in Tables III (for argon without the relativistic effect) and I (for krypton with the relativistic effect). The fluores-
cence yields are from Ref. 38.

Direct Electron

Direct Electron ionization + capture =Ionization
Collision ionization + capture = Ionization (CPSSR) (Present
system (PWBAR) (OBKR) work) Experimental data
(H* = AT K) Macdonald
_ et al. (1974)

E, =10 MeV 18.1 6.10 5.6 (see Ref. 22)
(electron capture only)

F* — ArK) 3.9x10° Macdonald
9 18
E| = 20 MeV 0.15x 108+ 3.85x 108 = 4.0x 10% 0.53x10° + 2.14x10° = 2.67x 10° et al. (1973)

(see Ref. 24)
wg=0.118 2.7x10° Hopkins

et al.(1976)
(see Ref. 30)

gF¥ — KT (K)

E, = 26 MeV 544+ 236 = 780 52.1+ 8.11=60.2 70 Hopkins

t al. (1976)
=0.643 e
wg=0.6 (See Ref. 30)
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dxs'(€R0x) of Eqs. (A4) and (A5), and

_ Z;X18% (M, +39.95)
TM;%39.95x 1823 X v}’

80 that d=0,000163 for 20-MeV '} F* and d
=0.000025 for 10-MeV {H".

The relativistic effect can be neglected since
even for the slower fluorine ions in our calcula-
tion, the relativistic mass m¥% is, by Eq. (12),
<1% larger than its nonrelativistic value in the
K shell of argon, For electron capture from the
K sghell of krypton (Z,=36, M,=283.8, Vyr=2Zpx
=35.7, 0,=0.826) by relatively slower (v;="7.43,
/v =0.208) 26- MeV fluorine ions, however,
the relativistic effect is significant as demon-

strated in Table I, Table I presents nonrelativistic
and relativistic cross sections for electron capture
and quantities required for their computation for
electron capture from the K shell of krypton by
26-MeV fully stripped fluorine ions. In the non-
relativistic columns, m¥ is equal to 1 in atomic
units of mass by definition. In the relativistic
calculations m¥, gy, and €2 are evaluated for the
nonrelativistic values of 4.

The results of our sample calculations are sum-
marized and compared with available data?® 30 jn
Table IV. The values exhibited in Table I and III
for intermediate quantities in evaluation of cross
sections may differ in the last digit from the actual
values due to round-off errors.

*Present address: Department of Chemistry and Physics,
Northwestern State University of Louisiana, Natchi-
toches, Louisiana 71457,
1G. Lapicki and W. Losonsky, Phys. Rev. A 15, 896

1977).

?F, D, McDaniel, J, L. Duggan, G. Basbas, P, D, Mil-
ler, and G. Lapicki, Phys. Rev. A 16, 1375 (1977).

%yarious semiempirical factors were proposed and used
in the literature [see Refs. 3, 6, 9, 10, 13, 17-22, 27,
and 28 of Ref. 1; A. Muller and E. Salzborn, Phys.
Lett. 62A, 391 (1977); K. Omidvar, Phys. Rev. A 19,
65 (1979)].

4T, J. Gray, P. Richard, G. Gealy, and J. Newcomb,
Phys. Rev. A 19, 1424 (1979); R. K. Gardner, T. J.
Gray, P. Richard, C. Schmiedekamp, K, A, Jamison,
and J. M. Hall, ibid. 19, 1896 (1979); A. Schmiede-
kamp, T, J. Gray, B. L. Doyle, and U. Schiebel, ibid.
19, 2167 (1979).

5J. R. Oppenheimer, Phys. Rev. 31, 349 (1928); H. C.
Brinkman and H, A, Kramers, Proc. K. Ned, Akad.
Wet. 33, 973 (1930).

‘A, zZ. Msezane, Phys. Rev. A 15, 2252 (1977); D, Bel-
kicand R, McCarroll, J. Phys B 10, 1933 (1977);

A, L, Ford, E. Fitchard, and J. F. Readmg, Phys. .
Rev. A 16, 133 (1977); 16, 1325 (1977); C. D, Lin,

S. C. Soong, and L. N, Tunnell, ibid. 17, 1646 (1978);
F. T. Chan and J. Eichler, Phys. Rev. Lett. 42, 58
(1979); Phys.Rev. A 20, 104 (1979); 20, 1841 (1979); J.F.
Reading, A. L. Ford G. L. Swafford and A. Fitchard,
ibid. A 20, 130 (1979); A. L. Ford, R. L. Becker,

G. L. Swafford, and J. F. Reading, J. Phys. B 12,
L1491 (1979); 12, 2905 (1979); J. Eichler and H. Narumi,
Z. Phys. A 295, 209 (1980); C. D. Lin and L. N. Tun-
nell, Phys. Rev. A 22, 76 (1980). For latest reviews
see D. Basu, S. C. Mukherjee, and D. P. Sural, Phys.
Rep. 42C, 145 (1978); R. Shakeshaft and L. Spruch,
Rev. Mod. Phys. 51, 369 (1979).

'W. Brandt, R. Laubert, and I. Sellin, Phys. Lett. 21,
518 (1966); Phys. Rev. 151, 56 (1966); G. Basbas,
W.Brandt, andR. Laubert, Phys.Rev.A 7, 983 (1973);
W, Brandt and G. Lapicki, #bid. 10, 474 (1974); G. La-
picki, Ph.D, thesis, New York University, 1975 (un-
published).

®R. M. Drisko, Ph.D, thesis, Carnegie Institute of Tech-

nology, 1955 (unpublished).

%J. S. Briggs, J. Phys. B 10, 3075 (1977); J. S. Briggs
and L. Dubé, J. Phys. B 13, 771 (1980).

G, Basbas, W. Brandt, and R. Laubert, Phys. Rev. A
17, 1655 (1978).

11w, Brandt and G, Lapicki, Phys. Rev. A 20, 465
1979).

12, D, McDaniel, A, Toten, R. S. Peterson, J, L. Dug-
gan, S, R, Wilson, J. D, Gressett, P, D, Miller, and
G. Lapicki, Phys. Rev. A 19, 1517 (1979).

1%y. 8. Nikolaev, zh. Eksp, Teor. Fiz. 51, 1263 (1966)
[Sov. Phys.—JETP 24, 847 (1967)].

14gquation (1) applies strictly to capture from the K
shell and only as an estimate of capture from the higher
shells for which Z,s and 6 ¢ of their subshells can be
approximated by some mean values, In exact calcula-
lations for n,>1, the specific formulas of Nikolaev for
capture from individual subshells should be used.

155, A, Bearden and A, Burr, Rev. Mod. Phys. 39, 125
(1967).

18R, M. May, Phys. Lett. 11, 34 (1964). See Eq. (1) of
Ref. 1.,

C. R. Vane, I A, Sellin, M. Suter, G. D, Alton, S. B.
Elston, P, M, Griffin, and R, S, Thoe, Phys. Rev.
Lett. 40, 1020 (1978); Z, Phys, A 286, 233 (1978).

18g, Dettma.nn, K. G. Harrison, and M. W. Lucas, J.
Phys. B 7, 269 (1974).

19G. Lapicki and W. Losonsky, Phys. Rev. A 20, 481
(1979). .

20The leading term of o Jg//o ves equals 0.295 in the sec-
ond (see Refs. 1 and 9) and 0.319 in the third [see
R. Shakeshaft, Phys. Rev. A 17, 1011 (1978)] Born
approximations. Equation (9) has also been recently
suggested by V. P, Shevelko, Z. Phys. A 287, 19
(1978) and by R. Shakeshaft, Phys. Rev. Lett. 44, 442
(1980). The validity of this equation is further sup-
ported by the eikonal approximation results of J. Eich-
ler et al. as well as by the calculations of J. F. Reading
et al. in Ref. 6.

Ap A, Amundsen, J. Phys. B 10, 2177 (1977).

%3, R. Macdonald, C. L. Cocke, and W. W. Eidson,
Phys. Rev. Lett. 32, 648 (1974); C. L. Cocke, J. R.
Macdonald, B, Curnette, S. L. Varghese, and R, Ran-
dall, Phys. Rev, Lett. 36, 782 (1976); M. Rgdbro,



22 ELECTRON CAPTURE FROM K SHELLS BY FULLY STRIPPED... 1905

E. H. Pedersen, and J. R, Macdonald, in Abstracts of
the Papers of the Tenth mtermational Conference on the
Physics of Electronic and Atomic Collisions, Paris,
1977, edited by M, Barat and J, Reinhardt (Commis-
sariat a 1’Energie Atomique, Paris, 1977), Vol. 1, p.
48; C. L, Cocke, R. K. Gardner, B. Curnett, T. Brat-
ton, and T. K, Saylor, Phys. Rev. A 16, 2248 (1977);
M. Rgddbro, E. K. Pedersen, C. L. Cocke, and J. R.
Macdonald, ibid. 19, 1936 (1979). Not shown in Fig. 1
is the 0,94 x10° b cross section for electron capture
from helium to 293-keV protons as reported by T. R.
Bratton, C. L. Cocke, and J. R, Macdonald, J. Phys.
B 10, L517 (1977); results of OBKR and this work are
4.3x10° and 1.5 x10® b, respectively.

%3, R. Macdonald, L., Winters, M, D, Brown, T. Chiao,
and L. D. Ellsworth, Phys. Rev. Lett. 29, 1291 (1972).

%3, R. Macdonald, L. M. Winters, M. D. Brown, L. D.
Ellsworth, T, Chiao, and E. W, Pettus, Phys. Rev.
Lett, 30 251 (1973); Phys. Rev., A 8, 1835 (1973).

253, Datz, B. R. Appleton, J. R. Mowat, R. Laubert,

R. S, Peterson, R. S. Thoe, and I. A, Sellin, Phys,
Rev. Lett. 33, 733 (1974).

23, R. Mowat, I. A, Sellin, P. M. Griffin, D. J. Pegg,
and R. S. Peterson, Phys. Rev. A 9, 644 (1974).

2TF, Folkman, J. Borgreen, and A. Kjeldgaard, Nucl.
Instrum. Methods 119, 117 (1974).

%3, J. Czuchlewski, J. R, Macdonald, and L, D, Ells-
worth, Phys. Rev. A 11, 1108 (1975).

2F, Hopkins, N. Cue, and V. Dutkiewicz, Phys. Rev. A
12, 1710 (1975).

. Hopkins, R. Brenn, A. R. Whittemore, N. Cue,
V. Dutkiewicz, and R. P, Chaturvedi, Phys. Rev. A 13,
74 (1976).

3R, R. Randall, J, A. Bednar, B. Curnette, and C. L.
Cocke, Phys. Rev. A 13, 204 (1976).

%R, K. Gardner, T. J. Gray, P. Richard, C. Schmiede-
kamp, K. A, Jamison, and J. M. Hall, Phys. Rev. A
15, 2202 (1977).

. Tawara, P, Richard, T. J. Gray, J. Newcomb,
K. A, Jamison, C. Schmiedekamp, and J. M, Hall,
Phys. Rev. A 18, 1373 (1978); Jpn. J. Appl. Phys. 17,
Suppl 17-2, 383 (1978).
gy, Tawara, P. Richard, T.J. Gray, P. Pepmiller,
J. R. Macdonald, and R. Dillingham, Phys. Rev. A 19,
2131 (1979).

%A, Fahlenius and P, Jauho, Ann, Acad. Sci, Fenn. Ser.
A6 367, 3 (1971); C. L. Cocke and R. Randall, Phys.
Rev, Lett. 30, 1016 (1973); R. F. Carlton, R. P. Chat-
urvedi, C. C. Sachtleben, J. Lin, and J. L. Duggan,
Bull, Am, Phys, Soc. 18, 257 (1973): R. Lear and T. J.
Gray, Phys. Rev. A 8, 2469 (1973); C. C. Sachtleben,
J. L, Duggan, and R. P, Chaturvedi, Bull. Am, Phys.
Soc. 18, 103 (1973); F. D. McDaniel, T. J. Gray,

R. K, Gardner, G. M, Light, J. L. Duggan, H, A, Van
Rinsvelt, R. D, Lear, G. H. Pepper, J. W. Nelson, and

A. R. Zander, Phys. Rev, A 12, 1271 (1975); F. Hop-
kins, R. Brenn, A, R, WhltteEore, J. Karp, and S, K,
Bhattacherjee, ibid. 11, 916 (1975); F. Hopkins,

R. Brenn, A, R. Whittemore, N, Cue, and V, Dutkie-
wicz, Phys. Rev. A 11, 1482 (1975); R. M, Wheeler,
R. P. Chaturvedi, J. L, Duggan, J. Tricomi, and P. D,
Miller, ibid. 13, 958 (1976); T. dJ. Gray, P. Richard,
K. A, Jamison, J. M, Hall, and R, K, Gardner, ibid.
14, 1333 (1976); R. R. Randall et al. (1976) in Ref. 313
E. Kolatay, D. Berényi, I. Kiss, S. Ricz, G. Hock,
and J. Bascd, Z. Phys. A 278, 299 (1976); R. K.
Gardner et al. (1977) in Ref. 32; F. D. McDaniel, J. L.
Duggan, P. D, Miller, and G. D, Alton, Phys, Rev. A
15, 846 (1977); 16, 2198(E) (1977); C. Baur, R. Mann,
and W. Rudolph, Z. Phys. A 287, 27 (1978); G. Bonani,
C. Stoller, M. Stockli, M, Suter, and W, Wolfli, Helv.
Phys. Acta 51, 272 (1978); R. K. Gardner et al. (1979)
in Ref. 4; R, Mehta, F. D, McDaniel, J. L. Duggan,
and P. D. Miller, ibid. 19, 1363 (1979); J. A. Tanis,
W. W. Jacobs, and S. M. Shafroth, Phys. Rev. A 22,
483 (1980).

%G. Basbas, in Abstracts of the Papers of the Ninth
International Conference on the Physics of Electronics
and Atomic Collisions, Seattle, 1975, edited by J. S.
Risley and R. Gaballe (University of Washington,
Seattle, 1975), p. 502; R. Laubert and W. Losonsky,
Phys. Rev. A 14, 2043 (1976); F. K, Chen, G. Lapicki,
R. Laubert, S. B. Ellston, R. S. Peterson, and I, A,
Sellin, Phys. Lett. 60A, 292 (1977); G. Lapicki, F. D,
McDaniel, and G. Basbas, Bull, Am, Phys. Soc. 23,
1052 (1978). -

For interpolation we assumed oy y=AE?, with A and B
fixed to reproduce the measured cross sections around
their interpolated value.

%M. 0. Krause, J. Phys. Chem. Ref. Data 8, 307 (1979).
These fluorescence yields are not corrected for multi-
ple ionization which, with increasing Z;/Z,, enlarges
their values. For example, as suggested by Macdonald
et al. (1973) in Ref, 24, to analyze the data for K-shell
ionization of jgAr by 9F (z,/z2- 1/2), wP® =0,184 was
used in Fig. 2 whereas Krause’s value is 0.118. The
calculated x-ray production cross section in Figs. 3
and 4 and their ratios to the data in Fig, 5 therefore,
would be appropriately larger if the fluorescence
yields were to be corrected for multiple ionization.

$9This theory was developed in the prior formulation
with the projectile perturbing the initial state of the
electron on the target; in the Z; > Z, limit the post
approach with the target perturbing the final state of
the electron on the projectile should be employed.
When Z,/Z,—1 some symmetrized version of both
formulations ought to apply and result in larger cross
sections than either one of these approaches because
of the cancellation of the binding effects.



