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Intermediate-velocity atomic collisions. III. Electron capture in 8.6- MeV/amu Ca ions
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Electron-capture cross sections by 8.6-MeV/amu Ca'®*, Ca!’*, and Ca?®* beams were measured
in gas targets from H, to Xe. Measurements were made of total electron capture as well as of elec-
tron capture in coincidence with projectile K x rays. Comparison with the eikonal approximation
shows a reasonable agreement with the experimental data. The effect of various metastable states of
the heliumlike Ca'®* ion created by electron capture for Ca'®* projectiles is analyzed, showing that
these states play an important role in the detected x-ray yields.

I. INTRODUCTION

Electron-capture physics has been an object of inten-
sive study during the past decade. Revealing features of
this complex collision mechanism, such as the impor-
tance of the long-range character of the Coulomb interac-
tion! =3 or the use of target-centered continuum wave
functions to mediate the capture reaction,*> are current-
ly coming to light and allowing a better understanding of
the capture process. Despite this continuous effort, a
unified treatment that accounts for a wide range of ener-
gies and collision symmetries has not yet come forth.

The present status of the theoretical development is
limited to some specific situations such as symmetric col-
lisions at low velocities in which a molecular picture can
be used,® or asymmetric collisions at high velocities
where a large number of investigations have been made in
recent years.1_5'7_“’ At present, the search for a more
comprehensive model is one of the main theoretical prob-
lems to be solved. In this regard, the study of the
intermediate-velocity region (in which the projectile ve-
locity approximately matches the Bohr velocity of the
electron to be captured) is particularly important. As a
matter of fact, it is in this regime that differences between
various high-velocity theories emerge in a dramatic way
even for asymmetric (weak perturbation) systems.

From the experimental point of view, many parameters
(projectile and target species, charge state, energy) can
and should be varied in order to make a selection among
various theoretical models. So far, we have studied elec-
tron capture by intermediate-velocity, highly stripped
ions with atomic numbers Z,=6, 54, and 92.7°'"
Electron-capture data for fast highly charged ions be-
tween Z,=6 and 54 are scarce. 16 The main purpose of
this paper is to provide some systematic measurements in
this Z, region.

Beams of 345-MeV Ca!®8+'19+:20+ were used to study
single-electron capture on H,, He, N,, O,, Ne, Ar, K,
and Xe targets. The projectile velocity was such that
v,=0.93Z, (v, is the projectile velocity in atomic units).
In this way, we scanned collision systems ranging from
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v,>>Z, (Z, is the target atomic number) to v, <<Z,.
Due to the wide range of v, /Z,, a full theoretical descrip-
tion of the experimental results is a difficult task. As a
guide to interpret the experimental data, the eikonal ap-
proximation'*!7~1% was used throughout this work, even
though it is applicable only if v, /(Z,/n,)>>1, where n,
is the principal quantum number of the shell from which
the target electron is captured.

The experimental method is described in Sec. II. Sec-
tion III is separated into two subsections. The first
presents the results of singles (noncoincidence) measure-
ments which provide the total single-electron capture
cross sections. The second presents the results of coin-
cidence measurements in which only those electron cap-
ture events resulting in projectile K x-ray emissions are
recorded. For a Ca'®* incident beam, the coincidence
experiments revealed the importance of the metastable
states of He-like Ca'®** in inhibiting the projectile K x
rays detected. Finally, Sec. IV gives a summary of the
main conclusions.

II. EXPERIMENT

The apparatus used in this experiment has been de-
scribed in a previous paper? (paper II) and only a few de-
tails will be recalled. Ca'®*!"+20+ peams from the
Lawrence Berkeley Laboratory SuperHILAC were sent
through a differentially pumped gas cell. The emerging
beam was magnetically analyzed and directed into a
detector box.

The detector box housed two kinds of detectors. For
the singles measurements, a parallel-plate avalanche
counter (PPAC) was used to record three charge states
simultaneously. For the coincidence measurements, a
pair of scintillation counters was used. Each scintillator
was able to detect ions in two charge states. This was
possible because one half of each scintillator was covered
with a 1-um-thick Al foil. Particles that hit that portion
of the detector could be separated from the other group
(with a different charge state) by the difference in pulse
height produced in the scintillator.
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For the coincidence measurements, a 16-mm-diam
Si(Li) detector positioned at 90° with respect to the in-
cident beam was used to detect the Ca x rays. The sig-
nals from the x-ray detector, together with those from the
scintillators, were sent to fast-slow coincidence electron-
ics and into a computer-based data acquisition system.

The data were analyzed by the growth-rate method
from which the individual cross sections could be deter-
mined.?® At least four pressures were measured for each
charge-state yield and the background was frequently
recorded to check contributions from the residual gas of
the system (about 10~ Torr). In the H, case, where the
cross sections are particularly sensitive to the presence of
impurities, care was exercised to keep the gas cell at low
pressures for a long time before the gas was inserted. As
a whole, uncertainties of 10% and 30% must, respective-
ly, be assigned to the measured single and coincidence
cross sections.

III. RESULTS AND DISCUSSION

A. Singles measurements

The measured total electron capture cross sections are
presented in Table I and displayed in Fig. 1. In this
figure, we also show the results of the coincidence mea-
surements (which are discussed in Sec. III B) and the re-
sults of the eikonal calculations.'”!® The solid, dashed-
dotted, and dashed curves are the theoretical predications
for Ca?®*, Ca'®*, and Ca'®* projectiles, respectively.

The eikonal calculations were carried out by using hy-
drogenic wave functions for projectile and target states.
Inner and outer screening was taken into account, as de-
scribed in Ref. 19. All the target electrons were included
in the calculations and the summation over the projectile
final states was extended up to n=10.

The prior form of the eikonal approximation was used
in all cases. As shown below, for all targets used, capture
is more likely to proceed into the higher projectile orbit-
als. Consequently, with few exceptions, Z, /n,, is smaller
than Z,/n, (n, and n, are the principal quantum num-
bers of the projectile and the target states, respectively).
Hence the criterion described in Ref. 17 for use of the
prior form is satisfied. Because the post-prior criterion
greatly complicates the calculations and does not neces-
sarily improve the results, !° the prior form was also used
for the lighter targets where the criterion for the prior
form is not satisfied.

TABLE I. One-electron-capture cross sections (singles mea-
surements). (Typical uncertainties are +10%.)

(107" cm?/at.)

Target Ca%+ Cal’+ Ca'd+
H, 0.13
He 5.8 3.7 5.3
N, 8.4 7.3 7.8
Ne 15 9.1 12
Ar 32 22 22
Kr 62 62 53
Xe 94 110 88
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We used three molecular targets (H,, N,, and O,). For
these targets the projectile velocity is much larger than
the electron orbital velocities. Under these conditions
the capture cross sections are sensitive only to the
higher-momentum components of the target wave func-
tions and molecular effects are expected to be of minor
importance. Thus we obtained the atomic cross sections
for these targets by dividing the molecular cross sections
by 2.

Figure 1 shows that the eikonal approximation repro-
duces the general trend of the experimental data. The
difference between theory and experiment is about 50%
for v, ~2Z, and increases with Z,, reaching a factor 3 for
v,~Z,/3. A possible reason for the increase of the
discrepancy with Z, can be found with the aid of Fig. 2.
In this figure we show the fractional contribution from
the various target shells to the total capture cross section.
It can be seen from this figure that for Z, > 15 the contri-
bution due to the L and M electrons becomes dominant.
Hence we would expect the eikonal approximation to
give improved results, since it requires v, >Z,/n,,
Z,/n,. However, the high-momentum components of
these states are not properly described by the simple
single-parameter wave function utilized. We expect that
the use of a more refined set of target wave functions
might improve the agreement with experiment. !°

The above discussion sets forth the importance of the
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FIG. 1. Electron-capture cross sections by Ca**+, Ca'®*, and
Ca'®* beams for the singles measurements (®, A, and 0) and
for the coincidence measurements (O,A) as a function of the
target atomic number Z,. The theoretical curves are the eikonal
calculations for Ca?®* (——), Ca"®* (—.—.—. ), and Ca'®*
(— — —). Some points are slightly shifted horizontally for
better visualization.
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FIG. 2. Calculated fractional electron capture from the vari-
ous target shells into all the projectile states (up to n=10) as a
function of the target atomic number for Ca®+.

higher target shells for the total electron capture. In fact,
it can be seen from Fig. 2 that in the Ar case, for exam-
ple, the fractional contribution from the L shell is about
two times larger than the contribution from the K shell.
But it is for the Ar K shell that velocity matching occurs
(Z,~v,~2Z,x) and, as a consequence, we might have ex-
pected a larger contribution from the K shell than from
the L shell. The reason for the inversion arises from the
larger number of electrons in the L shell. Figure 3 shows
the contribution per electron from each target shell to the
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FIG. 3. Calculated electron capture per electron from the
various target shells into all the projectile states (summed up to
n=10) as a function of the target atomic number for Ca®*.
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capture cross section. The summation over the projectile
final states was done as before. Compared with Fig. 2, we
can see that the maximum of L-shell contribution is
clearly shifted towards a higher value of Z,. For the Ar
target, the K-shell contribution per electron is about two
times larger than the contribution from the L shell,
which is the result expected (at least qualitatively) from a
velocity-matching argument. The results displayed in
Fig. 2 can now be understood by realizing that there are
four times more L than K electrons, yielding in this way a
contribution of higher shells at a lower Z, larger than ex-
pected. This discussion points out that the simple
velocity-matching arguments commonly used to select
the most important shell for a given projectile velocity
must be used with care.

An interesting point that can be seen from Fig. 1 is
that, for each target, the cross sections have a very weak
charge-state dependence. This is true for both the experi-
mental points as well and the theoretical predictions.
This insensitivity of the cross sections to the projectile
charge state, which we found also with Zp =54 and
92,'718 comes from the fact that in the present case, the
capture preferentially occurs into the higher projectile or-
bitals. Hence the occupancy of the K-shell orbital by one
or two electrons changes only the effective potential seen
by an outer-shell electron and has only a small effect on
the capture cross sections. Figure 4 shows the fractional
contribution to the capture from the various projectile
shells in Ca®*. It is clear from this figure that the cap-
ture into the projectile K shell gives only a small contri-
bution to the total cross section for the whole range of
Z,. As a consequence, approximately the same total cap-
ture cross section is obtained no matter whether the pro-
jectile K shell is empty or full. The predominance of the
capture into the L shell compared to that into the K shell
is basically due to the large number of final orbitals avail-
able in the L shell. Per orbital, almost the same cross sec-
tion is obtained for these two shells, except for the lighter
targets.
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FIG. 4. Calculated fractional electron capture for all the tar-
get electrons into the specified projectile state as a function of
the target atomic number for Ca?®+.
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B. Coincidence measurements

The coincidence measurements were carried out by
recording events where the emergent ion Ca'? "+ (from
an incident beam Ca?*) are in coincidence with a projec-
tile K x ray. In other words, the capture events in these
measurements must take place into projectile states that
provide, directly or by cascading, Ca K x rays emitted by
the projectile in front of the detector window.

The experimental results for the Ca®®* and Ca'®*
beams are presented in Table II, as well as in Fig. 1. The
coincidence data were normalized by using the same nor-
malization factor obtained from measurements of Ca'®*
excitation cross sections.?’ It can be seen from Fig. 1
that the Ca®®* coincidence data lie only slightly below
the singles data. The Ca'®* coincidence data, on the oth-
er hand, fall clearly below all the other data and are ap-
proximately a factor of 2 smaller than that of Ca?*
(Table II).

Our analysis of the singles data (Sec. III A) shows that
the contribution from the 1s projectile state to the total
capture cross section is small compared to that of projec-
tile excited states. For this reason, we expect at first
glance that the coincidence experiment should give re-
sults comparable to the singles measurements. However,
the coincidence measurements have the further con-
straint that only those states which decay by K x-ray
emission within the view of the detector are recorded.
This restriction eliminates from the measurements some
long-lived metastable states. As a consequence, the num-
ber of detected K x-ray-particle coincidence is reduced.
We now make quantitative estimates of this reduction.

Let us consider the Ca®®* case. As a result of the cap-
ture into the L or higher shells, the L-shell states are
filled following some kind of distribution. If we suppose,
for simplicity, that this distribution is statistical, the 2s
states contribute 4 of these transitions. Under these con-
ditions, only 3 of the electrons captured into the L or
higher shells are followed by a sufficiently fast x-ray emis-
sion. We then expect that the cross sections obtained in
the coincidence measurements should be approximately 3
of those obtained in the singles measurements. Natural-
ly, this approximation neglects the contribution of the
capture into the Ca?®* K shell, as well as those decaying
modes that do not involve the projectile L shell (the 3p-1s

TABLE II. One-electron-capture cross sections (coincidence
measurements). (Typical uncertainties are £30%.) Numbers in
square brackets are powers of ten.

(107" cm?/at.)
Target Ca20+ Cal+
H, 2.5[—3]
He 1.6[—2]
N, 42 1.9
0, 2.7
Ne 9.5 4.8
Ar 15 6.7
Kr 35 18
Xe 26

transition, for example). In the present case, these contri-
butions are not so large as to change significantly the
scenario described above.

The Ca'®* case is more complicated. The resulting
Ca'®* is a heliumlike ion in which some transitions in-
volving the n=2 level have a very long lifetime due to re-
strictions imposed by angular momentum and parity con-
servation.?! Figure 5 shows schematically the Ca'’*
n=1 and 2 energy levels. Transitions which have the
smallest lifetimes for decay into the s state are shown, as
computed by Lin et al.?! The subsequent analysis is
based on these calculations.

Let us examine which transitions are able to contribute
to the detected x-ray yield. The 23S, M1 transition has a
decay length (equal to v, 7, where 7 is the half-life of the
transition) of about 280 cm, much larger than the cell
length (4.09 cm) and is disregarded. The two E1 transi-
tions into the fundamental state have decay lengths of
2.5%107° cm and 8.4X 107> cm and should be con-
sidered. The 2°P,—1'S, M2 transition has a calculated
decay length of 5.4 cm, comparable to the cell length.
Marrus and Schmieder?? measured the lifetime of this
transition in Ar'®*, finding a result that is about two
times smaller than the calculation of Ref. 21. Since Ar is
very close to Ca, it is possible that the calculated decay
length (5.4 cm) is overestimated. The analysis of this
transition becomes even more complicated since the 2 *P,
state can also decay into the long-lived 2 3Sl state by an
E1 transition. According to Ref. 21, about 40% of the
2°*P, transitions follow this decay mode which does not
contribute to the measured x-ray yield.

As a first estimate, we assume that the 23P2-1 'SO
branch is sufficiently short-lived to decay within the view
of the detector, while the 2 *P,-2>S, branch is not detect-
ed. Under these conditions, only about 60% of the popu-
lation of the 23P2 state, together with the two fast El
transitions, is detected. Assuming again a statistical pop-
ulation distribution over the various n=2 states, we infer
that the measured coincidence cross sections for capture
in Ca!®* should be about 2.6/8 of the singles cross sec-
tions.

In Fig. 6 we display the same theoretical eikonal total-
capture calculations as in Fig. 1 together with the singles
and corrected coincidence data. The coincidence data
were multiplied by their respective decay factors estimat-
ed above in order to restore the total-capture data. The
experimental points of the Ca?’* beam were multiplied

2'p,
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E =0
23s,
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FIG. 5. Relevant energy levels and decay scheme of the heli-
umlike ion Ca'¥*.
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FIG. 6. Electron capture by Ca®*, Ca'°*, and Ca'** beams.
The theoretical curves and the singles data are the same as in
Fig. 1. The 20 + —19 + coincidence data were multiplied by
%. The 19 + — 18 + coincidence data were multiplied by 8/2.6
(see text.) Some points are slightly shifted horizontally for
better visualization.

by £, whereas those from the Ca'’* were multiplied by
8/2.6. It is clear from this figure that all the experimen-
tal points now coalesce within experimental errors, corro-
borating the previous analysis and showing the consisten-
cy of the experimental data reported. (This coalescence
also provides a check on the normalization of the coin-
cidence data used in Ref. 20 and here.)

IV. CONCLUSIONS

In the present work, electron capture by highly ionized
projectiles in several gaseous targets is studied. Our
analysis is based on the eikonal approximation which
gives a reasonable quantitative estimate of the experimen-
tal measurements and allowed to show the consistency of
the data for all targets studied.

The projectile energy in this experiment was chosen to
match approximately the projectile K-shell Bohr velocity.
For the Ar target, this energy also matches its K-shell or-
bital velocity and this condition maximizes the capture

matrix element for K-shell capture. Despite this maximi-
zation, the contribution of higher-lying shells to the total
capture cross sections is more important. In fact, in this
intermediate-velocity regime, the L-shell contribution to
the total electron capture is significant even if the projec-
tile velocity is about three times larger than the orbital
velocity of the L electron. The same applies to the M
shell. The large influence of the outer shells prevents a
good quantitative description of the experimental data if
simple hydrogenic wave functions are used in the theory
and may partially explain the failure of the eikonal ap-
proximation for the higher Z,. It is interesting to note
that the velocity matching condition favors an electron
transfer that has an approximately symmetric matrix ele-
ment (v,~Z,~Z,/n,). It is then possible that a sym-
metrized version of the eikonal approximation®>?* gives
an improved description of the experimental data, even
with hydrogenic wave functions. Further study of the to-
tal capture cross section in high-Z elements, using a sym-
metric eikonal approximation with hydrogenic wave
functions and different basis sets, can elucidate the origin
of the disagreement with the experimental data.

The coincidence measurements eliminate capture into
the projectile K shell. We examined the important role
played by metastable states, which hinder the detection
of x rays originating from states with sufficiently long
half-life. The analysis of the coincidence experiments be-
comes difficult if the decay length of the metastable state
is comparable to the length of the target cell (or, to be
more precise, to the length of the trajectory viewed by
the x-ray detector which, in our case, is of the order of
the cell length). Other sources of uncertainties are the
accurate determination the detector solid angle and the
type of distribution of captured electrons over the excited
states, especially if the capture results in the formation of
a two- or more-electron ion. Because of these factors, as
well as experimental uncertainties, a precise determina-
tion of the contribution from these “medium”-lived states
is not possible. For example, the contribution from the
23P,-1!S, transition in Ca'®* could be reduced by as
much as 50% without altering the analysis of the Ca'®™*
coincidence cross sections appreciably.
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