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Resonant Electron Transfer and Excitation in Two-, Three-, and Four-
Electron 20Ca + and 23V

+ Ions Colliding with Helium

J. A. Tanis and E. M. Bernstein
Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008

and

W. G. Graham
Physics Department, The New University of Ulster, Coleraine BT52 ISA, Northern Ireland

and

M. P. Stockli
Department of Physics, Kansas State University, Manhattan, Kansas 66506

and

M. Clark
Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 275l4

and

R. H. McFarland
Department of Physics, University ofMissouri, Rolla, Missouri 65401

and

T. J. Morgan
Physics Department, 8 esreyan University, Middfetown, Connecticut 06457

and

K. H. Berkner, A. S. Schlachter, and J. W. Stearns
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

(Received 27 December 1983; revised manuscript received 1 October 1984)

Significant new evidence is reported for resonant transfer and excitation in ion-atom col-
lisions. This process, which is analogous to dielectronic recombination, occurs when a target
electron is captured simultaneously with the excitation of the projectile followed by photon
emission. Strong resonant behavior with structure, in agreement with theoretical calcula-
tions, is observed in the cross section for projectile K x rays coincident with single electron
capture for 100—360-MeV 20ca&6+, i7+, is+ and 180—460-MeV 23V +' +' + ions colliding
with helium.

PACS numbers: 34.50.Hc, 32.30.Rj, 34.70.+e

In the collision of an ion and an atom, fundamen-
tal atomic processes such as excitation, ionization,
and charge transfer take place. Recent studies' in-
dicate that excitation of the ion and capture of a
bound target electron can occur simultaneously in a
single collision to form an intermediate excited
state. This state will subsequently decay by either
photon emission or Auger electron emission. If the
deexcitation is by photon emission, the entire pro-
cess is termed resonant transfer and excitation
(RTE). RTE is analogous to dielectronic recom-
bination3 (DR) which occurs when the capture of a
free electron is accompanied by simultaneous exci-
tation of the ion followed by photon emission.

In the case of DR, the formation of an intermedi-
ate state proceeds via an inverse Auger transition
and hence is resonant for incident electron energies
equal to the corresponding Auger electron energies.

RTE is also a resonant process since the mechanism
for the production of discrete intermediate states is
analogous to an inverse Auger transition, except
that the captured electron is initially (weakly)
bound. The resonant condition for RTE occurs
when the incident ion energy is such that the target
electron energy in the rest frame of the ion is equal
to one of the Auger electron energies. Many inter-
mediate resonance states are possible for both RTE
and DR, each one corresponding to an allowed
Auger transition. A formal theoretical treatment of
simultaneous charge transfer and excitation in ion-
atom collisions has recently been developed by
Feagin, Briggs, and Reeves. Correlated two-
electron processes such as RTE and DR are of fun-
damental interest; in addition these processes may
have important applications in the investigation of
astrophysical and laboratory plasmas. ~ Cross sec-
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tions for both RTE and DR have been measured
only recently.

As a specific example of the RTE mechanism
consider a lithiumlike ion in its ground state
(Is 2s) incident on a He target. In the collision,
E-shell excitation of the ion occurs simultaneously
with the capture of a bound target electron to pro-
duce an intermediate excited state such as
(Is2s2p ). Deexcitation of this intermediate state
by K x-ray emission (Kn in this case) completes
the RTE process.

Experimentally, observation of a resonant be-
havior in the cross section for x rays (resulting from
the decay of the intermediate excited state) coin-
cident with electron capture identifies the RTE
mechanisms and distinguishes it from competing
processes. Since the velocity component of the tar-
get electrons (due to their orbital motion) along the
beam axis contributes to the relative velocity, the
widths of the individual resonance states reflect the
distribution of target electron momenta, i.e., their
Compton profile. Generally, this distribution is
sufficiently wide to produce an overlapping of the
separate intermediate resonance states such that in-
dividual states are not resolved. Instead, a broad
resonantlike structure composed of the sum of con-
tributions from many states is expected.

The first experimental evidence for the existence
of RTE was obtained in S' + + Ar collisions. How-
ever, the theoretical interpretation of these results
is complicated by the complexity of the argon target
with its three electronic shells. Investigation of
RTE in collisions of ions with helium targets prom-
ises a simpler interpretation, since the target elec-
trons are weakly bound compared to the kinetic en-
ergy of the projectile. Furthermore, a helium target
is expected to give a smaller "resonant" width due
to the narrower electron momentum distribution
for the helium electrons compared to those in ar-
gon.

In this Letter significant new evidence for the
RTE process is presented for calcium and vanadium
ions with two, three, and four electrons incident on
helium. Ions in all three incident charge states ex-
hibit strong resonant behavior consisting of two
maxima in the energy dependence of the cross sec-
tion for projectile E x rays coincident with single
electron capture. Calculations of the RTE cross
sections according to the method of Brandt are in
good overall agreement with the measurements.

Measurements were performed using the Super-
HILAC at the Lawrence Berkeley Laboratory. The
apparatus and the experimental procedures have
been described elsewhere. Total K x-ray yields and

E x-ray yields coincident with single electron cap-
ture were measured as a function of gas pressure
and found to be linear, indicating that single-
collision conditions prevailed.

Figure l(a) shows the cross section for total pro-
jectile E x-ray emission, o-~ &, and the cross sec-
tion for projectile E x rays coincident with single
capture, o-& &, for 20Ca' + ' + ' ++He collisions.q —1

Relative uncertainties are generally less than + 5%
for o-z

& and less than + 10% for a-z &. Systemat-
ic uncertainties due to x-ray detection efficiency
and solid angle lead to an overall uncertainty in the
absolute cross sections of about + 20%. Figures
1(b) and 2(a) show the measured o-~

& for 20Ca' +

and 23V2 + ions (lithiumlike in each case) and the
calculated RTE cross sections based on the method
of Brandt. Also shown are the calculated energy
positions and relative contributions of the inter-
mediate resonance states for dielectronic recom-
bination. ' " For vanadium the measurements ex-
tend to 460 MeV which is the highest beam energy
obtainable for 'V at the SuperHILAC. It is seen
from Fig. 1(a) for Ca~+ that o.z & varies slowly
with energy while strong resonant behavior with
two maxima is observed in the energy dependence
of a-z p. Similar results were obtained for vanadi-
um ions with incident charge states q = 19+, 20+,
and 21+. Contributions to the measured o-z

& for
heliumlike 20Ca' + and 23V

'+ from 1s 2s meta-
stable states due to capture (without accompanying
excitation) to an excited state followed by x-ray
emission are expected to be small

The data in Figs. 1 and 2(a), at the highest and
lowest beam energies indicate that the nonresonant
contribution to o-g p is small, in contrast to the
previous results obtained for S' + + Ar. This non-
resonant part may be due to uncorrelated capture
and excitation in a single collision with one target
atom. For helium targets the smaller nonresonant
yield is probably due to the lower electron capture
and K-shell excitation probabilities compared to Ar.
Recent calculations' predict that, in the "reso-
nance" region, the nonresonant part of o-z

&
should be a factor of about 10 lower than the
resonant part for the collision systems studied
here. '"

The maxima in o-&
& are attributed to RTEq —1

which occurs as a result of the formation of inter-
mediate resonance states (for lithiumlike ions) such
as 1s 2s 1s2s 2p, 1s2s2p, 1s2s 3p, etc. fol-
lowed by K x-ray emission. From Figs. 1(b) and
2(a) the shape, magnitude, and energy position of
the calculated RTE cross sections for Ca' + and
V + are observed to give reasonable overall agree-
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FIG. 1. (a) Projectile cross sections for 100—360 MeV
Ca~++He for q = 16+, 17+, and 18+. o-~

& is the
cross section for the total calcium E x-ray production.
o-~

& is the cross section for calcium K x rays coincident
with single-electron capture events. The solid lines are
drawn to guide the eye. (b) a-~~ a for Ca' ++He. The
solid curve is the calculated (Ref. 8) RTE cross section.
The vertical bars give the theoretical positions and rela-
tive intensities of the intermediate states for dielectronic
recombination (Refs. 10 and 11). The notation n = 2, 3,
etc. refers to the principal quantum numbers of the two
electrons in these intermediate states. The two states
near 210 MeV are the n = 2, 2 states.
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Based on the theoretical dielectronic recombina-
tion energies' " [see Figs. I (b) and 2 (a) ] the
lower-energy maximum corresponds to intermedi-
ate resonance states for which the excited and the
captured electrons occupy levels with principal
quantum numbers n = 2, 2, i.e., 1s 2s 2p and
1s 2s 2p . The higher-energy maximum corre-
sponds to intermediate states 1s2s 3p, 1s2s2p3p,
1s 2s 2p 4p, etc. , for which n = 2, ~ 3. Thus those
intermediate states populated in the collision which
give rise to the low-energy peak decay by En tran-
sitions only, while the higher-energy peak contains
contributions due to both K n and KP.

Figure 2(b) shows the ratio of Kn coincidences
with single electron capture to all K x-ray (i.e. ,

300

E (MeV)

FIG. 2. (a) a-g & for V ++He. See caption for Fig.
1(b). (b) Ratio of Kn coincidences with single electron
capture to all K x-ray (i.e., Ka+KP) coincidences with
single capture for V + ions. The line is drawn to guide
the eye.
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K n + K P) coincidences with single capture for
V + ions. In the region of 360 MeV, this ratio is
essentially unity. Thus, almost all the coincidences
near 360 MeV are associated with Ko., indicating
that the transitions which contribute to n-z p in
this energy region are due to n = 2, 2 states. In the
region of 435 MeV about 85% of the coincidences
are with Lo.. For energies & 300 MeV, the plotted
ratio indicates the fraction of coincidences resulting
from E n emission for uncorrelated capture and ex-
citation events. Similar results are found for Ca'7+
ions.

The correlation of certain energy regions within
the resonant structure with specific n states, as
predicted by the RTE calculations, provides very
strong evidence that the observed maxima in c-

are, in fact, due to RTE. Furthermore, this partial
resolution of the intermediate states into the groups
n = 2, 2 and n = 2, ~ 3 is significant since it allows
both the absolute magnitudes and the relative
heights of these groups to be compared with theory.

The reasonable agreement of the positions of the
maxima and the relative heights of the peaks in

crrr p with the calculations [Figs. 1(b) and 2(a)]
suggests that the relative probabilities for the popu-
lation of groups of intermediate states with specific
n values in the RTE process are nearly the same as
those calculated for dielectronic recombination.
Thus it would appear likely that RTE measurements
will be useful in testing DR calculations, particular-
ly for highly ionized ions.

In summary, important new evidence for the ex-
istence of resonant transfer and excitation has been
presented. The use of a helium target simplifies the
theoretical interpretation of the experimental re-
sults compared to previous measurements with
many-electron targets. The observation of two
maxima in the cross section for E x-ray production
associated with electron capture provides a more
detailed and critica1 test of the RTE theory and the
calculated dielectronic recombination cross sections
which go into the theory. The experimental results
are in general agreement with the predictions of this
theory. Apart from any connection to dielectronic
recombination, the 1arge resonant contribution to
the coincidence yield due to RTE demonstrates the
fundamental significance of this process and indi-
cates the necessity of including RTE in theoretical
formulations of ion-atom collision interactions.

The authors would like to thank Professor W. E.
Meyerhof for the use of his Si(Li) detector, Dr.
Dick McDonald for his assistance at the SuperHI-
LAC, Professor Y. Hahn for providing his calcula-
tions prior to publication, and Dr. R. V. Pyle for his

considerable and continued support of this project.
This work was supported in part by the U.S. Depart-
ment of Energy, Division of Chemical Sciences
under Contract No. DE-AC 02-83ER13116, by the
Research Corporation, by the Science and En-
gineering Research Council, Great Britain, and by
the U. S. Department of Energy, Office of Fusion
Energy.

J. A. Tanis, S. M. Shafroth, J. E. Willis, M. Clark,
J. Swenson, E. N. Strait, and J. R. Mowat, Phys. Rev.
Lett. 47, 828 (1981).

2J. A. Tanis, E. M. Bernstein, W. G. Graham,
M. Clark, S. M. Shafroth, B. M. Johnson, K. W. Jones,
and M. Meron, Phys. Rev. Lett. 49, 1325 (1982).

3A. Burgess, Astrophys. J. 139, 776 (1964), and 141,
1588 (1965).

4J. M. Feagin, J. S. Briggs, and T. M. Reeves, J. Phys.
B 17, 1057 (1984).

~A. L. Merts, R. D. Cowan, and N. H. Magee, Jr. , Los
Alamos National Laboratory Report No. LA-6220-MS,
1976 (unpublished).

6J. B. A. Mitchell, C. T. Ng, J. L. Forand, D. P. Levac,
R. E. Mitchell, A. Sen, D. B. Miko, and J. Wm.
McGowan, Phys. Rev. Lett. 50, 335 (1983); D. S. Belie,
G. H. Dunn, T. J. Morgan, D. W. Mueller, and C. Tim-
mer, Phys. Rev. Lett. 50, 339 (1983); P. F. Dittner,
S. Datz, P. D. Miller, C. D. Moak, P. H. Stelson,
C. Bottcher, W. B. Dress, G. D. Alton, N. Neskovic, and
C. M. Fou, Phys. Rev. Lett. 51, 31 (1983).

7D. Brandt, Phys. Rev. A 27, 1314 (1983).
8C. S. Oglesby, E. M. Bernstein, and J. A. Tanis, Bull.

Am. Phys. Soc. 29, 743 (1984).
J. A. Tanis, E. M. Bernstein, M. P. Stockli, W. G.

Graham, K. H. Berkner, D. J. Markevich, R. H. McFar-
land, R. V. Pyle, J. W. Stearns, and J. E. Willis, Phys.
Rev. A 29, 2232 (1984).

D. J. McLaughlin and Y. Han, Phys. Lett. 88A, 394
(1982) .

ttI. Nasser and Y. Hahn, J. Quant. Spectros. Radiat.
Transfer 29, 1 (1983); Y. Hahn, private communication.
The energies of the intermediate states for Ca' + and
V + ions were scaled from those for S' + (Ref. 10) as-
suming that these energies increase as Z .

H. Gould, R. Marrus, and P. J. Mohr, Phys. Rev.
Lett. 33, 676 (1974).

J. M. Feagin and T. M. Reeves, private communica-
tion.

i4In another recent experiment, measurements over a
wider energy range (15-200 MeV S' + + He collisions)
provide additional evidence for a small nonresonant con-
tribution to o-~

& in the resonance region in agreement
with the predictions of Ref. 13. J. A. Tanis, E. M. Bern-
stein, C. S. Oglesby, W. G. Graham, M. Clark, R. H.
McFarland, T. J. Morgan, B. M. Johnson, K. W. Jones,
and M. Meron, unpublished.

2554


	Resonant Electron Transfer And Excitation In Two-, Three-, And Four- Electron Caq +20 And Vq +23 Ions Colliding With Helium
	Recommended Citation

	Resonant Electron Transfer and Excitation in Two-, Three-, and Four- Electron _{20}Ca^{q +} and _{23}V^{q +} Ions Colliding with Helium

