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Occupation of fine-structure states in electron capture and transport
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We study the population of the fine-structure states in excited-state manifolds of hydrogenic Ar

17+ jons

18+

resulting from charge transfer in collisions of 13.6 MeV/amu Ar °* ions with thin carbon foils or CH4 and N,
gases. Experimental information on excited states populations is determined by x-ray spectroscopy of indi-
vidual fine-structure components of the Lyman series allowing for sensitive probes of relativistic effects during
the primary charge transfer and the subsequent transport. We show that the ratio of the populations of the 2p,,,
and 2p;), states provides clear evidence for spin dependent relativistic effects at moderately relativistic speeds.

DOLI: 10.1103/PhysRevA.77.042713

I. INTRODUCTION

Calculation of electron capture in collisions of highly
charged ions with atoms represents a significant challenge
due to the dynamical two-center nature of the problem and
the large number of possible final channels including the
continuum. Relativistic collisions considerably increase the
complexity since it is approximately equivalent to increasing
the dimensionality of the problem. Identifying the borderline
between relativistic and nonrelativistic dynamics provides a
unique and fundamental testing ground for the development
of a universal description applicable in both regimes.

Relativistic effects in charge transfer are well documented
at very high collision velocities v,/c~1 where, for asym-
metric partners (projectile charge > target nuclear charge), it
is dominated by radiative electron capture [1-5]. In this work
we explore relativistic effects in relatively low-velocity (v,
=23 a.u., v,/c=0.17) collisions of fully stripped Ar'®* ions
with various targets. These effects are identified by analyzing
the population of individual fine-structure levels of the ex-
cited states of Ar!'”* produced by electron capture. Relativis-
tic effects result, generically, from two different sources: (i)
relativistic dynamics in a violent collision on a short, typi-
cally subattosecond, time scale as v,=<c inducing spin flips
by Lorentz transformed motional fields or mixing the large
with the small component of the Dirac four component vec-
tor. (ii) Relativistic motion of the electron in its initial and
final atomic orbit leads to modified eigenenergies, i.e., fine-
structure and Lamb shift. These relativistic structure effects
in highly charged ions Z,>1 are present on much longer
time scales. In the present study of capture and transport of
excited states in solids, we find evidence for the interplay
between these two contributions.

This work is an extension of a recent publication [6] ana-
lyzing excited state formation in Ar'®* traversing carbon
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foils. The dynamics of such collision system is quite com-
plex. After an electron capture event takes place, the ion
undergoes a sequence of multiple collisions, radiative decay,
and intrashell mixing due to the wake field induced by the
moving ion. This complexity is associated with the presence
of different time scales governing the relevant interactions:
the binary atomic collision time 75 (<107'® s at moderately
relativistic speeds), the wake-field mixing time 7, the mean
spacing in time between subsequent electron-ion and
electron-electron collisions in the solid, 7¢, leading to deco-
herence and damping, and the radiative relaxation time 7.
Additional time scales of relevance in the present context are
the spin-precession time, the characteristic time associated
with the relativistic fine-structure (FS) splitting, Aegg, Tpg
~(Aegg)™!, and the time scale associated with the Lamb-
shift splitting 7 = (Ag;)~!. We show in the following that
the population of the fine-structure levels depends sensitively
on these competing time scales. In addition, we show that in
the limit of very thin foils, where only a single collisional
process within time 7,4, can take place, a clear discrepancy
between simulations and experiments remains unaccounted
for. This discrepancy is also found for collisions in gases
under single collision conditions. For details of our calcula-
tions and experiments we refer to [6-9]. Atomic units are
used throughout unless otherwise stated.

II. POPULATION RATIO FOR FINE-STRUCTURE STATES

Consider the interaction of a 13.6 MeV/amu Ar'®* ion

with a target 7 consisting of either a thin carbon foil or CH,
and N, gases. Charge transfer in these collision systems is
expected to be dominated by mechanical (i.e., nonradiative)
electron capture from the lowest lying 1s electronic states of
C or N. The interaction leads to a distribution of excited
states

Ar'** + T(1s) — Ar'™(nl)) (1)

that can be quantified in terms of populations P(nl;) (the
fraction of outgoing ions in a given internal fine-structure
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FIG. 1. Schematic diagram of the coherent mixing process in the
n=2 manifold of Ar'”* due to the wake field during transport
through carbon foils. The vertical axis indicates energy splitting and
the height of the bars is proportional to the occupation probability.
The patterned area corresponds to the overall amount of population
shifted by wake-field mixing in transport through the thickest foil.

state nl;) or capture cross sections. In this work we focus
specifically on the ratio of the populations of the 2p,,, and
2ps), states,

_ P(2py))
P(2ps;)

Because nonrelativistic (NR) calculations for charge transfer
include only spin independent interactions, the populations
PNR(nl)) are determined by the populations of orbital angular
momentum states, PNR(nl), i.e., independent of the spin. Spe-
cifically, PNR(nl) can be transformed into the fine-structure
basis simply using statistical factors

2)

12j+1
PR(nl)) = =———PNR(nl). 3
) =25 b (3)

For the n=2 level, Eq. (3) yields a nonrelativistic ratio

NR P NR(2p 1/2)

= gL =05 (4)

P (2p3))

Equations (3) and (4) are a consequence of the disparate time
scales for the atomic collision 7,¢ and the characteristic fine-
structure precession time 7gg, Toc << Trg. Deviations from this
value can be used to sensitively probe spin dependent and
relativistic effects. Clearly, for ion-solid transmission with
multiple collisions and wake-field mixing present (Fig. 1),
the excited atomic states are subject to interactions on a
much longer time for transmission (7), rr=d/v,, (d: typical
thickness of the foil) 7p=1 fs. This time scale is, typically,
larger than 7pg. Therefore deviations from the value RNR
=0.5 are to be expected in ion-solid collisions.

This ratio is experimentally accessible with the help of
high-resolution x-ray spectroscopy of photons emitted in the
relaxation cascade after the interaction (for details see [7,6]).
To reach high precision in the measurement of Lyman inten-
sities I(np—1s), we employ high-transmission high-
resolution Bragg-crystal spectrometers specifically designed
for this type of experiment resolving the two fine-structure
2p; components. Populations are deduced from emission in-
tensities /(np;— 1s). Because these intensities include con-
tributions from radiative relaxation of higher excited states,
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FIG. 2. (Color online) Lyman-a photon intensity ratio R; be-
tween 2p;,, — ls and 2p5,, — s following transport of Ar'’* ions
(initially Ar'®*) through carbon foils as a function of foil thickness
and the corresponding propagation time. Symbols: experiment with
solid and gaseous (CH,) targets; lines: calculations with different
capture density matrices as source; dash-dotted line: calculation ne-
glecting the wake field (equivalent to neglecting coherences).

the ratio of intensities are closely related, but not strictly
equivalent, to Eq. (2). We focus here on the ratio

_1@2pyp— 1s1)

R - )
Y I@psn — 1s1)

(5)
where the spectrometer efficiency does not vary significantly
over this small energy interval such that systematic uncer-
tainties cancel out. The remaining errors are expected to
originate only from statistical uncertainties and Bremsstrah-
lung background. Experiments have been performed on the
LISE (Ligne d’Tons Super Epluchés) facility at GANIL
(Grand Accélérateur National d’Ions Lourds-Caen, France).
Our simulations of R; include cascade contributions which
replenish the population of the ps,, and py), states.

III. RESULTS AND DISCUSSION

The ratio R; for Ar'™* formed by charge transfer into bare
Ar'3* jons transmitted through carbon foils at varying thick-
nesses at a speed of v,=23 au. (Fig. 2) clearly displays
spin-dependent relativistic effects. The measured ratio of in-
tensities can be as large as R;=0.66 for the largest foil thick-
nesses. In the single collision limit of very thin foils the ratio
decreases to a value close to ~0.5 but is systematically about
~10% larger than expected. In order to identify the true
single collision limit, we have also performed experiments
using fully stripped Ar'®* ions that are directed onto a gas-
eous carbon target (CH,). Due to the long mean free path
(MFP) for capture the projectile interacts only once with the
dilute gas. Measurements with N, gas targets show similar
results (i.e., the nuclear charge Z;=7 is very similar to that
of C, Z;=6). Experimentally, whatever the gas (CH, or N,)
is, we find a value of R;=0.54=0.011.

Figure 2 displays the result of several simulations for the
interaction with carbon foils using the method described in
[6]. The simulations predict the outgoing distribution of ex-
cited states in solids by means of a partially coherent multi-
step process. First, charge transfer in a close collision be-
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tween the projectile and a target atom takes place [Eq. (1)].
Subsequently, the hydrogenic ion is transported through the
solid whereupon mixing among the excited states occurs as a
result of collisions with both multiple target electrons and
ionic core and the wake field induced by the moving ion. The
interaction with the radiation field, specifically radiative tran-
sitions between projectile states which lead to population
transfer during the transport, is included in the transport
simulation for this system. Most of the Lyman-« radiative
decay measured occurs, however, in vacuum, i.e., after the
ion has left the foil. While for transport and radiative decay
relativistic fine-structure corrections are included, our most
reliable calculation for the primary electron capture step is
the numerical solution of the nonrelativistic time-dependent
Schrodinger equation on a lattice (LTDSE) [10] for the
single-electron Ar'®*+C(1s) collision system. In order to test
the sensitivity of the excited state distribution formed by
electron capture, we also present results using other well
established nonrelativistic calculations: the classical trajec-
tory Monte Carlo (CTMC) method [11-13] and the
continuum-distorted wave (CDW) approximation [14,15].

Since all simulations shown in Fig. 2 treat the electron
nonrelativistically (on the time scale 7,¢), they tend to the
same ratio R;~0.5 in the single collision limit of very thin
foils (i.e., as expected for the nonrelativistic ratio of the
populations [Eq. (4)]. Conversely, all simulations exhibit a
clear spin dependent effect for increasing foil thickness that
is included in our open quantum system approach for trans-
port through the solid by relativistic fine-structure effects [6].
We follow the time evolution of the one-electron density
matrix, o, of the electron attached to the projectile. Its diag-
onal elements in a fine-structure basis, P;=0;;, give the
population of fine-structure states n/;. Relativistic corrections
included are the fine-structure and Lamb splitting of the en-
ergy levels and the radiative decay. The departure from R;
~0.5 seen in our simulations for increasing foil thickness is
a direct consequence of the interplay between the wake field
generated in the solid by the moving ion and the relativistic
splitting of the energy levels of the ion, both of which are
relevant on the time scale of the typical passage time through
the foil (i.e., g < 7w < 7r).

The influence of the wake field is closely linked to the
fact that the evolution of the excited-state population pro-
ceeds in a partially coherent fashion. The capture as a
“source” generates a coherent substate population character-
ized by nonvanishing off-diagonal density matrix elements
0; ; which evolve under the influence of decohering multiple
collisions, yet transiently survive. The coherent superposition
of different eigenstate wave functions with a fixed phase re-
lation leads for nondegenerate states to quantum beats be-
tween these states [16,17] that can be detected with the help
of an external electric field [18,19]. Figure 3 shows the evo-
lution of the absolute magnitude of coherences |c',-’j| in the
n=2 manifold. The dominant feeding process of coherences
for thin foils is the direct electron capture from C(1s) (for
thicker foils than those displayed also electron capture into
Ar'7*(1s) followed by excitation to n=2 plays an important
role).

Initially, coherences grow in magnitude for increasing
thickness as an increasing fraction of ions capture an elec-
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FIG. 3. (Color online) Absolute magnitude |o; ;| of off-diagonal
elements of the density matrix in n=2 as a function of foil thickness
(vp=23 a.u., initial charge state: Ar'®),

tron. The growth is eventually disrupted as decoherence
(dephasing and damping) sets in. Damping is due to stochas-
tic collisions and radiative decay processes. The damping
length for the present system is Lp=2000 a.u. for n=2 cor-
responding to a damping time 7,~2 fs. In turn, one major
contribution to dephasing is the spread in time of the initial
production of the excited state. In other words, the density
matrix represents an ensemble average of excited states pro-
duced by electron capture at different times as the ion pen-
etrates the solid. Coherences o ; that are produced at differ-
ent times (propagation dlstances) separated by 7 (D=v,7)
dephase as 71E;— E;| = 2. For off-diagonal elements involv-
ing the fine- structure splitting (e.g., UQ‘Y]/Z,ZPW) the dephasing
time is 75=0.9 fs corresponding to a propagation length of
Dgps=860 a.u. For elements separated by the Lamb shift
(e.g., 02, ,2p,,)» 1. =26 fs with D =25 000 a.u.. Since 7gg
is smaller than 7y, the 2s,,—2ps3,» and 2p;,—2ps, coher-
ences resemble the shape of |sin(7d/ Dgg)| where the minima
are located at propagation distances d that are integer mul-
tiples of Dgg. In turn, the 2s,,—2p;,» coherence (split by
Lamb shift) is governed by damping (multiple collisions and
radiative decay) since 7> 7, (or D >Lp). Nevertheless,
this coherence is not entirely damped out because of the
continuous feeding by electron capture [and collisional exci-
tation from Ar'7*(1s)]. The excited-state coherences get re-
plenished continuously and a transient dynamical equilib-
rium is reached. The value of the coherence for thick foils is
determined by the interplay of decoherence and buildup of
coherence which compensate each other in this limit.

The wake field W which acts like an effective electric
field leads to a Stark mixing of nearly degenerate states of
opposite parity. Therefore it couples to first order in W off-
diagonal elements o » (j=1/2,3/2) to diagonal elements

Oppy The strength of the coupling is of the order of
W(z) j/|E;—E;| with the dipole matrix element (z), ; between
the states i and J [20]. Therefore fine-structure state popula-
tions are sensitive to the wake field W and to the relativistic
splittings |E;—E,|. At the same time, they also can provide
information on the coherence and decoherence during exci-
tation and transport. This interplay is illustrated in Fig. 2
where we also show a simulation where we omit the wake
field. From the above analysis it follows that this is equiva-
lent to neglecting coherences (i.e., setting o, ;=0). In either
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case, we find R; to be nearly constant and, in fact, slightly
decreasing. The latter is due to cascade contributions.

In the presence of the wake field R; increases with in-
creasing propagation distance since the transfer is directed
from the 2s;,, to the 2p,,, state. The direction of this transfer
is directly related to the signs of both the wake field and
initial coherence between these two states immediately after
an electron capture event [20]. Calculations of charge
transfer [6] show that this coherence is nearly purely imagi-
nary and negative, 0252010~ —iy P2S|/2P2p1/2, which dictates
the initial direction of the flow of probability after
electron capture. Since the wake field Stark coupling
W|<2s51,|2|2p1,>]|=0.06 a.u. (=1.6 eV) is larger than the
Lamb shift of |E2S”2—E2p”2|=0.0052 a.u. (or 0.16 eV) but
smaller than the fine-structure splitting |E,,, ,—Es |
=0.17 a.u. (or 4 eV), the 2p;,, state becomes partially “de-
coupled” from the 2p,,, and 2s,,, states which, in turn, are
strongly mixed. Calculations using the TDSE and CDW
methods for electron capture approximately reproduce the
behavior of the experimental data for increasing foil thick-
ness. However, a clear discrepancy is evident in the single
collision limit of very thin foils, i.e., on a shorter time scale
Tac, Where fine-structure effects can be clearly ruled out.
This strongly hints at additional relativistic effects that are
not accounted for in the simulations. Post-collisional Stark
mixing in the primary ion-atom collision event (qualitatively
similar to the wake-field mixing discussed above) is ineffec-
tive to cause any spin dependence [20] since Ta¢/ Trs<1.
Therefore additional spin dependent effects should be
present in the primary charge transfer process on the time
scale 7c.

To estimate whether additional relativistic effects are
present during binary collisions, we have employed the rela-
tivistic eikonal approximation (REA) [1-3]. Input data for
the collision system considered here were provided to us by
the authors of those articles [21]. The total capture cross
sections from C(1s) and C(2s) to Ar'’*(2p,,) and
Ar'*(2py,) are given by 1.562X 10722 cm? and 3.004
X 1072 cm?, respectively. Since the nonrelativistic part of
the capture process (i.e., summed over spin degrees of free-
dom) is described less accurately we expect the absolute
magnitude of these cross sections to be less accurate (they
are, in fact, lower than those predicted by either the LTDSE
or the CDW approximation which approximately agree with
the experiment [6]). By considering only the ratio of fine-
structure split states we hope to partly account for the rela-
tivistic effects of the dynamics described by the relativistic
formulation of the eikonal theory and mask its deficiency in
the nonrelativistic regime. This approach is motivated by the
lack of a full relativistic calculation of the capture process on
a lattice (like the accurate LTDSE for nonrelativistic capture)
for this intermediate velocity regime. The REA predicts a
ratio R=0.52, i.e., different from R=0.5, and thus gives a
clear hint that additional relativistic corrections could be
present. In order to analyze the consequences of such an
increased ratio of populations, we have modified the capture
density matrix oTPSE such that the ratio R is enhanced to the
value found by the REA, i.e., R=0.52 while preserving the
trace, Tr,-,[o]. Such a change is still insufficient to account
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FIG. 4. (Color online) As in Fig. 2, but for modified initial
density matrix using LTDSE but with adjusted ratio Tl O2ps s
(see text); dotted line: optimized value for gas target R=0.56;
dashed line: R=0.52 from REA.

for the data (Fig. 4). This is, in part, due to cascade contri-
butions which tend to lower rather than to increase R;. Ac-
cordingly, in order to adjust the ratio R in oTPSE such that R,
resembles the value of R;=0.54 in the single collision regime
a shift to R=0.56 is necessary (Fig. 4). Remarkably, adjust-
ing the initial R to this value in the limit d—0 leads to
excellent agreement in the entire range of thicknesses (or
distances of propagation) shown in Fig. 4. This provides a
strong hint that relativistic effects of that order of magnitude
are, indeed present in the density matrix for one-electron
capture at moderately relativistic velocities. However, a mi-
croscopic justification for the magnitude of this effect is
lacking and poses an open question for future theoretical
studies of relativistic atomic collisions.

IV. CONCLUSIONS

We have shown that the ratio of populations of the fine-
structure states 2ps, and 2p,, is remarkably sensitive to
relativistic corrections, to wake-field effects, and collision-
ally induced transient coherences. The ratio varies signifi-
cantly as a function of the distance of propagation in trans-
port of moderately relativistic highly charged ions through
solids. Changes as a function of penetration length are well
accounted for by our quantum transport simulation. Remark-
ably, in the limit of small propagation distances, e.g., in the
single-collision limit a systematic discrepancy persists that
suggests the presence of relativistic corrections in the pri-
mary atomic charge transfer process. Preliminary calcula-
tions employing the relativistic eikonal approximation pro-
vide hints in this direction but a definite quantitative
description remains an open question.
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