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Quantum interference of K capture in energetic Ge31+(1s)-Kr collisions
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We have measured characteristic K x rays in coincidence with the scattered particles from collisions of
hydrogenlike Ge ions with Kr atoms. The ions were first accelerated to 8.6 MeV/amu, post-stripped to H-like
charge state, and decelerated to around 2.5 MeV/amu. From the measurements the probabilities for K-shell
to K-shell charge transfer as a function of collision impact parameters were obtained. The probabilities show
an onset of oscillations which are interpreted as quantum interference between the K-shell to K-shell electron
transfer amplitudes in two spatially separated coupling regions in the incoming and outgoing parts of the
collision. The probabilities of K-shell vacancy distribution created by the collision are calculated within a
relativistic independent electron model using the coupled-channel approach with atomlike Dirac-Fock-Sturm
orbitals. A reasonable agreement between the theoretical results and the experimental data is found.

DOI: 10.1103/PhysRevA.101.042701

I. INTRODUCTION

It has been found in numerous studies that in slow colli-
sions of ions and atoms the atomic states can form molecule-
like states, the so-called quasimolecular states [1,2]. This
became evident in inner-shell ionization when the collision
velocity was smaller than the Bohr velocity of the active
electron. Much of the interest in these quasimolecules was
triggered by the possibility to create and to study bound states
of superheavy quasimolecules [2]. Quasimolecules formed in
the short time of energetic heavy ion–atom collisions with
ZP + ZT > 1/α (ZP is the ion nuclear charge, ZT is the target
nuclear charge, and α is the fine-structure constant) should
allow exploration of quantum electrodynamics of electrons
bound in extremely strong fields, far beyond the Schwinger
limit [2]. According to the point nuclear Dirac equation the 1s
state of a hydrogenlike ion with Z = 1/α = 137 dives into the
negative continuum. Due to QED effects and the finite nuclear
size this limit is pushed up to Z = 173.

The experimental methods for studies of quasimolecular
states in this regime range from the detection of characteristic
x rays, emitted by the separated atoms [3], and continuum
x rays emitted by the quasimolecule [4], to detection of
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electrons and positrons [5]. For lighter collision systems it was
shown that by impact-parameter-dependent measurements of
characteristic and continuum x rays, spectroscopic access to
the quasimolecules transiently formed in the collision can be
reached [4,6]. By analyzing the quasimolecular energies in the
limit of small internuclear separation, spectroscopic informa-
tion could even become available for superheavy atoms which
cannot be generated as stationary, but as a temporary system
in collisions.

If a K-shell vacancy is brought into the collision by one of
the two collision partners of similar nuclear charge, e.g., by
using a hydrogenlike ion, then this vacancy can be transferred
near resonantly to the other partner [6,7]. At slow collision
velocity v < vK , where vK is the Bohr velocity of the K-shell
electron, one has ascribed this to radial coupling between
the quasimolecular states 1sσ and 2pσ which are formed
from the symmetric and antisymmetric superposition of the
K-shell states of the heavier and lighter collision partners,
respectively. For the coupling to be efficient, the internuclear
distance needs to be large enough for the energy difference
between the two states to be still small, but small enough for a
sufficient overlap between both atomic wave functions of the
separated atoms. As a result of this requirement, there are two
relatively well localized coupling regions, one in the incoming
and one in the outgoing part of the collision. The 1sσ and 2pσ
radial coupling amplitudes from these coupling regions on the
incoming part and outgoing part of the collision trajectory
need to be added coherently. This can give rise to a quantum
mechanical interference if the phase between the two parts of
the amplitudes can be fixed. In the experiment this is done by
selecting collision trajectories through a coincidence between
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FIG. 1. Schematic experimental setup: C collimators; S: x-ray detectors; P1: first pumping stage; P2: second pumping stage; P3: third
pumping stage; P4: fourth pumping stage; V: viewer; Kr: gas inlet; PPAD: parallel-plate avalanche detector; D: distance PPAD: target (see
text); F: Faraday cup.

K-x-ray emission and angle resolved scattered projectiles [8].
From a comparison of the measured Interference structure for
varied scattering angles with theoretical calculations, spec-
troscopic information about the quasimolecular 1sσ and 2pσ
states can be derived [6]. It is clear that for deriving reliable
information on these states and finally about the question of
diving of the 1sσ state into the negative continuum one needs
advanced theoretical descriptions on the coupling between
the quasimolecular states. Thus it is necessary to test such
calculations starting from lighter systems to more and more
heavy collisions to keep under control the complex quantum
dynamics in such systems, where, e.g., relativistic and QED
effects become important.

In this context, a frequently discussed question is the
possible loss of coherence between the two parts of interfering
amplitudes of K-shell transfer on the way in and way out of the
collision by simultaneous electron transfer from the neutral
target atom to the highly charged ion from higher shells in
the collision. That changes the potential and thus the states
of the levels [6]. Experiments with medium nuclear charge
collision systems, such as Ge and Kr, can give information
about this possible problem as here besides the K-shell to K-
shell transfer also a large number of L- and M-shell electrons
are transferred in the selected close collision that creates a
large variation in the interaction potential.

Here we present a study of K-shell to K-shell electron
transfer probabilities for a medium heavy, low-velocity col-
lision system. For getting the low-velocity H-like Ge ions
the accel-decel method [9,10] was applied, where Ge was
first accelerated to 8.6 MeV/u to reach high charge states
by poststripping, to extract H-like Ge ions. These were then
decelerated to an energy around 2.5 MeV/u (we use through-
out the paper the abreviation MeV/u for MeV/amu). The
collision between these Ge31+ ions and Kr atoms can be
considered near adiabatic as the ratio between the projectile
velocity and the Bohr velocity of the electron to be captured
from the Kr K shell is quite a bit smaller than unity (0.3).

The experiment (described in Sec. II) was done a long
time ago. At that time a proper theoretical analysis was
missing and it remained unpublished. Recently, new interest

in such studies arose [11–14] and a theoretical development
started [15–17] that can be tested with the present data. A
short description of the calculations will be given in Sec. III,
followed by the results of the experiments and discussions of
the comparison with the theory in Sec. IV.

II. EXPERIMENT

The H-like Ge beam was prepared at the UNILAC of GSI
in Darmstadt by the accel-decel method [9,10]. Low-charged
Ge ions were accelerated to 8.6 MeV/u and then poststripped
to high charge states. These ions were then decelerated by
the single resonators of the UNILAC. Hydrogenlike Ge ions
could then be energy and charge selected with a yield of about
20% by a 90° dipole magnet and sent to the experiment. The
final beam energies were 2.7 MeV/u in the first experiment
and 2.45 MeV/u in a later run. A schematic picture of the
experimental setup is shown in Fig. 1. The two beam-defining
collimators were 1.5 m apart with an additional anti–slit-
scattering collimator and this limited the angular divergence
of the beam to about 2 mrad (which is smaller than even the
smallest analyzed scattering angle of 3 and 4 mrad for the two
projectile energies). Here a large part of the beam (≈90%) was
lost due to its large emittance after deceleration.

The ions then hit a thin windowless Kr gas target localized
by a three-stage differentially pumped gas cell. In each pump-
ing stage (P1 − P3) a drop of about one order of magnitude in
pressure was achieved. With a target pressure of 4 mTorr over
a length of 10 mm a pressure P4 in the low 10−7 Torr range
could be kept in the beam line. With this vacuum the loss of
H-like Ge projectiles by capture outside the target gas cell was
found negligible.

Two Li-drifted Si x-ray detectors were used for detecting
the K x rays of Ge at around 10.5 keV and of Kr at around
13 keV with an efficiency of nearly 100% and a geometrical
solid angle � of around 4% of 4π . The singles x-ray count
rate reached up to 2 kHz in each detector. These were set in
coincidence with the scattered particles detected by a parallel
plate avalanche detector (PPAD) [18]. The PPAD with a
16-ring anode was mounted at D = 1.27 m (2.7 MeV) and
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E(keV)

FIG. 2. True coincident K x-ray spectra for 2.45 MeV/u Ge31+

on Kr at two different impact parameters b. Vertical dashed lines
indicate the positions of the neutral atom energies of projectile Ge
Kα , Ge Kβ , and target Kr Kα , Kr Kβ .

D = 1.71 m (2.45 MeV) from the target covering a scattering
angle range from 0.1° to 0.7° and 0.2° to 2°, respectively. All
parameters of the experiment were stored in event mode. In
order to convert the coincident count rates to probabilities,
they were normalized to the detected scattered projectile
count rates. The high x-ray singles count rates could gen-
erate considerable pile-up events. These were suppressed by
electronically setting a pile-up rejection system based on the
different rise times of an x ray and a pile-up pulse.

For getting the impact-parameter-dependent K-shell cap-
ture probabilities, the true coincident events for each
scattering angle interval (ring of the PPAD anode) had
to be extracted. Two such true coincident spectra from
2.45 MeV/u Ge31+ + Kr collisions are shown in Fig. 2 for
impact parameters of b = 2280 fm and b = 1000 fm. These
spectra already demonstrate the effect of a constructive and
destructive interference in quasiresonant K-shell to K-shell
charge transfer. The Kr K lines at about 13 keV are as intense
as the Ge K lines at about 10.5 keV at the larger impact
parameter of 2280 fm. This is very different from the situation
at smaller b of 1000 fm where the Kr line is much weaker
than the Ge line. Without interference one would expect the

transfer probability to remain roughly constant or even in-
crease with decreasing impact parameter. Instead, the transfer
of Kr K-shell electrons is obviously at smaller b strongly
reduced by a destructive interference of the amplitudes.

The true coincident Ge and Kr K line intensities NGe and
NKr have to be divided by the number of (slit-scattering-
corrected) detected particles Np, the corresponding fluores-
cence yield ωGe/Kr, and solid angle � to obtain the K-shell
vacancy probabilities PGe and PKr, respectively. An advantage
of heavier collision systems is that for Z > 30 radiative decay
becomes dominant over Auger decay. Therefore, the use
of neutral-atom fluorescence yield values (ωKr = 0.66 and
ωGe = 0.554) does not cause too big an uncertainty. There
remains a possible ω dependence on the populations of L
and M shells and on their possible dependencies on impact
parameter. One can argue that the impact parameter range
studied here selects close collisions, certainly for L- and
M-shell ionization and capture, so that charge equilibration
occurs concerning L- and M-shell population that determines
ω [19]. One can assume that these populations of the L and
M shell do not change in the narrow impact parameter range
that we consider. Some evidence for these assumptions can
be seen in Fig. 2 in the shifts of the projectile and target
Kα and Kβ lines, respectively, from the neutral atom values.
The Ge and Kr lines are both shifted by roughly the same
amount, and the shift also does not vary visibly with the
impact parameter. This finding is also strongly supported by
an earlier measurement that was done for the lighter collision
system S-Ar [20]. There, one is more sensitive to a possible
dependence of the fluorescence yields on b and no dependence
in a similar b range was found.

Correcting the measured K x-ray intensities for the fluo-
rescence yield and the detector solid angle, the K-vacancy
probabilities are given by PGe/Kr = NGe/Kr/(ωGe/Kr�Np). On
the other hand, as we use H-like ions, one K vacancy is
initially present in the projectile. If we assume that this
vacancy is either transferred to the Kr K shell or remains
in the Ge K shell and that no additional K vacancies are
produced in the collision then PGe + PKr = 1. However, it
is well known that, especially at small impact parameters,
K-vacancy production through rotational coupling between
the 2pπ and 2pσ quasimolecular states can occur with non-
negligible probability. The total K-vacancy probability is
then given by PGe + PKr = 1 + Prot, where Prot is the prob-
ability for producing an additional K vacancy in the col-
lision (explained further below). Using PGe + PKr = (NKr +
ωKr/ωGeNGe)/(ωKr�Np) the K vacancy probability in Kr
is then modified to read PKr = NKr(1 + Prot )/(NKr + aNGe),
with a = ωKr/ωGe.

If we, to start with, assume Prot � 1 then PKr =
NKr/(NKr + aNGe). The ratio of fluorescence yields of Ge and
Kr should be very close to the neutral atom value, much closer
than the individual ω values. Using Larkins law [21] and an
estimate of four electrons in the L shell of Kr as well as Ge we
get for a = ωKr/ωGe a value of a � 1.1 instead of 1.19 using
the neutral atoms fluorescence yields.

The scattering angles were converted into impact parame-
ters by using a screened Bohr potential. The calculated impact
parameters showed deviations from those calculated for an un-
screened Rutherford trajectory of less than 2% for the smallest
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scattering angles and became smaller for larger angles. The
error bars shown in the figures in the next sections are only the
statistical errors. Furthermore, the determination of all total
probabilities is affected by a systematic error, mainly resulting
from uncertainties in determining the correct fluorescence
yield ratio being used. Our estimate for the average (impact-
parameter-dependent) systematic error is 15%.

III. THEORY

In the following, we briefly present the formalism used;
for a complete description see Refs. [15–17]. Using the
semiclassical approximation, where the atomic nuclei move
along classical trajectories and are considered as sources of
a time-dependent external potential, we have to solve the
time-dependent many-particle Dirac equation for electrons
involved in the process. We employ the method, which is
based on an independent particle model, where the many-
electron Hamiltonian H is approximated by a sum of effective
single-electron Hamiltonians, Heff = ∑

j heff
j , reducing the

electronic many-particle problem to a set of single-particle
Dirac equations for all (N) electrons of the colliding system:

i
∂ψ j (r, t )

∂t
= heff

j (r, t )ψ j (r, t ) with j = 1, . . . , N,

where the one-electron wave functions ψ j (r, t ) are subject to
the initial conditions ψ0

j (r, t ):

lim
t→−∞(ψi(r, t ) − ψ0

i (r, t )) = 0 with j = 1, . . . ,N.

As the effective single-electron Hamiltonian heff we use the
two-center Dirac-Kohn-Sham Hamiltonian:

heff = c(α · p) + βc2+V A
nucl(rA) + V B

nucl(rB) +VC[ρ]+Vxc[ρ],

where c is the speed of light and α, β are the Dirac matri-
ces. Here V α

nucl(rα ) and VC[ρ] = ∫
d3r′ ρ(r′ )

|r−r′| are the electron-
nucleus and the electron-electron Coulomb interaction
potentials, respectively; index α = A, B indicates the centers;
rα = r − Rα , Rα is the center (nuclear) coordinate; and ρ(r) is
the electron density of the system. The exchange-correlation
potential Vxc[ρ] is taken in the Perdew-Zunger parametriza-
tion [22]. VC and Vxc together provide the electron screening
potential.

Solving the effective single-particle equations is based on
the coupled-channel approach with atomiclike Dirac-Sturm-
Fock orbitals, localized at the ions (atoms) [15]. Within this
approach, the one-electron wave functions are represented as

ψ j (r, t ) =
∑

a=A,B

∑
a

C j
α,a(t )χα,a(rα, t ),

where the index a enumerates basis functions at the given
center, and χα,a(rα, t ) is the center-field bispinor centered
at the point α. The insertion of the expansion into the
time-dependent Dirac equation leads to the coupled-channel

equations for the coefficients C j
α,a(t ),

i
∑
β,b

〈Xβ,b|Xα,a〉
dC j

β,b(t )

dt

=
∑
β,b

〈Xα,a|
(

heff
j − i

∂

∂t

)
|Xβ,b〉C j

β,b(t ),

where the indices α, a and β, b enumerate the basis functions
of both centers. The direct evolution (exponential) operator
method [15] is employed in order to obtain the expansion
coefficients. The many-particle probabilities are calculated in
terms of the single-particle amplitudes employing the formal-
ism of inclusive probabilities [23,24], which allows one to
describe the many-electron collision dynamics. By solving
the general eigenproblem for the matrix of the (heff

j − i ∂
∂t )

operator within the used basis set we obtain time-dependent
quasimolecular states and study their populations during the
collisions.

The evaluation of PKr and PGe requires an independent
consideration of the K-shell populations of the target (Kr)
and projectile (Ge). Thus PKr (PGe) values were calculated
as sums of probabilities to find exactly one vacancy plus
the double probability to find exactly two vacancies in the
K shell of Kr (Ge), while the K-shell population of Ge
(Kr) was arbitrary. A coupled-channel basis set, consisting
of atomic shells 1s-8s, 2p-9p, 3d-10d , 4f-11 f , and 1s-7s,
2p-7p, 3d-7d , 4 f -7 f (in standard nonrelativistic notation) of
the Dirac-Fock-Sturm orbitals on the target and projectile,
respectively, was used. Based on the calculations combined
with a variation of the basis set we estimate the accuracy of
the obtained values to be on the 5% level. The calculations
were carried out in the laboratory coordinate system, where
the target atom (Kr) initially is at rest. In order to study the
role of relativistic effects, we also performed the calculation
in the nonrelativistic limit using the same computing routine,
but multiplying the standard value of the speed of light by a
factor of 1000. As a result we conclude that relativistic effects
do not change the shape of P(b) significantly, but only shift the
nonrelativistic P(b) to smaller impact parameters in the region
around 100 fm.

IV. RESULTS AND DISCUSSION

In Figs. 3 and 4 the PKr(b) and PGe(b) are plotted for
collision energies of 2.7 and 2.45 MeV/u, respectively. The
calculated values are shown by dashed and solid lines. One
can clearly see in the data the onset of oscillations as a
function of b in the two data sets. The experiment covered
only a small range at small b relative to the large b range
where according to the theory K-K-shell transfer occurs with
considerable probability. PKr(b) extends with a considerable
magnitude to very large b, more than three times the mean
K-shell radius of around 1500 fm. For two reasons the range
at small b is, however, the most interesting part of b where the
theory is to be tested: In this b range, corresponding to close
collisions, the strongest binding occurs in the 1sσ molecular
orbital. Second, in this b range couplings to other molecular
orbitals also operate, especially the 2pπ -2pσ rotational cou-
pling [25] and possibly direct ionization [26] from the 1sσ
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FIG. 3. The plot of P(b) shows the target Kr K-shell probability
PKr(b) normalized to the total K-shell probability PKr + PGe (lower
part, dashed red line) and the total K-shell probability PKr + PGe

(upper part, solid blue line) as functions of impact parameter b for
collision energy of 2.7 MeV/u.

and 2pσ molecular orbitals. These channels could change the
magnitude of P(b) and shift the phase in the interference term.
The additional vacancy production by 2pπ -2pσ rotational
coupling Prot (b) is seen in the upper curves of Figs. 3 and 4 in
the increase of the sum of K-vacancy production above unity
at b around 1000 fm. Experimentally the contribution from
Prot (b) can be estimated from the measurements of Ref. [9],
where the K vacancy production in the Kr-Kr collision at
only slightly higher collision energy of 2.8 MeV/u and charge
states of up to 33+ was measured and a maximum probability
of around 0.25 was found. This is in excellent agreement
with the results of our calculations. The contribution by this
additional K-vacancy production is taken into account in the
comparison of the Ge-Kr data with the theory.

The deviation of the 2.7 MeV data from the calculation
in absolute magnitude could have the following reason. The
magnitude of the structures depends on the existence of a
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FIG. 4. The plot of P(b) shows the target Kr K-shell probability
PKr(b) normalized to the total K-shell probability PKr + PGe (lower
part, dashed red line) and the total K-shell probability PKr + PGe

(upper part, solid blue line) as functions of impact parameter b for
collision energy of 2.45 MeV/u.

FIG. 5. Population I of the ground (dashed red line) and first
excited (dotted blue line) quasimolecular energy levels and the sum
of them (solid black line) depending on collision time and internu-
clear distance for the impact parameter b = 5000 fm in 2.7 MeV/u
Ge31+-Kr collisions.

projectile K-shell vacancy in the incoming part of the close
collisions. Therefore, a crucial point for the normalization of
the experimental data is to ensure that the majority of the
initial K vacancies brought into the collision via hydrogenlike
projectiles survive the passage to the close collision. There
could, however, be electron capture from the residual gas
before the ion reaches the relevant target region. The impact of
this effect on the K-K transfer probabilities involves a delicate
balance between the target pressure and the vacuum in the
beamline and may contribute, apart from the fluorescence
yield ratio, mostly to the systematic error in height that was
estimated to be 20%.

In the following run we were able to decrease the collision
energy a bit more to 2.45 MeV/u. Furthermore, the projectile
detector was placed at a larger distance from the target. As
a result, we were able to cover a b range at somewhat larger
values. With that we can identify the second minimum in the
PKr(b) oscillation. Also the absolute magnitude of PKr(b) is
now a bit higher which indicates a smaller systematic error in
the normalization of the data as compared to the 2.7 MeV/u
measurement. Both the magnitude of the probability and the
maximum and minimum of the oscillation, i.e., the phase in
the interference term, are in very good agreement with the
calculation. This also means that the data do not provide any
indications for a significant loss of coherence (which would
wash out the interference pattern) due to capture in the outer
shells (see the Introduction).

In Fig. 5 the populations I of the two lowest quasimolecular
levels, ground 1σ and excited 1σ ∗ (corresponding to the 1sσ
and 2pσ molecular orbitals, the dashed red and dotted blue
curves, respectively), during collision at the collision energy
E = 2.7 MeV/u and impact parameter b = 5000 fm are pre-
sented. Due to the initial K vacancy in Ge the total value of I
starts with a value of exactly 3. One can see that the electron
and vacancy densities are distributed between the levels
under consideration during the collision. Transitions between
the levels occur at two time intervals: �t1 ∼ (−0.02,−0.01)
and �t2 ∼ (0.01, 0.02) around t1 and t2 on incoming and
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outgoing parts of the trajectory, respectively. This is due to the
strongest radial couplings there. In the sum of the populations
I (Fig. 5) one sees also some excitation (but rather small) to
higher energy levels at the zero time region due to rotational
coupling.

The final values of level population in Kr and Ge K shells
and its oscillatory behavior (see Figs. 3 and 4) arise from
a coherent superposition of two transition amplitudes at the
time intervals �t1 and �t2. This view is analog to the atomic
clock principle of Ramsey’s “separated oscillating field
method” [27]. In Ramsey’s pioneering experiment fast mov-
ing atoms pass through two coherent resonators and they can
be excited in either resonator 1 or 2. Since the experimenter
cannot decide in which resonator the excitation took place
both excitation amplitudes have to be added coherently which
gives rise to oscillations. In the ion-atom collision processes
of hydrogenlike Ge31+ projectiles on Kr atoms that we report,
one can use the fast classical motion of the ions as a very fast
clock. This is done by measuring the K x rays in coincidence
with scattered projectiles to select, by the scattering angle, a
well defined impact parameter. From the interference structure
and trajectory parameters one could obtain electronic dynam-
ics with better than attosecond time resolution for the case
under consideration.

V. CONCLUSION

We determined the probabilities for K-shell to K-shell
charge transfer as a function of impact parameter for de-
celerated hydrogenlike Ge ions colliding with Kr atoms.
From the observed onset of oscillations we conclude the
appearance of quantum interferences between the K-shell to
K-shell electron transfer amplitudes in two spatially separated
coupling regions in the incoming and outgoing parts of the
collision. The probabilities of K-shell vacancy distribution

created by the collision are calculated within a relativistic
independent electron model using the coupled-channel ap-
proach with atomiclike Dirac-Fock-Sturm orbitals. A quite
good agreement between the theoretical results and the ex-
perimental data is found. The appearance of interference in
the 1s to 1s electron transfer probability as a function of
impact parameter demonstrates that the phase coherence is
not lost even in these slow heavy collisions with this very
large charge asymmetry on the entrance channel of the colli-
sion. Given this charge asymmetry of Ge31+ and neutral Kr
atoms and given the selection of close collisions it can be
expected that a large number of target L and M shell electrons
will be transferred in the collisions. The calculations verify
the phase and amplitude of the P(b) very well, in spite of
the selected rather small impact parameters where rotational
coupling contributes strongly. It is discussed how one can use
the interference structure and trajectory parameters for a very
fast clock in visualizing electronic dynamics with better than
attosecond time resolution. These results are very encouraging
for the proposals to proceed to heavier collision systems
with the ultimate goal to create and to study bound states of
superheavy quasimolecules and to search for diving of these
states into the negative energy continuum.
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