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Experimental determination of the real elements of the density matrix of H(n =3) atoms
produced in 20-100-keV collisions of H+ on Kr
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In continuation of our previous work, charge transfer processes occurring in protons on rare-gas-atom
collisions have been investigated. Diagonal and real off-diagonal coherence elements of the density matrix for
H(n = 3) atoms produced in 20—100-keV electron-capture collisions with Kr atoms are experimentally deter-

mined by analyzing the Balmer- ct light from the decay of H atoms from the (n = 3) state to the (n = 2) state.
The intensity and polarization of the emitted light are measured as functions of an axially symmetric electric
field in the collision region. These data are fitted to a numerical model of the H atom in an electric field in order
to extract density-matrix elements. The results are compared to previous studies of H+ on He and Ar. The
collisionally produced dipole moment of the H(n= 3) atom decreases for increasing atomic number of the

rare-gas target atoms, which indicates that the final phase of the collision process is not essential for the
formation of the dipole moment. This physical picture is further supported by our alignment data. Absolute
cross sections for charge transfer to the 3s, 3p, and 3d levels are presented as well.

PACS number(s): 34.70.+e

I. INTRODUCTION

The investigation of electronic processes in atomic colli-
sions is of fundamental importance to our understanding of
collision dynamics, and is also of practical relevance for a
variety of fields such as astrophysics or fusion technology. In
the 1980s and early 1990s simple systems such as protons on
He were thoroughly studied both experimentally and theo-
retically [1—3). The experimental technique used to investi-
gate electron-capture into the n =2 and 3 levels of H atoms
was Stark mixing of the corresponding near degenerate op-
posite parity states and analyzing the emitted light in terms
of its intensity and polarization. The impact-parameter-
integrated density matrix is extracted by fitting the observed
intensities and polarizations as a function of the applied field
strength to a theoretical model [2]. The n-shell density-
matrix elements provide the maximum possible information
on the excited state of the H atom produced by the charge-
transfer collision. Using the real elements of the n-shell
density-matrix elements one can determine the average axi-
ally symmetric charge distribution (or probability density)
and the dipole moment of the n state of the H atoms. The
imaginary terms determine the current distribution in the n
shell. Previous work has shown that the real parts of the
density matrix are more easily measured using axial electric
fields, and transverse fields give more precise results for the
imaginary terms [4].

In continuation of the previous work by Risley and co-
workers [4], we concentrate on investigating the charge dis-
tribution in the H(n = 3) atoms produced by charge-transfer
processes in proton on rare-gas-atom collisions employing an
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axial electric field to Stark mix the n = 3 states. Simple col-
lision systems such as H+ on He have been studied experi-
mentally and theoretically intensively in recent years as men-
tioned above. While the most sophisticated computations
seem to reproduce the experimental data quite well [5], an
understanding of the physics behind the formation of, for
example, the dipole moment has not yet been achieved. This
is partly due to the lack of transparency of the theoretical
models used. Theoretical work by Burgdorfer and Dube [6,7]
shows that the postcollisional interaction due to the Stark
mixing of the states of the hydrogen atom by the electrical
field of the receding ion does not inhuence or even produce
a dipole moment in the "newborn" hydrogen atom. This is
because the postcollision interaction (PCE) operator and the
Runge-Lenz vector commute [7].To our knowledge, this has
yet to be shown experimentally. However, it is important to
note that this simplified treatment of the PCI breaks down for
small internuclear distances between the target ion and the
projectile. The concept of the linear Stark effect works only
for homogeneous and not too high electric fields, i.e., for not
too small internuclear distances. Additionally, considerable
overlap of the wave functions of the target and projectile
occurs and has to be taken into account in the case of small
internuclear distances. Therefore in our contribution PCI re-
fers to electrostatic interaction of the captured electrons with
the target ions (He, Ar, or Kr) at distances considerably
larger than typical sizes of the atoms involved in the charge-
transfer process.

Hippler et al. [8] investigated H and H+ on He collisions
and observed that for investigated impact energies the colli-
sionally formed dipole moment is smaller or even slightly
negative (i.e., electron leads the proton) in the former case.
The latter situation produces larger and positive dipole mo-
ments for impact energies greater than about 20 keV. Hippler
et al. interpreted their data as evidence that the charge state
of the target gas is of great importance for the formation of
the dipole moment and the charge distribution in general. It
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is important to realize that for H on He collisions the excited
hydrogen atom is not affected by a receding ion but by an
atom. One should also be aware of the fact that in the former
case excitation has not been achieved by a charge-transfer
process, but by direct excitation of the H atom. It is therefore
difficult and problematic to compare both experimental situ-
ations.

A completely different interpretation of the formation of a
dipole moment in ion-atom or atom-atom collisions is given
by Aynacioglu, Neumann, and von Oppen [9] and Hansel-
mann, Aynacioglu, and von Oppen [10].They believe that at
least in collisions involving direct excitations inertial forces
and not Coulomb forces are responsible for the formation of
dipole moments in the He target atoms. They further inter-
pret the fact that the observed dipole moments are quite large
and that the m=0 states are preferentially populated as an
indication that the final phase of the collision process where
the axis of the collision system is almost aligned with the ion
beam is essential for the formation of the electric dipole mo-
ment. To our knowledge, their studies are the only ones
which focus on the charge distribution of coherently excited
nonhydrogenic states. However, the interpretation of the data
in the case of nonhydrogenic systems is more difficult than
in experiments where the density-matrix elements of hydro-
gen atoms are investigated. This is partly due to the fact that
in the case of He one has to take into account electron cor-
relation effects.

It is clear that although theoretical calculations have at
least partly reproduced the experimental data for simple sys-
tems successfully, we do not know which physical properties
of the constituents in an ion-atom collision are responsible
for the occurrence of certain phenomena such as the forma-
tion of a dipole moment. From this perspective, using differ-
ent target gases such as Kr, and using the very same tech-
nique which has proven its reliability and accuracy in
previous experiments, bears the potential to provide valuable
new information on the nature of processes which are ulti-
mately responsible for charge transfer itself. Previous experi-
ments [4] where the charge distribution for H(n = 3) atoms
produced in collisions with Ar atoms was studied showed a
surprisingly small electric dipole moment (EDM) compared
to the H+ on He experiments. We extended our investiga-
tions to Kr target atoms in order to determine whether the
observed phenomena are unique for H+-Ar collisions or are
part of a general trend in proton —rare-gas-atom collisions.
We present results of a study of formation of H(n = 3) atoms
by electron capture from a Kr target by 20—100-keV protons.

II. APPARATUS

The experimental setup used in these experiments has pre-
viously been extensively described [1,2,4].We used the same
technique to investigate the optical properties (intensity and
polarization) of the emitted light as the one used by Renwick
et al. [4] who employed a photoelastic modulator (PEM) and
photon-counting electronics. The light from the collision is
observed similarly to previous studies through a standard
manufacturer-specified bandpass of 10 nm centered at 656.2
nm. The Kr atoms has one weak Kr II line centered at about
657 nm that is visible through the filter. The ratio of Kr
emitted light intensity to Balmer-n intensity was estimated

by comparing it to the intensity of light emitted in He+-Kr
collisions, where the proton and He+ projectiles had the
same speed. It is known [11]that the emission cross sections
are usually a factor of 2 to 3 higher for He+ —rare-gas-atom
collisions compared to H+ —rare-gas-atom collisions at the
same projectile speed. The amount of light emitted from the
Kr target in He+-Kr coHisions is therefore an upper limit for
the unwanted background light emitted in H+-Kr collisions.
The signal background turned out to be even smaller than the
Ar background in the previous work of Renwick et al. [4]
and has, therefore, only a negligible effect on our results.
One can neglect this contribution because any intensity shift
caused by the correction must be spread among the fitting
functions (see next section), causing only small changes in
their relative weights [4]. Thus the density-matrix elements,
which are all normalized to the cross section for excitation of
the n=3s level, suffer little change. We consequently ne-
glected the weak Kr II line contribution.

III. THE DENSITY MATRIX AND ITS INTERPRETATION

A hydrogen atom formed in a collision between a proton
and a target gas atom at a particular impact parameter b can
be described by a pure state

~
%(b)). This pure state may be

expressed as a linear combination of the angular momentum
eigenstates ~nlm) with amplitudes a„& (b),

~N(b))= g a„,(b)~nlm).
n, l, m

In our experiment we observe only H(n=3) atoms by de-
tecting emitted Balmer-a radiation. As a result, the summa-
tion in Eq. (1) is limited to n= 3 for this experiment. Fur-
thermore, the H(n=3) atoms are observed regardless of
impact parameter b so that an ensemble of H(n = 3) atoms is
observed which is given by an incoherent superposition of
states ~%(b)) for all impact parameters b. Because this en-
semble is not in a pure state it is convenient to use a density
matrix o.3 to describe the production of the H(n = 3) atoms
[12].

The elements of the density matrix o.
3 follow from Eq. (1)

as

a& (b)a&*, , (b)b db dP,
~0 JO

where the amplitudes ai (b) r=fer to H(n=3) states. The
density matrix o.

3 has certain elements that are either identi-
cal to each other or zero because of symmetries in the colli-
sion. Because of these symmetries the 9 X 9 H(n = 3) density
matrix o.

3 has only 14 independent real parameters. This
density matrix contains all of the information obtainable
from our experiment about the production of H(n=3) at-
oms.

The complete information contained in the density matrix
can be expressed in the associated electronic charge density
distribution D(r) and current density distribution j(r). In
this work only the charge density distribution was of interest.
A first-order moment of D(r) is the average electric dipole
moment (d), which for the H(n = 3) density matrix is given
by [13]
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1
&d), = Ret:6 P6~,opo+ 6 v3 ~ppdp+18~pld 1]«o.Tl os

(3)

A positive value for (d), indicates that the electron lags be-
hind the proton and a negative value indicates the electron
leading the proton. The largest allowable value for (d), for
H(n=3) is 7.35eap.

IV. USE OF FITTING FUNCTIONS: DETERMINING
THE DENSITY MATRIX

The procedure for analyzing the Stokes parameter data
has been described in detail in previous publications [1,2,4],
so we will give only a brief description here. The light ob-
served is emitted from H(n = 3) atoms formed all along the
beam in the collision region and coherently excited into a
linear superposition of substates with n = 3, which will decay
as they proceed down the beam line through the target cell.
This superposition of states formed at the instant of capture
is best described by a 36' 36 density matrix o.3. This matrix
can be obtained by an analysis method that takes into ac-
count contributions to the Stokes parameters from all the
different states and accounts for their time evolution as they
proceed through the apparatus. Diagonal elements of o.

3 are
the cross sections for capture to the various substates, while
off-diagonal elements represent coherences of the capture
process between the different eigenstates, averaged over all
impact parameters and azimuthal angles.

This large matrix can be simplified by taking into account
the axial and reflection symmetries. As a result of these sym-
metries, only 14 independent parameters are necessary to
completely determine this matrix, whose elements are o.,o,
o-po,

harp &, o-do, o.d, , and o.
d 2, and eight coherence el-

ements, Re(cr, ppp), Im(cr, ppp), Re(o,pdp),
.Iiil(o pdp), Re

(~podp) im(~ppdp) R (~p id 1) a~d ™(~pid 1)
For a given density matrix, the intensity and

polarization —the Stokes parameters —of the emitted light
due to each of the matrix elements can be calculated from
first principles. We use a numerical program to perform this
calculation, which takes into account the time evolution of H
atoms in our own particular experimental apparatus, includ-
ing such effects as an accurate model of the electric field, the
viewing region of the polarimeter, and the variation of the
target number density as a function of distance along the z
axis. Neglecting cascade, the measured Stokes parameters
can be written as a sum of contributions from each of the
density-matrix elements:

5' (&)= X f;)k(&)o', i ~

j,k

where i is the Stokes parameter index and j and k are the
angular momentum indices for the density matrix element
o.~&. The quantity f;~i, represents the optical contribution to
Stokes parameter 5; from density-matrix element jk and is
referred to as a "fitting function. "These fitting functions are
calculated by the computer program. A linear statistical fit of
the Stokes data to the fitting functions, in the form given by
Eq. (5), yields the desired density-matrix elements.

V. RESULTS

Table I shows the extracted density-matrix elements and
dipole moments for 20-, 50-, 80-, and 100-keV proton impact
energies. The error bars for most of the imaginary terms are
very large. This is due to the fact that we only applied an
axial electric field. However, the imaginary terms do not con-
tribute to the charge density distribution, in which we are
mainly interested. Reproducibility of the matrix elements
and the dipole moment within quoted error bars is very good.
y, which checks the goodness of the fit, varied between 0.5
and 0.9, indicating that the errors on the present results are
properly determined.

Figure 1 shows that the dipole moments of the H(n =3)
atoms for H+ on Kr are about 20—30 % lower than for H+

on Ar. Also the shapes are very similar in contrast to H+ on
He.

The integral alignment A20 provides information about the
relative population of the H(np ) magnetic substates and is
defined as [14,15]

~np po
A2p(n) =

2~np, + ~np
(5)

Please note that the o.„p denote the partial cross sections

for excitation of either the 1=+1 or —1 substate, which
are identical due to the symmetry of the experimental setup
[2].

A positive A20 indicates that the p &
states have been

populated preferentially, whereas population of the m =0 p
state corresponds to a negative alignment. In Fig. 2 the align-
ment is plotted for n = 3 in the case H on He and for n = 3
for H+ on Ar and Kr as a function of proton energy. One
clearly sees the difference in alignment for He compared to
either Ar or Kr targets in the investigated energy range. In
the case of H+ on He the alignment A2o is negative for
proton energies between 20 and 100 keV. For Ar or Kr tar-
gets the alignment is positive for impact energies between 20
and 40 keV, and is negative for large proton energies. Figure
2 shows the Ar and Kr alignment data are very similar.

The charge density (or probability) distributions of the
electron in the H(n = 3) atoms are plotted in Figs. 3 and 4.
The H atoms move along the z axis from the left to the right.
Density is indicated by height in Fig. 3 and by gray shading
in Fig. 4. One can clearly see the displacement of the elec-

Cascade from the n=4 state is accounted for by use of
another set of fitting functions g;,k, calculated by a some-
what simplified procedure, where the hyperfine structure is
neglected and solely elements of the H(n =4) density matrix
with 1» 1 are used [2].The two fitting function sets are com-
bined for use in the fitting procedure.

In the previous work of Risley and co-workers [1,2], data
were collected using both an axial and a transverse field.
This required use of two sets of fitting functions, f,,'~ for the
axial field measurements and f,,'~k for the transverse field.
Both are required in order to measure precisely aH the
density-matrix elements. In this work, only an axial field was
used, since only the charge distribution and not the current
density distribution was of interest.
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TABLE I. Density-matrix elements are shown for H(n=3) atoms produced in electron capture from Kr.
The electric dipole moment is given in atomic units. All matrix elements have been normalized to the o.,o
term.

Element 20 keV 50 keV 80 keV 100 keV

sO

pO

pl
do
d1
d2
Re(sOpO)
Im(sOp 0)
Re(sOdO)
Im(sOdO)

Re(pOdO)
Im(pOd0)
Re(p 1 d1)
Im(p 1 d 1)
X
(dz)

1.00 ~
0.341+.
0.585 ~

—0.041 ~
0.306~
0.013~

—0.056~
5.051~

—0.056~
0.831~
0.159+

—0.014~
0.246~

—0.067+

0.17
0.105
0.064
0.221
0.149
0.039
0.155

20.270
0.276
1.336
0.073
0.065
0.092
0.072

0.65
1.69 ~ 0.43

1.000~ 0.063
0.165~ 0.043
0.139~ 0.019
0.061~ 0.090
0.004~ 0.062
0.024 ~ 0.017
0.051~ 0.038
0.178~ 2.309
0.051~ 0.100
0.709~ 0.367

—0.012~ 0.015
0.021 ~ 0.016
0.069~ 0.021

—0.010~0.022
0.77
1.19 ~0.22

1.000~ 0.061
0.192~0.044
0.110~ 0.017
0.067 ~ 0.089

—0.013~ 0.063
0.029~ 0.016
0.088~ 0.033

—2.557~ 1.419
0.088~ 0.091
0.060~ 0.304

—0.006~ 0.015
0.041 ~ 0.018
0.031~ 0.018
0.049~ 0.021
0.9
1.18 ~0.20

1.000~ 0.099
0.118~ 0.073
0.101~ 0.027
0.059~ 0.142
0.003~ 0.102
0.021 ~ 0.027
0.028 ~ 0.052
0.603~ 1.803
0.028 ~ 0.144
0.326~ 0.450

—0.019~ 0.025
—0.020~ 0.029

0.054~ 0.029
—0.005 ~ 0.031

0.53
0.83 ~0.33

tron to the trailing side of the atom. For energies near 20 keV
the electron density is clearly high in the lobes on the side,
which is due to the high population probability for the d
states.

If the value of So(E=O) is not set equal to unity, the
fitting procedure yields density-matrix elements (before nor-
malization to o.,o,o) in arbitrary but consistent units. Cross
sections for capture to the 3s, 3p, and 3d levels can then be
placed on an absolute scale by normalization at one energy to
other groups' experimental results. This was previously done
for the He target by Cline, Westerveld, and Risley [16],
where relative He-target capture cross sections were normal-
ized at 60 keV to the absolute results of Brower and Pipkin

[17].The Kr results are placed on an absolute scale by using
the Baratron capacitance manometer to calibrate the ion
gauge [4]. The results are shown in Fig. 5. Similarly to the
Ar and He cases the cross section for charge transfer into the
3s orbitals maximizes somewhere close to 50 keV, whereas
the cross sections for both the 3p and 3d orbitals decreases
monotonically in the investigated proton energy regime. Our
results are compared to the cross sections obtained by Lenor-
mand [18].Good agreement is seen for the 3p and 3d cap-
ture cross sections, whereas the agreement is poor for capture
into the 3s state.

VI. DISCUSSION

He

N
3

C

E0
E
(9
0
CL

Ar

I s I s I ~ I s l s0
0 20 40 60 80 100 120

proton energy (keV)

FIG. 1. The dipole moment for H(n=3) atoms produced by
electron capture from He (~ ) (Refs. [2,4]), Ar (~ ) (Ref. [4]), and
Kr (0) targets is plotted as a function of proton energy. The dipole
moment decreases for increasing atomic number.

The main aim of the H+ on rare-gas-atom collision ex-
periments is to investigate and, if possible, to determine the
physical factors which account for the observed collisionally
produced charge density distributions of the H(n = 3) atoms.
It can be clearly seen from Fig. l that the EDM decreases for
target gases with larger atomic numbers. Since in all cases
the newly formed H atom is affected by an ion with charge

q = + 1 for large separations, electrostatic forces acting upon
the H(n = 3) atoms in the final phase of the collision process,
where the only inhuence due to the presence of the ion is its
charge state, cannot account for the observed dependence of
the EDM as a function of the target gas.

As already mentioned in the Introduction of this paper,
Aynacioglu and co-workers [9,10] interpret their data in
terms of inertial forces rather than Coulomb forces on the
charge cloud during the collision process. They found that
the magnitude of EDMs produced in target gas atoms by
direct excitation is independent of the charge state of the
incoming ions. Maraglia and Rodriguez [19]calculated that

+
the collisionally produced hydrogen EDMs in Aq -H colli-
sions is fairly independent of the incident charge state for
charge states q = 1, 2, and 4, but the EDM reverses sign for
charge state q = —1. Krotkov and Stone [20] and Hippler [3]
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number of the rare-gas target atoms we believe that the pro-
cesses which determine the magnitude of the EDM are domi-
nant in the near collision region and are further related to the
Coulomb force of the target ions and electron-electron inter-
actions.

It is known that the cross sections for producing H(n = 3)
states increases with increasing atomic number [2,4, 18].This
then implies a larger impact parameter range for Kr and Ar
compared to He and the average impact parameter is conse-
quently larger in the former case. A larger impact parameter
corresponds to less drag on the captured electron by the sin-

gly ionized target atom. A smaller drag of the target ion
induces a smaller elongation of the charge cloud of the newly
formed H(n = 3) atom and therefore leads to a smaller EDM,
in accordance with our observations. The charge-transfer
cross section, on the other hand, increases for smaller ioniza-
tion energy, since the release condition is satisfied for a
larger range of impact parameters as observed experimen-
tally. The classical Bohr-Lindhard model (BLM) [22] gives
surprisingly good results in the case of collisions of fully
stripped ions with hydrogen and correctly predicts the cross
sections for charge transfer in a very wide range of impact
velocities [23].It is important to note that the BLM accounts
only for total cross sections and not for cross sections into
subshells or charge distributions. This is not surprising, since
the BLM is a "classical" model. However, one can use the
BLM to roughly estimate the drag of the target ion on the
hydrogen electron at the moment of capture, i.e., in the near
collision region. Using the ionization energies of He, Ar, and
Kr [24], one can calculate the ratio of the Coulomb farces of
the target gas ions to be roughly 2.4 for He and Ar and 1.3
for Ar and Kr. The observed ratios of the EDMs are 2 for He
and Ar, and 1.3 for Ar and Kr. Our rough estimate did not
consider electron correlation effects, which should decrease
the EDM further. However, the purpose of this rough esti-
mate is to explain the observed tendency of our EDM data.
The decrease of the EDMs is therefore consistent with Cou-
lomb forces of the receding target ions, acting in the near
collision region, and pulling the transferred electron back.
The drag on the captured electron is not considered to be a
PCI effect, since it occurs at internuclear distances where the
concept of the linear Stark effect (i.e., homogeneous electric
field) breaks down. It is further important to recall that the
BLM is a model based on very simple and nonquantum-
mechanical considerations. It is therefore possible that the
observed decrease of the EDMs for increasing atomic num-
bers is a purely quantum-mechanical effect and is not corre-
lated with electrostatic forces acting in the near collision re-
gion. The results of our very simple considerations are
therefore valid qualitatively only (at best).

Preliminary results of more sophisticated computations
performed by Lundy and Olson [25] confirm that the EDM
decreases for Ar, and Kr with respect to He. At a proton
impact energy of 50 keV the classical trajectory Monte Carlo
computations (CTMC) predict that the ratio of the EDMs af
He to Ar and Ar to Kr should be about 1.5 and 1.2, respec-
tively.

The higher density of electrons in the case of Kr targets
with respect to Ar and He could also result in a pushing of
the transferred electron closer to the proton, which would
decrease the EDM further.

Our results are consistent with investigations performed
by Siegmann et al. , [26] who investigated the EDMs of H(n
= 2) atoms produced in H+-Ar collisions at lower energies.
For energies around 15 keV and higher, the collisionally pro-
duced EDMs are somewhat smaller than the EDMs produced
in H+-He collisions [3].However, the error bars in the work
of Siegmann et al. are too large to quantitatively compare
their results to ours.

Another difference between the Kr (and Ar) and the He
data is that the integrated alignment A20 is considerably
larger and even positive for small impact energies in the
former case (Fig. 2). This is consistent with results presented
by Teubner et al. [27] and Hippler et al. [28] who investi-
gated the integral alignment in H —rare-gas-atom collisions
(He and Ar) for electron capture into the H(2p) states. In the
case of Ar the population of the p &

states is larger than that
of the po state (i.e., positive alignment) in contrast to He for
proton energies around 20 keV, whereas the sign of the inte-
gral alignment changes for energies larger than about 30—40
keV in accordance with our n = 3 Ar and Kr data (see Fig. 2).
Polarization data of the Lyman-u line emitted in H -Kr col-
lisions indicate that the integral alignments of Ar and Kr are
also very similar in the n =2 case [31,29]. Even for energies
as large as 100 keV the population probability of the p
states is only slightly smaller than that of the po state in
contrast to H+-He collisions (Table I and Fig. 2). The fact
that the integral alignment is similar for n =2 and 3 excita-
tion indicates that 2po.-3po. (separated atom notation) radial
couplings are dominant in all cases (He, Kr, and Ar) [30] for
proton energies between 20 and 100 keV. The reason for the
large population of the p ~

&
states is presently Unknown. One

possible explanation might be that in contrast to He, the
ground states of Ar and Kr have s- and po &-state contribu-
tions which couple presumably to different states with differ-
ent strengths. The fact that the hydrogen m =0 states are not
preferentially excited in the case of H+ on Ar or Kr in con-
trast to H+ on He [1,2,4) provides further evidence that no
forces of any kind acting in the final phase of the collision,
where the internuclear axis is parallel to the z axis, can ac-
count for the observed alignment or EDM. Formation of the
EDMs of hydrogen atoms seems to occur during the close
encounter.

The population probability of the d
&

states is very simi-
lar to that of the p, states in the case of Kr and Ar [4].For
small impact energies the occupation of d

&
dominates the

do and d 2 occupation. This changes clearly for impact en-
ergies higher than about 50 keV. This similarity could serve
as an indication of the importance of 2po.-3do. and 2pvr-
3dm radial couplings at low impact energies. It is striking
that the m = ~ 1d states are mainly populated at low proton
energies and not the m = ~ 2d states which would geometri-
cally correspond to the m= ~1p states. Therefore a pure
geometrical interpretation, where the electron is pulled back
by the target ion, cannot provide a complete explanation of
the observed charge distribution data. Quantum-mechanical
effects, such as radial couplings etc. , need, to be taken into
account as well.

The probability density for the wave function describing
the H atom shortly after the electron capture can be calcu-
lated from the density-matrix elements. Similar to the Ar
experiments, as discussed above, one can see that the elec-
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tron cloud not only lags behind the proton but also wraps
around it to the sides, giving the cloud a horseshoe shape
(see Figs. 3 and 4) for small impact energies. Probability (or
charge) density plots offer a beautiful and very comprehen-
sive way to graphically present the collisionally induced

charge distribution.
The absolute cross sections for charge transfer to the 3s,

3p, and 3d H atom states for H+ on Kr are compared to the
corresponding data of Lenormand [18].The agreement in the
case of the 3s capture cross section is poor. However, Lenor-
mand's cross sections are also in variance with our recently
obtained 3s capture cross sections in the case of Ar, which
are in good agreement with data measured by Hughes et al.
[31]. Similarly to the Ar and He cases, the capture cross
section for capture into the 3s state maximizes at energies
somewhere between 20 and 50 keV, whereas the capture
cross section for capture into the 3p and 3d levels decreases
in the investigated energy region. This is in good agreement
with the data obtained by Lenormand.

VII. CONCLUSIONS

Real elements of the density-matrix elements of H(n = 3)
atoms produced in H+ on Kr atom collisions were deter-
mined experimentally in this work. The charge density dis-
tribution, whose computation is based on the measured
density-matrix elements, indicates that electrostatic postcol-
lisional interaction does not inhuence the formation of an
electric dipole moment in the H(n = 3) atoms. The observed
integral alignment of the 3p states is consistent with previ-
ous results where the n = 2 alignment was investigated. For
proton energies around 20 keV the m = 1 (p and d) states are
preferentially occupied, similarly to results of recently per-
formed H+ on Ar experiments, and in contrast to H+ on He
experiments.
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