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Alignment and orientation in atomic collisions
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Recent experimental and theoretical studies of alignment, orientation and dipole moments of excited states formed in atomic
collisions for simple systems are reviewed. We also review the studies of the dependence of electron capture cross sections on the
magnetic quantum numbers of the initial target states. The propensity rule involving the magnetic quantum numbers in atomic

collisions is also examined.

1. Introduction

In a quantum-mechanical description of inelastic
ion-atom collisions, the time evolution of the final
electronic state of either collision partner at the end of
the collision can be represented as a coherent sum of
atomic eigenstates ¢,

W(t>1t9) =3 a;(ty)dexp( i), )

where the expansion coefficient a; is proportional to
the scattering amplitude for populating the excited
state ¢, from a well-defined initial state, and time ¢ is
supposed to be large enough to ensure that couplings
among the final states have vanished. In experiments
where the total cross sections are measured, only the
magnitudes of the scattering amplitudes a; are ex-
plored. In the so-called coherence and correlation
studies, one of the goals is to find the phase informa-
tion on these scattering amplitudes.

The wave function represented by Eq. (1) is actually
a decaying pure state. Since experimental observation
takes some finite time interval, coherence can be ob-
served only among states which are degenerate or near
degenerate. In this review we will concentrate only on
the coherence among states which are degenerate.
Thus the alignment and orientation studies pertain to
the investigations of the relative magnitudes and phases
of the amplitudes among the magnetic substates of a
given nl subshell. In the case of hydrogenic excited
states, the degeneracy among the subshell states for a
given principal quantum number # also allows the
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study of coherence among substates of different angu-
lar momenta.

There is a rich literature on the alternative yet
equivalent theoretical formulations of “coherence and
correlation” studies [1-5], see for example Andersen et
al. [3]. To extract orientation and alignment parame-
ters from experiments, the polarization or the angular
distribution of the emitted photons from the radiative
stablization of the excited states has to be measured.
For atomic states with fine or hyperfine structures, the
effect of “depolarization” of the radiation due to the
fine structure and hyperfine structure has to be consid-
ered. This subject has been discussed extensively in the
literature (see refs. [1-4]). When the collision involves
the excitation of inner shells or of multiply excited
states, decay by electron emission is possible and the
orientation and alignment can also be studied by mea-
suring the angular distribution of the ejected electron.

We will concentrate only on simple collision sys-
tems, especially those where both experiments and
elaborate theoretical calculations are available. In sec-
tion 2 we review briefly the different coherence param-
eters commonly used. Section 3 reviews examples of
alignment and orientation studies for excited states
formed by collisions with simple atoms in the ground
state. Section 4 is devoted to collisions with laser-ex-
cited target atoms. While the alignment and orienta-
tion studies for specific systems are interesting, it is of
paramount importance to examine if any of these pa-
rameters exhibit special simple trends or rules. In both
sections 3 and 4, the possibility of these propensity
rules are also examined. A short summary is given in
section 5.
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2. Coherence parameters
2.1. Coherence between magnetic substates

The scattering amplitudes a; in Eq. (1) are suitable
for describing pure states. An alternative approach is
to describe the end of a collision event in terms of
density matrix. The density matrix approach can be
used to represent mixed states as well (see refs. [3,4]).
We will treat pure states here only, thus the density
matrix is

Pim,im =85 - 2)
An alternative representation of the coherence param-
eters is to use the state multipoles which are the
irreducible representations of the density matrix. There
are different definitions of such multipoles, the align-
ment A and the orientation parameters O defined by
Fano and Macek [1] are real quantities constructed
from the expectation values of angular momentum
operators:

I,y =J(J+1)0

BIZ=J2 =J(J +1) Ay,

(T I, AT T =J(T +1) Ay

(IZ-T2P =TT+ 1) Ay, 3)

where the guantization axis is chosen to be along the
direction of the incident beam.

2.2. Coherence between degenerate hydrogenic states

Due to the degeneracy of hydrogenic sublevels
within a given principal quantum number », the coher-
ence among the nlm substates, represented by the
density matrix {nlm|p|ni’m’) can be determined in
principle experimentally. The decomposition of such a
density matrix in terms of state multipoles where the
muitipoles have obvious physical interpretations has
been obtained based on the O, group of the nonrela-
tivisitic hydrogen atom [6]. Starting with the two con-
stants of motion, the angular momentum L and the
Runge-Lenz vector A4, the state multipoles thus con-
structed contain the Fano~Macek orientation and
alignment parameters as a subset. Among them which
we will discuss later are the expectation value of 4 and
of L XA, where A4 is proportional to the electric
dipole moment operator D for a given n-shell, and
L X A is proportional to the velocity vector of a classi-
cal electron at the perihelion. These expectation values
can be expressed in terms of linear combinations of
density matrix elements.

2.3. Coherence parameters from integral measurements

In experiments where the scattering angles of the
incident particles are not determined, the collision

system has cylindrical symmetry, thus only the align-
ment parameter A,, can be determined. In the simple
case that the target is a closed-shell atom where the
projectile and target are not polarized, and where the
scattering angles or the recoil ions are not detected,
the linear polarization P and the angular distribution
of the emitted photon are related to A4,, by

W(8) = Wy[1 + ay Ay Py(cos §)] /4. 4

Here «, is a constant depending on the angular mo-
mentum of the initial and final states. If the excited
state is a 2p (or np in general) state, then the align-
ment parameter A,, is related to the subshell cross
section o,, for populating 2p,, magnetic substates by

o, — 0oy ).

Ay = .
27 20, + 0y

For hydrogenic excited states, the cylindrical sym-
metry allows only the determination of the z-compo-
nent of A and of L X 4. These expectation values can
be expressed in terms of the real and imaginary com-
ponents of the density matrices as [7,8]

6 Re(a; )
O +0'2p
-2 Im(o;,po)
oy + T2p

6\/2—Re(o'syp0 + ggpo’do + @apl,dl)

(2 +0'3p + 03y

4\/§Im(0},po +V20, 4 + V60, 4)

o+ o3, + 03y

<Dz>n=2 =

<(L XA)z>n=2 =

<Dz>n=3 =

<(L XA)z>n=3 =

(6)

2.4. Alternative coordinate frames

In describing an atomic collision, often the direction
of the incident beam is chosen to be the z-direction, or
the quantization axis where the magnetic quantum
number is referred to. This choice is definite unique
for integral measurements where the beam axis is the
axis of the cylindrical symmetry. In the case of differ-
ential measurements, the incident beam and the scat-
tered beam define a scattering plane. The x-axis is
chosen to lie on the scattering plane with the scattered
particles measured in the -+x-direction. The y-axis is
chosen to be perpendicular to the scattering plane such
that x, y and z form a right-handed orthogonal set of
axes. An alternative choice of the coordinate frame,
called the natural frame, x’y’z’ (see Fig. 1), is to
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Fig. 1. The natural coordinate system for atomic collisions.

The collision plane is the x’y’ plane, with the + x’ being the

direction of the incident beam. The quantization axis is the
+ 2z’ axis which is pointing out of the paper.

choose the quantization axis along the direction per-
pendicular to the scattering plane, ie. z' =y, and
x'=z and y’ = x. The scattering amplitudes or density
matrices referred to one coordinate frame can be ob-
tained from the other by simple rotation matrices. For
latter discussions, we give explicit expressions for the
subspace of 2p magnetic substates. Referring to the
xyz frame, the coherent 2p wave function can be ex-
pressed as

Y=aghy,, + a1, +a_ 16, U

from which we can define the expectation value of the
angular momentum perpendicular to the scattering
plane (L |, ), called the orientation parameter,

(L,>=—2y/A(1 —A)sin y, )
where A and y are defined as

| ag | 2

= m, x = arg(a;/aq). )

The expression (9) shows that the orientation (L | )
depends on the relative phase between the amplitudes
for the 2p, and 2p, magnetic substates (the phases for
2p, and 2p_, are fixed by the reflection symmetry with
respect to the scattering plane). This has been com-
monly used to state that the determination of the
orientation parameter provides information on the rel-
ative phase between the scattering amplitudes. This is
true only if the amplitudes are defined with respect to
the xyz frame.

If the scattering amplitudes are defined with respect
to the x’y’z’ frame, the wave function (7) is rewritten
as

¥ =aidy, +al1d2, (7a)

where we have assumed that the collision system has
even reflection symmetry with respect to the scattering
plane, then the orientation parameter becomes

(L,Y>=laj|*—la"|% (8a)

There is no phase information in the expression above.
Note the similarity of this expression to the alignment
defined in Eq. (5).

2.5. Atomic scattering theories

From the calculated scattering amplitudes, all quan-
tal scattering theories can provide the full density
matrix or the corresponding coherence parameters.
The atomic scattering theories which account for most
of the detailed couplings among all the atomic states
are usually of the close-coupling varieties. In the en-
ergy domain of tens of keV’s to MeV’s collisions, the
motion of the heavy particles can be described classi-
cally. In the close coupling method, the time-depen-
dent electronic wave functions are expanded in terms
of certain basis functions. In the atomic orbital expan-
sion method, the basis functions are atomic states
centered on each collision partner. In the molecular
orbital expansion method, the basis functions are static
molecular orbitals modified by some form of electron
translational factors. The close-coupling method has
been reviewed recently by Fritsch and Lin [9].

3. Selective examples
3.1. Integral measurements on alignment parameters

The simplest ion—atom collision system that has
been exposed to many theoretical investigation is the
H*+ H(ls) collision. In the 1-50 keV energy region,
the total cross sections for excitation and electron
capture cross sections from the various coupled chan-
nel calculations are in quite good agreement with ex-
periments (see ref. [9]), but the magnetic substate cross
sections to the 2p states can be examined only if the
integral alignments are measured. Such an experiment
has been carried out by Hippler et al. [10). Their
results are shown in Fig. 2 where various theoretical
results are also shown [11-13]. The experiment does
not separate the 2p radiation from the excitation and
electron capture channels, so the weighted average
alignments are compared. It is clear that the alignment
is positive at low energies since it is well understood
that the 2p state in this collision system is formed by
the rotational coupling between the 2po and the 2par
molecular states, and thus at low energies, the align-
ment should approach its asymptotic value of 0.5. The
experimental values are close to this value in the 1-7
keV region, but tend to deviate from it at lower ener-
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Fig. 2. Integral alignment A,, of H(2p) states of both target

and projectile populated in H* +H collisions. Experimental

results by Hippler et al. [10] are compared with results from

calculations by Fritsch and Lin [11] (dashed and dashed-

dotted lines), by Shingal [12] (solid line) and by Liidde and
Dreizler [13) (dashed—double-dotted lines).

gies, which may be due to the neglect in the theories in
including the Coulomb deflection of the projectile tra-
jectory at low energies. Fig. 2 also shows that there are
still noticeable discrepancies between experiment and
theories in the 15-20 keV collision energy region.
Whether this is an indication of the failure of all the
close-coupling calculations, remains to be examined.

We next show an example of the integral alignment
of Na(3p) excitation produced in H*+ Na(3s) colli-
sions. In Fig. 3 the measured alignments by Jitschin et
al. [14] are compared to the AO calculations by Fritsch
[15]. This system is complicated in that electron cap-
ture to the n =2 states are large and many channels
have to be included in the coupled-channel calcula-
tions. The smaller basis MO calculation does not give
correct A,, in details, although the relative energy
dependence is satisfactory [16]. This example gives
evidence that alignment provides a more stringent test
on the calculations carried out by different theoretical
models.

Experimentally, the integral alignment for H(2p) in
H*+ He - H(2p) + He* has been measured over a
broad energy region, as shown in Fig. 4 [17,18]. This
two-electron system poses a great challenge to the
theoretical models, especially at higher energies where
the capture cross sections to H(2p) are small. In Fig. 4
a number of theoretical results have been shown, and
the agreement with data is not satisfactory except for
the low-energy region. For more details about this
system, see section 5.1.2 of Hippler [5].

0.5 7 T T T T T T
H*+Na
<
2 0 =
) \ =~
S ™
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o
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—— AQ {Frifsch 1987}
- =-~M0 . .
Jitschin et al.
¢ expt]” (1986)
-1.0 p a1} ) Lo gl 1 J|

1 10
impact energy [keV)

Fig. 3. Integral alignment A, for H* + Na(3s) = H* + Na(3p)

excitation process. Data are by Jitschin et al. [14]. Solid lines

are results from the AO calculations by Fritsch [15] and
dashed lines are from the smaller MO calculations [16]).

There are few measurements on alignment for
ion—atom collisions involving multiply charged ions. In
these collisions, the electron is captured to higher
exited states and polarization from the cascading radia-
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Fig. 4. Lategral alignment A, for capture to H2p) in H* + He

collisions vs. incident energy. Experiment: open circles, from

Teubner et al. [17); solid circles, from Hippler et al. [18];

triangles, from Cline [19]. Theory: see the explanations in Fig.
20 of Hippler [5].
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Fig. 5. Dipole moment {D,) for electron capture to H(n = 2)
and H(n = 3) states in H* + He collisions vs. incident energy.
Experiment: H(n = 2), solid circles, Hippler et al. [18]; open
circles, Cline [19]; triangles, DeSerio et al. [25]; H(n=3):
diamonds, Ashburn et al. [23]. Theory: one-electron AO cal-
culations by Shingal and Lin [26] in dashed-dotted lines;
two-electron AO calculations by Slim et al. [27] in dashed-
double-dotted lines and two-electron AO-MO calculations by
Kimura [28] in solid lines.

tions has been measured [20]. To compare with experi-
mental alignments, the transfer of alignment from the
initial excited state has to be treated, see Lin and
Macek [21].

3.2. Integral measurements on dipole moments

The coherence between the degenerate hydrogenic
nl subshells can be determined partially in a number of
different ways: (a) by measuring the linear polarization
in an external axial and/or perpendicular electric field
[22,23]; (b) by applying a radio-frequency field to drive
transitions among the rn =3 states [24], and (c¢) by
measuring the quantum beats in an electric field [25].
The most extensive studies have been carried out for
the electron capture to the n =2 and n = 3 manifolds
in H*+ He collisions. In Fig. 5 we show the dipole
moment extracted from the experiments and compare
them with different theoretical calculations [7,26-28].
The general trends are predicted by these more elabo-
rate calculations, despite that there are still some dif-
ferences.

3.3. Orientation parameters

There are a few experimental studies on the orien-
tation parameters for ion—atom collisions, but most are
limited to the low-energy region, see the examples
given by Hippler [5]. The small scattering angles at
higher collision energies make such measurements
rather difficult. On the other hand, there are a number
of theoretical and some experimental evidences that
there exists simple propensity rules for the orientation
parameter for excited states formed in ion-atom colli-
sions. The propensity rule was first discovered for the
2p states formed in the excitation processes [29]. Recall
that in the natural frame of reference where the quan-
tization axis is perpendicular to the scattering plane,
the orientation is a measure of the different probabili-
ties for populating the m’ =1 and m’ = —1 substates.
It was found that for the excitation process near the
velocity matching region, the orientation parameter is
near — 1, indicating that the m’ = — 1 state is preferen-
tially populated in the collision. This simple result was
interpreted by Andersen and Nielsen [29] using the
distorted wave approximation.

The model of Andersen and Nielsen does not apply
to electron capture processes. Calculations have been
carried out by Nielsen et al. [30] and there are evi-
dences of propensity rules for electron capture pro-
cesses as well. However, a clear-cut propensity rule
became evident only following the work of Lundsgaard
and Lin [31], where they showed that in the collisions
between multiply charged ions with atoms, the domi-
nant magnetic substates populated are the m’'= —[
substates. In Fig. 6 the results for electron capture to
4f and 4d states in C%" on H collisions at v = 0.4 a.u.
are shown. Clearly the most negative m’ values are
populated and each step of increase of m’ results in an
order of magnitude decrease of the electron capture
probability.

This propensity rule has been shown to be valid for
other collision systems. The propensity rule is a conse-
quence of the rotation of the electron cloud with the
rotation of the internuclear axis throughout the colli-
sion, and is expected to be valid at higher energies
and /or at larger impact parameters where the electron
does not have the chance to oscillate between the two
collision centers.

We conclude this section by pointing out that be-
sides the propensity rule for the orientation parameter,
there is also a general result for the dipole moment
component along the direction of the incident beam
for electron capture to the hydrogenic excited states
[32]. Both experiment and calculations have shown that
the dipole moment has positive sign in the energy
region near or above the velocity matching. This im-
plies that there is a lack of the front—back symmetry of
the electron cloud after the collision — the electron
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Fig. 6. The probability distributions for electron capture to 4d

and 4f substates in collisions between C%* on H at v =04

a.u. [30). The quantization axis is chosen perpendicular to the

scattering plane. The magnetic quantum number m’ = — [ has

the largest probabilities, and increases in steps of 2 for each
curve in order of decreasing probabilities.

cloud tends to lag behind the projectile center. This
propensity rule is a consequence that the electron
tends to situate between the two nuclei before the end
of the collision. This interpretation implies that for
excitation processes, the dipole moment tends to be
negative and that the electron cloud tends to stay
ahead of the target center. Close-coupling calculations
for H* on H for excitation to n =2 and n = 3 support
this result.

4. Collisions with aligned or oriented excited states

By optical pumping techniques excited atoms can be
prepared with well defined aligned or oriented states
which can be served as target atoms for collisions with
ions to examine the dependence of inelastic cross sec-
tions on the orbital alignment or orbital circulations.
These experiments complement the analysis of polar-
ization of final excited states examined in the previous
section.

The excited states are pumped by high power lasers
to achieve enough target density. Limited by the lasers
available, so far all the laser excited target atoms are
alkali or alkaline earth atoms. The most detailed stud-
ies have been done with the laser-excited Na(3p) states
which have been produced in aligned states or in
oriented states. In the study by Dowek et al. [33], the
Na(3p) was aligned either parallel or perpendicular to
the beam direction, and the final electron capture to
the n =2 and n = 3 states of hydrogen are determined
by the energy gain/loss of the projectiles. Since only
about 10% of the target atoms are in the Na(3p) states,
the energy gain/loss spectra were determined with the
laser on and laser off modes. By examining the spectra
for the parallel and perpendicular target alignments,
the dependence of electron capture cross sections of
the H(n =2) and H(n =3) states on the two align-
ments has been determined. By defining the anisotropy
A(n) for electron capture to the states with principal
quantum number n as the fractional difference be-
tween the cross section of the parallel aligned initial
state from that of the perpendicular aligned initial
state, the measured A(n) is compared in Fig. 7 with
the results from the theoretical calculations. The elab-
orate close-coupling calculations of Fritsch (34] do
agree with the experimental results, but calculations
with limited MO basis show discrepancy with data.
Note that the anisotropy remains roughly constant for
the dominant n =2 electron capture channels, but
changes sign for the weaker n =3 channels. These
results show that electron capture is more probable if
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o
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Fig. 7. The anisotropy parameter A(n) as a function of

incident proton energy E for electron capture to the n=2

and n =3 states in H* +Na(3p) collisions. The experimental

data points are from Dowek et al. [23], and the theoretical

calculations in solid lines are from the AO calculations by

Fritsch [34] and in dotted lines are from the MO calculations
[33].
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the electron cloud is aligned parallel to the incident
beam direction in the collision energy range studied.

The above results for the dependence of electron
capture cross sections on the initial alignment is far
from universal. In fact, similar experiments [35] for
collisions with He?* projectiles show the opposite re-
sults: the anisotropy for the dominant n =4 electron
capture channel is negative and the weaker n = 3 chan-
nel is slightly positive, at least in the energy range of
0.5-3 keV/amu studied experimentally. The experi-
mental results are in agreement with large-scale AO
calculations carried out by Hansen, but the fact that
the results are different from the collisions with pro-
tons indicate that there is no general propensity rule
for the dependence of electron capture cross sections
on the initial alignment of the target. Recall that there
are no propensity rules for the alignments of final
states in ion—atom collisions either.

The dependence of electron capture cross sections
on the initial orientation of the excited target atom has
been measured more recently [36]. In these experi-
ments, the target Na(3p) atoms are prepared by using
either left- or right-circularly polarized laser lights. For
each polarization, the electron capture cross sections
at a given scattering angle 6 are measured at the left
and the right of the beam. From the left-right asym-
metry the dependence of the electron capture cross
sections with the initial orientation can be extracted.

The comparison of experimental asymmetry param-
eters with theoretical calculations turns out to be not
very straightforward and a simple intuitive classical
model does not apply [37-39]. For H* + Na(3p) colli-
sions, electron capture occurs at very large impact
parameters and thus corresponds to very small scatter-
ing angles. At such small angles, it is not possible to
make a one~to-one correspondence between the scat-
tering angle and the impact parameter. Using the
eikonal approximation, it is possible to derive a diffrac-
tion integral which relates the scattering amplitude at a
given direction (8, ¢) in terms of the electron capture
amplitude at impact parameter b, see ref. {39]. The
diffraction integral mixes amplitudes from different
impact parameters and the propensity rule established
for each impact parameter cannot be tested directly.

To show that at each impact parameter the electron
capture probabilities do depend strongly on the initial
magnetic quantum number m', we show in Fig. 8 the
total electron capture probabilities vs impact parame-
ters for different initial magnetic quantum number m’
for H*+ H(4fm') —» H (all) + H* collisions [40). Note
that the electron capture probabilities drop rapidly
with increasing m’ and that electron capture from
large positive m’ is less likely except at small impact
parameters. Also note that if an electron is initially in
the negative m’ state, in the classical sense, the elec-
tron rotates in the same sense as the rotation of the
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Fig. 8. Comparison of the total electron capture probabilities

vs. impact parameter for different initial m’ for HY +

H(4fm’) -» H(totaD) + H* collisions at v = 0.2 a.u. The solid

line is for m’ = ~3, and the other lines, in order of decreasing
probabilities, are m’' = -2, — 1, 0.

internuclear axis during the collision. Such an electron
is more easily captured. If the electron rotates initially
opposite to the rotation of the internuclear axis, it is
less likely to be captured. The results of Fig. 8 are
consistent with this simple picture.

There are few data on electron capture from ex-
cited target atoms using multiply charged ions. Total
electron capture cross sections for Ar’* colliding with
Na(3p) atoms have been measured by Walch et al. [41],
They also found no significant dependence of electron
capture cross sections on the alignment of the excited
Na(3p) states.

5. Summary

Measurements of the alighment and orientation pa-
rameters provide detailed information on the collision
dynamics which are otherwise not available from mea-
surements of total cross sections alone. These mea-
surements, especially at the differential level, are quite
tedious and time consuming, yet they are indispensable
for a full understanding of the collision system and
serve to distinguish the validity of different theoretical
models. On the other hand, these measurements should
be complemented by total and partial cross section
measurements to different excited states, thus provid-
ing a full test of all the quantities calculated by the
theoretical models.

The number of collision systems where orientation
and alignment parameters that have been measured is
still quite limited. Given the complexities of these
measurements, efforts should be directed toward a few
simple systems where the corresponding theoretical
effort is possible. In this respect, collisions involving
quasi-one electron systems are the most suitable. The
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possibility of doing these studies using oriented and /or
aligned excited states also add many opportunities in
this field.
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