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Collective Propensity of Orientation for Multielectron Ions in Collisions
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The orientation parameter, (J,)/J(J+1), of the 2F 4, state of Ar™, formed in the two-electron process
He*+Ar— He(1s2)+Ar*(3p*4p, 2F7;,) has been measured at various scattering angles. The mea-
sured value of (J,), the component of the total angular momentum perpendicular to the collision plane, is
interpreted as resulting from a collective circulation of the inactive 3p* core electrons as well as the ac-
tive 4p electron. We find that over the range of scattering angles studied, this collective-electron circula-
tion is in the direction of the rotating internuclear axis, the direction given by the propensity rule, sug-
gesting that this rule is more general than heretofore proposed.

PACS numbers: 34.50.Fa, 34.70.+¢

A property of excited states of ions and atoms formed
in collisions with directed beams of electrons, ions, atoms,
and molecules is that the electron distributions of states
are usually nonspherical when the orbital angular
momentum quantum number is greater than zero. They
can also circulate with a net angular momentum perpen-
dicular to the collision plane of any given collision [1].

Experimental measurements of the electron charge dis-
tribution and the circulation of the probability flux densi-
ty of electronic states, formed in collisions, have provided,
at the most fundamental level, unprecedented detail
about the dynamical characteristics of the state of the
atom and have often provided ultimate tests of detailed
collision models and calculations [1]. Even in the absence
of detailed calculations, new levels of insights into col-
lision dynamics often result from such measurements [2].

The electron circulation is of special interest because of
a propensity rule for colliding diatom systems, which
states that the electron probability flux density of an ex-
cited atom or ion tends to circulate in the direction of the
rotating internuclear axis [1,3]. Stated another way, the
angular momentum of the colliding nuclear system tends
to get transferred into the angular momentum of the cir-
culating electrons of the excited atoms or ions.

The propensity rule is important because it is one of
those few broad principles that connect and organize
seemingly complicated and diverse diatom, inelastic col-
lisions; it can be thought of as an approximate selection
rule. Because of this importance, the propensity rule has
been the focus of several recent theoretical and experi-
mental investigations in diatom collisions, in an attempt
to extract the underlying physics that connects different
systems [4-6].

The experimental studies of the propensity rule to date,
and the supporting theories, have been for either a pure
one-electron system or, in the case of a multielectron sys-
tem, a single active electron outside a filled shell that can
be treated as a quasi-one-electron system. Special effort
has even been made to find and study systems that have
one active electron around an isotropic core [5,6].

We present here experimental results that indicate the
propensity rule may be even more universal than suspect-

ed, in that a new electronic circulation can occur in more
than the active, excited electron. In the case when an
atom or ion has unfilled inner shells, a collective propensi-
ty of the electron circulation may also occur in the unex-
cited electrons. Specifically, we find in the case of the
simultaneous removal by charge transfer and excitation
of outer-shell electrons of Ar in 1 keV collisions with
He, in the reaction

He* +Ar(3p®)— He(ls?)+Ar* Gp*4p, *Fqp) ,

that even the electrons in the partially filled-inactive 3p*
core, as well as the active 4p electron, circulate according
to the propensity rule. Their net orbital angular momen-
tum approaches the theoretical maximum value for some
laboratory scattering angles. This suggests a common in-
teraction of the 3p electrons during the collision, resulting
in their collective circulation, but an excitation of only
one of them. Such collective effects have not been stud-
ied in any detail and can only be observed using the tech-
niques of alignment and orientation presented here.

The collective electron circulation is related to the
mean value of the total angular momentum {J,) perpen-
dicular to the collision plane, a plane defined by the in-
cident beam and the outgoing neutral He(1s2). Since ar-
gon has a nuclear spin of zero, only electronic spin and
orbital angular momentum contribute to (J,). Incor-
porating the formalism of Fano and Macek [7], we de-
scribe (J,) by using their definition of the orientation pa-
rameter, O —, which for atomic states of definite J is

) Zm,Trp(M;IM,

0i-= JU+)

S JU+1)

where p(M;) is the density matrix of the excited state.
We use the coordinate system of Fano and Macek where
the initial beam direction defines the z axis. We also use
the Fano-Macek normalization of J(J+1).

To determine Of- uniquely, for a given scattering an-
gle of the He(ls?), one must measure the normalized
Stokes parameter Pj,P,, P3 for the polarized radiation of
the 2F 7/, to 2Dsy, transition (461 nm) emitted perpendic-
ular to the collision plane, as well as the linear polariza-
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tion P4 for radiation emitted in the collision plane, along
the Y axis of Fig. 1. These quantities are defined as

=1 _1(45°) —1(—45°)
Ynry 0 T 1(5°)+1(—45°)
_ I(RHC)—I(LHC) _Li—IL
P3= s Pa=—7p,

I(RHC)+I(LHC) I+1y

where Iy, I 1, and (£ 45°) are the intensities, respective-
ly, of the radiation polarized parallel, perpendicular, and
at =+ 45° to the initial beam direction. The parameter P;
measures the degree of circular polarization, where RHC
(LHC) refers to the classical right- (left-) handed circu-
lar polarization or negative helicity.

Fano and Macek have provided a convenient formalism
for describing the emission intensity of linear and circu-
larly polarized light from atomic systems in terms of the
expectation values of various combinations of Cartesian
components of total angular momentum [7]. In addition
to Of-, already defined, there are three alignment pa-
rameters, A§, A{+, and A5+, that describe the excited
state in terms of expectation values of the Cartesian com-
ponents of total angular momentum, as well as the orien-
tation parameter. From the general expressions for vari-
ous polarization components of the intensity provided by
the Fano-Macek formalism, one can determine four rela-
tionships relating P, through P4 to the orientation pa-
rameter and the three alignment parameters. These rela-
tionships are readily found to be

oi_= Gy 2P;5[P4+11]
JU+1)  pOpP,—P —Ps—3]1"
pre (377—35 _ —2[P, QP4+ 1)+P,]
JU+1) a9 Py—P—Ps—31"
P AR —2P,[P4+1]
JU+1) h@P\Ps—P—Ps—3]1"
. _2=uh +2(P;—Py)
A%+ =

JU+1)  hOlpp,—P,—P,—3]"

where £ and h @ depend only upon the initial and final
J in the 21‘“7/2 to 2Ds,, transition. For this transition,
hV=4.5and h@=—0.75 [7].

The Stokes parameters and P4 were measured by
detecting the characteristic radiation in coincidence with
the scattered He(ls?2) at specific scattering angles, using
the apparatus schematically shown in Fig. 1. He%t was
formed in a uniplasmatron source, a beam was extracted,
mass analyzed, and collimated before interacting with a
target of Ar formed in a gas jet from a small hypodermic
needle. Scattered neutral helium atoms were detected by
microchannel plates mounted in a chevron configuration.
Individual copper anodes behind the microchannel plates
that collected the amplified electron charge defined the
various scattering angles. A wedge-shaped mask over the
microchannel plates limited the azimuthal scattering an-
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FIG. 1. Schematic of apparatus for measuring polarized ra-
diation in coincidence with He(1s2).

gle to = 10° about the X' and Y” axis. The primary He*
ion beam was bent into a Faraday cup by a set of
deflection plates that are not shown in Fig. 1. Great care
was taken in the calibration of the transmission properties
of the linear polarizer and the determination of the phase
shift and fast axis of the near-quarter-wave plate [8,9].

Our results of the orientation parameter measurements
for the 2F7/2 state of Ar* are shown in Fig. 2 for positive
scattering angles in the first quadrant of the X-Z plane.
Results for negative angle scattering give identical results
within the quoted errors, except the results are of oppo-
site sign. The error bars in the scattering angle direction
represent the finite width of the detector anodes behind
the microchannel plates. The error in Of— represents 1
standard deviation and takes into account counting statis-
tics, uncertainties in the polarizer angle and transmission
properties of the polarizer, as well as uncertainties in the
value of the retardation of the near-quarter-wave plate
and the fast-axis direction of the quarter-wave plate. We
note that the expectation value of the angular momen-
tum, (J,), is negative for positive scattering angles, with
the value of Of - reaching —0.164 = 0.003 for the small-
est measured angle, 0.94°.

Included in Fig. 2 are the approximate impact parame-
ters that are covered in our scattering range. These have
been determined using tabulated Hartree-Fock charge
densities to determine central scattering potentials. We
also note that these impact parameters are just beyond
the maximum of the radial wave function of the 3p orbit-
als of 2F7; of Ar* [10]. These radial functions are
shown in Fig. 3.

In order to discuss the contributions of the 3p* core
and the active 4p electron to Of—, we first consider the
coupling scheme that best describes the excited states of
Ar* [11]. This scheme is one where the excited 4p elec-
tron of interest is coupled to the 3p* core by L-S cou-
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FIG. 2. Orientation parameter Of— of Ar*(?F3.,) formed in
collisions with He ™, as functions of laboratory scattering angle
and impact parameter. Dashed line represents maximum possi-
ble orientation. Solid line represents maximum possible contri-
bution of 4p electron to orientation.

pling. The 3p* core electrons also couple among them-
selves by L-S coupling to produce either a P, 'D, or 'S
core state. This coupling scheme appears to hold very
well for states with an active 4p electron. The 2F; state
is then described by an active 4p electron coupled to a 'D
core by L-S coupling. In general the expectation value
(J,) of the 2F7/, state has contributions from both the ac-
tive 4p electron and the inactive 3p*('D) core electrons.

The maximum negative value of Of— for the 2Fy;
state occurs when (J,)=M;=— 7, giving a maximum
value of Of- = —0.22. For this case the pure state func-
tion w(Z, — Z) can be written as the product

W(%s_ %)=WC(ML=_2)V’a(mI=_l)la(_ ;—),
where y, is the wave function for the core and y, and g,
are the orbital and spin functions of the active 4p elec-
tron. For this extreme case, the maximum total orienta-
tion is the sum of the orientation of the 3p*('D) core
electrons and the orientation of the active 4p electron. In
particular, the 4p electron gives a maximum possible con-
tribution to the total orientation, namely, (— )/
J(J+1) =—0.095, which is 43% of the theoretical max-
imum, —0.22. As a point of reference we show this value
of —0.095 in Fig. 2.

Our measured value of —0.164 for the 2Fq/, orienta-
tion, at this angle, is clearly not described by the pure
state function product given above, although the state is
clearly dominated by large negative values of M,;. How-
ever, the value of —0.095 does provide an upper limit for
the contribution of the active 4p electron for any possible
state. Since this upper limit of —0.095 is considerably

1.6}

1.2}
1.0 3p
0.8
0.6 *
0.4

0.2

r X (np) Values (a.u.) 7

0.0

-0.2

-0.4 |

0 1 2 3 4 5 6 7 8
R (a.u.)

FIG. 3. Radial wave functions rX (np) for p orbitals of Ar*.
The enhanced line on 3p function indicates region of present
measurements.

less than the measured value (see Fig. 2) and is signifi-
cantly outside the error of the measured value, we must
conclude that significant orientation of the 3p*('D) core
is present at the small scattering angles.

In addition, the sense of the net orientation, or circula-
tion of the inactive 3p4 electrons, is in the same direction
as the active 4p electron; both circulate in the direction
given by the propensity rule, that being the same direc-
tion as the internuclear axis rotation. As stated earlier,
this suggests a common interaction of the 3p electrons
during the collision. Our results indicate that excitation
is not a requirement for the transfer of angular momen-
tum.

Both the core state configuration and active electron
are dominated by single electron states of ny=—1.
Thus, the 2F7/2 state of Ar* for 1 keV collisions exhibits
a net collective circulation of the 3p* and 4p electrons at
our smallest scattering angles; the contribution of the 3p*
electrons to the net circulation is roughly the same as the
active 4p electron.

The authors acknowledge useful discussions with Pro-
fessor J. Macek. We also acknowledge the contribution
of Professor Gordon Gallup, who provided the radial
functions of Ar*. This work is supported by the Nation-
al Science Foundation through Grant No. PHY9120213.

[1] N. Andersen, J. W. Gallagher, and 1. V. Hertel, Phys.
Rep. 165, 1 (1988).

[2]1 D. H. Jaecks, F. J. Eriksen, W. deRijk, and J. Macek,
Phys. Rev. Lett. 35, 723 (1975).

[3] N. Andersen and S. E. Nielsen, Europhys. Lett. 1, 15
(1986).

993




VOLUME 71, NUMBER 7 PHYSICAL REVIEW LETTERS 16 AUGUST 1993

[4] N. Andersen, T. Andersen, P. Dalby, and T. Royer, Z. [7]1 U. Fano and J. Macek, Rev. Mod. Phys. 45, 553 (1973).
Phys. D 9, 315 (1988). [8] A. B. Wedding, A. G. Mikosza, and J. F. Williams, J.
[5] P. Roncin, C. Adjouri, M. N. Gaboriaud, L. Guillemot, Opt. Soc. Am. A 8, 1729 (1991).
M. Barat, and N. Andersen, Phys. Rev. Lett. 65, 3261 [9]1 H. G. Berry, G. Gabrielse, and A. E. Livingston, Appl.
(1990). Opt. 16, 3200 (1977).
[6] J. P. Hansen, L. Kocbach, A. Dubois, and S. E. Nielsen, [10] Gordon Gallup (private communication).
Phys. Rev. Lett. 64, 2491 (1990). [11] L. Minnhagen, Ark. Fys. 25, 203 (1963).

994



