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Electron-Collision-Induced Alignment of Rare Gases near Threshold
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Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311

T.J. Gay and K. W. Trantham*

Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588-0111
(Received 30 May 1997

Results of a semirelativisti®-matrix calculation are compared with experimental values for light
polarizations and alignment parameters of the second excited-state manifolds of neon and krypton
following electron impact excitation. The calculations focus on the near-threshold regime, where
negative-ion resonances have a significant effect on the atomic alignment. A grouping of the alignment
values according to the electronic angular momeniuofi the excited state is observed and qualitatively
explained by angular momentum coupling considerations. [S0031-9007(97)04027-1]

PACS numbers: 34.80.Dp, 34.80.Nz

When atoms are excited by beams of electrons, theghannels. As we will show, spin-dependent relativis-
generally emit polarized light. The study of this polariza-tic effects, which can be probed experimentally using
tion can reveal information about the collision dynamicsspin-polarized electrons, and which have historically been
unavailable from measurements of the collision cross sedifficult to predict theoretically, are well described by our
tions alone [1]. Studies with spin-polarized incident elec-calculations. By comparing the alignment values for a
trons can provide even more detailed information aboutomplete manifold of excited states, a systematic group-
the collision physics [2]. Increasingly sophisticated anding of alignment byJ value is revealed and explained
detailed measurements, in concert with the advent of newsing angular momentum arguments.
theoretical methods and dramatic improvements in desk- Studies of electron-collision-induced alignment in
top computing power in the last decade, have placed oureavy atoms have, to date, been cursory. (We do not
understanding of electronic collisions with the simplestconsider here experiments in which the scattered electron
ground-state atoms such as H, He, and the light alkaand the decay photon are detected in coincidence.) The
lis on a firm footing [3]. Our knowledge of electronic pioneering measurements of Skinner and Appleyard,
collisions involving heavy atoms with many outer-shell made in 1927, involved Hg targets [4]. More recently,
electrons, in which relativistic effects can be important, isexperiments have been performed with alkalis and alkali
much poorer. Early attempts to cobble together relativisearths, noble gases, and with a few other targets such as
tic theories of electron-heavy-atom collisions have beerthe group 1IB elements [11]. With the exception of the
severely limited by computing power, and have met withwork of the Munster group on Hg [13], none involved
only limited success [3]. polarized electrons. Furstt al.[5,14] made the first

In this Letter, we use results from state-of-the-artmeasurements using a polarized electron beam in the
semirelativisticR-matrix calculations, which do not suffer study of the heavy noble gases, and the Perth group
as much from difficulties endemic to earlier perturbativehas recently reported extensive measurements with neon
and close-coupling approaches, to provide new physicalsing polarized electrons as well [7-9].
insight into one of the oldest problems in electron-atom Heavy noble gases have several advantages as targets.
scattering: collision-induced alignment of the excitedPerhaps most importantly, they present a stringent chal-
state in an axially symmetric geometry, i.e., without thelenge to theory. Thep’(n + 1)p excited state configu-
detection of the scattered electrons [4]. This subject hasation provides a complex manifold of ten fine-structure
been the focus of recent attention [5-9]. levels. This allows for a detailed comparison of excita-

One of the central issues in this problem has been thgon dynamics for different final-state spin-orbit couplings.
near-threshold behavior of the alignment (and hence thi addition, noble gases are easy to handle experimentally,
fluorescence polarization), which is complicated byand thenp®(n + 1)p manifold decays primarily by visible
the formation of negative-ion resonances in the thresholdadiation, making the photon polarimetry relatively easy.
region [6,8—12]. In this regime perturbative calculationsThe apparatuses used for our measurements have been de-
are clearly inappropriate. On the other hand, it is cruciakcribed earlier [5,15].
that close-coupling approaches have an adequate basisThe details of theR-matrix calculation fore-Ne scat-
set to describe resonance formation and decay. It is itering will be presented elsewhere [16]. Briefly, it is
this energy range, within 5 eV of threshold, that we focusa 31-state semirelativistic model, based on the Belfast
our discussion. Our method is particularly powerful hereR-matrix codes [17], where the ground state and all ex-
because of its inclusion of a large number of couplectited states with configuratio?y33s, 2p33p, 2p4s, and
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2p°3d are included in the close-coupling expansion. In[6,12], which decay into théD; state, should affecP;.
addition, special care has been taken to produgg ar- These are not seen as clearly in the experimental data
bital that is particularly suitable for the description of the because of the energy width of the electron beam we used
states of interest. This sophisticated basis set, in combing=0.3 eV).
tion with the inclusion of the one-electron relativistic Breit-  Qualitatively, the most interesting aspect of {iik data
Pauli terms in the Hamiltonian, gives us confidence in thas the fact that they do not drop as rapidly from their thresh-
reliability of our results for excitation of the heavy noble old value as do théP, results. Our calculations indicate
gases in the near-threshold region. The present calcul#éhat the?P, values of P, drop to less than 50% of their
tion represents the first step towards a converdedtatrix ~ threshold value within 0.1 eV of threshold. (The quali-
with pseudostates” [18,19] (RMPS) treatment of this com+ative differences between theory and experiment below
plicated problem which, following the RMPS’ success for1 eV for this state are due, at least in part, to the high en-
light nonrelativistic targets, would be highly desirable atergy “tail” of our electron beam.) In contrast, the calcu-
intermediate energies. lated3D; values do not decrease to half their initial value
In the electric-dipole approximation, two linear polar- until 6 eV above threshold. An interesting difference be-
ization fractions,P; and P,, are required to describe the tween the'D; and?P, states concerns the angular momen-
alignment of the atomic excited state. These correspontim ;. of their respective cores. While they both have their
to polarization along®,), or at 45 (P,), to the electron excited-electron orbital angular momentum, their excited-
beam axis. Equivalently, they describe the magnitude andlectron spins, ang. “lined up” to give the maximal/
direction of the atomic alignment, or the second momenfor the state, thé D; state has an alignablej( = 3/2)
of the electronic distribution. core while the*P, state does notj. = 1/2). The ten-
Figure 1 shows P; values for excitation of the dency of the atomiéD; alignment to remain high well
3p[5/21:(D;) and 3p’[3/2], (“3P,”) states in neon. above threshold has thus in the past been interpreted in
(The quotation marks indicate that the latter is not a trugerms of an alignment “flywheel” model [7,20]: the “stor-
Russell-Saunders state.) These data were taken witige” of alignment in thé D; core could reduce both the
photons observed at a polar angle &f= 135°. First, depolarizing influence of negative-ion decay and the ordi-
we note that the theory does a good qualitative job ohary fall of P; from its threshold value as sublevels with
describing the energy dependence and magnitude of the; > 0 begin to be excited.
data. This is noteworthy in itself given the complexity of  This type of physical information, made apparent by
the physical process and the target under consideratiothe comparison of states with different angular momentum
(Cascading from higher levels begins to be appreciableoupling schemes in the same manifold, points out the
about 2 eV above threshold; this may account for theutility of such comparative studies. Consequently, we
increasing discrepancy between theory and experiment abw look more broadly at the dynamical parameter
higher energies.) Second, thB; data approach the re- that uniquely determines the value &%: the relative
guired kinematic threshold value &f = 0.28 [15]. This  alignment
value is determined for a wellS-coupled®D state by the (T
fact that (i) it must be excited by exchange and (ii) only (t()y0) = T 1)
M = 0 magnetic sublevels can be populated at thres 00
old. Since the’P, level is not wellLS coupled, it does
not have a kinematically defined threshold value. The <T(J),J2Q> — Z(—I)J’M'm
calculation also indicates that negative-ion resonances MM

x ( M _KQ><JM'|p|JM>. (2)

hThe integrated state multipoles are defined by [21]

Y T T T r
03 b gp,%gg%i" :: gz,ﬁﬁ%z _____ ° Here(JM'|p|JM) is an element of the density matrix that
P P ? ! describes the excited atomic state if the scattered electrons
0.2 & are not observed. The value @&f; is independent of
' ': incident electron polarization and, for dipole emission
(O I e oog—" "] from a state with angular momentusmto one withJ,
01f " ﬂ’\%@w”m%& °® ° can be expressed as [21]
12 |, 4 .
0.0 =~ ! - : . 3 13) Sir? 6
0 1 2 3 4 5 b |JJJf]< )
incident energy above threshold (eV) ! (1) 3 112 |, . ’
. o . L G, 3@ (tz0)(3c08 0 — 1)
FIG. 1. Linear polarizatiorP, after electron impact excitation JIJy
of Ne. The experimental data were taken at a polar angle
relative to the incident beam axfs= 135°. 3)
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whereG, is a factor to account, if necessary, for depolar- J =1 <t2+0> _ \/EQI — Qo (4)
ization of the radiation due to atomic hyperfine structure. 01+ Qo'

Figure 2 shows results fdr5,) as a function of incident J= 2l = \/E 200 — 01 — Qo | 5)
electron energy for the eight Ne states with configuration 00N 7 20, 4200 + 00

2p°3p andJ # 0. (ForJ = 0, {t5) is identically zero.) . 1 505 — 30, — 20,
For energies of only a few tenths of an eV above 7 = 3 {20 = /3205 + 20, + 20, + 0o (6)

threshold, we note a striking systematic effect: the resultgihermore, conservation of the total angular momentum
cluster by J value of the excited state. Although the ¢ e collision system implies the selection rule
agreement between theory and experiment (and between
different sets of experimental data) is not perfect, the M+ me, + mp = mj, (7)
general trend is clearly confirmed. where my, is the orbital angular momentum component
We can qualitatively explain this clustering with argu- of the scattered electron while; (m;) is its final (initial)
ments based on angular momentum coupling. Since thgpin projection with respect to the quantization axis. Note
diagonal elements of the density matrix are the anglethat Eq. (7) holds for an initial atomic state with= 0
integrated magnetic sublevel cross sectighs, the rela- and our choice of quantization axis along the incident
tive alignment parameters for the variaiwalues can be beam direction.

written as [21]: It follows from Eq. (7) that excitation processes with-
out spin flip (n; = m;) require M = —my,, while ex-
citation processes with spin flipm{ = —m;) require

04 M = —my¢, = 1. Consequently, there are no contribu-
e A ' tions from projectile partial waves witty = 0, 1 to Q3 at

<t;*0) all, while 0, contains only an exchange contribution from

¢y = 1. On the other hand, optically forbidden transi-
tions, like the ones discussed in this work, are strongly
affected by partial waves with small angular momenta.
Hence one can expe¢ andQ; to be significantly larger
than Q, and Qs, respectively, especially near threshold.
According to Egs. (4)—(6), this result will indeed lead to
a large negative alignment for states witt= 2. On the
other hand, the alignment parameter for the= 1 states
contains thalifferencebetweenQ; andQ in the numera-
tor, and so one would expect a smaller value in this case.
This grouping of alignment by has not been observed
before because of the lack of comprehensive data sets for
a given atom, and because much of the previous align-
ment data was taken with unresolved fine structure.
When transversely polarized incident electrons are used
in these experiments, it is possible to also produce align-
ment corresponding to a tilting of the charge cloud away
from the electron beam axis in the plane perpendicular to
the direction of electron polarization. Such tilting is de-
scribed by the relative alignment parametgr). It can
occur only if exchange excitation occurs and either (a) ap-
0 1 9 3 preciable spin-orbit forces act on the continuum electron
(“Mott scattering”) or (b) the excited state is not wélb
coupled [14,22]. For noble gases lighter than radon, we
FIG. 2. Relative alignment parametd,) after electron have shown previously that Mott scattering is negligible
impact excitation of the N&p33p manifold. For incident 14]. Hence any nonzer®, values must be due to the

energies more than 0.2 eV above threshold, the top four curvi L. .
belor?g to states with/ = 1, the next three to/ =p2’ and reakdown ofLS coupling in the excited state. The pro-

the bottom one to thg = 3 state. In detail, the curves and duction of nonzerd(t,;) thus requires a combination of
symbols are as follows/ = 1: solid line, X, 3p[3/2];; long  exchange and internal relativistic effects. As such, it pro-
dashes, square8p[1/2];; short dashes, triangledp’[3/2];;  vides a stringent test of any theoretical calculation [9,22].
dots, +, 3p’[1/2];. J = 2:solid line,*, 3p[5/2],; long dashes, Values of P, for several transitions in Ne and Kr are

diamonds3p[3/2),; short dashess ando, 3p[3/2),. J = 3: g . L
solid line, open, and solid squaréy[5/2]s. The experimental SNOWnN in Fig. 3. (The-Kr calculation was set up simi-

data are taken from Yet al.[8,9] and from this work [0 for  larly to the one for Ne [16].) For both targets the agree-
3p[5/2]s and o for 3p'[3/2],). ment between theory and experiment is very satisfactory.

incident energy above threshold (eV)
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