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Orientational Dichroism in the Electron-Impact Ionization of Laser-Oriented Atomic Sodium
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We report the first experimental observation of “orientational dichroism” in electron impact-induced
ionization. se, 2ed experiments have been performed on pure angular momentum states3P3y2, mF  13
and mF  23 of the sodium atom, excited by right- and left-handed circularly polarized laser light.
Our results show that the angular correlation of the final-state electron pair is strongly dependent on the
mL sublevel populated. Comparison with calculation demonstrates the dependence of the dichroism on
details of the scattering dynamics. [S0031-9007(97)04999-5]
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A detailed knowledge of the ionization process
essential to our understanding of, and progress in, s
diverse fields as discharge and plasma physics, fus
physics, laser physics, and the physics and chemistry
the upper atmosphere. The most accurate informa
on this process is derived from kinematically comple
se, 2ed experiments, in which the energies and mome
of all reaction participants and products are determin
[1]. We report here on anse, 2ed experiment in which the
projection quantum number for an excited atomic targe
a pure nonzero angular momentum state is also resol
Using laser pumping techniques, an atomic sodium tar
is laser excited to the32P3y2F  3, mF  13 or mF 
23 hyperfine states. These states consist of maxi
projections of the nuclear spin (I  63y2), the orbital
angular momentum (mL  61), and the electron spin
(S  61y2) along the laser beam direction.

If neither the projection quantum numbers of the inc
dent electron nor the target are resolved, the (e, 2e) differ-
ential cross section is simply a scalar invariant with resp
to a joint rotation of the incoming and outgoing electro
momentap0, pa, andpb , respectively. This basic symme
try is destroyed by an initial orientation and/or alignme
of the target. The (e, 2e) cross section is then irreducibl
described by a set of tensorial parameters whose numb
determined by the symmetry of the initially prepared ta
get state [2]. Generally, the cross section for the ionizat
of a target with total angular momentumJ can be written
as [2]

d5s

dVa dVb dEb


2JX
i0

ri0L
sid
0 , (1)

whereL
sid
0 are tensorial components along the quantiz

tion axis of the target describing the dynamics of t
ionization process andri0 are the state multipoles describ
ing the M-state population of the target. The transform
tion properties ofL

sid
0 are determined by the ranki of the
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associated tensor. The solid angles of the momentapa, pb

with respect top0 are labeled bydVa, dVb , respectively.
In the present case of the Na3P3y2 state, neglecting

spin-orbit interactions and for unpolarized primary ele
trons it suffices to consider Eq. (1) with respect to th
orbital angular momentumL  1 for singlet and triplet
scattering. Then the cross section is described only
three tensorial componentsL

sid
0 , which can be written in

terms of the ionization cross sections for the individu
magnetic substatessL,mL :

L
s0d
0 

1
p

3
ss1,1 1 s1,0 1 s1,21d , (2)

L
s1d
0 

1
p

2
ss1,1 2 s1,21d , (3)

L
s2d
0 

1
p

6
ss1,1 2 2s1,0 1 s1,21d . (4)

The scalar componentL
s0d
0 yields the averaged triply

differential cross section for statistically populatedmL

states, while the deviation of this cross section fro
that for the ionization of themL  0 state is indi-
cated by the alignment componentL

s2d
0 . The quantity

L
s1d
0 is a vector component and is a measure of t

change in the cross section resulting from an inve
sion of the initial target orientation. An understand
ing of the geometrical and dynamical properties ofL

s1d
0

yields direct insight into the transfer of initial state
orientation to the two-electron continuum final state.
the present experiment we measure all of the parame
in Eqs. (2)–(4) ass1,0 is zero due to the experimental ar
rangement (Fig. 1), the3PmL0 wave function having a
node in the scattering plane.

Only a brief description of the experimental apparatu
will be given here (shown schematically in Fig. 1) with a
tention focused on the new elements, namely, the sodi
source and the laser pumping system incorporated into
previously described polarized electron spectrometer [
© 1998 The American Physical Society 257



VOLUME 80, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 12 JANUARY 1998

258
FIG. 1. Schematic representation of the apparatus.
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In the apparatus, a beam of unpolarized electrons is
duced by photoemission from a negative electron affin
GaAs crystal surface. The target beam of sodium atom
produced by effusion of sodium gas through a 1 mm ap
ture positioned at the output stage of a recirculating ov
The oven [4] is similar in design to that of McClellan
et al. [5] and is housed in a water cooled containment b
upon which a liquid nitrogen cooled collimating apertu
and sodium beam dump is mounted.

Intersecting at right angles the plane defined by
electron and sodium beams, and completely encompas
the region formed by their overlap, is a 589 nm las
beam used to excite the sodium atoms. The initia
linearly polarized laser light is converted to circular
polarized radiation by transmission through a quarter w
plate, the rotation of which by 90± reverses the helicity
of the radiation field. In order to reach a high fractio
of laser excited atoms in the scattering volume, the la
excitation is performed by means of two laser frequenc
produced by frequency modulation of a single mode d
laser beam. One frequency is tuned to the transit
3S1y2sF  2d ! 3P3y2sF  3d, the other is tuned to the
transition3S1y2sF  1d ! 3P3y2sF  2d. In this way a
relative fraction of about 40%3P3y2 states is reached [6]
Despite the fact that the3P3y2sF  2d level is pumped,
after a few excitationydecay cycles the atoms gather in t
two level system3S1y2sF  2, mF  62d $ 3P3y2sF 
3, mF  63d only. This is confirmed numerically by
solving the corresponding rate equations. The degre
orientation of the excited state in the scattering volume w
between 96% and 100%. This was checked by compa
our superelastic scattering data with those of [5].

The analyzers [3] incorporate position sensitive det
tors at their exit plane, enabling simultaneous measu
ro-
ty
is
r-
n.
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ment over a 6 eV energy band with a resolution of arou
0.2 eV. A total coincidence (e, 2e) resolution of around
0.9 eV was achieved, more than sufficient to accurate
distinguish between ionizing events occurring from atom
in their ground and excited states, which are separated
binding energy by 2.14 eV. The cross sectionssL,mL with
L  1, mL  61 are given by

s1,61  CjkCsra, rbd jV jwp0 sradF1,61srbdlj2, (5)

where C  s2pd4papbypo, and ra, rb are, respectively,
the positions of the projectile and the valence electr
with respect to the nucleus. The initial state is describ
by a direct product of a plane wavewp0 srad describing
the incoming projectile and an undistorted bound sta
FL1,mL61srbd for the laser-pumped Na. The perturba
tion operatorV is then the Coulombic interaction of the
projectile with the active electron and the core.

We have performed three calculations to evaluate t
cross sections (5). In all cases, the motion of th
valence electron is calculated assuming single parti
motion around a frozen core. In the first calculation
the model Klapisch potential is employed for this pu
pose [7,8]:

VNa 
21
rb

2
Z 2 1

rb
exps2a1rbd 2 a3 exps2a2rbd ,

(6)

with Z  11, a1  7.902, a2  2.688, anda3  23.51.
The final two-electron continuum state in the field o
Na1 [Csra, rbd in Eq. (5)] is approximated by a produc
of three two-body Coulomb waves with dynamical cou
pling between the individual two-body subsystems bein
included (hereafter DS3C) [9]:
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Csra, rbd ø Neipa?ra eipb?rb
1F1fiba, 1, 2ispara 1 pa ? radg

3 1F1fibb , 1, 2ispbrb 1 pb ? rbdg
3 1F1fibab , 1, 2ispabrab 1 pab ? rabdg ,

(7)

whererab  ra 2 rb and pab its conjugate momentum.
1F1fa, b, cg is the confluent hypergeometric function an
N is a normalization factor. The explicit form of the
dynamical Sommerfeld parametersbj , j  a, b, ab has
been given elsewhere [10].

The second calculation differs in two respects from t
former. First, the Danielle potential is used to calcula
the motion of the valence electron [11–13]:

Veffsrd 
21
r

("
2 1

4
3

g1r 1
1
3

sg1rd2

#
exps2g1rd

1

"
8 1 6g2r 1 2sg1rd2 1

1
3

sg2rd3

#

3 exps2g1rd

)
, (8)

with g1  2.026 andg2  5.254. Second, the final two-
electron continuum state is represented by the correla
Brauner-Briggs-Klar (BBK) wave function [13,14]. This
is identical in form to (7) except that in this case th
standard Sommerfeld parameters [15] are used in pl
of the dynamical Sommerfeld parameters.

The final calculation is the first Born approximatio
(FBA) which was obtained from Eqs. (6) and (7) in th
limit ba ; 0 ; bab. Within the FBA and for hydrogenic
targets [16] the dichroism (3) possesses the struct
L

s1d
0 ~ êz ? sq 3 pbd with êz being the quantization axis

of the target andq  p0 2 pa is the momentum transfer,
i.e., for a givenq, the angular dependence ofL

s1d
0 s p̂bd

shows a reflection antisymmetry with respect toq̂, and
henceL

s1d
0 sp̂bd vanishes at̂pb k q̂ (in the present Letter

the directionêz is perpendicular to the scattering plan
spanned bŷpb , p̂a, and p̂0). To verify these predictions
two separate (e, 2e) experiments were performed unde
coplanar asymmetric scattering geometry and their res
compared to our calculations. The experiments consis
of measuring the (e, 2e) ionization cross section for a
fixed scattering angleua of the fast emitted electron
as a function of the scattering angleub for the slow
electron and for both positivesmL  11d and negative
smL  21d orbital orientations of the excited state.

In the first run, the incident beam energy was 150 e
the detection angle for the fast outgoing electrons was 2±,
and the slow electrons were measured over an energy b
of 20 6 3 eV. Under these conditions of moderately hig
values of incident energy the FBA might be reasonab
valid. The existence and the transformation properties
L

s1d
0 , i.e., the reflection symmetry betweens1,61 aboutq̂,

are evident from Fig. 2. The FBA adequately describ
the behavior ofL

s1d
0 ; however the calculation does show
e
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hardly perceptable break in the reflection antisymmetry
q̂. This is due to the fact that the final state of the valen
electron is chosen as a pure hydrogenic continuum s
whereas (6) is not pure hydrogenic, i.e., initial and fin
states of the ejected electron are not orthogonal which le
to a finite scattering from the core and hence the slig
break in the symmetry, as observed in Fig. 2. As expec
at 150 eV the DS3C calculation is quite close in shape
the FBA, although the DS3C cross sections are moved
larger angles.

As in the isotropic target case [14], the FBA predic
larger cross sections than higher order theories. The d
for s1,21 have been normalized to the correspondin
DS3C results. It should be stressed, however, that
normalized dichroismL

s1d
0 yL

s0d
0 is uniquely determined by

the experiment. The inset in Fig. 2 shows the binary pe
in the cross section for the ionization from Nas32S1y2d
which is symmetric with respect tôq, and again agrees
quite well in shape with the FBA.

For our second measurement, the incident beam ene
was lowered to 60 eV for the same fast electron scatter
angle ua and slow electron energy band of20 6 3 eV
(Fig. 3). The FBA is not capable of describing th
complicated (e, 2e) scattering dynamics at intermediat
and low energies and thus in this case a much m
complicated structure forL

s1d
0 is anticipated. Indeed, from

Fig. 3 it is immediatetely clear that the FBA (which
is not plotted here) cannot account for the behavior

FIG. 2. The 150 eV (e, 2e) cross section on Na32P3y2, mF 
23 (filled circles) andmF  13 (open circles) forua  20±,
fa 2 fb  p, and Ēb  20 eV. The corresponding FBA
(scaled down by a factor of 2) and DS3C cross sections
indicated, respectively, by thin solid and dotted lines and thi
solid and dashed lines. The measurements are normalize
them  21 DS3C cross section peak. The momentum trans
direction is given byq. The inset shows the ground state N
32S1y2 transition normalized to the FBA cross section.
259
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FIG. 3. As in Fig. 2 except for incident energy of 60 eV
In addition to the DS3C calculations, the calculations usin
the BBK final state (multiplied by 1.5) are shown as thi
dashed and dot-dashed curves for, respectively, themL  21
and mL  11 transitions. Inset shows the ground state cro
section normalized to the DS3C calculation (solid line).

L
s1d
0 as there is no reflection symmetry between th

mL  61 cross sections about the momentum transf
direction. The experimental data have been normaliz
to the DS3C calculation ofs1,21 at 60±. The DS3C
calculations describe the experimental data quite well
shape, the angular positions of the cross section maxim
and the relative magnitudes. Also shown for comparis
are the results of the BBK calculation. The differenc
between the two calculations shows their sensitivity to t
treatment of the three-body final state. The shift of th
measured cross section from the FBA predictions can
largely traced to final-state electronic correlations that a
included in both the DS3C and BBK models. The us
of the dynamical Sommerfeld parameters leads to cro
sections in much better agreement with the data. T
inset in Fig. 3 shows that the final-state correlations a
also important for ground state ionization.

In summary the electron impact ionization of an or
ented target leads to strong dichroism effects in the fin
state. The dependence of the cross section on the orie
260
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tion of the initial state is dynamically related to the phas
of the final-state wave function, which is a very sens
tive quantity. At low energies final-state correlations ar
extremely important, significantly reducing themL  11
cross section relative to themL  21 cross section.
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