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Electron-photon-correlation study of the 3 'D state of helium excited
by electrons 3.5 eV above threshold
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A complete electron-photon polarization-correlation study of the 3 'D state of helium excited by 26.5-

eV incident electrons is carried out for electron scattering angles in the range 40'—120'. The data are an-

alyzed in terms of the shape and dynamics of the excited-state charge cloud. When the results are con-
sidered in the natural coordinate frame, the excitation is dominated by the M =+2 excitation ampli-
tude. The lack of theoretical calculations for S-D excitation processes is this energy regime is highlight-
ed.

PACS number(s): 34.80.Dp

I. INTRODUCTION

Relatively little is understood about electron-impact
excitation processes where the angular momentum of the
initial state is increased by two atomic units. Experimen-
tally, this can be attributed to the close proximity of oth-
er n ~ 3 states, making resolution of the D states impossi-
ble with the best available electron energy resolution.
Excitation of the 3 'D state of helium provides a simple
example of such a process. In this case, the 3 'D and 3 D
states are separated by less than 1 meV and the 3 'P state
is only separated from them by —13 meV. This has
confined studies of the individual states to those in which
the decay radiation is isolated using optical spectrometers
or narrow-band interference filters. Until recently, this
has restricted studies to measurements of excitation func-
tions [1] and polarization fractions [2]. Interpretation of
both measurements are complicated by unknown cascade
contributions from higher excited states.

The application of coincidence techniques in atomic
collision physics has enabled detailed information on D-
state excitation to be obtained. Kleinpoppen and
McGregor [3] reported an angular differential cross sec-
tion for the 3 D state of helium at 39.7 eV using a scat-
tered electron-photon coincidence method. The electron
energy resolution was only 120 meV but observation of
the photon in coincidence with the electron enabled total
isolation of the 3 D state. Batelaan et al. [4] have also
extracted relative di6'erential cross sections from
electron-photon coincidence data for the 3 'D, 3 D, and
3 P states of helium at 40, 60, and 80 eV.

The major breakthrough in experimental studies of the
3 'D and 3 D states of helium came with the application
of electron-photon correlation techniques to these states.
van Linden van den Heuvell et al. [5,6] used an angular-
correlation method in which the angular distribution of
the (2'P —1'S) cascade photons was measured in coin-
cidence with electrons scattered through some angle.
Polarization-correlation methods in which the polariza-
tion of the (3 'D —2 'P) photons is analyzed for scattering
through a specific angle have provided a more
comprehensive set of data. Beijers et al. [7,8], Batelaan,

van Eck, and Heideman [9,10] and Wedding, Mikoza,
and Williams [11] have studied excitation of the 3'D
state at incident electron energies in the range 40—60 eV
and for electron-scattering angles in the range 10'—60'.
Results have been reported from this laboratory [12—14]
at 40 and 29.6 eV and for scattering angles in the range
40'-120'. An electron-photon angular-correlation study
involving the (3 'D 2'P) radi—ation has been carried out
for scattering angles ~ 40' at 40 and 60 eV by Perera and
Burns [15].

Some of the more recent experiments [10,13,14] in
which the polarization of the radiation is determined in
orthogonal directions provide an almost complete
description of the excitation process. Strictly, full
description of a D state [16] requires determination of
state multipoles (T(L)x&) of rank J up to X=4. The
emitted dipole radiation carries only information on mul-
tipoles of rank K ~2. Very recently, Mikoza et al. [17]
have determined a normalized rank-four state multipole
from photon-photon polarization-correlation rneasure-
rnents. The relative partial cross sections for excitation
of the di8'erent magnetic sublevels is also extracted from
these data.

Theoretically, excitation of the 'D states in helium
from the 'S ground state contrasts sharply with the exci-
tation of dipole allowed transitions such as the 'P states.
For example, in the low- to intermediate-energy regime,
the first Born approximation overestimates the total exci-
tation cross section for dipole allowed transitions whereas
it underestimates it for D excitation. An extensive dis-
cussion of both theoretical and experimental studies of
3 'D excitation in helium has been given by Mansky and
Flannery [18—20]. Their calculations use a multichannel
eikonal theory (DMET with a ten-channel basis set),
which includes the addition of a dipole correction at large
impact parameter to the original MET results. Although
it does not account for electron exchange, it allows in-
teresting conclusions to be reached both for the total ex-
citation cross section and for small-angle scattering.
Specifically, it highlights the importance of indirect exci-
tation mechanisms involving the 2 'P and 3 'P states and
shows interesting comparisons with first-order rnany-
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body theory.
Here a complete determination of the polarization of

the dipole radiation in coincidence with the scattered
electron is carried out for an incident electron energy of
26.5 eV and scattering angles in the range 40' —120. No
other experimental data are available at an energy below

40 eV with the exception of recent data from this labora-

tory [14] at 29.6 eV, and no theoretical predictions are
available for comparison. At 29.6-eV and 40-eV existing
calculations, the DMET calculations of Mansky and
Flannery, the distorted-wave Born approximation of
Bartschat and Madison [21] and the first-order many-

body theory [22,23] fail to reproduce the experimental
data. At energies close to threshold, close-coupling
methods are likely to be more appropriate and it is hoped
that the present work will stimulate the application of
new R-matrix calculations which include continuum
states [24] to D excitation in this energy range.

II. THEORETICAL BACKGROUND

The theory of electron-photon correlation experiments
relating specifically to D states has been discussed by a
number of authors [8,25,26]. Only the basic principles,
together with pararnetrization of the data and the rela-
tionships between the measured quantities and those pa-
rameters are summarized here.

In excitation studies in which a single outgoing particle
is observed, the only symmetry in the system is the axial
symmetry about the electron-beam axis. In correlation
experiments such as those reported here, the system has
symmetry about a plane defined by the momenta of the
incoming and scattered electrons. Throughout this dis-
cussion the natural coordinate frame [27], in which the
quantization axis z is perpendicular to the (x,y) scatter-
ing plane, will be used. The excitation of an initially pure
state using identical kinematic conditions leads to the
production of a pure excited state (coherent superposition
of its magnetic substates). For a light atom such as heli-

um it can be assumed that the positive reflection symme-

try of the initial Sp state is conserved in the collision. In
the natural coordinate frame, only the M =0, +2 states
have positive reAection symmetry. Hence the 3 'D excit-
ed state can be described as

~'D ) =a 2(E, H) 2 —2)+a0(E, 8) 20)

+a+2(E, O) l2+2), (1)
where the a (E,8) are the amplitudes for excitation of the
states ~LM ). They are functions of the electron energy E
and scattering angle 0. Taking Qp to be real and positive,
the excitation process can then be described by the mag-
nitudes of the amplitudes o.p, o.+2 and the relative phases
between a0 and a+z, P+z, i.e.,

ip
Q 2=EX 2e

Qp =Qp )

+2
Q +2 —Q+2e

If the wave function (1) is normalized to unity this gives
the additional condition

+2 ++0 +a —2
=12 2 2=

The maximum information available from the dipole ra-
diation is obtained from measurements of three Stokes
parameters P„P2, and P3 of the radiation emitted in a
direction perpendicular to the scattering plane and P4 in

the scattering plane and perpendicular to the incident-
beam (y) direction. The Stokes parameters are readily
defined both in terms of observed intensities and the
scattering amplitudes [26],

I,PI =I(0')—I(90')

a0(a2cospz+a zcosp z),

I,P2 =I(45') —I(135')

= —
( —', }' a0( —azsillP2+a zsiilP 2),

I,Pl =I(RHC} I(LHC—) = —(az —a z),

and

I P4 =I(0')—I(90')

=
—,'[1—2a0 —( —', )' a0(azcosPz+a zcosP z)] .

I, and I are the total intensities of the radiation emitted
in the z and y directions respectively and I(a) the intensi-

ty transmitted by a linear polarizer with its transmission
axis at an angle a to the electron-beam direction. It will

be seen later that it is useful to extract the individual ex-
citation amplitudes from the measured Stokes parame-
ters.

It is now more fashionable to analyze the results of
these experiments in terms of the shape and dynamics of
the excited-state charge cloud [26]. The shape is given by
the alignment angle y of the charge cloud, where

P2
tan2y =

P,

—azsiilPz+ a zsiilP

azcospz+ a zcosp
(5)

and the linear polarization P&, where

p (p2+p2 )1/2

(
2 )1/2

CXp

[az+a z+2aza zcos(Pz+P z)]'
1 ——'a 0

(6)

Its relative height in the z direction is given by the
density-matrix element ppp..

—,'(1+P, )(1 P4)—
4—(1 P, )(1 P4)— —

P& (circular polarization) is essentially a direct measure of
the expectation value of the angular momentum of the
excited state L~, so called because angular momentum
can only be transferred perpendicular to the scattering
plane:

4P, (1+P4 )
Li = —2I,Pl =2(az —a 2) = (1 P)(1 P)—4— —

1 4

The present data wi11 be presented both in terms of the
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charge-cloud parameters y, PI, Lj, poo and the square of
the excitation amplitudes ao, a+&.

III. EXPERIMENT

Different aspects of the apparatus have been described
previously [14,28,29]. Briefiy, a well-defined beam of
electrons (-10 —10 A) crosses a beam of helium
atoms. The scattered electrons are focused onto the en-
trance aperture of a 180' hemispherical electron energy
analyzer and detected using a channel electron multiplier.
The overall electron resolution of the system is always
better than 500 meV so that the n =3 manifold of states
is isolated from the n )4 states. Both the scattered elec-
tron analyzer and a Faraday cup that continuously col-
lects the incident electron-beam rotate about the collision
center.

One photon analysis/detection system collects photons
emitted from the interaction region into a small solid an-
gle about a direction perpendicular to the scattering
plane using a 50-mm focal length lens with its focus at
the interaction region. Photons then fall normally on the
vacuum window, the polarization analysis components,
and a narrow-band interference filter isolating the 667.8-
nm (3 'D —2 'P) radiation before being focused onto the
photo cathode of a photomultiplier tube. For P& and Pz,
the intensities transmitted by a linear polarizer with
a=0', . . . , 315' in 45' steps are measured. For P3 mea-
surements, an aligned quarter-wave plate is inserted be-
fore the linear polarizer and I(a) determined for a=45',
135', 225' and 315'.

The P4 analyzer and photon detector, mounted in the
scattering plane at right angles to the incident electron
beam, are similar in principle and operation to that de-
scribed for the P, and Pz measurements. I(a) for a =0',
90', 180', and 270' is determined in this case. Both pho-
ton analysis and detection systems are automated and
controlled using computer-based systems which also han-
dle the data. Pulses from the electron detector start the
ramp of two time-to-amplitude converters (TAC}, one
ramp being stopped by photons from one detector and
the other by photons from the other detector. In this
way P4 and P, , Pz, or P3 data can be accumulated simul-
taneously. Time spectra are accumulated at a specific
I(a) for a period of one hour and stored in a memory ar-
ray. Each completed cycle of measurements is repeated
many times until data of acceptable statistical accuracy
and satisfying various consistency checks are obtained.

Considerable care was taken to ensure that the data

(1+P,}(1 P~)—
for i =1,2, 3,

and (9)

( 1 P i )( I +P~—)

In the present study, a had values of 0.42 sr for the P„
Pq measurements, 0.25 sr for P3, and 0.13 for P4. For
the present data, the maximum difference between P;
and P, is less than 1.5'~/o, confirming the experimental ob-
servation.

Variations in electron-beam current and gas-beam den-
sity, together with electron detector eSciency, were ac-
counted for by normalizing the true coincidence signals
to the number of electrons starting the TAC ramps. En-
ergy drifts which were not taken account of in this nor-
malization were not normally a problem and were readily
identified by continuous Inonitoring of the voltages
defining the incident electron energy and the analyzing
energy of the scattered electrons, together with frequent
measurements of the electron energy-loss spectrum. The
photomultipliers were found to be extremely stable over
long time periods.

were free from instrumental effects. Some of the pro-
cedures used have already been outlined [14] and detailed
results of checks carried out will be provided in a forth-
coming publication. The polarization components were
aligned with respect to the incident electron beam using a
technique previously described [29]. The alignments of
the linear polarizers are readily checked during the ex-
periment using the polarized 667.8-nm photons from the
3 'D state [2]. The P& analyzer is further checked using
the fact that P~—:1 for the 3 'P state of helium. It was

also demonstrated that the photon detector efficiencies
were polarization independent. Both the magnitude of
retardation and handedness of the quarter-wave plate
were determined in preliminary experiments. The retard-
er used was left-handed with a retardation consistent
with 90' (92.8'+4.0') [14].

It was established both experimentally and theoretical-
ly that it was unnecessary to correct the data to account
for the finite solid angles a of the photon detectors. Ex-
perimentally, measurements of P, and Pz at 40 eV
showed no dependence on the solid angle. Theoretically,
it has been shown [10,30] that the true Stokes parameters
P, (i =1—4) are related to those measured, P, , with solid

angle of detection a by:

TABLE I. Measured values of the Stokes parameters P&, P&, P3, and P4 and the charge-cloud parameters y, PI, L„and poo, to-
gether with the total polarization P, for the 3 'D state of helium excited by 26.5-eV electrons.

0
(deg) P, Pq P3 P4 y (deg) P

40
60
80

100
120

0.45+0.03
0.42+0.05
0.10+0.05
0.12+0.05
0.12+0.06

—0.10+0.03
—0.0220.05
—0.04%0.05

0.06+0.06
—0.08+0.07

—0.50+0.02
—0.63+0.04
—0.98+0.11
—0.85+0.08
—0.53+0.07

0.63+0.06
0.66+0.10
0.86+0.18
0.81+0.17
0.86+0.11

—5.9+1.9
—1.3+3.7

—11.0+12.4
12.7+12.9

—16.3+13.7

0.46+0.03
0.42+0.05
0.11+0.05
0. 13+0.05
0.14+0.07

0.21+0.04
0.19+0.06
0.06+0.08
0.08+0.08
0.06+0.05

0.86+0.05
1.09+0.09
1.89+0.23
1.61+0.18
1.03+0.13

0.68+0.03
0.76+0.04
0.99+0.11
0.86+0.08
0.55+0.07
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FIG. 1. Measured variation of the Stokes parameters P~ -P& with electron-scattering angle for the 3 D state of helium excited by
26.5-eV electrons.
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FIG. 2. Variation of the excited-state charge-cloud parameters for the 3 'D state of helium at 26.5 eV.
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IV. RESULTS AND DISCUSSION 1.0

Table I shows the values of the Stokes parameters mea-
sured at an incident energy of 26.5 eV together with the
charge-cloud parameters y, PI, L~, and poo. Also shown
is the total polarization P defined by

0.8—

u2
0.6—

p —(p 2+p 2)1/2 (10)

The variation of the Stokes parameters with scattering
angle is shown in Fig. 1. The sharp drop in P, from a
value in the range 0.4-0.5 at 40' appears to be charac-
teristic of the 3 'D-state excitation for energies measured
(up to 40 eV}. In this case, the drop occurs between 60'
and 80' compared with 40' —60' at 29.6 eV [14] and 40 eV
[12]. Only at 26.5 eV are consistently positive values ob-
served at higher angles. With the exception of 40', the P2
values are essentially consistent with zero. This is not
unlike the situation at 29.6 eV, but a more dramatic vari-
ation was observed at 40 eV. P3 is clearly large and nega-
tive at all scattering angles. Again, as for P&, there is evi-

dence that the dominant feature, in this case the max-
imum in ~P3~, moves towards larger angles as the in-

cident electron energy decreases. Similarly, the max-
imum in P4 observed at 60' at 29.6 eV has moved to a
larger angle with all values for t9& 80' being nearly con-
sistent with unity.

The excited-state parameters y, PI, Lj, and poo are
shown in Fig. 2. As a consequence of the near-zero
values of P2, the values of y lie very close to zero at all
electron-scattering angles and the values of PI show the
same variation as P, . The large positive values of L~ are
expected, given the large negatively measured P3. The
small poo are a reflection of the large P4.

Although it is generally accepted that the description
of the excitation process in terms of the shape and dy-
namics of the excited-state charge cloud is most transpar-
ent physically, the variation of the square of the relative
scattering amplitudes shown in Fig. 3 provides a useful
complement to the (y, P&, Lt, poo) presentation. The
dominant feature of the excitation process is excitation of
the M=+2 sublevel at all scattering angles, the data at
80' being consistent with this being the sole excitation
mechanism. The values of ~ao~ =—

poo show that excita-
tion of the M=0 state is only of some significance at 40'
and 60'. With the exception of 120', it is also clear that
within experimental error ~ao~ = ~a 2~ . Analysis of the
data in this way can also give an indication of the internal
consistency of the measured Stokes parameters. For ex-
ample, the result at 8=80' (when P3= —1, implying
domination of the M =2 state) is consistent with the ob-
servation P4 = 1 at this angle implying ao 0.

0.2-

0
0 40 &0 120

Electron scattering angle ( deg )

I

160

FIG. 3. a+z (), ao (~), and a 2 (A) at 26.5 eV.
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Considerable attention has been given to understand-
ing the sign of L ~ for the excited P states; for example, by
Andersen and Hertel [31]. For P states analyzed in the
natural frame of reference, L~ is determined by the rela-
tive excitation of the M=+1 excitation processes. For
the n 'P states of helium, the L~ behavior is generally
characterized by positive values at small scattering an-

gles, becoming negative at larger angles. However, at
26.5 eV the sign of L~ is only observed to be negative at
an angle of 120' [29] for He(3 'P}. No sign change is ob-
served for the 3 'D state in these measurements; other-
wise, the qualitative behavior of L~ for the 3 'P and 3 'D
states at 29.6 eV and in the angular range 40~t9~120' is
similar. This similarity needs to be treated with caution
given the lack of data at both smaller and larger scatter-
ing angles. At higher energies (60 eV} Batelaan, van Eck,
and Heideman [10] show Lt distinctly negative for the
3'D state for 8~31.2', although their only marginally
negative values at 45 eV may suggest that L~ is positive
for small scattering angles at lower energies. Clearly, the
behavior of L~ as a function of scattering angle and in-
cident electron energy is more complex than for P states
and is not explained qualitatively by simple semiclassical
models.

In conclusion, the lack of theoretical calculations for
this process at incident electron energies below 29.6 eV
and the failure of existing perturbative models to repro-
duce experimental data at higher energies [12,14] is em-
phasized.
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