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Circular and linear polarization correlation measurements have been carried out for the 3 P
state of HeI at an incident electron energy of 60 eV and for electron scattering angles from 35
to 70 . The scattering parameters X and X for this spin-exchange excitation process are derived
from the complete set of Stokes parameters, and total polarization (I P

I
=1) and coherence

(I p I
=1) are confirmed. Within the experimental accuracy the measured values agree with re-

cent calculations by Cartwright and Csanak.

For more than ten years electron-photon angular and
polarization correlation measurements have played a key
role in the advance of our knowledge of electron-impact-
excitation processes not only through the experimental re-
sults themselves but also through the stimulation of
theoretical work in this area. The first angular-correlation
measurements were reported by Kleinpoppen and co-
workers' and the first polarization correlation measure-
ments by Standage and Kleinpoppen who carried out a
complete circular and linear Stokes parameter analysis of
the 3 'P state of helium. The basic theory of the electron-
photon coincidence method was largely developed by Ma-
cek and Jaecks, Fano and Macek, and Blum and Klein-
poppen. More recent experimental and theoretical work
was summarized by Blum and Kleinpoppen, Blum,
Slevin, ' and Andersen, Gallagher, and Hertel. "

Much of the pioneering work has concentrated on the
excitation of 'P states of helium, though measurements
have now been extended to a large number of other excit-
ed states from H to Hg (see, e.g. , Ref. 10). For light
atoms, governed by LS coupling, all these measurements
were carried out on excited states of the same multiplicity
as the ground state. These states can be reached both by
direct and exchange excitation and it is not possible to
separate the direct and exchange contributions to the
measured overall scattering amplitudes. Even though the
direct processes are thought to be dominant in most condi-
tions, some uncertainty remains since the measured re-
sults have to be compared with the sum (including in-
terference effects) of the two calculated contributions.

A number of experimental reasons like long lifetimes
and considerable depolarization of the emitted light
through fine-structure coupling so far precluded measure-
ments on light systems to be extended to excited states
with diAerent multiplicity from the ground state, e.g. , to
triplet states in systems with a singlet ground state. As
long as LS coupling holds these states can only be excited

by electron exchange processes so that the pure exchange
amplitudes could be measured and compared with theory.
First measurements on triplet states are being carried out
now on the H2 molecule' ' and on the more transparent
triplet system of the He atom. ' ' We report here details
of a complete polarization correlation measurement on the
3 P state of He over an extended range of scattering
angles.

The electron impact excitation of the 3 P state of heli-
um is accompanied by the emission of light of the wave-
length 388.9 nm,

e+He(1 '5) He*(3 P)+e
+ He*(3 Pp, ~ z) He*(2 S~)+hv.

As indicated, the process can be divided with good ap-
proximation into three independent stages: collisional ex-
citation process ( = 10 ' s), fine-structure coupling into
the three 3 P states (=0.1 nsec), and decay (= 100
nsec). The fine-structure coupling causes a reduction of
the polarization of the decay light, but since the coupling
is complete by the time the decay is detected, a correction
can be applied to take account of the depolarization.
However, the accuracy of the corrected polarization re-
sults is reduced by the depolarization, so that the mea-
surements are extremely time consuming (nearly 1 yr for
the data reported below).

In the experiment the scattered electrons and the pho-
tons are detected in coincidence in the usual way. Elec-
trons pass a 127 monochromator and move along the z
axis to cross the helium beam emanating from a long 0.5-
mm-diam capillary. Electrons which are scattered by an
angle 8, (measured towards the +x axis) and which have
lost the energy to excite any of the n=3 states pass
through a 127 analyzer and are detected by a channel-
tron. The photons are detected by a photomultiplier at
right angles to the scattering plane in the +y direction,
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and an interference filter for X =389 nm restricts the coin-
cidence signal to the 3 P state. The linear polarization of
the light is analyzed by a linear polarizer whose angle a,
with respect to the z axis, is measured in the same way as
8, . For the circular polarization analysis a k/4 plate with
its fast axis parallel to z is inserted in front of the linear
polarizer. The time correlation spectrum on the mul-
tichannel analyzer shows a "coincidence" peak with a
sharp onset determined by the time resolution of the ap-
paratus of a few nanoseconds and a long tail determined
by the lifetime of the 3 P state of approximately 100 nsec.
The signal shape may be used for a cascade-free measure-
ment of the lifetime of the 3 P state. ' ' A time-to-
amplitude conversion range of 800 nsec was used and,
after subtraction of the random coincidence background,
the true coincidence signal was normalized to the total
number of electrons which caused valid starts in the time-

to-amplitude converter. For each value of 8„8-12 runs
of approximately one day each were taken for different
values of the linear polarizer angle a, and the normalized
coincidence rates were fitted to the function

F(a) =A(1+Bcos2a+Csin2a),
where 8 and C correspond to the Stokes parameters P~
and P2, respectively. The measurements and the fit were
then repeated with the )/4 plate in place when 8 and C
correspond to the Stokes parameters P~ and P3, respec-
tively (the spectroscopic definition of the handedness of
circularly polarized light is used). Using relations given
by Blum and Kleinpoppen the measured Stokes parame-
ters P„' can be linked to the "original" Stokes parameters
P„, corrected for the depolarization caused by the fine-
structure coupling, and to the scattering parameters k
and X:

P~ = (Io I9o)/(Io+I9o) =
&& P~ =

&& (2k 1 ), P2 = (I4s I~3s)/(I4s+I~ s)5= P P2 = —
4, uk(1 —k) cosg

P3 (IRHc ILHc)/(IRHc+ILHc) 4t P3 = 4", JX(1 —X) slIlX

where Io, I45, I90, I(35 are the normalized coincidence
rates for linear polarizer angles a =0', 45', 90, 135 and
IRHC, ILHc the normalized coincidence rates for right-
and left-hand circularly polarized light (using the spectro-
scopic definition).

Only the spin-exchange amplitudes go & (for excitation
of the substates with ML =0, 1) contribute to the excita-
tion of the P state so that k= IgoI /(IgoI +2Ig~ I )
and Z is defined by gi =

I gi I
e'», go =

I go I
.

The depolarization factors show that the maximum pos-
sible linear polarization for the decay of the P state is
0.37 and the maximum possible circular polarization 0.66
compared to 1.0 in both cases for the measurements on
the 'P state.

The measured Stokes parameters P„' for the electron-
impact excitation of the 3 P state of helium at 60 eV are
listed in Table I and shown in Fig. 1 for a range of scatter-
ing angles. The values shown for P~ are the average of the
results from linear and circular polarization measure-
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TABLE I. Stokes parameters for the Her 3 P-2 S photons
measured in coincidence with the scattered electrons. E 60
eV.

-0 5-

-0 6-

0,7 L

35
37.5
40
45
50
55
57.5
60
62.5
65
70

Pi

—0.15+ 0.18
0.05 ~ 0.11
0.11 ~ 0.14
0.00 ~ 0.09
0.10~ 0.05
0.10+ 0.06
0.10~ 0.08
0.17 ~ 0.08
0.08 ~ 0.08
0.16 ~ 0.08
0.18 ~ 0.08

P2

—0.34 w 0.28
—0.09+ 0.17
+0.01 ~ 0.14
—0.05 ~ 0.09
—0.18+ 0.07
—0.14+' 0.08
—0.09+ 0.13
—0.09 ~ 0.09
—0.07 + 0.08
—0.12 w 0.09
-0.14+ 0.11

P3

—0.35 +.0.18
—0.13 ~ 0.16
—0.40 ~ 0.20
—0.56+ 0.17
—0.43+ 0.09
—0.39 ~ 0.08
—0.63 ~ 0.12
—0.52+ 0.12
—0.37+ 0.13
—0.56+ 0.13
—0.51 ~ 0.13
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FIG. 1. Stokes parameters of the Hei 33P 2IS (388.-9 nm)
photons measured in coincidence with the scattered electrons
following spin exchange excitation from the ground state of heli-
um. E 60 eV. Full lines are theoretical results by Cartwright
and Csanak (Ref. 17).
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ments. The present values are compared with the theoret-
ical results of Cartwright and Csanak' (derived from
their Figs. 1 and 2) and show general agreement within
the error bars. The negative value of the circular polar-
ization parameter P3 proves that the orientation of the
atom and thus the angular momentum transfer during the
collision are positive for these scattering angles as in the
case of the 'P state excitation. No change of sign of P3
was found within the angular range used, in agreement
with the calculations' which indicate a sign change at
8, -105'. At 8, =60' the measured P3 (corrected for
the depolarization) nearly reach the value —1.0. The cal-
culations ' show a minimum of P3 = —1 at 0, 70'.

The measured Stokes parameters in Table I were used
to calculate the scattering parameters X and X shown in
Fig. 2. Within the range 0 to —2ir adopted for g, Pz, and
P3 each allow two possible values of Z in line with the
symmetry of the sine and cosine functions. Only two of
these four results are consistent with each other and the
average of these is shown in Fig. 2(b). The present values
of the phase angle X for spin-exchange excitation are quite
considerable and not too diA'erent from those found for
3 'P state excitation. ' %'ithin the error bars the values
for X and X are in agreement with the theory by Cart-
wright and Csanak. '

The total polarization P=(Pi+P)+P3)'i and the
coherence parameter [ p ) ) (P2 —iP3) )/(I —P~ ) 'i are
shown in Fig. 3 and confirm complete polarization and
coherence for the spin-exchange process.

Instead of X and X, alternative parameters have recently
been used. "' These are P3, the degree of circular polar-
ization PI, the degree of linear polarization, and y, the
alignment angle of the electron cloud with respect to the z
axis. y is the same as 8;„ introduced by Eminyan and
co-workers. ' If the total polarization can be taken to be
1, P3 and y are sufFicient to describe the excitation process
completely. According to the calculation of Cartwright
and Csanak' who used this two-parameter approach, y
tends to change sharply in the vicinity of scattering angles
where (P3~ to close to l. As shown in Fig. 2(c) for 60
eV, y is expected to change sign rapidly at 8, 68'. This
is near the maximum 8, used in the present experiment
which was completed before the calculations became
known. No obvious indication of a sign change is found,

3 P-2 S,E=60eV

1.5 ~

-2 0'

80

50-

(degrees)
0-

05-

00

15-

IT II
o ) )I[)P 'f

-50-

-100
40

I

60
I

70 80

()
05 ~

ofIIJI"

Scat terming angle (degrees j 40 50 60 70
scattering ~ng[q (peg )

80

FIG. 2. Scattering parameters X,, X, and y as a function of the
scattering angle for 3 P state excitation in helium. E 60 eV.
Full lines are theoretical results by Cartwright and Csanak
(Ref. 17).

FIG. 3. Total polarization and coherence parameters for elec-
tron-impact excitation of the 3 P state of helium as a function
of the scattering angle. E 60 eV.
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but further measurements are required and are being car-
ried out to establish the behavior in this range more accu-
rately.

An earlier R-matrix calculation of the 3 P state excita-
tion parameters by Fon et al. may also be considered in
this context even though it does not cover the energy of 60
eV. The A. and X parameters for 8l.63 eV appear not to

differ substantially from the values shown in Fig. 2. How-
ever, the sign change of y occurs at a lower scattering an-
gle (8, =60') and the transition is much slower than cal-
culated by Cartwright and Csanak. '
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