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Resonance ionization from the (2sPp) 'P and (@ ) 'D levels of helium has been observed
in an (e, 2e) experiment, in which the kinematics of all electrons is fully determined, at
incident energies of 200 and 400 eV and a scattering angle of 10'. The results show that
as the angle of emission approaches the direction -Q, where Q is the momentum trans-
fer to the helium atom, the resonance profile becomes more symmetric and the reso-
nance cross section increases sharply.

The autoionization of helium excited by elec-
tron impact has been studied in recent years by
measuring the spectra either of the scattered
electrons' or of the emitted cascade or decay
electrons. ' Since the interference between the
direct-ionization amplitude and the resonance or
autoionization amplitude depends on the momenta
of the scattered electrons, the more recent work
has concentrated on observing the resonance pro-
files as a function of the angle of either the scat-
tered or emitted electron. However, such exper-
iments always involve integration over the mo-
menta of the undetected electrons. On the other
hand in an (e, 2e) experiment, where the two out-
going electrons are detected in coincidence, the
kinematics of the electrons is completely deter-
mined. This means that information can be ob-
tained on the resonance' and the direct cross sec-
tions q,s a function of the momentum k' of the
emitted (or decay) electron for known values of
the momentum transfer Q=k -k, where k a,nd
k are the momenta of the incident and scattered

electron, respectively.
One additional major advantage of the (e, 2e)

technique for studying autoionizing states is that
it provides information which can be compared
directly with scattering theory without incurring
any ambiguities from normalization of the exper-
imental data. In this respect it is very similar
to the electron-photon angular-correlation exper-
iments of Eminyan et aE.4 and Arriola et al.s

These experiments showed that when a scattered
electron leaving an atom in an excited state is de-
tected in coincidence with the cascade photon,
fine details of electron-atom collision can be in-
vestigated. In particular it is possible to deter-
mine the ratios of excitation amplitudes leading
to the various magnetic substates of the inter-
mediate excited level, as well as to determine
their relative phases.

This is also true for an (e, 2e) autoionization
experiment if there is no direct contribution to
the cross section. For instance, with neglect of
the direct contribution and interference between
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the excitation amplitudes to the various magnetic
substates, the angular correlations between the
scattered and emitted electron should have" the
form [P~(cos8, ')]2 in the scattering plane for an
electron emitted with angular momentum I.,
where 0,' is the angle of emission relative to the
symmetry axis Q. Deviations from such a dis-
tribution are due to interference between the ex-
citation amplitudes as well as the direct-back-
ground channels. On the other hand, if only the
emitted electrons are detected, integration over
the scattered-electron trajectories' yields a dis-
tribution which is symmetric about the incident-
electron direction, rather than being related to
the momentum-transfer direction Q.

In the plane-wave Born approximation the (e,
2e) cross section is given by'

d'(r 4a ' &

dO dQ .dE' Q4 0

where dO~ and dA, are the solid-angle elements
in the direction of emission of the scattered elec-
tron and the emitted cascade electron, E' is the
energy of the cascade electron, and a, is the
Bohr radius. In the neighborhood of an isolated
resonance the transition matrix element T(k', Q)
can be expressed as the sum of the amplitude t(k',
Q) of the direct process and the amplitude t~(k',
Q) for the resonance or autoionizing process.
This latter term contains the sum over the mag-
netic substates.

The triple differential cross section can then
be conveniently written in the form'

d'&
f( p @

a(k', Q)s+b(k', Q)
( )k,

where

f(k', Q) = (4ao'0/Q k 0) It (k', Q) I',

a(k', Q) = (8a,'/Q')(k/ko) Re{t*(k',Q)t (k', Q)[q(Q) —i]},
b(k', Q) =(4ao'/Q )(k/ko)[It (k', Q)I [q'(Q)+1]+2Im[t*(k', Q)t (k', Q)(q(Q) -i)]),

(4)

(5)

q(Q) is the Fano profile parameter, and e =2(E'
-E„)l' ' is a measure of the deviation from the
resonance of energy E„and width I".

The first term f(k', Q) describes the cross sec-
tion for the direct-ionization process, the term
b(k', Q) gives the resonance contribution to the
total cross section, and the term a(k', Q) charac-
terizes the asymmetry of the resonance. In the
absence of any direct amplitude t(k', Q), the terms
f(k', Q) and a(k', Q) both vanish and the differen-
tial cross section is given by the first term of the
resonant contribution b(k', Q). Since in the pres-
ent case the (2s2P) 'P and the (2P') 'D levels were
not resolved, the emitted electrons have L =1 and
L =2, respectively, because the final ion state is
an S state. Although it is well known that inter-
ference between the direct or continuum and the
resonance contributions can produce marked
asymmetries in the resonance profile, it can al-
so have a significant influence on the intensity
b(k', Q) of the resonance line through the second
term of expression (5).

The apparatus used in the present work used
coplanar geometry and has been described in a
previous publication. In brief, a helium beam
emerging from a narrow stainless-steel tube is
collimated by an aperture placed 2 mm below the
interaction region, which is smaller than the

viewing angles of two cylindrical-mirror analy-
zers. These analyzers are considerably smaller
than those used previously, and their angular
sensitivity was checked by measuring the angular
distributions of electrons elastically scattered
from argon at a number of energies and compar-
ing them with previous measurements. '

The coincidence counting rate at each angular
setting was observed over a range of emitted-
electron energies E' covering the emission of
electrons from the (2s2P) 'P and (2P') 'D autoion-
izing resonances. It was of course necessary to
make a simultaneous adjustment to the energy E
of the coincident scattered electrons, since E'
+E =ED-E~, where Eo is the incident energy and
E, the separation or ionization energy of helium.
Measurements of the noncoincident emitted-elec-
tron spectra at the various angles and energies
employed in this experiment- showed that the (2s')
'S state could be clearly resolved from the states
of interest.

As pointed out by Balashov, Lipovetsky, and
Senashenko' there should be an advantage in using
antiquasielastic kinematics in investigating auto-
ionizing states since the resonance contribution
must be symmetrical about the inversion Q —Q,
whereas the continuum contribution should peak
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in the 6luasielastic direction Q. This was con-
firmed in the present experiments since the rela-
tive contribution of the resonance to the total
cross section was reduced by almost a factor of
10 in going from the antiguasielastic direction
—Q to the 6luasielastic direction.

Figure 1 shows the coincidence counting rate
observed as a function of emitted-electron energy
E' at a number of angles 8, and at incident ener-
gies of 200 and 400 eV. The scattered-electron
angle 8, was 10' in all cases and y, =p, =0, i.e.,
the scattered- and emitted-electron detectors
w'ere coplmmr with the incident electron beam
and on the same side of the beam. I Ql was 0.88
a.u. at 200 eV and 1.0 a.u. at 400 eV.

The resonance profile, unbroadened by finite
experimental energy resolution, is given by ex-
pression (2) ~ Since the area under the resonance
is proportional to b, the relative cross section
for the resonance process can be determined
quite simply by measuring the area as a function
of the angle of emission. This is still true for
the broadened profile if the apparatus function is
symmetric, which was the case in the present ex-
periment. The experimental resolution was mell
described by a Gaussian of width 0.6 eV, consid-
erably larger than the natural width of 0.038 eV'o
of the 'P level. Since the excitation cross section
for the 'P level is greater than that for the 'D
level, ' we have ignored the latter state in making
a least-s6luares fit to the data with expression (2)
broadened by the resolution function. " A PDP-11
computer was used, the purpose of the exercise
being to emphasize the observed variation of the
resonance profile with the angle of emitted elec-
trons. At 8, =70' the contributions of the reso-
nances at both energies were too small to be sep-
arated from the direct processes; the statistical
errors were also very large.

Table I summarizes the results obtained for the
resonance parameters at different angles of emis-
sion 8, relative to the incident direction. The di-
rection —Q is also given in the table. Since the
shape of the resonance can also be described by
the Pano formula, we have included in Table I
the Pano profile parameters q(E„e,) which have
been obtained from the relation (q' —1)j2q =5/a.
The reson mce cross section b, normalized to
unity at its maximum value at both energies, was
obtained by measuring the area under the reso-
nance and by fitting expression (2) to the data.
The values of b in the table are the means of
these two methods. The variation of the direct
cross section with angle has also been included
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in the table.
The results show that as the emission angle ap-

proaches the direction —Q, the resonance profile
becomes more symmetric and the resonance
cross section increases. In the absence of any
direct contribution and any interference between
the 'D and 'P resonances, which are separated
by several times their natural w'idths, the Born
approximation gives' a cross section proportion-
al to

Q (2l +1)'R,'(Q)P, '(cose, '),

FIG. 1. Relative coincidence counting rate as a func-
tion of the energy and angle of the ejected electron for
incident electron energies of 200 and 400 eV and a scat-
tering angle of 10'.

211



VOLUME )5, NUMBER 4 PHYSICAL REVIEW LETTERS 28 Jvx,v 1975

TABLE I. Summary of the resonance profile parameters and resonance cross
sections in the autoionization of the (2s2P) P and (2P ) D states of helium for a
scattering angle of 10 . For each incident energy Eo, the direct and resonance
cross sections have been normalized to unity at the maximum values of b. The
direction of the momentum transfer axis -Q is also shown.

ee ~-q
(deg) (deg) f(k, Q)

200 eV
(0.88 a.u.)

400 eV
(1.0 a.u.)

130
100

70
130
120
110
90
70

140
140
140
120
120
120
120
120

0.08
107

—0.17
—0.16
—0.37-—1.9

25
—1.75

—11.8
—12.6
—5.6

—1.7-q -0

1.0 + 0.10
1.71+0.20
1.24+ 0.38
1.4+ 0.1
1.0+ 0.1
1.3 + 0.1

0.75+ 0.04
0.80 + 0.04

1.0+ 0.12
0.27 + 0.12

& 0.12
0.89+0.12
1.0+ 0.10

0.76+ 0.10
0.30+ 0,17

&0.1

where R, (Q) is the radial part of the matrix ele-
ment and 8,' is the angle of emission relative to
the direction Q. A good fit to the 400-eV data can
be obtained with such a function in which I9, is re-
placed by 8, '+&&. The result of a least-squares
fit to the data gives 6, = —12+6, 5, =-6+6, and
(R,/R, ) =0.8+~0'~. A reasonable fit to the 200-eV
data can also be obtained with these same param-
eters. The results of this first investigation
show that the (e, 2e) technique provides an ex-
tremely powerful new probe for investigating
autoionizing transitions.
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