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Energy spectra of electrons ejected from autoionization states in helium by electron impact have been
extensively measured for primary energies from 65 to 1000 eV and for ejection angles from 13° to 142°. The
line shape in energy spectra undergoes a noticeable change with ejection angle as well as impact energy,
reflecting the characteristics of the corresponding autoionization state. The single differential cross sections
(differential in angle) for emissions of autoionized electrons have been obtained by integrating the energy
spectra in the vicinity of each isolated resonance with respect to the energy after subtraction of the
continuum background, for the (252)'S, @s2p)°P, 2p?)'D, and (252p)'P states as a function of primary
energy at 33°, 127°, and 142°. Profiles of the spectra due to the (25%)'S state have been analyzed using
Fano’s formula, and the shape parameter g is given as a function of ejection angle for 250-eV impact. A
number of the autoionization states lying above ~ 62 eV have also been measured and identified as members
of the (2sns)'S, (2pnp)'S, (sp2n—)°P, 2pnp)'D, and (sp2n~+)'P (n = 2-5) series, and our results are
compared with previous results of theory and experiment.

I. INTRODUCTION

The autoionization states in helium have been in-
vestigated experimentally by several methods;
i.e., optical absorption spectrum measurements,*
electron energy-loss measurements of forward
scattered electrons,®® energy spectrum measure-
ments of electrons ejected from states excited by
ion™!® and electron impact,?°-%¢ the trapped elec-
tron method,?™2° optical emission spectrum mea-
surements,* 3! and ionization yield measurements
by electron impact.® Detailed measurements of
the doubly differential (differential in angle and in
energy) cross sections for the electrons ejected
by electron impact are, however, still important
and interesting from several points of view. First,
it should be worthwhile to compare the precise ex-
perimental data of the energy positions and the
widths of the autoionization states with the recently
calculated theoretical values. Second, such ex-
periments provide important information about a
correlation effect in the ground state of helium as
was discussed by Wiebes®® and also provide basic
data for the difference between the excitation me-
chanisms by electron, heavy-charged-particle,
and photon impact. Third, interesting information
will be obtained for the mechanism of spin-forbid-
den triplet excitations in moderate- and low-im-
pact-energy regions. A transition from the ground
state (with spin zero) to the triplet state (with spin
1) can only be accomplished by interchanging an
electron from an impinging particle with one of
the orbital electrons of helium. For instance, a
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molecular hydrogenion H,* can excite that state but
a proton cannot, whereas an impinging electron
itself can exchange with one of the bound electrons.
A comparison between excitation cross sections

by electron, H*,H,", and He impacts has already
been made.

Regarding the theoretical calculations, intensive
studies have been made of the autoionization from
helium atoms by Lipovetsky and Senashenko.%®
Their theory is based on the Born approximation.
They have calculated the doubly differential cross
sections for several autoionizing peaks and the
resonance profile parameters for He(2s%)!S and
He(2s2p)'P autoionization states, and have revealed
that considerable variations of the profile of
He(2s?)'S resonance with ejection angle are due to
a strong interference between the components with
different angular momenta of the transition ampli-
tudes. Jacobs®® also has made similar calculations
and obtained the resonance profile parameters for
the lowest-lying 'S, P, and 'D states by fitting the
Fano-Beutler function to his calculated energy
spectra.

In a previous letter,?! a part of the measurements
of the energy and angular distributions of electrons
ejected from autoionization states in helium by
electron impact was described. In this paper, a
more complete account of the experimental pro-
cedure and the experimental results which cover
extensively the wide regions of the energy of inci-
dent electrons and of the ejection angle are given.
Besides the above, a number of autoionizing levels
lying above ~62 eV in helium, some of which were

574



15 ENERGY AND ANGULAR DISTRIBUTION OF ELECTRONS... 575

first observed by the H," impact,” have been ob-
served and identified. Recently, not a little atten-
tion was paid to the threshold effect for the autoion-
ization states excited by electron impact at impact
energies slightly above the threshold energy.®”
However, this subject is excluded in this paper
and incident energies are chosen in the energy
region sufficiently higher than the threshold value.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus is schematically
shown in Fig. 1.3® The vacuum system is subdivid-
ed into three regions: electron gun chamber
A; target gas chamber B; electron analyzer cham-
ber C. These regions are separately pumped by
two series of diffusion pump systems with molecu-
lar sieve traps. When the vacuum system is
baked out at about 200 °C for 4-5 h, the base pres-
sure of 3x107° Torr canbe attained in the target gas
chamber. The target gas is fed into the target gas
chamber through a pipe with an automatic variable
leak valve from a gas reservoir. The target gas
is, after being purified through a molecular sieve
cooled with liquid nitrogen, filled to a pressure of
200-300 Torr in the gas reservoir. The purity of
the gas is continuously monitored by a quadrupole
residual gas analyzer. The target gas pressure
was measured with a MKS-Baratron membrane
manometer. When the pressure in the target
chamber is, for example, 2 X10"® Torr, the pres-
sure in the gun chamber and in the analyzer cham-
ber is ~1X10™® Torr. The working target gas
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FIG. 1. Schematic drawing of the apparatus: F, fila-
ment; L, collimation lens; A;, exit aperture; A,, en-
trance aperture; .P, collision center; L,, retardation
lens; L3, Einzel lens; L, L;, cylindrical lenses. For
the definition of the other symbols in figure, see the
text.

pressure was 1X10¢-1X 10" Torr.

Primary electrons emitted from a tungsten fila-
ment F, after being collimated by a lens L,, enter
the target gas chamber through a 1-mm-diam exit
aperture A,. The beam profile as well as the beam
energy spectrum are measured with either the
Faraday cup or the electron energy analyzer. The
primary beam energy was varied from 65 to 1000
eV and the beam current was 20-100 pA in this
measurement. The beam diameter at the collision
center P was about 2 mm. The energy spread of
the beam was ~0.6 eV full width at half maximum
(FWHM). The Faraday cup consists of three parts:
a collector C, a retarding potential energy analyz-
er R consisting of three electrodes, and a gold-
plated tungsten 98% transmission mesh G. The
fluctuation of the beam was kept constant to less
than 1% for each run, and the beam intensity was
measured prior to and after every angle setting of
the analyzer.

Electrons ejected from a small collision volume
around the collision center P enter the analyzer
chamber through a 1-mm-diam aperture A,. The
energy analyzer can be rotated from outside over
an angular range from -90°to +145° with respect
to the primary beam. The analyzing system con-
sists of four components: (i) a retardation lens
L, (slits S,, S,, and S;), (ii) an Einzel lens L,
(slits S; and S,, and electrodes D, and D,), (iii) a
90° electrostatic cylindrical analyzer, and (iv)
acceleration lenses, L, and L;. The slit S, is
used as the Herzog electrode. For the 90° cylin-
drical analyzer adopted here, the defining entrance
and exit slits are, in the zero approximation, S,
and S, respectively, and heights of both slits
were varied from 0.1 to 0.4 mm according to the
required energy resolution. All the slits of the
analyzing system S, to S; are of the rectangular
and knife-edge shape.

The measured angular resolution (FWHM) of
the detection system was ~2° which is close to the
value expected from the analyzing geometry. The
incoming electrons are decelerated to a constant
analyzing energy, typically ~10 eV, by varying the
voltage applied to the retardation lens and then
are energy analyzed with a constant-energy resolu-
tion. For the energy range of ejected electrons
measured in this experiment, the transmission of
the analyzing system could be kept nearly constant
in spite of the deceleration by applying appropriate
voltages to the retardation lens and the Einzel
lens, where the same voltage was applied to S,,

Ss, S5, and Sg.

The radii of the inner and outer electrodes of
the 90° cylindrical analyzer are 22 and 28 mm (G,
and G,), respectively. Each of the inner and outer
electrodes is made to form a double grid by stringing
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0.05-mm tungsten wire on the frames. Further-
more, another grid (G,) of the same structure as
G, and G, is set outside G, to act as a suppressor
grid for the higher energy electrons reflected from
the outer collector C. A pair of side repeller
electrodes (S) is set in parallel to each other in
the space between G, and G,.

Electrons emerging from the exit slit Sy of the
analyzer are collimated and accelerated to a con-
stant energy of 330 eV by two rows of cylindrical
lenses (L, and L;), and finally strike the first dy-
node of an electron multiplier (EMI-9707). All
electrodes and grids of the analyzing system are
gold plated.

The residual magnetic field in the main part of
the apparatus, was annulled to below about 5 mG
by means of two mutually perpendicular pairs of
2-m-square Helmholtz coils and double layers of
permalloy shields.

The energy-selected electrons are detected by
the electron multiplier and the output pulses are
amplified and stored in a multiscaler. The re-
tarding voltage applied to the retardation lens is
generated by converting the channel address of
the multiscaler to an analog voltage by the use of
the D-A converter, so that the channel advance of
the multiscaler is synchronized with the retarding
voltage to within an accuracy of ~0.01 eV. The
sweeping range of the retarding voltage was in this
measurement at most 10 V,

The energy of measured electrons, E,; , is given
by

Ek1n=V‘r+de> (1)

where V, is the retardation voltage, V, is the po-
tential difference between the inner and the outer
cylindrical electrodes, and f is the analyzer con-
stant determined from the radii of cylindrical
electrodes. The energy E,,,, derived from the
measurement of V, is often different from the
true value, because of (1) energy shift due to the
contact potential, and (2) electric potential caused
by space charge in the collision space. Therefore,
the energy spectra measured as a function of V,
must be calibrated in the energy scale. The en-
ergy difference between two Auger peaks M NN, ,
and M NN, ; in krypton, which were measured in
an auxiliary run, was compared with the energy
difference obtained from optical data.?®* The en-
ergy difference obtained by the present energy
analyzer were in good agreement with the optical
data within an accuracy of 0.01 eV. Thus, the en-
ergy difference between two different positions of
energy spectra can be measured within this ac-
curacy. In order to calibrate the energy scale ab-
solutely, the 60.130-eV value for the (2s2p)'P lev-
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el measured by Madden and Codling® was used to
calibrate one point of the energy scale.

When the collision chamber was evacuated,
background counts were negligibly few except in
the neighborhood of the forward direction. The
experimental results in the directions below 10°
were corrected for background counts. Prior to
each set of measurement, the position of zero
angle was found by determining the position of
equal current on either side of the incident elec-
tron beam, and also by measuring the electrons
elastically scattered from the target gas on either
side with respect to the electron beam. Except
for angles larger than 90°, the electrons were
measured at both +6 and -6 to confirm the sym-
metry of scattering. The absolute value of angular
position 6 could be determined within an accuracy
~1° and the relative one within an accuracy ~0.5°

III. RESULTS AND DISCUSSION

A. Dependence of the energy spectra on the energy of primary
electrons

The energy spectra of autoionized electrons in
the backward direction are shown in Figs. 2 and 3
as a function of the energy E, of primary elec-
trons. The energy spectra of secondary electrons
measured here contain the continuum spectra re-
sulting from the direct ionization in addition to
the line spectra due to autoionization.*® In Figs.

2 and 3, the energy of autoionized electrons can be
obtained by subtracting the first ionization poten-
tial (24.58 eV) from the excitation energy. The
energy spectra shown in Fig. 2*! were observed at
142° with an energy resolution of 0.15 eV and in-
volve the whole energy region of autoionization
states which converge to the He*(z =2) state. Fig-
ure 3 shows the energy spectra with higher reso-
lution of 0.08 eV in the energy region near 60 eV,
observed at 127°. The energy spectra of auto-
ionized electrons in the forward direction are
shown in Fig. 4 as a function of the primary en-
ergy, where the ejection angle is 33° and the en-
ergy resolution is 0.08 eV. Since the energy
spectra given in Figs. 2-4 are shown in arbitrary
scales and differential in energy and angle of
ejected electrons, these spectra can be called

the relative doubly differential cross sections
(hereafter, abbreviated as relative DDCS’s) for
the ejected electrons which are composed of the
directly ionized electrons and the autoionized
electrons. The former part of the ejected elec-
trons gives a continuum part of energy spectra
and was measured by Opal et al.***** and Oda et

al .*® Referring to Figs. 2—4, the following fea-
tures are noted.
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FIG. 2. Energy spectra of autoionized electrons; depen-
dence on impact energy E; energy resolution of elec-
tron energy analyzer is 0.15 eV in FWHM. Ejection
angle is 142°. Structures, Mand N, are dueto electrons
scattered inelastically by helium (Ref. 41). Intensity
of continuum at the energy of (2s2p)!P state is normal-
ized to 1.0 and the length corresponding to the intensity
scale is shown on the left-hand side of each spectrum.

1. The energy speciva in the backwavrd divection:
Figs. 2 and 3. (a) All the line shapes of the en-
ergy spectra are nearly peaklike and remain al-
most invariant as the primary energy is varied.

(b) The peaks for the optically forbidden states,
(25%)!S and (2p%)'D, are intensely visible over the
whole primary energy range except for the lowest
energy 65 eV, even at the highest primary energy
1000 eV. (c) The peak height for the (2s2p)%P state
is most prominent when the primary energy ap-
proaches the excitation threshold of this state
(58.3 eV) and decreases rapidly with the increase
of the primary energy. This trend is consistent
with the general shape of the excitation function
of the spin forbidden triplet state. (d) The peak
for the (2p%)'D state is well separated from that
for the neighboring (2s2p)'P over the whole pri-
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FIG. 3. Details of dependence on impact energy in
neighborhood of 60-eV excitation energy. Energy reso-
lution (AE;/,) is 0.08 eV in FWHM. Ejection angle is
127°.

mary energy range and the difference in energy
between two peaks is 0.20 eV for 180-eV electron
impact (Fig. 3).

2. The enevgy spectva in the forwavrd divection:
Fig. 4. (a) Although the line shapes for the (2p%)'D
and (2s2p)'P are almost peaklike in most of en-
ergy spectra, the line shape for the (2p%)'D be-
comes diplike when the primary energy is in-
creased to higher energies, e.g., 1000 eV. (b)
The line shape for the (2s%)!S state at 33° varies
from symmetrical at the low energies to a pro-
nounced asymmetry at the higher energies. (c)
The peak for the (2p2)'D state is almost completely
separated from that for the (2s2p)'P state. The
difference between two peaks is 0.23 eV for 180-
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FIG. 4. Energy spectra of autoionized electrons: de-
pendence on impact energy. Ejection angle is 33°;
AE/,=0.08 eV.

eV electron impact, which is larger than that in
the backward direction, i.e., 0.20 eV. (d) The
peak for the (2s2p)°P state becomes most promi-
nent at the primary energy close to the threshold
energy in the same way as for the backward di-
rections.

B. Dependence of the energy spectra on the ejection angle

The energy spectra of autoionized electrons
ejected by 250-eV primary electrons are shown
in Fig. 5, which were observed with an energy
resolution of 0.15 eV and involve the whole energy
region of autoionization states converging to the
energy of He*(n =2) state. The energy spectra
due to (2s%)'S state in Fig. 5 are most useful for
the line-shape analysis, because the structure due
to the neighboring states such as (2s2p)3P state
does not disturb the above analysis for this pri-
mary energy.

The energy spectra due to (2s?)'S state were
analyzed using Fano’s formula.*® This formula
takes the following form,

2
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FIG. 5. Energy spectra of autoionized electrons. Im-
pact energy is 250 eV; dependence on ejection angle;
AE{/,=0.15 eV.

where
€=(E-E,)/iT, ®3)

and E_ and T are the resonance energy and the
resonance width, respectively. o, and 0, are a
resonant and a nonresonant part of the DDCS o(¢),
respectively. Cross section o(€) given in Eq. (2)
was originally derived for the photon absorption
cross section,*® which represents the total excita-
tion cross section. Lipovetsky and Senashenko®®
have shown, using the Born approximation, that
this type of cross-section formula is also applica-
ble to the autoionized electrons. In the present
analysis, it is assumed that the form given in Eq.
(2) is also applicable to the energy spectra of
autoionized electrons. Therefore, the meaning

of g in the present application is probably dif-
ferent from that given by Fano. Since the energy
spectra were measured with the energy resolu-
tion AE,,,, which is comparable with or larger
than the natural width I" of autoionization states,
the theoretical spectrum is expressed by

y(E;q,p*, E,, T)
- J.cc(oa(El\[q'*'(El —-E,)/%]_"]z +0',,(E')>

"1+(E"-E,)/iT

;%5—\/1—.2—_;exp [— (%%;f]dE' s ®
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where 0, and 0, are assumed to be linear functions
of E’. The exponential term yields the instrumen-
tal spread of natural line shape and 6 =AE,,,/
[2(210g2)*/%]. The parameter p? is defined by

p=0,/(0,+0,) (5)

and is assumed to be independent of E’ in the
neighborhood of the resonance energy. The theo-
retical spectra based on Eq. (4) are fitted to ex-
perimental ones given in Fig. 5 with the adjustable
parameters, g and p?, where for E, and T were
assumed theoretical values.*® The ¢ and p® values
for 250-eV electron impact are shown in Figs. 6
and 7, respectively, as a function of the ejection
angle. The error bars in Figs. 6 and 7 show the
standard deviations of parameters due to the fit-
ting procedure and the experimental errors may
be estimated to be less than ~2%.

In Fig. 6 are also shown the theoretical ¢ values
by Lipovetsky and Senashenko® and the experi-
mental ones by Suzuki et al.,? for 400-eV electron
impact. The experimental ¢ values decrease
monotonically with ejection angle and the sign of
g value changes near 90°. The theoretical values
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FIG. 6. Line-shape parameter ¢ as a function of angle,
for the (2s?)!S state in helium: closed circles, present
results, 250-eV electron impact; open circles, 400-eV
electron impact, measured by Suzuki ef al. (Ref. 24);
solid line, 400-eV electron impact, Born approximation
calculation by Lipovetsky and Senashenko (Ref. 35).
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FIG. 7. p? value as a function of angle, for the (2s?)!s
state in helium. p? is defined in Eq. (5). Closed circles,
present results, 250-eV electron impact; solid line,
400-eV electron impact, Born approximation calculation
by Lipovetsky and Senashenko (Ref. 35).

cannot be compared directly with our experimen-
tal ones, because the impact electron energies
differ. However, the general tendency is in a
fairly good agreement between experiment and
theory over the whole angular range measured.
In Fig. 7 are also shown the theoretical p° values
by Lipovetsky and Senashenko® for 400-eV elec-
tron impact. The experimental p?® values are
about 0.2-0.3 over the whole angular range,
whereas the theoretical ones decrease with ejec-
tion angle, becoming ~0.02 at 135°. The agree-
ment between theory and experiment is not good
especially for the backward angles. Experimental
evidence shows that p? does not become as small
as 0.02 even for the backward angles. The param-
eter p® can be expressed by the ratio of the depth
o, of the resonance dip from the continuum back-
ground level o,+ 0, to the background level o,+ 0,
of the line profiles in the energy spectra. One
can see nonvanishing resonance dips on the high
energy side of the resonance profiles, at 137° for
250-eV electron impact in Fig. 5 and also for
higher energies at 142°in Fig. 2. This fact sug-
gests that the disagreement is principally due to
the invalidity of the theory for the extreme angu-
lar ranges. A more precise and detailed theo-
retical study would be desirable.

The energy spectra of autoionized electrons by
1000-eV electron impact are shown in Figs. 8(a)
and 8(b) as a function of the ejection angle. The
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FIG. 8. Energy spectra of autoionized electrons. Impact energy is 1000 eV; dependence on ejection angle: (a) AE,,,

=0.15 eV; (b) AE;/;=0.08 eV.

energy spectra shown in Fig. 8(a) were observed
with an energy resolution of 0.15 eV and involve
the whole energy region of autoionization states
which converge to the energy of He*(r =2) state.
Figure 8(b) shows the results of a more detailed
investigation with higher resolution of 0.08 eV

in the energy region near 60 eV. The energy spec-
tra of autoionized electrons by 180- and 85-eV
electron impacts are shown in Figs. 9 and 10 as

a function of the ejection angle. The most prom-
inent feature seen in these results is that the line
shape of energy spectra undergoes a noticeable
change with the ejection angle. The principal fea-
tures of the observed angular distributions are

as follows.

1000-eV impact: Fig. 8(a), AE,,,=0.15eV; 8(b),
AE,,=0.08 eV
(a) At smaller angles, dips are seen in both

sides of a single peak in the excitation energy re-
gion near 60 eV. With an increase of the angle,

the dip on the low-energy side changes to a peak.
It was confirmed from the auxiliary experiment
utilizing the helium gas mixed with krypton gas
that the position of the peak on the high-energy
side remains unchanged over the whole range of
angles. Thus it was verified that peaks and dips
on the high-energy side near 60 eV are due to
the same state, namely, (2s2p)'P state, whereas
the structure on the low-energy side is due to the
(2p%)'D state.

(b) The energy spectra due to the (2s2)'S state
are diplike and less noticeable in the forward
and intermediate angular ranges. In the backward
direction, the (2s%)'S state becomes more promi-
nent and exhibits a peaklike line shape.

180-eV electron impact: Fig. 9, AE,,;=0.08 eV

(a) The dip on the high-energy side of the peak
due to the (2s2p)'P state is evident in the inter-
mediate angular range and becomes less notice-
able both in the forward and backward directions.
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FIG. 9. Details of dependence on ejection angle near
60-eV excitation energy. Impact energy is 180 eV.
AE1/2= 0.08 eV.

(b) The spectra due to the (2p%)'D state show the
peaklike line shape in the forward direction and
the resonance peak height due to (2p%)'D relative
to that due to (2s2p)'P state decreases with in-
creasing angle up to about 38°. The spectra due
to the (2p%)'D state exhibit the diplike line shape
once in the intermediate angular region but again
become peaklike above about 70°. The difference
in energy between the peak due to the (2p?)'D state
and that due to the (2s2p)'P state is 0.23 eV in

the forward direction and 0.20 eV in the backward
direction as mentioned before.

85-eV electron impact: Fig. 10(a), AE,, =0.15eV; 10(b),
AE{;,=0.08 eV

(a) While the spectra due to the (2s?)'S state
have the diplike line shape at angles below 100°
and the peaklike shape above 100°, the spectra
due to the (252p)3P state are nearly peaklike over
the whole angular range. The resonance peak
height due to (2s2p)3P is almost equal to that due
to (2s%)'S at 145°, decreases rapidly with de-
creasing angle down to 110° and again becomes
prominent at angles below 100°,

(b) The spectra due to (2s2p)'P are peaklike
over almost the whole angular range except at 50°
and 70°, where dips on the high-energy side of
peaks are noticeable. The resonance peak height
due to the (252p)'P state has a minimum around
100° as compared with the other resonance peak
heights.

(c) The difference in energy between the peak
due to the (2s2p)'P state and that due to (2p%)'D
varies with the ejection angle in a complicated
manner. The maximum value for this difference
is 0.28 eV at 40°, but, in general, two peaks ap-
proach each other, making it impossible to re-
solve these two peaks at several angles.

As the resonance energy E, is connected with
the peak energy E,,, by a relation, E,=E_, - T/
2q, the E_, value approaches the E, value if the
g value is large. As seen from Fig. 9, both of the
line profiles due to 'D and 'P states are nearly
Lorentzian at 13°and 33°. The resonance energy
E, for (2p*)'D state was derived from the spectra
at 13°and 33°, using the E, value for (2s2p)'P,
60.13 eV. The energy width I' was also derived
assuming the Lorentzian line shape for the spec-
tra observed at 13°and 33° (Fig. 10). The E, and
I values of the (2p®)'D state are E,=59.89+0.02
eV, I'=0.08+0.02 eV. The E, and T values for
(2p?®)'D state were calculated theoretically by sev-
eral workers.*®% Theoretical values of I, rang-
ing from 0.06 to 0.08 eV, agree well with our
measured value as well as experimental value
0.072+0.018 eV of Hicks and Comer.?® While some
of the theoretical values for E, are rather larger
than the experimental one, the value in Ref. 52
(59.911 eV) and that in Ref. 53 (59.902 eV) agree
very well with the measured one.

C. Single differential cross sections

The relative DDCS in the present measurements
was put on an absolute scale by comparing the in-
tensity of its continuum part I (E,6), where E is
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FIG. 10. Energy spectra of autoionized electrons. Impact energy is 85 eV; dependence on ejection angle:

(a) AE/,=0.15 eV; (b) AE;;;=0.08 eV.

the energy of the ejected electron and 6 is the
ejection angle, with the absolute DDCS for the
secondary electrons o,(E, 6),, measured by Opal
et al *2** The absolute DDCS o(E’, 6) is then
given by

o(E’,0)=[0,(E,0),/I(E,6)I(E,0), (6)

where I(E’, 0) is the intensity of the ejected elec-
trons in the present measurements and the energy
variable E’ may include the resonance regior. A
procedure to obtain the DDCS for continuum elec-
trons by using higher-energy resolution and sepa-
rating the resonance structure from the continuum
part was given in Ref. 40. Following this pro-
cedure, the energy variable E in I (E,6) was se-
lected in such a way that the angular distributions
measured by Opal ef al. have the same form as
ours at the energy E. The absolute values of
DDCS’s thus obtained are believed to be reliable
within an accuracy of 20-30%, taking into con-
sideration errors inherent in the continuum
DDCS’s by Opal et al. and those added by the pres-
ent normalization procedure. The relative inten-
sities of different energy spectra are reliable

1 T T rrT T T T T AL L
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FIG. 11. Single differential cross sections (differen~
tial in angle only) for the autoionization states in helium
produced by electron impact as a function of impact
energy: triangles, (2s%)1S, ejection angle 6 =142°;
crosses, (252p)3P, 0 =142°; closed circles, (21)2)10,
6=127°; open circles, (2s2p)!P, 6=127°. The arrow
on abscissa stands for the level energy for the (2s2p)°P
(58.3 eV).
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The single differential cross sections for the e (b)
emission of autoionized electrons (differential in 800 | . 4

. . . (sp234)'P = (2p3p)'s
angle only) o(f) were obtained by integrating the (2p3p)D P (2s4s)'s
absolute DDCS o(E, 0) after subtracting the con- F h .
tinuum background. The single differential cross , (204} °
. . s . 600 [ (2s3s)'s (sp24+)'P 1
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nance, in terms of the parameters in Eq. (2), i 0 L 2p5p)'D 4
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O 400 1
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where 0,(E,0) +0,(E,8) is the continuum back- 3 1
ground. o b b e L
62 63 64 65

TABLE I. Single differential cross sections (differ-

ential in angle only) for the autoionization states [(2s%)1S,

(252p)°P, (2p°)'D, and (2s2p)!P] in helium as produced
by electron impact at energies from 65 to 1000 eV.

Single differential cross section
(differential in angle only)

Impact o(6) (107! cm?/sr)
energy  (2sd)Is  (2s2p)°P (2p*)'p (2s2p)'P
(eV) 142° 142° 127° 33° 127° 33°
1000 0.75 1.3 1.2
250 4.4 5.0 0.13 4.5 1.6
210 0.27 1.8
180 4.9 6.5 0.67 5.2 2.9
150 1.5 4.6
130 5.8 0.36 6.6 1.9 5.4 4.8
100 3.8 0.74 3.4 4.1
90 1.6 1.9
85 3.5 2.1 1.8 2.6
75 3.9 3.2
65 9.3

EXCITATION ENERGY (eV)

FIG. 13. Energy spectra of electrons ejected from
high-lying autoionization states in helium: (a) 85-eV
electron impact; (b) 250-eV electron impact. Ejection
angle is 142°; AE;,,=0.08 eV. Energy positions of auto-~
ionization states identified in this work are shown in
figures (a) and (b).

The single differential cross section ¢(f) may
be interpreted as the differential excitation func-
tion of the autoionizing state when seen as a func-
tion of primary energy, and can be positive or
negative, principally depending upon the value of
q."»%* A positive value of o(f) corresponds to a
peak of the resonance; a negative value, to a dip.

In Fig. 11 are shown the single differential cross

sections o(6) for the (2s%)'S, (2s2p)°P, (2p>)'D,
and (2s2p)'P states in the backward directions as
a function of the primary energy, where the res-
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onance profiles of these states are predominantly
Lorentzian. It will be seen from Fig. 11 that for
backward directions the differential excitation
functions for the (2s2)'S, (2p%)'D, and (2s2p)'P
states have in common broad but pronounced
maxima in the primary energy region from 100 to
200 eV and are all of the same order of magnitude,
whereas that for the (252p)°P state rapidly de-
creases from a maximum near the threshold en-
ergy (58.3 eV) with increasing primary energy
and becomes indiscernible at about 150 eV. The
single differential cross sections for the (2p®)'D
and (2s2p)'P states seen at 33° are shown in Fig.
12 as a function of the primary energy for cases
where the resonance profiles nearly look like the
Lorentzian. We can see that the ¢(f) for the
(2p%)'D state at 33° is much smaller than that for
the (2s2p)'P state over the whole energy range in
contrast to the situation for backward directions.
The cross-section values shown in Figs. 11 and
12 are summarized in Table I.

D. High-lying autoionization states

The autoionization states lying above ~ 62 eV in
helium, which were observed previously by H,*
impact by Rudd’ and recently by electron impact
by Hicks and Comer,?® have been also clearly ob-
served in the present measurement. Two ex-
amples of energy spectra are shown in Fig. 13(a)
for 85-eV electron impact and Fig. 13(b) for 250-
eV electron impact, where the observed angle is
142° and the energy resolution is 0.08 eV in
FWHM. While the identification of autoionization
states was aided in the cases of H* and H," im-
pacts by the fact that the triplet states are not
excited by H* bombardment but show up strongly
under H,* bombardment, the energy spectra by
electron impact can be identified by utilizing the
fact that the intensity of each resonance line has
a specific angular and impact energy dependence
as already seen for autoionization states lying be-
low ~ 62 eV; for example, the triplet states can
be excited only by lower-energy electron impact.
The energy spectrum by 85-eV impact [ Fig. 13(a)]
shows many optically as well as spin-forbidden
autoionization states and is very similar to that
by 75-keV H,* impact.” On the contrary, the en-

ergy spectrum by 250-eV impact [ Fig. 13(b)]
seems rather simple and shows principally the
singlet series of S, P, and D states. The ener-
gies of autoionization states of helium which we
have measured are summarized in Table II, to-
gether with experimental values obtained by other
workers and the results of theoretical calcula-
tions, where excitation energies of autoionization
states lying below ~ 62 eV are also included.

The peak at 62.08 eV [see Fig. 13(2)] can be
identified as the (2p?)'S state because there is no
other predicted level in this energy region. In
the excitation energy region between 62.90 and
63.10 eV the existence of two autoionization states
is expected; that is, (253s)'S and (sp23=)°P. The
peak at 62.94 eV for 250-eV impact [ Fig. 13(b)]
can be identified as the (2s3s)'S state, taking into
consideration the fact that the angular dependence
of the profile of this peak is very similar to that
of the (2s%)'S for the same impact energy and the
peak for the (2s2p)°P state is indiscernible for
250-eV impact, especially for backward direc-
tions, as seen in Fig. 5. Furthermore, since the
(252p)°P state is strongly excited for 85-eV im-
pact as seen in Fig. 10(a), the peak at 63.08 eV
for 85-eV impact [ Fig. 13(a)] can be identified as
the (sp23=-)°P state. In the triplet °P case, the
n =2 member of the (sp2n+)3P series is excluded
on the Pauli principle. It is reasonable to con-
sider that higher members of this series are
quasiforbidden for excitation. Accordingly, it
would be appropriate to assign the observed tri-
plet (sp2n)®P series to be the “-” series. Follow-
ing the procedure of assignment mentioned above
and also taking into consideration the energies
and widths of levels theoretically calculated, it
is possible to assign the observed energies to
members of the (2sns)'S, (2pnp)’S, (sp2n-)3P,
(2pnp)'D, and (sp2n +)'P series as high asn =5 in
the electron spectra of region extending up to
~65-eV excitation energy. Although many levels
have been observed in the excitation energy region
above ~65eV as seen in Figs. 13(a) and 13(b), they
have not been identified in this work mainly due
to the overlapping of levels and the ambiguity on
the level assignment. Our measured energies are
in general in good agreement with previous experi-
mental values and with some of theoretical calcula-
tions for =2 to 5 series.
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