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Excitation of the helium autoionizing states in He++ He collisions, between 3 and 140 kev
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The autoionization of the helium atom has been experimentally studied in He+ + He collisions between 3 and 140
keV by electron spectrometry. The excitation of the two collision partners has been considered. Above 10 keV, the
shapes and excitation cross sections of the 2s' 'S, 2s2p 'P, 2p' 'D, and 2s2p 'P are determined by a numerical
fitting procedure which is reported in detail; below 10 keV the ('D + 'P), and 2p' 'S line intensities are obtained by
planimetry since important post-collision effects are observed. From the angular distributions measured below 15
keV, the relative sublevel populations are deduced for the 2p' 'D and 2s2p' P levels and are compared with those
obtained by other authors in a coincidence experiment; the excitation processes are then discussed within the
quasimolecular-excitation model. For the highest collision energies, the asymmetry of the angular distributions with
respect to 90' as well as the line shapes above 100 keV are interpreted by the occurrence of sudden electronic
transitions to the continuum. A comparison of the differential cross sections for emission of electrons by
autoionization of the fast and slow particles permits us to show that the quasimolecule model cannot explain what is
observed above a collision velocity of about 0.5 a.u. The dependence of the total cross sections against the collision
energy is also discussed in terms of an evolution of the excitation mechanism from a quasimolecular to an atomic
one; the specific variation of the 2s2p 'P cross section strengthens this interpretation. These total cross sections are
compared with those estimated from earlier H+ + He data published by us; similar autoionization cross-section
values are expected for the two systems at high collision velocity.

I. INTRODUCTION

Ionization processes in the neighborhood of the
autoionizing states, in the energy range extending
above a few tens of keV for light atoms, are well
described by an atomic mechanism where two
competing processes populate the continuum: a
direct ionizing transition and an indirect one
through the excitation of an autoionizing level.
This is the well-known phenomenon described by
Fano' for the inelastic scattering processes and

by Balashov and co-workers for the ejection of
electrons. ' In the latter case, interference be-
tween these two transition amplitudes can induce
asymmetrical line shapes in the ejected electron
spectra in the vicinity of the energetic positions of
the autoionizing states and also asymmetrical
angular distributions of these lines. The former
phenomenon was first observed in collisions be-
tween heavy partners for the H'-He system"
which was intensively studied' ', in the energy
range where the Born approximation applies, a
theoretical investigation was also made. ' For
more complex systems, only fragmentary experi-
mental results appear for He' and He" on He
systems' but no theoretical study exists. As
shown by Balashov' the analysis of the autoionizing
lines in the ejected electron spectra using Shore's
or Fano's formulas can be made at the expense of
a loss of a clear physical meaning of Shore's or
Fano's parameters. This is particularly true for
the Shore parameter b which describes the line
area; its theoretical expression'" contains inter-

ference terms between the resonant and all the
nonresonant partial waves of the continuum and
generally angular distributions asymmetrical with
respect to 90 must be observed. This was veri-
fied by Schowengerdt and Rudd" in H, '-He and by
our group for the H'-He collisional system. "

A symmetrical distribution is only recovered
when interference terms in b are small, which can
occur in the important case where the direct ion-
izing transition amplitude becomes small with re-
spect to the autoionizing one. Therefore, the
angular distribution only depends on the angular
momentum of the autoionizing state and the theory
of Cleff and Mehlhorn" can be applied. " This
especially occurs when the relative velocity of the
two collision partners becomes so low with res-
pect to the orbital velocity of the atomic electrons
that quasimolecular mechanisms can take place.
We have already shown"'" that the observations
are in good agreement with the quasimolecule
model for the lowest energies studied in this work.
For example, in He'-He collisions at 15 keV, we
have verified that the shape of the angular distri-
bution is determined by the angular momentum of
the excited state alone. This means that inter-
ference effects, such as those observed in H'+He
collisions, do not have a noticeable influence on
the single differential cross sections (SDCS); in-
deed, this is in agreement with a pure molecular
mechanism where only indirect ionizing transi-
tions, through electron promotion and autoioniza-
tion of the excited molecular state, happen. At
higher energies direct transitions to the continuum
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may occur, even in a quasimolecular framework,
through a direct coupling of the entrance channel,
or may be of a singly excited exit channel coupled
to it at small internuclear distance, to the con-
tinuum. In this case, the same interference ef-
fects as those observed in atomic processes would

be possible which would indicate a departure from
a pure molecular mechanism.

In the energy range where the molecular model

applies, autoionization of the atom occurs in the
Coulomb field of the ion. Perturbations of the
electron energy distributions are then observed
which are more or less pronounced depending on

the collision velocity. They are known as "post-
collision-interaction" (PCI) effects. In He'+He
collisions, at 1.4 keV collision energy, Morgen-
stern et al. "have shown that complex structures
observed in the el.ectron energy spectra result
from interference between autoionization transi-
tion amplitudes at various internuclear distances
R issued from the molecular states correlated at
infinite ~ to the 2s' 'S, 2P' 'D, and 2s2p 'P atomic
states. The same phenomena have also been ob-
served by us between 3 and 10 keV (an example is
given at 7 keV in Fig. 1 of Gleizes et al. "). These
PCI perturbations are less and less important as
the collision energy increases so that we have

neglected them in our numerical analysis of the
electron line shapes above 10 keV. Without allow-

ance for interference between autoionizing transi-
tion amplitudes, the line shape is described by
Barker and Berry's formula, "which is called the
Berry effect (in Gleizes et al. ,

"the same phen-
omena was named "Stark effect" following other
authors).

As shown by Stolterfoht et al. ,
' the Coulomb

field of the ion may also perturb the excited atom

by a true Stark effect. This may give rise to new

structures in the neighborhood of the 2P' 'D and

2s2P 'I' line positions due to an energetic splitting
of the mixed Stark states which increases with de-
creasing internuclear distance. " In our work, no

clear evidence for this effect has been observed.
It must be noticed that PCI interference between
the 'D and 'P transition amplitudes and Stark
mixing of the substates happen simultaneously so
that both effects would have to be taken into ac-
count; however, at that time, no unified theoreti-
cal description of the whole effect of the Coulomb
field on the autoionization exists and we have not
considered further the Stark effect.

In this paper, we give detailed experimental re-
sults of a systematic inquiry we have done of the
energy range 3 to 140 keV, in order to attempt to
observe an evolution of the excitation mechanisms.
The electrons ejected by autoionization of the
helium states 2s''S, 2s2P'P, 2P''D, 2s2P 'Z, and

2P' 'S excited in He'+He collisions are detected
and various parameters are measured.

The line shaPe. In the energy range investigated
in this paper, a line shape evolution was observed
when the collision energy increases from 3 keV

(PCI shapes) to 140 keV (Fano profiles) as shown

in Sec. IIIC.
1'he angular distributions also give useful indi-

cations because PCI interferences, Stark mixing,

as well as Fano interferences, may destroy the

dependence of the angular distribution against the

electron angular momentum. On the other hand,

if this distribution is not perturbed, i.e. , if it is
symmetrical with respect to 90' emission angle

with the correct angular momentum dependence,
the sublevel populations of the autoionizing state
involved may be extracted as first shown in a

previous letter. " From them, we may infer the
molecular mechanisms which lead to the atomic
state excitation.

The comparison of the slow- and fust particles-
autoionization cross sections may be a supplemen-

tary test. At low energy, where a quasimolecular
model correctly describe the collision mechan-
isms, the He'+He system is symmetrical and the
same doubly differential cross sections (DDCS),
SDCS, and total cross sections are expected as
first explained in a letter. " On the contrary, at
much higher energy, within an atomic excitation
model, it may be surmised that the direct excita-
tion cross section of the target differs from the
excitation cross section through charge exchange
of the incident ion. Thus, discrepancies between
the two cross sections indicate departure from a
molecular model. Comparison of these cross sec-
tions makes necessary a careful analysis of the
kinematic corrections to be applied to the mea-
sured values since it can only be made in an

atomic emitter frame defined in the center-of-
mass (c.m. ) system"; this will be discussed in

Sec. IVB.
Total cross sections, obtained by integration of

SDCS over the emission angle, are determined for
each autoionizing level. From their variation with

the collision energy, the influence of the quasi-
molecular excitation mechanisms may also be ob-
served (Secs. V and VI). Finally we compare the
total cross sections obtained for H'+He and He'
+He collisional systems (Sec. VII). Other work on

He'+He collisions with a similar purpose was not

previously reported in the literature.

II. EXPERIMENTAL METHOD

A. The experimental apparatus

A detailed description of the apparatus has been
given elsewhere. " A mass analyzed ion beam with
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a 2-mm diameter impinges on a static helium tar-
get gas. The ion-beam intensity is measured on a
plane copper collector C (Fig. 1) at ground poten-
tial which is inclined at 45' relative to the incident
beam direction; it is surrounded by a cylinder
biased to prevent any secondary electron to es-
cape from the collector. At the entrance of the
collector a diaphragm D„electrically connected
to the ground potential prevents stray electrical
fields from penetrating in the collision chamber;
it cannot intercept the incident beam.

The acceptance angle of the electrostatic analy-
zer as defined by the analyzer rectangular en-
trance slit So and another circular diaphragm D,
(1.92+0.02-mm diameter) placed in front of it,
varies from +1.3' when $, =0.44+0.01 mm [analy-
zer resolution full width at half maximum (FWHM)
= 1.1/p] to +1.2' with So = 0.27 s 0.01 mm (FWHM
= 0.67%) in the horizontal plane and is equal to
+1.4' in the vertical plane. The effective solid
angle of this system varies from 1.09' 10 ' to
0.67 &: 10 ' sr depending on the slit width. Most of
our more recent results have been obtained with

the greatest resolution.
The electrons are detected on a channeltron

electron multiplier (CEM) Mullard B419 BL with

a 10-mm entrance diameter biased to +300 V to
accelerate the electrons at the analyzer exit in

order to have a good efficiency. The stray mag-
netic fields are reduced in the collision chamber

to a value generally lower than 5 mG by three
mutually perpendicular sets of 2.2-meters-square
Helmholtz coils. The target gas pressure in the
collision chamber is measured with a triode ion-
ization gauge calibrated against a liquid N, trapped
McLeod gauge. For the results reported here we
used a cyclic sweeping where a step voltage ramp
was simultaneous applied to the analyzer and to
the multichannel; the accumulation time in each
channel is controlled by an ion charge integrator.

To be sure that a partial neutralization of the
ion beam does not give important errors in our
measurements (excitation of the autoionizing states
by neutral particles), only very low pressures,
from 5&& 10 ' to 1X 10 ' torr for 10-140-keV He'

energy, have been used. Therefore it was not
necessary to apply any absorption correction to
our cross sections. Absolute values of the cross
sections were not directly obtained because the
analyzer transmission t, and the detector efficien-
cy T) remained unknown. The product (Tit,) was ob-
tained by normalization of our DDCS measured in
H'+He collisions to those of Budd et al.""as al-
ready reported in another paper. ' (The values of
the cross sections obtained by Hudd et al.""have
been recently tabulated by Rudd et al."but the
previous value used to normalize our results' still
is correct and has been kept for the present nor-
malization. ) The normalization point corresponds
to electrons of 33 eV kinetic energy (below the
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2s' 'S resonance) ejected by 150 keV protons at
20; the value used is (3.0+0.6) 10 "m'eV ' sr '

for this direct ionization DDCS; the error of +20%

is that given recently by Rudd et al." To test this
normalization, a comparison of our normalized"
H'+He DDCS with more recent values of the same
authors"'" has been made. An overall agreement
within +10% is obtained below 90' and within +30%
for the great ejection angles; this precludes any

systematic error in the measurement of the cross
sections given in this paper.

It is worth mentioning that the use of a CEM
Mullard B419 BL may be a source of systematic
error in the cross section measurement. As
shown by Slevin et al. ,

"this CEM does not have a
correct characteristic curve since if we plot the
measured counts against the applied voltage we do

not observe a plateau as might be expected but, on

the contrary, a positive slope of 6% (10% in the
work of Slevin et al."). This indicates that the
CEM does not work in the saturation mode; in-

deed, the pulse-height distribution shows that the
peak is not completely separated from the back-
ground even for the highest voltage applied (4400

V) so that counts are lost by the electronics. The
amount of the particle loss cannot be determined
since a plateau is not observed and what can only
be said is that there is a systematic underesti-
mate of the cross section when use is made of
such a CEM. In this work, systematic errors are
eliminated by working always with the same poten-
tial applied to the CEM and by normalizing our
cross sections to a reference value.

B. Errors and uncertainties

The reproducibility of the SDCS (after an inte-
gration over a line is made) given in this paper is
generally within about +15% when we consider the
('S+'P) and ('D+'P) lines. Additional uncertainties
observed when we extract the separated contribu-
tions of the four lines by a numerical method are
more difficult to evaluate; they strongly depend on

the difficulties inherent to the numerical treat-
ment which are discussed in the following section.

In order to determine the absolute error in our
cross sections, we have to consider the uncertain-
ties in the values of the parameters which enter
the cross-section formula. Only the greatest
errors will be considered; they come from the
evaluation of the analyzer transmission t„detec-
tor efficiency g, and target density. The first two

are obtained by a normalization as explained in

the preceding section. The uncertainty in the com-
bined parameter (qt, ) includes that in the refer-
ence cross section (20% as given by Rudd et al."),
the target density (~10%), the ion charge density

(1%); the statistical error being neglected. When

all these errors are combined in the rms fashion
an error of 22% is obtained for the parameter
(pter. Then the uncertainty in the absolute values

of our SDCS amounts to about 25%.
It must be noted that, above 50 keV, the numer-

ical treatment of the energy spectrum gives the
Shore parameter b (see Sec. III A) for which the

above estimated error applies, whereas through-

out this paper it is the quantity

—= —,'v I'(2S+ 1)b
dS
dQ

(where I' and S designate, respectively, the level

width and the spin of the autoionizing state), which

is discussed. dS/dQ gives the algebraic surface
of the asymmetrical structure observed in the

ejected electron spectrum in the emitter frame;
it has the same dimension as a single differential
cross section. Its meaning will be discussed in

the next section. Then an additional. error is in-

troduced in dS/dQ values by multiplying b by a I'

value which is not accurately known. The follow-

ing values have been adopted for this parameter":
0.14+0.01, 0.010+0.002, 0.070+0.003, and 0.038
+0.002 eV, respectively, for the 2s''S, 2s2P'P,
2P' 'D, and 2s2P 'P resonances. The uncertainties
in the I' values result from the estimated disper-
sion of the published experimental and theoretical
values. They do not markedly influence the error
values given for b which may be applied to the
dS/dQ for the singlet states; for dS('P)/dQ the

error rises up to about 32~().

All these considerations hold for the slow- as
well as for the fast-particle SDCS. For the latter,
another source of error may arise from the kine-
matic corrections (see Sec. IV B) it is necessary
to apply to obtain SDCS values in the emitter
frame; however as they are almost independent of

the value of the unknown small scattering angle,
they do not influence the error bars given above.

III. THE LINE SHAPE AND THE NUMERICAL
ANALYSIS

The SDCS for each resonance 2s''S, 2s2p'P,
2p''D, and 2s2p'P can only be obtained by a nu-
merical treatment of the electron energy spectra
on account of a too low analyzer energy resolution
(0.67%) which does not allow a complete separation
of the lines 'D and 'P, 'S and 'P. Even with a
better resolving power a numerical analysis would

be necessary because of the asymmetrical shape
often observed which prevents any accurate deter-
mination of the line area by the more conventional
planimetry method. A numerical analysis of the
electron spectra requires an accurate knowledge
of the various functions which contribute to the ob-
served line profile. We shall first consider the
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possible emission line shapes which might be ob-
served in the emitter frame, and then the various
kinematic effects which alter these emission line
shapes when observed in the laboratory system.
In Sec. III C will be discussed the numerica, l
method used to obtain the separated contributions
of the autoionizing lines considered in this paper.

A. Emission line shape

The electron line shape is mainly determined in
our energy range (3-140 keV) by Fano interfer
ences between the direct transition amplitude to
the continuum and the autoionizing one as already
observed in H' on He collisions" and explained
by Balashov et al. ,

' and by PCI effects. "
1. PCI effect

In order to take into account the Coulomb inter-
action between the ejected electron and the non-
emitting ion, we have two possibilities.

(a) First, the more general description of this
effect at the present time was given by Morgen-
stern et al." It allows for interference between
transition amplitudes from the neighboring auto-
ionizing levels 2s''S, 2P''D, 2s2P 'P. However
the theoretical energy distribution obtained in this
way depends on a great number of parameters
(excitation amplitudes, phases) and it becomes
very difficult, when it is used for a numerical
treatment of experimentally unresolved lines, to
obtain reliable values for these parameters.
Moreover as these interferences are only seen
below 10 keV in He' on He collisions (an example
at 7 keV is given in Gleizes et al. "; see also Ref.
16 where several examples are shown at collision
energies lower than 5 keV), we have disregarded
the possibility of this type of interference in our
numerical treatment above 10 keV. Below this en-
ergy, no numerical analysis has been done and the
unresolved line intensities have been obtained by
planimetry.

(b) When the autoionizing levels are not coher-
ently populated, the Barker and Berry classical
distribution" is obtained as a particular case of
the above general formulation. It was already used
by us' to describe the line shape at 15 keV in He'
on He collisions:

dDdE, fdd) dd) ''
the left-hand side is measured in a.u. , where AE

Ep Ep +p is the emission electron energy at
finite R, Ep is the emission electron energy at
infinite R, I' is the atomic autoionizing state width
(throughout this paper, it will be assumed to be in-
dependent of R), v is the collision velocity and bs

is the autoionizing state excitation probability
which contains the angular dependence of the cross
section:

do~ d'o'~

QQ QQ QEp
(2 )

The maximum of distribution (2) is shifted with
respect to the resonance position E„~ „K„„:

I'
E =E„—— (3)

and its FWHM is given by

r, =1.07 —.
I'
v

(3 )

Both E„and I'~ are measured in a.u.
Function (2) does not give the correct line pro-

file at high collision velocity since, in the limit of
large v, it tends to a delta function instead of a
Lorentzian line g(EO —E,„) with a finite FWHM 1 .
In our first paper" this problem was solved by
folding (2) by a Lorentz function. This method
gives the correct line shape Z(E, —E, ) at large
v but too broad a function (Z*d'os/dQdE, ) at low
velocity [where (2) alone gives the correct energy
distribution]. Physically we have made a classi-
cal addition of the intensities of every part of the
line which contributes at E, In a quantal treat-
ment of the autoionization at l.arge R the ampli-
tudes must be added; in this case Ostrovskii" and
Devdariani et al."have obtained a universal func-
tion which describes the line shape whatever the
collision velocity is [an error of sign in the ar-
gument of the exponential term in formula (4.8) of
Ref. 30 has been corrected in formula (4) of this
paper. ]:

d'o b I 1

dkldE, —,'I +(aE)' 2vsinh(~/v)

g 2 T.

x exp —+—arctan
p v 26E (4)

where the parameters have the same meaning as
in (2). The excitation SDCS is given by

doD d OD

QQ $0QEp
(4 )

which will be simply noted d&/dQ in the following.
Formula (4) gives the correct Lorentzian limit 2
when v-~ and becomes similar to Barker and
Berry's formula at low v. We have used (4) up to
50 keV. An example of agreement obtained at 10
keV is given in Fig. 2. Small discrepancies mainly
remain on the low energy side of the ('D+'P) line
which may be ascribed to PCI interference struc-
tures neglected in our treatment.
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Then the separation into two energy ranges, below
and above 50 keV, for the ease of numerical anal-
ysis, seems to be well justified. Below 50 keV
the line shape is described by (4) whereas above
50 keV (5) was preferred.

B. Kinematic broadenings

(6)

with

dN—= const
dy (6 )

and dP/dZ» is given by relation (17) in Ref. 19.
The assumption (6 ) is always verified in non-

coincident experiments when use is made of un-
polarized incident beam and target"'"" ", it
does not depend on the angular momentum of the
autoionizing state considered. In coincident ex-
periments, on the other hand, a direction normal
to the incident beam is defined and the angular
distribution depends"'" on Q; this has been ob-
served, for example, by Kessel et al." In the
case of autoionization of the helium atom, the
distribution dN/dP depends on the angular momen-
tum of the autoionizing state (since the ion after
autoionization is left in an S state, the angular
momenta of the ejected electron and excited state
are identical) since it is given by

Q a„,Y,„(8,4) (6 )

for a given emission angle 8. In (6 ) a„stands
Lfor the excitation amplitude of the excited level

(L, iVII, ), where k1~ is the projection of the angular
momentum on to the incident beam axis. The
right-hand expression is given, for example, by
Eqs. (11) and (12) in Ref. 38 for the 'D and 'P

Many authors have discussed various kinematic
broadenings. Some of them have already. been
quoted in a previous paper", these effects are
also discussed in Refs. 33-35. In this paper, we
intend to discuss and make a quantitative evalua-
tion of these broadenings in the particular case of
the He'-He collision, in our energy range.

When a study of the angular dependence of the
SDCS is made, the Doppler function Co(p), where
P is the azimuthal angle, gives the dominant
kinematic broadening in the intermediate angular
range, at low energy. This function has been de-
termined in a rigourous manner by Gleizes et al."
for one value of the scattering angle 8& of the
emitter, assuming an isotropic azimuthal distribu-
tion about the incident beam direction of the
ejected electrons with observed energy E».

I
autoionizing states, respectively. Relation (6 ) is
also consistent with the fact that in noncoincident
experiments, the excited state must be repre-
sented by an incoherent superposition of pure
states with different quantum numbers" ML; on
the contrary, the azimuthal anisotropy in coinci-
dent experiments comes from the coherent super-
position in (6 ) which gives rise to interference
terms (with odd powers of cosQ) between various
magnetic sublevel amplitudes. "

In our noncoincident experiment, all the emitter
scattering angles 8& contribute and this induces a
broadening lo(8;) = (8E„b/88;) 6,8; of the electron
lines. The authors who first mentioned this effect
have already been mentioned in our previous
paper"; Stolterfoht et al."also discussed this
broadening but in Eq. (33) of their paper E„, in-
stead of E„b, is incorrectly derived with respect
to 8;. To take into account in our numerical treat-
ment such a broadening, it would be necessary to
roughly know the 8; angular distribution which con-
tributes to the excitation of the autoionizing states
considered in this paper. The only published ex-
perimental results which give this distribution in
our energy range are those of Bordenave-Montes-
quieu and Dagnac"" who show that scattering
angles higher than 8; =3' do not give a significant
contribution to the 60-eV energy loss peak at 10
keV. Thus the maximum broadening is evaluated
by taking 48& =3 and by considering that the most
probable angle (noted 8,') is equal to 8,*=1; thus
we get I'o(8,*.

) 6 20 meV. For higher incident par-
ticle energies, I'D(8, ) is even smaller because 8,*.

and 68; decrease. "
The analyzer acceptance angle gives an addition-

al broadening which is only observable in the elec-
tron spectra emitted by the fast particle. It is
maximum for angles 8„, smaller than 90' and be-
comes considerable at high impact velocities.
This effect has been described in detail in a pre-
vious paper. " For a given 8», its maximum value
is given by

N E labr, (8„)=, ' ~8„,.
lab

The derivative may be found in Ref. 33; it may al-
so be obtained from Eq. (9) in Ref. 19. Stolterfoht
et al."have also discussed this broadening but an
incorrect derivation of E„, instead of El.b, against
8» has been made in this paper. This broadening
is always large (68» =2.4' in our experiment)
except in the forward and backward directions. It
roughly varies with 8» as I'z&(Q) (defined in Ref.
19) does; however the collision energy dependence
is very different since I'~(Q) turns out to be ne-
gligible for the highest energies studied in this
paper whereas Fo(8„b) increases very fast: at
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C. Numerical method

The accuracy of the excitation cross-section
values not only depends on the measurement of
various experimental parameters as explained in
Sec. II B but also of the case taken to do the nu-
merical treatment of the electron spectra. Only
the most important points of the method will be
discussed here; more details can be found else-
where. "

1. The adjustment of the theoretical line shape
y, (E&,b, P, ) and the exjerimental spectra y,„,(E„b).
The adjustment of the theoretical line shape
y, (E„b,p, ) and the experimental spectra y,„„(E|,b)
is made by means of a least-squares-fit method
which permits us to adjust the parameters P, . If

)~e~ II

3
I

I

N

E
INI

C)

o2a
UJ
l3~

U
C

b Ai
) I L I I - &m:m

7I. 75 77 78 79 80
observed electron energy ( eV)

FIG. 4. Influence of the broadening I'D(8y~) on the
lines issued from the fast particle at 100 keV, 8&~
=30 (8~e~=48.3 ). Point A serves to find the S line
position as explained in the text. The heavy line gives
the best fit obtained with the experimental points (~ );
the thin lines give the separated contributions of each
autoioniBng level. The analyzer energy resolution is
equal. to 1.1$ of the transmitted electron energy; the
channel width is equal to 0.058 eV. The abscissa is
calibrated against the D position; the D- P distance
is kept constant and equal to 0.360 eV [this value in-
cludes the Doppler shift and takes into account the dif-
ferent Doppler shift values for 35.32 eV (~D) and 35.55
eV (~P) electrons).

76

140 keV, near 50' the structures ('S+'P) and
('D+'P) begin to merge together (the distance
'S 'D-is equal to 2.04 eV). In these conditions the
original contribution of each line becomes quite
difficult to recover and the accuracy of the fast
atom cross sections at 100 and 140 keV is certain-
ly very bad. An example of fit obtained when the
acceptance function defined in Ref. 42 is used, is
given at 100 keV (Ohb =30') in Fig. 4 (another ex-
ample obtained in He'+He collisions is given in
Ref. 42). The numerical method used to attempt
to obtain significant SDCS for the 'S, 'P, 'D, and
'I' lines, even in the fast atom spectra at high en-
ergy, will be examined now.

the theoretical line shape depends linearl. y on the
various parameters P, , the quantity (y, —y.„~,)' is
quadratic on P,. and in this favorable case the pro-
gram approaches immediately the exact solution

P, , for this parameter, whatever the input value

P, , is. On the contrary when the dependence of y,
onP, is not linear, it will be necessary to choose
P, , close to P;, in order that the parabolic inter-
polation gives the true solution P, , Of course, in
this case large errors may happen if the input
value is not correctly chosen and the uniqueness
of the solution is never achieved. In our case y,
depends linearly on the intensity b, the Shore
parameter a and the parameters of the straight
line which approximate the continuous background
in the el.ectron spectra; on the contrary, a more
complex dependence is obtained for the resonance
energies. For the former parameters we always
take arbitrary input values whereas it is necessary
to determine as accurately as possible the input
values of the resonance position; practically,
several input values are tried for the resonance
positions.

Z. The theoretical function y, . The theoretical
function y, must be accurately known in order that
the least-squares fit gives a meaningful. solution.
The uniqueness of the solution is strongly related
to the quality of the fit and, hence, to the know-
ledge of y, . y, results from successive convolu-
tions of PCI function (4) or Shore's function (5),
depending on the collision energy considered, by
the Doppler function Co(g) defined in Ref. 19 lEq.
(17)] and by the trapezoidal analyzer function; the
width of the latter is proportional to the slit width
used (Sec. IIA) and to the observed electron ener-
gy E„b. When fast-particle electron spectra are
studied, a convolution by the acceptance function
defined in Ref. 42 must also be made. All the
above functions have been defined as accurately
as possible; however, their practical use if often
not easy. Various difficulties have been encoun-
tered with 4o(g).

It depends on the emitter scattering angle tl,
* (de-

fined in Sec. II B) which is unknown in a noncoin-
cident experiment (Sec. III B). Various tests have
been made at 10 keV and finally the value E;B,*.

=8 keVdeg, where E; the collision energy has been
chosen whatever the collision energy is; this value
is in good agreement with the results obtained in
inelastic scattering experiments for the He'-He
collisional system at 10 keV. ' Since 8& decrease~
when the collision energy increases' "and the
Doppler broadening I'o(Q) varies in the same way,
it is only important to make the good choice for
8, at the lowest energy (10 keV).

The rigorous convolution by 4o(P) must be made
along the following method at each point E„of the
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emission electron spectra: Calculate 4'~g&) for
this E„value and translate it to an observed elec-
tron energy value E„,. Then, as 4~(p) and the
Doppler shift A~ depends on E„, this method be-
comes computer time consuming if we consider
that an electron energy range of about 5 eV is
analyzed with a theoretical energy step of about
0.01 eV. We have verified that the following ap-
proximate method still gives a correct result.

4~(P) is only calculated once for the mean elec-
tron energy value E p=34 4 eV in the slow electron
spectra, and for E„+n~(E„) for the fast electron
spectra, neglecting its variation against E,p.

For the fast electron spectra, the variation of
As with E,o [Eq. (9) in Ref. 19] is assumed to be
negligible along a line width. However, the varia-
tion of AL) along the 5-eV width of the electron
spectra is not negligible and this will be taken into
account in the determination of the distance be-
tween the resonances.

3. The distance betsoeen the resonances. The
distance between the resonances must be known

accurately. This parameter has a crucial impor-
tance when two lines, like 2P''D and 2s2P'P, are
not resolved in the experimental spectra. The fol-
lowing values have been adopted for the slow elec-
tron spectra" E,('P) = E„('S)+0.50 eV, E„('D)
= E, ('S) +2.05 eV, E„('P) = E,('D) +0.23 eV where
E„ is the resonance value. A comparison of our
values (except that of the 2s2P 'P one), with all the
other experimental or theoretical ones made by
Shearer-Izumi" shows that our own values are in
very good agreement with the more accurate ex-
perimental ones. The 'P and 'D lines are linked to
the 'S position whereas the 'P line is linked to the
'D. If all these distances are kept constant, it has
often been observed that the best fit is not ob-
tained. Then, in a practical case, a fit is first ob-
tained with these input values and, after that, the
'S-'D distance is allowed to vary within general. ly
one channel width (+0.06 eV); the 'S 'P distance is-
only allowed to vary within the same limits when

the 'P line is not too small with respect to the 'S.
On the other hand, the 'D-'P distance must be kept
constant in order to prevent erroneous results re-
sulting from a position exchange between the 'D

and 'P lines. For the fast electron spectra, we

know that the Doppler shift h~ depends on E„;
neglecting the variation of A~ along a line width,

we have taken into account the variation of the line
distances due to this E„dependence (in eV) as
follows:

E, ( P) = E„('S)+ 0.50 + a~ ('S —'P),

E„('D) = E,('S) +2.05+ n~('S —'D),

E,('P) = E, ('D) +0.23 + n~('D —'P),

where n~('S —'P), for example, means that we

calculate the difference of the Doppler shifts
Ao(E„('S)) and A~(E, ('P)).

4. The 'S resonance Position. The 'S resonance
position is the last parameter which has a great
influence on the validity of the solution of the
least- squares-fit procedure. From the experi-
mental spectra we only have the maximum posi-
tion of the 'S line E„('S) Be.low 50 keV the input

resonance position E, ('S) is recovered by using
relation (3) which also applies when (4) is used. "
Above 50 keV, the Fano asymmetries are general-
ly so small that we assume that E,('S) = E„('S) for
the imput value.

A more difficult problem happens for the fast-
particle spectra above 50 keV related to the great
broadening due to the acceptance function. In this
case even the E~( S) value is difficult to recover
with a reasonable accuracy. However if we note
that the low-energy wing of the 'S line is never
perturbed by the 'P when no Fano asymmetries
are present, the 'S maximum is obtained by the
following method: In each case, we determine the
function resulting from folding in together the
acceptance and apparatus functions, neglecting
Shore's function, and we measure its base width

4E, ; the 'S line position is then taken at the dis-
tance nE, /2 from the beginning of the low-energy
wing of the 'S line (point A in Fig. 4). Under these
conditions we believe we will obtain the 'S position
within 0.1 to 0.2 eV.

IV. ANGULAR DISTRIBUTION

A. Theoretical considerations

From the work of Cleff and Mehlhorn, " the angu-
lar dependence of the SDCS measured in this work
has already been established elsewhere" in the
case of electron emission by an isolated atom
without allowance for any kind of angular pertur-
bations. It must be noted that Cleff and Mehlhorn's
formulation explicitly assumes that the fine-struc-
ture splitting is l.arge compared to the level width,
when the spin-orbit interaction is rather high, so
that it applies to excitation of high Z atoms for
which the (LSD) coupling scheme must be used.
On the other hand, for light atoms, this is no

longer true and the (LSM~hl, ) scheme must be
applied (no spin-orbit interaction, fine-structure
splitting much smaller than the level width); the
theoretical expression which applies in this latter
case has been established in our previous paper"
using the method of Cleff and Mehlhorn. " The
SDCS (4a) has the following form, in the emitter
reference frame:
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where P(L, Mz, ) is the excitation probability of the
sublevel (L, Mz, ) of the excited state and Mz, is the
projection of the angular momentum on the inci-
dent beam axis. Equation (7) can also be put in a
more practical form:

do'
a& cos"8,

dO
(7 )

where 8 is the emission angle defined in the emit-
ter frame; the a& coefficients depend on the sub-
level populations P(L, Mz, ) of the excited state
Equation (7), or (7 ), is only valid for noncoinci-
dent experiments where the excited state is re-
presented by an incoherent superposition of pure
state with different magnetic quantum numbers

This expression contrasts with the one used
by Kessel et al."in the case of coincident experi-
ment; in this case, a coherent superposition must
be taken. Squaring the transition amplitudes given
by Eqs. (11) or (12) in Ref. 38, it appears inter-
ference terms between excitation amplitudes to
different magnetic sublevels of the same excited
state, generally makes the angular distribution in
coincident experiments no more symmetrical with
respect to 8=90', contrary to (7) or (7 ).

It must be kept in mind that a PCI distortion of
the line shape is observed up to 50 keV which in-
dicates that the electron is not emitted by an iso-
lated atom and that it suffers the influence of the
Coulomb field of the nonemitting ion. A helium
atom of 10 keV energy has traveled about 60 to
220 a.u. when autoionization occurs depending on
the autoionization lifetime (10 "-10 "s), so that
a molecular distorsion of the electron cloud" may
certainly be considered as a weak effect above 10
keV. At lower collision velocities 'S-'D, 'S-'I',
and 'D-'P PCI interferences destroy the angular
dependence given by (7} as can be seen by inte-
grating Eq. (1) in Ref. 38 over the azimuthal angle
and the electron energy. The resulting angular
distribution which takes into account these PCI
interferences between the 'D and 'I' sublevels
would be more complicated than that given by Eq.
(7 ) for L =2; it also contains odd power cosines
coming from crossed terms. Then, generally,
asymmetrical angular distributions with respect
to 8=90' must result from this post-collision per-

turbationn.

We must also note that the Coulomb field of the
ion produces a Stark mixing of the same ML, sub-
states of the 'D and 'P states which induce asym-
metrical angular distributions. " As for the PCI
effect, this Stark effect is only important at low

collision velocity, certainly below 10 keV.
Finally when interferences between resonant and

all the nonresonant transition amplitudes to the
continuum become important, the measured quan-

P(2, 0)/Pr ——3(ao+a, +a,)/(15ao+5a, +3a,),
P(2, 1)/Pr = (3ao+2a, +a,)/(15ao+ 5a, +3a,),
P(2, 2) /P r = (3ao —a, —a,)/(15ao+ 5a, + 3a,),

(8)

where Pr =P(2, 0) +2P(2, 1) +2P(2, 2) is the total
population of the excited state. In a similar way
the expressions for the I' states are given by

P(1, 0)/P r = (ao+ a,)/(3ao+a, ),
P(1, I)/Pr = aJ(3ao+a,),
Pr =P(1, 0) +2P(1, 1).

(9)

The S states give of course isotropic electron dis-
t ributions.

(2) For asymmetrical experimental curves,
which show the influence of a perturbation as dis-
cussed above, an arbitrary polynomial containing
odd powers has been used:

4
do'—= ~ a, cos'0.
dQ

(10)

A comparison with the experimental results show

that no higher power than j=4 is necessary. The
fit of the experimental points with (10} allows us
to obtain in an easy way the total cross section
through analytic integration.

The experimental SDCS (do/dQ or dS/dA) defined
in the emitter frame are obtained from the same
quantities measured in the laboratory frame
through the kinematic transformation (13) which
will be defined in the following section.

B. Kinematic corrections

From the values measured in the laboratory
system (observation angle, cross section) the
corresponding quantities in the emitter frame
must be calculated. As explained by Gleizes et
al. ,

" the frame attached to the emitter must be

tity is dS/dQ [given by (1)] instead of the excita-
tion cross section d&/dA, and it generally does
not obey any longer the angular variation given by
(7 ). Owing to the odd power cosines coming from
the various interference terms it will result in an

angular dependence asymmetrical against 0= 90'.
In practice, the analysis of the angular distribu-

tions has been separated in two cases.

(1) When symmetrical angular distributions are
observed, relation (7 } can be used. By a numeri-
cal fitting procedure between (7 } and the experi-
mental points corrected for kinematic effects as
indicated in the next section, we obtain a, param-
eters and hence the relative sublevel populations
P(L, M~). For the D state, we used the following
formulas: (In (8) some misprints contained in
Ref. 14 [relations (3a) to (3c)] are corrected. ):
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defined in the center of mass (c.m. ) system: The
emission angle is then defined with respect to the
internuclear axis direction as shown in Fig. 5 (it
is supposed that only one 8; value contributes).
We will only give the results for the kinematic
corrections. From Fig. 5(b), we see that the
emission angle 0',~ for the slow emitter is approxi-
mately given by

0', =w —0

where 0» is the observation angle', this approxi-
mation holds for small values of the scattering
angle 0& of the projectile.

A more complicated expression is found for the
fast emitter (within the elastic collision approxi-
mation):

cos8, =—'[cos8 cos28;(cos8 + n) —cos'8, ],
'V~ 0

i/2
Ue0 I—sin 0

vs cos0]
I

cos0 = cos0; cos0j,b when averaged over the azi-
muthal angle P. v; designates the velocity of the
incident particle and v„ the electron velocity in

the emitter frame.
As 8, is almost independent of the small value

of 0;, 0~ may be calculated with 0;=O'. The
values 8~ given by (12) are almost identical to
those calculated with another definition of the
emission angle"". The reference axis was taken
in Befs. 14 and 45 as given by the projectile scat-
tering direction instead of the internuclear axis.
However, as 0; is always small, the difference
between the two kinds of results is always very
small.

The measured cross section d&/dQ„, is related
to the SDCS in the emitter frame by the relation

with

x, ,

(a}

(12) dO da dQ„b
C53, ,~ dQI, b dQ, ~

'

Equation (13) will be designated by d&/dQ in the
following. The same relation holds between dS/
dQ, (noted dS/dQ) and dS/dQ». For the fast
emitter, the solid angle correction dQ~~/dQ, is
given by

dQi, b

&Q em

= —' cos0; cos20;a' 1+
V~p

(14)

We must mention that when it becomes higher than

a few units, the measurement of the fast emitter
cross section is very difficult; this mainly occurs
at 100 and 140 keV for great observation angles.
As for 0~, the difference with the values previ-
ously used" is small. For the slow emitter cross
section, the solid angle correction is always given

by

S
~em

CfQ fttb

dQ,

C. Results and discussion

(15)

FIG. 5. Kinematics of the collision. (a) Fast emitter
parameters. (b) Correspondence fast or slow emitter
angles. All the velocity vectors and angles involved in

the various kinematic effects are given; the subscript
lab identifies the quantities observed in the laboratory
frame and em in the emitter frame (except for the
emission electron velocity which is noted v~0). C is the
center of mass. v,'. is the fast particle velocity after the
collision in the laboratory frame.

The angular distributions obtained between 3 and

140 keV are given in Figs. 6-12. Above 10 keV the
results concerning the 2s''S, 2s2P'P, 2p''D, and

2s2P 'P l.ines have been obtained by the numerical
method described in Sec. IIIC; the 2P"S cross
section is measured by planimetry. Below 10 keV,
only planimetry has been used so that the ('D+ 'P)
contribution alone can be measured (Fig. 11); the
2P' 'S and 2s' 'S cross sections have been only ob-
tained at '7 keV. The excitation of the 2s2P 'P line



BORDEN A VK-MON TKS QUIKU, t- LKI ZKS, AN 0 BEN OI T-CAT TIN

i l I~ fit of slow particle data
0 fast particle data

lg

0
E 10—

C) 0

.Q
g50-

vl gp

2s2p P
't

0
~00 0~e

~ fit of slow particle data
0 fast particle data

0
CV

E 0

Ii
0

S 5— ll

e 0—

~10— ii

30—

20—

10—
0—

0'-

0oe &0
2s2p P

3

0 CP IQ

CREAM

fo-
p I - l I l I I

0 30 60 90 120 150 180
Emission angle 8 fdeg}

FIG. 6. Angular distributions of the electrons emitted
by the 2s ~g, 2p D, 2g2p P, and 2p 9 autoionizing
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above.
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has not been observed below 30 keV; even at 30
keV this excitation is too weak to give reliable re-
sults. The full curves in these figures result from
a least-squares fit of the experimental values with
the analytical form (7 ) below 15 keV and with
formula (10) at 30 keV and above. No experimental
results can be obtained around 6), =90, especially
below 50 keV, because fast- and slow-particle
electron spectra are superimposed on each other.

1. Angular distributions

The angular distributions can give information
on the population of the magnetic sublevels of the
autoionizing states whenever they are symmetrical
with respect to 0, = 90 and they have the correct
angular dependence. " In Fig. 6 this is well veri-
fied for all the lines at 10 keV (the same holds at
15 keV). We note that the excitation of the 'P line
is preponderant for small and large 0, values
whereas the 'D line excitation predominates
around 0, =90', at this energy, the isotropic var-
iations of the 2P' 'S and 2s' 'S distributions are
also well verified. Below 10 keV (Fig. 11), the fit
of the ('D+'P) distribution has been made with the
assumption that the 'P line is weakly excited. In
order to test the validity of this assumption, the
ratio of the 'D and 'P cross sections obtained at
10 keV in the present work can be compared with
those measured by Morgenstern et al."and
Kessel et al." First we can compare the SDCS
values obtained at 8= 180' where only the 'D(M~ = 0)

and 'P(M~ =0) sublevels contribute: [do('P)/dQ]/
[do('D)/dD] = 3.1 in the present work at 10 keV
(Fig. 6), 0.25 in Ref. 16 at 1.4 keV (noncoincident
experiment), 0.09 in Ref. 38 at 2 keV, 6; =6' (coin-
cident experiment). We can also compare the total
cross sections anticipating on the values obtained
in this work (Sec. V and Table II), o„,('P)/o„, ('D)
= 0.48 in the present work at 10 keV, 0.03 in Ref.
38 at 2 keV, 0;=6'. All these comparisons show
a much stronger 'I' excitation at 10 keV than at 2

or 1.4 keV. Therefore, the neglect of the 'P exci-
tation in the analysis of our angular distributions
below 10 keV seems a better assumption at 2.9
keV than at 7 keV. Let us now consider all the
relative sublevel populations obtained below 15
keV which are given in Table I; we can compare
them with the results of Kessel et al."obtained at
2 keV by a coincidence experiment and with our
first results" obtained at 15 keV by planimetry
assuming that the I' state is not excited. All these
results are in rather good agreement. As we ob-
tain the same values for two different sets of
spectra, the slow and fast emitter ones, we may
think that our results are rather accurate. They
show that for the 'D state the ~M~ ~= 2 sublevel is
almost exclusively excited with a percentage vary-
ing between 70 to 90%; the ~M~ ~=1 and Ml. =0 ex-
citations are almost the same in our results. For
the 'P state, at 10 and 15 keV, the (M~ ~= 1 sub-
level is also the most excited but the difference
between the two sublevel excitations is not as
significant as that observed for the 'D state be-

TABLE I. Relative sublevel populations for the 2p 'D and 2s2p P states of helium measured
in He' on He collisions. The labels F and S mean that the fast- or slow-particle excitations
are considered only.

Collision energy (keV) 2.9' 7b 10d
15b, c

(Ref. 3) 15d

2p"D 2P(2, 2) S
Pg F

2P(2, 1) S
Pz F

P(2, 0) S
P~ F

0.63

0.26

0.11

0.80
0.78

0.05
0.05

0.15
0.17

0.70
0.68

0.16
0.20

0.14
0.12

0.94
0.85

0.03
0.11

0.03
0.04

0.65

0.23

0.12

0.90
0.87

0.03
0.08

0.07
0.05

2s2P P 2P(1, 1) S
Pg F

P(1, 0) S
P~ F

0.80

0.20

0.61
0.58

0.39
0.42

0.66
0.64

0.34
0.36

Coincidence experiment of Kessel et al. (Ref. 38)." These results assume that the P state is not excited (angular distributions obtained by
planime try) .' The whole results (S+ F) have been fitted in Ref. 14.

~ The results given in Ref. 15 are in error.
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cause we seen in Fig. 6 that, within an error bar
of about +207o the 'P angular distribution may be
also considered as isotropic (equality of the ~M~ ~

=1 and 0 populations). For this state our results
above 10 keV differ from those obtained by Kessel
et al. which give a meaningful preponderance of
the ~MI, ~=1 excitation. These authors compare
their results at 2 keV with our own values" ob-
tained at 15 keV neglecting the 'P excitation; the
agreement is surprisingly good and fortuitous since
we actually know that our previous assumption that
the 'P state is not excited, is wrong. The excita-
tion mechanisms will be discussed in Sec. V. Let
us consider now the evolution of the angular dis-
tributions saith collision energy. Below 15 keV all
the angular variations are symmetrical with re-
spect to 8, =90' [Figs. 6, 11, and 12(a)]. This re-
sult is not obvious since, at least at 2.9 and 7 keV,
PCI interferences between the autoionizing ampli-
tudes of the 2s''S, 2P"0, and 2s2P 'P states per-
turb the observed line shape (see Fig. 1 in Ref. 17
where spectra obtained at 7 keV are given). As
explained above in Sec. IVA, they can destroy the
symmetry of the angular distribution. Such a per-
turbation is not observed in Fig. 11 since a good
fit of the experimental results is obtained with
(7 ); for this reason we may think that the PCI
interference does not seriously affect the popula-
tion values given in Table I. The Stark effect,"
which can perturb too the angular distributions at
low collision energy, seems to also have no effect
on the observed distributions. Above 30 keV the
angular distributions are no longer symmetrical
[Figs. 7-10, 12(a), and 12(b)].

If the PCI interference and Stark effect do not
perturb the curves at low collision energy, they
cannot explain a fortiori the asymmetrical curves
observed above 30 keV since the influence of the
Coulomb field of the He' ion on the autoionization
of the He atom decreases as the relative collision
velocity increases. In our opinion, the results are
qualitatively similar to those obtained in H'+He
collisions' and can be explained in the same way.
This asymmetry is due to the occurrence of a
direct transition to the continuum which competes
with the autoionizing one. In these conditions,
Balashov et al. ' have shown that interference
terms between the resonant and all the nonreso-
nant partial waves of the continuum appear in the
term b [Eqs. (1) and (5)] which describes the line
intensity; then the angular dependence of dS/dO is
not given by (7 ). Moreover, we must recall that
Fano line shapes are not always observed simul-
taneously with a perturbed angular distribution"'
since the parameters a [Eq. (5)], which describes
the line asymmetry, and b behave in a different
way as they contain different interference terms:

It is then possible that, at 30 and 50 keV, the
angular distributions should be affected whereas
the lines do not have the typical Fano form. This
means that even if the line shapes obey the PCI
form given by (4), the line intensities may be per-
turbed by these interferences. Therefore, in this
case, the line area no longer gives the true cross
section do/1$1 but instead the quantity dS/dQ which
is effectively obtained even if Shore's parametriza-
tion is not necessary to describe the line shape.
Above 100 keV this interpretation is supported by
the simultaneous observation of asymmetrical
Fano line shapes (Fig. 3) and perturbed angular
distributions [Figs. 9, 10, and 12(b)]. The origin
of the direct excitation of the continuum cannot be
made completely clear with our results alone. The
continuum may be populated in two different ways.
The first one might be due to a molecular autoion-
ization of the entrance channel AZ~ at short inter-
nuclear distance" (R ~1.2 a.u. )." Since this state
is correlated at It =0 to the Be'(1s2P') autoion-
izing united atom configuration, more than 100 eV
above the ionization limit Be' (1s') to which is
correlated the molecular ionization limit
(ls &~)' 'Z~, electrons of about 33-35 eV may well
be emitted by autoionization. The condition of
coherence of the continuum and atomic autoionizing
state excitation would be verified with this mech-
anism since the two competing channels will be
excited by the same AZ, source in the same colli-
sional event. (X=0) electrons are produced by
autoionization of the AZ, state if the electrostatic
coupling is only considered or (X=0, 1) electrons
when dynamic couplings (radial, rotational) are
involved. " Following the interpretation given by
Kessel et al. ,

"the rotational coupling could pro-
vide a A. =O, 1, 2 excitation. The discussion of this
interpretation will be delayed until Sec. VI. The
increasing importance of Fano interferences when
the collision velocity increases certainly cannot be
accounted for by a molecular autoionization. Then
it only remains a second possibility, namely, a
direct coupling of the entrance channel at great R
with the continuum which would provide simul-
taneously the excitation of the continuum and of the
autoionizing states; this sudden transition cannot
be considered anymore as a molecular mechanism
and is identical to the atomic excitation already
observed in H'+He. Certainly, in the intermediate
energy range (30-100 keV), the autoionizing states
are simultaneously populated by rotational coupling
at R =0 and by a sudden transition. In summary,
the observed distortion of the angular distributions
when the collision energy increases from 2.9 to
140 keV indicates an evolution of the mechanism
of excitation of the autoionizing states from a
quasimolecular to an atomic one.
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2. Comparison of slo~- and fast-particle SDCS

The SDCS compared here may be d&gdQ as well
as dg/dQ. To our knowledge no other data exist
which compares the autoionization cross section
of the fast and slow particles. Even by photon de-
tection very little work has been done on this sub-
ject; for the He'-He system, Wolterbeek Muller
and De Heer, ' in the energy range 0.3 to 150 keV,
have found equal direct and charge-exchange exci-
tation cross sections for some n = 3-6 excited
states of HeI (apart from antiphase oscillations in
the two cross sections). Hippler et al."compare
these two cross sections between 150 and 1000 keV
for the 2'P HeI line and find different values; in a
theoretical analysis of the 2"S Hel excitation,
Sural et al. ' obtained equal direct and capture
cross sections up to about 30 keV. From a com-
parison of the results published by Pol et al."for
the direct excitation of He (n= 2) in the slow atom
and by Gilbody et al."for the excitation of the
same levels by charge exchange in the fast atom,
it also appears that a very good agreement is ob-
tained up to 30 keV and that at 40 keV and above
strong discrepancies arise [&(exchange) & &(di-

rect)].
In a quasimolecular-excitation model, the He'-

He system is symmetrical because the nuclear
charges are identical. The consequences of this
symmetry on the SDCS measured by us can only
be seen in the c.m. frame as explained in a recent
letter"; the slow- and fast-particle excitation
cross sections must be identical when referred to
the same emission angle 0, which is defined in

Fig. 5 [see also relations (11) and (12)]. This is
well verified below 15 keV [Figs. 6, 11, and 12(a)]
by the cross sections measured in this work.

When the collision velocity is sufficiently high,
the He'-He system is no longer symmetrical and

the excitation cross sections of the autoionizing
states populated by a direct or by a charge-ex-
change process become different. This has been
verified by Hippler et al."for one electron 2'P
excited level of HeI; they observe an increasing
disagreement between the two cross sections as
the collision energy goes from 150 to 1000 keV.
However, this discrepancy is the reverse [&(di-
rect) & c'(exchange)] of that observed from a com-
parison of Pol et al." and Gilbody et al." results
below 150 keV for the total n= 2 excitation.

In our work, the separated contributions of the
'D and 'P states for the fast particle are inaccu-
rate above about 50 keV because of the very large
broadening discussed in Sec. III B (see Fig. 4).
This problem is eliminated when the ('D+'P) cross
sections are compared [Figs. 12(a) and 12(b)].
Our values show that discrepancies are observed

between the two cross sections at 30 keV for the
('D+'P) line especially above 9. =90', this is less
clear in Fig. 7 for the 'D and 'P lines because of
greater uncertainties due to the numerical treat-
ment. The 2s''S and 2s2P 'P results are more
accurate than the 'D, 'P ones at high energy due to
the larger separation of the two lines (Fig. 4). For
the 2s' 'S, small. er values are obtained in the whole

angular range at 30 keV for the fast-emitter cross
sections, the deviation is also greater than exper-
imental error bar for great 0, values. For ex-
ample, a ratio of 1.6 is observed at 0, =160'. At

50 keV [Figs. 8 and 12(b)] the fast-emitter cross
sections are always higher than the slow-emitter
ones except in the 'D case (but in this latter case
the equality is perhaps fortuitous). At 100 and 140
keV, the discrepancies are obvious [Figs. 9, 10,
and 12(b)]. All these results demonstrate that the

quasimolecular-excitation model fails more and

more to explain the excitation of autoionizing states
above 30 keV (v=0. 55 a.u. ).

Comparing the cross sections for photon emis-
sion in various symmetrical systems as measured
by different authors, Schartner et al."conclude
that the quasimolecular-excitation model is appro-
priate below a velocity of about 0.5 a.u. since the
two cross sections are of comparable magnitude.
This conclusion agrees fairly well with our own

analysis but our results are certainly much more
significant than those discussed by these authors;
for example, it appears in Ref. 53 that the cross
sections for direct and charge-exchange excita-
tion are within a factor of 2 at about @=0.3 a.u.
(excitation of the 3'P HeI level). From the SDCS
values discussed in this section, we may conclude
that discrepancies with a molecular model are ob-
served above v=0. 5 a.u. (asymmetrical angular
distributions and inequality of direct and charge-
exchange SDCS).

V. COLLISION ENERGY DEPENDENCE
OF THE CROSS SECTIONS

The energy dependence of the SDCS is shown in
Fig. 13 (a) at 8„b = 150' and 60' for the 'D and 'P
states. It is observed that the 'D and 'P cross
sections are almost equal and do not depend much
on energy above 100 keV whatever the angle is.
At lower energies, a different energy dependence
is obtained for the 'D and 'P SDCS. The 'P cross
sections vary in the same manner independently
of the angle considered. On the contrary, for the
'0 state, very different variations with collision
energy are observed at 150 and 60', as the angles
around 90' have a greater influence on the total-
cross-section value, it may already be conjectured
that the variation observed at 60 will be recovered
on the 'D total cross section. The variation of the
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citation cross sections are measured since PCI
interferences between 'S, 'D, and 'P transition
amplitudes do not seem to perturb the angular
distribution or the line shape. For the same rea-
son it may also be thought that Stark effect does
not affect the meaning of the 'D and 'P total cross
sections above 10 keV. Above 30 keV the angular
distributions show the influence of Fano-type in-
terferences so that, in this energy range, the
measured total cross sections for the autoionizing
states cannot be considered as excitation cross
sections without caution. As the H'-He data'
clearly show that the perturbation of the angular
distributions are only important for small values
of 0», we may suppose that the same thing holds
for the He'-He SDCS and hence that total cross
sections are slightly affected. In the following the
discussion of the behavior of these cross sections
with collision energy will be made without con-
sidering further all these possible perturbations.

From Fig. 14 we may note several interesting
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FIG. 13. Energy dependence of the single differential
cross section for the excitation of the 2g S, 2s2p'P,
2p D, and 2s2p P autoionizing states. (a) 2p 'D: (X)
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'S and 'P cross sections is given in Fig. 13(b). As

for the 'P state, the same energy dependence is
obtained at 150' and 60'. The 'S SDCS seems to
oscillate at low energy but the accuracy of our
cross sections is not sufficient to be sure of this
behavior. The 'P cross-section variation is re-
markable and very different from all the other
ones; it is very small and not measurable below
50 keV and it increases continuously above 50 keV.
It must be noted in Figs. 13(a) and 13(b) that the
same value is obtained at 140 keV for the 'S, 'P,
'D, and 'P cross sections.

Total cross sections for autoionization may be
considered as total excitation cross sections only
when all the interference effects are negligible.
At low-collision energy (with E~ 10 keV) true ex-

Ey

/
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0.1 I
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FIG. 14. Variation of the experimental total cross
section for excitation of the slow particle with collision
energy. The theoretical curves labeled A', A, 8, C,
D are taken from Koike's papers for He2'onHe collision;
they correspond to the excitation of the following mole-
cular states (Ref. 55) (see Fig. 15): A (BZ~+CZ +4 ),
B (&~), C (BZ~), D (CZ~). Curve A' is calculated from
Ref. 59 with Zeff 1.5 as explained in the text and cor-
responds to the excitation of the CZ~+ A~ molecular
states. All these theoretical cross sections (Refs. 55
and 59), which give the excitation of both particles, are
divided by two in order to be compared with the experi-
mental data. Curve E gives the fit of the 3P data with
Demkov's formula g = j'p [1/exp(a/v)] ' with k = 21.6, a
=2.7; the collision velocity is given in atomic units.
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features of the total-cross-section variations. All
the autoionization total cross sections tend to the
same value as the collision energy increases and
the same value 2.0 x 10 "m' is effectively ob-
tained at 140 keV within only +10%. The singlet
and triplet cross sections behave in a very differ-
ent way as the collision energy decreases below
140 keV. A very fast decrease is observed for the
2s2P 'P cross section which no longer becomes
measurable below 50 keV whereas the singlet
cross sections increase. The 'D and 'P cross
sections grow faster than the 'S ones; below 30
keV the 'D state excitation is strongly favored
with respect to the 'P one. The behavior of the
singlet-states cross sections when the collision
energy decreases is due to the favorable influence
of the He,' quasimolecule formation which gives a
strong excitation of singlet states as will be ex-
plained now.

Collision energy
(keV) 10 15 30 50 100 140

s S 4.4 3.6 3.7 3.5 2.9 1.7
F 4.6 3.6 3.1

2s2p P S

2P IDIM1,1=2 S 24 6 22 2
F 21.2 19.4

0.45 1.7 1.9

IM 1=1 S
F

0.8 0.7
2.7 1.8

TABLE II. Total cross sections for the various auto-
ionizing states in He' on He collisions. All the values
are given in 10 m units; they have been obtained by
a fit of the experimental values by relations (7') or (10)
(see text). This explains small discrepancies between
the values given for (2p D+ 2s2p P) and the 2p 'D and
2s2p P sum of the separated contributions. The labels
F and S mean that the fast- and slow-particle excitation
are considered.

VI. DISCUSSION [MJ =0 S
F

0.8 1.7
1.0 1 ~ 1

In order to discuss more thoroughly the excita-
tion sharing between the singlet states within the
molecular model, it is useful to take into account
the relative sublevel population values given in
Table I; the total excitation cross sections for
each sublevel of the 2P''D and 2s2P 'P states are
given in Table IL It appears that the 2P' 'D(2) (the
number within the parenthesis indicates the ill
value) state excitation largely predominates that
of the other channels and that the 2P' 'D (0) and
2P' 'S cross sections are rather small with respect
to the former one. The possible molecular excita-
tion mechanisms which can explain our observa-
tions will be now examined (see also Refs. 14 and

15). From the work of McCarroll and Piacentini, "
it is well established that a double rotational cou-
pling between the AZ~-AII~-+ states (Fig. 15) at
R =0 populates the 6, molecular states and then
the (Mi, ~=2 atomic sublevel of the 2P' 'D state.
However, the CZ, molecular state, correlated to
the same Be'(Is2P') united atom configuration,
can also provide an excitation of the 2P' 'D(0) and
2P' 'S states"; the CZ, state may be either directly
excited by a one-step AZ, -CZ, transition through
a radial coupling" or by a two-step rotational cou-
pling"'" AZ, -AII -CZ, at R =0. The atomic
2s2P 'P state must be excited by a 'II~ and 'Z~
molecular state; the results given in Table I show
that the population of these two sublevels are ap-
proximatively equal. Only secondary interactions
at great R with the 1sa,2Pn'„configurations can ex-
plain these excitations. Tentative 'II~ and '&~ con-
figurations have been given in a previous paper"
and are indicated in the schematic correlation
diagram (Fig. 15). A similar secondary interac-
tion explains the 2P' 'D(1) sublevel excitation. The

total S 26.2 24.6 14.5 8.1 3.3 2.2
F 24.9 22.3

2s2P PiM J =1 S 7.1 6.4
F 6.5 8.2

IMMI
= 0 S 4.6 4.3

F 4.7 4.6

S 11 7 12 6 13 0 7 6 3 2 2 0
F 11.2 12.8

2p D+ 2s2p P S 36.7 34.0 27.5 15.6 6.5 4.3
F 36.7 34.3 25.8 18.8

2p2 ig 3.5 3.2 2.9

sum of the
measured
singlet cross
sections

S 458 441 341 192 94 59

2s' 'S state excitation can take place through vari-
ous mechanisms: The AZ, -B&, radial coupling is
weak in our energy range. '" Koike et al."have
shown that a rotational coupling between the AII,
and BZ, states is much more efficient to excite the
BZ~ molecular state and hence the 2s' 'S atomic
state. As the various possible couplings do not
affect the spin direction of the two 2Po„electrons
which are opposite in the AZ~ state, the promotion
of these 2P&„electrons cannot give rise to the ex-
citation of a triplet diexcited state like the 2s2P 'P
one. The absence of the 2s2P 'P line in our spec-
tra below 30 keV is then in good agreement with
the molecular model.
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FIG. 15. Schematic diabatic correlation diagram for
the energy states of the He'+ He system. The configura-
tion interactions (CI) which mix the various states at
great internuclear distances prevent us from making a
one to one correspondence between the known molecular
states at small R and the atomic autoionizing states as
R

Considering only the 'D excitation, Kessel. et
al."suggest that the primary rotational coupling
at small R can provide an excitation of all the sub-
levels ML, =0, 1, 2 of the 'D state. Their interpre-
tation relies on the application of the model of
Eriksen et al. ,

"'"initially developed for a pri-
mary radial coupling, to the rotational coupling at
small R. It seems that this model which was very
convincing in the case of a radial coupling becomes
much more doubtful when applied to the rotational
coupling. For example, it obliges Kessel et al. to
assume that only a Z, state is initially excited by
the rotational coupling (this is the (.Z, state as
identified in Ref. 39). All the theoretical
works"'" ""generally admit that, on the con-
trary, the 5, excitation is preponderant. This is
particularly clear in Ref. 55 where it is shown

that the excitation coming from the CZ, state is by
far smaller than the one coming from the h~ state.
Moreover, these theoretical results are rather
convincing since they compare well with our own

experimental findings as will be shown below.
Therefore the interpretation of Kessel et al."will
not be considered further in the following.

We may now attempt to understand the relative
total-cross-section values we obtain. The only de-

tailed quantitative theoretical work on the two-
electron excitation in a symmetrical system has
been done by Koike et al."for He" on He, in the
0.5-50 keV energy range. Their total cross sec-
tions for the excitation of the ~~, BZ~, and CZ~
molecular states are given in Fig. 14; the values
have been divided by two in order to make the
comparison with our slow particle excitation cross
section &, valuable (it is assumed that &, = &z). It
is worth noting also that the theoretical cross sec-
tions correspond to the excitation of a molecular
state which dissociates at infinite R into He"
+He(2P') as well as He'(2P)+He'(2P); since the
branching ratio between these two channels re-
mains unknown we must be careful when we com-
pare our data with these theoretical values. More-
over, the He'-He and He"-He systems differ by
one 1sa, electron; then, we may infer that the
screening effect of the third electron cannot be
neglected. Its influence on the cross-section value
is illustrated with the use of the scaled cross sec-
tion for the excitation of the (2pn'„nv+ '2pn'„Z, )
molecular state given by these authors in a recent
paper" (the scaling parameter is the effective nu-
clear charge Z, ((). If we suppose that the screened
nuclear charge of the [Be'++e (Is)] united atom as
seen by the 2P electrons is equal to the limit value
three, then we can take ~,ff

—-1.5 and calculate the
new cross section [Eq. (25) in Ref. 59] (curve A in
Fig. 14). We see that the absolute value of the
cross section is strongly dependent on Z, ff The
comparison of the relative initial population of the
CZ, and A~ molecular states as given by the the-
ory" with the observed relative excitation of the
autoionization channels at great R is not straight-
forward. The molecular CZ, and 6, states disso-
ciate at infinite R into several channels: autoion-
ization of one particle, simultaneous one-electron
excitation of both particles, and, in the He' on He
system, excitation of a negative resonance
[He"+He (1s2P')]. The latter one is supposed to
be negligible since no line corresponding to the
decay of this autoionizing negative resonance was
ever observed in our spectra. Then as the branch-
ing ratio (autoionization and simultaneous excita-
tion) is the same for the dissociation of the C&,
and 6, states, we can assume that the same rela-
tive population must be observed between the auto-
ionizing dissociation channels [2P' 'D(0) + 2P' 'S]
and 2p' 'D(2) provided that the various configuration
interactions at great R, which explain the 2P' 'D
and 2s2P 'I' states excitation, do not destroy com-
pletely this population ratio. Nevertheless, the
calculations of Koike et al."show the influence of
various molecular excitation mechanisms on the
atomic autoionizing state excitations. Remarkable
similarities are observed between our data at 10-
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15 keV and the theoretical results:
(1) The strong observed excitation of the

2P' 'D(2} state shows that the two step AZ~-A II -6
rotational coupling is preponderant in He' on He
as it is in He" on He.

(2) In the two cases, the [2P' 'D(0} + 2P' 'S] excita-
tion is much smaller than the 2P' 'D(2) one. As
shown in the He" on He case,"this indicates that
the radial coupling AZ, -CZ~, which mainly contri-
butes to the CZ, excitation, is less efficient than
the rotational coupling A II,-A, . The rotational
coupling AII, -CZ, only contributes for a small
part since Koike et al. have shown that it is zero
at R=0 and that it remains much smaller than the
AII,-+ coupling for higher A values.

(3) For the two systems the 2s' 'S excitation is
smaller than the 2p' 'D(2} one but we obtain about
the same values for the 2s''S and [2p''D(0)
+2P' 'S] cross sections whereas the theoretical re-
sults indicate a ratio of 10 between the BZ~ and

CZ~ cross sections.
On the whole, the agreement between the the-

oretical results, which describe the excitation of
the molecular states at small R values, and our
results, which give the remaining excitation at
infinite R on the atomic autoionization channels,
indicate that the secondary interactions at great
R do not completely destroy the initial relative
populations of the molecular states. It is worth
noting that Koike's results disagree with some
conclusions of Gauyacq" for the neutral He on He

system. Following this author the AII, -CZ, and

AII, -A, rotational couplings would be equal at A=0;
moreover, the direct coupling AZ, -CZ~ would be
negligible. Of course, our results can no longer
be understood in a straightforward manner if we

suppose that the initial populations of the + and

CZ~ molecular states are equal; the much smaller
value of the [2P' 'S+2P' 'D(0}] cross section with
respect to the 2P' 'D(2) one would then be ascribed
to a greater depopulation of the CZ~ channel at
great R.

As the excitation of the 2P''D(0) and 2P''S states
comes from the same CZ, molecular state, it is
interesting to compare the corresponding cross-
section values. A correct description of the exci-
tation of these two states is only made when a
mixing between the 1s G~2pv'„and 1s G~4fG'„config-
urations is made (a similar discussion can be
found in Ref. 60 in the case Na'-Ne). It may be
shown that the excitation amplitudes for the two
atomic channels due to the CZ~ state are given
by61

(Is G~2pn'„'Z~) 1 W2 1 2p' 'D(0))

(Is G~4fG'„'I'~ j -1 ~2 2p' 'S

At low collision velocity v, only the lowest
2P' 'D(0) state is excited whereas at the limit
v-~, we shoul. d have

G(2P' 'S)
G(2p' 'D(0)) „

which is a maximum value for this ratio. Before
comparing with experiment, we must note that the
2P''D(0} cross sections are certainly subject to
large error bars since they are a factor 3 smaller
than the 2s2P 'P(0) one. The differences between
the four values given at 10-15 keV (Table II) are
not significant and only a mean value 2.2 x 10 "
m' must be taken. The experimental ratio at 10-
15 keV is then G(2p' 'S)/G(2p' 'D(0))=2.9. This too
high value is understood by considering first that
configuration interaction at great R depopulates
the two molecular states and secondly that the
2P' 'D(0) channel is more depopulated than the
2P' 'S one.

Concerning the energy dependence of the singlet
cross sections with collision energy, we observe
that the E' ' variation expected for one electron"
~P&„- 2Pn„or two electron 2PO'„- 2po„2pn„- 2pm'

excitation through a rotational coupling is not ob-
served above 10 keV (this variation is almost given

by curve A in Fig. 14). This shows that the molec-
ular model cannot alone explain the excitation of
these singlet autoionizing states above 10-15 keV.

Let us consider now the remarkable behavior of
the 2s2P 'P cross section (Fig. 14) which increases
quickly with the collision energy. As mentioned
earlier the excitation of such a triplet state is un-
likely to occur within the molecular model. The
nonobservation of this line below 50 keV is a
supplementary indication that the molecular model
works well in this energy range. On the other
hand the 'I' excitation points out that above 50 keV
part of the autoionizing state excitation is due to
sudden transitions from the entrance channel to
the continuum. This is a new confirmation of our
previous interpretation that the asymmetrical.
angular distributions and the inequality of direct
and charge-exchange SDCS observed above 0.55
a.u. are due to atomic-type sudden transitions to
the continuum. Considering the collision-velocity
dependence of this cross section it is shown in
Fig. 14 that it varies as k[1+exp(a/v)] ', where
a and k are two velocity independent parameters
determined by a fitting procedure: k =21.6, a =2.7

when v is expressed in atomic units. It must be
noted that this behavior looks like the exponential
law given by the Demkov-Meyerhof model which
was shown to be applicable to a transition to the
continuum by Rudd. " That the 'I' cross section
equals the singlet ones at 140 keV is also another
consequence of the very weak influence of the
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molecular model on the excitation of the autoion-
izing states at this energy.

VII. COMPARISON OF THE He+-He AND H+-He
SYSTEMS

In order to seek for the influence of the collision
partners in the excitation of the helium autoioniz-
ing states, we compare in Fig. 16 our present
results with total cross sections deduced from
dl/dQ values obtained in H' on He collisions. "'
The integration of these angular distributions is
certainly very inaccurate in the small-angle range
since very important oscillations were observed
which precluded a fit of these curves with a rela-
tion such as (10). So, for proton data, we have
attempted to integrate the angular distributions by
a numerical method using extrapolated values at
10', these values take into account that the ratio
of Shore parameters (b/a) is known from the Fano
q parameter value measured at 10'. At 6»=0,
b was taken as zero; in the backward direction we
considered that the cross section remains con-
stant above 0» =160'. With such precautions, we
did not observe variations greater than +10% on
the total cross section values when we take vari-
ous extrapolated values at 10 . The 'D and 'P
values are much more inaccurate than the 'S one
because of the greater uncertainties on the corre-
sponding d8/dQ values. ' The results are given in
Fig. 16. From the dS('S)/dQ variation obtained at
0»=157 in Ref. 8, we may guess that the S total
cross section decreases below v=0.9-1.1 a.u.
(20-30 keV) as the 'D and 'P cross section do be-
low 1.7 a.u. These variations at low energy are
due to the negative influence of the quasimolecule
HHe' formation which, contrary to the He, ' case,
makes inelastic processes very unlikely to occur
due to a large energy gap between the 1so'5 en-
trance channel and the 1s&paZ promoted state.

Comparing now H' and He' results, we observe
that, by a smooth extrapolation of He' data towards
higher velocities, about the same cross sections
are obtained (within perhaps a factor of 2) above
v=1.5 a.u. The 2 'P HeI level excitation by H' and
He' impact was investigated by Moiseiwitsch and

Stewart using Born's approximation. They also
found similar values for the two cross sections
above v=1 a.u. Then it appears that the He'
particle behaves as a unit-charge nucleus at suf-
ficiently high velocity for the singlet-state excita-
tion. However, the different line-shape parame-
ters q (Sec. III A) found at v= 1.2 a.u. are in dis-
agreement with this conclusion.
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FIG. 16. Comparison of the total cross sections for
autoionization of the 2g S, 2p D, and 2s2P 'P states as
measured in He' on He and H' on He collisions.

VIII. CONCLUSION

We have studied in this paper the influence of the
quasimolecule formation on the excitation of heli-
um atomic autoionizing states. Above a velocity
of about v= 0.5 a.u. , direct coupling with the con-
tinuum competes with the electron promotion
mechanism. As a consequence, interferences be-
tween direct resonant and nonresonant transition
amplitudes perturb the angular distribution and the
line shapes; the direct and charge-exchange SDCS
and total cross sections take different values.
The excitation of the 2s2P'P state above v=0. 7

a.u. also gives evidence that departure from the
quasimolecular model becomes important in this
velocity range. The comparison of H' and He'
impact data shows that the same cross sections
are obtained above v=1.5 a.u. for the two systems.
Moreover, it seems that the cross section value
becomes independent of the autoionizing state con-
sidered above v=1.2 a.u. in He' on He and v=1.7
a.u. in H' on He; all these results also give an

upper limit of validity of the quasimolecule model.

The results given in Fig. 16 also show another
remarkable similarity of the two systems. We

note that above 70 keV for the H' on He collision
(v=1.7 a.u. ) and 100 keV (v=1 a.u. ) for the He' on
He system, the cross section becomes independent
of the angular momentum; this result is also in

disagreement with a quasimolecular- excitation
mechanism which often favors some line excita-
tion.
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