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The single- and double-electron detachment processes have been studied for 85 keV H2 on He collisions
measuring the energy spectra of the electrons emitted in forward direction. In the spectrum belonging to the
single-electron loss~SEL! the nonresonant part~cusp! has been resolved from the resonant part@lines from the
(2s2p)1Po shape resonance of H2#. The ratio of the integrated yield of the double-electron loss~DEL! to that
of SEL was found to be 0.3660.02. The yield of the cusp in the SEL spectrum was found to be surprisingly
small, only (70620)% of the yield of the cusp in the DEL spectrum. The formation of the cusp in SEL is
interpreted as a result of dipolar interaction between the electron and the outgoing H0 atom.
@S1050-2947~96!10309-7#

PACS number~s!: 34.50.2s, 34.60.1z

I. INTRODUCTION

Electron detachment is the dominant inelastic process in
negative ion collisions. The collision of H2 with He repre-
sents a fundamental system for study of this process. From
H2 the electron detachment can proceed viasingle-electron
loss ~SEL!:

H2 1 He→ H(nl) 1 e2 1 He,

anddouble-electron loss~DEL!:

H2 1 He→ H1 1 e2 1 e28 1 He.

The electron~s! is ~are! mainly detached with a small energy
from the H2 ion. In the energy spectrum of the detached
electrons emitted in forward direction taken without separa-
tion of SEL and DEL~noncoincidence experiments!, a pro-
nounced structure appears in the spectrum aroundve5v i ,
whereve andv i are the electron and the ion velocity, respec-
tively @1–3#. The structure consists of a sharp peak located
exactly atve5v i , known as the cusp, and two peaks on the
wings of the cusp which result from the decay of the
(2s2p)1Po shape resonance of H2 above the H(n52)
threshold~see the energy-level diagram in Fig. 1!.

The origin of the cusp peak appearing in the energy spec-
tra of electrons ejected in atomic collisions is well known.
The peak observed in the laboratory-frame measurements is
due to thefinite (nonzero)cross section for the electron emis-
sion at the threshold in the projectile reference frame. The
peak is a singularity which comes from the frame transfor-
mation: the cross section in the projectile frame is enhanced
by the factorve /ve8 whereve andve8 are the electron veloc-
ity in the laboratory and in the projectile frame, respectively.
According to the Wigner threshold law@4#, nonzero cross
section occurs for long-range forces, namely for those cases
when the potential does not decay faster thanr22, i.e., for

the Coulombic@5# and for the dipolar@6# interactions. In the
case of the double-electron detachment from H2 the cusp
appearing in the DEL spectrum is due to the long-range Cou-
lomb force between one of the ejected electrons and the out-
going proton. For SEL the outgoing projectile isneutral, the
force has short range, and, therefore, no cusp is expected in
this case. However, if the outgoing H0 atom is in an excited
state, it may interact via adipolar potential. For example, for
then52 excitation the collisional mixing of the degenerated
2s and 2p states in H0 may lead to a permanent electric
dipole moment. In this special case the question is whether
the range of the interaction is long enough for cusp produc-
tion.

Liu and Starace@6# calculated doubly differential cross
sections for SEL in fast collisions of H2 with He. They used
the hyperspherical coordinate method to determine the elec-
tronic wave functions of the H(n52)–e2 system, and iden-
tified individual hyperspherical channels in the projectile
frame leading to ‘‘cusp,’’ ‘‘shape resonance,’’ and/or
‘‘shoulder’’ behavior in the laboratory-frame cross sections.
One of the findings of this work was that the channels giving
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FIG. 1. Energy-level diagram of H2. The arrow shows the reso-
nant detachment.
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rise to the cusp are characterized by attractive radial hyper-
spherical potentials. The potentials were shown to have a-
symptotically the form of the dipolar interaction resulting
from the degeneracy of the H(n52) states.

In view of the above considerations, the existence and
properties~intensity, shape! of the cusp in the collisional
singleelectron detachment of H2 is a fundamentally inter-
esting question. For the experimentalists its study is a chal-
lenge, partly because one has to apply coincidence technique
to separate SEL from DEL, and partly because of the large
‘‘background’’ due to the shape resonance lines in the SEL
spectrum which can be resolved only with good energy and
angular resolution, as will be discussed in the next section.

For the study of the origin of the cusp production in SEL
one cannot avoid the coincidence measurement. In some of
the previous works dealing with the electron detachment
from H2 ~see, for example,@7,8#! it was assumed that DEL
is a minor and negligible effect, and consequently the total
electron spectrum can be identified with the SEL spectrum.
This assumption is highly questionable, because although
DEL is a two-electron process~and thereby it is thought to
be weak!, it is induced by the Coulomb force which is stron-
ger than the dipolar force in case of SEL. The existence of
the cusp in SEL was first proved by Penentet al. @9#, who
excluded the DEL channel detecting the electrons in coinci-
dence with the Lyman-a photons emitted from the decay of
H(2p) formed in the collisions of H2 ions with He, Ne, and
Ar atoms at 4 keV. It was found that the cusp in the coinci-
dence spectrum had considerably smaller intensity than the
cusp in the ‘‘singles’’ spectrum, indicating a non-negligible
contribution of DEL. We remark that in the experiment of
Penentet al.only that part of the SEL cusp which belongs to
H(2p) atoms in the final state was measured, and no infor-
mation was obtained for the contributions of H(2s) and
other excited states. In this way the role of DEL could not be
established unambiguously from comparison of the coinci-
dent and singles spectrum.

Here we report on good energy- and angular-resolution

measurement of both SEL and DEL for 85 keV H2 on He
collisions made at zero degree observation angle. The two
reaction channels were identified measuring the electrons in
coincidence with the charge-state selected outgoing projec-
tiles. To the best of our knowledge, coincidence experiment
with high angular resolution of both SEL and DEL has not
been reported until now in the literature. The emphasis of
this paper is put on the cusp electrons in SEL, as a continu-
ation of our interest for the more general problematics of the
cusp with neutral outgoing atoms in the final state. In our
previous works we observed the cusp in target ionization
@i.e., in the process known aselectron capture into the con-
tinuum states of the projectile~ECC!# at impact of neutral
helium @10# and hydrogen@11# atoms, as well as intransfer
ionization ~TI! induced by He1 ions @12# and protons@13#.
The occurrence of the cusp in these collisions with neutral
outgoing atoms in the final state is still not understood, al-
though several attempts have been made to explain the ob-
servations@13–18#. The study of the electron detachment
from negative ions in the present work represents another
approach to the above problem.

II. EXPERIMENTAL SETUP AND METHOD

The basic apparatus and the measuring procedure have
already been described in detail@19# and only the main fea-
tures will be summarized here~see also Fig. 2!. The crucial
modification of the setup for this experiment was the use of
anelectrostatic lensfor the electrons@20# by which we could
reduce the acceptance~half! angle of the electron detection
to a value smaller than 0.6°, preserving at the same time the
good detection efficiency. The use of the method of zero-
degree electron spectroscopy@21# allowed us to get informa-
tion on ejection of extremely low-energy electrons in the
projectile reference frame due to the kinematic amplification
of the electron energy resulting from the frame transforma-
tion. With the good angular resolution achieved by the lens
we could resolve the (2s2p)1Po shape resonance lines from

FIG. 2. The scheme of the experimental setup. Inset: the electrostatic lens used for acceleration of the electrons and to provide good
angular resolution for the electron detection.
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the cusp to such an extent that the contribution of the cusp
peak to the total SEL could be determined by a fitting pro-
cedure using a mathematical model@22#.

A proton beam of 85 keV energy was produced by the 1.5
MV Van de Graaff accelerator of the Institute of Nuclear
Research of the Hungarian Academy of Sciences
~ATOMKI !. The ions passed through a gas cell where part of
the H1 ions were transformed into H2 ions via charge ex-
change. The created negative ion beam was separated from
the H1 and H0 beams by a four-component electrostatic
charge-state selector~denoted as ‘‘beam cleaner’’ in Fig. 2!.

The H2 ions crossed an effusive beam He gas target
placed inside the first element of the electrostatic lens~see
the inset of Fig. 2!. The lens was constructed specially for
purposes of zero-degree electron observation. It has cylindri-
cal symmetry, and its axis is defined by the direction of the
projectile beam. It is placed in front of an electron spectrom-
eter, and its image volume coincides with the source volume
of the electron spectrometer.

We used the lens in the present experiment for two rea-
sons. First, we used it to increase the energy of the electrons
by factor of 2. This was important, because the detection
efficiency and the stability of the applied electron spectrom-
eter was better at larger energies, and by the acceleration we
could reduce also other disturbing effects like charging up,
differences in contact potentials, etc. The second and most
important reason was that to resolve the lines from the
(2s2p)1Po shape resonance one needs not only good energy
resolution but also good angular resolution. In the projectile
reference frame the energy distribution of the electrons emit-
ted from this resonance has a peak maximum at 18 meV
@23#. This small energy is kinematically amplified to a few
eV in respect to the cusp position when the electrons are
observed in the laboratory frame. The two peaks correspond-
ing to forward and backward emission, however, can be re-
solved only if the acceptance~half! angle of the electron
observation is smaller than a ‘‘critical’’ angleDqc , other-
wise all the electrons emitted to 4p will form one single
peak. From the velocity diagram of the frame transformation
~see, e.g.,@3#! one can get easily that for 85 keV proton
impact Dqc51.2°. To provide a smaller acceptance angle
for the combined lens and spectrometer system thanDqc ,
the lens was operated in the ‘‘angular magnification’’ mode
@20#.

As an electron spectrometer we used a distorted field
double-stage cylindrical mirror analyzer@24#. The accep-
tance angle and the relative energy resolution of the spec-
trometer are defined by two apertures located at the exit part.
The acceptance~half! angle of the spectrometer was 2°, the
angular magnification obtained by the lens was 3.5, thus the
resulting final angular acceptance was about 0.6°. The rela-
tive energy resolution of the spectrometer was 0.6%. The
energy-analyzed electrons selected by the apertures are de-
tected by a channel electron multiplier.

The outgoing projectiles are charge-state analyzed by an
electrostatic deflector and detected with a fast particle detec-
tor @25#. SEL and DEL were identified detecting the elec-
trons in coincidence with the outgoing H0 and H1 particles,
respectively. The measured electron spectra were corrected
for the contribution of random coincidence events and for the
energy-dependent efficiency of the electron detection.

III. RESULTS AND DISCUSSION

Figure 3 shows the obtained SEL and DEL electron spec-
tra. For SEL it can be seen that the1Po resonance lines are
well resolved. The appearance of the cusp as a small central
peak in the SEL spectrum supports the previous observation
of Penentet al. @9# as well as the theoretical prediction of Liu
and Starace@6# that the cusp exists also for dipolar interac-
tion.

We remark here that proving the existence of the cusp, we
had to consider the following ‘‘background’’ process. Al-
though we used a charge-state selector to provide a clean
incoming negative ion beam, part of the beam neutralized
before it entered the target region. The neutralization is due
to collisions with the atoms of the residual gas and scattering
from the edges of the beam collimator. The neutral H0 atoms
produce a cusp with large cross section via the ECC process
@11# in collisions with the target atoms. Since the outgoing
projectile for the latter collisions is the same as for the single
electron detachment from H2, the coincidence measurement
cannot distinguish between the two contributions. To deter-
mine the background due to the neutral part of the ion beam,
we performed a separate coincidence measurement in which

FIG. 3. Energy spectra of electrons emitted in forward direction
from collisions of 85 keV H2 ions with He atoms. Parts~a! and~b!
show spectra measured in coincidence with the outgoing H0 and
H1 particles, respectively. The curves through the data are results
of fits ~see text!. In part ~a! the cusp and the linear background
~dashed line! obtained from the fit are also plotted.
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we took a spectrum for the ECC cusp induced by neutral
H0 atoms. Normalizing this spectrum to the number of the
incoming atoms, we could determine the relative yield of the
background corresponding to the number of the neutral at-
oms in the H2 beam. Figure 4 shows the SEL spectrum
before and after subtraction of the background. It is seen that
the correction is not negligible in the cusp region, but the
peak still exists in the corrected spectrum.

If the pressure of the target gas is too large, the neutral-
ization of the negative ion beam may also take place due to
interaction with the atoms of the target gas. In this case part
of the observed electrons are produced in double collisions:
the neutralization of the projectile in a first collision is fol-
lowed by a second collision in which electrons are produced
via ECC. We checked the contribution of the double colli-
sions repeating the coincidence measurement at half value of
the target gas pressure. We found that the shapes of the co-
incidence spectra obtained at different pressures were iden-
tical, indicating that the effect of the double collisions was
negligible.

We checked the background due to neutral part of the
beam as well as the contribution from the double collisions
also for the DEL spectrum. We found that both effects were
negligible in this case.

It is worthwhile to mention that the shape of the SEL
spectrum obtained in the present work is very similar to that
obtained by Penentet al. @9# in their experiment detecting
the electrons in coincidence with the Lyman-a photons of H
(2p). In both experiments the cusp is strongly suppressed
compared to the resonance lines. Although it is hard to com-
pare spectra measured at very different impact energies~4
and 85 keV!, the similarity of the shapes is in accordance
with the picture that in these collisions the cusp is induced by
dipolar interaction between the detached electron and the
outgoing H0 atom. As it was mentioned in the Introduction,
permanent electric dipole moment can be formed only in
excited states. We may assume that in the collision mainly
then52 states are excited. This assumption has two conse-
quences. First, as one can see from Fig. 1, the excitation
energy for the (2s2p)1Po shape resonance and that for the

cusp production with simultaneousn52 excitation of H0 are
almost the same. Since the dependence of a collision process
on the impact energy is predominantly determined by the
transferred energy, the ratio of the resonance- and cusp-
production cross section is expected to depend weakly on the
collision energy. Second, at a fixed impact energy the spec-
trum measured in coincidence with the Lyman-a photons
should be roughly the same as that obtained in coincidence
with the scattered H0 atoms ~neglecting the contribution
from the 2s excitation!. The similar spectrum shapes ob-
served in the two experiments support the dominance of the
n52 excitations. We remark here that direct~i.e., nonreso-
nant! electron loss may take place also without excitation,
but due to a lack of long-range interaction the cusp is miss-
ing in this case, and the contribution of this process to the
spectrum is only a smooth ‘‘background’’~see Fig. 3!.

As far as the DEL spectrum is concerned, we can say
according to Fig. 3 that the double-electron detachment is
not negligible. The ratio of the integrated yield of DEL to
that of SEL was found to be 0.3660.02. The most striking
feature of the DEL spectrum is the large asymmetry of the
peak: the electron yield is strongly enhanced towards higher
energies. This corresponds to a preferred electron emission
in forward direction in the projectile reference system as can
be seen from Fig. 5, where we present the DEL spectrum
~more precisely, the distribution obtained from afit of the
measured spectrum; see later! after transforming it to the
projectile system. The asymmetry of the DEL cusp was ob-
served by Duncanet al. @7# in 0.5 MeV H2 on He collisions.
So”rensenet al. @26# studied the double-electron loss from
H2 in the energy range from 0.1 to 2.0 MeV in collisions
with He, Ar, and Xe. These authors found that for He target
the asymmetry of the DEL cusp increased with decreasing
projectile energy.

The most probable reason for the asymmetry of the DEL
cusp is the correlated motion of the two electrons in the

FIG. 4. The effect of the H0 content of the H2 beam on the
measured SEL spectrum. Full and open circles denote spectra be-
fore and after subtraction of the background due to the H0 contami-
nation of the beam, respectively.

FIG. 5. Energy distribution of the electrons emitted during the
double electron detachment of H2 in the projectile reference sys-
tem. The points were obtained transforming the curve fitted to the
DEL data@see Fig. 3~b!# from the laboratory frame to the projectile
frame.
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Coulomb field of the proton. To the best of our knowledge,
the interesting problem of the cusp production in DEL at
H2 impact has not been analyzed theoretically yet, and the
interpretation of the asymmetry of the peak is still missing.

The curves through the experimental data in Fig. 3 are the
results of a fitting procedure using the mathematical model
of Závodszkyet al. @22#. The model is based on the formal-
ism introduced originally by Shore and further developed by
Balashovet al. @27# for description of the electron emission
via a nonresonant and a resonant process. In this formalism
the doubly differential cross section~DDCS! in the projectile
reference frame is expressed as

S d2s

dEe8dVe8
D
p

5S d2s

dE8dVe8
D
p

NR

1
a~ke8!«1b~ke8!

11«2
, ~1!

where (d2s/dEe8dVe8)p
NR is the cross section of the nonreso-

nant~direct! electron detachment,Ve8 is the solid angle of the
electron emission,«52(Ee82Er)G

21 is the reduced energy
variable,Ee8 andke8 are the energy and the momentum of the
ejected electron in the projectile reference frame, andEr and
G are the energy and the width of the resonance.a(ke8) and
b(ke8) are the so-called Shore parameters which determine
the intensity of the resonant process relative to the nonreso-
nant process, and account also for theinterferencebetween
the direct and resonant ionization amplitudes.

The transformation of the nonresonant cross section to the
laboratory frame may lead to a cusp, as it was discussed
above. Due to the fact that the cusp is a singularity, the result
of the transformation depends largely on the transmission
function and the angular acceptance of the spectrometer,
therefore it is difficult to compare the observed cusp shape
with that predicted by the theories. To overcome this diffi-
culty, Meckbachet al. @28# introduced a series expansion
method. The advantage of the method is that one can char-
acterize the cusp by a set of expansion parameters which are
free of instrumental effects.

The series expansion of the nonresonant cross section has
the form

S d2s

dEe8dVe8
D
p

NR

~ke8!5 (
n,l50

`

cnl~vp!S ve8vpD
n

Pl~cosqe8!, ~2!

wherecnl(vp) are the series expansion coefficients,ve8 and
qe8 are the velocity and the emission angle of the ejected
electron in the projectile reference frame,vp is the velocity
of the projectile, andPl are the Legendre polynomials. We
remark that the cusp can be described with the first few terms
in Eq. ~2!, becauseve8 is small in the cusp region, and the
electron emission is a slowly varying function of the angle in
the projectile frame.

Závodszkyet al. @22# generalized the above method for
the Shore parameters:

a~ke8!5 (
n,l50

`

anl~vp!S ve8vpD
n

Pl~cosqe8!, ~3!

b~ke8!5 (
n,l50

`

bnl~vp!S ve8vpD
n

Pl~cosqe8!. ~4!

These series converge again rapidly, if the resonance is close
to the cusp. We remark that from the decay of the resonance
alone an almost isotropic angular distribution is expected,
but the interference with the direct process may lead to a
strong dependence of the resonant part of the DDCS on the
electron emission angle.

The final expression to be compared directly with the ex-
perimental data is obtained transforming the DDCS of Eq.
~1! to the laboratory reference frame, integrating the trans-
formed DDCS over the acceptance angle of the spectrometer
and convoluting it with the spectrometer transmission func-
tion. The result contains theanl , bnl , andcnl series expan-
sion coefficients explicitly@22#. The coefficients can be re-
garded as free parameters of the ‘‘theoretical’’ function of
the electron yield which can be fit to the experimental data.
From the result of the fit the primarily angular and velocity
distribution of the electron emission in the projectile frame
can be reconstructed using Eqs.~1!–~4!.

Applying the above formalism to our SEL data, our pri-
mary aim was to extract the cusp from the spectrum. During
the fitting we realized that the series expansion given by Eqs.
~3! and~4! is too general, since it allows that the DDCS takes
nonzero values atve850 also for the resonant part in the
projectile system. This has the consequence that theresonant
part may also contribute to the cusp. However, according to
Liu and Starace@6#, the shape resonance does not contribute
to the cusp for two reasons: it has zero cross section at the
threshold, and it is characterized byrepulsiveradial hyper-
spherical potential at large distances. To prevent the occur-
rence of the cusp from the shape resonance, we made the
a(ke8)«1b(ke8)50 restriction for the Shore parameters at
ve850. In the series expansions of Eqs.~3! and~4! this con-
dition is automatically fulfilled for thenÞ0 terms. For the
n50 terms, using the definition of the reduced energy vari-
able «52(Ee82Er)G

21, from the above restriction we get
the relationshipb0l /a0l52ErG

21.
From the fitting procedure applied to the SEL and DEL

data ~see Fig. 3! we obtained the following results. We
achieved a satisfactory fit retaining then,l50,1 terms for
both the resonant and the nonresonant part of DDCS. The
ratio of the intensity of the cusp in SEL to the total SEL yield
is 0.2560.06. The intensity ratio for the cusps in SEL and
DEL is 0.760.2. This latter result, i.e., that the SEL cusp has
smaller intensity than the DEL cusp, is in accordance with
the picture that the former is induced by the dipolar interac-
tion which is weaker than the Coulomb interaction in case of
DEL. The values of the series expansion parameters obtained
from the fitting are listed in Table I. We note that the poor
statistics of the data allowed us to determine only the
n,l50 coefficients with an acceptable accuracy~20% in av-
erage!. The errors of the other coefficients are larger than
100% except forc01, whose error is 75%. This means that
from the measured data we could not extract reliable infor-
mation for the cusp shapes, especially in the case of SEL.
Anyhow, as it is seen in Fig. 3, from the fitting we got a
symmetric shape for the SEL cusp. For DEL the observed
asymmetry of the cusp~see above! is related to the large
positive value of the ratioc01/c00 which is 0.4 according to
Table I. This value qualitatively follows the tendency shown
by the data of So”rensenet al. @26# ~for c01/c00 these authors
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used the notationb1). Fitting the SEL spectrum, we consid-
ered the energy and width of the resonance also as free pa-
rameters. The obtained valuesEr516.861.5 meV and
G51962.5 meV are in reasonable agreement with the find-
ings of the previous experiments dealing with the collision-
and photon-induced electron detachment of H2 as well as
with the results of electron-scattering measurements made on
H0 @1–3,23#. For thea01/a00 andb01/b00 ratios, which are
related to the forward-backward asymmetry of the electron
emission from the decay of the resonance, we got zero val-
ues, i.e., it seems that the isotropic angular dependence char-
acteristic for the resonance is not affected by the interference
with the direct electron detachment.

At present we cannot compare the above results with
theoretical calculations. The realistic description of the
single- and double-electron detachment of H2 represents a
challenge for the theory. The main difficulty is that for both
SEL and DEL the use ofcorrelatedwave functions seems to
be unavoidable, and, in addition to this, the collision process
probably cannot be treated by a simple perturbational
method~like the first-Born approximation! due to the small
collision velocity. To achieve at least some level of the un-
derstanding, however, we felt it necessary to analyze in more
detail the phenomenon of the collision-induced electric di-
pole moment in H0, as the most probable process which
gives rise to the cusp in the SEL spectrum.

The collision-induced electric dipole moment is a special
feature of the collisions involving hydrogen atoms. The for-
mation of a permanent dipole moment in hydrogen can be
traced back to the near degeneracy of the different orbital
angular momentuml -states belonging to the same principal
quantum numbern. Due to the degeneracy, not only the
magnetic substates but also thel -states arecoherentlyex-
cited in the collision. The coherent excitation of thel -states
can result in a shift of the center-of-charge of the electron
cloud with respect to the proton position, i.e., an electric
dipole moment can be formed. Several experimental and
theoretical works have been devoted to study the collision-
induced electric dipole moment in the excitation of hydrogen
in direct and charge exchange processes~see, e.g., Siegmann
et al. @29# and references therein!.

In the following we regard then52 excitation. The wave
function has the form

C~n52!5 f 00u2s0&1 (
m521

m511

f 1mu2pm&, ~5!

where f lm are the excitation amplitudes. Since in the hydro-
gen atom the energies of theu2s0& and u2pm& states are
nearly equal, the electric charge distribution corresponding
to C is stationary. The electric dipole moment belonging to
this charge distribution is expressed as

D52ueu^Cur uC&, ~6!

wherer is a position vector pointing from the proton to the
electron, ande is the elementary charge. Evaluating this ex-
pression one gets that only thez component ofD is different
from zero. Furthermore, only theu2s0& andu2p0& states con-
tribute to the dipole moment as is seen from the following
simple formula ofDz ~given in atomic units! @30#:

Dz56u f 00uu f 10ucos~a002a10!, ~7!

wherea lm are defined byf lm5u f lmuexp(ialm). It is interest-
ing that the maximum dipole moment which can be formed
by the coherent excitation of then52 states is quite large:
Dz
max53, if u f 00u5u f 10u51/A2, a002a1050, and

f 115 f 12150.
To visualize the dipole moment arising from the coherent

excitation of the 2s and 2p states, in Fig. 6 we plotted in
three dimensions the electron probability distribution belong-
ing to C(n52) for a case when the dipole moment has
nonzero value. The plot is apolar diagramwhich shows the
probability density of the electron at a given direction inte-
grated over the radial coordinate:

r~q,f!5E
0

`

drr 2C* ~r ,q,f!C~r ,q,f!. ~8!

Since we made the plot only for demonstration, for the sake
of simplicity in evaluation of Eq.~8! we considered only real
excitation amplitudes. We tookf 0050.45 andf 1050.74 from
whichDz52.0 according to Eq.~7!. Although theu2p11& and
u2p121& states do not contribute to the dipole moment, to see
their effect on the charge distribution we included also these
states with equal amplitudesf 115 f 12150.35. According to
the figure, the obtained charge distribution is largely asym-
metric along thez-axis with respect to the proton position.
The shift of the center-of-charge is well seen in thex-z and
y-z sections of the three-dimensional plot.

According to the experiments, large dipole moment can
be induced in hydrogen collisionally. For then52 excitation
values ofDz up to about 2ueua0 have been observed~see in
@29#!. The magnitude and sign ofDz depend strongly on the
collision system, the impact energy, and the kind of the ex-
citation process~direct or charge exchange!. From the point
of view of the present investigations it is an interesting ques-
tion of how large is the dipole moment induced in the colli-
sional electron detachment of H2. Another interesting ques-
tion is what are the characteristics~intensity, shape! of the
dipole-induced cusp in comparison with the cusp caused by
the Coulomb interaction? In the present experiment we only
proved the existence of the cusp, but the accuracy of the data

TABLE I. The series expansion coefficients obtained from fits to the measured spectra.

a00 a01 a10 a11 b00 b01 b10 b11 c00 c01 c10 c11

SEL 32 0 1000 -600 57 0 0 350 14 -3 -140 0

DEL – – – – – – – – 25 10 150 -100
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is not enough for a more detailed analysis. We mention here
that to confirm the present findings, model calculations using
the classical trajectory Monte Carlo method have been
started@31#. In this model the projectile is an electric dipole
consisting of a proton and an electron separated at a fixed
distance of one atomic unit~the orientation of the dipole is
also fixed!. The investigated process is the cusp production
in target ionization ~i.e., the ECC process! by the electric
dipole. It is hoped that, although the model is classical, the
calculations will reflect more or less correctly the relative
differences in the intensity and the shape of the cusp between
the cases of the dipolar and Coulomb interaction.

The occurrence of the cusp due to dipolar interaction is a
unique feature of the collisions involvingneutral hydrogen
as outgoing projectile. This is because the permanent electric
dipole moment can only be induced in hydrogen due to the
near degeneracy of thel -states belonging to the same princi-
pal quantum number. Consequently, no cusp is expected in
the collisional single-electron detachment of He2, or for any
other negative ion. In accordance with the expectation, in a
similar experiment no cusp was observed in the SEL spec-
trum measured in collisions of 200 keV He2 ions with He
@32#. In this context we mention here the recent work of Lee
et al. @33#. These authors observed similar resonance struc-
ture in the spectra of electrons detached from 100 keV Li2

and B2 projectiles in collisions with He and Ar as the
(2s2p)1Po shape resonance of H2 in the present study. Al-
though in the spectra the cusp also appeared, its origin was
not clarified, since the measurements were carried out with-
out coincidence condition. The measurement of SEL for
Li 2 and B2 impact in a coincidence experiment would be
highly desirable. For these ions the resonance energies are
relatively large~50 and 104 meV, respectively!, therefore the
resonance peaks do not mask the cusp so much as for He2

where the energy of the disturbing (1s2p2p8)4Pe shape
resonance is very small ('11 meV @22,34#!. Consequently,
more reliable information on the threshold behavior of the
SEL process is expected from the measurements with Li2

and B2 projectiles.
To clarify further the dipole-induced cusp in hydrogen, it

would be important to measure the SEL spectrum in coinci-
dence with the outgoing H0 atoms as well as with the
Lyman-a photons at the same impact energy and within the
same experimental conditions. Comparing the results of the
two coincidence measurements, one could determine the
contributions of H(2s) and other excited states to the cusp,
and also the contribution of H(1s) to SEL which appears as
a smooth background in the spectrum taken in coincidence
with H0. The role of the higher excitations could also be
investigated in a direct way measuring the SEL spectrum in
coincidence with photons of suitably selected energy.

Another interesting feature of the collisional electron de-
tachment from H2 is the phenomenon of the so-called
Gailitis-Damburg oscillations appearing in the SEL spectrum
@35,6#. An indication for the existence of the oscillations has
been reported by Penentet al. @9#. To prove the predicted
weak structure convincingly, one has to provide a resolution
of a few meV in the projectile frame. This can be achieved
increasing further the angular resolution and lowering the
projectile energy. The high-resolution measurement of SEL
is desirable also from that point of view that on the basis of
the present experiment we cannot exclude the contributions
of other unresolvedshape resonances to the cusp. For ex-
ample, recently Bhatia and Ho@36# predicted a3Do reso-
nance lying above the H(n53) threshold by 1.5 meV.

IV. CONCLUSION

We have measured the energy spectra of electrons result-
ing from single and double electron detachment of 85 keV
H2 ions in collisions with He atoms. The single and double
electron loss channels were identified measuring the elec-
trons in coincidence with the charge-state selected outgoing
projectiles. With good energy and angular resolution we
were able to separate the cusp from the lines of the
(2s2p)1Po shape resonance of H2, appearing in the SEL
spectrum. The result that the cusp exists in the SEL spectrum
is in accordance with the theory of Liu and Starace@6#, and
it supports the finding of Penentet al., @9# who also observed
the cusp in SEL detecting the electrons in coincidence with
the Lyman-a photons emitted by the outgoing excited H0

atoms. The formation of the cusp in SEL can be explained as
a result of dipolar interaction between the detached electron
and the outgoing H0 atom. An interesting finding of the
present work is that the intensity of the cusp from the
double-electron process, DEL, is larger than that of the cusp

FIG. 6. An example for then52 excitation of hydrogen when
the center-of-charge of the electron is shifted with respect to the
proton position.
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from the single-electron process, SEL. This result is in ac-
cordance with the picture that the SEL cusp is induced by the
weak dipolar interaction. The large asymmetry observed for
the DEL cusp is probably due to the correlated motion of the
two electrons in the Coulomb field of the proton.

Although the analysis of the obtained data indicates the
importance of the dipole interaction in case of SEL and the
electron correlation in DEL, these assumptions should be
confirmed by quantitative theoretical calculations. From the
side of the experiment the observation of very low energy
structures in SEL, like the Gailitis-Damburg oscillations and
shape resonances belonging to higher excitations of

H0, would be a further important step towards the better
understanding of the structure and dynamics of the simplest
negative ion, H2.
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