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Single- and double-electron detachment from H in collisions with He
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The single- and double-electron detachment processes have been studied for 85 laWHé collisions
measuring the energy spectra of the electrons emitted in forward direction. In the spectrum belonging to the
single-electron los§SEL) the nonresonant paftusp has been resolved from the resonant plares from the
(2s2p)*P° shape resonance of H. The ratio of the integrated yield of the double-electron I&EL) to that
of SEL was found to be 0.360.02. The yield of the cusp in the SEL spectrum was found to be surprisingly
small, only (70:20)% 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 outgdingatdtn.
[S1050-294{@6)10309-1

PACS numbd(s): 34.50-s, 34.60+z

[. INTRODUCTION the Coulombid5] and for the dipolaf6] interactions. In the

case of the double-electron detachment from Hhe cusp
Electron detachment is the dominant inelastic process iappearing in the DEL spectrum is due to the long-range Cou-
negative ion collisions. The collision of Hwith He repre- lomb force between one of the ejected electrons and the out-

sents a fundamental system for study of this process. Fromoing proton. For SEL the outgoing projectilerisutral the
H ~ the electron detachment can proceedsiimle-electron force has short range, and, therefore, no cusp is expected in

loss (SEL): this case. However, if the outgoing®ratom is in an excited
B B state, it may interact via dipolar potential. For example, for
H™ + He — H(nl) + e + He, then=2 excitation the collisional mixing of the degenerated

2s and 2 states in H may lead to a permanent electric
dipole moment. In this special case the question is whether
H +He— HY + e + e’ + He. the range of the interaction is long enough for cusp produc-
tion.
The electrofs) is (are) mainly detached with a small energy  Liu and Staracd6] calculated doubly differential cross
from the H™ ion. In the energy spectrum of the detachedsections for SEL in fast collisions of Hwith He. They used
electrons emitted in forward direction taken without separathe hyperspherical coordinate method to determine the elec-
tion of SEL and DEL(noncoincidence experimentsa pro-  tronic wave functions of the H(=2)—e~ system, and iden-
nounced structure appears in the spectrum arawsev; , tified individual hyperspherical channels in the projectile
wherev andv; are the electron and the ion velocity, respec-frame leading to “cusp,” “shape resonance,” and/or
tively [1-3]. The structure consists of a sharp peak located'shoulder” behavior in the laboratory-frame cross sections.
exactly atv.=v;, known as the cusp, and two peaks on theOne of the findings of this work was that the channels giving
wings of the cusp which result from the decay of the
(2s2p)1P° shape resonance of Habove the HG=2)

anddouble-electron los$DEL):

threshold(see the energy-level diagram in Fig. 1 10 .
The origin of the cusp peak appearing in the energy spec- 14 - _H+2e

tra of electrons ejected in atomic collisions is well known. N

. . 12 —_— n=3
The peak observed in the laboratory-frame measurements is H (P —> Hn=2)+e"
due to thefinite (nonzerokross section for the electron emis- 10 - n=2
sion at the threshold in the projectile reference frame. The z
peak is a singularity which comes from the frame transfor- % 8r
mation: the cross section in the projectile frame is enhanced & 6+
by the factor /v, wherev, andv, are the electron veloc- i
ity in the laboratory and in the projectile frame, respectively. 4r
According to the Wigner threshold lay¢], nonzero cross 2+
section occurs for long-range forces, namely for those cases ) H+ e
when the potential does not decay faster than, i.e., for or H - n=t

2L

"On leave from the Institute of Physics, P.O.Box 57, Belgrade, FIG. 1. Energy-level diagram of H The arrow shows the reso-
Yugoslavia. nant detachment.
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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.

rise to the cusp are characterized by attractive radial hypemeasurement of both SEL and DEL for 85 keV Hon He
spherical potentials. The potentials were shown to have acollisions made at zero degree observation angle. The two
symptotically the form of the dipolar interaction resulting reaction channels were identified measuring the electrons in
from the degeneracy of the HE 2) states. coincidence with the charge-state selected outgoing projec-
In view of the above considerations, the existence andiles. To the best of our knowledge, coincidence experiment
properties(intensity, shapeof the cusp in the collisional with high angular resolution of both SEL and DEL has not
single electron detachment of His a fundamentally inter- been reported until now in the literature. The emphasis of
esting question. For the experimentalists its study is a chalhis paper is put on the cusp electrons in SEL, as a continu-
lenge, partly because one has to apply coincidence technigwion of our interest for the more general problematics of the
to separate SEL from DEL, and partly because of the largeusp with neutral outgoing atoms in the final state. In our
“background” due to the shape resonance lines in the SElprevious works we observed the cusp in target ionization
spectrum which can be resolved only with good energy andi.e., in the process known &ectron capture into the con-
angular resolution, as will be discussed in the next section.tinuum states of the projectil@ECC)] at impact of neutral
For the study of the origin of the cusp production in SEL helium[10] and hydrogerj11] atoms, as well as itransfer
one cannot avoid the coincidence measurement. In some @nization (T1) induced by Hé ions[12] and protong13].
the previous works dealing with the electron detachmenfhe occurrence of the cusp in these collisions with neutral
from H™ (see, for exampld,7,8)) it was assumed that DEL outgoing atoms in the final state is still not understood, al-
is a minor and negligible effect, and consequently the totathough several attempts have been made to explain the ob-
electron spectrum can be identified with the SEL spectrumservations[13—-18. The study of the electron detachment
This assumption is highly questionable, because althougfiom negative ions in the present work represents another
DEL is a two-electron procesand thereby it is thought to approach to the above problem.
be weal 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 Penental. [9], who
excluded the DEL channel detecting the electrons in coinci- The basic apparatus and the measuring procedure have
dence with the Lymarnr photons emitted from the decay of already been described in detgid] and only the main fea-
H(2p) formed in the collisions of H ions with He, Ne, and tures will be summarized hefgee also Fig. 2 The crucial
Ar atoms at 4 keV. It was found that the cusp in the coinci-modification of the setup for this experiment was the use of
dence spectrum had considerably smaller intensity than thenelectrostatic lensor the electron$20] by which we could
cusp in the “singles” spectrum, indicating a non-negligible reduce the acceptanchalf) angle of the electron detection
contribution of DEL. We remark that in the experiment of to a value smaller than 0.6°, preserving at the same time the
Penenet al. only that part of the SEL cusp which belongs to good detection efficiency. The use of the method of zero-
H(2p) atoms in the final state was measured, and no infordegree electron spectrosco®i] allowed us to get informa-
mation was obtained for the contributions of Kj2and tion on ejection of extremely low-energy electrons in the
other excited states. In this way the role of DEL could not beprojectile reference frame due to the kinematic amplification
established unambiguously from comparison of the coinciof the electron energy resulting from the frame transforma-
dent and singles spectrum. tion. With the good angular resolution achieved by the lens
Here we report on good energy- and angular-resolutionwe could resolve the (&p)*P° shape resonance lines from

Il. EXPERIMENTAL SETUP AND METHOD
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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 mod22)].

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 H™ ions were transformed into Hions via charge ex-
change. The created negative ion beam was separated from
the H* and H° beams by a four-component electrostatic
charge-state select@denoted as “beam cleaner” in Fig).2

The H™ ions crossed an effusive beam He gas target
placed inside the first element of the electrostatic lesee
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)1P° 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 o o
eV in respect to the cusp position when the electrons are FIG. 3_._Energy spectra of electr_ons emitted in forward direction
observed in the laboratory frame. The two peaks correspontjfom collisions of 85 kev H ions W'th He atoms. Parts) a}nd(b)
ing to forward and backward emission, however, can be re'W SPectra measured in coincidence with the outgoifigaht
solved only if the acceptancéhalf) angle of the electron H _partlcles, respectively. The curves through_the data are results

L7 e of fits (see text In part(a) the cusp and the linear background
Observatlon is smaller thap a leca.l anglad., ther' (dashed ling obtained from the fit are also plotted.
wise all the electrons emitted tom4will form one single
peak. From the velocity diagram of the frame transformation Il RESULTS AND DISCUSSION
(see, e.g.]3]) one can get easily that for 85 keV proton '
impact A9.=1.2°. To provide a smaller acceptance angle Figure 3 shows the obtained SEL and DEL electron spec-

Intensity [arb. units]

Intensity [arb. units]

Electron energy [eV]

for the combined lens and spectrometer system than, tra. For SEL it can be seen that th®° resonance lines are
the lens was operated in the “angular magnification” modewell resolved. The appearance of the cusp as a small central
[20]. peak in the SEL spectrum supports the previous observation

As an electron spectrometer we used a distorted fieldf Penengt al.[9] as well as the theoretical prediction of Liu
double-stage cylindrical mirror analyz¢24]. The accep- and Staracé6] that the cusp exists also for dipolar interac-
tance angle and the relative energy resolution of the spedion.
trometer are defined by two apertures located at the exit part. We remark here that proving the existence of the cusp, we
The acceptancéhalf) angle of the spectrometer was 2°, the had to consider the following “background” process. Al-
angular magnification obtained by the lens was 3.5, thus ththough we used a charge-state selector to provide a clean
resulting final angular acceptance was about 0.6°. The reldncoming negative ion beam, part of the beam neutralized
tive energy resolution of the spectrometer was 0.6%. Thdefore it entered the target region. The neutralization is due
energy-analyzed electrons selected by the apertures are de-collisions with the atoms of the residual gas and scattering
tected by a channel electron multiplier. from the edges of the beam collimator. The neutrllatoms

The outgoing projectiles are charge-state analyzed by aproduce a cusp with large cross section via the ECC process
electrostatic deflector and detected with a fast particle dete¢11] in collisions with the target atoms. Since the outgoing
tor [25]. SEL and DEL were identified detecting the elec- projectile for the latter collisions is the same as for the single
trons in coincidence with the outgoing®and H' particles,  electron detachment from H the coincidence measurement
respectively. The measured electron spectra were correct@a@nnot distinguish between the two contributions. To deter-
for the contribution of random coincidence events and for themine the background due to the neutral part of the ion beam,
energy-dependent efficiency of the electron detection. we performed a separate coincidence measurement in which
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nation of the beam, respectively.
FIG. 5. Energy distribution of the electrons emitted during the

took ¢ for the ECC ind db ¢ aFouble electron detachment of Hin the projectile reference sys-
We 100k a spectrum for the CUSp Induced Dy neutrajy ., e points were obtained transforming the curve fitted to the

H® atoms. Normalizing this spectrum to the number of thepg data[see Fig. &)] from the laboratory frame to the projectile
incoming atoms, we could determine the relative yield of thesrgme.
background corresponding to the number of the neutral at-
oms in the H beam. Figure 4 shows the SEL spectrumcusp production with simultaneous=2 excitation of H are
before and after subtraction of the background. It is seen thatimost the same. Since the dependence of a collision process
the correction is not negligible in the cusp region, but theon the impact energy is predominantly determined by the
peak still exists in the corrected spectrum. transferred energy, the ratio of the resonance- and cusp-

If the pressure of the target gas is too large, the neutralproduction cross section is expected to depend weakly on the
ization of the negative ion beam may also take place due toollision energy. Second, at a fixed impact energy the spec-
interaction with the atoms of the target gas. In this case patrum measured in coincidence with the Lymanphotons
of the observed electrons are produced in double collisionsshould be roughly the same as that obtained in coincidence
the neutralization of the projectile in a first collision is fol- with the scattered ® atoms (neglecting the contribution
lowed by a second collision in which electrons are producedrom the X excitatior). The similar spectrum shapes ob-
via ECC. We checked the contribution of the double colli-served in the two experiments support the dominance of the
sions repeating the coincidence measurement at half value af=2 excitations. We remark here that diréce., nonreso-
the target gas pressure. We found that the shapes of the ceany electron loss may take place also without excitation,
incidence spectra obtained at different pressures were ideibut due to a lack of long-range interaction the cusp is miss-
tical, indicating that the effect of the double collisions wasing in this case, and the contribution of this process to the
negligible. spectrum is only a smooth “backgroundsee Fig. 3

We checked the background due to neutral part of the As far as the DEL spectrum is concerned, we can say
beam as well as the contribution from the double collisionsaccording to Fig. 3 that the double-electron detachment is
also for the DEL spectrum. We found that both effects werenot negligible. The ratio of the integrated yield of DEL to
negligible in this case. that of SEL was found to be 0.360.02. The most striking

It is worthwhile to mention that the shape of the SEL feature of the DEL spectrum is the large asymmetry of the
spectrum obtained in the present work is very similar to thapeak: the electron yield is strongly enhanced towards higher
obtained by Penergt al. [9] in their experiment detecting energies. This corresponds to a preferred electron emission
the electrons in coincidence with the Lymanphotons of H  in forward direction in the projectile reference system as can
(2p). In both experiments the cusp is strongly suppressetbe seen from Fig. 5, where we present the DEL spectrum
compared to the resonance lines. Although it is hard to comémore precisely, the distribution obtained fromfinof the
pare spectra measured at very different impact eneidies measured spectrum; see latefter transforming it to the
and 85 keV, the similarity of the shapes is in accordanceprojectile system. The asymmetry of the DEL cusp was ob-
with the picture that in these collisions the cusp is induced byserved by Duncaet al.[7]in 0.5 MeV H™ on He collisions.
dipolar interaction between the detached electron and th8trensenet al. [26] studied the double-electron loss from
outgoing H’ atom. As it was mentioned in the Introduction, H ~ in the energy range from 0.1 to 2.0 MeV in collisions
permanent electric dipole moment can be formed only inwith He, Ar, and Xe. These authors found that for He target
excited states. We may assume that in the collision mainlghe asymmetry of the DEL cusp increased with decreasing
then=2 states are excited. This assumption has two conserojectile energy.
guences. First, as one can see from Fig. 1, the excitation The most probable reason for the asymmetry of the DEL
energy for the (82p)*P° shape resonance and that for thecusp is the correlated motion of the two electrons in the
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Coulomb field of the proton. To the best of our knowledge, These series converge again rapidly, if the resonance is close
the interesting problem of the cusp production in DEL atto the cusp. We remark that from the decay of the resonance
H™ impact has not been analyzed theoretically yet, and thalone an almost isotropic angular distribution is expected,
interpretation of the asymmetry of the peak is still missing. but the interference with the direct process may lead to a
The curves through the experimental data in Fig. 3 are thetrong dependence of the resonant part of the DDCS on the
results of a fitting procedure using the mathematical modeg|ectron emission angle.
of Zavodszkyet al.[22]. The model is based on the formal-  The final expression to be compared directly with the ex-
ism introduced originally by Shore and further developed byperimental data is obtained transforming the DDCS of Eq.
B_alashovet al. [27] for description of the electron_emissior_l (1) to the laboratory reference frame, integrating the trans-
via a nonresonant and a resonant process. In th|s_ for_mal'S%rmed DDCS over the acceptance angle of the spectrometer
the doubly dlffere_nual cross secti¢bDCS) in the projectile and convoluting it with the spectrometer transmission func-
reference frame is expressed as tion. The result contains the,,, b, , andc, series expan-
( d?o ) ( d?o )NR a(kl)e+B(kL) sion coefficients explicithf22]. The Soefficiepts”can bg re-
- = - (1) ogarded as free parameters of the “theoretical” function of
dEed Qe P dE"dQ./ P the electron yield which can be fit to the experimental data.

1+¢2 ’

From the result of the fit the primarily angular and velocity
where @%o/dE,d();)," is the cross section of the nonreso- gistribution of the electron emission in the projectile frame
nant(direct electron detachmenf), is the solid angle of the ¢can be reconstructed using E@$)—(4).
electron emissions =2(E,—E,)[' ' is the reduced energy  Applying the above formalism to our SEL data, our pri-
variable,E, andk, are the energy and the momentum of themary aim was to extract the cusp from the spectrum. During
ejected electron in the projectile reference frame, Bpdnd  the fitting we realized that the series expansion given by Egs.
I" are the energy and the width of the resonangd,) and  (3) and(4) is too general, since it allows that the DDCS takes
B(k¢) are the so-called Shore parameters which determineonzero values at =0 also for the resonant part in the
the intensity of the resonant process relative to the nonresgrojectile system. This has the consequence thattbenant
nant process, and account also for thieerferencebetween  part may also contribute to the cusp. However, according to
the direct and resonant ionization amplitudes. Liu and Starac¢6], the shape resonance does not contribute

The transformation of the nonresonant cross section to thi the cusp for two reasons: it has zero cross section at the
laboratory frame may lead to a cusp, as it was discussethreshold, and it is characterized bgpulsiveradial hyper-
above. Due to the fact that the cusp is a singularity, the resukpherical potential at large distances. To prevent the occur-
of the transformation depends largely on the transmissiomence of the cusp from the shape resonance, we made the
function and the angular acceptance of the spectrometet(k,)e+ B(k.)=0 restriction for the Shore parameters at
therefore it is difficult to compare the observed cusp shap@é:o_ In the series expansions of E¢3) and (4) this con-
with that predicted by the theories. To overcome this diffi-dition is automatically fulfilled for then#0 terms. For the

culty, Meckbachet al. [28] introduced a series expansion n=0 terms, using the definition of the reduced energy vari-
method. The advantage of the method is that one can Chaé'b|E8=2(Eé—Er)F71, from the above restriction we get

acterize the cusp by a set of expansion parameters which afge relationshipby /ag = 2E,T .

free of instrumental effects. _ From the fitting procedure applied to the SEL and DEL
The series expansion of the nonresonant cross section hggi, (see Fig. 3 we obtained the following results. We
the form achieved a satisfactory fit retaining timel =0,1 terms for
NR - Con both the resonant and the nonresonant part of DDCS. The
" Ve / ratio of the intensity of the cusp in SEL to the total SEL yield
(ke) 2o C”'(U”)(v ) Pi(cosde), (2) is 0.25+0.06. The intensity ratio for the cusps in SEL and
DEL is 0.7+ 0.2. This latter result, i.e., that the SEL cusp has

wherec,(v,) are the series expansion coefficient§,and smallgr intensity than the DEL cusp, is in acc_ordan_ce with
¥, are the velocity and the emission angle of the ejecte(ﬁ.he p|ct.ure.that the former is induced by the dlpola}r Interac-
electron in the projectile reference framg, is the velocity tion which is weaker than the Coulomp Interaction in case of
of the projectile, ancP, are the Legendre polynomials. We DEL. The values of the series expansion parameters obtained

remark that the cusp can be described with the first few termgom the fitting are listed in Table 1. We note t_hat the poar
. e . . Statistics of the data allowed us to determine only the
in Eq. (2), because; is small in the cusp region, and the

AP . ! - n,l=0 coefficients with an acceptable accur&29% in av-
electron emission is a slowly varying function of the angle in -
. erage. The errors of the other coefficients are larger than
the projectile frame.

, 0 . 0 :
Zavodszky et al. [22] generalized the above method for 100% except forco,, whose error is 75%. This means _that
§ from the measured data we could not extract reliable infor-
the Shore parameters: . . !
mation for the cusp shapes, especially in the case of SEL.
n Anyhow, as it is seen in Fig. 3, from the fitting we got a
ak)= 2, ay(v )(E) P,(cosd), (3y  Symmetric shape for the SEL cusp. For DEL the observed
¢ aZo " oy € asymmetry of the cuspsee aboveis related to the large
w AR positive value of the rati@y,/cqo Which is 0.4 according to
, Ve / Table I. This value qualitatively follows the tendency shown
ke)= b —| P(cosdy). 4
Alke) IZ nl(vp)( Up) i e) @ by the data of &@nsenet al.[26] (for cq1/cqq these authors

d?c
dELdQe

p

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

g0 ap1 10 aiy boo bos bio b1 Coo Co1 (%1) Ci1

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

DEL - - - - - - - - 25 10 150 -100

used the notatio,). Fitting the SEL spectrum, we consid- D=—|e[(¥|r|¥), (6)
ered the energy and width of the resonance also as free pa-
rameters. The obtained values,=16.8+1.5 meV and \ herer js a position vector pointing from the proton to the

I'=19+2.5 meV are in reasonable agreement with the findectron, anck is the elementary charge. Evaluating this ex-
ings of the previous experiments dealing with the collision-

. ression one gets that only taecomponent oD is different
and photon-induced electron detachment of Hs well as b g y P

, X from zero. Furthermore, only tH@s,) and|2p,) states con-
with the results of electron-scattering measurements made Rbute to the dipole moment as is seen from the following
HO% [1-3,23. For theagy;/ag and by, /by, ratios, which are

imple fi la ofD, (gi in atomi its[30]:
related to the forward-backward asymmetry of the electronSlmp e formula ofD, (given in atomic units 30}

emission from the decay of the resonance, we got zero val-

ues, i.e., it seems that the isotropic angular dependence char- D,=6]fodl| f1d cOK g0~ 10), (7
acteristic for the resonance is not affected by the interference
with the direct electron detachment. where o, are defined byf,,=|f,m|explayy). It is interest-

At present we cannot compare the above results withing that the maximum dipole moment which can be formed
theoretical calculations. The realistic description of theby the coherent excitation of the=2 states is quite large:
single- and double-electron detachment of kepresents a D=3, if |fo=|f1d =12, a@g—a@;;=0, and
challenge for the theory. The main difficulty is that for both f,,=f,_;=0.

SEL and DEL the use dforrelatedwave functions seems to To visualize the dipole moment arising from the coherent
be unavoidable, and, in addition to this, the collision procesgxcitation of the 2 and 2p states, in Fig. 6 we plotted in
probably cannot be treated by a simple perturbationathree dimensions the electron probability distribution belong-
method(like the first-Born approximationdue to the small ing to ¥(n=2) for a case when the dipole moment has
collision velocity. To achieve at least some level of the un-nonzero value. The plot is@olar diagramwhich shows the
derstanding, however, we felt it necessary to analyze in morgrobability density of the electron at a given direction inte-
detail the phenomenon of the collision-induced electric di-grated over the radial coordinate:

pole moment in H, as the most probable process which

gives rise to the cusp in the SEL spectrum. w

The collision-induced electric dipole moment is a special p(ﬁ,d)):f drr2W*(r,9,¢)¥(r,9,¢). (8)
feature of the collisions involving hydrogen atoms. The for- 0
mation of a permanent dipole moment in hydrogen can be
traced back to the near degeneracy of the different orbitaSince we made the plot only for demonstration, for the sake
angular momentunh-states belonging to the same principal of simplicity in evaluation of Eq(8) we considered only real
guantum numben. Due to the degeneracy, not only the excitation amplitudes. We todig,=0.45 andf,,=0.74 from
magnetic substates but also thstates arecoherentlyex- ~ whichD,=2.0 according to E¢(7). Although the|2p,4) and
cited in the collision. The coherent excitation of thetates |2p,_,) states do not contribute to the dipole moment, to see
can result in a shift of the center-of-charge of the electrortheir effect on the charge distribution we included also these
cloud with respect to the proton position, i.e., an electricstates with equal amplitudds,=f,_,=0.35. According to
dipole moment can be formed. Several experimental anthe figure, the obtained charge distribution is largely asym-
theoretical works have been devoted to study the collisionmetric along thez-axis with respect to the proton position.
induced electric dipole moment in the excitation of hydrogenThe shift of the center-of-charge is well seen in e and
in direct and charge exchange procedseg, e.g., Siegmann y-z sections of the three-dimensional plot.

et al. [29] and references thergin According to the experiments, large dipole moment can
In the following we regard the=2 excitation. The wave be induced in hydrogen collisionally. For the=2 excitation
function has the form values ofD, up to about 2e|a, have been observedee in
[29]). The magnitude and sign &, depend strongly on the
m=+1 collision system, the impact energy, and the kind of the ex-
W(n=2)=fo250)+ > Fiml2Pm) (5) citation processdirect or charge exchange~rom the point
m=—1

of view of the present investigations it is an interesting ques-

tion of how large is the dipole moment induced in the colli-
wheref|,, are the excitation amplitudes. Since in the hydro-sional electron detachment of H Another interesting ques-
gen atom the energies of tH@sy,) and |2p,) states are tion is what are the characteristi¢tensity, shapeof the
nearly equal, the electric charge distribution correspondinglipole-induced cusp in comparison with the cusp caused by
to ¥ is stationary. The electric dipole moment belonging tothe Coulomb interaction? In the present experiment we only
this charge distribution is expressed as proved the existence of the cusp, but the accuracy of the data
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and B~ projectiles in collisions with He and Ar as the
(2s2p)1P° shape resonance of Hin 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 ~ and B~ impact in a coincidence experiment would be
highly desirable. For these ions the resonance energies are
relatively large(50 and 104 meV, respectivelytherefore the
resonance peaks do not mask the cusp so much as for He
where the energy of the disturbing $2p2p’)*P® shape
resonance is very smal11 meV[22,34]). Consequently,
more reliable information on the threshold behavior of the
SEL process is expected from the measurements with Li
and B~ 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 M atoms as well as with the
Lyman- 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(3) and other excited states to the cusp,
and also the contribution of HE) to SEL which appears as

y a smooth background in the spectrum taken in coincidence
with H®. 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 H is the phenomenon of the so-called
Galilitis-Damburg oscillations appearing in the SEL spectrum
[35,6]. An indication for the existence of the oscillations has
been reported by Penest al. [9]. To prove the predicted
weak structure convincingly, one has to provide a resolution

FIG. 6. An example for the=2 excitation of hydrogen when _Of a fe"?’ meV in the projectile frame. This can be ac_hieved
the center-of-charge of the electron is shifted with respect to théncr_easfmg further the a.ngular resplutlon and lowering the
proton position. _prolec_tlle energy. The h|gh-r§solut|qn measurement of _SEL
is desirable also from that point of view that on the basis of

is not enough for a more detailed analysis. We mention herthe present experiment we cannot exclude the contributions
that to confirm the present findings, model calculations usin@f other unresolvedshape resonances to the cusp. For ex-
the classical trajectory Monte Carlo method have beemple, recently Bhatia and H®6] predicted a®D° reso-
started[31]. In this model the projectile is an electric dipole hance lying above the 3) threshold by 1.5 meV.
consisting of a proton and an electron separated at a fixed
distance of one atomic unithe orientation of the dipole is
also fixed. The investigated process is the cusp production
in target ionization (i.e., the ECC proce$sy the electric We have measured the energy spectra of electrons result-
dipole. It is hoped that, although the model is classical, théng from single and double electron detachment of 85 keV
calculations will reflect more or less correctly the relativeH ™ ions in collisions with He atoms. The single and double
differences in the intensity and the shape of the cusp betweeazlectron loss channels were identified measuring the elec-
the cases of the dipolar and Coulomb interaction. trons in coincidence with the charge-state selected outgoing
The occurrence of the cusp due to dipolar interaction is grojectiles. With good energy and angular resolution we
unique feature of the collisions involvingeutral hydrogen were able to separate the cusp from the lines of the
as outgoing projectile. This is because the permanent electri@s2p)*P° shape resonance of H appearing in the SEL
dipole moment can only be induced in hydrogen due to thespectrum. The result that the cusp exists in the SEL spectrum
near degeneracy of thestates belonging to the same princi- is in accordance with the theory of Liu and Starf6g and
pal quantum number. Consequently, no cusp is expected iih supports the finding of Peneat al., [9] who also observed
the collisional single-electron detachment of Her for any  the cusp in SEL detecting the electrons in coincidence with
other negative ion. In accordance with the expectation, in ghe Lymana photons emitted by the outgoing excited® H
similar experiment no cusp was observed in the SEL specatoms. The formation of the cusp in SEL can be explained as
trum measured in collisions of 200 keV Heions with He  a result of dipolar interaction between the detached electron
[32]. In this context we mention here the recent work of Leeand the outgoing ¥ atom. An interesting finding of the
et al. [33]. These authors observed similar resonance strugresent work is that the intensity of the cusp from the
ture in the spectra of electrons detached from 100 keV Li double-electron process, DEL, is larger than that of the cusp

IV. CONCLUSION
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from the single-electron process, SEL. This result is in acH®, would be a further important step towards the better
cordance with the picture that the SEL cusp is induced by thenderstanding of the structure and dynamics of the simplest
weak dipolar interaction. The large asymmetry observed fonegative ion, H'.
the DEL cusp is probably due to the correlated motion of the
two electrons in the Coulomb field of the proton.
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