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Soft-collision and cusp electrons in longitudinal momentum distributions for single ionization
of He and Ne by proton impact

Pablo D. Fainstein*
Centro Atómico Bariloche, Comisio´n Nacional de Energı´a Atómica, Avenida E. Bustillo 9500, 8400 Bariloche, Argentina

~Received 6 May 1999!

The position of the maximum in longitudinal electron momentum distributions, for He and Ne single
ionization by proton impact, has been studied as a function of projectile velocity using the continuum-
distorted-wave–eikonal-initial-state model. At intermediate to high energies the position of the maximum is
determined by low-energy electron emission and it can be related to the soft-collision peak. At intermediate to
low energies, the position of the maximum depends on the interplay between soft-collision and cusp electrons,
which produces a linear dependence of its position as a function of the projectile velocity.
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The single-ionization process in ion-atom collisions co
stitutes a major challenge to theory. In a quantu
mechanical description it requires basically knowledge of
states of one electron in the presence of two nuclei. T
electron can be bound to one nuclei while in the continu
of the other one~initial state!, or in a continuum of both
~final state!. The difficulty arises from the fact that the Schr¨-
dinger equation for the three-body problem cannot be sol
exactly. It is only in the last ten years that is has been p
sible to develop theoretical approximations that take into
count the long-range behavior of the Coulomb potentia
computational efficient codes.

The most detailed information about the dynamics of
single-ionization process can be obtained from the meas
ment of doubly differential cross sections~DDCS! as a func-
tion of the electron angle and energy. This technique, ca
electron emission spectroscopy~EES!, has yielded a huge
amount of information by using different projectiles~pro-
tons, antiprotons, highly charged ions, etc.! at different im-
pact energies@1#. At high energies, distorted-wave mode
such as the continuum-distorted-wave-eikonal-initial-st
~CDW-EIS! @2,3#, are able to reproduce, with a very hig
accuracy, the experimental findings@4,5#. At intermediate
impact energies such models are only in qualitative ag
ment with experiments. This is due to the fact that, in t
case, these models are in their limit of validity and that m
experiments cannot separate the contribution from differ
processes that lead to an emitted electron~multiple ioniza-
tion, transfer ionization, etc.!.

Recently, there has been a renewed interest in the stud
the single- and multiple-ionization processes due to the
velopment of a new experimental technique@cold target
recoil-ion momentum spectroscopy~COLTRIMS!# @6#,
which allows one to obtain information about the dynam
of the process in a different fashion. This technique provi
momentum distributions of the emitted electron, the rec
ion, and the projectile, which can be studied in coinciden
If the electron spectra are taken without any informat
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about the recoil ion or the projectile, it is called electro
emission momentum spectroscopy~EEMS!. One of the main
features of this technique is that it allows one to study, w
great accuracy, details of the spectra of emitted electro
which are difficult to study with EES. A good example o
this feature is the recent measurement of ultra-low-ene
electrons in the single ionization of He by highly charged i
impact @7#.

It is obvious that measurements from EES and EEM
give different views of the same processes. Therefore, w
is well known from EES can be used to understand the n
results from EEMS. Such is the case of the longitudinal el
tron momentum distributions for proton impact on He a
Ne measured with EEMS at intermediate projectile velocit
(vW P) @8,9#. These measurements show two main feature
large maximum at longitudinal electron velocities (vez) be-
tween that of the soft-collision peak (vez.0) and the cusp
(vez.vP) and, at some impact velocities, a hump atvez
5vP . Theoretical models, such as CDW-EIS or simulatio
with the classical trajectory Monte Carlo~CTMC!, give simi-
lar results that are in close agreement with experime
While the second feature can be attributed to the presenc
the cusp, there are no simple models to explain the posi
of the maximum. From EES measurements it is well kno
that the electrons are emitted mostly with low energi
showing in the DDCS the characteristic soft-collision pea
Therefore it has been suggested that the mechanism tha
termines the position of the maximum (vez

M ) is that of saddle-
point electron emission@10#, where the emitted electron i
stranded on the saddle point produced by the projectile
residual target Coulomb potentials. This mechanism was
troduced previously to explain certain results obtained w
EES@11#, and since then it has been a subject of controve
~see@12,13#, and references therein!. It predicts thatvez

M is
proportional to the projectile velocity. However, calculatio
with CDW-EIS and CTMC show that, on the contrary, fro
intermediate to high velocitiesvez

M decreases with increasin
vP @14,15#, in qualitative agreement with experiments@8#. At
high impact velocities the electron is emitted mainly fro
collisions at large impact parameters in dipolar transitio
This process produces a characteristic distribution that m
R741 ©1999 The American Physical Society
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mizes in the perpendicular direction; thereforevez
M
˜0 as the

projectile velocity increases. From low to intermediate v
locities CDW-EIS and CTMC predict thatvez

M increases with
vP , in apparent agreement with the saddle-point mechan
It is clear that to explain this behavior it is necessary
understand, in the first place, why the maximum appears
certain position. The answer to this question will explain t
dependence on the projectile velocity.

In the present work we analyze doubly differential cro
sections as a function of the longitudinal and one of
perpendicular components of the electron momentum u
the CDW-EIS model. The results show that the position
the maximum can be related to the behavior, as a functio
the projectile velocity of the soft-collision peak and the cu
observed in measurements with EES.

As a first step it is important to understand the physi
meaning of the longitudinal momentum distributions. In fa
they can be readily identified as singly differential cross s
tions ~SDCS! as a function of the longitudinal electron mo
mentum. This cross section depends on just one compo
of the electron momentum and is obtained from an integ
tion over the other components (vex ,vey); therefore some
information about the dynamics is lost. The longitudinal m
mentum distribution for a given value ofvez represents the
probability for emission at that value of the longitudinal m
mentum, while the other components take any value. Th
fore the longitudinal momentum distribution is not a meas
of the cross section in the forward direction. This inform
tion is given by a doubly differential cross section where
momentum in the perpendicular direction is taken equa
zero. This information is buried in the longitudinal mome
tum distribution due to the integration mentioned above a
there is no direct functional relation between them. For t
reason the saddle-point mechanism, which can only appe
the forward direction, is not able to predict the position
the maximum and its dependence on the projectile veloc

To explain this behavior we need more detailed inform
tion about the process, which we obtain from the dou
differential cross sections as a function ofvey andvez. These
DDCS are obtained from the integration over the remain
transverse component (vex). Note that the transverse comp
nentsvex andvey are equivalent, due to the cylindrical sym
metry of the collision. To study the contribution from th
different values ofvey , we define a reduced longitudina
electron momentum distribution as

ds*

dvez
5E

2vey*

1vey*
dvey

d2s

dveydvez
. ~1!

When vey* 50 the reduced cross section corresponds to
doubly differential cross section. As it increases the redu
cross section takes into account an increasing amoun
emission in they direction. Finally, whenvey* ˜` we re-
trieve the longitudinal electron momentum distribution
measured in the experiments.

In Figs. 1–3 the reduced cross sections are presente
single ionization of helium by proton impact at the project
velocities used in@9# ~vP52.39, 1.63, and 1.15 a.u., respe
tively!. The four curves in each figure correspond tovey*
50.1, 0.2, 0.5 a.u., and̀ . Whenvey* 50.5 a.u. the reduced
-
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cross section already resembles the longitudinal momen
distribution, showing the same qualitative behavior. Thus
expected from what in known from EES, the main variatio
of the cross sections occur at small transverse mom
~small emission angles!. At the highest impact velocity~Fig.
1! and for vey* 50.1 a.u. the reduced cross section is qu
similar to a DDCS from EES in the forward direction with
well-separated soft-collision peak from the cusp. Neither
the peaks diverge, due to the integration overvex , which

FIG. 1. Reduced cross section as a function of the longitud
electron velocity for 2.39 a.u. proton impact on He. Present CD
EIS results: solid line, lower curve,vey* 50.1 a.u.; dot-dashed line
vey* 50.2 a.u.; dashed line,vey* 50.5 a.u.; solid line, upper curve

vey* ˜`. Vertical short-dashed lines correspond tovez50 and
vez5vP .

FIG. 2. Same as Fig. 1 but for 1.63 a.u. proton impact on He
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produces an effect similar to that of the integration over
acceptance angle in EES measurements of the cusp. Asvey*
increases, the relative intensity of the cusp decreases,
whenvey* ˜` it only remains as a hump or as a change in
slope of the distribution. However, the soft-collision pe
presents a different behavior: asvey* increases the position o
the peak shifts and gives rise to the maximum in the lon
tudinal momentum distribution. As the impact velocity d
creases~Fig. 2! the main difference is that forvey* 50.1 a.u.
the position of the cusp begins to overlap with the bro
soft-collision peak. This effect is much more pronounced
the lowest impact velocity~Fig. 3!. As vey* increases, the
overlap between the peaks defines the shape of the lon
dinal momentum distribution. In this case the maximum
positioned not on the shifted soft-collision peak but on
cusp. As a consequence, as the impact velocity is fur
decreased, the maximum of the longitudinal momentum
tribution follows the position of the cusp, which is located
the projectile velocity. When the peaks separate, the pos
of the maximum depends on the soft-collision peak beca
as is well known, the relative intensity of the cusp is mu
smaller. Therefore it is the interplay between the peaks
can explain the dependence ofvez

M on vP and not the saddle
point mechanism.

From the previous discussion it is clear that from interm
diate to low velocities the position of the maximum depen
on the contribution from electrons emitted with velociti
ranging from the soft-collision peak to the cusp. As the v
locity increases, the contribution from the latter diminish
and the maximum can be related to the emission of lo
energy electrons. However, this is not enough to explain w
the maximum is still shifted from the soft-collision peak. T
understand this behavior we consider the emission from
different target~Ne!. The projectile velocity corresponds t
that of Fig. 2. The results for Ne@Fig. 4~b!# are on the whole
quite similar to those for He. The main difference is that t
shift of the maximum is smaller and that this is due to t
fact, which can be seen more clearly in the casevey*

FIG. 3. Same as Fig. 1 but for 1.15 a.u. proton impact on He
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50.1 a.u., that for Ne the cross section for electrons emi
with velocities in between the two peaks is smaller relat
to the peaks than in the case of He. As a consequence
soft-collision peak is more symmetric in the case of Ne. W
can thus attribute the shift of the maximum to the we
known forward-backward asymmetry of low-energy electr
emission. It has been shown that this effect depends m
edly on the target and it is much more important in the c
of He than for Ne@16#. Therefore the shift of the maximum
is new evidence of the forward-backward asymmetry of
soft-collision peak. This is supported by the results presen
in Fig. 4~a! obtained with the first-Born approximation~B1!,
which, as expected, gives a symmetric distribution. It m
be noted that calculation with B1 for He~not shown here!
also presents a shift, which is smaller than that given
CDW-EIS. This is in agreement with the fact that the asy
metry has contributions from two sources: the non-Coulo
behavior of the target potential, which is considered in B
and the two-center effect, which is absent from B1. The
fore the shift obtained from CDW-EIS is always larger th
that obtained from B1.

In conclusion, it has been shown that the position of
maximum in longitudinal electron momentum distributio
depends markedly on the impact velocity. At intermedia
velocities, when the soft-collision peak and the cusp
close, there is an enhanced contribution from the latter
therefore determines the position of the maximum. In t
range the position of the maximum is proportional to t
projectile velocity. When both peaks separate, as the pro
tile velocity increases, the position of the soft-collision pe
determines the position of the maximum because the rela
contribution from cusp electrons is very small. In this ran
the position of the maximum is determined by the asymm
ric emission of low energy electrons. As the projectile velo
ity increases dipolar emission begins to dominate and
maximum approaches to zero longitudinal electron mom
tum. Careful experiments in a large range of projectile v
locities are needed to study in much more detail the interp
between the soft-collision peak and the cusp.

I would like to acknowledge G. Bernardi, A. Cassimi, L
Adoui, and S. Su´arez for enlightening discussions abo
COLTRIMS. This work was partially supported by Fund
ción Antorchas.

FIG. 4. Reduced cross section as a function of the longitud
electron velocity for 1.63 a.u. proton impact on Ne.
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