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Soft-collision and cusp electrons in longitudinal momentum distributions for single ionization
of He and Ne by proton impact
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(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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PACS numbd(s): 34.70+e, 34.50.Fa

The single-ionization process in ion-atom collisions con-about the recoil ion or the projectile, it is called electron
stitutes a major challenge to theory. In a quantum-emission momentum spectroscaf83EMS). One of the main
mechanical description it requires basically knowledge of thedeatures of this technique is that it allows one to study, with
states of one electron in the presence of two nuclei. Thgreat accuracy, details of the spectra of emitted electrons,
electron can be bound to one nuclei while in the continuunwhich are difficult to study with EES. A good example of
of the other onginitial statg, or in a continuum of both this feature is the recent measurement of ultra-low-energy
(final statg. The difficulty arises from the fact that the Schro electrons in the single ionization of He by highly charged ion
dinger equation for the three-body problem cannot be solvednpact[7].
exactly. It is only in the last ten years that is has been pos- It is obvious that measurements from EES and EEMS
sible to develop theoretical approximations that take into acgive different views of the same processes. Therefore, what
count the long-range behavior of the Coulomb potential inis well known from EES can be used to understand the new
computational efficient codes. results from EEMS. Such is the case of the longitudinal elec-

The most detailed information about the dynamics of theron momentum distributions for proton impact on He and
single-ionization process can be obtained from the measurde measured with EEMS at intermediate projectile velocities
ment of doubly differential cross sectiofBDCS) as a func-  (Vp) [8,9]. These measurements show two main features: a
tion of the electron angle and energy. This technique, callethrge maximum at longitudinal electron velocities.§) be-
electron emission spectroscopl ES, has yielded a huge tween that of the soft-collision peak/{,=0) and the cusp
amount of information by using different projectilépro-  (ve,~vp) and, at some impact velocities, a hump\at
tons, antiprotons, highly charged ions, gtat different im-  =vp. Theoretical models, such as CDW-EIS or simulations
pact energie$l]. At high energies, distorted-wave models, with the classical trajectory Monte Carl@TMC), give simi-
such as the continuum-distorted-wave-eikonal-initial-statdar results that are in close agreement with experiments.
(CDW-EIS) [2,3], are able to reproduce, with a very high While the second feature can be attributed to the presence of
accuracy, the experimental findingé,5]. At intermediate the cusp, there are no simple models to explain the position
impact energies SUCh models are On|y in qua“tative agreé)f the maximum. From EES measurements |t iS We” knOWn
ment with experiments. This is due to the fact that, in thisthat the electrons are emitted mostly with low energies,
case, these models are in their limit of validity and that mosghowing in the DDCS the characteristic soft-collision peak.
experiments cannot separate the contribution from differenf herefore it has been suggested that the mechanism that de-
processes that lead to an emitted electfomltiple ioniza-  termines the position of the maximunag) is that of saddle-
tion, transfer ionization, et. point electron emissiofl10], where the emitted electron is

Recently, there has been a renewed interest in the study §tranded on the saddle point produced by the projectile and
the single- and multiple-ionization processes due to the deresidual target Coulomb potentials. This mechanism was in-
velopment of a new experimental techniqleold target troduced previously to explain certain results obtained with
recoil-ion momentum spectroscopyCOLTRIMS)] [6], EES[11], and since then it has been a subject of controversy
which allows one to obtain information about the dynamics(see[12,13, and references therginit predicts thatvy, is
of the process in a different fashion. This technique providegroportional to the projectile velocity. However, calculations
momentum distributions of the emitted electron, the recoil-with CDW-EIS and CTMC show that, on the contrary, from
ion, and the projectile, which can be studied in coincidenceintermediate to high velocities, decreases with increasing
If the electron spectra are taken without any informationv, [14,15], in qualitative agreement with experimef&. At

high impact velocities the electron is emitted mainly from
collisions at large impact parameters in dipolar transitions.
*Electronic address: pablof@cab.cnea.gov.ar This process produces a characteristic distribution that maxi-
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mizes in the perpendicular direction; therefm&—»O as the
projectile velocity increases. From low to intermediate ve-
locities CDW-EIS and CTMC predict that), increases with
Vp, In apparent agreement with the saddle-point mechanism.
It is clear that to explain this behavior it is necessary to
understand, in the first place, why the maximum appears in a
certain position. The answer to this question will explain the
dependence on the projectile velocity.

In the present work we analyze doubly differential cross
sections as a function of the longitudinal and one of the
perpendicular components of the electron momentum using
the CDW-EIS model. The results show that the position of
the maximum can be related to the behavior, as a function of
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the projectile velocity of the soft-collision peak and the cusp
observed in measurements with EES.
As a first step it is important to understand the physical
meaning of the longitudinal momentum distributions. In fact,
they can be readily identified as singly differential cross sec- 0
tions (SDCS9 as a function of the longitudinal electron mo-
mentum. This cross section depends on just one component v,, (au.)
of the electron momentum and is obtained from an integra-

tion over the other components d,ve,); therefore some FIG. 1. Reduced cross section as a function of the longitudinal
information about the dynamics is lost. The longitudinal mo-g|ectron velocity for 2.39 a.u. proton impact on He. Present CDW-
mentum distribution for a given value of, represents the gg results: solid line, lower curvers,=0.1a.u.; dot-dashed line,
mentum, while the other components take any value. Therg,—;y_m_ Vertical short-dashed lines correspond wg,=0 and
fore the longitudinal momentum distribution is not a measureg, —Vp.

of the cross section in the forward direction. This informa- -~

tion is given by a doubly differential cross section where thegoss section already resembles the longitudinal momentum
momentum in the perpendicular direction is taken equal tQjisiripution, showing the same qualitative behavior. Thus, as
zero. This information is buried in the longitudinal momen- expected from what in known from EES, the main variations
tum distribution due to the integration mentioned above angys the cross sections occur at small transverse momenta
there is no direct functional relation between them. For this(sma” emission angl@sAt the highest impact velocit{Fig.
reason the saddle-point mechanism, which can only appear fﬁ and forv*,=0.1a.u. the reduced cross section is quite
the forw_ard directi(_)n, is not able to predict the position .Ofsimilar toa [e)DCS from EES in the forward direction with a
the maximum a'."d Its dependence on the proje.cme.Veloc'tyWeII-separated soft-collision peak from the cusp. Neither of
To explain this behavior we need more detailed mforma—the peaks diverge, due to the integration ovey, which
tion about the process, which we obtain from the doubly ' '
differential cross sections as a functionvgf, andve,. These
DDCS are obtained from the integration over the remaining
transverse component{,). Note that the transverse compo-
nentsve, andve, are equivalent, due to the cylindrical sym-
metry of the collision. To study the contribution from the
different values ofv.,, we define a reduced longitudinal

ey W~ "
electron momentum distribution as -
=
<
do* +vi d?c "E
_—= dveyr—r—. (1) R
dVez *v:y dVedeez D

When v, =0 the reduced cross section corresponds to the
doubly differential cross section. As it increases the reduced
cross section takes into account an increasing amount of
emission in they direction. Finally, Whenvgy—mc we re-
trieve the longitudinal electron momentum distribution as
measured in the experiments.

In Figs. 1-3 the reduced cross sections are presented for
single ionization of helium by proton impact at the projectile
velocities used in9] (vp=2.39, 1.63, and 1.15 a.u., respec-
tively). The four curves in each figure correspondvtp/
=0.1, 0.2, 0.5 a.u,, ané. Whenvg =0.5a.u. the reduced

*

do’/dv,, (10

FIG. 2. Same as Fig. 1 but for 1.63 a.u. proton impact on He.
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FIG. 4. Reduced cross section as a function of the longitudinal
electron velocity for 1.63 a.u. proton impact on Ne.
0

=0.1a.u., that for Ne the cross section for electrons emitted
with velocities in between the two peaks is smaller relative
to the peaks than in the case of He. As a consequence, the
FIG. 3. Same as Fig. 1 but for 1.15 a.u. proton impact on He. soft-collision peak is more symmetric in the case of Ne. We
can thus attribute the shift of the maximum to the well-
produces an effect similar to that of the integration over theknown forward-backward asymmetry of low-energy electron
acceptance angle in EES measurements of the cuspgAs emission. It has been shown that this effect depends mark-
increases, the relative intensity of the cusp decreases, aglly on the target and it is much more important in the case
Whenv"’e‘y_>oc it On|y remains as a hump or as a Change in thé)f He than for Nd:lG] Therefore the shift of the maximum
slope of the distribution. However, the soft-collision peakis new evidence of the forward-backward asymmetry of the
presents a different behavior: w§, increases the position of Soft-collision peak. This is supported by the results presented
the peak shifts and gives rise to the maximum in the longii" Fig- 4@ obtained with the first-Born approximatidB1l),
tudinal momentum distribution. As the impact velocity de- Which, as expected, gives a symmetric distribution. It must
creasegFig. 2) the main difference is that for*,=0.1a.u. be noted that calculation with B1 for H@ot shown here

the position of the cusp begins to overlap with the broaoalso presents a shift, which is smaller than that given by

soft-collision peak. This effect is much more pronounced afcDW-EIS. This is in agreement with the fact that the asym-

the lowest impact velocitfFig. 3). As vy, increases, the metry .has e L two sources: the pon—Co_qumb

. y . behavior of the target potential, which is considered in B1,

overlap between the peaks defines the shape of the longity- o

. SR . . ._and the two-center effect, which is absent from B1. There-

dinal momentum distribution. In this case the maximum ISt re the shift obtained from CDW-EIS is alwavs larger than
positioned not on the shifted soft-collision peak but on the . Y 9

cusp. As a consequence, as the impact velocity is furthetrhat obtalned_ ffo”.“ BL. .
i ' In conclusion, it has been shown that the position of the

decreased, the maximum of the longitudinal momentum dis-

S . s maximum in longitudinal electron momentum distributions
tribution follows the position of the cusp, which is located at ; ; ; .
S ; ..._depends markedly on the impact velocity. At intermediate
the projectile velocity. When the peaks separate, the pos'tlo\r}elocities when the soft-collision peak and the cusp are
of the maximum depends on the soft-collision peak because ' b b

. s . . close, there is an enhanced contribution from the latter that
as is well known, the relative intensity of the cusp is much

smaller. Therefore it is the interplay between the peaks thatperefore determines the position of the maximum. In this

. range the position of the maximum is proportional to the
can explain th.e dependenceuﬁz onve and not the saddle- projectile velocity. When both peaks separate, as the projec-
point mechanism.

F h . di ion it is clear that f - tile velocity increases, the position of the soft-collision peak
_~rom fhe previous discussion Itis ciear that from INterme-y oo mineg the position of the maximum because the relative
diate to low velocities the position of the maximum depends

th tribution f lect tted with velociti contribution from cusp electrons is very small. In this range
on the c]:‘on r t# lon ﬁrorTI\I.e_ec roni (tamtlhe wi Xe tC;]C' €S the position of the maximum is determined by the asymmet-
ranging from the soft-collision peax 1o the cusp. AAS e Ve-;. o yission of low energy electrons. As the projectile veloc-
locity increases, the contribution from the latter diminishes:

) o ity increases dipolar emission begins to dominate and the
and the maximum can be related to the emission of Iow-y P g

7 : maximum approaches to zero longitudinal electron momen-
energy electrons. However, this is not enough to explain wh

i Lo . . ¥um. Careful experiments in a large range of projectile ve-
the maximum IS still sh!fted from th? SOﬁ'COH'S'C.m _peak. To locities are needed to study in much more detail the interplay
understand this behavior we consider the emission from

Between the soft-collision peak and the cusp.
different target(Ne). The projectile velocity corresponds to P P

that of Fig. 2. The results for Ng=ig. 4b)] are on the whole I would like to acknowledge G. Bernardi, A. Cassimi, L.
quite similar to those for He. The main difference is that theAdoui, and S. Sarez for enlightening discussions about
shift of the maximum is smaller and that this is due to theCOLTRIMS. This work was partially supported by Funda-
fact, which can be seen more clearly in the cagf  cion Antorchas.
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