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We consider ionization of atomic hydrogen with emission of low-energy electrons by proton and antiproton
impact in the range of impact velocities 3 asw.,<6 a.u., where the electron capture by protons is already of
minor importance but the differences in hydrogen ionization due to proton and antiproton impact can still be
substantial. By calculating various differential cross sections within the first and second Born and continuum-
distorted-wave—eikonal-initial-stat€ DW-EIS) approximations we attempt to analyze the dynamics of hydro-
gen ionization by protons and antiprotons. We discuss in some detail the r@Jetef interaction between the
projectile and the target nucleus afid multiphoton exchanges between the projectile and the target electron.
Profound charge-sign effects are suggested by CDW-EIS and second Born calculations for the fully differential
emission pattern. Although after the integration over the electron emission angles these effects substantially
diminish, they still remain noticeable even in the total ionization cross section suggesting, in particular, that
protons are more effective, compared to antiprotons, in producing soft electron emission from hydrogen in the
range of collision velocities under consideration.
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INTRODUCTION final states of all particles are fixed and, therefore, its explo-
ration unveils the collision dynamics on the very basic level.
Scattering of a pointlike charged projectile on atomic hy-Other differential cross sections that are very sensitive to the
drogen represents the simplest and most fundamental caseaidllision dynamics are those differential in both the electron
the Coulomb three-body collision problem in quantum me-and projectile variables.
chanics. One of the interesting phenomena that can occur in Indeed, recent experimental and theoretical studies on he-
such collisions is hydrogen ionization in which all the threelium single ionization by 100 MeV/u €" [8] and by 3.6
particles are finally unbound and constitute the three-bodyleV/u Au?*" and Au’®* [9—11] have revealed that there is
Coulomb continuum. a striking disagreement between theory and experiment for
Since protons and antiprotons have the same mass, thie fully differential cross sections and for cross sections
comparative study of hydrogen ionization in collisions with differential in the momentum transfer and electron emission
these particles is important for understanding effects arisingnergy. Even for collisions with 100 MeV/u¢€, where the
due to different signs of the projectile charges. According toeffective perturbation strengt#, /v,=0.1 is quite small ¢,
the first Born approximation cross sections for hydrogen ionis the collision velocity theory could not reproduce all es-
ization should be proportional ¢, whereZ,, is the projec-  sential details of experimentally measured cross secf®hs
tile charge. Therefore, any considerable differences betweeBuch disagreements between experiment and theory were not
hydrogen ionization by equivelocity protons and antiprotonsexpected since it was known for quite some time that for
would clearly display the breakdown of this approximation. helium single ionization the total cross section and cross sec-
There is a number of theoretical papers on hydrogen iontions differential only in the variables of the emitted electron
ization by antiprotons in the low and intermediate collision (electron emission specjrare well reproduced by theory.
velocity regimes(see Refs[1-5]). In addition, few experi- The success of the theory in describing ion-atom colli-
mental results on hydrogen ionization by antiprotons aresions is directly connected with two main point$) the
available for impact energies ranging from 30 keV to 1 MeV projectile-target interaction should be properly treated and
[6]. However, all the above-mentioned papers were devotedi) free target states should be known with good accuracy.
to the study of the total ionization cross section as a functiotWhen considering collisions with helium it is not clear to
of the impact energy. To our knowledge, there is only onewhich of the points(i) or/and(ii), the above-mentioned fail-
very recent papelr7] where the fully differential cross sec- ure of the theory is to be attributed. In particular, results of
tion for hydrogen ionization in the collision plane was con-quantum calculations turned out to be very sensitive to a
sidered in the context of the scaling properties of ionizationchoice of the effective three-body model to simulate the he-
by protons, antiprotons, electrons, and positrons. lium target in singly ionizing collisiongcompare, e.g., re-
The study of differential cross sections in general can prosults of Refs[9] and[11]).
vide much deeper insight into the collision dynamics, com- The atomic hydrogen target, with its well-known states,
pared to considerations of total cross sections only, repreepresents an ideal case for studying effects arising from the
senting a significantly stricter test for any theory. This isprojectile-target interaction. Keeping also in mind that it may
especially the case if the fully differential cross sectionsoon become possible to perform kinematically complete ex-
(FDCS is investigated. In this cross section, the initial andperiments for ionization of an atomic hydrogen by ion im-

1050-2947/2003/68)/06270310)/$20.00 67 062703-1 ©2003 The American Physical Society



A. B. VOITKIV AND J. ULLRICH PHYSICAL REVIEW A 67, 062703 (2003

pacts, in the present paper we want to explore in some detailery good results for cross sections of helium ionization by
the collision dynamics for hydrogen ionization by equiveloc-protons differential in the projectile scattering anglis].
ity protons and antiprotons in the interval of collision veloci- Recently, it was applied to consider fully differential cross
ties 3 a.usv,<6 a.u. We refer to such collisions, some- sections in the collision plane for soft electron emission from
what arbitrarily, as being in the regime of the intermediatehydrogen due to electron impact with impact energies as low
collision velocities. We shall restrict our attention to the con-as 27.2—250 eV(corresponding to the initial projectile-
sideration of hydrogen ionization accompanied by emissiorelectron velocity of 1.4—4.3 ajuand a good agreement with
of low-energy electrons, whose velocities with respect to theavailable experimental data and results of the nonperturba-
target nucleus do not noticeably exceed 1 a.u. Such electrotizve convergent-close-coupling approach was foli@i17].
are called soft electrons and they contribute most to the total In the present paper we apply the full quantum version of
emission from hydrogen. the CDW-EIS approximation for exploring soft electron

The above interval of collision velocities has been choseremission from hydrogen by protons and antiprotons at colli-
because of three main reasons. First, these velocities are highon velocities) ,= 3 a.u. According to the above discussion,
enough in order to ensure that the capture chafinetolli- this method is expected to provide sound grounds for study-
sions with protonkis of minor importance for the total elec- ing hydrogen ionization at these collision velocities.
tron loss from hydrogen. Second, such collisions, on the The most detailed information about the ionization pro-
other hand, are slow enough in order to still expect substarnzess can be obtained by considering the fully differential
tial differences between hydrogen ionization by protons andross sections. In the case under consideration a fast heavy
antiprotons. Third, our study shall be mainly based on theorojectile can suffer only very small deflection in the colli-
continuum-distorted-wave—eikonal-initial-state  approxima-sion and the velocity of the recoil iofin a frame where the
tion, which is supposed to yield quite reasonable results fotarget is initially at restis negligible compared to that of the
soft electron emission in the range of collision velocities inemitted electron. The fully differential cross section can be
guestion(see the discussion on the applicability of this ap-written as
proximation in the following section

Atomic units are used throughout except where otherwise d5o
stated. - = 2

Pk 4772%”(‘*"‘)' : &)

GENERAL . . . .
HereT(q,k) is the corresponding transition matrix element,

In order to treat hydrogen ionization by protons and anti-k is the electron momentum in the final state with respect to
protons we will use, as a basic method, the continuumthe target nucleus, anQ is the two-component transverse
distorted-wave—eikonal-initial-stateCDW-EIS) approxima-  part of the total momentumg=(Q,q,,) transferred to the
tion. We shall regularly compare results of the CDW-EIStarget in the collision. One haQ-v;=0, wherey; is the
with those given by the first Born approach. In addition, theinitial relative projectile-target velocity. In hydrogen ioniza-
second Born approximation will be used for considering thetion by relatively fast heavy projectiles, where the initial and
fully differential cross section. final projectile momenta are nearly identical; € v;=vp),

The application of the first and second Born approxima-the longitudinal component of the momentum transfgr,
tions for exploring atomic collisions has a long history. =q-vp/vp=(k2+ 1)/(2vy) is fixed by the energy conserva-
These approximations have been studied in great detail in thion in the collision.
literature (see, e.g., Ref[12], and references thergiand In addition to the FDCS1), we will consider other two
will not be discussed here. cross sections differential in the transverse momentum trans-

The CDW-EIS approximation was introduced in Rdf3]  fer. The first one is differential in the absolute value of the
by replacing the CDW description of the initial state by its transverse momentum transf@rand the electron emission
asymptotic (eikona) form. This approximation belongs to energyE,=k?/2,
the family of perturbative distorted-wave theories and is
rather well documented in the literatu¢gee Refs[13-17] 42
and references therein, and also Réf8]). Most often the 7
CDW-EIS approach is used in its semiclassical form, in dQdE
which the projectile interaction with the target nucleus can

be factored out and does not influence the electron transitiogyhich is obtained from the fully differential cross sectic
probability. For heavy |on—at9m coII|S|o.ns,. th!s form has by integrating over the electron solid emission angi@,
been very successful in describing total ionization cross sec= singdydey, Where 9, =arccosk-v,/kv,) and ¢, are
tions and electron emission spectra. In particular, the semi,o polar and azimuthal electron emission angles, respec-

classical form of CDW-EIS was applied to calculate the totakjyely [20). The second cross section is differential only in
cross section for hydrogen ionization by antiprotons givingine transverse momentum transfer

excellent agreement with experimental data and results of

other calculations for collision velocitias,=1.5-2 a.u. q . 42
The “full” quantum version of this approach, where the g9 | Fmax T

projectile-target nucleus interaction is included, has yielded dQ Jo “dQdE’

d°c

=2 kfdQ—, 2
™ kszd3k 2
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where the integration over the energy of the emitted electror
runs from O to some valug,,,y.

Further, we shall also consider cross sections for hydro-
gen ionization integrated over the momentum transer
namely, we will calculate energy, longitudinal and transverse
momentum distributions of electrons emitted from hydrogen
by proton and antiproton impact. These distributions can be k
obtained by integrating Eq1) according to

o, / !
do _, kf dQQJ a0, 7 (4) E
dg. 7" “wQak’ A/
do d°c q'/ \ : y
— =2 fd fdzk , 5 & i
dk” T QQ 1 dZngk ( ) I \:)(P‘E\ E
H A
and /Q | \\E
| y
do _, & de fdk d°o 6 :V
dk, ~ 27k | 40 f dky o © | P

In Egs. (5) and (6) k| is the longitudinal component of the
total electron momentunk, kj=k-v,/v,, andk, is the X
transversgtwo-dimensional part ofk, k; -v,=0.
FIG. 1. The collision geometry.
RESULTS AND DISCUSSION

In this section we present results for three different valued'0!ds true for the recoil peak. In addition, CDW-EIS calcu-
of the collision velocity:v,=3, 4.5, and 6 a.u. This corre- lations suggest that both peaks are shifted compared to their
sponds to protor(antiproton energies in the target frame POsitions predicted by the first Born approximation. The
varying roughly from 200 keV to 1 MeV. It is assumed that character of this shift depends on the sign of the projectile
initially the hydrogen target is in the ground state and rests ifharge: for protons the binary peak is shifted to smaller
the laboratory frame. All cross sections will be given in theangles and the recoil peak to larger angles, for antiprotons
laboratory frame. In collisions with protons a hydrogen tar-we observe the opposite tendency.
get can lose an electron both due to the ionization and cap- There are two main differences between the CDW-EIS
ture processes. The latter reaction is not possible in collisionand first-order Born approximations which are responsible
with antiprotons. However, for collision velocities under for the differences in predictions of these theories. First, the
consideration the total capture cross section in collision€DW-EIS not only accounts for the so-called single-photon
with protons is already orders of magnitude smaller than th@xchange between the projectile and the target electron but
total ionization cross section and, therefore, will not be CON4lso includes contributions from mu|tiphoton exchanges be-

sidered below. tween these particles. Second, within the first Born approxi-
mation the interaction between the projectile and the target
Fully differential cross section in the collision plane nucleus(in the following also denoted as tipen interaction

The collision plane is defined by vectors andg (in this has no impact on collisi_ons that are inelastic for t_he target
plane one hag,=0°, see Fig. 1and respective differential [21]. In contrast, according to the CDW-EIS, tpen inter-
cross sections give important contribution to the total emisaction may represent one of the important mechanisms of
sion. In Figs. 2—4 we display results for the fully differential momentum exchange in the reaction having strong impact on
cross sectior(1) in the collision plane for proton and anti- the projectile scattering and, thus, on the fully resolved elec-
proton impact at velocities ,=3, 4.5, and 6 a.u., respec- tron emission pattern.
tively. The results were obtained by using the CDW-EIS In order to get some insight int@) the role of thep-n
method and the first-order Born approximation. It is seen thainteraction andii) the relative importance of the multipho-
collisions with protons and antiprotons in general yieldton exchanges between the projectile and the target electron
rather different emission patterns in the collision plane.and the p-n interaction, we have performed calculations
Compared to first Born results, the more sophisticated CDWwhere the latter was neglected. The results are also shown in
EIS theory predicts that the binary peak is enhan@esbk-  Figs. 2—4. They suggest that the poifiis and (ii) can be
ened in collisions with protons(antiprotong, the contrary  very different for collisions with protons and antiprotons.
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FIG. 3. FDCS in the collision plane. Collision parameters:
=3 (a) and 4.5(b), E,=10 eV, Q=0.1 a.u., andp,=0°. Results
polar emission angle (degrees) of the CDW-EIS and first Born approximations are labeled by the
same types of curves as in Fig. 2.

FIG. 2. Fully differential cross sectiofFDCS in the collision ) . ) ] ) .
plane. Collision parameters:,=3 (a), 4.5 (b), and 6 (c); E, ~ However, if the conditiork=Q is fulfilled, then the situation

=1 eV, Q=0.1 a.u.,, andp,=0°. Thick solid curve: CDW-EIS  With points (i) and (ii) becomes similar to that in collisions
results for a proton impact; the-n interaction is included. Thin With protons[see Figs. é,0]. In such a case the interaction
solid curve: CDW-EIS results for a proton impact; then interac-  between the antiproton and the hydrogen nucleus is much
tion is ignored. Thick dashed curve: CDW-EIS results for an anti-more important and is responsible for the major part of the
proton impact; the-n interaction is included. Thin dashed curve: deviations from the first Born predictions for the collision
CDW-EIS results for an antiproton impact; tipen interaction is  plane.
ignored. Dotted curve: first Born results. For the recoil peak, which reaches considerable values
only for relatively small momentum transfers, we observe
Let us first consider the binary peak. For collisions withthat the correspondence between phe interaction and the
protons, one observes that if tipen interaction is switched multiple-photon exchanges in the projectile-electron interac-
off in CDW-EIS calculations then the result in the collision tion is contrary to that observed for the binary peak. In par-
plane becomes considerably closer to that predicted by thgcular, now thep-n interaction is always very important for
first Born theory and very substantially differs from the re- collisions with antiprotons, whereas switching off this inter-
sult of that version of the CDW-EIS theory where all the action for collisions with protons does not drastically change
interactions are taken into account. For antiproton impact théhe calculated shape of the recoil peak.
situation for emission in the collision plane is more compli-  In addition to the first Born and CDW-EIS approaches, we
cated. In contrast to the case with protons, nowghe in-  have also applied the second Born approximation for evalu-
teraction seems to have an important effect on the shape atting the fully differential cross section. In the latter approxi-
the emission pattern only, provided the transverse momermation the closure approximation was employed in order to
tum transferQ reaches considerable values. Indeed, for theperform the summation over all intermediate target states.
emission in the collision plane by antiprotons we observeThe closure approximation contains a free parameter—the
that, as far as conditiok>Q holds, the role of thep-n  mean excitation energy of the target. In accordance with
interaction remains rather modest: if this interaction isknown prescriptions(see, e.g., Ref[12], and references
switched off, differences with first Born predictions are still thereip this energy was chosen as 0.5 a.u. Within the scope
very substantial and the results are close to those followingf the second Born approximation the projectile-target inter-
from the CDW-EIS calculation including the-n interaction.  action is effectively reduced to just single- and double-
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L =45, E,=20 eV, Q=0.2 a.u. Results of the CDW-EIS and first
polar emission angle (degrees) Born approximations are labeled by the same types of curves as in

. o o ) Fig. 2. In addition, thin dash-dotted and dash-dot-dotted curves rep-
FIG. 4. FDCS in the collision plane. Collision velocity:,  esent second Born results for protons and antiprotons, respectively.
=45. (8 E,=10eV and Q=1 a.u.; (b) E,=50eV and Q
=1 a.u.; (c) E,=50 eV andQ=3 a.u. Results of the CDW-EIS .
and first Bornk approximations are labeled by the same types of Cross sectiond”o/dQdE,
curves as in Fig. 2. According to CDW-EIS calculations, the integration over
the electron emission angles substantially reduces the differ-

photon exchanges between the colliding partners. Since tHg1c€ between_ correspondlng lonization cross sections for
CDW-EIS approach is expected to be superior to the secon!&mton and antiproton impact, respectively. It is clearly seen

Born one, the differences between the results of these twg1 Figs. 7, where results for the cross SeCtm/deEk

oL . are shown as a function @ for 0.1=Q=3.5, that this dif-
approaches can serve as some indication of the importance
) . . . erence becomes much weaker compared to the that observed
the third- and higher-order terms in the corresponding per-

. . . . in the fully differential cross section. One of the reasons is
turbat|ye Born series for the transition amplitude. .that, compared to the first Born predictions in the collision
_InFigs. 5 and 6 we present second Born results for colliyyane the binary peak was found to be enhanced in collisions
sions at,=4.5 (Q=0.2 andE, =10 eV) and ab,=6 (for  yith protons and the recoil one in those with antiprotons and
Q=0.1 andQ=1 a.u.,E,=10eV). In these figures first afier the integration oved, the difference decreases. The
Born and CDW-EIS predictions are also shown. In line withsecond reason is that for the emission out of the collision
expectations, it was found that the difference between CDWpjlane the CDW-EIS theory suggests different relations be-
EIS and second Born results on average decreases with iween proton and antiproton impact, compared to those dis-
creasing collision velocity. For example, one observes gussed in the preceding section.
rather good agreement between these calculations for Some other points concerning the shape of the cross sec-
=6 a.u. whereas at,= 4.5 they still differ considerably. At tion d?c/dQdE, seem to be worth mentioning.
the same time at,= 6 the differences are, on average, more  First, Figs. T1a)—7(c) indicate and more extensive calcu-
pronounced for collisions with larger momentum transfgrs lations show that the difference between the cross sections
A rather straightforward explanation of this correlation be-d?c/dQdE for hydrogen ionization by proton and antiproton
tween the CDW-EIS and second Born results could be thaimpact is negligible provided the electron emission energy is
both by increasing the collision velocity and by decreasingsmall enoughE,=<Q%2. Further, if, in such a case, then
the momentum transfeiQ we effectively weaken the interaction is ignored in the CDW-EIS calculations, the latter
projectile-target interaction and, therefore, reduce the contriyield results for the cross section, which are quite close to
bution of the higher-order terms in the Born series. those following from the first Born approximation. Thus, for
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electron emission in collisions with relatively large momen-
tum transfersQ?=E,, the effects of the second and higher Q (a.u.)

orders in the interaction between the projectiles and the elec-

tron, after the integration over the electron emission angles  FIG. 7. d?0/dQdE as a function ofQ for () v,=3 a.u. and
turn out to be much less important than the effect ofghe  Ex=1 eV; (b) v,=4.5 a.u. andE,=20 eV—in order to see the
interaction[see Figs. ®)—7(c)]. differences between the cross sections at the laggehe range 2

If one considers the cross sectidfo/dE,dQ for a fixed ~<Q=35 is also shown in the insefc) v,=6 a.u. andE,
value of the emission enerdg,, then for the “intermediate” =50 eVV—in order to see the differences between the cross sections

values of Q [see Figs. ®—7(c)] the p-n interaction de- at the largerQ, the range Z.SQsS.S is also showr) in the inset.
creases the cross sectif®2]. In contrast, at “small” and Results of the CDW-EIS and flrs_t Bo_rn approximations are labeled
“large” Q the inclusion of this interaction increases the crossby the same types of curves as in Fig. 2.

section compared to the first Born results.

At large Q, the p-n interaction makes it easier to fulfil the that the latter reflects the fact that, according to the CDW-
energy-momentum balance in the protqantiproton- EIS theory, in the range of collision velocities under consid-
hydrogen ionizing collision. The latter is especially obviouseration protons are in general more effective in producing
for collisions atv,=3 a.u.[Fig. 7(a)]. At this velocity, if the ~ soft electron emission as compared to antiprotons, especially
electron were free and at rest, the maximally possible protoffior the higher-energy part of this emission. Such a larger
(antiproton) deflection angle in the protofantiproton scat-  “productivity” by protons remains in CDW-EIS calculations
tering on such an electrony,,x=m./M,, would corre- if one switches off thep-n interaction.
spond toQ=3 a.u.[m, andM, are the electron and proton Third, with increasing emission energy we observe that
(antiproton masses, respectivglyTherefore, for momentum the cross section?s/dQdE, as a function ofQ, shows a
transfers close to 3 a.u. or larger any “assistance” by thestrong nonmonotonic behavior with a maximum in the cross
direct projectile-target-nucleus coupling becomes essentigection roughly situated &~k. This reflects the impor-
[23]. tance of the “binary-encounter” collisions where the change

Second, when, at a fixad,, the electron emission energy in the projectile momentum is mainly balanced by the
increases, the difference between the cross section due @hange in the electron momentum. Yet, even in these binary-
proton and antiproton impact rises with the proton cross secencounter collisions the-n interaction may still play an
tion being noticeably larger. We shall see in the followingimportant role, resulting in the decrease and shift of the
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T " T " T " T " ues compared to the first Born results. The higher-order con-
1 tributions from the projectile-electron interaction, however,
become of minor importance and continue to diminish with
increasingQ.

With the further increase o (Q>2 a.u.) the effect of
the p-n interaction is to increase the cross section compared
to the first Born prediction since, as we noted already, the
p-n interaction makes it easier to fulfil the energy-
momentum balance in collisions with largg In the latter
range ofQ, the effect of the multiphoton exchanges between
the projectile and electron on the cross sectibr/dQ is
negligible.

In all the three ranges of) the CDW-EIS calculations
predict that the cross section is larger in collisions with pro-
tons. This is consistent with the results of classical-trajectory
Monte Carlo(CTMC) studies on the total cross section for
hydrogen ionization by protons and antiprot¢h although
we found that the difference between the total cross sections
is somewhat smaller than that predicted by CTMC.

For collisions atv,=4.5 and 6 the cross sectiatv/dQ
behaves in the range GsQ<2.5 similarly to that atv,

001 L— \ . \ . , . \ . =3. For these largev, the above-discussed peculiarities
05 1.0 15 20 25 become less pronounced.

Q(a.u)

FIG. 8. Cross sectioda/dQ obtained by the integration over
all emitted electrons with energids,<1 a.u. Collision velocity
vp=3 a.u. Results of the CDW-EIS and first Born approximations
are labeled by the same types of curves as in Fig. 2.

do/dQ (a.u.)

Electron distributions

If within the CDW-EIS method one performs integration
over the momentum transf€), then the corresponding cross
sections turn out to be practically independent of whether the
p-n interaction is included or not. This is not very surprising

bi . i th . becausdi) heavy projectiles such as protons or antiprotons,
inary-encounter maximum in the cross section as comparedrer only extremely small deflections at collision velocities

to the first Born predictions. under consideration andi) the recoil ion, getting a negli-
_ gible recoil velocity (estimated asvg~maxqkj/M,
Cross sectionde/dQ ~10"2% a.u.), remains practically at rest. In such collisions

Shown in Fig. 8 are results of CDW-EIS and first Born ionization cross sections differential only in the electronic
calculations for the cross sectidio/dQ at a collision veloc- ~ Variables(energy, momentum, ecare very well reproduced
|ty of 3 a.u. The momentum transf@ varies in the range by semiclassical theories in which the prOjeCtiIe and the tar-
0.1=Q=2.5. Here, we have integrated over all electronsget nucleus are regarded as classical particles, the projectile
with emission energie§,<1 a.u. The CDW-EIS calcula- is assumed to move along a straight-line trajectory and the
tions were performed with and without including tipen  target nucleus to be at rest and wherepthe interaction can
interaction. It follows from the calculations that one can dis-Pe simply factored out in the corresponding time-dependent
tinguish three ranges of the momentum transferwhere ~ Schralinger equation for the electron. . .
one observes different correlation between the first-order and When considering ionization cross sections integrated
CDW-EIS results. over the momentum transfére., electron emission specira

First, in the range of the relatively sma®) (0.1=Q the effect of thep-n interaction can be roughly estimated in
<0.5), the differences between results of the full CDW-EISOUr case as proportional tm./M ;. Thus, this interaction
and first Born calculations are smaller than those betweeRlays practically no role in forming electron emission
CDW-EIS results obtained with and without including the SPectra.
p-n interaction. Thus, in this range the first Born approxima-
tion yields good results not because the contributions from
non-first-order terms are themselves small, but because there Energy spectra of electrons ejected from the hydrogen
is a substantial cancellation in the cross sectloriddQ be-  ground state in collisions with protons and antiprotons are
tween the effect of th@-n interaction and the effects of the displayed in Fig. 9. For collisions at,=3 there is a notice-
multiphoton exchanges between the projectile and the ele@ble difference between CDW-EIS results for protons and
tron. antiprotons. This also implies that the CDW-EIS results con-

In the range of the intermediate momentum transferssiderably differ from first Born predictions. In Fig. 9 it is
0.5 a.u=Q=2 a.u., the effect of thp-n interaction remains clearly observed that, according to the CDW-EIS theory, pro-
important and leads to the decrease of the cross section vabns are more effective in producing emission from the hy-

Energy spectrum
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FIG. 9. Energy spectra of emitted electrons. Collision velocity:  FIG. 10. Longitudinal momentum spectra of emitted electrons.
vp=3, 4.5 and 6 a.u(denoted in the figune Dotted curve: first  Collision velocity:v,=3 and 6 a.u(denoted in the figuje Dotted
Born results. Solid curve: CDW-EIS results for proton impact. curve: first Born results. Solid curve: CDW-EIS results for proton
Dashed curve: CDW-EIS results for antiproton impact. impact. Dashed curve: CDW-EIS results for antiproton impact.

drogen ground state, except for very low-energy electrongelocity. Moreover, CDW-EIS calculations, which include
where collisions with both projectiles yield identical spectra.the postcollision effecf25], suggest that even for collisions
The relative productivity of protons compared to antiprotonsyith antiprotons, where the Coulomb field of the outgoing
increases with increasing emission energy reaching approxprojectile pushes the electron backwards, the electrons still
mately a factor of 1.2-1.25 for an electron enerBy tend to be emitted mainly in the forward direction, although
=1 a.u. the relative number of these electrons, according to the
As expected, when the collision velocity increases, theCDW-EIS theory, is substantially smaller than in collisions
differences in the electron energy distributions due to protonith protons. As was noted in Ref27] the longitudinal
and antiproton impact decrease and the CDW-EIS resultassymmetry in the electron emission in fast enough collisions

tend to converge with the first Born predictions. can be qualitatively understood as arising due to the interplay
of the following two main factors. One is the postcollision
Longitudinal momentum distribution interaction, in which an outgoing projectile, by attracting or

repelling an emitted electron, tries to push it in the forward
tudinal componenk; of the total electron momentuta are or backward directions, respectively. The second, which is

shown in Fig. 10. These cross sections were obtained bEsually more important unless the projectile charge reaches

taking into account only those emitted electrons that have thn?:aar;"t\lﬁl]ytgnggalqes’v\;iigﬁncn;ncfg |\rl1vtlg; t::aeteglglsnmg ngno_'
“transverse kinetic energy’k?/2<1 a.u. The longitudinal Hrmin P

L . itudinal component of the momentum of a virtual photon
momentum spectra at the collision velocitiegs=3 and 6 gitudinal component of the momentum of a virtual photo

. .~ . _representing the moving projectile field. Once the photon i
a.u. show a remarkable asymmetry in the electron emlssm%'ep esenting the moving projectile field. Once the photon is

Electron emission cross sections differential in the longi-

a majority of the emitted electrons has a positive longitudina 'bsorbeq, lts momentum is transferred .to the target Iegdlng 0
velocity component, i.ek-v.>0. Such an asymmetry is _he.rec0|l of the targgt. Fay,i,>0, as is the case for ion- .
known for coIIisions’ V\'/it'h hiahly.charged ions. where it is ization, the Iat_ter r_e00|_l always pushes the em_ltted electron in

. S . the forward direction independently of the sign of the pro-
often attributed solely to the postcollision interaction be-

tween the projectile and the emitted electf@6]. However, jectile charge.
according to Fig. 10, even the first Born theory, which com-
pletely ignores the postcollision interaction, suggests a
strong asymmetry in the electron emission with a main part Transverse momentum distributions of the emitted elec-
of ejected electrons moving in the direction of the projectiletrons are presented in Fig. 11. These distributions were ob-

Transverse momentum distribution
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T T sion of soft electrons in collisions with equivelocity protons
and antiprotons at8v,=<6. One of the main conclusions of
the present study is that there exist substantial charge-sign
effects in the ionization dynamics. These effects are most
pronounced in the fully differential emission pattern but they
also “survive” even in the total ionization cross section sug-
gesting, in particular, that protons are more effective, com-
pared to antiprotons, in producing soft electron emission in
the range of impact velocities under consideration.

We have discussed in some detail the roléipthe inter-
action between the projectile and the target nucleus and of
(i) multiple-photon exchanges between the projectile and the
target electron. According to the first Born approximation
both points(i) and(ii) should have no influence on hydrogen
ionization.

It was found that the effect of the multiple interactions
between the projectile and the target electron on the projec-
tile scattering is more pronounced in collisions with rela-
tively small Q and that it rapidly decreases whép in-
creases.

The p-n interaction was found to represent an important
T T T EET T Y mechanism of momentum exchange in the collisions. It has

been shown that this mechanism has a substantial effect on
kJ_ (a.u.) the projectile scattering not only when the transverse mo-
FIG. 11. Transverse momentum spectra of emitted electronsl:ne.r?tun: transfeQ approaches v&_llues corresponding to the
critical” scattering angle 9y,,=m./M, but also for

Collision velocity:v,=3, 4.5, and 6 a.u(denoted in the figune I Th . trast to th ltiole int " b
Dotted curve: first Born results. Solid curve: CDW-EIS results for S™M2 erQ. us, In contrast to the muitipie interactions be-

proton impact. Dashed curve: CDW-EIS results for antiproton im-tWeen the projectile and the target electron, ghe interac-
pact. tion considerably influences the projectile scattering in the

whole range ofQ considered in this paper.

tained by integrating over the longitudinal momentum com- However, the effect of the latter interaction on ionization
ponent of the emitted electrons from1 a.u. to 1 a.u. It is Cross sections integrated over the momentum transfer turns
seen that in the electron transverse momentum plane the digut to be negligible. The reasons for this are the very large
ference between CDW-EIS results for hydrogen ionizatior(compared to electrormasses of the projectile and the target
by protons and antiprotons is not so large as that for théucleus that results in extremely small projectile deflection
longitudinal electron spectra. This can be attributed to theingles and very low recoil velocities of the target nucleus.
fact that the postcollision interaction is less effective in in-Because of this th@-n interaction does not lead to ioniza-
fluencing electron motion in the plane perpendicular to thdion and does not change the interaction between the projec-
projectile velocity. tile and the target electron. Thus, tlpen interaction just

Only for the lowest considered velocity,=3 a.u., one “redistributes” the projectile scattering probabilities between
observes that there is a substantial difference between trgifferent (very smal) scattering angles.
electron transverse momentum distributions due to proton In contrast, the multiple interactions between the projec-
and antiproton impact. If one restricts attention to ejectedile and the target electron may substantially influence ion-
electrons with— 1<k =<1 then, according to CDW-EIS cal- ization cross sections integrated over the momentum transfer.
culations, protons are more effective in producing electroné\lthough the most prominent effect of these interactions is
with lower values ofk, (k, <0.83-0.89), whereas colli- the postcollision one, which is also mainly redistributive in
sions with antiprotons produce more electrons with  its nature, they may affect even the total ionization cross
>0.83-0.89. The latter, of course, does not contradict thesection. In particular, they are responsible for the differences
finding that, in equivelocity collisions, protons produce morein the electron energy distributions and the total ionization
soft electrons at each electron emission eng&gy. It sim-  Cross sections in collisions with equivelocity protons and an-
ply suggests that antiprotons can be more effective in makingprotons.
that part of hydrogen ionization where the emitted electrons We expect that theoLTRIMS technique$29] will soon be

do/dk , (a.u.

have some specific relations betwdgnandk . extended to permit measurements of differential cross sec-
tions for ionization of atomic hydrogen. This will allow one
SUMMARY to one test theoretical three-body Coulomb models for hy-

drogen ionization by heavy projectiles to a very high level of
Using the first and second Born and CDW-EIS approxi-accuracy and could boost further theoretical developments in
mations we have considered hydrogen ionization with emisthis field.
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