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The total electron loss, target ionization, and simultaneous projectile-target ionization are measured

for He projectiles on H2 and He in the energy range of 1.5 —4.0 MeV. The experimental data are in

good agreement with calculations based on the independent-particle model including screening, an-

tiscreening, and target-ionization probabilities as well as second-order mechanisms for the simultaneous

projectile-target ionization.

PACS number(s): 34.50.Fa

I. INTRODUCTION

This work continues our previous studies of atomic
collisions in the intermediate-velocity regime [1—5]. Our
present aim is to obtain a detailed survey of the mecha-
nisms that are responsible for the electron loss of one-
electron projectiles in the vicinity of the cross-section
maximum.

The theoretical basis for the quantal description of the
electron-loss process for projectiles colliding with neutral
targets was established by Bates and Griffing [6] about 40
years ago. The theory is based on the plane-wave Born
approximation (PWBA) and includes the contributions
from the target nucleus as well as from the target elec-
trons as the perturbing sources responsible for the projec-
tile electron loss. Due to the inclusion of the electron-
electron interaction, the mutual excitation (or ionization)
of the projectile and the target plays an important role in
the theory, making it necessary to consider all the possi-
ble excited states of the target in order to determine the
total cross section for the electron loss. This sum over
the final target excited states can be carried out for atom-
ic hydrogen targets, but is difficult to perform for more
complex targets, such as multielectron atoms or mole-
cules. For this reason, further approximations are intro-
duced in the theory, the simplest being the closure ap-
proximation [7,8]. This approximation strongly
simplifies the calculations of the cross section for the
electron loss, since it requires only knowledge of the
target-ground-state form factor. Unfortunately, the clo-
sure approximation gives very poor results when com-
pared with the exact Bates-Griffing theory or experiment
[9].

The electron-electron interaction can play either a pas-
sive or an active role during the projectile electron-loss
process. If the target atom remains in the ground state

during the collision, the target electrons screen the target
nuclear potential in a passive way. This has been called
the screening mode [8]. If the target electrons are excited
or ionized, they become active ionization agents, with the
nucleus assuming a passive role. This mode has been
called antiscreening [8].

If the antiscreening contribution to projectile electron
loss is evaluated by the closure approximation, some im-
portant dynamical features of the electron-electron in-
teraction are not taken into consideration. This fact was
first identified by Anholt [9] who introduced an ad hoc
correction to the antiscreening contribution in order to
take into account the onset of the electron-electron in-
teraction when the translational kinetic energy of the tar-
get electrons in the projectile frame becomes high enough
to ionize the projectile. A different approach was pro-
posed by Hartley and Walters [7] with the assumption
that target ionization is the predominant mode of excita-
tion and using closure only indirectly to assure the proper
behavior of the total cross section at high velocities.
Montenegro and Meyerhof [10], through an extended
sum-rule method, derived the onset of the antiscreening
mode directly from the PWBA and Meyerhof et al. [11]
considered the effects related to molecular targets in the
cross sections. The results of the diverse methods were
compared with experiment for several collision systems
[5,12], giving excellent general agreement. It is impor-
tant to note that these improvements of the closure
method affect only the antiscreening part of the electron-
loss cross section and, as a consequence, change the total
cross section for electron loss through the change of the
relative contributions of the screening and antiscreening
modes. This last observation also applies to the calcula-
tion of Ref. [13],where the antiscreening contribution is
calculated through the Impulse Approximation whereas
the screening contribution is calculated by the PWBA.
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It has been shown recently by Montenegro and Mey-
erhof [14,15], through the development of the semiclassi-
cal approximation (SCA) of electron loss, that the screen-
ing and the antiscreening processes act at different inter-
nuclear distances. Because these two processes also obey
different collision dynamics, possible second-order effects
can affect differently the screening and the antiscreening
modes, changing their relative contribution to electron
loss. For these reasons, it is important to measure sepa-
rately the screening and the antiscreening modes in order
to have a more stringent verification of the theoretical
calculations than the total cross section can provide.

This paper reports measurements of the total cross sec-
tion for projectile electron loss, target single ionization,
and simultaneous projectile and target ionization for
He +(Hz, He) collisions within the 1.5 —4.0 MeV energy
range. A comprehensive interpretation of these data in
terms of the recently developed PWBA and SCA theories
for the electron loss [10,14,15] is given, showing that cal-
culations based mainly on first-order perturbation
theories give a satisfactory description of the electron loss
and related processes in the intermediate-velocity regime.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Figure 1 shows a general sketch of the experimental ar-
rangement. A He+ beam with energies from 1.5 to 4.0
MeV is delivered by the 4-MV Van De Graaff accelerator
of the Catholic University of Rio de Janeiro, which, be-
fore entering the experimental line, is energy and charge
analyzed. After suitable collimation, the beam enters
into the gas cell where it undergoes charge changing col-
lisions in He or H2. Two different charge states (He+ and
He +) of the emergent beam are charge analyzed by a
second analyzing magnet and recorded by two surface-
barrier detectors housed in a detection chamber. Target
recoil ions (He+ or Hz+ ) produced by the primary beam

I

IH, (a)

35 ns

are detected by a microchannel plate after being ac-
celerated by an 800-V electric potential.

The accelerating potential is applied to the recoil ions
in two stages. The first stage consists of a plate-grid sys-
tem with the primary beam passing through the middle
and with an applied voltage of 500 V. The second stage
is an "Einzel" lens designed to focus the recoil ions into a
2-mm diam. aperture placed at the center of a time-to-
Aight tube. This aperture, together with two other 1.8-
mm diam. apertures placed at the beam entrance and exit
of the gas cell, assures a differential pressure ratio of
1/300 between the outer chamber and the gas cell, which
is adequate for the microchannel plate operation. The
distance between the two 1.8-mm aperatures is 6.5 cm,
which gives 6.8 cm for the effective length of the cell [16].

At least five different pressures, up to 5 mTorr, are
used in singles measurements to obtain the total cross
section for projectile electron loss by the growth-rate
method. Further details of the procedure used in these
measurements can be found in Ref. [5]. The coincidence
events between the recoil ions and each emergent charge
state are independently obtained by using two time-to-
amplitude converters (TAC's) together with the associat-
ed standard fast electronics. Figures 2(a) and 2(b) show
the recorded time spectra for 1.5-MeV He+ collisions re-
sulting in projectile electron loss. All the coincidence
measurements are carried out at 1 mTorr. The overall
efficiency of the recoil-ion detection system (solid angle,
efficiency of the focusing system, and micro-channel
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used. These form factors appear in the antiscreening as
well in the screening contributions to the electron-loss
cross sections.

The curves labeled by S, A, and T in Figs. 3(a) and 3(b)
represent the screening, antiscreening, and total cross
sections, respectively, calculated as described above. Fig-
ure 3(b) also shows (dashed curve) the calculation of Bell,
Dose, and Kingston [25] (length formulation) for the
total-electron-loss cross section which can be considered
"exact" within the PWBA framework. This calculation
uses Hartree-Fock based wave functions to describe the
excited (discrete and continuum) states of the He target
and computes the total cross section through the sum of
the calculated partial cross sections corresponding to
these states, instead of using the closure relation. The
present calculations agree well with those of Bell, Dose,
and Kingston, giving a maximum 15% deviation in the
vicinity of the cross-section maximum and corroborating
our simpler calculation procedure based on the extended
sum-rule method. There is good general agreement be-
tween the theoretical calculations and the present and
previous measurements. Previous studies on the role of
the screening-antiscreening effects in the electron loss
were carried out in more asymmetric collision regimes
[5,12,13]. Our results for the He +He system show
that first-order calculations can be applied to symmetric
collisions.
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IV. TARGET IONIZATION CROSS SECTIONS

Figures 4(a) and 4(b) compare our mesaurements for
target single-ionization cross sections with previous data
of Edwards, Wood, and Ezell [26] and DuBois [22] for Hz
and He targets, respectively, showing good agreement be-
tween the present and previous data for both targets.

These figures also give a theoretical estimate for the
target ionization cross section. Although the main sub-
ject of the present study is electron loss, the availability
of a reasonable estimate for target ionization is important
to show the consistency of our analysis as a whole, since
target-ionization probabilities are needed for the calcula-
tion of coincidence cross sections associated with electron
loss, as shown in the next section.

Our estimate for target ionization is carried out along
the same lines as described in Ref. [5]. The cross section
for single-electron target ionization is calculated within
the independent-particle model as

crT, =4m j db P~(b)[1 PI(b)], — (3)

PI(b) = 1 —e
—

p,. (,b)
(4)

where p; (b) is the first-order semiclassical ionization
probability [28]. As in Ref. [5],p;(b) is calculated using

where PI(b) is the one-electron ionization probability of
the target (H2 or He). The inadequacy of using first-order
probabilities for the systems studied can be circumvented
by the unitarization procedure proposed by Sidorovitch
et al. [27]. Considering that the capture channel gives a
negligible contribution, compared with the target ioniza-
tion, for the systems studied, PI(b) is calculated as

FIG. 4. Target-ionization cross sections on (a) H2 and (b) He.
Solid curve, theoretical calculations (see text). Experiment, H2..
solid circles, this work; open squares, Ref. [26]; He: solid circles,
this work; open squares, Ref. [22].

Z~~=1. 19, 8=0.8 and Zq~=1. 7, 0=0.586 for H2 and
He targets, respectively, with the simplifying assumption
that the incident He+ ion can be considered as a bare
projectile. Here, Z2z is the internally screened target
atomic number and 0 is the external screening factor.

Besides its simplicity, the above procedure to calculate
target single ionization agrees within 35% with the exper-
imental data over the projectile energy range in Fig. 2,
and for both targets. This result, to a certain extent,
justifies the use of Eq. (4) and the independent-electron
approximation in the analysis of more complex mecha-
nisms, as is done below.

V. ANTISCREENING AND ASSOCIATED PROCESSES

Figures 5(a) and 5(b) display for Hz and He, respective-
ly, our coincidence measurements for simultaneous ion-
ization of the projectile and the target, together with the
data of DuBois [22] for the He case. These results have
been discussed in Ref. [29] and are considered in greater
detail here.

The measured cross sections, described by Eq. (2) result
from the two different mechanisms, which are illustrated
in Figs. 6(a) and 6(b). The mutual projectile-target ion-
ization can occur via the electron-electron interaction
(antiscreening) or via a second-order nucleus-electron in-
teraction [two-center double ionization (DI)]. These two
processes cannot be separated by the present kind of ex-
periment. However, because they have a very different
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FIG. 5. Simultaneous target-projectile ionization cross sec-
tion on (a) H2 and (b) He. Theory: antiscreening (A), two-
center double ionization (DI), projectile ionization-target excita-
tion (TE), and total-cross-sections (T=A+DI —TE). Experi-
ment, H2. solid circles, Ref. [29]; He: solid circles, Ref. [29];
open squares, Ref. [22].

physical origin it is possible to obtain a good understand-
ing of the relative contributions of these two processes
through the analysis of the energy dependence of the
cross sections for each.

The calculation of the antiscreening contribution fol-
lows the procedure discussed in Sec. III. The corre-
sponding curves for H2 and He targets are labeled A in
Figs. 5(a) and 5(b). This calculation is based on the ex-
tended sum-rule method of Ref. [10], which uses the clo-
sure approximation. As a consequence of this theoretical
approach, not only the continuum, but also bound excit-
ed final target states are included in the calculation.
However, excited target states are not included in the
measurements since they do not produce recoil ions. A
proper comparison between theory and experiment re-
quires that the contribution from the target excited states
be subtracted from the antiscreening calculations ob-
tained through the closure approximation. Using the no-
tation of Ref. [10], the contribution to antiscreening from
target excitation can be written as

8aZ2
, g f" dq I+(q)l'1&@. le

(u luo) „~o &0+&n q

(5)

where Zz is the target atomic number, U is the projectile
velocity, Uo

=e /A is the Bohr velocity,
qo=(E& E, )/fi uq„—=(E„Eo)/A'u, a—nd ~p, ) and ~ltI )
( ~Po) and P„)) are the initial and final states of the pro-
jectile (target) corresponding to energies E, and E& (Eo
and E„),respectively.

The calculation of the transition matrix element
(P„~e '~'~Po) was carried out using hydrogenic wave
functions and the independent-electron approximation
for the He target with an eA'ective nuclear charge
Z ff 1 .7. The H2 case was approximated by two hydro-
gen atoms. The sum over the final target states in Eq. (5)
was considered for principal quantum numbers or up to
4. The results of these calculations are indicated by TE
in Figs 5(a) and 5(b).

It can be seen from these figures that the contribution
of target excitation to the total antiscreening cross sec-
tion is small. In other words, when the projectile is ion-
ized, the energy and momentum transferred to the pro-
jectile via electron-electron interaction make the (simul-
taneous) ionization of the target a more likely event than
excitation, at least in the present collision systems. The
electron-electron interaction results essentially in the ion-
ization of both collision partners.

The DI process, which also can produce the events de-
scribed by Eq. (2), can be viewed as a second-order
screening collision. As illustrated in Fig. 6(a), DI corre-
sponds to the double ionization of the projectile and the
target by the simultaneous action of the screened nuclear
potential of the target and the projectile, respectively.
The cross section for this process can be estimated, using
the independent-particle model, in the form

oD, =4~f db bP„„,„(b)PI(b)[1—PI(b)] . (6)
0
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The projectile-ionization probability P„„,„(b) is calcu-
lated using the theory of Ref. [14] and the target-
ionization probability PI(b) is calculated using Eq. (4).
Here, for simplicity, we also approximate H2 by two hy-
drogen atoms.

The appropriateness of any Pz(b) and P„„,„(b) used in
Eq. (6) can be checked by calculating the target-
ionization cross section through Eq. (3) and the screening
cross section through

o„„.,„=2m I db bP„„,„(b), (7)
0

0.08
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0 I
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and comparing this last result with the PWBA calcula-
tion (the target-ionization cross section is discussed in
Sec. IV). With this procedure, the consistency of all the
calculations can be ascertained.

The cross sections for the DI process calculated by Eq.
(6) is labeled by DI in Figs. 5(a) and 5(b). This cross sec-
tion has a strong energy dependence, decreasing in im-
portance if compared with the antiscreening process, as
the projectile energy increases. At lower projectile ener-
gies the relative importance of the DI process increases
and, for projectile energies below the antiscreening
threshold, is essentially the mechanism responsible for
the mutual ionization of the projectile and the target.

The total cross section for the PTI reaction [Eq. (2)] is
indicated by T (T=A —TE+DI) in Figs. 5(a) and 5(b)
and is in very good agreement with our experimental re-
sults and those Ref. [22] for the He case, corroborating
our theoretical procedures.

An important point to be noted from Figs. 5(a) and 5(b)
is that, for the projectile energy range studied, there is an
almost complete shift between the mechanisms resulting
in the mutual projectile-target ionization as the projectile
energy is varied. At low energies, a second-order
nucleus-electron interaction dominates while at high ener-
gies, the electvon electron inter-action (antiscreening) is the
predominant mechanism. The difference between the dy-
namics of these two mechanisms is manifested in the im-
pact parameter dependence of the corresponding proba-
bilities. The probability for the DI process can be written
as

PDi(b) =2P„„,„(b)Pi(b)[1 PI(b)], —

in accord with Eq. (6). The probability PD, (b) is
significant in the same range of impact parameters as
P„„,„(b) or PI(b). On the other hand, the antiscreening
probability P,„„(b)has a much broader probability distri-
bution, corresponding to the fact that this process is due
to the interaction between two electron clouds [15]. In
other words, DI can be associated with close collisions
while antiscreening can be associated with distant col-
lisions. This behavior can be seen in Figs. 7(a) —7(c),
where the quantity bP(b) for the antiscreening and DI
processes in He +He collisions is shown as a function of
the impact parameter b (in units of the Bohr radius ao)
for projectile energies of 0.5, 1.0, and 3.0 MeV, respec-
tively. The DI and antiscreening probabilities, as well
their sum, are indicated in these figures by DI, A, and T,
respectively.

At 0.5 MeV, the projectile energy is just below the on-
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0.1 2
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0
0 0.5 1.0 &.5 2.0 2.5 3.0
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set of the antiscreening process and DI clearly dominates.
The pair of electrons is ejected by the two collision
partners with an energy distribution which is characteris-
tic of the nucleus-electron interaction, and the collision is
essentially confined to impact parameters smaller than ao
(b (1). At 1.0 MeV, the DI and antiscreening processes
compete. The curve T shows a clear change near b —1 as
an indication of the presence of antiscreening at larger
impact parameters. At 3.0 MeV, antiscreening is the
dominant mechanism. The energy distribution of the
ejected electrons is characteristic of the electron-electron
interaction, and a significant part of the collisions result-
ing in the simultaneous target-projectile ionization now
occurs at impact parameters larger than ao.

From the above discussion, one can also justify our
procedure to add the antiscreening and the DI processes
incoherently in order to obtain the total cross section for
the PTI reaction. In fact, because the DI and the an-
tiscreening processes result in the same final electron
states of the projectile and the target, the two processes
should have been added coherently by summing their am-
plitudes instead of summing their probabilities, as was
done. However, the two mechanisms have completely
different dynamics, as reAected by the impact parameter
dependence of the probability amplitudes and of the ener-
gy of the electrons in the continuum. Any interference
term is expected to be small, since two amplitudes peak
in different regions of the impact parameter and have
different energy distributions for the ejected electrons.
This occurs because the DI process is related to close col-
lisions followed by large momentum transfer between the

FIG. 7. Probability distribution bP(b) as a function of the
impact parameter for the antiscreening (A), two-center double
ionization (DI), and total (T=A+DI) mechanisms in atomic
units for (a) 0.5-MeV, (b) 1.0-MeV, and (c) 3.0-MeV He+ projec-
tiles on He.
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target nucleus and the projectile electrons, but the an-
tiscreening process is related to distant collisions and
small momentum transfers.

VI. CONCLUSIONS

The main motivation for this work is to isolate the
various mechanisms that are related to projectile electron
loss in the intermediate-velocity regime. Basically, two
kinds of interactions are important for the present study:
the nucleus-electron interaction and the electron-electron
interaction. The nucleus-electron interaction is responsi-
ble for the screening mode in the projectile electron loss
and is the main mechanism leading to target ionization.
Also, when projectile and target are simultaneously ion-
ized, the second-order double-ionization process due to
the simultaneous action of projectile and target nuclei on
the target and projectile electrons, respectively, is the
dominant mechanism at low projectile energies. On the
other hand, the electron-electron interaction competes
with the screening mode for the projectile electron loss,
becoming the dominant mechanism for the simultaneous
projectile-target ionization at high energies.

The present measurements of the total projectile elec-
tron loss of He on H2 and He show that the PWBA
theory of Ref. [10] is in very good agreement with the ex-
periment in the intermediate- to high-velocity regime,
making evident the importance of the antiscreening con-
tribution in correctly describing the total electron loss in
these systems. Our new data also show that the PWBA
approach can be extended to symmetric collision systems,
a result which is possibly connected with the decrease of
the target perturbing field because of the screening effect.

The measurements of target ionization extend the

available data up to 4.0 MeV and show good overall
agreement with the theoretical estimates performed
within the independent-particle model. Although these
estimates are not based on a first-principles approach,
they provide consistency for the use of the independent-
particle model in describing the second-order nucleus-
electron interaction which results in the simultaneous
projectile-target ionization.

Concerning the latter process, it is shown that both
nucleus-electron (DI) and electron-electron (antiscreen-
ing) interactions must be considered to obtain a good
agreement with experiment in the whole range of projec-
tile energies studied. In fact, the good agreement at-
tained between theory and experiment allows us to obtain
a clear picture of this process in terms of the impact pa-
rameter dependencies of the two mechanisms. The con-
nection of the DI and the antiscreening mechanisms with
close and distant collisions, respectively, corroborates the
analysis performed recently by various authors [30—35],
relating the observation of low-energy electrons with the
electron-electron interaction in electron loss. In fact, be-
cause distant collisions result in a smaller momentum
transfer when compared with close collisions, low-energy
electrons should be associated with the electron-electron
interaction (antiscreening), while high-energy electrons
should be associated with nucleus-electron collisions (DI)
occurring preferentially in close collisions and resulting
in large momentum transfers.
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