PHYSICAL REVIEW A 82, 032703 (2010)

Single- and double-electron processes in collisions of Xe?** ions with helium
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We report the measurements of relative cross sections for single capture (SC), double capture (DC), single
ionization (SI), double ionization (DI), and transfer ionization (TT) in collisions of Xe*** ions with helium
atoms in the velocity range of 0.65-1.32 a.u. The relative cross sections show a weak velocity dependence. The
cross-section ratio of double- (DE) to single-electron (SE) removal from He, opg /osE, is about 0.45. Single capture
is the dominant reaction channel which is followed by transfer ionization, while only very small probabilities are
found for pure ionization and double capture. The present experimental data are in satisfactory agreement with
the estimations by the extended classical over-barrier (ECB) model.
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I. INTRODUCTION

Highly charged ions (HCI’s) colliding with atoms is an
intense field of atomic-collision research. The reasons range
from its fundamental importance in understanding the compli-
cated ion-atom reactions, testing the theoretical models [1-3]
to their significant applications on plasma physics [4], and
stellar atmospheres [5]. In the past few decades people have
developed a coincidence technique, through which the charge
states of both the projectile and the target could be measured
simultaneously. In the case of Xe?** impacting on a helium
atom, five possible charge-changing processes are listed
below

Xe?* +He
Xe22+ 1+ Het
XePt + Het + e
— { X+ 4+ He?* + 2¢
Xe2l+ 4 He?*
Xe2+ 1+ He?t & o

single capture (SC)
single ionizaition (SI)
double ionizaition (DI)
double capture (DC)
transferionization (TT)
(1)

According to the number of electrons removed from He, these
five reactions can be divided into two groups: single- (SE)
and double-electron (DE) processes (i.e., SE = SC + SI and
DE = DI + DC + TI). The DE process, in particular, provides
an important test for the four-body theories.

At very low impact velocities (v, < 1 a.u.), electron
capture is so dominant that ionization can be neglected. On
the contrary, at very high impact velocities (v, > 1 a.u.),
ionization is the dominant process. In the two velocity
ranges mentioned above, the reaction channels are relatively
homogeneous and a number of measurements [6—11] have
been carried out in collisions of HCI’s with helium atoms.
However, in the overlap region (v, ~ 1 a.u.), the ionization
involving HCI’s is not a weak process any more. As a
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result, a large number of reaction channels are involved and
a full quantum-mechanical treatment becomes prohibitively
difficult. At the same time, measurements [12,13] as well
as their support toward the theoretical investigation are still
relatively scarce.

In this work, we have carried out the measurements
of relative cross sections for Xe?**+ He collisions, using
coincidence techniques, in the velocity range of 0.65-1.32 a.u.
The objectives of this work are to study the velocity dependen-
cies and the relative importance of various reaction channels.
Atomic units are used throughout the work, unless otherwise
indicated.

II. EXPERIMENTAL METHOD

The experiments were carried out on the high-voltage-
electron-cyclotron-resonance ion source (HV-ECRIS) at
the Institute of Modern Physics (IMP), Chinese Academy
of Science (CAS). The experimental arrangement is
schematically drawn in Fig. 1. In brief, a Xe*** ion beam
exacted from the HV-ECRIS was analyzed by the magnet
to a desired energy and charge state. Then the beam was
focused by the magnetic quadrupole lens, collimated to
0.5 x 0.5 mm? by means of two sets of slits and guided
into a vacuum chamber in which base pressure was of the
order of 107% Pa. The typical Xe*** ion beam current was
10 pA. The target gas was introduced through a needle
which was perpendicular to the beam direction. The working
pressure in the gas cell was maintained at 1 x 107* Pa
to avoid double collisions within the target region. The ion
beam then interacted with an effusive gas target. The charge
states of projectiles leaving the cell after the collision were
analyzed by an electrostatic deflector and the projectiles then
were detected by a position-sensitive microchannel plate (PS-
MCP) detector. An electric field extracted the recoil ions (He™
and He?") produced with low kinetic energy and a time-of-
flight spectrometer (TOFS) was used to determine their charge
states. After acceleration, the recoil ions drifted in a field-free
tube to be focused in time and then impacted on the recoil
microchannel plate (R-MCP) detector with a 36 mm diameter.
Due to the high acceleration voltage (3 kV) before the recoil
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FIG. 1. Scheme of experimental arrangement.

ions arriving at R-MCP, the detection efficiency of the recoil
ions is close to unity, and the efficiency difference between
He™ and He?* can be neglected. The time of flight (TOF)
of recoil ions from reaction center to R-MCP detector is
characteristic for their m/g ratios, where m and ¢ are the
mass and charge of a recoil ion, respectively. The flight time
was measured with a time-amplitude converter (TAC) which
was started by the fast signal from the R-MCP and stopped
by the delayed one from PS-MCP. Figure 2(a) shows a TOF
spectrum for He* and He?* induced by 38.5-keV/u Xe?**
beam. As can be seen, the charge states of interest could easily
be separated. The TOF spectrum was automatically correlated
to the position spectrum of the scattered projectiles. Finally,
we got the two-dimensional position-versus-TOF spectrum,
which allowed the identification of various reaction channels.
A two-dimensional spectrum for the case of 38.5-keV/u
Xe?3+ impact is shown in Fig. 2(b), in which the columns
labeled with Xe?*t, Xe?2*, and Xe?'t denote the results
for projectiles undergoing no charge change, single- and
double-electron capture, respectively, and the rows labeled
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FIG. 2. (a) Time-of-flight spectrum and (b) two-dimensional
coincidence spectrum for 38.5-keV /u Xe?**+ He collisions.
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with He* and He?* denote the data for He atoms undergo-
ing single- and double-electron loss, respectively. As seen
from Fig. 2(b), five reaction channels expressed in (1) are
distinguished.

The mainly possible uncertainties of experimental ratios
come from the efficiency of R-MCP detector (<10%), mul-
ticollision (<3%), determining the counting region in the
two-dimensional spectrum (< 10%) and statistical errors which
are within 5%. Full details of the error analysis have been given
in our previous paper [14,15].

III. RESULTS AND DISCUSSION

We have performed the measurements for Xe?**+ He
collisions in the velocity range from 0.65 to 1.32 a.u. Since
He® and He?* can be formed through the SE (SC and
SI) and DE (DI, DC, and TI) processes, respectively, it
is a common and effective way in understanding the ion-
atom collision process to analyze the relative cross-section
ratios, such as opg/osg, osc/(0sg + opg), 0s1/(0sE + OpE),
op1/(0se + opE), opc/(0sE + 0pE), 011/(0SE + OpE), and so
forth. In Fig. 3 our measured cross-section ratios are displayed
as a function of the projectile velocity. The general shape for
ratios roughly shows a velocity-independence behavior, which
disagrees with the results [16] by ions with very low charge
states in the same energy range. This indicates changes of the
projectile velocity play little role on the charge transfer and
the ionization relative to that caused by the strong Coulomb
potential of HCI’s at the present velocities. As can be seen
from Fig. 3 ratios are clearly different for various reaction
channels. For instance, opg/osg is round 0.45, which is
approximately the same with the results for ~0.16 a.u. Xe?* +
He collisions by Andersson et al. [6]. For specific channels,
collisions are dominated by SC, while DI is the least likely
channel. One can see that the ratio osc/(osg + opg) reaches
0.63 which is an order of magnitude larger than the sum of
os1/(osg + opg) and opy/(osg + opg). The cross-section ratio
os1/(osg + opg) is only about 0.05 which is roughly equal to
the ratio opc/(osg + opg). The second most likely channel
is TI whose relative cross section o1y/(0sg + opg) is around
0.24. In collisions of HCI’s with He, both electrons of the target
may be captured into the excited states of the projectile. The
double electrons in the excited states usually decay through two
pathways: radiative stabilization and autoionization, which
contribute to DC and transfer ionization, respectively. These
two reactions can be described as

Xe23+ + He N XezlJr** + Hez+
{ XeX't + He?* +y  (DC)
N

Xe?*t + He?t +e- (TD @
However, in the present experiment, we cannot pick out these
two channels, but only provide the total DC and TI cross
sections.

Since the cross sections of pure ionization are very small
in the present velocity range it is possible to estimate the total
SE and DE cross sections within the frame of the classical
over-barrier (COB) model [3]. According to the COB model
the mth electron of the target is assumed to be released at
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FIG. 3. Measured relative cross sections for Xe?** + He col-
lisions. opg/ose (o), osc/(ose + ope)(Ld), ori/(ose + ope) (D),
opc/(0se + opE) (V), 0s1/(0se + ope) (e), and opi/(osg + opg) (W).

a certain internuclear distance where its energy equals the
saddle-point potential. This critical distance R, , is given
by

m+2m(g —m—+1)

R =
" | L

3)

where [, is the ionization potential that the target nuclear
exerts on the mth electron. Using the absorbing sphere concept
and assuming that no electron is recaptured by the target, one
can estimate a cross section o, for removing the mth electron
from the target

On =7 (R}, = REppsn)- @)
In the case of the helium target,

OSE = 0] ZJT(er,l —Riz), (5)

OpE = 0p = nRZZ. (6)

In collisions of Xe** with He (|I;] = 0.903 and |L| = 2),
according to Egs. (3), (5), and (6) the estimated opg/osg
approaches 0.73, which is much larger than the 0.45 of our
measured value. The earlier investigation [7,17] proposed
the transfer-excitation (TE) mechanism, which occurs at
impact parameters smaller than a critical value Rrg, to be
an explanation for low opg/osg ratios. In the TE process two
target electrons are transferred to the projectile followed by the
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recapture of the “inner” of these two electrons to an excited
state of the target. This process is described as

Xe?t + He — Xe= 2t 4 He?t — Xe D He™. (7)

Obviously, the TE process has the same final projectile and
target charge state as SC. That is to say, it gives a net removal of
only one target electron instead of double electrons. Following
Cederquist [17] we modify Egs. (5) and (6) by inclusion of the
transfer-excitation process

ose = (R}, — R}, + Rig), (8)
ope = 7 (RZ, — Rig). )

Rrtg is approximately given by
Rr(n) = At (10)

1+ Eex(n)Rr,Z/(q - 3)’

where n and E(n) are the principal quantum number and
the corresponding excitation energy of the target after the
electron transfer. Rty takes a maximum value when n = 2,
while the minimum value is given by n — oo. For the He
target, Rrg(n — 00) = #7@73). Collisions for the impact
parameter b < Ryg(n — o0) contribute to osg instead of op.
Using the modified cross sections, we obtain the ratio opg/osg
to be about 0.4 which is in agreement with our experimental
results.

Because TI is one of the important channels at the present
velocities, it is unfeasible to discuss the specific reaction
channel without taking the ionization process into account.
At R,,, the mth electron moves in the joint potential well
of the projectile and the target. This electron is called the
quasimolecular electron. Due to the Stark shift its energy
level E,, becomes more strongly bound E,, = —% — | 1].
For simplicity, it is supposed that the released electron only
faces two choices: capture and ionization. We assume that
ionization of the mth electron occurs when the Stark-shifted
energy gained by this electron exceeds its total energy in the
quasimolecular state. That is, —Rim < — R?,,, — |I,], where R,
is the internuclear distance. From this the maximum distance
R; ,» at which ionization of the mth electron is possible can be
obtained as

q

Rip= —!.
L]

(1)

As discussed previously, Egs. (3) and (11) suggest that both
R, and R;, are independent of the projectile velocity.
Usually, we should take the projectile-velocity effect on
cross sections into account. However, in view of the velocity
independencies of experimental data and also for simplicity,
the influence of the projectile velocity can be neglected
reasonably. Therefore, for example, the release probability of
one target electron depends on the distance that the projectile
travels within the circle with radius R, ,,,. As aresult, the release
probability P, ,,(b,q) at the impact parameter b < R, ,, for the
mth electron of the target is given by

Pr,m(va) = 2\/ R%m(q) - bZ(b < Rr,m)~ (12)
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Similarly, when b < R; ,,, we have

Pi,m(b’q) = 2\/ RZ,,,(‘]) - bZ(b < Ri,m)’ (13)

where P; ,(b,q) represents the ionization probability of the
mth target electron. The probabilities are calculated using the
unitarized formula

Pur,m(baq) =1- eipr'm(b‘q)(b < Rr,m)y (14)
pi,m(ba )

Pimb.g) = 27D pb.g)b < Riw). (15)
DPrm(D,q)

Puc,m(bsQ) = Pur,m(baQ) - Pui,m(bvqxb < Rr,m), (16)

where Py (b,9), Puim(b,q), and Py, (b,q) are the unitarized
probabilities for the release, ionization, and capture, respec-
tively. Within the independent electron approximation (IEA)
and in the case of collisions of helium target, the cross-section
expressions for various channels are written as

oo = 2 / BAB[Par (1 = Pa) + Pua(l — Pu)l, (17)
OpE = 27 f bdbPy.1 Py, (13)
osc = 21 / bdb[Pyc (1 — Purp) + Puro(1 — Por)], (19)

S / BAB[Pai 1(1 — Pu2) + Pua(l — Pu)l, (20)

opCc = 27T/bdbpuc,1puc,2, (21)
op] = 2 / bdbPuiJPui,z, (22)
o =21 / bdb(Pyi,1 Puca + Pui2 Pui1)- (23)

As a result of the above calculations, opg/osg is obtained to
be 0.73, which is reasonable because the TE mechanism is
not taken into account yet. To pass the TE contribution from
double- to SE processes, as shown in Fig. 4 we introduce
an equivalent release radius R;, for the DE process, which

satisfies 7 R, = (R}, — Rfp), that is,

R ,=/R’, — Rig . (24)

FIG. 4. Equivalentradius diagram. A = 7w R?., B = o, R3, and
C = QLT R’%E
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FIG. 5. Our measured relative cross sections for Xe**4 He
collisions in comparison with the present estimations. Experi-
ments: (a) ope/ose (1); (b) osc/(ose + ope) (); (¢) o11/(osg +
ope) (), opc/(ose +ope) (), (o1 + opc)/(ose +ope) (M);
(d) os1/(ose + ope) (O), opi/(ose + ope) (M). Estimations [with Rrg
(n— 00)]: (a) opg/osg (solid line); (b) osc/(osg + opg) (solid line);
(¢) om1/(osg + opg) (dashed line), opc/(osg + opg) (dotted line),
(o1 + opc)/(ose + ope) (solid line); (d) os1/(osg + ope) (solid line),
O'DI/(O'SE + O'DE) (dashed 1ine).
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Equations (8) and (9) can be rewritten as
ose = (R}, — R?), (25)
opg = TR, (26)

Equations (25) and (26) have the same forms with (5) and
(6) from the original COB model, respectively. That is, R) ,
is formally equivalent to R,,, but they represent different
processes. osg in (25) and opg in (26) give the net single-
and double-electron cross sections, respectively. It can be
seen from Fig. 4 that the introduction of R}, leads to an

increase of the geometric area for net SC by 7 R, which
is supposed to belong to the SC area. We wish to stress here
that it seems to be suitable to estimate the value of TE cross
section as nR%E only when the ionization can be neglected
or even is absent at all. However, at the present velocities the
ionization atb < Rrg cannot be neglected. It implies that, apart
from the TE, a fraction of collisions with » < Rtg will also
possibly lead to the ionization of one electron accompanied
by the recapture of another to the target which contributes
to SC. Thus the TE cross section otg should be a7 R3g
where o is the proportional coefficient. The value of «; can
be estimated by the ratio of the capture to release distance
that the projectile travels at b < Ryg. For the first electron
a) &~ 1 — R; 1/R,, 1. Therefore, for the first electron we also
need to introduce an equivalent ionization radius R;; which

satisfies 7 R = m R?| — ay7w R?,, that is,

i1 =y R —aiRE 27)

Similarly, the equivalent ionization radius R; , for the second
electron is given by

Ry =R, — axRig, (28)
where oy &~ 1 — R; 2/R,>. Then R, in (12) and R; ; and R, »
in (13) are replaced by the corresponding equivalent radii R ,,
R} |, and Ry ,, respectively.

The estimated relative cross sections are shown in Figs. 5(a)
through 5(d) in comparison with our measurements. As can
be seen, agreements are quite satisfactory. The DE process is
only about half of the SE process in probability. This is because
the DE process only occurs at relatively close collisions and
also competes against the SE process, which can occur at
either large or small impact parameters. In addition, the DE
removal from He followed by the recapture of one of them to
the target also contributes to the SE process. In the SE process
more than 90% comes from the contribution of SC. The TE
mechanism enhances the single-capture cross section, but such
a contribution is not as important as that in lower-velocity
collisions [17]. This is a result of the attendance of ionization.
Due to the highly charged state of the projectile, pure ionization
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channels are suppressed strongly by capture. Although the
sum of DC and TI are well estimated as shown in Fig. 5,
the individual DC and TI are significantly overestimated and
underestimated, respectively. The reason is the fact that TI
partially comes from the autoionization following DC into
doubly excited states. However, we simply assume that both
electrons are only captured into the ground state. In other
words, DC and TI are treated only as the combination of
independent-electron events. Therefore, it is not the separate
TI or DC cross section, but the sum of them that the present
model can estimate reasonably at the present velocities.

IV. CONCLUSION

In this work, we have measured the cross-section ra-
tios opg/osg, osc/(0se + opE), 0s1/(0se + opE), op1/(0SE +
opE), opc/(0se + opg), and or/(osg + opg) for Xe** T+ He
collisions in the velocity range of 0.65—1.32 a.u. In the entire
velocity range, the cross-section ratios display weak velocity
dependencies. The values of opg/osg, osc/(0sg+opg), and
o11/(osg + opg) are about 0.45, 0.63, and 0.24, respectively.
Among the processes investigated, pure ionization and DC are
the least likely possible. We attempt to apply an extended COB
model to reproduce the experimental results. Except for TT and
DC, the model provides a good estimation for these relative
cross sections. The results show that a fraction of the SE cross
section comes from the contribution of the double-electron
removal from He accompanied by the recapture of one of
these two electrons to the target. However, the contribution
from the TE mechanism to SC is less important than that
reported in the earlier investigation at lower impact velocities.
In addition, although the cross-section ratios opc/(0sg + Opg)
and o7y/(osg + opg) are overestimated and underestimated,
respectively, by the present extended classical over-barrier
(ECB) model, the sum of these two ratios are in agreement
with the estimations, which indicates that DC followed by
autoionization is an important mechanism leading to TI.
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