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Projectile electron loss in collisions of light charged ions with helium*
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We investigate the single-electron loss processes of light charged ions (Li! T2+, C2+3+5+ and 02+73+) in collisions
with helium. To better understand the experimental results, we propose a theoretical model to calculate the cross section of
projectile electron loss. In this model, an ionization radius of the incident ion was defined under the classical over-barrier
model, and we developed “strings” to explain the processes of projectile electron loss, which is similar with the molecular
over-barrier model. Theoretical calculations are in good agreement with the experimental results for the cross section of
single-electron loss and the ratio of double-to-single ionization of helium associated with one-electron loss.
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1. Introduction

The collision systems of multiple charged ions and he-
lium have been widely studied for understanding the many-
body dynamics of atoms These studies used the advantage
that helium has a simple electron structure. In charged ion-
helium collision systems, three processes can occur: (i) direct
ionization of helium target, in which the charge state of the
projectile is unchanged; (ii) helium electron capture, in this
process the charge state of projectile is decreased; (iii) projec-
tile electron loss, which gives an increased charge state of the
incident ions. Mostly, research is focused on direct ionization
channels and electron capture channels in either experiments
or theories. For the channel of projectile electron loss, sev-
eral experimental and theoretical studies were published,!!!
but the strong dependences of the charge state and the velocity
of projectile were not well understood. When both the target
electrons and projectile electrons were ionized, the problem
becomes increasingly complex.

Most of the descriptions for electron loss channels are
quantum methods. The earliest one was introduced by Bates
and Griffing applying the first Born approximation to col-
lisions between two hydrogen atoms.[* Later, Anholt,[!
McGuire,[®! Dmitriev,!”! and Gillespie!®! researched the dy-
namics further. Montenegro et al. developed the theory of
screening and anti-screening in the framework of plan-wave

(9101 and provided very good

Born approximation (PWBA)
explanations for the projectile electron loss channels. Re-
cently, Montenegro et al. extended the PWBA theory to ex-
plain all three channels and their result was in good agree-
ment with the experimental measurement in C>* and He ™ col-

lision with noble gases.!'’:!?l Other quantum methods were
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also published, such as the coupled-channel method, 3! sud-
den approximation,!'#! the free-collision model,!'>1 and the
independent particle model.!!”!

In the classical methods, such as the n-body classical tra-
jectory Monte Carlo (nCTMC) method!'® and the classical
over-barrier model (COBM),['! excellent descriptions have
been given for the target ionization channels. Foil ef al. intro-
duced screening and anti-screening terms into the n=CTMC!?*]
and used it for the projectile electron loss channel. Previ-
ously, our group has discussed the calculation of target ioniza-
tion cross section with and without electron loss based on the
COBM. 21231 Here, we propose to extend the COBM further
to explain the process of projectile electron loss with helium
electron ionization.

We studied the projectile electron loss in the collision sys-
tem of Li' ™21, C2+3+5+ and 0?73+ with helium, and val-
idated the experiment results using the proposed theoretical
calculations. Due to the limitation of measurement of the ab-
solute cross section, we measured the ratio of double-to-single
ionization of helium associated with projectile electron loss.

2. Theoretical calculation

The channel of projectile one-electron loss in the A9 +
He collision system can be divided into three categories: (1)
SLOI, single projectile electron loss with no target ionization;
(2) SLSI, single projectile electron loss with single helium ion-
ization; and (3) SLDI, single projectile electron loss with dou-
ble helium ionization

A%t 4 He — AUtDT L He +e, SLOI,
A7t + He — AUD* { He!* 4 2e, SLSI,
A9* 4 He — AT+ L He>™ 43¢, SLDL
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Theoretically, the projectile could be considered as a
hydrogen-like ion (A4*)1), as shown in Fig. 1. The projec-
tile electron (e) will receive two kinds of forces, one from the
projectile core (A(4t1+) and the other from the target (He).
To calculate the Columbic force between target and projec-
tile electron, we propose that the target has an effective charge
state (Z7), which will be discussed below.

(S

(A(q+1)+7 vp)

Fig. 1. Sketch of projectile electron loss with impact parameter b
in A@") 4 He collision system.

For the three channels of projectile one-electron loss,
three electrons should be considered, the electron of the pro-
jectile and the two electrons of helium. These three elec-
trons are ionized in two-center scatter under the independent
electron approximation.!'%! Electrons have fractions to trans-
fer from one nuclear center to another.

The radius that an electron is able to cross the potential
barrier can be written as R, = (Zr + \/ZrZp) / Ep, and is named
the release radius. In this fomula, Zt and Zp are the effective
charge states of the target and projectile; E, is the binding en-
ergy of the electron.

For unperturbed trajectories, the fraction of electron

transfer at time ¢ is24
VZp
No=————[(VZp+2Zr)> = Zp —E,R|. (1)
2(VZp+Zr)? [( ) of]

The probability of electron transfer is

+ Ng
P(b) = exp(~ [ 2. @)
The electron release probability is
+t N,
P(b) = lfexp(f/ 7'th>. 3)
—t

The integration time 7 is defined as 1 = VR*> —b? /vy,
Here, R is the internuclear distance and b is the impact pa-
rameter, T is the orbital period of electron motion, defined as
T =27[2(Ey+ Zp/R)] /2 in Ref. [25].

It is possible that the released electrons would be captured
by the opposite nuclear center. Bohr and Lindhard pointed out
that, for low incident energy, all the released electrons will
be captured and the cross section of electron capture is a con-
stant 6, = nRg. 191 Here, R, = 27, / vg is defined as the capture
radius, which means that the electron will be captured once it

enters this capture distance. In this low energy region, the cap-
ture radius is larger than the release radius, R > R;, and the
probability of electron release is larger than that of electron
capture. When the incident energy is getting higher, the cap-
ture distance R. will be smaller than the release distance R;,
R < R;. At that time, the probability of electron capture will
be less than the probability of electron release. Thus, some of
the released electrons will not be captured, but be ionized.

Therefore, we define the ionization distance, R;, where
the electron releases from the target but is not be captured
by the projectile.?!! The ionization distance should satisfy,
Zy/Ri > Eq+Zp /R

The ionization probability could be written as

Pi(b) :exp(—/_l;N%dt) {l—exp<—/_:’rN7'th)} 4)

The capture probability could be written as

R i-en(- [, Fa))- @

Here, a hypothesis was made: an electron crossing the poten-

P.(b) = exp(—

tial barrier would be either ionized or captured. In Egs. (4) and
\/R? —b? /vy (k=r,c,i), are the
release radius, the capture radius, and the ionization radius,
respectively. The cross section of electron capture or electron
ionization could be numerically calculated by the integration

(5), the integration time, t; =

of the impact parameter.

Similar to what was done in the molecular over-barrier
model (MOBM), we developed a “string”, (P;,T1,T3), to ex-
plain the channels of projectile one-electron loss.!?®! Here, Py,
Ti, and 7> donate the projectile electron, the first ionized tar-
get electron, and the second ionized target electron, respec-
tively. Once one of the three electrons appears in the strings,
that electron has ionized already, and the charge state of the
ionized projectile or target will be increased by one “1”. If
the character “0” appears in the strings, it means that the elec-
tron was not ionized, and the charge state of the projectile or
the target does not change. For instance, the string (P;,0,0)
demonstrates a channel where only the projectile electron is
ionized (SLOI) and the charge state of the target atom does not
change.

The SLSI channel includes ionizations of both the pro-
jectile electron and the target electron. One could not recog-
nize the two electrons, because the two electrons are identi-
cal. Hence the total probability of SLSI should be the sum
of the two probabilities of (P;,71,0) and (73,P;,0). The or-
der of the electrons in a particular string does not mean that
the time stamp of the ionization happened, but only the charge
state of projectile or target. For example, the string (P;,T1,0)
means that the projectile electron P; was ionized by the effec-
tive charge state Z-‘}ff(b) of the target; and the target electron 7}
was ionized by the charge state of projectile (¢ + 1)+, instead
of g+. The character “0” means that the second target electron
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was still bounded in the potential barrier. On the other hand,
the string of (77, P;,0) demonstrates that the target electron Tj
was ionized at the projectile charge state g+, the projectile
electron P; was ionized under the charge state of target 1+.

The SLDI channel could be explained by the strings of
(P,1,T»), (T1,P,T»), and (T, T»,P;) In these three strings,
all three electrons will be ionized, and all three electrons are
identical. The probability of SLDI would be the sum of the
three probabilities. In the calculation, the ionization of projec-
tile electron P; was induced by the target atom under effective
charge states, charge state 14, and charge state 2+, respec-
tively. The second target electron 7> was ionized at the projec-
tile charge states of (¢ + 1)+ and g+ when the target charge
state was increased to 1+.

By using our proposed “string”, the three categories of
projectile one-electron loss that we defined in the beginning of
this section could be written as follows:

(Pl 7070)7 SLOI,
(P,11,0), (T1P1,0), SLSI,
(P,11, 1), (T,P,T»), (N\T2P), SLDL

In the current calculation, we used the effective charge
state Zf}ff(b) from Ref. [6] for the target atom. We define three
radii of the projectile electron, release radius, capture radius,
and ionization radius as

2732 Ir

:L VZ1rZp —>E-—|—é (©6)
E. v, R TR

rel

R,

Here, vy is the relative velocity of target, Ejc is the ionization
energy of the projectile electron. We define the cross sections
of the channels SLOI, SLSI, and SLDI as o5y g1, Osisi, and

OSLDI-
oston =27 | Pu(b)(1 — Py, (9))(1 - Prar(b) b, (7
osist =21 [ Pu(b)Pri(B)(1—Pra(B)bdb,  (8)
OsLpr =27y /O " Po(b)Pri (b) Pros(b)bdb, 9

where Pp;(b) and Pr; (D) are the ionization probabilities of the
projectile electron and target electron, which are calculated
using Eq. (4) under the framework of “string”, Pr(b) is the
release probability of the target electron, calculated by the for-
mula (3). The total cross section of projectile one-electron loss
in A9 + He system could be described as

OSingle-loss = OSLOI + OSLSI + OSLDI- (10)

It should be noted that the effectiveness of the “string” de-
scription in this paper is based on the two-step theory?’! and
the independent electron approximation!'”! We use “string” to
explain the projectile one-electron loss of A9t + He because
only three electrons were involved. It would be wrong to use
such a “string” to explain manyelectron systems.

3. Results and discussion

As shown in the Figs. 2-5, the cross section of projec-
tile ionization is charge state dependent and related with the
incident velocity, o;0ss = f (vz,q). In the low energy region,
figures show that the cross section of projectile electron loss
is increasing with the increase of the incident energy. On the
other hand, in the high energy region, the cross section of pro-
jectile electron loss will decrease with the increase of incident
energy. Experiments have proved that the maximum cross sec-
tion will be achieved when the incident energy of ions is 200—
300 keV/amu.!'!212] This phenomenon was well predicted
by our theoretical calculation.
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Fig. 2. Cross sections of SLSI and SLDI of helium in Li'* 4 He
collision. Dots (A) and (e) are the cross sections of SLSI and SLDI
from Ref. [28], respectively. Lines are the theoretical calculations

of this work.
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Fig. 3. Ratios of double-to-single helium ionization associated with
projectile one-electron loss in Li?* -+ He collision. Dots (M) are the
experimental results from Ref. [28]. The line is the theoretical cal-
culations of this work.

Figures 2 and 3 show the cross section of projectile loss of
Li' ™2 in collisions with helium. For Lil™, cross sections of
helium double and single ionizations associated with projectile
single loss (SLSI and SLDI) are calculated based on theoret-
ical calculation. It is clear that the cross section of SLDI is
one to two orders of magnitude bigger than the cross section
of SLSI. For Li**, figure 3 shows the cross section ratio of
double-to-single helium ionization associated with projectile
one-electron loss, R12°1SS = osLp1/0OsLsi. Both the calculated
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cross section and cross section ratio are in good agreement
with the experimental data from Ref. [28].

Figure 4 shows our experimental results and the theoret-
ical calculation of this work. The details of the experimen-
tal setup can be found in a previous paper.*'=23 A collision
system of C>*3% and O>3* with helium was investigated.
Figures show the cross section ratios of double-to-single ion-
ization of helium associated with direct ionization (Rgi]‘c“) and
one-electron loss (Rlz"lss) of projectile. For the process of di-
rect ionization of helium, the charge state of the projectile is
unchanged, and only two electrons from the target were in-

1 C*'4He (2) ]
< 0.1 ig:‘u —
o Y ]
[ j —— Rgireet | this work ]
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0.01¢ direct 3
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- : o e T
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————— RS, this work
0.01 E A Rdirect R.
E 91°%", Ref. [21]
i * RIS Ref. [22]
1 1 1 1

1 1 1
0 200 400 600

Energy/keV-amu~!

volved in the calculation. The experimental data were from
Refs. [21] and [22]. Theoretical calculations are in very good
agreement with the experimental results. Some observations
are confirmed from these figures: 1) R(zﬂl”:Ct < Rlz"]ss, the ratio of
target double to single ionization associated with one projec-
tile electron loss is larger than the ratio with direct ionization;
2) Both Rirect and RIS show maximum values when incident
energy are 200-300 keV/amu. Due to the limitations of our
experimental setup, we could only record the charged ions.
The data from the SLOI channel was not measured, and is not
included in the figure.
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Fig. 4. Ratios of double-to-single ionization of helium associated with direct ionization and one-electron loss of projectile in (a)
C2* +He collision, (b) C3*+ 4 He collision, (c) O** 4 He collision, and (d) O3 + He collision. Dots (A) and (e) are the experimental
results for R4t and RIS respectively. Lines are the theoretical calculations.

In this work, we treated the projectile as a hydrogen-like
ion when it suffers one-electron loss. Therefore, in the theoret-
ical calculation, we used the ionization energy of a hydrogen-
like ion, instead of the ionization energy of a projectile atom.
This hypothesis would be one of the contributions to the dif-
ference between theoretical calculations and the experimental
results. Figure 5 shows an application example, for the col-
lision systems of C>* with helium in present energy regime.
We compare our calculation with the well-known plane-wave
Born approximation (PWBA), which included the effects of
screening and anti-screening. The experimental data and the
PWBA calculation were quoted from the papers of Montene-
gro et al.!'?) Very good agreement is found among the ex-

perimental data, PWBA calculation, and our calculation.

10—17 .
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Fig. 5. Cross section of the projectile single-electron loss in the
O* 4 He collision system. Dots (e) are the experimental results
from Ref. [29]. Dash line and solid line are the theoretical calcula-
tions of this work and PWBA, respectively.
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4. Conclusions

We have proposed a classical method to calculate the
cross section of the projectile electron loss in the collision
of light charged ions with helium. This method is based

on the classical over-barrier model and the molecular over-

barrier model. The collision systems of Lil*>+ C2+3+5+,

and O3 with helium were investigated. Theoretical calcu-
lations are in good agreement with the experimental results.
We also compared our method with the PWBA calculation.
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