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The values of direct double- to-single ionization ratio R of helium atoms induced by C4t, O9% (¢ =1 —4) ions at
incident energies from 0.2 to 8.5MeV are measured. Based on the existing model (Shao J X, Chen X M and Ding B W
2007 Phys. Rev. A 75 012701) the effective charge of the projectile is introduced to theoretically estimate the value of
R for the partially stripped ions impacting on helium atoms. The results calculated from our “effective charge” model

are in good agreement with the experimental data, and the dependence of the effective charge on the ionization energy

of the projectile is also discussed qualitatively.
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1. Introduction

Ton—atom collisions play an important role in
atomic physics, and they are closely related to many
applications, such as the heavy ion inertial fusion,!!
collisional and radiative processes in the Earth’s upper
atmosphere,[?! ion beam lifetimes in accelerators,!!
atomic spectroscopy! and ion stopping in matters.!”!

The double-to-single ionization ratio R for helium
target induced by heavy ions has led to a further un-

[6—16] T low veloc-

derstanding of multiple ionizations.
ity (v < vBonr) ranges, the multiple ionization of tar-
get can be understood well by the classical over-barrier
model (COBM),!'") and R is expected to be indepen-
dent of the incident velocity v. For higher velocities
(v > 10vBonr), the “shake-off” mechanism proposed
by McGuire'? shows that R was independent of the
charge state ¢ and the velocity v. The ratio R reached
the maximum in a low-to-intermediate velocity range
(UBohr < Vion < 10vBonr). The modell’®! predicted
that the maxima value of R appeared when the veloc-
ity was about 2-3 vgnor, Which is in agreement with
experimental result. However, some obvious differ-

ences between theory prediction and the experimental

data for partially stripped ions from the same charge
state to the bare ions are unable to be explained by
the model in Ref.[18] In the present work, the values
of double-to-single ionization ratio R of helium atoms
bombarded by 0.2-8.5MeV C?t, Q9% (¢ =1—4) are
measured. Based on the model in Ref.[18], the effec-
tive charge for the partially stripped ion is adopted to
explain the difference in R between bare and partially
stripped ions. The electrons of helium target will be
excited or ionized by the partially stripped ion impact.
Meanwhile, electron loss and electron relaxation from
the projectile can also occur, so that the core charge
of the projectile seen by the second electron of a he-
lium atom should be larger than that seen by the first
one. Thus, the introduction of effective charge of the
projectile should be regarded as the modification of
the model in Ref.[18], and it is presented in this pa-
per. It is found that the modified model describes the
experimental data well.

The remainder of the present paper is organized
as follows. The experimental method is discussed in
Section 2. The experimental data and the details of
our model are presented in Section 3. A qualitative in-
terpretation of the ‘effective charge’ is given in Section
4.
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2. Experimental method

The ion beams are provided by the 2 x 1.7TMV
tandem accelerator at Lanzhou University.!'") The en-
ergies and charge states of C9, 09" (¢ =1 —4) ions
are selected by using a 30 degree bending magnet. The
projectiles pass through a chamber, colliding with he-
lium atoms. The pressure in target chamber is kept
at 6.4 x 1072 Pa, thereby avoiding the multi-collision
between the projectiles and helium atoms. The beam
intensity is less than 1pA in order to reduce the ran-
dom coincidence counting rate. Recoil ions are ac-
celerated by an electrostatic field and detected by an
MCP detector to provide a start signal for a time-to-
amplitude converter (TAC). The scattered projectiles
with different charge states are separated by a par-
allel plate electrostatic field and detected by a one-
dimensional position-sensitive detector to provide a
stop signal for TAC. The charge states of these recoil
ions are distinguished by time-of-flight analysis. After
the coincidence between the time-signals for recoil ions
with different charge states and the position-signals
for scattered ions with different charge states, the in-
formation about every reaction channel is obtained by
an MPA-3 data acquisition system, which is shown in
Fig.1.
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Fig.1. The two-dimensional spectrum for 2.3 MeV C2+-
He collisions.

3. Experimental data and theo-

retical estimation

In Fig.1, ‘Position’ represents the positional coor-
dinate of the scattered projectile that determines the
charge state of the scattered projectile, and ‘Time’
represents the time coordinate of the recoil ion that de-
termines the charge state of the ionized target atom.

In Fig.1 all reaction channels are well resolved from
each other, as well as from the background. The val-
ues of direct double-to-single ionization ratio R are
plotted in Figs.2-9 for helium atoms by 0.2-8.5 MeV
C7t, 07" (¢ =1—4) ions.

Before the effective charge is introduced, it is nec-
essary to review the model in Ref.[18] briefly. The
model'® is based on the COBM of Bohr and Lind-
hardt, in which the release distance R, and the cap-
ture distance R, are introduced, and they satisfy the
following relationships:

q A
(Rr_a)2 :aizv (1)
and
q 1

where a is the orbital radius of the electron, ¢ is the
charge state of the projectile, Z is the atomic number
of the target, and V}, is the velocity of the ions.

In Bohr’s theory of COBM,['"] the electrons that
are released but not captured will go back to the tar-
get atom after the collision, while in the model™8! it
is considered that the released but not captured elec-
trons can ionize the target atom within some distance
Ry, and Ry satisfies

z% > I+ % (3)

In the model,[*8] the electrons released within the
distance R, will be captured, those released between
R, and R, will not ionize the target atom until they
approach the distance Rjy.

The release probability, the capture probability
and the ionization probability of a single-electron sys-
tem are calculated from R., R. and Ry, and the direct
single and double ionization cross sections, i.e. og; and
opi of a two-electron system are calculated from these
probabilities. For the two electron (i = 1,2) system,
Ry, Re and Ry satisfy the following equations:

_ % _Z
(Rui — a)z a2’
qi 1 5
= -V
Ry 2 F7
and
qi qi
=1 . 4
Ry * R @)

For a given collision parameter b and velocity V},

the probability that the electron will be released is
_2V/RE - b?

1
) — - < .
P,; (b) Vo T for b < Ry;;
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The capture probability is

2R, — b2 1
Pg; (b) = VoG 7

Vp T or =~ RC

The ionization probability is
PIi (b) :Pm' (b) _PCi (b), for bé RIi' (5)

Then the direct single-ionization cross section and
the direct double-ionization cross section can be cal-
culated within the framework of the independent elec-
tron model to be

0si = 27T/P11(b) . (1 — PIQ(B) — PCQ(b)) -b-db
+27r/P12(b) (1= Py (b) — Pey (b)) - b-db

and
oplI — 27T/P11 (b) . P12 (b) -b - db.

The ratio of direct double-to-single ionization is
o
Dl The ratio for bare ions impacting on helium
0s1
atoms is described well in this model, but not in good

agreement with the experimental data for partially
stripped ions. To solve this problem, we consider that
the effective charge of the projectile should be taken
into account, based on the following fact.

The first released electron is ionized out of the
helium atom as the partially stripped ion approaches
the distance Rp;, which is several times larger than
the atomic diameter?%21l| so the charge of the projec-
tile seen by the first electron ionized out of the helium
atom should be the initial charge state q. With the
further approach of the projectile, the second elec-
tron of the helium atom will be released when the he-
lium atom is ionized at a distance of Ryo that is much
smaller than one atomic unit. When the projectile ap-
proaches the target nucleus further, the projectile will
penetrate the orbits of the target electrons so that the
screening effect of the bound electrons of the partially
stripped projectile is weakened, and some electrons of
the projectile should be released or ionized out of the
helium atom after the first helium electron is released
due to the electron-electron interaction to some ex-
tent. Once the projectile electron is released, which
means that the screening effect weakens, so the effec-
tive charge of the projectile seen by the second target
electron will be Ageg larger than the initial charge

state ¢. At present it is very hard to obtain the accu-
rate analytic expression of Ages due to the complex
many-body interactions, thus the value of Age.g could
be introduced as a parameter by fitting the experi-
mental data.

So we modify the model™®! in the following way:
calculate the direct ionization cross sections of the first
electron by using the initial charge states, and calcu-
late the direct ionization cross sections of the second
electron by using the effective charges. For the par-
tially stripped C9* and O%" ions, the values of the
additional charge Ageg are determined when the dif-
ferences between the experimental data and the theo-
retical fittings are minima. The theoretical fittings of
R are also plotted in Figs.2-9.

0.12

0.10 A

0.08 A

0.06 A

DI/SI

0.04 A

0.02 A

0 100 200 300 400 500
Energy/(keV/amu)

Fig.2. Experimental data of direct double-to-single ion-
ization ratio for Ct colliding with He and the theoretical
estimate with Ageg =0.3 (solid line). The data (¥ :C?T)
are adopted from Ref.[22], and the data (e:C% ) are ob-
tained from the present experiment.
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Fig.3. Experimental data of direct double-to-single ion-
ization ratio for C21 colliding with He (o:C21) and the
theoretical estimate with Ageg = 0.5 (solid line).
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Fig.4. Experimental data of direct double-to-single ion-
ization ratio for C3% colliding with He (o:C3% ) and the
theoretical estimate with Ageg = 0.8 (solid line).
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Fig.5. Experimental data of direct double-to-single ion-
ization ratio for C** colliding with He (e:C*t) and the
theoretical estimate with Ageg = 0.1 (solid line).
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Fig.6. Experimental data of direct double-to-single ion-
ization ratio for O colliding with He and the theoretical
estimate with Ager = 0.3 (solid line).The data (v: O1)
are adopted from Ref.[22], and the data (¥: O%) are ob-
tained from the present experiment.

Fig.7. Experimental data of direct double- to-single ion-
ization ratios for O2T colliding with He (o :02%1) and the

theoretical estimate with Ageg = 0.5 (solid line).
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Fig.8. Experimental data of direct double-to-single ion-
ization ratio for O3t colliding with He (o:03%) and the

theoretical estimate with Ageg = 0.7 (solid line).
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Fig.9. Experimental data of direct double-to-single ion-
ization ratio for O%t colliding with He (e:0%T) and the

theoretical estimate with Ageg = 0.2 (solid line).

4. Discussion

From Fig.2 to Fig.9, it is found that the theo-
retical results calculated by our model are in good
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agreement with the experimental data. Note that the
effective charges seen by the second target electron are
determined by the fitting parameter Ageg. In the col-
lision process, the out-shell electrons of these partially
stripped ions may be released and lose their screening
effect, so the charge seen by the second target electron
will be larger than the initial charge state of the pro-
jectile. From Fig.2 to Fig.9, it can be seen that the
fitting parameter Ageg increases with the increase of
charge state ¢ for carbon ions and so does the circum-
stance for oxygen ions, except the ions with charge
state ¢ = 4. For carbon ions in Figs.2-5, the values of
fitting parameter Ageg are 0.3, 0.5, 0.8, and 0.1, and
the values of effective charge gog are 1.3, 2.5, 3.8, and
4.1. For oxygen in Figs.6-9, the values of fitting pa-
rameter Ageg are 0.3, 0.5, 0.7, and 0.2, and the values
of effective charges ¢geg are 1.3, 2.5, 3.7, and 4.2.

In Fig.10, the 2nd-5th ionization energies of these
ions as well as the ionization energies of helium are
plotted. The 2nd-4th ionization energies of carbon
and oxygen ions are very close to the 1st and 2nd
ionization energies of helium. In close collision, after
the first electron of a helium atom has been released,
some electrons of the ion will also be released accom-
panied with the release of the second target electron.
The probability for the projectile electron-loss is about
At/T, where At is the collision time and T is the or-
bital period of the projectile electron. The electron
orbital period of the projectile with charge state ¢ is
T = 2mn?/q?, which decreases with the increase of
charge state g. So the release probability of the pro-
jectile electron increases with the increase of charge
state q. Thus, the effective charge seen by the second
electron of helium target also increases with the in-
crease of the projectile charge state. However, for the
ion with charge state 4+, that is another story. The
5th ionization energy of the projectile is much larger
than the 2nd ionization energy of the helium atom, so
the release distance for the 5th electron will be much
smaller than that for 2nd—4th electrons, and the re-
lease probability of the 5th electron should be much
smaller. So the additional effective charge Agqeg for
the projectile with charge state ¢ = 4 will be much
smaller than that of ions with charge state ¢ = 3. The
parameter Ageg for O** is 0.2, a bit larger than 0.1
for C**, which also can be explained by our model:
the 5th ionization energy for O** ion is smaller than

that for C** ion, so the release probability of the 5th
electron for O** ion will be larger than that for C*+

ion.

C ions He O ions
‘ ‘ !
7 M
64 7
113eV
390

Fig.10. lonization energies for C4T | O%7 ions and Helium
target (unit:eV).

Generally, in the collisions of the partially
stripped ions with helium atoms, the released but un-
captured electrons are ionized out of helium atoms at
some distance Rj. After the first target electron has
been released, some of the out-shell electrons of the
projectile can also be released and lose their screen-
ing effect, so the charge seen by the second electron of
the helium target will be larger than the initial charge
state of the projectile. Based on this fact, we modify
the model™®! by introducing an effective charge to es-
timate the values of direct double-to-single ionization
ratio for partially stripped ion impact.

5. Summary

The double-to-single ionization ratios of helium
atoms bombarded by CIT, Ot (¢ = 1 — 4) ions are
measured in an energy range from 25 to 500 keV /amu.
We modify the modell*® by introducing an effective
charge seen by the second target electron to estimate
these ratios for partially stripped ions impact. The
theoretical results from our model are in good agree-
ment with the experimental data and the trend of the
fitting parameter varying with the projectile charge
state ¢ is also interpreted qualitatively.
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