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In this paper a projectile ions—recoil ions coincidence technique is employed to investigate the target ionization

and projectile charge state changing processes in the collision of 0.22-6.35 MeV C9% (¢ = 1 —4) ions with argon atoms.

The partial cross section ratios of the double, triple, quadruplicate ionization to the single ionization (or the single

capture) of argon associated with single electron loss (or single electron capture) by the projectile are measured and

compared with the previous experimental results. In the present experiment, it is observed that the ratios of ionization

cross sections R associated with single loss and single capture depend strongly on the projectile charge state and vary

significantly with different reaction channels as impact energy increases. In addition, this paper gets empirical scaling

laws for the ionization cross section ratios R corresponding to the projectile single loss and finds that the ratios of the

double ionization to the single ionization associated with single electron capture remain constant in the present energy

range.
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1. Introduction

Multiple-ionization processes of atoms resulting
from fast charged projectile impact have been exten-
sively studied in the past two decades. Although single
ionization induced by fast bare-ion impact is well un-
derstood quantitatively and can be satisfactorily de-
scribed by using the first Born approximation,!—3!
multiple electrons processes such as multiple ioniza-
tions and charge-exchange phenomena are often dif-
ficult to describe even qualitatively, which are asso-
ciated with many-body problems in ion—atom colli-
sions. Theoretical approaches describing the many-
electron Coulomb interaction are simplified by several
approximations.!*° The shake-off model based on per-
turbation theory and the two-step mechanism based
on the independent electron model are used to de-
scribe the double ionization process at different energy
regions.[6=9 In fact, for ionization induced by par-
tially stripped ions, the situation is very complicated:
the electron-correlation effects and electron—electron

interaction in multiple ionization process appear to
play an important role at intermediate energies.

Considerable experimental and theoretical in-
vestigations have been made on ionization of two-
electron system by fully and partially stripped pro-
jectile impact.!'°=16] For many-electron targets, there
are few experimental data about multiple ionization
involving heavier dressed ions.'7-18l In this work, the
cross section ratios of multiple ionization to single ion-
ization (or single capture) corresponding to single elec-
tron loss and capture by the projectile are measured
for 0.22-6.35 MeV C?* (¢ = 1 — 4) ions impact on
argon atoms. The aim of the present work is to in-
vestigate the multiple ionization mechanism of argon
in the intermediate energy range. We compare the
velocity and charge-state dependences of the ratios of
the multiple ionization cross sections.

In this article, we discuss the experimental results
for the following reaction channels:

(1) CI* + Ar — Cle=D+ 4 Ar'F | pure single cap-
ture (SC);
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(2) Cit + Ar — CUD+ L A 46 single
ionization—single capture (SI-SC);

(3) Cot + Ar — CU™DF L Ar*F 4 2, double
ionization—single capture (DI-SC);

(4) Cot 4+ Ar — ClUODFT 4 Ar* 4 3 triple
ionization—single capture (TI-SC);

(5) C7F + Ar — CUOD+ 4 At 4 9¢; single
ionization—single loss (SI-SL);

(6) Cot + Ar — CUtD+ L Ar?F 4 3¢ double
ionization—single loss (DI-SL);

(7) CTF + Ar — CUD+ L A3t 4 e, triple
ionization—single loss (TI-SL);

(8) C7t 4+ Ar — CUD+ L Av*t 4 5e, quadrupli-
cate ionization—single loss (QI-SL).

Here q (¢ = 1 —4) is the charge state of incident
ions. Process (1) corresponds to pure single capture,
while processes (2), (3) and (4) correspond to single,
double and triple ionization of argon atoms associated
with the single projectile electron capture. Processes
(5)—(8) correspond to single, double, triple and qua-
druplicate ionization of argon atoms associated with
the single projectile electron loss.

2. Experimental setup

The present experiments were performed at the
2x 1.7 MV tandem accelerator in department of mod-
ern physics, Lanzhou University. The experimental
apparatus used in the present experiments have been
described in detail elsewhere.[1920] In brief, the beams
of 0.22-6.35 MeV C9% (¢ = 1 —4) ions were extracted
and then charge state analysed by bending magnet.
After well collimated with two two-dimensional aper-
tures of 0.2 x 0.2 mm? (two metres between them) to
ensure that the divergence of the beam was smaller
than 0.01°, the beams passed through the collision
chamber crossing with argon atoms. In order to guar-
antee the single collision condition, the gas pressure
in the target chamber was kept at 2.66 x 10~2 Pa and
the background vacuum was maintained to be better
than 2.66 x 10~* Pa. The recoil ions were accelerated
out of the collision region by an electrostatic field and
passed through a field free drift tube. Upon reaching
the end of the flight tube, the recoil ions were further
accelerated into a microchannel plate detector in a
chevron configuration which was held at a potential of
-3 kV and provided start signals for time-to-amplitude
converter (TAC). After charge states analysed by a
parallel-plate electrostatic field, scattering carbon ions
were detected by a one-dimensional position-sensitive

detector. The scattered projectiles from the same col-
lision events provided delayed stop signals for TAC,
ionized recoil ions were selectively identified and dis-
tinguished from background by time-of-flight analysis.
A MPA-3 data acquisition system was used to record

the events in the same collision.
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Cross sections are denoted by ¢.”, where the su-
atom, the subscript ¢ and ¢’ denote the initial and fi-
nal projectile charge state respectively. In this work,
we also determine the ratio
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between the n-fold ionization and the single ionization
(or the single capture) cross sections associated with
single electron loss (or single electron capture) by the
projectile, where N, and N; are the peak areas of the
coincident channel of multiple ionization, the super-
script SC and SL are associated with single electron
capture and single electron loss by the projectile re-
spectively. The efficiency of detecting recoil ion is de-
termined to be e1/e2 = e1/e3 = e1/e4 = 0.53061.121]
The error of the ratio of cross section comes mainly
from statistic error (5% — 15%) and the uncertainty of
the calibration of the detector efficiency (< 8%).

3. Results and discussion

The cross section ratios for target ionization plus
single electron loss and for target ionization plus sin-
Post-
collisional Auger-type processes have been taken into

gle electron capture are of special interest.

account, since they are expected to take place in the
present impact energy range. According to the binary-
encounter-approximation,??! the C?+ ions do not have
enough impact energy to ionize the K-shell electrons
of argon atoms in the present energy region. Multiple-
ionization therefore seems to be the dominant process
in exciting and ionizing the argon atom M and L shells
in the investigated collision systems. Because it is dif-
ficult to distinguish the Auger-type processes exper-
imentally, a theoretical method is used here to take
the Auger-type processes into account, the details of
this method is described in Ref.[20]. The experimen-
tal data after the Auger process correction are plotted
in Fig.1-Fig.8.

The reduced cross section ratios of double, triple
and quadruplicate to single ionization corresponding
to single electron loss in collision of CI" (¢ = 2 — 4)
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ions with argon atoms are shown in Figs.1-3. In Fig.1
for the cross section ratio R5F divided by ¢%%° ver-
sus impact energy, it is obvious to find that the re-
duced cross section ratio is in excellent agreement with
the fitted dashed line within the experimental uncer-
tainty of about 15%. Similar trends of R§Y divided
by ¢'#° and R$¥ divided by ¢*° as a function of im-
pact energy are displayed in Fig.2 and Fig.3. The
experimental cross section ratios are consistent with
the fitted dashed lines within the experimental error of
about 10%, respectively. From the results of the fitted
dashed lines, it can be found that R3} oc ¢0-45 x 1 =0-60
RSL oc ¢85 x v 115 and RYE o« ¢25 x v~ 192, Tt is ob-
vious that the ratios R5F, R5F and R are strongly
dependent on the projectile charge state, which in-
crease with the increasing projectile charge state re-
spectively and decrease monotonically as impact ve-
locities increase. The RSY is up to 0.7 for C** ions,
and about 0.85 for C*** ions, even the R5; and R$F
are much larger than 1 at low impact energy (see
Fig.4). In addition, for a given projectile charge state,
it is found that R§} > RJ} > RSF in relatively low
energy region is shown in Fig.4, we also find that the
curves of the ratios RS> for C34* ions cross each other
at high impact energy, as well as the similar result of
the ratios RSY.
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Fig.1.
gle ionization associated with single electron loss for C4+
projectiles (¢ = 2—4). The dashed line is the least-squares
fitted curve.

The reduced cross section ratio of double to sin-

As we know, the physical scenario of the ion-
ization process associated with electron loss by the
projectile is due to two independent mechanisms: (23!
(1) a two-step process in which the target is ionized
by the screened projectile while the projectile is ion-
ized by the screened target (loss ionization) and (2)
the electron—electron interaction between the projec-

tile and target active electrons results in the simul-
taneous ionization of both. As expected, loss ioniza-
tion processes are dominant for high-charge-state pro-
jectiles at low velocities, electron—electron interaction
dominates at high velocities and ionization cross sec-
tion decreases sharply as the projectile charge state
increases during the collision. As mentioned above,
the first mechanism is the dominant mechanism at low
velocities, so the cross section ratios of triple and qua-
druplicate to single ionization are larger than that of
double to single ionization for multi-charged incident
ions. The second mechanism is the dominant mech-
anism at high velocities and multiple-ionization cross
section decreases sharply as the projectile charge state
increases, so the ratio RS} for C3* ions at high impact
energy is larger than that for C** ions, as well as the
result of the ratios RS for C34F jons.
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Fig.2. The reduced cross section ratio of triple to single
ionization associated with single electron loss for C4% pro-
jectiles (¢ = 2 — 4). The dashed line is the least-squares
fitted curve.
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Fig.3. The reduced cross section ratio of quadruplicate
to single ionization associated with single electron loss for
Ca% projectiles (g = 2 — 4). The dashed line is the least-
squares fitted curve.
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Fig.4. Ratios of n-fold ionization to single ionization cross
section associated with single loss for C31 projectiles in-
cident on argon.

It is shown in Fig.5 that the cross section ratios
of pure single electron capture to pure single ioniza-
tion decrease rapidly as the increase of the impinging
energy below 100 keV/amu, and decrease down to 0.3
when the energy is larger than 100 keV/amu. Com-
pared with the ionization channels associated with no
projectile charge change and single electron loss, the
capture channel has smaller probability in the present
energy region. However, transfer ionization probabil-
ity is comparable to that of single capture as shown
in Fig.6. It can be found that the ratio R{Y > R5C >
RSC, and the ratios R5{ (n = 1,2,3) have maxima
around 300 keV/amu for C3* ions on argon atoms,
which are different from the ratios RS} (n = 2,3,4)
as shown in Fig.4.
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Fig.5. Argon cross section ratios of pure single capture
to pure single ionization for C4* (¢ = 1 — 4) projectiles.

The data of this work are plotted in Fig.7 together
with other experimental results on argon atoms. In
Fig.7, the ratios RS® increase not only as the energy

increases but also as the charge state of the projectile
increases for C?" ions, which is in good agreement
with the work of DuBois.[?42% Moreover the corre-
sponding energies of the peaks of the ratio R3L for
C9* (¢ = 1 — 4) shift to high impact energies with
the increasing of the charge states of the projectile.
As shown above, the ratio RS (n = 1,3) depends
also strongly on the charge state of the projectile and
shows quite special feature different from that of the
pure ionization.!'® The direct ionization cross section
ratio is independent of the charge state of the pro-
jectile, only dependent on the nuclear charge of the
projectile.
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Fig.6. Ratios of n-fold ionization to single capture cross
section associated with single capture for C31 projectiles
incident on argon.
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Fig.7. Ratios of double ionization to single capture cross
section associated with single electron capture by several
projectiles incident on argon. C1:234+_Ar (this work);
He!* -Ar;[24] He2+-Ar.[25]

As we know, pure ionization without charge
change of the projectile often occurs at distant col-
lision, while multiple-ionization accompanied by elec-
tron loss and electron capture by the projectile re-
quires a small impact parameter collision. Based on
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Bohr-Lindhard model, 26! the cross section for capture
of electrons from heavy ions is given by the expression
(for high velocities)

Ocapture — 87TZ§1(U_")’0775 (1)

an

where Z4 is the nuclear charge of the projectile, v is
the impact velocity, a,, and u, are the Bohr-radius
and the Bohr-velocity respectively.
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Fig.8. Ratios of double to single ionization cross sec-

tion associated with single electron capture for C1:2:3+.
Ar. The dashed lines are the least-squares fitted curves
for C12:3% ions.

The pure capture cross section decreases mono-
tonically with the increasing impact velocities, and
the multiple ionization cross section associated with
single electron capture by the projectile has a maxi-
mum in the present energy region,?425-27 so the ratio
RS¢ (n = 1 — 3) increases first and then decreases
as velocities increase. On the other hand, within the
frame of the independent electron model, transfer ion-
ization probability is the product of pure single cap-
ture probability and pure multiple ionization probabil-
ity. So the ratio R3¢ (n = 1—3) is proportional to the
cross section of pure multiple ionization, which has a

5 [24,25,27]

maximum at the present regio and since the

multiple ionization cross section is proportional to the
projectile charge state, the ratio RS§ (n = 1—3) thus
increases with the increasing projectile charge state.

In Fig.8 for the cross section ratios of double to
single ionization versus (v/q), these dashed lines are
the fitted lines using R = 0.32 = constant for C1* ions
and 0.50, 0.54 for C?*, C3+ ions respectively. It can be
found that the cross section ratios were in agreement
with the fitted dashed lines within the experimental
uncertainty of about 15%. It may suggest that the
single ionization process accompanied by double ion-
ization process results from auto-ionization effect of
multi-electron target in the case of single electron cap-
ture by the projectile.

4. Conclusions

The partially cross section ratios of the double,
triple, quadruplicate ionization to the single ioniza-
tion (or the single capture) of argon associated with
single electron loss (or single electron capture) by the
projectile are measured for 0.22-6.35 MeV CY4T-Ar
(¢ = 1 —4) collisions. We get empirical scaling laws
for the ionization cross section ratios corresponding
to electron loss by the projectile. It is observed that
the ratios of ionization cross section R associated with
single electron loss and single electron capture depend
strongly on the charge states of the projectile and vary
significantly with different reaction channels with the
increasing impact energy in the present experiment,
which is in good agreement with the results of the ear-
lier work. These features are different from those due
to pure ionization in which the direct ionization cross
section ratios are independent of the charge state of
the projectile, only dependent on the nuclear charge
of the projectile. We also find that the ratio of the
double ionization to the single ionization associated
with single electron capture by the projectile keeps a
constant in the present energy range.

References

[1] Haugen H k, Andersen L H, Hvelplund P and Kundsen H
1982 Phys. Rev. A 26 1950

(2] SellinI A (Ed.) 1978 Structure and Collisions of Ions and
Atoms (Berlin: Springer) p106

(3] Inokuti M 1971 Rev. Mod. Phys. 43 297
Inokuti M 1978 Rev. Mod. Phys. 50 23

[4] Liu C L, He B, Ning Y, Yan J and Wang J G 2005 Acta
Phys. Sin. 54 3206 (in Chinese)

[5] Yang W, Cai X H and Yu D Y 2005 Acta Phys. Sin. 54
2128 (in Chinese)

(6] McGuire J H 1982 Phys. Rev. Lett. 49 1153

[7] Knudsent H, Andersent L H, Hvelplundt P, Astner S G,
Cederquist] H, Danared S H, Liljeby S L. and Rensfelt S
K G 1984 J. Phys. B 17 3545

[8] Shah M B and Gilbody H B 1985 J. Phys. B 18 899

[9] Berg H, Ullrich J, Bernstein E, Unverzagt M, Spielberger
L, Euler J, Schardt D, Jagutzkit O, Schmidt-Bocking H,



No. 8

Multiple ionization of argon accompanied by electron loss and capture of 0.22-6.35 MeV C9% ions

2383

Mann R, Mokler P H, Hagmann S and Fainstein P D 1992
J. Phys. B 25 3655

Damsgaard H, Haugen H K, Hvelplund P and Knudsen H
1983 Phys. Rev. A 27 112

Wood R M, Edwards A K and Ezell R L 1986 Phys. Rev.
A 34 4415

Salin A 1987 Phys. Rev. A 36 5471

Berg H, Jagutzkit O, Dorner R, DuBios R D, Kelbch C
and Schmidt-Bocking H 1992 Phys. Rev. A 46 5539
Krishnakumar E and Rajgara F A 1993 J. Phys. B 26
4155

Woitke O, Za’vodszky P A, Ferguson S M, Houck J H and
Tanis J A 1998 Phys. Rev. A 57 2692

Schulz M, Moshammer R, Voitkiv A, Najjari B and Ullrich
J 2005 Nucl. Instrum. Meth. B 235 296

Cai X H, Shen Z Y, Chen X M, Liu Z Y, Ma X W, Liu H
P and Hou M D 1997 Chin. Phys. 6 6

Cai X H, YuDY, Cao Z R, Lu R C, Yang W, Shao C J
and Chen X M 2004 Chin. Phys. 13 1679

(19]

20]

(21]
(22]

23]
[24]

[25]
[26]

27)

Cai X H, Chen X M, Feng J Z and Liu Z Y 1993 Chin. J.
Atom. Mol. Phys. 10 2982

Cai X H, Chen X M, Shen Z Y, Liu Z Y, Ma X W, Liu H
P and Hou M D 1996 Nucl. Instrum. Meth. B 119 452
Xie J S 2006 Master Thesis (Lanzhou University)
Garcia J D, Fortner R J and Kavanagh T M 1973 Rev.
Mod. Phys. 45 111

Fiol J, Olson R E, Santos A C F, Sigaud G M and Mon-
tenegro E C 2001 J. Phys. B 34 L503

DuBois R D 1989 Phys. Rev. A 39 4440

DuBois R D 1987 Phys. Rev. A 36 2585

Bransden B H and Mcdowell M R C 1992 Charge Ex-
change and the Theory of Ion-Atom Collisions (Oxford:
Clarendon) pl1

Kirchner T, Santos A C F, Luna H, Sant’Anna M M, Melo
W S, Sigaud G M and Montenegro E C 2005 Phys. Rev.
A 72 012707



