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We have measured the cross-section ratios of helium induced by C9t and O%F (¢ = 1-4) in an energy range from

20 keV /amu to 500 keV /amu, and obtained the two-dimensional spectra by employing the coincidence method combined

with the MPA-3 data acquisition system. Hence, we obtain the ratios of total single-ionization cross-sections (SI, SC,
SLSI, and DLSI), total double-ionization cross-sections (DI, DC, TI, SLDI, and DLDI) and cross-sections of every
process (SI, SC, SLSI, DLSI, DI, DC, TI, SLDI, and DLDI), which induce the single-ionization and double-ionization,
to the total cross sections respectively. The competitive relations between the reaction-channels and the experimental

data law of each reaction-channel are revealed explicitly, and the qualitative explanations involved in those results are

also presented accordingly.
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1. Introduction

The multiple-ionization of atomic helium, pro-
duced by highly charged projectiles, has received con-
siderable attention in basic atomic physics in the
past decades. Experimental investigations provided
more important information for basic theoretical re-
searches in atomic physics such as multi-electron
system dynamics,!!) electron—electron correlation, >~
and the structure of electron in the extranuclear field.

The ion—atom collision is always a multi-channel
reaction, due to the many-body nature of the inter-
action. The representative collision system is always
expressed formally as!®!

AT+ B — AR L B 4 (r—K)em, (1)

where AT is the charge state of projectile, B is the
atomic target, A@~%+ is the scattered ions with k
electrons captured, B™ is the recoil ion with 7 elec-
trons ionized, and (r — k)e™ is the § electrons ejected
by the collision system.

Multiple-ionization induced by fully striped ions
in many cases has been better understood quan-
titatively than that induced by partially striped
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ions. An extensive study has been devoted to the
partially-striped-ions-helium collision system in re-
cent years.5=% Most of those studies, which have
lead to a fuller understanding of the multi-ionization,
focused on the double- to single-ionization ratio of

m.[19~18] Comparing with the double- to single-

heliu
ionization ratio, however, the experimentally mea-
sured cross section ratio of multi-channel reaction
yielded a smaller statistical error, more brief data
analysis procedure and more reliable physics facts re-
flected by the experimental data. In the present work,
we report on our attempts to unravel the complex
competitive relations of the reaction-channels by mea-
suring the cross section ratio of multiple-ionization
collision. Furthermore, in this paper we also attempt
to provide a new visual angle and accumulate the data
of the multi-channel reaction bombarded by partially
stripped projectiles.

In the present paper, we measure the cross section
ratios of total single ionization (SI, SC, SLSI, DLSI et
al.), total double ionization (DI, DC, TI, SLDI, DLDI
et al.) and double ionization reaction-channels(SI, SC,
SLSI, DLSI, DI, DC, TI, SLDI, DLDI et al.) to to-
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tal ionization reaction cross section of helium respec-
tively for 20 keV/amu ~ 500 keV/amu C4T and 0%+
(¢ = 1 ~ 4) impact. The rest of the present paper is
organized as follows. The experimental method is dis-
cussed in Section.2. The details of the experimental
data and a qualitative interpretation of the experi-
mental data law are presented in Section.3. Finally,
our findings are summarized in Section 4.

2. Experimental method

The ion beams are provided by the 2x1.7 MV
tandem accelerator of Lanzhou University['”) and the
relevant techniques were described previously.[20:2%]
The energy states and the charge states of C4Tand
097 (q = 1 ~ 4) ions are selected by 30° bending
magnets when the ions pass through a chamber where
they collide with the helium target. Special concern
was taken to ensure that single-collision condition is
satisfied and reduce the random coincidence counting
rates. Therefore, the pressure of helium in the tar-
get chamber are kept at 6.4x10~2 Pa and the beam
intensity is less than 1 pA. Recoil ions are acceler-
ated by an electrostatic field and counted by an MCP
detector, the charge states of these recoil ions are dis-
tinguished by the flight time in the electric field. The
scattered ions are separated by a parallel plate elec-
trostatic field and counted by another MCP detec-
tor. The charge states of the scattered ions are anal-

ysed by the positions of projectiles on the detector.
From the coincidence between the time-signals and the
position-signals, we can obtain the information about
the counts of each reaction channels, which are shown
in the two-dimensional spectra in Fig. 1.
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Fig. 1. Two-dimensional spectra of 3.05 MeV C3*-He.

In Fig. 1 all peaks are well resolved from each
other, and reside well above the background. The un-
certainties are derived mainly from the statistic errors.
As shown in Fig. 1, the vertical composition of the or-
derly peaks corresponds to the same final charge state
A7t (g = 1-5) of scattered ions, while the horizontal
composition of the orderly peaks corresponds to the
same final charge state B¢t (¢ = 1,2) of recoil ions.

In this experiment as shown in Fig. 1, each peak
in a two-dimensional spectrum represents a reaction
channel in the collision processes. Those reaction
channels are as follows:

1)C3* + He — C3F + He™ 4 e, single ionization (SI)
2)C3t 4 He — €31 4 He?t 4 2e~, double ionization (DI)

3)C3+ 4+ He — C%+ 4 He™, single capture (SC)

4)C3* 4 He — C?* + He?" + e, transfer ionization (TI) (double ionization-single capture)

6)C3+ 4+ He — C*+ 4 He™ + 2e~, single loss-single ionization (SLSI)
7)C3t 4+ He — C*t 4 He?t 4 3¢, single loss-double ionization (SLDI)
8)C3+ 4+ He — C°* 4+ He™ + 3e~, double loss-single ionization (DLSI)
9)C3+ 4 He — €5t 4 He?t 4 4e~, double loss double ionization (DLDI).

(1)
(2)
(3)
(4)
(5)C3t 4+ He — C* + He?", double capture (DC)
(6)
(7)
(8)
(9)

3. Experimental results and discussion

3.1. Cross section ratios of total single ionization and total double ionization to

total ionization

We divide the reaction channels (1)—(9) into total single ionization process (SI, SC, SLSI, DLSI et al.) and
total double ionization process (DI, DC, TI, SLDI, DLDI et al.). The corresponding ratios, denoted by Ry and
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Ry, are shown in the following defining formulae:

Ry = o1 _ e (Nsp 4+ Nsc + Nsvst + - - -)
Ototal €7 (Nst + Nsc + Nspst + - ..) + €5 ' (Np1 + Npc + N1+ Neipr - - )
_ n(Nst + Nsc + Nsvst + - - .) _ns 2
U(NSI + Nsc + Nsist + .. ) + (NDI + Npc + N11+ Nsipr - - ) T’
\
double ionization also depends on the charge state of
Ry = 2 _ B (3)  the projectile,4 that is why there is not a single peak
Ototal T

The experimental data, which show the energy depen-
dences of Ry and Ry and competitive relation of the
couple reaction-channels, are plotted in Figs. 2 and 3.
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Fig. 2. Projectile energy dependences of Ry and R> for
Ca% (g = 1-4) collision with helium.
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Fig. 3. Projectile energy dependences of R1 and R> for
09+ (g = 1-4) collision with helium.

From Figs. 2 and 3 it follows that the ratio R is
significantly smaller than Rj;and the maximum value
of Ry is below 0.2 in our experiment. In the low-to-
intermediate energy range, Ro has a maximum value
region for C?* and 09" (¢ = 1-4) impact. This phe-
nomenon can be understood qualitatively by match-
ing projectile velocity with the target electron orbital
velocity.l?2:23] However, it should be noted that the

but a maximum value region for C¢* and O¢* (¢ = 1-
4). Another evident phenomenon that we can see from
Figs. 2 and 3 is the energy dependence of the compe-
tition between the double and the single ionization
reaction channels, which will be further discussed in
detail in the next section.

3.2. Cross section ratios of double ion-
ization to total ionization

We define the cross section ratios of double ion-
ization processes, which induce the total double ion-
ization, to the total ionization as follows:

opt _ Npr
- T

Ototal T

induced by direct ionization process;

R(DI) =

N Y
R(TI+DC) = UTIU:rtUIDC _ TI; Dc7

induced by capture process;

N, N,
R(SLDI + DLDI) _ OSLDI + ODLDI _ SLDI ; DLDI7
Ototal

induced by electron-loss process of projectile-ion.

The experimental data of competition between the
double ionization reaction channels for C¢T+He and
09T +He(q = 1-4) collisions are plotted in Figs. 4-11.
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Fig. 4. Projectile energy dependences of R(DI), R(TI)
and R(SLDI+DLDI) for Ct+He collisions.
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Figures 4 and 5 indicate that the values of R(DI),
R(TI) and R(SLDI+DLDI) increase with projectile
energy. For lower impact energies, the values of the
three ratios are small and almost the same, that is to
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Fig. 5. Projectile energy dependences of R(DI), R(TI)
and R(SLDI+DLDI) for Ot +He collisions.

say, the double ionization processes have almost equal
contributions to the total double ionization, which is
significantly smaller than single ionization as shown
above (see Figs. 2 and 3). At higher impact ener-
gies, it is demonstrated in Figs. 4 and 5 that the dou-
ble ionization components of the TT and SLDI+DLDI
channels become important as the projectile ion ve-

locity increases.?®) And we can obtain the experimen-

tal law R(SLDI+DLDI)> R(DI)> R (TI4+DC) ex-
The tendency that the SLDI+DLDI chan-
nel dominates the double ionization process has been

plicitly.

shown as a common property for low charged ion—
atom collision. 2!

For the behaviour of C**+He collision system
from Fig. 6, it is deferent from that of C*+ He colli-
sion system, which implies that the projectile charge

C%* + He
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Fig. 6. Projectile energy dependences of R(DI),

R(TI+DC) and R(SLDI+DLDI) for C2*+He collisions.
state begins to affect the double ionization process by
capturing the outer-shell electrons of atomic helium

at low projectile energies, and the transfer ionization
and the double capture process predominate over the
double ionization of the target. Therefore, we can ob-
tain the relation of the three channels as R(TI+DC)>
R(DI)> R(SLDI4+DLDI). With more attendant elec-
trons than C2T, the O?T4He system in Fig. 7 has
the same experimental law as that for the C?>t+He
system and enters into a strong-interaction region at
significantly lower energies.>21] With the energy in-
creasing in the strong-interaction region, the electron
losing channel dominates the double ionization grad-
ually and R(SLDI+DLDI) exceeds R(DI) in some en-
ergy region, furthermore, it exceeds R(TI+DC) in a
higher energy region.
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Fig. 7. Projectile energy dependences of R(DI),
R(TI+DC) and R(SLDI+DLDI) for O2*+He collisions.

As shown in Figs. 8 and 9, it is evident that the
double capture predominates the reaction in the whole
experimental energy region for the higher charged
projectiles, and the law the same as C2?T4He~
R(TI+DC)> R(DI)> R(SLDI4+DLDI) is obtained

C3+ 4+ He
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Fig. 8. Projectile energy dependences of R(DI),

R(TI4+DC) and R(SLDI+DLDI) for C3++He collisions.

in a low energy region. From Figs. 8 and 9, the R(DI)
keeps almost an invariable value during the increase of
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projectile energy, and it seems that the losing of chan-
nel will significantly affect the double ionization pro-
cess. From the tendencies shown in Figs. 8 and 9, the
R(SLDI4+DLDI) is more likely to become invariable
too, and the direct ionization process will predomi-
nate in the double ionization in some higher energy

range, which is beyond our experiment.!®!
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Fig. 9. Projectile energy dependences of R(DI),

R(TT+DC) and R(SLDI+DLDI) for O3+ +He collisions.
From Figs. 10 and 11, a similar law to that for
the C3*+He system, ie., R(TI+DC)> R(DI)>
R(SLDI+DLDI) is obtained, and the C**+He system
comes into a strong-interaction region at higher energy
than those of C'* €2+ C3+ .21 Under the condition
of higher energy and charge states, the experimental
data indicate that the ratios of three reaction channels
slightly decline with the further increase of projectile
energy. In contrast with the cases of C!*, C2* and
C3*in Figs. 2 and 3, where total single ionization in-
creases with energy and the total double ionization
declines as the energy increases. This phenomenon
evidently shows that the single ionization process has
a tendency to predominate in the ionization reaction.
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Fig. 10. Projectile energy dependences of R(DI),
R(TI4+DC) and R(SLDI+DLDI) for C*t4He collisions.

We find the evidence of competition relations be-
tween the reaction channels for partially stripped ion—

atom collisions, which involve the charge state ¢ and
energy E of the projectile. In the present work, we dis-
cuss the experimental results by dividing the reaction
channels in our experiment into single ionization and
double ionization by the ionization states of atomic
helium, and obtain that single ionization dominates
the collisions, thus the double ionization occurs at a

low probability.[27:28]
0%+ + He
— o
0.1F —o__ M °
—
A I —
P - E— 87 - ,,@
Ao oo
0.01F 9 Ry
0 R(DI)
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0.001 L L Il 1 f 1
280 300 320 340 360 380 400
Energy/(keV/amu)
Fig. 11. Projectile energy dependences of R(DI),

R(TI4+DC) and R(SLDI+DLDI) for O4*++He collisions.

We also discuss that the double ionization divides
the reaction channels in our experiment into the direct
ionization process, electron capture process, and pro-
jectile losing electron process by the change of charge
state of projectile. In the low energy range, the elec-
tron capture dominates the reaction, and the ratio
of electron loss is significantly low. With energy in-
creasing, the reaction comes into a so-called strong-

2.21] the ratios of the three reaction

interaction region, [
channel are identical with each other in generally. In a
higher energy region, which process predominates the
reaction is determined by the charge state of projec-
tile. With a low charge state (¢ = 1), electron losing
process predominates in the process. However, when
the charge state is higher than previous ones (¢ = 2—-
4), the direct ionization predominates in the reaction

and the ratio of capture channel is significantly low.

4. Summary

By employing coincidence method combined with
the MPA-3 data acquisition system, we have mea-
sured the cross-section ratios of helium induced by
C* and 09T (¢ = 1-4) with the energies ranging from
20 keV/amu to 500 keV/amu. we obtain the ratios
of total single-ionization cross-sections (SI, SC, SLSI,
and DLSI), total double-ionization cross-sections (DI,
DC, TI, SLDI, and DLDI) and cross-sections of every
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process (SI, SC, SLSI, DLSI, DI, DC, TI, SLDI, and
DLDI) to the total cross sections respectively. The

competitive relation of the reaction-channels and the

experimental data laws of each reaction-channel are

obtained and the relevant results are also interpreted

qualitatively. Considering that some basic problems

exist in the collision system, such as multiply-body

problem), it is worth finding out the scaling laws of

those cross-section ratios.
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