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Multiple ionization of Cg by Si?* ions (g=1-3) has been studied at incident energies of 0.5, 0.8, 2.0, and
6.0 MeV covering a velocity range of v=0.85-2.93 in atomic units. Fragment ions and secondary electrons
were measured in coincidence with charge-selected outgoing projectile ions, enabling us to determine the
charge state of prefragmented parent ions Cg,'". Charge state (r) distributions correlated with the smallest
fragment ions of C,* (m=<3) were found to vary rather strongly depending on v and g, whereas the r
distributions were less sensitive for medium sized ions of m=4. These results reflect fairly well the difference
of the amount of inelastic energy deposition estimated from the local density approximation. Experimental r
distributions correlated with specific fragment ions C,* (m<35) were reproduced almost perfectly by our
statistical energy deposition model. From our model calculations we also obtained the most probable values of

the ionization energy associated with the production of individual fragment ions.
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I. INTRODUCTION

Collision-induced fragmentation of Cg, has been exten-
sively investigated in the past decade [1-11]. Among many
valuable findings reported in these studies, one of the strik-
ing phenomena observed in fast ion collision experiments is
that a C¢, molecule is broken into small fragments even
when the charge state of prefragmented ion Cg,'™" is ex-
tremely low (r~3) [8-10]. This fact implies evidently that
the internal excitation plays a substantial role in Cgy multi-
fragmentation. Actually, in fast ion-Cg, collisions a large
amount of electronic energy deposition is predicted, from the
local density approximation (LDA) [12], to reach a few keV
which is comparable to an energy loss in a thin carbon foil.
On the other hand, the Coulomb explosion due to the insta-
bility arising from high charge states produced in collisions
plays also an important role in multifragmentation [2].

To date, the mechanism of collision-induced Cg, fragmen-
tation has not yet been fully understood. This is because a
conventional time-of-flight measurement does not provide
information about the degree of ionization r of a prefrag-
meted ion Cg'™", since the number of electrons emitted si-
multaneously are not determined in such a simple way. In
order to understand the fragmentation mechanism more
clearly, we developed a triple coincidence technique allow-
ing us to make simultaneous measurement of fragment ions,
outgoing projectile particles, and secondary electrons [8—11].
This technique enables us to determine total and partial r
distributions of Cg,". Here, the term partial means a r dis-
tribution correlated with a specific fragment ion C,," of fixed
size m. Inversely, one can also know a fragment mass distri-
bution correlated with a fixed charge state r of prefragmented
ions. Experimental results obtained in this way have been
successfully examined by the energy partition model based
on the idea that the electronic energy deposition E; is shared
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between ionization and excitation with a certain partition rate
[8—11]. Note, however, that the model can predict only av-
erage values of r and not reproduce the r distribution itself. It
needs a more statistical approach to account for the experi-
mental r distributions.

In our previous papers [8,9] the r distribution was inves-
tigated in detail using 2 MeV Si>* ions (v=1.69 a.u.) under-
going single and double electron loss and capture collisions.
In this work, investigation of Si?*-induced multiple ioniza-
tion is extended to a wider velocity range from v
=0.85 to 2.93 a.u. and charge states g=1-3. As the amount
of E, is known to vary strongly with respect to both v and ¢
in this velocity range, we achieved more detailed investiga-
tion of the relationship between E, and the resulting r distri-
bution correlated with size-fixed fragment ions C,* of m
< 10. It is noted that these small-size fragment ions are pro-
duced only in close encounters between collision partners. In
such collisions the correlated r distribution is supposed not to
depend greatly on the type of charge-charging collisions as
demonstrated in [8,9] as for single electron loss and capture
collisions. Hence, we limited measurements in this work to
the single electron loss process. Estimation of E; was made
by using the LDA model. Present results of r distributions
correlated with size-fixed fragment ions are compared with
our newly developed model calculations achieved by taking
account of the statistical nature of electronic energy deposi-
tion process.

II. EXPERIMENT

The experiment was performed at the QSEC 1.7-MV tan-
dem Cockcroft-Walton accelerator facility of Kyoto Univer-
sity. As the experimental method and apparatus are described
in [8,9], only the essential outline is given here. Projectile
ions investigated are 6.0 MeV Si3*, 2.0 MeV Si?*, and Sit
with energies of 0.5, 0.8, and 2.0 MeV. The incident beam
was carefully collimated to smaller than 0.1 mm in diameter
and was charge-purified with a magnetic charge-selector be-
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FIG. 1. 2D spectrum of time-of-flight of fragment ions and the
number of secondary electrons n, obtained for single electron loss
collisions of 0.5 MeV Si* projectiles.

fore entering a collision chamber. A gas phase Cg target was
produced by sublimation of high-purity (99.98%) powder at
550 °C in a temperature controlled quartz crucible. The ef-
fusive Cqy beam was collimated to smaller than 4 mm in
diameter by two apertures with diameters of 1.0 mm and
2.0 mm above the crucible. A base pressure of the target
chamber was kept below 5X 107 Pa. After collisions with
the Cg target, outgoing projectiles were charge separated by
an electrostatic deflector and detected by a movable semi-
conductor detector (SSD). Positive fragment ions and sec-
ondary electrons were extracted into opposite directions by
an electric field of 615 V/cm applied perpendicular to the
incident beam axis. Fragment ions were detected by a two-
stage multichannel plate with a front voltage of —4.6 kV.
This voltage is sufficient to detect all the fragment ions C,,*
of m=<10 with highest detection efficiency of about 1 [7].
The mass distribution of product ions was measured by a
time-of-flight (TOF) method. Secondary electrons were de-
tected by a PIPS-type SSD detector biased at +30 kV, en-
abling us to obtain the number of secondary electrons n,
emitted simultaneously in a single collision. Detection of
fragment ions and secondary electrons was made in coinci-
dence with scattered ions of charge states (g+ 1) produced in
single electron loss collisions described as

Si?* + Cgp— SI*V* 4+ Ce)* + ne”.

Here, C,"* stands for a prefragmented parent ion and n,=r
+1 is the number of free electrons. As mentioned in Sec. I, r
distributions correlated with specific fragment ions are
known to be almost the same for single electron loss and
capture collisions [8,9], so that we investigate here only the
single electron loss process.

An example of a two-dimensional (2D) map of TOF-n,
coincidence spectra obtained for 0.5 MeV Si* ions is shown
in Fig. 1. Horizontal and vertical axes are the time-of-flight
(us) of fragment ions and the pulse height of electrons de-
tected by the SSD, corresponding to the number of electrons
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(n,) as indicated in the figure. As we know both ¢ and n,, the
charge state r of a prefragmented ion can be determined
within an accuracy of better than 94% [8]. From these 2D
maps one can derive the r distribution correlated with a spe-
cific fragment ion C,," of any desired value of m. Also one
can derive the fragment ion distribution correlated with a
specific value of r. It should be pointed out that, similar to
other projectile ions investigated previously [8—10], C4, mul-
tifragmentation is found to occur even at low charge states
of, e.g., r=3.

III. RESULTS AND DISCUSSION

A. r distributions correlated with size-fixed fragment ions

Before a quantitative discussion of our experimental re-
sults, it might be helpful to overview the scenario of our
energy partition model described previously [6,8—11]. In this
model, the electronic energy deposition Ej, into a target par-
ticle from an incident particle is divided between ionization
(Eion) and internal excitation (E;,) with a certain partition
rate a, i.e., E;=F;,,+E;, and E,,,=aF,. The ionization en-
ergy E;,, is then shared between kinetic energies of all ion-
ized electrons (E;) and the sum of their ionization potentials
(E,) with another partition rate 8 as Ej,,=E,+E; and E,
=BEion=aPE,. We set P,=af in the following discussion. If
we know the amount of E; and the partition rates, we can
deduce E;, and average values of r [8—11].

Figure 2 shows r distributions correlated with smaller
fragment ions of C,", C;, and C5" measured for various
incident energies. One can see that the r distribution corre-
lated with C,* changes greatly depending on the projectile
velocity v and charge state ¢, while such a variation becomes
smaller with increasing fragment size m. As the first step to
interpret these experimental r distributions, we calculated
impact parameter dependent E; by using the local density
approximation (LDA) [12]. The calculation procedure is de-
scribed in [11,13-15]. Briefly, the electronic energy deposi-
tion E,(b) at an impact parameter b, measured from the Cg,
center, is given by

4mq?

E,(b) = vfef p(r)L(p(r),v)dz, (1)

—00

with L(p,v) the stopping number and p(r) the electron den-
sity of Cg, [16]. The effective charge g, of projectile ions
used in Eq. (1) was calculated from [17]. At incident energies
below 2.0 MeV (v=1.7 a.u.) the calculated values of ¢, for
Si* and Si?* ions are 2.49 and 3.22, respectively. Note that g,
is constant for incident velocities v<1.8 a.u. As for
v>1.8 a.u,, g, is velocity dependent and is calculated to be
5.04 for 6.0 MeV Si** ions (v=2.9 a.u.). Calculated results
of E,(b) are depicted in Fig. 3 as a function of b. These
values are largely different at b<<9 for different projectile
ions. Hence, it is plausible to state that the smallest fragment
ions, showing large variation of r distribution, are produced
in Cg, cage penetration collisions, while medium sized frag-
ments are in peripheral collisions. This conclusion agrees
well with our previous work concerning the scattering angle-
dependent fragmentation of Cg, [11]. The average value of
E, is estimated from
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FIG. 2. r distributions of prefragmented Cq,™* ions correlated

with the production of C,," ions obtained for single electron loss
collisions.

b()
E;= 2m/mb?) f bE (b)db, )
0

where we took b,=9 a.u. as the effective molecular
radius of Cg, The average values of E, in eV are
550 (0.5 MeV Si*), 680 (0.8 MeV Si*), 880 (2.0 MeV Si*),
1470 (2.0 MeV Si**), and 2560 (6.0 MeV Si**).

Figure 4 shows the average value of total ionization po-
tentials E, associated with the production of C," as a func-
tion of E,; Here, E, is calculated from an experimental r
distribution as

E,=>, Fr(E 1i>, (3)
r =1

where I, is the ith ionization potential (/;=3.77+3.82i) [18],
and F, is the normalized intensity of C¢,™* in experimental r
distributions (see Fig. 2) with 2,F,=1. It is noted here that
more recent data of the ionization potentials available in lit-
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FIG. 3. Electronic energy deposition E; calculated from LDA
plotted as a function of the impact parameter b.

erature [19] are expressed as ;=3.85+3.25{, giving rise to
slightly lower values than the above formula. Deviation of
E, calculated from these two formulas was 12% at most
(6 MeV Si*). o

It is interesting to note that E, increases with increasing
E, but is not proportional to E,, indicating that the degree of
multiple ionization does not increase simply even if the en-
ergy deposition is large. The similar trend is also observed in
H*-Cg collisions [3]. They report that both ionization and C,
evaporation from Cg, exhibit strongly a so-called velocity
effect as a function of E,;. They showed that the evaporation
fractions, for instance, are largely different at different ve-
locities even if the values of E,; are the same. Qualitatively, it
can certainly be stated that the degree of multiple ionization
of C¢y may be different at different impact velocities even if
E/’s are the same. Actually, we found in our previous work
that, in the same E, but different v collisions (2 MeV Li* and
0.4 MeV O%), multiple ionization was entirely different [10].
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FIG. 4. Average ionization potential E_[, associated with C*
(open symbols) and the partition rate P,, (full symbols) as a function
of E, obtained for for various impact energies.
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B. Estimation of the partition rate P,

The relationship between E; and E, shown in Fig. 4
gives quantitative information about the partition rate defined
by P,=aB=E,/E, Estimated values of P, also shown
in Fig. 4, are 0.25 (0.5 MeV Si*), 0.24 (0.8 MeV Si*),
0.20 (2.0 MeV Si*), 0.17 (2.0 MeV Si**) and 0.11 (6.0
MeV Si**). Theoretical calculations of partition rates have
been performed so far for a few collision systems;
0.2-10* keV H+H,0 [20] and 1.4 MeV/amu U3?*+Ne[21].
From [20] one can derive the partition rate « in the present
velocity range as a=0.7(v=0.8)-0.85(v=3.0). As for 3, Ol-
son et al. reported S=0.25. Although these collision systems
are different from each other, the magnitude of P,as a the-
oretical value can be obtained to be about 0.2 in the present
velocity range. It is worthwhile to point out that this theoret-
ical value compares fairly well with our experimental results
given above. Actually, in our previous works we used these
two theoretical partition rates and most experimental results
were successfully analyzed [8—11].

C. Calculation of r distributions with statistical energy
deposition model

In this section we focus on the r distribution in more
detail. As shown in Fig. 2, r distributions correlated with
individual fragment ions are different widely from each
other. In order to achieve more accurate statistical analysis of
these r distributions, we extended a statistical energy depo-
sition (SED) model developed on the basis of the following
idea [13,14,22,23]. Since the collision time of swift ions is
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considerably shorter than the typical time (~107° s) of any
rovibrational motion of Cg, a swift ion is assumed to deposit
a certain amount of E,; into a Cg fixed in space. Outer-shell
electrons are then ionized slowly (autoionization) in com-
parison with the collision time, and E; may be statistically
distributed among the electronic freedoms of Cgy. Assuming
the multiple ionization probability to be proportional to the
volume of phase space available in the ionization state of
interest, Russek and Meli [22] formulated the r-fold ioniza-
tion probability P, as

PEy) = C<Nne )gnSr(Ek(r)/Il)a (4)

with

2[(r—1)/2] 7T(r/2)x(3r—2)/2

Gr-2)1

S(x)= (3)

where N, is the number of electrons of the target particle (we
set N, =240 for Cg), and S, is the density of final states. The
parameter g is proportional to the mean-square matrix ele-
ment of single ionization. As the value of g is difficult to be
estimated theoretically, we chose g=0.007 since this value
was found to reproduce fairly well the experimental results
[5]. The kinetic energy E, carried away by the ionized r
electrons is given by
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FIG. 6. The most probable ionization energies E,. derived from
fitting calculations for individual fragment ions C,*.

r

Ei(r) = Ejgy — Ep =Ejon— E 1. (6)

i=1

We extended this SED model as follows. As the number of
electronic freedoms of Cg is large and the energy deposition
process is essentially statistical, the internal excitation energy
may be treated as a certain distribution function for which
we used a Gaussian distribution as

1 ( (Ejon — Ec)2>
W Ei()]’l = r: ex - 45 2 4
(Eion) mo p =

(7)
where E. is the most probable value and o is the standard

deviation. With this w(E;,,) the probability of r-fold multiple
ionization can be obtained by

P.= f Pr(Ek)W(Eion)dEion' (8)

We applied this formula to our experimental r distributions
by treating o and E, as fitting parameters. Fitting results are
depicted in Fig. 5 for 0.5 MeV Si* and 6 MeV Si**, showing
excellently good reproduction of the experimental r distribu-
tions. As the choice of g is somewhat arbitrary, we examined
other values of g and obtained again good reproduction of
the experimental results. It indicates that g does not affect
greatly the fitting calculation. Furthermore, we also obtained
from our fitting calculations the most probable ionization
energies E, for individual fragment ions. The results are pre-
sented in Fig. 6, showing several hundreds of eV for C* and
nearly constant values of about 250 eV for medium sized
ions. It is noteworthy that the estimation of E, is possible in
our model calculations without knowledge of the kinetic en-
ergies carried away by the secondary electrons.
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As shown above the SED model appears to work fairly
well to account for inelastic processes of complicated colli-
sions involving polyatomic molecules. It should, however, be
pointed out that this model does not consider the electron
capture which is the most dominant process in slow velocity
or highly charged ion collisions. As the electron capture is a
prompt process occurring within a collision time, the delayed
ionization process may be affected by the charge state of the
parent ion. In the present experiment, however, the incident
projectile charge states are low so that the electron capture
does not affect appreciably.

IV. SUMMARY

Multiple ionization of Cg, was investigated for Si?*
(g=1-3) ions in an energy range from 0.5 to 6.0 MeV. By
means of our triple coincidence technique, precise measure-
ments were made for the charge distribution of prefrag-
mented Cg," ions in correlation with size-fixed fragment
ions C,," produced in the successive C, " fragmentation pro-
cess. The characteristics of r distribution, exhibiting a rather
strong dependence on v and g of projectile ions, were exam-
ined by energy deposition consideration with the local den-
sity approximation (LDA) [12]. The energy deposition as a
function of the impact parameter reflect fairy well the ten-
dency of our experimental r distributions. Namely, we con-
firmed qualitatively that the smallest fragment ions of size
m=<3 are produced in collisions of impact parameters b <9
and medium size ions are produced in peripheral collisions.
This conclusion agrees with our previous work of scattering
angle-dependent Cg, fragmentation [11].

From r distributions of prefragmented Cq,"" ions, we de-
rived for the first time the partition rate P, associated with
the ionization of Cgq,. We found that the present values are
quantitatively consistent with theoretical values reported for
other collision systems [20,21]. The r distribution was exam-
ined in detail by our statistical energy deposition model by
taking account of the statistical characteristic of internal ex-
citation. The r distributions correlated with sized fixed spe-
cific fragment ions were reproduced fairly well by this model
calculation. Moreover, we obtained the most probable ioniza-
tion energies for individual fragment ions from our SED
model calculations. It should be pointed out that the some-
what arbitrary parameter g contained in the SED model is
rather insensitive in the fitting calculations. In conclusion,
we stress that our newly developed SED model works pow-
erfully for the analysis of multiple ionization of polyatomic
molecules like Cg.
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