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Ceo fragmentation in charge-changing collisions with slow Au* ions
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We investigated ionization and fragmentation of Cg in the charge-changing collisions of 2.0 keV /amu Au™
ions with Cgp molecules. We performed simultaneous measurements of product ions, the number of secondary
electrons, and a charge-selected outgoing Au projectile. The production of Cg; ions was predominant in the
single-electron capture (1-capture) process. In contrast, multifragmentation of Cgy was predominant in the
single-electron loss (1-loss) process. The multifragmentation was enhanced in the 1-loss process compared with
the 1-capture process when the same number of electrons was emitted from Cgy. This enhancement was also
observed when a fast Si ion traveled close to a carbon nucleus [T. Majima et al., Phys. Rev. A 74, 033201 (2006)].
The 1-loss process of slow Au' ions is considered to occur closer to a carbon nucleus than does the 1-capture
process. Multifragmentation of Cg is caused by internal electronic excitation although it is probably assisted by

nuclear stopping when, at least, the electronic excitation of Cg is small.

DOI: 10.1103/PhysRevA.83.053201

I. INTRODUCTION

Ionization and fragmentation of isolated Cgy molecules trig-
gered by photons and charged particles have been extensively
studied. Considerable information about the fundamental
properties of Cgp, the unimolecular reaction mechanism, and
collision dynamics between the incident particles and Cg has
been obtained [1-26]. In particular, the information about the
charge state, r, of a prefragmented ion ng provides insights
into collision dynamics and fragmentation after collision. This
information has been obtained using the triple-coincidence
technique, i.e., by simultaneous measurements of product ions,
secondary electrons, and charge-selected outgoing projectiles
[14-24]. Notable observations with respect to fast-ion impact
are that (i) the multifragmentation of a Cgy molecule is induced
even at small values of r (r ~ 3) and (ii) the number of
purely ionized electrons (n;) that are emitted from Cg without
being captured by an incident ion has a strong correlation
with the degree of fragmentation [20-24]. These observations
indicate that (i) it is not the Coulomb repulsion but the
internal electronic excitation that plays a crucial role in the
fragmentation at relatively small values of r and (ii) n; can be
used as a proxy for the degree of internal electronic excitation
of a prefragmented Cg ion.

In the collision between Cgy and a heavy ion in a low-
charge state, the degree of fragmentation changes with the
distance of the projectile trajectory from Cgy. The projectile
ion interacts very weakly with Cgp at a distant or peripheral
collision where a relatively small or no overlap exists be-
tween a Cgo and a projectile ion. In this case, Cgp is not
sufficiently excited and thus cannot disintegrate. With an
increase of the overlapped region the effective charge of the
projectile, i.e., the “averaged” charge felt by target electrons
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contributing to electronic stopping, increases because the
Coulomb interaction between a projectile nucleus and target
electrons is not completely screened by projectile electrons
close to a projectile trajectory. Accordingly, the interaction
rapidly strengthens with the overlap and prefragmented Cg
ions are sufficiently excited, resulting in multifragmentation.
This trajectory-dependent fragmentation would appear more
prominently for low-charged but high-Z (where Z is the atomic
number) projectiles with low velocities because the effective
projectile charge varies strongly with the projectile trajectory.
Therefore, the reaction product distribution in a projectile
charge-changing process will reflect the projectile trajectories
where the charge-changing process occurs. Moreover, the
relationship of the product-ion distribution with r (or n;) will
also provide detailed information on fragment production in
charge-changing collisions. Thus far, no investigation has been
conducted for such high-Z heavy ions, except for our previous
experiments using Au projectiles with a velocity ranging from
0.2. to 1.1 a.u. [25]. However, in Ref. [25] only reaction
product distributions were measured and, therefore, detailed
information such as the r-distribution of prefragmented Cl
was not obtained.

In the present study, we focus on the ionization and frag-
mentation of Cg in the charge-changing collisions with slow
Au' ions. Triple-coincidence measurements were performed
using slow Au™ ions at a velocity of 0.28 a.u. (or 2.0 keV /amu)
for the single-electron loss (1-loss) and single-electron capture
(1-capture) processes. The intensity distributions of fragment
ions for loss and capture collisions are compared and the
relationship between the degree of fragmentation and the
internal excitation of prefragmented Cyj ions is discussed.

II. EXPERIMENT

The present experiment was performed using the QSEC
1.7-MV tandem Cockcroft—Walton accelerator at Kyoto Uni-
versity. Here, we only provide an outline of the experiment
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because the experimental method and apparatus have already
been described in Refs. [20-23].

An incident beam of 2.0 keV/amu Aut was collimated
and charge-purified using a magnetic charge selector upstream
of the collision chamber. High-purity (99.98%) Cgy powder
was sublimated at 550°C in a temperature-controlled oven.
The incident ion and the target Cgy molecular beams crossed
at right angles. The base pressure of the collision chamber
was maintained below 3 x 107 Pa. After collisions with
Ceo molecules the outgoing projectiles were charge-separated
using an electrostatic deflector and detected using a movable
surface-barrier semiconductor detector. Positive product ions
and secondary electrons were extracted in opposite directions
by an electric field applied perpendicular to the direction
of the incident beam. The mass-to-charge ratio (m/q) of
the product ions was measured by a time-of-flight (TOF)
method. The product ions were detected using a two-stage
multichannel plate with a front voltage of —4.7 kV. This
voltage is sufficient to detect the fragment ions C;F withn < 11
and Cgar ions (for » > 3) with a detection efficiency [12] of
approximately unity. The detection efficiencies for the Cgo
and Cég ions were estimated to be 0.61 and 0.97, respectively,
with the method from Ref. [12]. Using these efficiencies, we
corrected the yields of the Cgo and CéaL ions. The secondary
electrons were detected using a passivated-implanted-planar-
silicon detector (referred to as e -SSD) biased at +30 kV
with an electron-collection efficiency of ~0.94 [20]. We
determined the number of secondary electrons, n,, emitted
in a single collision by analyzing the pulse-height spectra
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FIG. 1. Two-dimensional coincidence map between TOF and the
pulse height of ¢~-SSD obtained for single-electron loss (1-loss)
process. The numbers at the peaks of the SSD pulse indicate the 7,
corresponding to each peak.
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FIG. 2. (Color online) Relative intensity for each product ion in
1-capture (solid circle) and 1-loss (open circle) processes.

of ¢7-SSD and taking into account the backscattering effect
[20].

Figure 1 shows a two-dimensional coincidence map be-
tween TOF and n, obtained for the 1-loss collisions. The
horizontal and vertical axes correspond to TOF of the product
ions and the pulse height of ¢e~-SSD, respectively. The charge
state, r, of a prefragmented Cgy ion was determined by r =
n, — 1l and r = n, + 1 for the 1-loss and 1-capture processes,
respectively. It should be noted that 7, for the 1-loss process
includes a lost electron from the projectile ion.

III. EXPERIMENTAL RESULTS

Figure 2 shows the relative production intensities of
fragment ions (C{—C],) and intact parent ions in the 1-loss
and 1-capture processes. Cgo ion production is predominant
in the 1-capture process. This indicates that the 1-capture
process mainly occurs in the peripheral collisions with the
Ceo molecules, where the excitation energy of prefragmented
Ceo ions is small owing to the low electron density in the
peripheral region of Cgy. We estimated a critical distance
(from the center of Cgp) of ~15 a.u. for the 1-capture by
the incident Au™ ion using the classical over-barrier model
[6,28] and the well-known ionization potential of Cg, 7.6 eV.
The obtained critical distance has a value close to that of the
outer radius of the Cgq electron cloud shell, i.e., ~10 a.u. The
electron capture at the periphery of Cg is also consistent with
other investigations of electron capture using slow, light, and
low-charged ions [17,26]; however, it is fairly different from
the 1-capture process using slow and highly charged ions [6],
whose critical distance is much larger than 10 a.u.

In contrast, a complete disintegration into small fragment
ions is predominant in the 1-loss process. The m /g distribution
in the 1-loss process is similar to that in the collisions between
a 2.0 keV/amu neutral Au atom and a Cgy [25], where
electron loss and non-charge-changing processes of projectiles
occur predominantly. The occurrence probability of the 1-loss
process is approximately one-fourth of that of the 1-capture
process.

053201-2



Coso FRAGMENTATION IN CHARGE-CHANGING ...

1-loss 1-capture
n=1 2x10° 006 71 4x10™
0.02 7 :
Celiinened] 0.03
0.01 0 246810 0 246810
0.00 emere 0.00
> 0.008} _
= 0.012} n= . n=2 !
D 3x107% 2x10
C
(0] a a ] 0.004
E oo 0 246810 246810
g o.oooﬁrﬂmﬁvmﬂ o_ooolln-
= 0.030p _, " .
&) n= 1x10" 0.0090} "~ 3X10'3
=)
o
o 0015 o%w%%w 0.0045 0
o E 246810 | 246810
g 0.000 0.0000
— —_ -2 —
T 008 n=4 3x10 0.012| 74 5x10°
[0)
X 004 0.006 0
0 .
246810 246810
o.ooaw- o.oool'-'-—
0.000 "7 4x10? 0012l "7 5x10°
0.045 0 %WP 0.006 0
246810 246810
o.oooEm o.oooL-
0 10 20 30 40 50 60 0 10 20 30 40 50 60

number of carbon atoms per charge

FIG. 3. (Color online) Product-ion distributions for n; = 1-5 in
1-loss (hatched) and 1-capture (filled) processes. The vertical scales
for each n; (n; > 2) are adjusted so that the relative intensities for
C are shown with bars of almost the same height. Insets show the
distribution from C; to C{, for each n;.

It should be noted that although we detected the
1-loss and 1-capture processes, we were unable to detect
the double-electron loss and capture processes in the present
experiment, unlike the fast Si>* ion impact cases where the
double-electron loss and capture processes could be distinctly
measured [21].

Figure 3 shows the relative intensities of the product ions
for the number of purely ionized electrons, n; = 1-5, in the
1-loss and 1-capture processes, where n; is calculated as
n;=r =n,— landn; =r — 1 = n,, respectively. Small and
medium-sized fragment ions (C{—C{,), which are thought to
be produced in multifragmentation, can be observed even
at n; = 1 in both processes. However, these fragment-ion
distributions for n; = 1 in the 1-loss and 1-capture processes
clearly differ from each other, i.e., the enhancement of Cl+ pro-
duction is found in the 1-loss process. Small and medium-sized
fragment ions become more intense at n; = 2 and dominate at
n; = 3inboth the 1-loss and 1-capture processes. Although the
intensity distributions for the 1-loss and 1-capture processes
become qualitatively similar with increasing n;, the intensities
of small and medium-sized fragment production in the 1-loss
process exceeds those of the 1-capture process for all n;,
i.e., transfer ionization leading to multifragmentation in the
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FIG. 4. (Color online) Fractions of intact ions Cég 283 (thom-

bus), medium-sized fragment ions Ci—C{, (triangle), and small
fragment ions C{-CY (circle) in the 1-loss (open symbols) and
1-capture (solid symbols) processes, represented as a function
of n;.

1-capture process has a lower probability of occurrence than
the target ionization leading to multifragmentation in the 1-loss
process for all n;.

Figure 4 shows the fractions of intact ions (Cé;{ I,
R,, medium-sized fragment ions (CI—CE), R,,, and small
fragment ions (C{—CJ), R, illustrating the degree of frag-
mentation more clearly; the degree of fragmentation is higher
when R; is larger and R, is smaller. These fractions satisfy
the relationship R, + R,, + R; = 1. The intact ions rapidly
decrease with n; and almost disappear at n; = 3. In contrast,
the small fragment ions rapidly increase with n; and become
predominant products in both the 1-loss and 1-capture pro-
cesses in the region of n; > 5. Note that a discrepancy in the
fractions exists between the 1-loss and 1-capture processes,
particularly in the 4 < n; < 7 region.

IV. DISCUSSION

First, we discuss the fragmentation feature in the region
of n; < 7 in terms of electronic excitation energy of prefrag-
mented Cg, ions. For the estimation of the internal electronic
excitation energy, we used the knowledge that the total energy
transferred to the electrons in a target molecule (Ey) is divided
among the excited and purely ionized electrons with a certain
partition rate, v, on average over impact parameter [3,20-23].
Then, the internal electronic excitation energy Ej, is given
by Ein = (1 — a)E, and the energy transferred to the purely
ionized electrons Ej,, is expressed by Ejon = ¢ E.

In the estimation of «, we assumed that a projectile ion
independently interacts with each carbon atom in Cgy. Then,
because « is the value estimated by averaging over impact
parameter, it can be approximatedase = L; /(L; + L.), where
L; and L, are the partial stopping power of projectiles
related to the ionization and excitation processes of carbon
atoms. However, in the absence of available information about
L; and L, for the Au® +C system, we applied available
theoretical findings for H' traveling in H,O vapor with
energies ranging from 0.5 to 10* keV [27]. The L; and
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L, values for HT in H,O vapor were calculated using
(i) scaling formulas of cross sections for the processes related
to ionization and excitation and (ii) equilibrium-charge-state
distribution of protons. Thus, in the present study, the partition
rate, o, of Cgp was estimated to be L;/(L; + L.) using L;
and L, calculated in Ref. [27]. Consequently, at the present
velocity of 0.28 a.u. o of Cgy was estimated to be ~0.6 and
for excited electrons 1 — o ~0.4.

Moreover, the total kinetic energy of the purely ionized
electrons, Ei,, is provided by Ejo,, minus the sum of their
ionization potentials (E,). Then, Ey, and E, are given by
(1 — B)Eion and B Eiqn, where B is the division rate. Our recent
experimental investigation for the collision of a silicon ion
with Cg [24] reveals that 8 increases with a decrease in the
projectile velocity and the rate of increasing 8 per unit rate
of decreasing velocity becomes small in the < 30 keV/amu
region. We carefully extrapolated 8 obtained in Ref. [24] and
estimated that 8 ~ 0.4 at the present velocity.

Using the definition of « and B, Ej, is expressed
by Ein = Eion(1 — a)/a = E,(1 — a)/(af). Therefore, when
we assumed o = 0.6 and g = 0.4 for this collision velocity,
Ein of a prefragmented Cj; ion was roughly estimated by
Eine = E, x 0.4/(0.6 x 0.4). The kth ionization potential of
I, =3.85+4+3.25k eV [28] was used in the estimation of
E,. For the 1-loss process, E, is estimated as Z;":l I;. By
assuming that the most loosely bound electron is captured by
the projectile ion similar to Ref. [19], E, can be expressed
as £, = Z’]’:z' I; in the 1-capture process since the energy
transferred to a captured electron contributes neither to pure
ionization nor to internal electronic excitation. In Table I the
estimated values of Ej, are presented for n; = 2—7. We would
like to point out that the fragment patterns for various projectile
ions in the MeV region were found to be governed by Ejy
estimated with & and B for each projectile and its velocity [3].

Eiy values for the 1-loss and 1-capture processes were
estimated to be 52 and 68 eV, respectively, at n; = 3, where
Cep ions almost disappear in the m /g distributions, as shown
in Fig. 4. In the case of 2-MeV Si** impact, Cg ions almost
disappear at n; =4 or 5 [20], where Ej, was estimated to
be 48 (n; =4) and 68 eV (n; =5), respectively (o = 0.8
and B = 0.25), using [; from Ref. [28]. These values of
Ejy are roughly in agreement with those at n; = 3 in the
present experiment. Furthermore, at n; =5, where small-
sized fragment ions become the dominant products, Ej,; was

TABLE 1. Estimated values of internal electronic excitation
energy (E;y) for each n;. Each corresponding r (i.e., the charge state
of a prefragmented Cg ion) is also represented.

n; r Ein (eV)
1-loss 1-capture 1-loss 1-capture

2 2 3 29 40

3 3 4 52 68

4 4 5 80 102

5 5 6 113 140

6 6 7 152 185

7 7 8 197 235
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estimated to be 113 and 140 eV for the 1-loss and 1-capture
processes, respectively. These values are consistent with the
excitation energy as high as 100 eV, which is required for
the small fragment ion production from prefragmented Cgé
ions in 6.8 keV F** 4 Cg collisions [16]. Thus, the depen-
dence of Cgp fragmentation on n; in the present experiment
is roughly explained by the internal electronic excitation
energy, Ejy.

ng ions in the ground and low-excited states, even with
relatively high r, are found to be metastable [7,10,29]. The
metastability of Cj} ions originates in the potential barrier on
the fragment paths. Therefore, it should be confirmed that the
internal energy is high enough to trigger the fragmentation
of the prefragmented Cfi ions. According to Ref. [29],
the potential barrier in the charged C, emission from Cjg
decreases with r; the values for r =3 and 8 are 9.9 and
7.6 eV, respectively. The potential barrier experimentally
estimated for the process of Clf — Cl "t 4+ CJ also de-
creases with r from ~11 eV (r =3) to ~4 eV (r =8)
[7,10,15]. These potential barriers are much smaller than
the estimated Ej,, especially for n; > 3 where the intact
ions disappear. This indicates that the internal excitation
overcomes the potential barrier and triggers fragmentation of
Ciy ions.

As mentioned above, the degree of fragmentation in the
1-loss process was higher than in the l-capture process at
the same n;. In the case of 2-MeV Si?t impact, a minimal
difference was observed between the 1-loss and 1-capture
processes [20]. In contrast, a discrepancy was observed in
the double-electron loss process where the fraction R, at
a large scattering angle (i.e., small impact parameter from
a carbon nucleus) was found to be larger than at a small
scattering angle (i.e., large impact parameter) [21]. Moreover,
one of our investigations on the scattering-angle dependence
using 2-MeV C* ions indicated that the production proba-
bility for a specific fragment ion strongly depends on the
distance of the projectile trajectory from a carbon-nuclear
shell (or more precisely, a carbon nucleus) of Cgp; smaller
fragment ions are produced during collisions closer to a
carbon-nuclear shell [23]. Therefore, the discrepancy of the
fragment degree observed here is considered to reflect the
difference between the projectile-trajectory distributions in
the 1-loss and 1-capture processes for the same n;. The
discrepancy, specifically, indicates that the 1-loss process
occurs in collisions closer to a carbon nucleus than the
1-capture process, even when the same n; electrons are purely
ionized. In the collisions with the projectile trajectories close to
a carbon nucleus (i.e., close collision), the electronic excitation
is expected to shift toward a higher region because the projec-
tile ions travel in the high-electron-density region near the
carbon nuclei. In such a case, the actual electronic excitation
in the 1-loss process is thought to be much higher than
that estimated without considering the projectile trajectory
dependence.

In close collisions, we also expect the influence of nuclear
stopping owing to the screened Coulomb interaction between
Au™ and a carbon atom. To clearly observe nuclear stopping
by excluding electronic excitation, it may be appropriate to
examine the fragment distributions at small values of n;,
e.g., n; = 1 or 2, because of the strong positive correlation
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between internal electronic excitation and n; as described
above and in Refs. [20-24], although multifragmentation for
small values of n; is not a dominant process. As shown in
Fig. 3, an enhancement of C| production was found in the
1-loss process at n; = 1. This enhancement may be induced
by a knock-on process in close collisions, as was interpreted
for C production observed for the slow Ar* impact [19].
Thus, for n; = 1, the nuclear-stopping effect may be observed
in the present study, as is expected in slow collisions with
extremely heavy ions [25].

The knock-on process was also investigated in the collision
of an accelerated Cgo ion with a rare-gas atom (He, Ne, Ar)
[4,9] in advancement of the slow Art impact experiment in
Ref. [19]. It was shown that the binary collision of a rare-
gas atom with a carbon atom in Cy, is important to explain
the experimental information on the knock-on process, e.g.,
fragment-mass distributions and the formation probability of
residual C;”9. In view of the importance of the binary collision,
we estimated the critical impact parameter, b., from a carbon
nucleus in order to compare the present experiment with the
previous studies [4,9,19]. The b, value is estimated at the
point where the recoil energy of a carbon atom matches with
the knock-on threshold energy of 13.5 eV [30]. According
to Ref. [4], the knock-on process is assumed to occur at an
impact parameter less than b.. In the present estimation of b,,
the Moliére potential was adopted. The value of b, for 400-keV
Au™ was estimated to be 1.5 a.u., whereas for Ne under the
experimental conditions in Refs. [4,9] the estimate was 1.6 a.u..
For the Ar™ ions at 7, 14, and 20 keV in Ref. [19] b, was also
estimated to be 1.6, 1.4, and 1.3 a.u., respectively. Thus, the b,
value for 400-keV Au is comparable to those of the previous
studies where the knock-on process was observed. Therefore,
it is reasonable that the knock-on process is observed in the
collisions of 400-keV Au't with Cg. The multiple knock-
on of carbon atoms suggested by the simulation for Ne—C(fO
collisions [9] might also occur in the present case. Note that
the b, value of 1.5 a.u. in the present case is as small as
the expectation value of the 5d-orbital radius of a gold atom
(which is the outermost orbital of a Au™ ion and is equal to
1.5 a.u.) [31].

PHYSICAL REVIEW A 83, 053201 (2011)

Here, we briefly speculate on the mechanism of removing
an electron with a binding energy > 20.5 eV from Au™ (since
the ionization potential of Au*t is 20.5 eV). At a velocity
equal to 0.28 a.u., the outer shell (5d) electrons of a Au™ ion
form quasi-molecular orbitals with the valence electrons of a
Cso molecule during collision. With decreasing internuclear
distance some orbitals can be promoted to higher energies;
this is the so-called electron promotion mechanism [32]. This
mechanism is known to account well for inner shell excitation
in ion-atom collisions, and it may also account for the ioniza-
tion of outer d-shell electrons with high binding energies [33].
It is inferred that the electron promotion occurring close to a
carbon nucleus is one of the important projectile electron-loss
mechanisms in the region with a collision velocity of 0.28 a.u.

V. SUMMARY

We performed triple-coincidence measurements to investi-
gate the ionization and fragmentation of Cg for the 1-capture
and 1-loss processes in the collisions of 2.0 keV/amu Au™
ions with Cgp. The intensity of the 1-capture process was
found to be approximately four times larger than that of the
1-loss process. The Cgo ion production was predominant in the
1-capture process. In contrast, the multifragmentation of Cg
was predominant, and also enhanced for the same #;, in the
1-loss process. This enhancement was also observed in close
collisions with fast Siions [21]. Therefore, it is considered that
the 1-loss process occurs closer to a carbon nucleus than the
1-capture process when the same number of electrons is purely
ionized. It is believed that internal electronic excitation is more
significant than nuclear stopping for multifragmentation in the
slow collision of Cgy with Au* ions. It is still unclear how
nuclear stopping aids fragmentation in close collision [25]:
however, when n; = 1 at least, the knock-on process appears
to influence the fragmentation in close collision.
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