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Average charge and its structure dependence of fragment ions under irradiation of a thin carbon
foil with a 1-MeV/atom C;"* cluster ion
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The charge states of fragment ions were measured for 1-MeV/atom C;"* cluster ions penetrating a carbon foil
of 2.4-ug/cm? thickness. Those ions were detected by event-by-event mode with a fluorescent screen detector
monitored by a charge-coupled device camera. The detected ion signals were traced by Coulomb explosion
imaging technique, which enables us to classify charge states of each fragment ion and spatial arrangements of
aligned cluster ions after emerging from the foil. Using this technique, we found the reduction of the average
charge per ion. We also found that (i) the measured average charges of the aligned fragment ions in a
linear-chain arrangement are larger than those in a triangular arrangement, and (ii) the edge-position ions in a
linear-chain arrangement have the average charges greater than the middle-position ion. These experimental
results are well supported by a recent refined theory on the cluster average charge.
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I. INTRODUCTION

Since swift polyatomic ions or clusters were available in
accelerators, they have been intensively employed to inves-
tigate new information on ion-material interaction from
viewpoints of both fundamental interest and potential appli-
cation. Recent interest has been focused on highly charged
biomolecules [1], fragmentation of clusters [2-5], breakup
via Coulomb explosion [6], energy loss or energy deposition
[7-10], and multiple ionization of clusters [11-13]. There,
the number of atoms in a cluster ion and the spatial structure
play a role of new characteristic parameters in collision-
induced phenomena, while these never appear under single-
ion irradiation. These two quantities together with projectile
speed tend to control the interference effect, which stems
from spatiotemporal correlation in collisions of a cluster ion
with target electrons. Due to this effect, the resultant cluster-
irradiation effect is not proportional to the number of atoms
in a cluster. Indeed, this nonproportionality, which is called
the vicinage effect, was observed in the energy loss [14,15]
and the secondary electron emission yield [16-18].

The charge of an ion in a material is also important, be-
cause it determines the coupling strength of ion-target inter-
action [19-23]. So far, the fractional average charge Q/Z of
a single ion with atomic number Z is well scaled as a func-
tion of the reduced ion speed to the average orbital speed
Z23v0(vy=2.19 X 10® cm/s) [19,21]. Brunelle et al. [24], on
the other hand, first reported the reduction of the average
charge of the fragment ions under irradiation of carbon foils
with MeV/atom C,* (n=3-10) ions. This reduction was en-
hanced with increasing the number of constituent atoms in a
cluster, and with increasing the foil thickness, the reduction
of the average charge of the fragment ions tends to vanish
and approach the average charge of a single particle with the
equivalent speed. This phenomenon was theoretically ex-
plained as the vicinage effect of the surrounding ions en-
hancing the binding energy of electrons in a considered ion
[25]. The similar vicinage effect on the reduction of the av-
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erage charge of the fragment ions was discussed by other
researchers [26,27]. On the vicinage effect in the energy loss
there is a pioneering work [28] and a nice review [29]. The
reduction of the average charge of the fragment ions could
be reconciled with the enhancement of the energy loss
for MeV/atom cluster-ion incidence [25]. It was also pre-
dicted that the average charge depends on the structure of a
cluster [25].

Carbon clusters are of special interest in that they have a
number of spatial structures, i.e., linear chains, rings, cages,
and fullerenes, with increasing the number of atoms [30,31].
This aspect provides us a widely ranging knowledge of cor-
relation between spatial structure and reduction of the cluster
average charge. Here, the cluster average charge is defined
by the charge averaged over all constituent ions as

0(n) = (E Q,-) n, (1)
i=1

where Q; and n denote, respectively, the charge state of the
ith constituent ion and the number of the constituent ions in
the cluster ion.

Vager and co-workers [32,33] reported a floppy linear
structure for C;* using Coulomb explosion imaging tech-
nique. Previously, we obtained the result, demonstrating that
C," ions both in a linear-chain structure and in a triangular
structure are included in the beam extracted from the tandem
accelerator of JAEA/Takasaki [34]. This indicates that an
incident C;* ion could take various atomic arrangements due
to the excitation in collision with a stripper gas in the accel-
erator. This variation of the atomic arrangement of C;" en-
ables us to study the relation between the structure and the
average charge of fragment ions. In this paper, we report the
cluster average charges measured by event-by-event
technique under irradiation of a thin carbon foil with
1-MeV/atom C;* cluster ions, and a part of them clearly
showed the dependence on ion arrangement, and these are
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compared with the calculated values predicted by a more
refined theory.

II. EXPERIMENT

In this experiment, the charge averaging procedure de-
fined by Eq. (1) was taken over only when three ions were
detected on a fluorescent screen. In addition, we also picked
up patterns of a linear chain or a triangle among them based
on a structure classification by a trajectory calculation.
Hereby we can obtain the dependence of the cluster average
charge on ion arrangement. In a linear-chain arrangement,
we determined the position-dependent average charge be-
cause we assigned the atomic positions of fragment ions just
after emerging from a foil.

The experimental setup is schematically shown in Fig. 1.
Carbon cluster ions (C3+) generated in a cesium sputter ion
source were accelerated to 3 MeV (1 MeV/atom) by the tan-
dem accelerator of JAEA/Takasaki. After the momentum
analysis, the beam of C;" ions was collimated by an XY slit
and by an aperture to a diameter of 1 mm, and transported to
a scattering chamber where the vacuum was in the range of
1078 Torr. The intensity of incident C;* ions was reduced at
the rate of approximately 10-20 clusters per second both by
a beam attenuator and by switching deflection plates, which
were placed between the ion source and the accelerator. A
self-supporting carbon foil of 2.4-ug/cm? thickness (ACF
Metals) was used as the target. The transmitted ions were
deflected depending on their charge states by an electric field
applied to the horizontal deflection plates (the dimensions
are 80 mm X 40 mm, the spacing between the plates is
30 mm, and the deflection voltage is =15 kV) placed be-
tween the foil and a microchannel plate (MCP). A two-
dimensional pattern of the deflected ions was observed as
luminance points on a fluorescent screen equipped with the
MCP. The electrons emitted from the foil on the collision
could not reach the MCP because of a negative potential of a
few hundred volts applied to the first layer of the MCP. The
pattern of luminance points on the screen was recorded with
a charge-coupled device (CCD) camera as a digital image,
which was stored in a personal computer, at 30 frames per
second.

III. RESULTS AND DISCUSSION
A. Analysis of results

An example of the two-dimensional pattern of the trans-
mitted ions is shown in Fig. 2(a) for 3-MeV C;" ions inci-
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CCD camera
FIG. 1. Experimental setup.

dent on a carbon foil of 2.4 ug/cm? thickness. This figure
corresponds to an accumulation of about 50 000 images re-
corded with the CCD camera. Figure 2(b) shows the charge-
state distribution obtained by integrating the signals in Fig.
2(a) along the x axis. As obvious in the figure, the distribu-
tion has five peaks, which correspond to C° to C*, respec-
tively. We have obtained 1.92+0.01 as the cluster average
charge defined by Eq. (1) from the charge-state distribution
shown in Fig. 2(b), resulting in the reduction compared with
the average charge of 2.02+0.01 for the incidence of 1-MeV
single C ions. The charge state of the constituent ions trans-
mitting the carbon foil of 2.4 ug/cm? thickness is in equi-
librium because the constituent atoms are positively ionized
mainly in collisions with the target electrons at this energy,
and the depth needed for the ion to attain the equilibrium
charge state is about several nanometers [35]. This is also
supported by the experimental data [24].

Next, in order to study the correlation between the aver-
age charge and the arrangement of the fragment ions which
have just emerged from the foil, we picked up events which
presented linear shapes and triangular shapes on the fluores-
cent screen. As it has been reported that C;* can have a
floppy linear structure [32,33], a C;* projectile can be inci-
dent into the foil with various atomic arrangements. In the
present study, we focused on a linear-chain arrangement and
an equilateral-triangular arrangement, because they are two
possible extreme atomic arrangements. Furthermore, we fo-
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FIG. 2. (a) Accumulation of luminance points on the all imaging
pictures recorded by the CCD camera, and (b) distribution of charge
states obtained by integrating the accumulation along the x axis,
measured on emerging from a 2.4-ug/cm? carbon foil, for a
1-MeV/atom C;* projectile.
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FIG. 3. Two patterns of the correlation of the deflected points and the nondeflection points. The charge state of each deflected point is
identified by the relation between its position and charge distribution on the screen, described with (c). The instance of the pattern (a)
becomes almost equilateral triangle, like the diamond symbols. The pattern (b) becomes the straight line at almost regular intervals, like the

diamond symbols.

cused on C;* projectiles which were incident into the foil
with the plane including three constituents of the cluster or
the cluster chain almost perpendicular to the incident direc-
tion. In such a case, the influence of wake force, which af-
fects the relative motion among the fragment ions in the foil,
is smallest. Therefore the atomic arrangement of fragment
ions which have just exited from the foil reflects the initial
arrangement of an incident C;" most directly even if other
influence such as multiple scattering, energy loss and strug-
gling, and so on are considered. Thus this enables us to de-
duce the arrangement of the fragment ions just after the foil
from the two-dimensional pattern of the detected transmitted
ions on the fluorescent screen by the Coulomb explosion
imaging technique. Based on the trajectory calculation con-
sidering the Coulomb explosion and the multiple scattering,
we have classified the arrangement of the fragment ions just
after the foil into the linear-chain arrangement and the trian-
gular arrangement as follows: At first, we derived the
fragment-ion distribution which was observed on the fluores-
cent screen without the deflection for the charge-state mea-
surement; hereafter, we will call this distribution the nonde-
flection points. The nondeflection points can be derived from
the present observed pattern, which we call the deflected
points, with the deflection for the charge-state measurement,
because the charge state of each transmitted ion can be
known by its position on the screen. Figure 3 shows in-
stances of how we have derived the nondeflection points
from the deflected points. Next, we plotted all of the detected
nondeflection points in the following symmetric coordinates:

Sy=(Dyy - Dp3)/N2,

S3=(2D3; = Dy3 — D 1)) N6,

Dyj=dyd;,

where d; is the distance from the center of gravity of the
pattern to the nondeflection point i. All possible permutations
of i and j are included. In these coordinates, the origin (S,

=85,=0) corresponds to an equilateral-triangle pattern (D,
=D,;=D3,); the larger the deviation of the nondeflection
points from the equilateral triangle, the larger the distance
from the origin; in the case of a linear pattern at exact regular
intervals, S, and S5 diverge. Figure 4 shows all of the de-
tected nondeflection points in the (S,,S3) symmetric coordi-
nates. Finally, we classified the distribution of the nondeflec-
tion points in triangular and linear-chain patterns following
the criterion described below: We defined nondeflection
points in the domain enclosed with a solid line near the ori-
gin in Fig. 4 as the triangular pattern and those in the three
symmetric domains enclosed with a broken line as the linear-
chain pattern. This definition is based on the trajectory cal-
culation that included the Coulomb explosion and the mul-
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FIG. 4. The plots for all of the nondeflection points in the sym-
metric coordinates for the structure classification (see text). The
contour domains which were estimated by a trajectory calculation
represent each cluster structure in the condition that the plane of the
incident cluster-ion is parallel to a foil. The triangular structure
occupies 70% in the central domain enclosed with a solid line; the
abundance ratio of the linear-chain structure in the three symmetric
domains enclosed with a broken line is 90%.
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TABLE L. Average charges of fragment ions for the 1-MeV/atom C;" cluster ion, penetrating a carbon foil
of 2.4-ug/cm? thickness: (a) structure dependence and (b) atomic-position dependence in a linear-chain

arrangement.

(a) Linear Triangular (b) Center Edge
Expt. 1.96+0.03 1.89+0.02 Expt. 1.86x0.04 2.01x+0.03
Calc. 1.91 1.89 Calc. 1.88 1.93

tiple scattering in condition that the cluster plane was exiting
from a foil in parallel. The calculation shows that most of the
triangular patterns of all combinations from C* to C** belong
to the domain enclosed with a solid line; on the other hand,
the three symmetric domains enclosed with a broken line are
almost occupied by the linear-chain patterns. The nondeflec-
tion points in Fig. 3(a) cited as the instances belongs to the
central domain enclosed with a solid line in the symmetric
coordinate, and the pattern in Fig. 3(b) belongs to the three
symmetric domains enclosed with a broken line. Following
this criterion, we extracted the applicable images from all of
the observed images, and analyzed approximately 400 im-
ages for each pattern. Hereby the cluster average charge for
the triangular pattern and the linear-chain pattern was ob-
tained.

As summarized in Table I(a), the cluster average charge
obtained for the linear pattern is larger than that for the tri-
angular pattern. This result indicates that the cluster average
charge depends on the arrangement of the fragment ions just
after the foil. Moreover, we have evaluated the position-
dependent average charge of the transmitted ions belonging
to the linear pattern, which shows that the average charge of
the two edge-position ions is larger than that of the middle-
position ion as shown in Table I(b). The difference between
the average charge of the two edge-position ions and that of
the middle-position ion indicates that the incident C;* ions
resulting in the linear pattern on the detection plate do not
have a triangular arrangement but have a linear-chain ar-
rangement. There is a possibility that the incident C;* ion in
a triangular arrangement happens to show a linear pattern on
the fluorescent screen and vice versa. In order to check our
classification, we carried out Monte Carlo simulation, by tak-
ing into account multiple scattering, for the triangular and
linear-chain arrangements of clusters emerging from the foil
in various charge-state combinations. According to our simu-
lation, the fraction of a linear-chain arrangement resulting in
a triangular pattern on the detection plate was estimated to be
20% at most in cases of the three-C>* pattern. On the con-
trary, it is very rare that a triangular arrangement results in a
linear-chain pattern on the plate. In addition, our experimen-
tal data show that the average charge of linear patterns
yielded larger than that of triangular ones. Therefore if the
contribution of the linear-chain arrangements to the triangu-
lar patterns could be excluded, the difference in the average
charge of clusters in the linear and triangular patterns would
be a little enhanced, rather than what the present data indi-
cate.

B. Comparison with the theoretical average charge

In order to compare the experimental data, the average
charges of constituent ions of the cluster were calculated on

the basis of a refined version of Refs. [25,36]. A self-
consistent average-charge theory for swift cluster ions in sol-
ids was presented [25]. Refinement of the theory was made
through taking into account a repulsive Coulomb force (not a
pointlike force), the polarization force (i.e., the slowing-
down force and the wake force) in the dielectric media, and
the elastic scattering between a constituent ion with a target
atom in a small-angle multiple scattering approximation
[37-39]. In this calculation, we treated each ion as a partially
stripped ion with the average charge, determined self-
consistently [25], and with the corresponding average num-
ber of bound electrons. The average charge of isolated ions
with the equivalent speed in this media is about 2 and the
outer electrons will be stripped off, so that we are allowed to
treat the cluster as an ensemble of isolated ions with the
nearest-neighbor distance setting to be 2.4a, (ay=0.53
X 1078 cm) both in the linear-chain and in the triangular ar-
rangements. The time evolution of the interatomic separa-
tions due to Coulomb explosion and the polarization force is
estimated by means of a molecular dynamics (MD) simula-
tion. Let us denote the cluster speed and the charge of the jth
ion in the Fourier space, respectively, by v and pj(lg). Then
the polarization force (including the slowing-down and the
wake) acting on the jth ion in a solid is described in the
dielectric-function form as follows:
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with kK>=k’ +(w/v)?. Here &(k,w) is the dielectric function
of the carbon [25]. In addition to the above force, the pure
Coulomb forces also act on the individual partially stripped
ions. The charge p](k) is given by atomic number Z; and the
form factor pj,(k) in the Thomas-Fermi-Moliere form [25],
as p;(k)={Z;—pj.(k)}e, where p; (k) includes the average
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number of the bound electrons, determined self-consistently
by the ion speed, the charges of surrounding ions, and the
distances from them. J,(k;; R;;;) (n=0,1) is the nth order
Bessel function of the first kind. The subscripts z and L
denote the direction of the incident ion beam and the direc-
tion perpendicular to the z direction, respectively. The unit

vectors 1 iz and n i1 denote tI}e corresponding components of

the relative position vector R;; of the jth and ith ions. Re{a}
and Im{a} are the real part and the imaginary part of the
complex number a, respectively.

Calculation was performed for the perpendicular arrange-
ment for incidence of the linear-chain and the triangular C;
clusters. The calculated average charges of fragment ions just
emerging from the foil are shown in Table 1. Here the aver-
age charges of the constituent ions were assumed to be un-
changed once they emerge from the foil. For a C; cluster in
the triangular arrangement, the average charge of three frag-
ment ions is 1.89. On the other hand, in the linear-chain Cj
cluster the average charge of constituent ions is 1.91, and the
average charge of the edge-position ions and that of the
middle-position ion are, respectively, 1.93 and 1.88. This is
due to that the middle-position ion is affected from both
sides by the field of two edge-position ions, resulting in hav-
ing the lowest average charge among them. It is found that
this tendency was not changed by the wake force. These
results are at least qualitatively consistent with the experi-
mental data. Here we treat elastic scattering as a small-angle
multiple scattering with screening lengths [36,39] since
large-angle elastic scattering events prevent us from detect-
ing three ions on the screen. This effect on the average
charges is negligibly small because of a thin foil. The order
in which ions leave the rear surface of the foil is also taken
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into account. For aligned arrangements of emergent ions (al-
most perpendicular to the incident direction), this ordering
effect is very small since there is little time difference in
emerging from the foil.

IV. CONCLUSION

We measured by event-by-event technique the cluster av-
erage charge of 1-MeV/atom C;* cluster emerging from a
carbon foil of 2.4 ,u,g/cmz, which is 1.92+0.01. For atomic
arrangements where the cluster plane is almost perpendicular
to the incident direction, the average charge in the linear-
chain arrangement is a little larger than in the triangular one.
In the former case, the edge-position ions have a larger av-
erage charge than the middle-position ion. The conclusion
obtained using this foil thickness is not a special one but a
rather general one, since the charge state can attain the equi-
librium state and the reduction in the cluster average charge
can be also obtained except in very thin foils where the
charge state will be in a pre-equilibrium state (probably less
than 1 pg/cm? for 1-meV/atom C;* cluster incidence). The
present event-by-event mode technique has the potential to
clarify the correlation between the average charge of the con-
stituent ions and the spatial structure of them in an aligned
arrangement in more complex cluster-ion impacts.
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