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We present experimental results that show the secondary-ion yield depends on the structure and orientation of
incident cluster ions. A beam of carbon-cluster ions Cn

+ (n � 4) with an energy of 0.9 MeV per atom, which
were obtained from a tandem electrostatic accelerator, was incident on a glycine target deposited on a carbon
foil. The structure and orientation of the cluster ions after passing through the target were determined by the
Coulomb explosion imaging method, and the positive secondary ions were simultaneously measured by time-
of-flight mass spectrometry. When looking at the orientation dependence of linear structured C2

+, C3
+, and C4

+

projectiles, parallel orientations with respect to the beam direction were found to enhance the secondary-ion yield
compared with perpendicular orientations. Additionally, comparison of the structure dependence of C3

+ and C4
+

projectiles with linear and ring structures showed that the secondary-ion yield was larger for linear structures.
Interestingly, there was a clear correlation between the secondary-ion yield and the deposited energy density in
the cluster-ion track. The energy density was calculated with electronic stopping power for incident cluster ions
using linear-response dielectric theory and the cross section of the track of the incident cluster considering its
geometrical structure and orientation. These results suggest that the deposited energy density in the cluster-ion
track is a key parameter in the secondary-ion emission process induced by swift cluster-ion impacts.

DOI: 10.1103/PhysRevA.103.062812

I. INTRODUCTION

Swift cluster-ion beams can uniquely impart large quanti-
ties of energy to the electronic system of a substance. This
transfer results from the interference effect between the con-
stituent atoms of a cluster, which is termed the vicinage effect.
The magnitude of the vicinage effect varies depending on
the number of cluster atoms n and acts on collisional in-
teraction processes (energy loss of cluster ions [1–4]) and
irradiation effects on the surface (secondary electron emis-
sion [5–7], sputtering [8–10], and surface modifications [11]).
Many experimental and theoretical studies have been devoted
to understanding the cluster size dependence of the energy-
loss process. Experiments by Tomita et al. [1] have shown
that the energy loss of Cn

+ (n � 4) with an energy of 0.5 MeV
per atom in thin carbon foil is larger than that of monoatomic
ions at the same velocity, but when compared in terms of
energy loss per atom, it is smaller for cluster ions. This is
attributed to the charge state of the constituent atoms of cluster
[12]. Brunelle et al. [13] measured the charge state of atomic
particles formed by decomposition of incident clusters of Cn

+

*murase.ryu.86c@kyoto-u.jp
†tsuchida@nucleng.kyoto-u.ac.jp

(n = 3–10) in foil penetration, and found that the average
charge of the decomposed atomic particles decreased with
increasing cluster size and was smaller than the equilibrium
charge of monoatomic C1

+ passed through carbon foil. Chiba
et al. [14] investigated the relationship between the structure
of cluster projectiles and the average charge of decomposed
atomic particles for foil penetration of 3 MeV C3

+ with linear
and triangular structures using a Coulomb explosion imaging
method, and found that the average charge was larger for
linear clusters. Additionally, when comparing the charges of
each of three linearly arranged particles, the charge of the
central particle was smaller than that of the particles at both
ends. In this way, the vicinage effect is a phenomenon in
which the constituent atoms of a cluster interfere with each
other and interact with matter.

The vicinage effect depends both on the cluster structure
and its orientation. According to calculations by Heredia-
Avalos and Garcia-Molina [2], diatomic molecules (N2

+)
oriented parallel to the beam direction have lower energy loss
than randomly oriented molecules. This calculation agrees
well with the experiments reported by Steuer et al. [15].
Kaneko [3] calculated the energy loss for linear-structured
Cn

+ (n � 4) with an energy of 0.5 MeV per atom passing
through carbon foil and found that the energy loss was lower
for parallel orientations than perpendicular orientations. They
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also investigated the effect of cluster structure on the en-
ergy loss of Cn

+ (n = 2–10) over a wide range of velocities
(1–10 a.u.). The results suggested that the energy loss of Cn

+

(n � 4) differed between linear and ring structures, and this
difference depended on the projectile velocity [16].

As described above, because the incident cluster orienta-
tion affects energy deposition to matter, it is expected to affect
various irradiation effects such as secondary particle emission
from the surface. Some studies have been conducted on the
influence of cluster orientation on the emission of secondary
electrons and ions. Azuma et al. [7] measured the number
of secondary electrons emitted from thin carbon foil both
in the forward and backward directions from the passage of
8 MeV He2

+. They found that He2
+ with a parallel orientation

produced more secondary electrons than that with a perpen-
dicular orientation in the forward emission, while there was no
remarkable orientation effect observed in backward emission.
In a previous study [10], we measured the secondary-ion
yield emitted to the forward direction from phenylalanine
foil induced by 3.6 MeV C2

+ impacts and demonstrated that
the secondary-ion yield for parallel orientations was approxi-
mately 1.1 times that for perpendicular orientations.

In the present work, we investigate the effect of the incident
cluster structure on secondary-ion emission processes. We
used cluster projectiles of Cn

+ (n � 4) with an energy of
0.9 MeV per atom. These carbon-cluster ions have a vari-
ety of geometric structures depending on the cluster size n.
For instance, Cn

+ (n � 3) can have linear, triangular, or ring
structures [14,17–23]. We performed coincidence measure-
ments between the geometric structural analysis of incident
clusters by the Coulomb explosion imaging method and the
identification of positive secondary ions by time-of-flight
mass spectrometry. For these measurements, we used a self-
supported foil target consisting of glycine (Gly) deposited on
a thin carbon foil. We employed Gly as the target because
it has simple molecular structure and has been widely used
in studies of the ion-induced secondary-ion emission process
[24–26]. We investigate changes in the yields of Gly-related
secondary ions with respect to the structure and orientation of
the incident cluster. We discuss the relationship between the
secondary-ion yield and the energy density deposited in the
ion tracks of cluster projectiles.

II. METHODS

A. Experiments

The experiments were performed using a 2-MV tandem
Pelletron accelerator (6SDH-2, National Electrostatics Corp.,
Middleton, Wisconsin) at the Quantum Science and Engi-
neering Center of Kyoto University. The experimental setup
(Fig. 1) was essentially the same as that used in our previous
study [10]. To generate a swift cluster-ion beam, negatively
charged cluster ions produced by Cs sputtering of a negative
ion source were incident on a tandem accelerator and accel-
erated to a positive potential terminal in the center of the
accelerator. When the accelerated negative cluster ions col-
lided with the stripper gas (N2) in the terminal, they become
positive ions and were accelerated again. After analyzing the
energy with a switching magnet, the desired positive cluster
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FIG. 1. Schematic of the experimental setup.

ions were guided to the beamline. The deflection angle of this
beamline was 5◦ with respect to the accelerator tube.

Projectile beams were Cn
+ (n � 4) with an energy of

0.9 MeV per atom. The corresponding projectile velocity
was v = 1.73 a.u., and electronic excitation predominated in
interaction with matter. The beam was carefully collimated
to a divergence angle of less than 0.5 mrad and a spot size
of 0.1×0.1 mm2 by two sets of four-jaw slits. To avoid dis-
sociation of the incident cluster ions caused by residual gas
collisions, the base pressure of the beamline and experimental
chamber was kept below 2×10−5 Pa during the experiments.
The measured fraction of the dissociated beam component
was below 1%, which was confirmed by measuring the beam
energy with a silicon semiconductor detector behind the
target.

The target specimen was composed of glycine (99% purity,
Nacalai Tesque, Inc., Japan) evaporated on carbon foil with
a thickness of 1.0 μg cm−2 (The Arizona Carbon Foil Co.,
Inc., United States). A projectile of Cn

+ (n � 4) entered at the
front of the target (carbon foil) with an incidence angle of 45◦

and then collided with a glycine layer prepared on the back
surface of the target. The glycine layer was prepared under
vacuum at 2–4×10−4 Pa by the vacuum evaporation method
with a maximum evaporation temperature (519 K) lower than
the thermal decomposition temperature of Gly (523 K) [27].
In this case, the evaporation temperature was close to the
thermal decomposition temperature of Gly, so there is no
guarantee that Gly did not decompose. Assuming isotropic
evaporation, the thickness t of the deposited Gly film is given
by t = m/(2πd2ρGly), where d is the distance between the
carbon foil and the evaporation source (d = 240 mm), m is
the weight of the Gly powder evaporated (m = 3.6 mg), and
ρGly is the density of Gly (ρGly = 1.16 g cm−3). The estimated
thickness of the Gly film was approximately 8 nm.

When the incident cluster ions passed through the foil,
the Cn

+ fragmented into atomic Cq+ with a charge state q
and was separated by Coulomb repulsion. The outgoing Cq+
ions were deflected according to the charge q with an electric
field applied by a parallel plate deflector in the vertical direc-
tion and then hit a microchannel plate (MCP) detector with

062812-2



EFFECT OF STRUCTURE AND ORIENTATION OF … PHYSICAL REVIEW A 103, 062812 (2021)

a phosphor screen anode. The MCP was located 1025 mm
downstream from the target. This is called the foil-induced
Coulomb explosion imaging method, and it enables determi-
nation of the cluster structure and orientation [28]. The MCP
had an effective detection area of 31×81 mm2 and an open
area ratio of 60% (F2813-22P, Hamamatsu Photonics K.K.,
Japan). A two-dimensional image of the outgoing atomic
fragments was recorded with a complementary metal-oxide
semiconductor (CMOS) camera (EoSens MC1362, Mikrotron
GmbH, Germany) from the outside of a vacuum chamber
through a view port. A shutter trigger for the CMOS cam-
era was provided by the MCP signal through a multichannel
scaler. The shutter speed was set at 2 ms because the de-
cay time of the luminescence from the phosphor screen was
1 ms. Meanwhile, positive secondary ions emitted from the
Gly layer were accelerated by a target potential biased at
+3.50 kV and detected by a channel electron multiplier (4869,
Photonis, United States) after traveling through a linear flight
tube (length: 690 mm) equipped with an einzel lens. The
applied voltage of the einzel lens was 2.05 kV, which was
chosen to achieve the highest mass resolution. The fluence of
incident carbon-cluster projectiles was set below 1012 carbon
particles cm−2 for one irradiation spot, which corresponds to
the fluence to minimize the interaction of primary beams to
the top monolayer of molecules in static secondary-ion mass
spectrometry [29].

We performed coincidence measurements of time-of-flight
(TOF) mass spectra between signals of the transmitted frag-
ments (start trigger) and secondary ions (stop trigger) with
a multiple-event fast multichannel scaler (F-MCS: MCS6A,
FAST ComTec GmbH, Germany). The detection signals of
the MCP and the channel electron multiplier were processed
with fast preamplifiers and constant fraction discriminators.
Timing output signals from the constant fraction discrimina-
tors were entered into the F-MCS as start and stop signals,
and the time difference between both signals was measured as
the flight time of secondary ions. When a start signal from the
MCP was detected, a trigger signal for the CMOS camera was
sent from the F-MCS to a frame grabber board (PCIe1473R,
National Instruments Corp., United States) controlling the
CMOS camera. After that, image acquisition started. The
coordinate data of luminescent points on the phosphor screen
anode were obtained by on-board processing of the acquired
images and stored in a PC. To avoid accumulation of the lu-
minescent signals from the phosphor screen anode, the count
rate of the MCP was kept below 200 cps. The threshold level
of the luminescent signals was set to 10% relative to the
pulse height of the maximum luminescence intensity, and the
background level was below 10%. Data for the position of
outgoing fragments and the secondary-ion flight times were
stored in an event-by-event mode.

B. Determination of the structure and orientation
of incident cluster ions

We identified the structure and orientation of cluster pro-
jectiles Cn

+ (n � 4) from Coulomb explosion imaging data.
In this study, orientation angles of 0◦−30◦ and 60◦−90◦ with
respect to the beam direction were defined as parallel and
perpendicular orientations, respectively. The C2

+ projectiles

Triangular
S < 0.33

Linear
S > 1.75

FIG. 2. Distribution of symmetric coordinates used for determi-
nation of the C3

+ structure.

had various orientation angles to the beam direction. The ori-
entation angles were determined from calculations using the
Coulomb explosion model [10]. The C3

+ projectiles had lin-
ear and triangular structures [18–21]. In the determination of
the C3

+ structure, we applied the following symmetric coor-
dinates that were used to determine the C3 cluster [14,30,31]:

S2 = D12 − D23√
2

, S3 = 2D31 − D23 − D12√
6

, (1)

Di j = di

d j
, (2)

where di is the distance from the center of mass in the two-
dimensional image pattern for the ith detection point. All
possible permutations of i and j were included. Figure 2
shows the measured distribution under symmetric coordinates
for all detection patterns. In this coordinate, the origin (S2 =
S3 = 0) corresponds to an equilateral triangle pattern, and
points well separated from the origin correspond to linear
patterns. Using the relationship of S =

√
S2

2 + S2
3 , we distin-

guished linear and triangular patterns by the distance from
the origin; that is, patterns for S < 0.33 and S > 1.75 were
considered to be triangular and linear structures, respectively.
This relationship gave accuracies of 73% and 97% for ring
and linear structure, respectively [30]. For linear patterns,
we also obtained orientation angles from a distance between
the detected points of two edge-positioned fragments. The
orientation angle was calculated using the Coulomb explosion
model considering the charge state of each atomic fragment.
The C4

+ projectiles had linear and ring structures [22,23].
To determine the structures from patterns, which consisted of
four detection points, we used the following criterion. First,
we obtained the distance l between the two most distant
points, which were denoted as P1 and P4. Then we calculated
the distances d2 and d3, which were the distances from the
remaining two points (P2 and P3) to the line connecting P1
and P4. We treated the patterns that satisfied d2/l < 0.15 and
d3/l < 0.15 as linear structures and the patterns that satisfied
d2/l > 0.40 and d3/l > 0.40 as ring structures. For linear
patterns, we also obtained the orientation angle using the
Coulomb explosion calculation.
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FIG. 3. Two-dimensional image of the fragmentation pattern for
foil-induced Coulomb explosion of cluster projectiles Cn

+ (n =
2–4).

III. RESULTS

Figure 3 shows examples of the dissociated ion detection
patterns in foil-induced Coulomb explosion imaging of cluster
projectiles Cn

+ with n = 2–4. The results are shown accord-
ing to the combination of structure and orientation for clusters
with different n. In the left column, the image pattern consists
of almost a single spot, which indicates that the Cn

+ clusters
have a linear structure and parallel orientation. In this case, the
lateral momentum of the dissociated ions gained by Coulomb
explosion is nearly zero because Cn

+ are oriented parallel
to the beam direction. The right column shows a pattern of
triangles and rectangles for C3

+ and C4
+ projectiles, respec-

tively, with perpendicular orientation. It should be noted that
ring-structured clusters with a cluster plane parallel to the
beam direction could not be distinguished from linear clusters
in this measurement because we did not measure the parallel
component of the momenta with respect to the beam direction.

Figure 4 shows a TOF mass spectrum of positive secondary
ions from Gly bombarded by Cn

+ (n � 4) with an energy
of 0.9 MeV per atom. The lower and upper abscissas denote
the TOF channels and the corresponding mass-to-charge ra-
tio, respectively. The vertical axis denotes the secondary-ion
counts normalized with the number of incident clusters. The
mass spectra for different structures and orientations of Cn

+

clusters with n = 2, 3, and 4 are shown by different lines.
The spectral pattern was the same regardless of the value of n.
Observed peaks correspond to Gly-related species and other
species that do not originate from Gly. The former are pro-
tonated intact ions of GlyH+ (m/z = 76), methylene amine
cations (CH4N+, m/z = 30) originating from the cleavage of
a C-Cα bond, and ammonium cations (NH4

+, m/z = 18). The
latter are hydrogen ions (H+) and their molecules H2

+ and
H3

+, sodium cations (Na+), and hydrocarbon cations. For
the hydrocarbons, cations consisting of two carbons (C2Hx

+,
m/z = 26–31), three carbons (C3Hx

+, m/z = 38–45), and

FIG. 4. Time-of-flight mass spectra of positive secondary ions
emitted to the forward direction from a glycine target foil with Cn

+

(n � 4) impact. In the lower abscissa, the channel number of the
multichannel scaler is 3.2 ns per channel. The upper abscissa denotes
the mass-to-charge ratio of secondary ions. Insets show enlargements
of the peaks for the Gly-related secondary ions GlyH+, CH4N+, and
NH4

+. For Cn
+ projectiles with n = 2–4, the spectra for different

structures and orientations are indicated by different colored lines
as follows: solid orange lines, linear and parallel; dashed green
lines, linear and perpendicular; and dash-dotted red lines, ring and
perpendicular.

four carbons (C4Hx
+ m/z = 51–59) were observed as a se-

ries of peaks. The peaks with m/z = 73, 147, 207, and
221 corresponded to polydimethylsiloxane, which is used as
an industrial material [32]. The Na+, hydrocarbon cations,
and polydimethylsiloxane-related cations may originate from
contaminants on the target surface introduced during sample
preparation or preservation because they are not observed in
other mass spectroscopic studies for Gly [24–26].

We focused on the effects of the incident cluster structure
and orientation on the formation of the Gly-related ion species
GlyH+, CH4N+, and NH4

+, which are typical ion species ob-
served in secondary-ion mass spectrometry for the Gly target
[26]. The insets in Fig. 4 are enlarged views of the peaks
for these species. Interestingly, their peak intensities were
clearly different for all cluster projectiles and depended on
the cluster orientation and structure. Additionally, for cluster
projectiles with a linear structure and parallel orientation, the
mass spectrum peak intensity seemed to be high compared
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FIG. 5. Comparison of secondary-ion yields for the Gly-related
species GlyH+, CH4N+, and NH4

+ induced by linear cluster pro-
jectiles with parallel, perpendicular, and random orientations. The
vertical scale denotes the yield normalized with the number of inci-
dent clusters. The lines indicate the power-law distribution obtained
by fitting the data for each orientation. The value of α is the exponent
for parallel and perpendicular orientations.

with that for cluster projectiles with a linear or ring structure
and perpendicular orientation.

To evaluate these trends in detail, we obtained the
secondary-ion yield by integrating the peak for each Gly-
related ion species. Figure 5 displays the ion yields of GlyH+,
CH4H+, and NH4

+ for each geometrical characteristic of the
cluster projectiles with a linear structure, including the size
and orientation. Each symbol denotes the results for paral-
lel, perpendicular, and random orientation. Random includes
all orientations of linear-structured projectiles. The ion yield
increased with increasing n, and the n dependence exhibited
nonlinear behavior for every secondary-ion species. It is well
known that the ion yield follows a power-law distribution
nα , where α > 1 [33]. By fitting the data with a power-
law distribution, Y ∝ nα , we obtained the exponent α. For
GlyH+, CH4N+, and NH4

+ in parallel orientations, the values
of α were 1.3 ± 0.2, 2.0 ± 0.2, and 2.8 ± 0.1, respectively.
In perpendicular orientations, the values of α for GlyH+,
CH4N+, and NH4

+ were 1.2 ± 0.1, 1.9 ± 0.1, and 2.6 ± 0.1,
respectively. Thus, the value of α depends on the orientation
and is larger for parallel orientations than for perpendicular
orientations. The α for the random orientation was almost the
same as that for the perpendicular orientation. Weak orienta-
tion dependence was observed in α for GlyH+ and CH4N+,
while stronger orientation dependence was observed in that
for NH4

+. For all secondary-ion species, the α for parallel
orientation tended to be larger than that for perpendicular
orientation. This implies that the vicinage effect for linear
cluster projectiles is more pronounced for parallel orientation
than for perpendicular orientation when comparing the same

cluster size. This trend agrees with our previous study [10] and
also with the average number of secondary electrons emitted
from carbon foil induced by 8-MeV He2

+ impact [7]. Because
α for fragments of CH4N+ and NH4

+ were higher than that
for intact ion of GlyH+, the fragmentation process seemed to
be more sensitive to the incident cluster size than the ioniza-
tion process. For small gold cluster impacts on phenylalanine
(Phe) targets, the exponent for PheH+ emission is reportedly
1.6 [33], which is comparable to the present results.

IV. DISCUSSION

We considered the dependence of secondary-ion yield on
electronic stopping power. The electronic stopping power was
calculated using linear-response dielectric theory [4,34,35].
The calculation method is described in the Appendix.
Table I shows the calculated stopping power of glycine for
Cn

+ (n � 4) with an energy of 0.9 MeV per atom and different
structures and orientations.

To examine the validity of the calculations, we compared
the present calculation for atomic carbon projectiles with that
obtained from the SRIM code [36]. The present calculation
(55 eV Å−1) showed good agreement with the SRIM calcu-
lation (56 eV Å−1). For the linear structures, the stopping
power was obtained as an average for each orientation angle
range (parallel: 0◦–30◦, perpendicular: 60◦–90◦). For linear
projectiles, the stopping power for the perpendicular orien-
tation was larger than that for the parallel orientation. This
trend agreed with the energy-loss calculation of carbon-cluster
ions in carbon foil [3]. For the ring-structured projectiles, the
stopping power was higher than that for the linear projec-
tiles both for n = 3 and 4. Interestingly, the stopping power
for linear-parallel projectiles exhibited sublinear dependence
[Se(n) < nSe(1)], while that for linear-perpendicular projec-
tiles and ring-perpendicular projectiles exhibited superlinear
dependence [Se(n) > nSe(1)]. Therefore, the incident cluster
structure and orientation may affect the magnitude of the
vicinage effect as well as the incident velocity [1].

We studied the correlation between the secondary-ion yield
and stopping power. Figure 6 shows this relationship for clus-
ters with various structures. The dependence of secondary-ion
yield on the stopping power was significantly affected by the
geometrical characteristics of the cluster projectiles. When
considering the orientation effect of linear clusters at the same

TABLE I. Calculated electronic stopping power Se of glycine for
incident cluster ions Cn

+(n � 4) with an energy of 0.9 MeV per atom
and different cluster sizes n, structures, and orientations.

Cluster size Structure Orientation Se (eV Å−1)

n = 1 55
n = 2 Linear Parallel 90

Perpendicular 119
n = 3 Linear Parallel 115

Perpendicular 185
Ring Perpendicular 183

n = 4 Linear Parallel 140
Perpendicular 251

Ring Perpendicular 230
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FIG. 6. Electronic stopping-power dependence of the secondary-
ion yield for Gly-related positive secondary ions (GlyH+, CH4N+,
and NH4

+). The abscissa shows the calculated electronic stopping
power of the glycine target for Cn

+ projectiles, which was taken from
Table I. The symbols show the geometrical structure type of the inci-
dent projectiles (orange squares: linear and parallel, green triangles:
linear and perpendicular, red diamonds: ring and perpendicular).

electronic stopping power, projectiles in parallel orientations
tended to produce more secondary ions than those in per-
pendicular orientations. It is known that the secondary-ion
yield is scaled by the power law of electronic stopping power
Sα

e in various models for the secondary-ion emission process
induced by atomic ion impacts [37–39]. This means that the
secondary-ion yield can be estimated when the electronic
stopping power is given. However, that does not seem to be the
case in cluster-ion impacts, where the structure and orientation
of the cluster projectile play an important role.

The geometrical characteristics of cluster projectiles could
affect both the stopping power and the cross-sectional area of
the ion track At . Variation in the area of the ion track may
change the deposited energy density and thus the secondary-
ion yield. To examine this dependence, we estimated the
energy density induced by cluster projectiles taking into con-
sideration the cluster structure and orientation. Figure 7 shows
a schematic of a model for estimating the energy density in
the ion track induced by fast cluster projectiles with different
structures and orientations, where rt is the radius of the ion
track produced by atomic projectiles and bi j is the perpen-
dicular component of the internuclear vector between the ith
and jth atoms. The energy density is obtained by dividing the
electronic stopping power Se by the cross-sectional area of
the ion track At . First, we estimated At of the ion-track region
as a superposition of ion-track regions induced by each con-
stituent ion. For comparison, the estimation was performed

Target
Projectilert

At

bij

Linear-parallel

Linear-perpendicular

Ring-perpendicular

FIG. 7. A model of ion tracks considering cluster structure and
orientation. rt is the radius of the ion track induced by each con-
stituent atom, and At is the cross-sectional area as a superposition of
ion-track regions induced by each constituent ion. bi j is the perpen-
dicular component of the internuclear vector between the ith and jth
atoms with respect to the beam direction.

for the infratrack and the ultratrack. The infratrack is the
region where energy transfer occurs directly from the projec-
tile to the electrons in the stopping medium. The radius of
the infratrack rinfra is expressed as rinfra ≈ 6.7×(E/M )1/2 (Å),
where E is the kinetic energy of the projectile in MeV and
M is the mass of the projectile in atomic mass units [40].
The ultratrack is the region defined by the range of the most
energetic secondary electrons (δ electrons) produced in the
track core. The radius of the ultratrack is estimated as rultra ≈
830×E/(ρGlyM ) (Å) [40], where ρGly is the density of glycine
(ρGly = 1.16 g cm−3). Under the present conditions (E =
0.9 MeV, M = 12 amu), rinfra and rultra were estimated at
1.83 and 53.7 Å, respectively. Table II shows the estimated
cross-sectional area At for each cluster size and geometrical
structure. Using these results, we obtained a deposited energy
density of 0.5Se/At , where Se is the calculated electronic stop-
ping power listed in Table I. The factor of 0.5 originates from
an equipartition rule stating the equality of energy deposited
on the infratrack and that deposited on the ultratrack [41].

Figure 8 shows the secondary-ion yield of each secondary-
ion species as a function of the deposited energy density in
the infratrack region. Figure 8 shows a universal relationship
between the secondary-ion yield and energy density regard-
less of the cluster size, orientation, and structure. Although we
also investigated the dependence of the secondary-ion yield on
the energy density in the ultratrack, there was no correlation
between the energy density and secondary-ion yield. There-
fore, we concluded that the deposited energy density in the
infratrack region was a key parameter in the secondary-ion
emission process induced by fast cluster-ion impacts. This
result is well supported by a scenario proposed by Sundqvist
[40], in which the emission of intact ions from biomolecular
targets is caused by expansion of the track core. This find-
ing may enable estimation of the electronic sputtering yield
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TABLE II. Estimated area of the ion-track cross section of incident cluster ions for cluster ions Cn
+ (n � 4) with an energy of 0.9 MeV

per atom and different cluster sizes n, structures, and orientations. The radii of infra- and ultratracks obtained from the model calculation were
1.83 and 53.7 Å, respectively.

Cluster size Structure Orientation Infratrack (10−19 m2) Ultratrack (10−17 m2)

n = 1 1.1 9.1
n = 2 Linear Parallel 1.1 9.1

Perpendicular 1.6 9.2
n = 3 Linear Parallel 1.1 9.1

Perpendicular 2.1 9.4
Ring Perpendicular 2.0 9.3

n = 4 Linear Parallel 1.1 9.1
Perpendicular 2.6 9.5

Ring Perpendicular 2.5 9.4

caused by larger cluster projectiles, including C60 ions with
megaelectron volt energy, and is currently under investigation.

V. CONCLUSIONS

We investigated the effect of the structures and orientations
of Cn

+ (n � 4) cluster projectiles on secondary-ion emission
from thin foil. Coincidence measurements were performed for
Coulomb explosion imaging of cluster projectiles and TOF
mass spectrometry of secondary ions emitted in the forward
direction from the target. Using cluster projectiles with linear
and ring structures and parallel and perpendicular orienta-
tions, we investigated the yields of the Gly-related secondary
ions GlyH+, CH4N+, and NH4

+ and obtained the following
results:

FIG. 8. Energy density dependence of secondary-ion yield for
Gly-related positive secondary ions (GlyH+, CH4N+, and NH4

+).
The abscissa shows the energy density deposited in the infratrack
region. The lines are included as a visual guide.

(i) The secondary-ion yield for linear cluster projectiles
in the orientation parallel to the beam direction tended to be
larger than that for the other cases irrespective of the cluster
size.

(ii) The stopping-power dependence of the secondary-
ion yield showed different trends with cluster structure and
orientation. This result suggests that the vicinage effect in
secondary-ion emission arises from both the change in elec-
tronic stopping power and the change in other geometrical
parameters such as the cross-sectional area of the ion-track
region.

(iii) A universal relationship was found between the de-
posited energy density in the infratrack region and the
secondary-ion yield, implying that the emission of molecular
secondary ions from biomolecules arose from expansion of
the track-core region.

(iv) This finding may help with understanding the elec-
tronic sputtering process caused by large cluster projectiles,
including C60 ions with megaelectron volt energy, which is
currently under investigation.
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APPENDIX

We calculated the stopping power for swift cluster ions
using a linear-response dielectric formalism [4,34,35]. This
calculation is known to reproduce the experimental results
well [1]. According to the dielectric formalism, the electronic
stopping power Se for charged particles with velocity �v is
described as follows:

Se = 1

2π2

1

v

∫
d3k

∫
dω

i�k · �vδ(ω − �k · �v)

k2ε(k, ω)

× |ρ(�k)|2 exp[i(ω − �k · �v)t], (A1)

where k and ω are the momentum and the energy transferred
to the target electrons, respectively; ε(k, ω) is the dielectric
function for the stopping medium; and ρ(�k) is the charge
density of projectiles taking into consideration the orientation

062812-7



RYU MURASE et al. PHYSICAL REVIEW A 103, 062812 (2021)

r

r

v

x

y

z

ρ∗i (r)

Ri

Rij

+Ze

+Ze

Rj

i-th ion

j-th ion

θ

ρ∗j (r)

FIG. 9. A model of cluster constituent atoms used in the
stopping-power calculation. A cluster projectile moved along the z
axis with velocity v. Coordinates of the ith and the jth constituent
atoms are represented on a two-dimensional grid. Each constituent
ion consists of a nucleus and bound electron. �Ri and �Rj are position
vectors of nuclei for the ith and jth constituent atoms, respectively.
ρ∗

i (r) is the charge density of the bound electrons of the ith ion,
which is a function of the distance r from the nucleus of the ith
ion. The magnitude of interference between two constituent atoms
is characterized by the internuclear vector �Ri j = �Rj − �Ri and the
orientation angle θ with respect to the beam direction.

and structure of the cluster projectiles. Figure 9 shows a model
of the cluster projectiles. The charge density ρ( �χ ) of a cluster
ion consisting of n atoms can be expressed as the sum of the
charge densities of individual atomic ions as follows:

ρ( �χ ) =
n∑
i

ρi( �χ − �Ri ), (A2)

where ρi and �Ri are the charge density and the position vector
of the ith atomic ion, respectively. The charge density of an
individual atomic ion has the following form:

ρi( �χ − �Ri ) = e[Zδ( �χ − �Ri ) − ρ∗
i ( �χ − �Ri )], (A3)

where the first term is the nuclear charge and the second term,
ρ∗

i ( �χ − �Ri ), is the charge density of the bound electrons. To
describe the bound electrons, we used the Brandt-Kitagawa
model [42]. In this model, the charge density of the bound
electrons is described as follows:

ρ∗
i (r) = Ni

4π
3
i


i

r
exp(−r/
i ), (A4)


i = 0.48
(Ni

Z

) 2
3

Z
1
3
[
1 − 1

7
Ni
Z

]a0, (A5)

where r is the distance from the nucleus, Ni is the number of
bound electrons for the ith atomic ion, 
i is the screening
length of the bound electrons, and a0 is the Bohr radius.
To obtain Ni, we treated individual atomic ions as partially
stripped ions with an equilibrium average charge traversing
a stopping medium. It is well known that the equilibrium

TABLE III. Combination of the number of bound electrons of
individual atoms when the incident clusters of Cn

+ (n � 4), which
have an energy of 0.9 MeV per atom and different structures, decom-
posed in matter.

Cluster size Structure Combination of bound electron numbers

n = 1 (4.0)
n = 2 Linear (4.1, 4.1)
n = 3 Linear (4.1, 4.2, 4.1)

Ring (4.2, 4.2, 4.2)
n = 4 Linear (4.2, 4.2, 4.2, 4.2)

Ring (4.2, 4.2, 4.2, 4.2)

average charge of fast cluster ions in a solid tends to be lower
than that of atomic ions with the same velocity [13]. We
calculated the number of bound electrons for each constituent
ion using a self-consistent calculation formalism proposed by
Kaneko et al. [16]. The calculated numbers of bound electrons
are shown in Table III for different cluster sizes and structures.
The number of bound electrons changed for each constituent
ion because the position effect in the charge state [12,14]
was taken into consideration. To calculate the stopping power,
we obtained the charge densities of the projectiles in Fourier
space ρ(�k). For a cluster projectile with size n, ρ(�k) can be
readily obtained from Eq. (A2) as follows:

ρ(�k) =
n∑
i

ρi(�k) · exp(−i�k · �Ri ), (A6)

where ρi(�k) is the charge density of the ith ion in Fourier space
and is expressed as follows:

ρi(�k) = e[Z − ρ∗
i (�k)], (A7)

where ρ∗
i (�k) is the charge density of bound electrons in

Fourier space. For the Brandt-Kitagawa model distribution,
ρ∗

i (�k) was obtained from Eq. (A4) as follows:

ρ∗
i (k) = Ni

1 + (k
i )2
. (A8)

Substituting Eqs. (A6), (A7), and (A8) into Eq. (A1) gave an
equation to calculate the stopping power for Cn

+ with n =
2–4:

Se = SA + SB, (A9)

SA = 2

πv2

∫ ∞

0

dk

k

∫ kv

0
dω ω

×
n∑
i

ρ2
i (k)Im

[
− 1

ε(k, ω)

]
, (A10)

SB = 2

πv2

∫ ∞

0

dk

k

∫ kv

0
dω ω

×
n∑
i

n∑
j,i 	= j

ρi(k)ρ j (k)J0

⎡
⎣bi j

√
k2 −

(
ω

v

)2
⎤
⎦

× cos

(
ωdi j

v

)
Im

[
− 1

ε(k, ω)

]
, (A11)
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TABLE IV. Estimated average internuclear distances between
cluster constituent atoms in matter. The initial internuclear distances
for different cluster sizes and structures were taken from the ab initio
calculations [17,22,23].

Cluster size Structure Ri j (Å)

n = 2 Linear (1.5)
n = 3 Linear (1.4, 1.4)

Ring (1.6, 1.6, 1.7)
n = 4 Linear (1.4, 1.3, 1.4)

Ring (1.6, 1.6, 1.6, 2.0, 2.6)

where SA is the energy loss of each ion as an independent ion
and SB is the additional energy loss caused by interference
because of simultaneous excitation of the target by correlated
ions. J0(· · · ) is the zero-order Bessel function of the first kind.
The parameters di j and bi j are the parallel and perpendicular
components of the internuclear vector, which were calculated
as di j = | �Ri j | cos θ and bi j = | �Ri j | sin θ . Here, �Ri j = �Rj − �Ri

is the internuclear vector between the ith and jth constituents
determined by the geometrical structure of the cluster pro-
jectiles, and θ is the orientation angle of the internuclear
vector with respect to the beam direction. We assumed the
initial geometrical structures of the cluster projectiles were
linear or ring structures, which were computed with ab initio
calculations [17,22,23]. During foil transmission of cluster
projectiles, internuclear distances Ri j = | �Ri j | increased be-
cause of Coulomb repulsion. We estimated the increment of
Ri j during the foil transmission by solving Newton’s equa-
tion of motion for individual cluster constituents. A screened
Coulomb potential was chosen for the interaction potential
[2]. The thickness of the target foil was assumed to be 13 nm.
Under the present conditions, the increment of the internuclear
distances after foil transmission was small (estimated to be
less than 30%) because of the thinness of the target foil. Thus,
for calculation of the stopping power, we used the average

internuclear distances, which were obtained as averages of the
internuclear distances at the foil entrance and those at the foil
exit. Ri j used for the calculation of the stopping power are
shown in Table IV. For a linear structure, Ri j are indicated in
the order of arrangement of each atomic ion. For a ring struc-
ture, Ri j for all combinations are indicated. Im[−1/ε(k, ω)] is
the energy-loss function (ELF) of the target, which describes
its response to an external perturbation. For calculation of
the ELF Im[−1/ε(k, ω)], we applied the optical data model
developed by Ashley [43]. In this model, the ELF is connected
to the optical ELF (OELF) Im[−1/ε(k = 0, ω)] as follows:

ωIm

[ −1

ε(k, ω)

]
=

∫ ∞

0
dω′ω′Im

[ −1

ε(0, ω)

]

×δ

[
ω −

(
ω′ + h̄k2

2me

)]
. (A12)

The OELF of glycine is obtained from an empirical approach
proposed by Tan et al. [44], which is expressed as follows:

Im

[ −1

ε(0, ω)

]
= a(h̄ω)

[(h̄ω)2 − b2]2 + c2(h̄ω)2
, (A13)

with b = 19.927 + 0.9807Z̄, c = 13.741 + 0.3215Z̄ (eV). Z̄
is the mean atomic number of glycine (Z̄ = 4.0), and a is a
parameter that is determined by the f -sum rule of the OELF:

∫ ∞

0
dω ωIm

[ −1

ε(0, ω)

]
= π

2
ω2

p, ωp =
(

4πnee2

me

) 1
2

,

(A14)

where ωp is the plasma frequency and ne is the number density
of electrons that contribute to the stopping power. We assumed
ne was the number density of valence electrons because inner-
shell excitation does not contribute in this case with the low
beam velocity. We readily confirmed that the f -sum rule was
obeyed for all k if the OELF (k = 0) obeyed Eq. (A14).
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