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Reduced charge state of MeV carbon cluster constituents exiting thin carbon foils

A. Brunelle, S. Della-Negra, J. Depauw, D. Jacquet, Y. Le Beyec, and M. Pautrat
Institut de Physique Nucle´aire, CNRS-IN2P3, F-91406 Orsay Cedex, France

~Received 22 December 1998!

Direct determination of average charge states have been performed with an electrostatic analysis method for
carbon ions and carbon cluster (Cn , n53 –10! constituents exiting thin carbon foils. The velocity of the mono
and polyatomic projectiles was identical, ranging from 1–4 MeV per atom. The average charge state of carbon
cluster constituents is significantly reduced as compared to that of a single carbon projectile at the same
velocity, the larger the size of the cluster, the smaller the charge state per cluster atom. This lowering effect
decreases when the foil thickness increases.@S1050-2947~99!08606-0#

PACS number~s!: 34.50.Dy, 34.50.Fa, 36.40.Wa
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I. INTRODUCTION

The passage of swift MeV polyatomic ions through th
solid films has been studied for many years. Small molec
ions and hydrogen clusters were mainly used as projectile
the early experiments, which were mostly focused
energy-loss measurements@1–6#. Recently, it has been pos
sible to produce and accelerate large-size clusters over a
siderable range of velocities in the regimes of nuclear
electronic stopping.

When a fast cluster penetrates a solid, the binding e
trons are stripped away and the charged-cluster constitu
spatially and temporally correlated, tend to separate du
their mutual Coulomb repulsion. Several authors have
ported that by comparison with single atoms passing thro
thin foils, the average charge state of the constituents
polyatomic projectiles is lower than the charge of an in
vidual atom@7–13#. An enhanced electron-capture probab
ity at the foil exit, which depends on the internuclear se
ration distance between the fragment constituents,
proposed by Maoret al. @7#. Electron-capture processes ha
been reported in foil-induced dissociation of small molecu
ions as OH1 and CH1 @8–10#. The passage of hydroge
clusters Hn ~with n<21) through a solid target was studie
by the Lyon group@11,12#. The final charge state~per atom!
is supposed to depend on the ‘‘volume’’ occupied by t
cluster atoms at the exit side of the foil@12#. Vicinage effects
are of considerable importance for explaining the lower
of the average charge states of cluster-atomic constitu
and an enhanced electron-capture model for closely sp
ions has also been presented by Steuer and Richtie@13#. For
large size and mass clusters there is no result on charge-
measurements of atomic cluster constituents exiting s
foils. In the present paper we focus on carbon clustersn
(n53 –10! at energies from 1–4 MeV per atom passi
through thin amorphous carbon foils. The average cha
states of the exiting carbon constituents were measured
rectly and compared to the charge state of single-carbon
jectiles at the same velocity. Carbon foils with differe
thicknesses were used and all the measurements were
formed under the same experimental conditions.

II. EXPERIMENT

Carbon clusters were accelerated by the 15-MV tand
accelerator at IPN, Orsay. In a standard sputtering Cs
PRA 591050-2947/99/59~6!/4456~5!/$15.00
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source, Cs1 ions of 20 keV bombard a graphite target. Neg
tive cluster ions of Cn

2 are extracted, accelerated, and ma
selected before being injected in the tandem accelerator@14#.
At the high-voltage terminal, the Cn

2 clusters collide with
N2 molecules in the gas stripper channel and become p
tively charged. The beam can be pulsed at the low-ene
side; therefore, after full acceleration, positive Cn

1 cluster
ions are identified by time-of-flight measurements and a
by magnetic deflection and energy measurements. We h
used beams of C3

1, C5
1, C8

1, and C10
1 at almost the same

energy per atom~same velocity! by adjustment of the termi-
nal voltage.

The experimental set up is shown in Fig. 1. Upstream
the target foil the size of the cluster beam is defined
vertical and horizontal slits which, in the present experime
had a 0.3-mm aperture in both directions. At 40 cm beh
the slits four carbon foils with different thicknesses are fix
on a target holder. When a cluster projectile hits the entra
face of the target, electrons are emitted, accelerated by a
hundred volts in the direction opposite to the beam, elec
statically deflected at 90° and detected by a set of dual
crochannel plates. A time signal corresponding to the p
sage of the cluster in the carbon foil is generated and use
trigger the experiment. Since very thin carbon foils may ha
pinholes, the electron detection ensures that the projectile
not pass through holes but through the foil.1 Two parallel and
horizontal deflection plates~length 5 60 mm, distance be-
tween plates5 10 mm! are placed 5 mm after the targe
Voltage values of63 kV to 615 kV can be applied on eac
deflection plate. After passing through the foils, the exiti
fragments of carbon atoms are multiply charged. The m
surements of the deviation after the deflection plates al
the deflection axis allows calculation of the charge states

For this purpose a multi-impact position sensitive detec
is located at 32 cm from the center of the deflection plat
This original detector and its dedicated electronics have b

1The carbon foils were manufactured by ACF Metals~Tucson,
Arizona!, and their thicknesses were measured at Orsay~with an
accuracy of less than 10%! by the Rutherford backscattering tech
nique with 1.2-MeV4He particles. The thickness of the foils use
in this experiment was ranging from 2.2mg/cm2 up to 40mg/cm2.
4456 ©1999 The American Physical Society
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built and tested at IPN@15,16# . The detector consists of tw
channel plates of 45 mm in diameter with an ‘‘anode’’ ma
of 256 discrete anodes (16316). These anodes, drawn with
step size of 2.54 mm are shielded by a thin grid~0.12-mm
wires! connected to the ground. There are rigid and v
short connections from the 256 anodes to 16 electro
boards, each of them containing 16 circuits with thresh
discriminators. The time signals are transported through s
cial ribbon cables to 4 electronic boards for time measu
ments, with 64 input each. Each of these 64 pixels boa
contains 8 time to digital converters~TDC! @16#. The main
characteristics of one TDC are the following: 8 complete
independent stop signal inputs associated with one start
nal, time bin 0.225 ns, dead time 20 ns, time range up
several ms. There is also a possibility not used in the pre
paper to encode the analogic signals issued from the
anodes.

The response of the detector was checked with focu
and pulsed beams of gold ions at 20 keV produced b
liquid metal ion source and also with small-size beams
C1 (0.3 mm30.3 mm) at 1 MeV. The cross talk betwee
two adjacent pixels is less than 1024 and the efficiency of
electron collection is better than 90%. The multi-impact p
sition sensitive detector~MIPSD! can be mechanically
moved precisely in the vertical and horizontal direction in
plane perpendicular to the beam axis.

A careful calibration of the electrostatic deviation of th
deflection plates was achieved with a (0.3-mm30.3-mm)
collimated C1

1 beam. First the detector position was pr
cisely adjusted, in such a way that the incident beam hits
detector exactly in the middle of an interpixel region for
deflection voltage. This position corresponds to an equ
lent counting rate on the two adjacent pixels. Then, differ
deflection voltages were applied (65 kV, 68 kV!, leading
to a displacement of the beam spot on the detector.
position of the fired pixel~giving the number of 2.54-mm
steps of the deviation! is noted and the fine determination
this displacement is then achieved by moving the detecto
the vertical direction until a new interpixel wire is foun
exactly in the middle of the deflected C1

1 ions spot. The
impact of the C1

1 beam corresponding to the interpixel p
sition can be defined with an accuracy better than 100mm
@15#. The deviation distances determined as the sum of
fine displacement and the 2.54-mm steps number are
for the calibration. For the cluster constituents, the influe
of the Coulomb explosion cone on the average trajecto
~which leads at the most to a relative variation of the dev
tion distance smaller than 1023) has been neglected. In th
experiment where the deflection voltage was set to ensu
complete detection of the charge distribution in the detec

FIG. 1. Experimental setup.
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the spatial resolution of the MIPSD is too low to separa
completely each charge state. However, average values
standard deviations of the measured charge-state dist
tions have been extracted with rather low statistical unc
tainties.

III. EXPERIMENT RESULTS AND DISCUSSION

Average charge-state values of carbon ions at incid
energies close to 1, 2, and 4 MeV passing through car
foils with various thicknesses are given in Table I. In th
energy range, due to the high-ionization cross sections
carbon ions (s>10216 cm2 @17#!, the required traveling dis-
tance in the target to reach equilibrium is close to 1 nm. T
C1 charge state values reported in Table I are thus equ
rium charge states, which are in good agreement with pr
ous experimental results@18#. A summary of the average
charge states of C1 projectiles at various energies, behin
carbon foils, is given in Ref.@19#.

Different cluster beams (C3
1 to C10

1) at incident ener-
gies per atom close to 2 MeV for C3

1 and C8
1, 1 and 2 MeV

for C10
1, and 1, 2, and 4 MeV for C5

1 were passing through
the same carbon foils as C1. For each projectile the exi
energies~see column 3 in Table I! have been calculated with
theTRIM code, neglecting small difference of energy loss
single atoms and Cn constituents@20# . The average charge
states per atom̂qn& corresponding to the different inciden
carbon clusters Cn are given in Table I. The uncertaintie
reported in Table I take into account the statistical uncerta
ties on the centroid determination as well as experime
uncertainties on beam energies, deflection voltage, an
possible contamination~less than 10%) of fragmented inc
dent clusters resulting from interaction with residual g
molecules.

For all cluster projectiles used in this experiment, the a
erage charge states of the exiting constituents are sm
than the charge state of the single carbon atom at the s
velocity. The variation of the cluster constituent charge ra
^qn&/^q1&, at a given velocity, as a function of the targ
thickness is shown in Fig. 2 for the 2-MeV/atom data:
continuous increase of this charge ratio with the foil thic
ness is observed. For thin targets the^qn& values differ con-
siderably from the average charge^q1& of C1 traveling with
the same velocity. The difference is more pronounced w
the number of atoms in the incident clusters increases
shown in Fig. 3 for Cn (n53,5,8,10) passing through a 2.2
mg/cm2 carbon foil. On this figure is also reported the char
ratio from Ref.@7# for molecular nitrogen ions accelerated
2.1 MeV/atom, exiting a 100-Å carbon foil. This N2 result is
in very good agreement with the evolution with the numb
of projectile constituents that can be extracted from our m
surements.

The charge ratio approaches slowly the unit value
thicker targets. This evolution reflects the increase of
traveling interconstituent distance due to Coulomb explos
and multiple scattering on the target atoms.

However, for the thin foils used in these experiments,
Cn fragment ions at energies of 1–4 MeV/atom do not se
rate very much from each other at the foil exit. For examp
it can be estimated that for 10-MeV C5 clusters the mean
radial distance between ions are close to 2 Å at theexit of a
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TABLE I. Average charge states per atom measured for the different carbon cluster projectiles
various carbon foils.

Projectile Incident energya Foil thicknessb Exit energya Average charge state
per atom per atom per atom

3.81 5.30 3.77 3.606 0.06
3.81 10.20 3.73 3.726 0.05
3.81 15.00 3.69 3.686 0.05
3.81 40.00 3.52 3.636 0.08
1.92 2.20 1.90 2.846 0.04
1.92 3.40 1.89 2.856 0.04

C1 1.92 5.30 1.88 2.846 0.04
1.92 10.20 1.84 2.846 0.04
1.92 15.00 1.81 2.826 0.04
1.92 40.00 1.63 2.686 0.09
0.96 5.30 0.93 1.986 0.04
0.96 10.20 0.89 1.906 0.03
0.96 15.00 0.85 1.886 0.04
0.96 40.00 0.67 1.616 0.05

2.00 2.20 1.98 2.106 0.04
2.00 3.40 1.97 2.116 0.04
2.00 5.30 1.96 2.166 0.04
2.00 5.30 1.96 2.286 0.07
1.98 5.30 1.94 2.306 0.04

C10 1.98 10.20 1.90 2.456 0.07
1.98 15.00 1.87 2.526 0.07
1.98 40.00 1.69 2.526 0.11
0.99 2.20 0.97 1.696 0.04
0.99 5.30 0.95 1.716 0.04

1.97 2.20 1.96 2.256 0.06
1.97 3.40 1.95 2.276 0.06

C8 1.97 5.30 1.93 2.336 0.06
1.97 10.20 1.90 2.486 0.06
1.97 15.00 1.86 2.546 0.06
1.97 40.00 1.68 2.536 0.11

3.99 5.30 3.95 3.166 0.08
3.99 10.20 3.92 3.356 0.08
3.99 15.00 3.88 3.446 0.08
3.99 40.00 3.70 3.546 0.12
2.01 5.30 1.97 2.466 0.06

C5 2.01 15.00 1.90 2.536 0.06
2.01 40.00 1.72 2.606 0.08
1.97 2.20 1.95 2.346 0.06
1.97 3.40 1.94 2.376 0.06
1.97 5.30 1.93 2.426 0.07
1.02 5.30 0.98 1.816 0.05
1.02 10.20 0.94 1.826 0.05
1.02 15.00 0.91 1.796 0.05
1.02 40.00 0.73 1.596 0.06

1.96 2.20 1.95 2.496 0.07
1.96 3.40 1.94 2.536 0.07

C3 1.96 5.30 1.92 2.566 0.05
1.96 10.20 1.89 2.666 0.07
1.96 15.00 1.85 2.696 0.07
1.96 40.00 1.67 2.636 0.11

aThe energies per atom are given in MeV/atom.
bThe foil thickness is given inmg/cm2.
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6-mg/cm2 foil @21#. This estimate includes multiple scatte
ing and unshielded Coulomb explosion. The ion-ion proxi
ity of the cluster constituents can, therefore, modify t
charge-changing processes. Figure 3 shows that the influ
of this proximity is a monotonous function of the number
projectile constituents, regardless of the cluster struct
~For example, C3

1 has a closed structure@22# whereas C5
1

is linear @23#. The average number of closest neighbors
thus larger in C3

1 than in C5
1, nevertheless the proximity

effect is larger for the C5
1 projectile!.

The neighbor constituents create a perturbation of
atomic potential, which would result in a stronger binding
remaining electrons. A simple approach is to consider
average shiftDI of the atomic levels that depends on t
nuclear distance and only slightly on the initial shape of
cluster@12#. The ionization of the cluster constituents may
more difficult due to the apparent increase of the electr
binding energy during the passage through the solid.
electron capture may be also modified by this additional
tential DI that results of the vicinage effects of the multip
charged carbon atoms. Inside targets, screening effects
reduce theDI potential while at the exit of the solid th

FIG. 2. Average charge-state ratio^qn&/^q1& ~see text! mea-
sured for the different carbon cluster projectiles impinging at ab
2-MeV/atom different carbon foils, plotted as a function of the f
thickness given inmg/cm2.
tt.
-

ce

e.

s

e
f
n

e

-
e
-

ay

vanishing of screening effects would enhance the electr
capture probability. The mean charge state per atom, wh
is measured at the exit side, would therefore be lower t
the charge state inside.

This additional potential can be written asDI
}( i , j qi•qj /r i j where the sum extends to all cluster consti
ents of chargeqi , j and wherer i j is the relative distance be
tween pairs of ions. Since the interconstituent distance
creases relatively slowly with the target thickness, t
magnitude of this potential could still be of the order
several eV for 100-nm thick targets, and thus it would be s
effective for such large thicknesses as observed experim
tally.

IV. CONCLUSION

Mean values of charge-state distributions after thin carb
foils have been measured for single carbon atoms and la
size carbon cluster projectiles (Cn , n53 to 10! between 1–4
MeV per atom. The average charge state of carbon clu
constituents is significantly reduced as compared to that
single carbon projectile at the same velocity. The aver
charge state per atom decreases continuously when the
ber of constituents increases. For a given projectile, the
terconstituent mean distance increases with the foil thickn
and, therefore, the charge reduction~due to the constituen
proximity! progressively vanishes.
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FIG. 3. Evolution with the numbern of cluster constituents of
the charge ratiô qn&/^q1&, measured at the exit of a 2.2mg/cm2

carbon foil, for 2-MeV/atom carbon cluster projectiles. The d
mond symbol shows data extracted from Ref.@7# for 2.1-MeV/atom
N2 projectiles.
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