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Reduced charge state of MeV carbon cluster constituents exiting thin carbon foils
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Direct determination of average charge states have been performed with an electrostatic analysis method for
carbon ions and carbon cluster{Gh=3-10 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 increap8%050-294{09)08606-(

PACS numbds): 34.50.Dy, 34.50.Fa, 36.40.Wa

l. INTRODUCTION source, C$ ions of 20 keV bombard a graphite target. Nega-

The passage of swift MeV polyatomic ions through thin tive cluster ions of G are extracted, accelerated, and mass
solid films has been studied for many years. Small moleculag€elected before being injected in the tandem accelefatdr
ions and hydrogen clusters were mainly used as projectiles iAt the high-voltage terminal, the (C clusters collide with
the early experiments, which were mostly focused onN, molecules in the gas stripper channel and become posi-
energy-loss measuremeiis-6]. Recently, it has been pos- tively charged. The beam can be pulsed at the low-energy
sible to produce and accelerate large-size clusters over a Cogide; therefore, after full acceleration, positive*Ccluster

siderable range of velocities in the regimes of nuclear anghns are identified by time-of-flight measurements and also

electronic stopping. b : :
: - y magnetic deflection and energy measurements. We have
When a fast cluster penetrates a solid, the binding elec- " 4 4
trons are stripped away and the charged-cluster constituent%sed beams of £, C5*, Gg", and Go" at aimost the same

spatially and temporally correlated, tend to separate due tghergy per atongsame velocity by adjustment of the termi-
their mutual Coulomb repulsion. Several authors have reb@l voltage. - , o

ported that by comparison with single atoms passing through The experimental set up is shown in Fig. 1. Upstream of
thin foils, the average charge state of the constituents ohe target foil the size of the cluster beam is defined by
polyatomic projectiles is lower than the charge of an indi-vertical and horizontal slits which, in the present experiment,
vidual atom[7—13]. An enhanced electron-capture probabil- had a 0.3-mm aperture in both directions. At 40 cm behind
ity at the foil exit, which depends on the internuclear sepathe slits four carbon foils with different thicknesses are fixed
ration distance between the fragment constituents, wagn a target holder. When a cluster projectile hits the entrance
proposed by Maoet al.[7]. Electron-capture processes haveface of the target, electrons are emitted, accelerated by a few
been reported in foil-induced dissociation of small moleculatyndred volts in the direction opposite to the beam, electro-
ions as OH and CH" [8-10. The passage of hydrogen statically deflected at 90° and detected by a set of dual mi-
clusters H (with n<21) through a solid target was studied crochannel plates. A time signal corresponding to the pas-
by the Lyon grouf11,12. The final charge stat@er atom  sage of the cluster in the carbon foil is generated and used to
is supposed to depend on the “volume” occupied by thetrigger the experiment. Since very thin carbon foils may have
cluster atoms at the exit side of the ffll2]. Vicinage effects  pinholes, the electron detection ensures that the projectile did
are of considerable importance for eXpIaining the |Oweringnot pass through holes but through the fo'"wo para||e| and

of the average charge states of cluster-atomic constituentforizontal deflection platedength = 60 mm, distance be-
and an enhanced electron-capture model for closely space@een plates= 10 mm) are placed 5 mm after the target.
ions has also been presented by Steuer and RictieFor  voltage values of- 3 kV to +15 kV can be applied on each
large size and mass clusters there is no result on charge-sta{gfiection plate. After passing through the foils, the exiting
measurements of atomic cluster constituents exiting soliqiragmems of carbon atoms are multiply charged. The mea-
foils. In the present paper we focus on carbon clusters Csurements of the deviation after the deflection plates along
(n=3-10 at energies from 1-4 MeV per atom passingthe deflection axis allows calculation of the charge states.
through thin amorphous carbon foils. The average charge For this purpose a multi-impact position sensitive detector
states of the exiting carbon constituents were measured dis [ocated at 32 cm from the center of the deflection plates.

rectly and compared to the charge state of single-carbon prorhis original detector and its dedicated electronics have been
jectiles at the same velocity. Carbon foils with different

thicknesses were used and all the measurements were per———

formed under the same experimental conditions. 1 )
The carbon foils were manufactured by ACF Metélsicson,

Il. EXPERIMENT Arizona), and their thicknesses were measured at Ofgath an

accuracy of less than 10%y the Rutherford backscattering tech-

Carbon clusters were accelerated by the 15-MV tandemique with 1.2-MeV*He particles. The thickness of the foils used
accelerator at IPN, Orsay. In a standard sputtering Cs ioim this experiment was ranging from 2uy/cn? up to 40uglcn?.
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=L & detector the spatial resolution of the MIPSD is too low to separate

Cn beam H le completely each charge state. However, average values and
| + U fati H :

) \I\l "sTel_—: standard deviations of the measured charge-state distribu-

| ® T tions have been extracted with rather low statistical uncer-

! [ -u Deviation tainties.
Sits Carbon foil  Deflection plates
I

IIl. EXPERIMENT RESULTS AND DISCUSSION

Movable (x,&%%s{ict’iron sensitive
Average charge-state values of carbon ions at incident
FIG. 1. Experimental setup. energies close to 1, 2, and 4 MeV passing through carbon
foils with various thicknesses are given in Table I. In this
built and tested at IP\15,16] . The detector consists of two €nergy range, due to the high-ionization cross sections for
channel plates of 45 mm in diameter with an “anode” madecarbon ions §=10"'° cn? [17]), the required traveling dis-
of 256 discrete anodes (¥6l6). These anodes, drawn with a tance in the target to reach equilibrium is close to 1 nm. The
step size of 2.54 mm are shielded by a thin glddl2-mm  C; charge state values reported in Table | are thus equilib-
wires) connected to the ground. There are rigid and veryium charge states, which are in good agreement with previ-
short connections from the 256 anodes to 16 electroni®us experimental resulfsl8]. A summary of the average
boards, each of them containing 16 circuits with thresholdcharge states of Cprojectiles at various energies, behind
discriminators. The time signals are transported through spesarbon foils, is given in Ref.19].
cial ribbon cables to 4 electronic boards for time measure- Different cluster beams (£ to C,,") at incident ener-
ments, with 64 input each. Each of these 64 pixels boardgies per atom close to 2 MeV for,C and G*, 1 and 2 MeV
contains 8 time to digital convertefSDC) [16]. The main  for C,", and 1, 2, and 4 MeV for £ were passing through
characteristics of one TDC are the following: 8 completelythe same carbon foils as;CFor each projectile the exit
independent stop signal inputs associated with one start signergiegsee column 3 in Table) have been calculated with
nal, time bin 0.225 ns, dead time 20 ns, time range up téhe TRIM code, neglecting small difference of energy loss for
several ms. There is also a possibility not used in the preseingle atoms and (constituent§20] . The average charge
paper to encode the analogic signals issued from the 25&ates per atoniq,) corresponding to the different incident
anodes. carbon clusters Care given in Table I. The uncertainties
The response of the detector was checked with focuseckported in Table | take into account the statistical uncertain-
and pulsed beams of gold ions at 20 keV produced by dies on the centroid determination as well as experimental
liquid metal ion source and also with small-size beams ofuncertainties on beam energies, deflection voltage, and a
C; (0.3 mmx0.3 mm) at 1 MeV. The cross talk between possible contaminatiofiess than 10%) of fragmented inci-
two adjacent pixels is less than 1Dand the efficiency of dent clusters resulting from interaction with residual gas
electron collection is better than 90%. The multi-impact po-molecules.
sition sensitive detectofMIPSD) can be mechanically For all cluster projectiles used in this experiment, the av-
moved precisely in the vertical and horizontal direction in aerage charge states of the exiting constituents are smaller
plane perpendicular to the beam axis. than the charge state of the single carbon atom at the same
A careful calibration of the electrostatic deviation of the velocity. The variation of the cluster constituent charge ratio
deflection plates was achieved with a (0.3-mt3-mm)  (qg,)/(q.), at a given velocity, as a function of the target
collimated G* beam. First the detector position was pre-thickness is shown in Fig. 2 for the 2-MeV/atom data: a
cisely adjusted, in such a way that the incident beam hits theontinuous increase of this charge ratio with the foil thick-
detector exactly in the middle of an interpixel region for no ness is observed. For thin targets {log) values differ con-
deflection voltage. This position corresponds to an equivasiderably from the average char@g,) of C, traveling with
lent counting rate on the two adjacent pixels. Then, differenthe same velocity. The difference is more pronounced when
deflection voltages were applied6 kV, =8 kV), leading the number of atoms in the incident clusters increases as
to a displacement of the beam spot on the detector. Thehown in Fig. 3 for ¢ (n=3,5,8,10) passing through a 2.2-
position of the fired pixelgiving the number of 2.54-mm ug/cn? carbon foil. On this figure is also reported the charge
steps of the deviatigris noted and the fine determination of ratio from Ref.[7] for molecular nitrogen ions accelerated at
this displacement is then achieved by moving the detector i2.1 MeV/atom, exiting a 100-A carbon foil. This,Nesult is
the vertical direction until a new interpixel wire is found in very good agreement with the evolution with the number
exactly in the middle of the deflected, C ions spot. The of projectile constituents that can be extracted from our mea-
impact of the G* beam corresponding to the interpixel po- surements.
sition can be defined with an accuracy better than 400 The charge ratio approaches slowly the unit value for
[15]. The deviation distances determined as the sum of thithicker targets. This evolution reflects the increase of the
fine displacement and the 2.54-mm steps number are usdhveling interconstituent distance due to Coulomb explosion
for the calibration. For the cluster constituents, the influence&ind multiple scattering on the target atoms.
of the Coulomb explosion cone on the average trajectories However, for the thin foils used in these experiments, the
(which leads at the most to a relative variation of the devia-C, fragment ions at energies of 1-4 MeV/atom do not sepa-
tion distance smaller than 18) has been neglected. In this rate very much from each other at the foil exit. For example,
experiment where the deflection voltage was set to ensureitican be estimated that for 10-MeVsQlusters the mean
complete detection of the charge distribution in the detectoradial distance between ions are close2tA at theexit of a
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TABLE I. Average charge states per atom measured for the different carbon cluster projectiles exiting

various carbon foils.

Projectile Incident enerdy Foil thicknes8 Exit energy Average charge state

per atom per atom per atom

3.81 5.30 3.77 3.6 0.06

3.81 10.20 3.73 3.7Z 0.05

3.81 15.00 3.69 3.6& 0.05

3.81 40.00 3.52 3.6% 0.08

1.92 2.20 1.90 2.84 0.04

1.92 3.40 1.89 2.85 0.04

C1l 1.92 5.30 1.88 2.84 0.04
1.92 10.20 1.84 2.84 0.04

1.92 15.00 1.81 2.8 0.04

1.92 40.00 1.63 2.6& 0.09

0.96 5.30 0.93 1.9& 0.04

0.96 10.20 0.89 1.9& 0.03

0.96 15.00 0.85 1.88 0.04

0.96 40.00 0.67 1.61* 0.05

2.00 2.20 1.98 2.1&¢ 0.04

2.00 3.40 1.97 211 0.04

2.00 5.30 1.96 2.16- 0.04

2.00 5.30 1.96 2.2& 0.07

1.98 5.30 1.94 2.3 0.04

C10 1.98 10.20 1.90 2.45% 0.07
1.98 15.00 1.87 2.52 0.07

1.98 40.00 1.69 252 0.11

0.99 2.20 0.97 1.6% 0.04

0.99 5.30 0.95 1.7% 0.04

1.97 2.20 1.96 2.25% 0.06

1.97 3.40 1.95 2.27 0.06

Cc8 1.97 5.30 1.93 2.33 0.06
1.97 10.20 1.90 2.4& 0.06

1.97 15.00 1.86 2.54 0.06

1.97 40.00 1.68 2,5% 0.11

3.99 5.30 3.95 3.16- 0.08

3.99 10.20 3.92 3.35% 0.08

3.99 15.00 3.88 3.44 0.08

3.99 40.00 3.70 3.54 0.12

2.01 5.30 1.97 2.46- 0.06

C5 2.01 15.00 1.90 2.5% 0.06
2.01 40.00 1.72 2.6& 0.08

1.97 2.20 1.95 2.34 0.06

1.97 3.40 1.94 2.3% 0.06

1.97 5.30 1.93 2.42- 0.07

1.02 5.30 0.98 1.8% 0.05

1.02 10.20 0.94 1.8% 0.05

1.02 15.00 0.91 1.7¢ 0.05

1.02 40.00 0.73 1.5¢ 0.06

1.96 2.20 1.95 2.4% 0.07

1.96 3.40 1.94 2.5% 0.07

C3 1.96 5.30 1.92 2.56 0.05
1.96 10.20 1.89 2.66 0.07

1.96 15.00 1.85 2.6% 0.07

1.96 40.00 1.67 2.6% 0.11

&The energies per atom are given in MeV/atom.

®The foil thickness is given ipg/cn?.
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; vanishing of screening effects would enhance the electron-
: — '1l0 T < capture probability. The mean charge state per atom, which

is measured at the exit side, would therefore be lower than
1 1 2 the charge state inside.
Foil thickness (ug/cm’) This additional potential can be written adl

FIG. 2. Average charge-state rao,)/(q,) (see text mea-  *=>i,di-0j/Tij where the sum extends to all cluster constitu-
sured for the different carbon cluster projectiles impinging at aboufNtS Of chargey; ; and wherer; is the relative distance be-
2-MeV/atom different carbon foils, plotted as a function of the foil tWeen pairs of ions. Since the interconstituent distance in-
thickness given inuglcr?. creases relatively slowly with the target thickness, the
magnitude of this potential could still be of the order of
several eV for 100-nm thick targets, and thus it would be still

6-uglent foil [21]. This estimate includes multiple scatter- effective for such large thicknesses as observed experimen-
ing and unshielded Coulomb explosion. The ion-ion proxim-tgjy.

ity of the cluster constituents can, therefore, modify the

charge-changing processes. Figure 3 shows that the influence V. CONCLUSION

of this proximity is a monotonous function of the number of o .

projectile constituents, regardless of the cluster structure, Mean values of charge-state distributions after thin carbon

(For example, G" has a closed structuf@?] whereas G foils have been measured for single carbon atoms and large-

is linear [23]. The average number of closest neighbors isSiZ€ carbon cluster projectile€f, n=3 to 10 between 1-4

thus larger in G* than in G*, nevertheless the proximity MeV per atom. _Tht_e_average charge state of carbon cluster

effect is larger for the € projectile. constituents is significantly reduced as compared to that of a
The neighbor constituents create a perturbation of théiNgle carbon projectile at the same velocity. The average

atomic potential, which would result in a stronger binding of C12rge state per atom decreases continuously when the num-

remaining electrons. A simple approach is to consider affer Of constituents increases. For a given projectile, the in-
average shiftAl of the atomic levels that depends on the terconstituent mean distance increases with the foil thickness

nuclear distance and only slightly on the initial shape of the?"d: therefore, the charge reductiatue to the constituent
cluster[12]. The ionization of the cluster constituents may beProXimity) progressively vanishes.

more difficult due to the apparent increase of the electron-
binding energy during the passage through the solid. The
electron capture may be also modified by this additional po- We gratefully acknowledge G. Maynard and T. Tom-
tential Al that results of the vicinage effects of the multiply brello for fruitful discussions. We are also very grateful to R.
charged carbon atoms. Inside targets, screening effects m&ellem, P. Cohen, and J. Le Bris for their invaluable help
reduce theAl potential while at the exit of the solid the during the design and the tests of the MIPSD.
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