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Abstract 

Fragmentation of mass-selected 6O-keV/amu-Hn + induced by single collision with helium 

has been studied for various cluster sizes n (9, 13,21, 25, and 31). The absolute cross 

sections of the charged fragments lip+ are measured from p equal 3 to n-2. The deduced 

mass distributions are strongly different from those obtained at lower collision energy 

(where molecular evaporation is mainly involved) due to a strong production of ionic 

fragments with a size of p/ng).5. Moreover, the distributions for p/nSO.5 are found to 

have scaling properties and to follow a power law A -'t, where A is the nonnalized 

fragment mass (pIn) and t an exponent close to 2.6. 
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Fragmentation phenomena are of experimental interest in various fields of physics and 

are the object of a fast developing field of statistical mechanics which concerns many systems of 

the microscopic world including polymers, gels, atomic clusters or atomic nuclei(1). A particular 

significant outcome of this research is the realization that in any circumstances the fragment size 

distribution and related quantities are invariant. Fragmentation of atomic clusters has been 

studied experilnentally by electron (2) and photon interaction (3) and low-energy atomic collision 

(few eV/amu) (4,5). Up to now, mainly atomic or molecular evaporation has been observed(2). 

Recently, fission processes of doubly charged clusters have been reported for ionized van der 

Waals(6,7) and metallic (8.9) clusters. Directly pertinent to the present work are also the studies of 

the dynamical fragmentation of C60+ (10) ions and the fragmentation of CH4+ (11) caused by fast

proton impact. 

The availability of high-energy mass-selected ionic hydrogen clusters gives a new interest 

in collision-induced fragmentation. Indeed, in this velocity range (1.55 vo. Vo being the Bohr 

velocity), the relative velocity between the projectile and the target atom is around or greater than 

the velocity of the electrons in the (;luster. Then, the typical time for a collision with a target atom 

is short enough, compared to the typical time of the motion of the protons in the cluster, so that 

during the collision the protons can be considered to be stationary in the projectile frame(12). 

Moreover, in this velocity range~ the collision can induce large electronic excitation up to 

ionization. Thus, processes such as ionization of the incident cluster followed by the dissociation 

of the transient multicharged cluster can be involved 

In this paper, we report on the experimental measurements of charged fragment 

production after fragmentation of 60-keV/amu Hn + clusters (n=9, 13, 21, 25, 31) induced by 

single collision with helium. 

The experiment was performed at the high-energy cluster-beam facility of the Institut de 

Physique Nucleaire de Lyon (13). The experimental apparatus is described in details in ref 14. In 

short, neutral clusters are formed in a cryogenic source and then ionized by electron impact. 

Cluster ion beams of 0.54, 0.78, 1.26, 1.50 and 1.86 MeV energies are "formed by the new 

radiofrequency (RF) quadrupole post accelerator associated to the Cockroft Walton accelerator. 

The beam is pulsed with a cycle combining the cluster source cycle and the RF power one. After 
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momentum analysis by a magnetic field, the incident beam is defined by two collimating 

apertures which ensure an angular dispersion of ± 0.8 mrad. Before reaching the gas target, the 

beam goes through two patallel plates. A voltage which depends on the energy of the beam can 

be applied or set to zero between these two plates with a fast voltage amplifier. Thus, a cluster 

burst can either be deflected in the monitoring surface-barrier (SB) detector or reach the target. 

The intensity of the collimated incident cluster beam in a burst corresponds to about 1000 

clusters per second. The target is a gas-jet system described in detail previously (15). A 

differential pumping system is able to maintain a residual gas pressure of 5.10-7 Torr in the 

region close to the gas jet and along the beam line. The charged fragments are magnetically 

deflected in a movable SB detector located one meter after the target. The corresponding time of 

flight is 0.30 IJs. Care was taken to ensure a complete collection of the fragments for a given q/m 

range. The detector is connected to a pulse height analyzer, the signal being proportionnal to the 

total energy of the detected fragments. 

The mass spectrum of charged fragments Hp+ from mass p==3 to 29 obtained by collision 

. of H31+ clusters with helium atolns is displayed in fig. 1a. This spectrum clearly shows 15 

separated peaks where the total energies are ranging from 0.18 to 1.86 MeV. The highest energy 

peak corresponds to the detection of the transmitted H 3 1 + clusters. Mainly fragments of odd 

mass number are obtained as already observed in th.e spectrum of the cluster source. The width 

of the peaks increases with the size of the detected fragment. This effect connected to the 

response of the detector will be discussed in a forthcoming paper. This spectrum is obtained for a 

given number of incident clusters with a target thickness of 0.73 ± 0.08 1014 atoms/cm2• Fig. 1b 

displays the spectrum obtained without gas target for the same number of incident clusters. 

These spurious events correspond to about 3% of the incident clusters. The behaviour of this 

spectrum looks similar to the one obtained with the gas target except for the 

H29+ fragments whose production is relatively enhanced. The spurious events are likely due to 

collisions of incident clusters with the residual gas and to spontaneous evaporation of a H2 

molecule after the magnetic analysis. This beam analysis takes place 10 IJs after the cluster 

ionization at the end of the accelerator and 1 IJs before the detection. 

From the spectra 1a and 1b, we can deduce that only 22% of 
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H31 + incident clusters are dissociated in the gas jet in agreement with the dissociation cross 

section measured previously (adis , = (37.2 ± 1.7) 10-16 cm2){14}. Therefole, the fragment yields 

are measured under single-collision conditions. The absolute cross sections of the fragment 

production ar(~ deduced by dividing the number of fragments per incident cluster by the target 

thickness after substraction of spurious events. The thickness of the ga:, jet depends on two 

parameters, the inlet gas pressure measured with a pn~cision better than 0.3%, and the position 

of the jet capillary with respect to the incident ion beaJn known with a precision better than 4%. 

The position of the jet capillary with respect to the incident cluster beam is kept the same for the 

various clustc::r sizes. The detennination of the tar,get thickness and 1ests of the absolute 

calibration are described in ref. 15. The errors in the ahsolute cross sections deduced from these 

measuremenH vary from ±10% to ±15%, taking into account the target thickness and the 

statistical uncertainties. Similar studies have been don(: for H 25+, H21+, Ii l3+ and H9 +incident 

clusters. 

The pr,xiuction cross sections of ionic fragments of mass p (p=3:0 23) resulting from 

the fragmentaLon of H25+ clusten. colliding with helitlm at 60 ke V /amu are presented in fig. 2a 

versus the fragment mass p. The IT .ain feature of the di itribution is the pro minent production of 

clusters of masses which are intemlediate (p =3 to 13 ). Due to this intermediate-mass fragments 

production, the behaviour of the fu.gment production is clearly different frOID the one obtained in 

low-energy collision{5} (few eVh.mu) of H 25+ clusrers on helium (Fi~:. 2b) where mainly 

(sequential) ntolecular evaporation results from the collision. This last process leads to a 

fragment distribution where the yield of each fragment increases with its size since a small 

energy transfer in the collision is more probable thar a large one. In our case, the molecular 

evaporation process can be connected to the right sk~e of the fragment rrlass distribution but 

cannot explain the entire distribujon. Besides this general behaviour, one can remark some 

specific features in the p range from 15 to 23. Moreover, the H9+ fra.gment production is 

enhanced compared to H7 + and HL 1+ production as is clearly seen in Fig. 1 in the H31+ case. 

This can be related to the shell effect predicted in 'the structure of ionic hydrogen clusters{16}. 
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In Fig. 3, the absolute production cross sections of fragments of mass p (p=3 to n-2) 

resulting from the fragmentation of Hn+ clusters (n=9, 13,21,25, and 31) colliding with helium 

at 60 ke V lamu are displayed versus the normalized fragment mass pin. The mass distributions of 

the various fragment yields are found to be quite similar. For pin values smaller than 0.5, the 

distribution of the production cross section (cr) for H21+, H25+, and H 31+ can be parametrized 

by a common power law «p/n)-2.6) (see Fig. 4). Therefore, the mass distribution of intermediate 

mass fragments exhibits a finite size scaling of the form expected in many theories of critical 

phenomena(l). The small discrepancy observed for n=9 and 13 is due to the choice of the scaling 

parameter which is not well suited when the number of p is small. Using data on proton induced 

reactions at high energies Campi(1a) has studied the production of intermediate mass fragments. 

The present cluster distributions look similar to the ones obtained for high-energy proton (a few 

Ge V) induced fragmentation of nuclei which have been connected to the existence of a nuclear 

multifragmentation process. In the same way, the distribution corresponding to low-energy 

collision (Fig. 2b) where mainly evaporation is involved can be compared to nuclear evaporation 

reaction resulting from collision with protons of about a few hundred MeV energy(1a). 

For a given number of incident clusters Hn+, the number of charged fragments (from 

p=3 to n-2) is larger than the number of dissociated clusters (except for n=9). The ratio of the 

number of charged fragments over the number of dissociated clusters is found to be 0.73±O.07, 

1.09 ± 0.11 , 1.32 ± 0.13,1.3 ± 0.13, and 1.28 ± 0.13 in the H9+' HI3+' H 21+, H25+ and 

H31 + cases, respectively (we note that the fragments H2+ and H+ have not been taken into 

account in these calculations). This shows that a great number of the events correspond to a 

simultaneous production of at least two charged fragments after ionization of the incident cluster. 

In conclusion, an important production of fragment ions with a size of p/nSO.5 is 

observed. The molecular-evaporation process cannot explain the whole mass distribution of the 

charged fragments. Moreover, the distributions for p/ng).5 are found to have scaling properties 

and to follow a power law A -'t, where A is the normalized fragment mass and t an exponent 

close to 2.6. The present cluster distributions appear to have a similar shape to the ones 
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corresponding to nucleus fragmentation induced by a few GeV proton impact The importance of 

the charged-fragment production and the behaviour of their inclusive mass distributions let 

expect a cluster multifragmentation resulting from the collision in this energy range. Exclusive 

measurements should uncover cluster multifragmentation channels. 

The authors wish to thank M. Spighel, X. Campi and C. Brechignac for helpfull 

discussions and R. Genre, J. Martin, R. Filliol, J. P. Lopez, H. Mathez for their expert technical 

assistance. 
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FIGURE CAPTIONS 


Figure 1: a) The mass spectrum of charged fragments from p=3 to 29 resulting from the 

collision of H31+ clusters with helium atoms at 60 keV/amu. The highest energy peak (to be 

multiplied by 6) corresponds to the detection of the transmitted H31+ clusters. 

b) The same mass spectrum measured without gas target. 

Figure 2: a - The production cross section of fragment ions Hp+ with p=3 to 23 resulting 

from the fragmentation of H25+ colliding with helium (at 60 keV/amu) versus p. 

b • The relative production cross section of fragment ~+ resulting from the 

fragmentation of H25+ in low-energy collision (5) (few eV/aolu) with helium versus p. 

Figure 3: The production cross section of fragment ions Hp+ with p=3 to' n-2 resulting 

from the fragmentation of Hn+ clusters colliding with helium at 60 keV/amu versus pIn, the 

normalized fragment mass. 

Figure 4: The production cross sections (J versus pIn in Log-Log scale (0 for n=9, 13 ; 

and. for n=21, 25, 31). The slope gives the exponent t of the scaling law (p/ntt. 
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