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Multifragmentation of C 4, by fast Li® atoms and Lit=3* ions
in electron loss and capture collisions
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Fragmentation and ionization ofggare studied for electron capture and loss collisions of fa$t I(ig
=0-3) projectiles at a velocity=3.38 a.u. Production cross sections are measured for all observed ions by
a time-of-flight method in coincidence with outgoing projectile charge statbiiltifragmentation as well as
multiple ionization are observed strongly even for the neutral projectiles. Total production cross sections,
summed over all observed ions, are found to be the same order of magnituge 2grindicating that the
fragmentation is induced in close collisions, i.e., by penetration of the incident particles througg, teg€
Also, it is found that the total fragmentation cross sections as a functikslwdw nearly the same shape as the
equilibrium charge state distributiof€SD) measured for other condensed materials. This certainly implies
that a memory for the initial charge stadeis nearly lost while penetrating the cage, and the final CSD is
approximately equilibrated.

PACS numbdis): 34.70+e, 36.40-c

I. INTRODUCTION multiple ionization are likely to occur.
It is known both experimentally and theoretically
In recent atomic collision researches, the freg @ol- [2,4,6,7,12,3bthat the fragmentation is affected significantly

ecule has attracted increasing attention as a promising collby the amount of internal energy ofgafter collisions. For
sion partner that provides essential information about physiinstance, Campbe#t al. [36] demonstrated that, at internal
cal and chemical properties of matter lying between atom&nergies below about 100 eV, evaporation of neutpain®l-
and solidg1]. A large number of experimental studies haveecules is the dominant relaxation process of excited parent
been made into the nature of¢; used either as a projectile ions, and above about 220 eV the parent ions are broken into
or a target particle, by various collision techniques includingentirely small ions §<5) (multifragmentation The frag-
Cis impact[2-7], photoabsorptiofi8—12], electron impact mentation by lowly charged ions mentioned above may be
[13-18, and ion impact[19-34. Compared to typical understood from this internal energy consideration. For low
atomic collisions, however, interaction involvinggCis  Velocity collisions of 50-keV @~ ions with rare atoms,
rather complicated because of its essential many-body propvhere the predominant projectile energy-loss process is the
erty. This leads, consequently, to various many-body pheelastic nuclear collisions, Lerset al. calculated this energy
nomena such as collective excitation of valence electronk¥ss using screened atomic potentials, and successfully re-
observed in photoabsorpti¢8], or fragmentation into small- produced their experimental distribution patterns of daughter
size ions G* observed in multiphoton excitatidqa2] and in ~ ions[6]. Little is known about inelastic or electronic energy
ion-impact collisions[19-34. In collisions with highly transfer between fast ions angyC The amount of such in-
charged ions(HCI's) of low velocities, fragmentation is elastic energy deposition is supposed to be different for dif-
likely to be induced by Coulomb explosion of multiply ion- ferent inelastic collisions, leading to a variety of fragmenta-
ized parent ions formed through many-electron removal bytion patterns for different collisions. It is, therefore,
strong attractive Coulomb force from the incident HCI's important to study individual collision processes separately
[19-27. Indeed, surprisingly high-charge states afyC  to achieve better understanding of the fragmentation process.
ions, withr up to 60, have been observed recently by Martinwalchet al.[19] made experiments of this kind for electron-
et al.[27] in 475-keV X&' collisions. In high-energy HCI capture processes of slow HCI's using a method of coinci-
collisions (e.g., 625-MeV X&*) [28-30, where the dence measurements between fragment ions and outgoing
electron-capture process is less important, multiply chargegrojectile ions. Variation of the fragmentation pattern as a
parent ions may be created via ionization of loosely boundunction of the number of captured electrons was clearly
valence electrons, expected in analogy to multiple ionizationlemonstrated. Since then, similar experiments have been ex-
in typical ion-atom collisiong35]. On the other hand, it is tensively carried out using sloj23—27 and fast HCI'Y30].
not straightforward to understand the fragmentation phenomAmong these experiments, Martin and co-workers employed
ena observed in collisions with lowly charged medium ve-triple coincidence techniques also including the number of
locity ions (e.g., HE and AP* of a few hundred keY[31-  emitted electrons, allowing them to determine fragmentation
34], since neither the multiple electron transfer nor theschemes of multiply charged parent id24—27. As for the
high-velocity region, electron-capture and -loss processes
were examined for 15.6-MeV multiply charged carbon ions
*Present address: Department of Physics, Nara Women’s Univef30]. In contrast, much less information is available about the
sity, Nara 630-8506, Japan Ceo fragmentation process by lowly charged fast ions. Hence
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we have recently performed experiments for electron-capturgd0—42, so that an uncertainty of the above value is sup-
and -loss collisions of 2-MeV lithium ions, and demonstratedposed to be a factor of 2.
dramatic changes in the fragmentation patterns for various Absolute cross sections for the production of secondary
individual charge-changing collisio87]. ions were obtained in coincidence with outgoing projectiles
In this work, we extend measurements to neutr8lpro- ~ Of desired charge statésranging from 0 to 3. The intensity
jectiles. This extension allows one to investigate the frag-Yn(qk) of annth product ion in a given charge-changing
mentation process within a framework of only close colli- collision (q—k) is written by
sions, because the interaction region responsible for
ionization (electron Ios)s_ of a f_as_t atom by a neytral target Y, (k) =1 oXa(qk) = la(S) Xo(qK), (1)
molecule may be practically limited to only within, e.g., the Dk
Cgo molecular radius. The comprehensive set of cross-section ] o )
data is obtained for the production of individual fragmentWherelo is the incident beam fluxX the effective target
ions and intact parent ions for almost all combinations befhickness,o,(gk) the production cross sectioly(S) the
tween the incident and the outgoing charges. Using thesBumber of outgoing particles with chargedetected by the
absolute cross sections, the multifragmentation and ioniza>SD, and®g the outgoing charge fraction measured by
tion are investigated in detail for individual charge-changingmoving the SSD within a whole range covering all charge
collisions of direct §— q), single-electrong—q=1), two-  States. nge the quantltlés,(qk) and X represent correcteq
electron —q=2) and three-electron g(>q=3) pro- values' with respect to various factors such as the ion-
cesses. Moreover, the equilibration of charge state distripueollection efficiency of the TOF spectrometer, detection ef-
tions (CSD’9 is examined for outgoing particles passing f|C|ency of the MCP, ano! SO forth. More details of _these
through the @ cage. The CSD’s obtained are comparedCO”eCt'O” factors were given in Rdf37]. In order to in-

with equilibrium CSD’s for different target materials of ni- crease the experimental accuracy, the total number of
trogen gag38] and thin carbon foil$39]. charged products, irrespective of coincidence or noncoinci-

dence events, was routinely measured as a monitor of the
incident beam fluxl, which was varied appropriately for
each charge-changing collision in order to minimize the SSD
counting loss.

The experiment was performed at the 1.7-MV tandem For a collision process-80, where no charge change
Cockcroft-Walton accelerator facility of Kyoto University. takes place, the measurement was extremely difficult because
The apparatus and time-of-fligff OF) technique are de- nearly all of the particles detected by the SSD were those
scribed in detail in our previous papg87] carried out for that underwent no interactions with thggGarget. This in-
2-MeV Li*?3" jons, so that only a brief outline is given hibited us from obtaining reliable cross sections with a good
here. A well-collimated beam of 2-MeV Liions (v=3.38 accuracy. However, the relevant cross sectiop0) were
a.u) was used as a primary beam. A small portion of thefound, from a long-time measurement, to be smaller by more
beam, neutralized via electron-capture collisions with rethan three orders of magnitude than those for other electron-
sidual gases in the beam line, was selected out of the primatgss processes.
beam by removing charged particles by a magnet. The neu- In the present [% experiment, we also measured TOF
tral beam was then incident on a gas-phaggtérget in a  spectra in coincidence with secondary electrons emitted si-
crossed-beam collision chamber. Outgoing particles werenultaneously with charged products. The electrons were de-
charge-separated by a magnet and detected by a movalikcted by another MCP in the opposite direction of the TOF
solid-state detectofSSD. A mass-to-charge analysis of spectrometer, and were used as the start trigger pulse; for
fragment ions was made with a TOF spectrometer in conmore details the reader is directed to Rff8]. The TOF
junction with a two-stage multichannel plate detedidCP). spectrum measured in this electron-start mode represents a
The TOF spectra were measured by the fast-multichannébtal distribution including all 8-k processes, because in
scaler that is capable of counting multiple ions of differentLi® collisions the secondary electrons are always emitted
mass-to-charge ratio produced in a single collision event. Avhen the charged products are created. Absolute values of
flight time of the slowest ions " was about 12us. The the corresponding total cross sections were, however, not
base pressure was below<k3a0  Torr through the whole measured in this work. Except for the systematic error of a
experiment. factor two arising from the target desntity, overall relative

The G, target was produced by heating 99.9% pugg C experimental errors of the present cross sections are esti-
powder at 500°C in a temperature-controlled quartz overnmated to be 20—-30 %.
located at the base of the collision chamber. Through a hole Notations used in the following sections are summarized
(2 mm in diameter opened at the top of the oven, thg,C here. The production cross sectiop(qk) refers to the “ion-
molecular beam was introduced upward into a collision redzation cross section” for parent ions argC, and is re-
gion. The average target density within an observation lengtlwritten by o, (gk). As shown below, the TOF spectrum con-
(4 cm) was about 5.X 10'° (molecules/cr?), equivalent to  sists of the fragmentation part (€, n=1-14) and the
8.7x 10 Torr. These calculations were made using the vaionization part (Qeo_zm)H, m=0, r=1-4) including large
por pressure data reported by Abrefathal. [40]. It is noted  daughter ions. Cross sections for these two parts are denoted
that the vapor pressure data scatter substantially in literaturd¢gk) andl(qk), respectively, as

Il. EXPERIMENT
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The quantityop,(qk) represents all observed daughter ions
with charger. The last equation is the total cross section of
all observed ions. Note that the ionization cross section for
Ces’" ions was determined by subtracting an overlapping
C;s" peak which has always a broader peak profile than
Ces’ . The total production cross section of a given ion in a
givenq is obtained by summing over all values lofis
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IIl. RESULTS AND DISCUSSION - ]

A. Spectra and cross sections [ ]

. o 50 -

Figure 1 shows mass-to-charge distributions of fragment - ]

ions produced in electron-loss collisions of 2-Me\? btoms L -

with the Gy target. The upper three figures, denoted 0 ol '
(k=1-3), are partial distributions corresponding to 0 500 1000 1500

k-electron-loss collisions, and the bottom one is the total dis- Channel Number

tribution obtained by the electron-start mode. By summing FIG. 1. Time-of-flight spectra obtained for 2-MeV%gollisions
these partial spectra on an absolute scale, a total spectrunith a G, target. The numbers-0 k represent the charge-transfer
was constructed and was found to be almost the same as thecess, and the bottom spectrum denoted “total” is the total dis-
bottom spectrum, supporting our surmise that the contributribution obtained by the electron-start mode. The sharp lings
tion from the direct process (80) is negligible in LP col- observed in the left part are the background peaks originating from
lisions. residual gases of #0, N,, and G.

The most striking feature seen in Fig. 1 is that the multi-
fragmentation and multiple ionization are both induced3.8x 10" '° cnm? (molecular radius 6.6 a)uThis fact implies
strongly even by the Ciimpacts. Since the Coulomb force again, but quantitatively, that the fragmentation and ioniza-
between two neutral particles is important only at small im-tion of Cy, by Li® are both induced in close collisions inside
pact parameters, the present result certainly implies thahe molecular cage. Total cross sectiomg(0) for small
these two processes are both induced in close collision$tagment ions are dominated by the two-loss pro¢8ss2),
Next, relative intensities between the fragmentation particcounting for about 50% of the total values. It is interesting
(C,*, n=1-14) and the ionization part (g_m”, m  to point out that the one-loss process gives significantly
=0, r=1~4) are found to change strongly depending onsmall cross sections compared to the two-loss process. On
the outgoing charge state For instance, the spectrum for the other hand, the ionization part is completely dominated
0—1 is dominated by the ionization part, and that fer®is by the one-loss process, in particular fex 2, and the three-
dominated by the fragmentation part. One can see also in tHess process makes practically no contribution to the produc-
figure that the multiple ionizationr&2) increases with in- tion of parent ions. It is also noted that the cross sections
creasingk when compared the peak intensities of different o ,(0k) in a givenk, apart from well-known even-odd oscil-
All these experimental findings indicate that the collisionlations, do not change very much for different cluster size
becomes more violent with increasing number of electrongn the three-loss process, however, one can see a slight en-
lost from the incident L4 atoms. hancement of smaller size clusters, indicating more violent

Cross sectionsr;(0k)(i=n or r) for the production of collisions compared to other electron-loss processes. More
C," (n=1-14) and G " (r=1-4) are presented in Fig. 2 detailed discussion about these experimental results is given
as a function ofn andr, respectively. Total cross sections below together with our previous cross sections for£i
o;(0) obtained by Eq(5) are also depicted. First to be men- ions.
tioned here is that all these cross sections are significantly Total production cross sectiori§gqk) obtained by inte-
smaller than the geometrical ¢ cross sections of grating all productions in a giveq—k process are shown in

012702-3



A. ITOH et al.

1076 |-

Production Cross Sections (cmz)

10-18 |

10-17 |

2MeV Li° -> Li*

PHYSICAL REVIEW A 61 012702

sections denoted “sum” in both figures are the sum of
T(gk) over k. One of the important experimental findings
here is that the sum cross sections increase rather slowly as
the incident charge increases upgte 2. Although our cross
sections may have uncertainties of factors of about two, it is
worthwhile here to note the relative values of these cross
sections; they are 1, 2.3, 4.4, and 29 tpr0-3, respec-
tively. Apparently, this result implies that collisions of
charged projectiles with £ are taking place at similar im-
pact parameters as % collisions, resulting in equivalent in-
fluences on the target. Here the impact parameter is taken as
the distance from the center of thg @nolecule to the inci-
dent beam.

In Fig. 3(@) one can see the number of contributions from
individual charge-changing processes. In particular, the di-
rect processepT(gq)] are found to give the largest cross
sections of all collision proceses except &pr 3, for which
the one-capture proceg$(32)] gives the largest value. Fur-
thermore, the ionization cross sections in direct processes,

O | 1(qg)=T(gq)—f(gq), are found to be significantly large,
1 accounting for about half the values ©fqq).

For one-electron-loss processes, the total cross sections
T(qk) are nearly constant, whilg(gk) increases with in-
creasingq, implying an opposite behavior of an ionization
part 1(gk). As for the two-loss processes, all the relevant
cross sections of(gk), 1(gk), and T(gk) decrease with
increasingqg. Qualitatively, to stay within a framework of
ion-atom collisions, the impact parametéy relevant to the
projectile ionization(electron loss would become smaller
with increasing ionization potential of the projectile par-
ticles. lonization potentials of Bi are 5.4, 75.6, and 122.5
eV for q=0-2, respectively44]. The target ionization ac-

ompanying the projectile electron loss is accordingly ex-
gected to become smaller with decreasimgresulting in

A O I
91011121314 1 2 3 4

l
8
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FIG. 2. Production cross sections for fragment ions” @nd
ionized parent ions & © measured for 8-k charge-changing col-
lisions of LI°. The abscissa represents the numben ahdr.

Fig. 3(@ as a function of the incident charge stateFrag-
mentation cross section§ gk) defined by Eq.(2) corre-
sponding to the sum of small-size clusters'Qn=1-14)
are presented in Fig.(B). Here the cross sections for large
daughter ions @0_2”1)” are included in the ionization cross
sectiond (gk), because these ions are known to be produce
predominantly via evaporation ofdnits from parent ions gy ajer cross sections bfqk) at largerd. It is interesting to

[24,26,43. NOtE thatT(qk)~f(gk) for three-loss (6-3), 516 that the cross-section rafi¢02)/T(13)=2.3 is in fairly
one-capture ¢=2) and two-capture processes. The Crosgyoq accordance with the ratio of the energy required to ion-

ize two electrons from the projectiles; 81 eV for-@ and

T T T | 3 | i T T

Total
I T(ak)=f(qk)+H{ak)
10

10718 L

Cross Sections (cmz)

107 4 v

Fragment f(qk)

I 3-loss

198 eV for 1-3. On the other hand, the amount of energy
deposition to the target would increase at smaller valués of
as found in theoretical work on atomic or diatomic molecular
targets[45,46. If we assume this argument also to be valid
for the Gy, molecule, the multifragmentation in projectile
electron-loss collisions would thus increase with decreasing
b, at which a large amount of inelastic energy may be depos-
ited. Actually, the trend of this violent fragmentation is ob-
served in this work, as discussed in Sec. Il B.

Contrary to these direct and electron-loss processes, a dra-
matic g dependence is observed for electron-capture pro-

10 3 cesses. For instancg(32) is larger tharf (10) by more than

three orders of magnitude, ai(31)/T(20) is about 800.
One reason for this steep increase might be attributed to
K-to-K electron transfer, where a carbos &lectron is cap-
tured into a projectile & orbital. Applying the theory of this
K-K transfer [47] to the present collisions system of°Li

+C, we found that the transfer cross section reaches its
maximum value ¢ 1.5x 10~ 17 c?/atom) at around 2-MeV
projectile energies. It is noted that this maximum value is
somewhat larger than the cross sections for direct ionization

]

1 !
0 1 2 3 0 1 2 3
Incident Charge State

107"

FIG. 3. Total production cross sectioiig§gk) and fragmenta-
tion cross section§(gk) for g—k collisions as a function of the
incident chargeq. The “sum” cross sectiondclosed triangles
shown both in(a) and(b) are the sum of (qk) over the final charge
statek in each incident chargq.
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FIG. 4. Average charges of parent ions as a functioq. of . . .
FIG. 5. Fractions of the first threer(_;) fragment ions out of

of carbon 1s-electron at 2 MeM38]. Since the K-K transfer the total fragment ionsY(;_y4 plotted as a function of. To guide
occurs predominantly at small impact parametgtg], of the eye, two curves are drawn for direct processes () and two
about target K-shell radiugd.17 a.u), a large amount of electron-loss and -capture processies ¢-2).

energy deposition is expected in such collisions, resultingin_ .. . . . . . .
further promotion of fragmentation. This close-collision ef- multiple ionization is more prefer.e.nual for larggreven in

fect may be the chief reason of the experimental fact of thé)ne-electron_ progesses. .In addition, the on_e-electron-loss
predominant contribution of(qk) to T(qk) for both one-  Processes give rise to slightly larger valuesrotha_n the

and two-electron-capture collisions. This implies convinc-COrresponding one-electron-capture processes. This seems to
ingly that the G, molecule is preferentially disintegrated in |nd|cqte that the eI_ectron Ios_s_, or the projectile ionization by
capture collisions rather than leaving the resultant parent iofreo: S the more violent collision. _

intact. This is the essentially different characteristic com- Another important result is that the valuesroih a given
pared to slow HCI collisions, in which the one- or two- g an increase substantially with an increasing number of
electron-capture process is dominated only by rather gentlelectrons captured by or lost from the projectiles. It is worth-

distant collisiond19-27. while to note that the three-loss process df gives about
=2.3, which is equivalent to the numbers for-B and 2-1
B. lonization and fragmentation collisions. A large value of 2.9 for the-32 process may be

As mentioned above, it is somewhat astonishing to ﬁnaunderstood again by the K-K transfer effect, resulting in ad-

that Gy, can be ionized by neutral particles. This is under_dltlonal electron emission following the Auger transition.

standable only in close collisions where the screening of thé\IOte that for the two-capture process of Lino noticeable

lithium nucleus by orbital electrons becomes weak, and, Conparent lons were _produced, but only fragmt_ant lons.
As for the collision-induced gg-fragmentation, the degree

sequently, it leads to the target ionization. Figure 4 shows the . ) . .
— i — of fragmentation may be investigated by an analysis of the
average charger of parent ions, calculated byr

—Sro /S ina ionization cr i for G+ relative intensities of small fragment ions, Cin the frag-
= 2ro /20, USING 10Nization Cross Sections, 10r Leo - mentation part. That is, the smaller ions sucinas3 would

The values of are found to differ significytly for different pe pronounced largely compared to other heavier fragments
collision processes. For direct processesis small and when the degree of fragmentation becomes high. This is
nearly independent af. This is due to the fact that, in direct demonstrated in Fig. 5, where the total fractions of the first
processes, the predominant secondary ion is alway$ C three fragments (£3") out of all fragment ions (€ 14"),
produced via direct ionization, and multiply charged ionsY,_3/Y1_14, are plotted as a function @f. For clarity two
decrease steeply with increasingas reported in our previ- curves are drawn corresponding to direqt-€q) and two-

ous papef37]. This trend is basically the same as observeckelectron —q=2) processes, respectively. One can clearly
in usual ion-atom collision$35]. Hence, it is plausible to see the following two distinctive characteristics about thg C
state that the direct ionization, of mostly outer-shell electronsnultifragmentation. First, the multifragmentation becomes
occurs at relatively large impact parameters, resulting irsignificant with increasing incident chargg The fact of
large ionization cross sections as shown in Fig. 3. Contraryiearly equivalent fractions in both one-loss and one-capture
to these direct processes, the average charge increases frpnocesses in a giveq seems to imply that the loss and cap-
1.4 (0—1) to 2.5(2—3) for one-electron-loss processes andture collisions both occur at equivalent impact parameters,
from 1.8 (1—0) to 2.9 (3—2) for one-electron-capture pro- resulting in a similar amount of energy deposition. This,
cesses. The sharp increase in these processes implies that bwevever, does not mean equivalent fragmentation cross sec-
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tions for these two processes, since the relevant probabilities T I T T
may be significantly different from each other, as can be 10° 3
recognized from the large difference betwegfl2) and $.. ]
f(10) shown in Fig. 3. Second, in a giventhe multifrag- d
mentation increases with an increasing number of electrons
captured by or lost from the projectiles. This is the same 107 e
trend as observed for multiple ionizatigfig. 4). As one .
interpretation of this result, we suppose that multiple-
electron processes are induced preferentially by double col- )
lisions taking place at the front and back surfaces ofsg C 107°F L
molecule. Such double collisions are likely to result in F ....._;:»
smaller cross sections than those for single collisions, as - —+—fonl
shown in Fig. 3. In turn, the total amount of energy deposi- [ N2
tion would increase substantially and, consequently, more 10 =/
violent fragmentation may possibly be induced. :
Since the energy deposition is directly related to the stop-
ping power of the target, one can estimate the amount of
energy deposition to £ using usual stopping power calcu-  F|G. 6. Charge-state distributions in outgoing projectiles calcu-
lations. On the basis of Bethe theory, Kaneko derived afated from fragmentation cross sectioi(gK) for individual q—k
analytical formula of stopping cross sections for fast bareprocessesk=0~3). Equilibrium CSD measured for N38] and
hydrogenlike, and heliumlike iorfg9]. For the collision sys-  carbon foils[39] are also plotted.
tems of 2-MeV Lf" + C, the stopping cross sectio&g, in
units of 10 *° eV cn¥/atom, are 31.5, 55.4, and 94.4 ar  number and the charge state of particles which really pen-
=1, 2, and 3, respectively. The energy deposition pgf C etrated the molecular cage. Such quantities may be obtained
molecule may be obtained b¥=pS,, with the surface from our cross section data in the following way. First, for
number densityp=60/ra’=1.56x 10'° (atoms/cf), and  almost all collision processes the production cross sections
a=6.6 a.u. Calculated results are 491, 864, and 1473 eV fosf fragment ions are substantially small compared to the geo-
q=1, 2, and 3, respectively. It should be noted that the demetrical G, cross sections. Second, various experimental
gree of fragmentation shown in Fig. 5 has a remarkably simifindings described in the preceding sections indicate that the
lar trend of relative variation versug to these calculated multifragmentation is evidently induced in close collisions
values. In Kaneko’s paper, the charge state of the projectilithin the Gy, molecular cage. Thus the cross sectib(k)
ions is treated as “frozen” during collision and, therefore, for the production of small fragment ions can reasonably be
the calculated values can be thought to correspond to diregissumed to reflect the number of cage-penetrating particles

processes—q) in the present work. If the degree of frag- of chargek. The CSDF for these particles can then be
mentation obtained in the present work is assumed to reflegalculated by

the total amount of energy deposition, the data in Fig. 5

e LI
Li1+ -

Fractions

! L L
0 1 2 3
Outgoing Charge State

indicate clearly that the energy deposition in charge- gk
changing collisions is larger than that in direct collisions. Fo=—=s— (6)
Thus this suggests that a more detailed knowledge of, for Z f(gk)

example, the impact-parameter-dependent stopping power is
necessary to investigate furthermore the energy-transfer

mechanism in charge-changing collisions. The results are presented in Fig. 6 as a functiok far all
g—k processes. Obviously, the overall shapes of the CSD’s
C. Charge-state distribution of cage-penetrating particles reveal remarkably similar distributions to each other, particu-

The spherical cage structure off; consisting of 60 car- larly for g=2 and 3. In fact, the average charge of outgoing

bon atoms on its spherical surface of radius 6.6 a.u., readilparticles, obtained bl=33_kFq. is found to differ only
reminds us of an intuitive picture that the molecule may acslightly for different incident chargesk; for q=0-3 are 1.9,

as a thin-foil target for an incoming projectile particle. Hencel.7, 2.2, and 2.1, respectively, with experimental uncertain-
the charge-state distributiofCSD’s) of outgoing particles ties of about 20%. This finding indicates strongly that the
appear to be important information closely related to the colc€age-penetrating particles can attain nearly equilibrium
lision interactions involving extremely thin film targets. The charge distributions. An indication of this equilibration was
thickness of a foil target is estimated fropM . to be 0.32  pointed out also by Walcht al.[19] in slow HCI collisions.
(nglen?), with M. the mass of a carbon atom. It should be It is worthwhile to compare the present results with the
noted that the g gas pressure used in our experiment is scequilibrium CSD’s obtained for other target materials. The
low that almost all the outgoing projectiles pass through thecomparison is made with a nitrogen g&8] and a carbon
target region without charge-changing collisions. It impliesfoil [39]. For the N target the equilibrium CSD was
that the CSD® in Eq. (1), measured by the SSD is not measured in a target thickness of (5 —5a)0*e
what we are seekmg Instead, the desired quantities are tfienolecules/crfi]. As for the carbon foil, there are no data
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available in the present energy region, so that we carried ouhg different amounts of inelastic energy deposition in these
the measurements using foils of thickness 10—2@/¢nt) collisions. In particular, multifragmentation and multiple
in the projectile energy range 1-6 Md89]. Here we show ionization are highly promoted with increasing numbers of
only the results at 2 MeV. The present results fgy &e, in  active electrons responsible for charge-changing collisions.
overall, in fairly good agreement with those for these targetsThese multiple-electron processes are, of course, expected to
Average charges for the,Nand the foil targets are 2.23 and accompany larger energy depositions compared to direct or
2.43, respectively. The former value coincides fairly well one-electron capture or -loss processes.

with the present values, indicating that the singlg @ol- The total amount of energy deposition was calculated us-
ecule seems to be almost equivalent to the thick gaseousg an available analytical formula for stopping cross sec-
target. On the other hand, a somewhat large value observdins[49]. Present results of the degree of fragmentation in-
for the foil target is caused by a large fractionkef 3. It is  dicate that the energy deposition may be larger in charge-
not clear at present whether this discrepancy betwegn Cchanging collisions in comparison with direcig-Qq)

and foil targets arises from the difference of the so-calleccollisions.

density effec{50], or is due to other reasons. The various experimental findings convincingly illustrate
the following conclusion. In collisions with fast and low-
IV. CONCLUSIONS charge =3) projectiles, Gy multifragmentation is induced

predominantly by the cage-penetrating particles. Assuming
Ceo multifragmentation was studied experimentally for the number of such particles to be proportional to the frag-
charge-changing collisions of 2-MeV 4i*" projectiles. Us-  mentation cross sections, the charge-state distribution in the
ing neutral particles as projectiles, the fragmentation procesgutgoing beams was examined. The obtained distributions
was investigatEd within the framework of close CO”iSionS.Were found to have prof”es similar to each other among dif-
To our knowledge, this is the essentially different aspect oferent incident charge states and also to equilibrium CSD’s
our work compared to other experiments using highlyin N, and carbon foil targets. We conclude, therefore, that a
charged slow ions, in which the distant collision likely plays single G, molecule is nearly identical to a dense material in
the dominant role in the fragmentation processes. Productiofhich the equilibration of the CSD’s is attained. In order to
Cross sectiqns of fragment.ions and intag:t ionized parent iongxamine this property more precisely, however, it is neces-
were examined as a function of the incident Chal’ge state. gary to carry out Systematic experiments using various pro-

was found that both multifragmentation and multiple ioniza-jectile ions with different velocities and charge states.
tion are also induced by Piimpacts as strong as charged

projectiles. Furthermore, the total fragmentation cross sec-

tion fqr the LP beam was found to be of thc_e same order of ACKNOWLEDGMENTS

magnitude as those for the charged projectiles. These results

evidently suggest that the fragmentation in charge-changing We gratefully acknowledge Dr. Y. Nakai at RIKEN. We
collisions is induced by nearly identical impact-parameteralso thank M. Imai, K. Yoshida, and K. Norizawa for their
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