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lonization and fragmentation of Cg in charge-transfer collisions of 2-MeV lithium ions
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Collision-induced ionization and fragmentation of,@nolecules are studied using 2-MeVALi projectile
ions withq=1-3. Cross sections for the production of fragment iops @1=1-14) and ionized parent ions
Cso " (r=1-4) were obtained by time-of-flight measurements in coincidence with outgoing projectiles with
charge statek ranging from 0 to 3. The mass-to-charge spectra revealed a wide variety of distribution patterns
for different g—k collision processes. For all three incident charges, the degree of target ionization and
fragmentation was found to increase with increasing number of electrons captured by or lost from the projectile
ions in collisions. Analysis of cross section data for small fragment ions provides evidence of the quasiequi-
librium charge distribution achieved for ions penetrating thg @olecular cagelS1050-294{®9)07106-1

PACS numbd(s): 34.70+e, 36.40—c

I. INTRODUCTION ions in coincidence with outgoing projectile charge states
formed via capture of one through eight electrons from the
In the past few years the study of fragmentation and ionCy, target. They showed that multiple-electron capture in-
ization processes of g molecules has become a subject of duces multifragmentation of g while a few-electron cap-
increasing interest due to its fundamental and practical imture leads only to the formation of intacg£" ions. A simi-
portance in many areas of physics, chemistry, astrophysicgar but more detailed experimental study on the relationship
and materials sciendd]. In particular a great deal of infor- petveen small fragment ions,C and incident charge states
mation has been accumulated in experiments using photoalag heen done recently by Schidtan Hoekstra, and Mor-

sorption and electron-impact methods about various elecgenstern using slow 7+ ions[28]. The formation process
tronic properties such as ionization potentials and the

appearance energies of various fragment ions, the giant res8t ﬁrge daughter ions g5 om * from multiply charged
nance connected with plasmon excitation, the electron engﬁ% | lons was investigated by Martiet al. [29] for slow
ergy loss function, and so forffe—16). The fragmentation X€ ions by trlplg coincidence measurements including qlso
mechanism of g has been studied using mainly acceleratedhe number of ejected electrons. On the other hand, little
fullerene ions in collisions with various gaseous targeé®-  €xperimental work of this kind has been reported for colli-
20] in the energy range below several keV in the center-ofsions of fast projectile ions. Nakat al.[27] performed mea-
mass system. Among these experimental investigationsurements in coincidence with outgoing projectile charge
Campbell, Raz, and Leving20] studied also theoretically states using 15.6-MeV carbon ions£7.2a.u.). They ob-
and pointed out that the distribution pattern of fragment iongained fragment ion spectra exhibiting only small fragments
is closely related to the internal energy of,CFor instance, of n<10 even for the single-electron-loss and -capture pro-
they demonstrated that an internal energy above 225 eVesses of &€ 5" projectiles in close collisions with the tar-
(~4000 K) leads to the breakdown of the molecule into en-get. Their result indicates clearly that the impact parameter
tirely small fragment iongmultifragmentation between the incident ion and the target plays also an impor-
Contrary to the wealth of investigations above, only a fewtant role in the multifragmentation process in fast-iogy;C
experimental studies have been carried out for the collisioneollisions.
induced fragmentation process by energetic ion imfatt In this work we study the fragmentation and ionization
30]. In these collisions several different inelastic collisionsprocess of g, in collisions with 2-MeV L3 ions (v
may take place simultaneously, revealing many-body prop=3.38 a.u.). Fragment ions and ionized parent ions produced
erties such as collective excitation, multiple ionization, elec4in charge-transfer collisions were measured in coincidence
tron capture and loss, Auger processes following inner-shellith outgoing projectile charge states. The measurement was
ionization, direct knockoff of constituent atoms, and so forth.extended to include the process without changing the charge
Consequently, the situation becomes greatly complicated anstate before and after collisions. This process will be referred
the mechanism leading to, for instance, multifragmentationo as a “direct process” herein-after. The measurement was
of Cgp is not yet known precisely. In order to achieve aalso carried out using a beam chopping technif@@ to
detailed understanding it is necessary to know the separatshtain, with good accuracy, the total production cross sec-
contributions from each inelastic process. Pioneering workions corresponding to the sum over all outgoing charge
of such experiments was done by Walehal. [21] using states.
highly charged, slow A" ions. They measured fragment  This paper is organized as follows. In Sec. Il the experi-
mental arrangement and the procedure to determine cross
sections are described in detail. In Sec. lll we first discuss
*Present address: Department of Physics, Nara Women’s Univethe characteristic features extracted from time-of-flight
sity, Nara 630-8506, Japan. (TOF) spectra measured in various charge-transfer processes.
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FIG. 1. Schematic sketch of the experimental
arrangement.
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Then we discuss ionization and fragmentation using cross- Using two different start pulses in TOF measurements, we
section data. lonization cross sections @f @re compared obtained the total and partial distributions of the fragment
with those reported previously in ion-atom collisions. Frag-ions separately. First, the total distribution measurement was
mentation is discussed in relation to energy deposition fronperformed by chopping the incident beam with 10 kHz and
the projectile to the target molecule. Finally, we present evi-about 50 ns width by an electrostatic beam chopping system
dence of the quasiequilibrium charge-state distribution inas shown in Fig. 1. The start pulse to the FMCS was gener-
outgoing particles penetrating the molecular cage. Concludated by the chopping control system. Second, the partial dis-
ing remarks are given in Sec. IV. tributions were obtained by coincidence measurements be-
tween fragment ions and outgoing projectile charge states.
This was achieved with start trigger pulses from SSD signals
of the particles with the desired charge states.

The experiment was performed at the 1.7-MV tandem The peak intensity of the fragment ions is related to the
Cockcroft-Walton accelerator facility of Kyoto University. production cross sectiow in the form Y=ol XTGFO,
Figure 1 shows a schematic diagram of the experimentavherel, is the incident beam fluxX the effective target
setup. A beam of 2-MeV [i" ions (@q=1-3) from the ac- thickness(a product of a target density and an effective tar-
celerator was collimated to a diameter smaller than 1 mnget length, T the collection efficiency of the TOF spectrom-
with two sets of four-jaw slits. To remove impurity ions of eter,G the total transmission of grid®.55, F the relative
undesirable charge states the incident beam was led to detection efficiency of the MCP, ar@d the MCP open area
charge-selection chamber consisting of four electrostatic dg-atio (0.57).
flectors, as shown in Fig. 1. The charge-selected beam then A Cg target was produced by heating go@owder of
entered a crossed-beam collision chamber where the ions i89.98% purity at 465 °C in a temperature-controlled quartz
teracted with a gas-phasgglarget. To achieve differential oven located at the base of the chamber. An effusiyg C
pumping two cylindrical slit§5 mm in diameter and 3 cm in beam was introduced upward into a collision region through
length were set at the entrance and the exit of the collisiona hole(2 mm in diameteropened at the top of the oven. The
chamber. Outgoing projectiles were then charge separated lpgam axis of incident lithium ions was about 37 mm high
a magnet and detected by a movable solid-state detectfitom the hole. Under this geometrical condition the effusion
(SSD. The base pressure was about B0’ Torr both in  of Cgo molecules into the collision region can be considered
the beam line and in the collision chamber. to follow Knudsen'’s cosine law, resulting in a rather broad

The mass-to-charge distribution of fragment ions pro-density distributionn(x) along the beam axis, as demon-
duced in collisions between projectiles ang,@as mea- strated in Fig. 2. In this figure a position on the beam axis
sured with a TOF spectrometer located at a right angle to theight above the hole of the oven is taken as the origin of the
incident beam. As described [26], the TOF spectrometer abscissa ang is the distance from this point along the beam
consists of an extraction regiq@d cm), an acceleration re- axis. Absolute values of the target density were determined
gion (1.5 cm, and a drift region(16.2 cm in conjunction  from the vapor pressure data reported by Abredahl. [32].
with a two-stage multichannel plat®!CP) detector(4 cmin ~ The  estimated value of n(0) was 1.%10%°
diamete). Extraction of fragment ions was made by placing (molecules/crf), which is equivalent to 4210 ' Torr,
+750 V on two Mo-mesh grids separated by 4 cm so as tavith their vapor pressure of 2210 4 Torr inside the oven
keep the beam axis at the Earth’s potential. The size of thesat 465 °C.
grids was 6 and 5 cm in the horizontdbeam axiy and The collection efficiencyl representing an ion-arrival ef-
vertical directions, respectively. The spectrometer was opefficiency at the MCP front plate depends on the initial kinetic
ated under a Wiley-McLaren spatial-focusing conditidd].  energy(e) and the emission positidix) of the ions. From the
The TOF spectra of fragment ions were obtained using aay-trace simulation described {i26], the collection effi-
fast-multichannel scalefFMCS, LN-6500, Labg.with the  ciency T(x) was calculated for various values ofwith an
highest time resolution of 1 ns enabling us to detect multipleassumption of isotropic emission inr4directions. Several
ions of different mass to charge produced in a single colli-examples of the results are demonstrated in Fig. 2. Near the
sion event. In the present experiment the FMCS was opeposition corresponding to the edge of the MCP one can see
ated with the time resolution of 8 ns/channel in 2048 total“escape” from the MCP area and “flow in” from outside
channels. A flight time of the slowestg ions was about 12 the area; such an effect becomes significant with increasing
us. Note that the detection efficiency due to ion multiplicity £, as expected. The TOF peak profile analy{$§] using
is not considered in this experiment. theseT(x) gives information about the initial energy distri-

Il. EXPERIMENT
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S BN B B B B the efficiencyF at the impinging energ¥(keV) was deter-
mined to be— 100 In(1-F)=1.48 + 2.182. Here a plateau

~ part observed at higher energies was taken to be unity. The
= T . E front voltage used in the present work wagl kV, giving
= L -1 rise to anF of 0.34, 0.78, 0.96, and 1 fay=1, 2, 3, and 4,
& = respectively. On the other hand, the intensity change was not
£ — nx¥)/m@ 4\ = observed within statistical errors for small fragment iond C
§ , = (n=<14), indicating F=1 for these ions. Note that the
= sk " -—- 0.1eV 05 B presentF values given by the above formula are very close
g } T(x) —--- 0.5eV }[ 2 to those reported if21].
g 4 0 - 2 eV ] T Since the velocity (7.8 168 cm/s) of 2-MeV LF* ions is
3 _5_,.-',:, “\"'-,_: N % fast enough to exclude negative-ion formation in collisions,
?,.-"/[ Vi 2 the peak intensity observed by the chopping mode may al-
i
i

—MCP \‘\ 1 ways be the sum of partial intensities from four charge-
transfer processeg—k including a direct procesg—q.
L b b b by The peak intensities of afth fragment ion measured by the
=20 -10 0 10 20 30 . .
Distance along the beam axis x(mm) chopping mode and by the charge-changing mode can be
expressed, respectively, by

FIG. 2. Distribution of G, target number density(x) divided
by n(0) along the beam axis and ion-collection efficiefig) for

. - ) 3
various initial energies as denoted.

Yf<c>=IO(C>><of<c>=|o<c>xk§0of(qk>, )

bution of fragment ions. It was found that the mean energies
were 1-2 eV for small fragment ions,C (n<12) and less

than 0.1 eV for parent ionsg*. The actual value of the lqk(S)
effective target thicknesX is determined by integrating a Yi(qk)=1o(ak) Xo(qk) = —g—Xo1(qk), 2
productn(x)T(x) overx; it varies depending om. Calcu- ak

lated values oiX for ¢=0, 0.1, 0.5, and 2 eV were 0.878,
0.878, 0.873, and 0.851 in units of0)L with L=4 cm, the  whereC and gk represent, respectively, the chopping mode
MCP detection size. Consequently, we can approxifat®  and the charge-changing mode-¢k), l41(S) is the number
be about 6.6 10'°(molecules/crf). of outgoing particles with chargedetected by the SSD, and
The detection efficiency of the MCP for various frag- @, is the charge fraction of outgoing projectiles with charge
ment ions was determined from measurements of intensity, To avoid confusion the peak intensities given above rep-
variation of fragment ions as a function of impinging energyresent corrected values with respectG&O. It is obvious
on the MCP front plate. This was achieved by changing thehat theY;(C) is simply a sum of foulY(qKk) if the incident
voltageV placed on the front plate in the range fror2 to  flux is the same for both modes. The total number of ions
—5 KV, giving rise to the impinging energies of 2-20 keV detected by the MCP, irrespective of coincidence or nonco-
for, e.g., Go"™*" ions. The results obtained forsC" are  incidence events, was used as a monitor of the incident beam
shown in Fig. 3. By fitting a smooth curve to a set of data,flux, which was varied appropriately for each measurement
because of limited count-rate efficiency of the SSD. This
LA L LI monitoring method enables us to determine total cross sec-
tions o(C) in the chopping mode measurements. The pro-
duction cross sections;(gk) were determined from Edq2)
using charge fractions measured by moving the SSD within a
P ] range covering all charge states. In direct procesgses it
ol ,/t/ A was often hard to achieve good counting statistics because
% nearly all ions detected by the SSD are the particles that
underwent no interactions with the target. Thus the cross
. ] sectionso¢(qq) for the direct processes were cross-checked
using the relation(1) between the cross section$(C) and
a¢(qQ). Note that the measured charge fractidng include
also contributions from charge-transfer collisions with re-
10 _ sidual gases occurring inside and outside the observation re-
[ ] gion up to the entrance part of the charge separation magnet.
[ ] Finally, it should be noted that the vapor pressure data are
S I T DO I T T S R S R substantially scattered throughout the literafi82—34. For
20 instance, at 465 °C, they are X80~ [33], 5.5x 10 % [34],
and 3.2 10 * Torr [34]. Therefore, the systematic error of
FIG. 3. Relative detection efficiency of the MCP fogfC ions  the present experiment is supposed to be a factor of 2, while
as a function of impinging energ®, Ceo"; +, Coo®™; O, Ceo”; the overall relative errors arising from other factors were
A, Ceott. estimated to be 20—30 %.
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100 Ty, T T T IClholp "] Cso ~ ions decrease substantially in comparison to small
C 1+ fragment ions. Moreover, the intensity reverse betwegyi C
C . and G2 is observed clearly. In small fragments one can see
50 - - a rather large enhancement of lighter fragment ions, in par-
C ] ticular C* ions, in comparison to heavier onas=*4), while
ok A the relative intensities of these heavier fragment ions do not
100 . change significantly from those observed by the chopping
5, mode.
s0 [ 4 E In single-electron-capture collisions {21), doubly and
r 2 911 ] multiply ionized parent ions are produced rather strongly
E SN W "’”""Mr“! X5 7 with peak intensities of the same order of magnitude as the
- 0 Il I 1 b . . . .
= L B B LA B S B R B B small fragment ions. The result indicates that the multiple
=100 - 2 -1 4 ionization is preferred even in the single-capture process.
- C ] The distribution pattern of small fragment ions is similar to
E 5L 3 the spectra in 2»3 processes, although the enhancement of
® 5 AAJ W I ] C. 3" ions is not as strong as in-23 processes.
g 0 = AN VWP W ] The substantially different spectral pattern is obtained for
S 100 S s e the double-electron-capture process—«@). Here the peak
r ] intensities of the parent ions are considerably reduced com-
C ] pared to the fragmentation part. In particular, thgCion
50 7 was not observed within statistical errors, which was ensured
C ] by repeating the measurements a few times, supporting the
ol st o single-collision condition. Also, electron capture by slow
100 2 -~ 2 _ Ceo>" ions during flight inside the TOF spectrometer can be
C ] neglected. In fact, the mean free patfn,o) ~* for capture
C ] collisions by ions with energies-1 keV is roughly 900 m,
50 7 corresponding to a capture time of about 50 ms with
C ,_J ] ~10 Scn? at the background pressure<a0 ’ Torr. This
ol i R RS NV CH AR capture time is much longer than thg& flight time of 8.5

0 500 1000 1500

Channel Number us. The experimental evidence of substantially wegg C

ions in comparison to small fragment ions implies that the
FIG. 4. TOF spectra obtained for 2-MeV&'ion a Ggtarget.  double-capture collision is essentially different from the
The number represents the charge-transfer procesk and the rather gentle double-capture processes observed in highly
uppermost spectrum corresponding to the total distribution was obeharged slow ion impact§21] where the most intensive

tained by the chopping mode. peaks are & © and no small fragment ions were produced.
Thus we conclude that the double-capture collisions by fast
IIl. RESULTS AND DISCUSSION ions induces predominantly the target fragmentation rather

than forming ionized parent ions. This characteristic is also
A. TOF spectra the case for the 2:3 process, as seen in Fig. 4. The intensity
Figure 4 shows examples of total and partial distributiongdistribution of small fragment ions is similar, but reveals a
of TOF spectra obtained, respectively, by the chopping modérge enhancement of Tions in comparison to the case of
and the charge-changing mode, where the incident beam the 2—3 process.
2-MeV Li%* ions. In the total spectra depicted in the upper- The spectrum obtained for collisions accompanying no
most figure one can see prominent peaks originating frontharge change (22) is shown in the bottom figure. Bad
ionized parent ions & * (up tor=4), small fragment ions counting statistics is due to the reason given in Sec. Il. The
C," with n ranging from 1 to 14, and residual impurity spectrum obtained is apparently similar to the total distribu-
gases. Note that thegg™ and Gs* ions are observed at the tion (chopping modg particularly for the intensity distribu-
same TOF position. The peak intensity offC decreases tion of C¢y ™ ions in the ionization part. This implies that the
with increasing degree of ionizatian Large daughter ions total distribution is dominated by the-22 direct process.
Cso—2m' » produced via evaporation of even-numbered car- Fragment ion spectra obtained for other incident charge
bon atomg 14,29, are found to be weak. The intensities of states =1 and 3 are shown in Fig. 5. Characteristic fea-
these ions relative to their parent ions increase with increagures are discussed briefly. For *Liincidence, single-
ing r, indicating that the internal energy in ionization pro- electron-loss (%+2) and single-electron-capture -40)
cesses increases also withAn even-odd oscillation of peak processes were found to produce distribution patterns similar
intensities is observed in small fragment ions. The overalto each other and the ionization part was rather strongly en-
features mentioned above are essentially the same as in pfeanced in both cases. This is greatly different from3*Li
vious experiments using the pulsed beam mefl26,27. incidence, where the ionization part was quite different in
Dramatic changes in relative intensities are observed irsingle-loss and -capture processes. It should also be pointed
the spectra by the charge-changing mode. For the singlesut that the intensities of " ions in 1—0 and 1—2 spec-
electron-loss process {23), the intensities of the intact tra are much enhanced in comparison to the P spectra. In
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L L Some characteristics extracted from these data are given
below. Most of the present cross sections are smaller than the
geometrical G, cross sections of 3:810™ >cm? (molecular
radius 7 a.y.and only some cross sections for’Liions
exceed this value. Apparently, the result implies that the col-
lisions are taking place only within the molecular diameter.
The oscillation of the cross sections is commonly observed
for small fragment ions. The mass dependence of these cross
sections is, however, significantly different for different in-
cident charge states. For instance, the cross sections do not
change very much for Liions but exhibit strongly a power-
law-like behavior for L¥* ions.

The direct processg—q) always gives the largest cross
sections for the production of ionized parent ions. This is
e e e N AL easily understandable because the ionization, which is often
called pure ionization in ion-atom collisions, can take place
in distant as well as close collisions. On the other hand, the
electron capture and loss may occur only at relatively small
impact parameters at the present incident velocity.

Surprisingly, the predominance of the direct process is
also true for the production of small fragment ions fipr
=1 and 2 incidences, while the single-capture process is
3.3 predominant for q=3 incidence. The result indicates
strongly that the direct process induces high excitation of
Ceo, resulting in disintegration of the molecule with much
higher probabilities than the charge-transfer processes.

It is noteworthy to compare the present data with charge-
changing cross sections obtained for 2-MeV'Lions in a
gaseous material with atomic number equivalent to that of
0 500 1000 1500 the carbon atom. The total production cross sectionsgfor

Channel Number —k process obtained by summing over all relevant ions in-
cluding large daughter ionsg& ,, ~ are compared in Fig. 7
with previously reported charge-changing cross sections ob-
tained for the N target[35,36. One can see a remarkable
the case of the double-loss process+3), the ionization similarity between the two data apart from the relative mag-
part decreases significantly compared to the single-loss pratudes of the cross sections. In the present work, however,
cess (1-+2) and a large enhancement is observed fp§'C ~ exact values of charge-changing cross sections cannot be de-
ions compared to heavier fragment ions. All the spectra refived since the background contribution is unknown.
veal a similar distribution pattern to the single-loss process
of Li%" projectiles (2-3), indicating an equivalent influ- C. lonization and fragmentation

ence on _iagni.zat.ion and fragmentation ofyh the two cases. It is well known that the outstanding property ofgan

For Li*" incidence, the spectral pattern was essentiallysomparison to other usual molecules is its high stability
equivalent in both processes of-& and 3— 1. In particular  against the Coulomb repulsive forf®,10,24. This implies
the ionization part nearly vanished compared to the fragmentat the G, molecule has an atomic property in the sense of
tation part and the intensity of ‘Cwas always larger than jonization. It is therefore interesting to compare the cross
that of G* ions. Overall, the spectrum exhibits essentially sections for G4 * ions with those obtained in ion-atom col-
the same pattern as the double-capture process?6fians.  lisions of collision systems similar to those in the present
Similarly to the direct process of £i ions, the ionization work. This is demonstrated in Fig. 8, where the cross sec-
part is observed prominently in the-33 process. However, tions for Li¥* incidence are compared with those for 2-MeV
the fragmentation part is more strongly enhanced and th€%"+Ar obtained using a similar experimental metH&d].

distribution pattern is close to that of other-& processes. Note that the incident velocity of carbon ions£2.6a.u.) is
slightly lower than the present lithium ions and also the total

number of target electrons is significantly different in both
cases. In spite of these differences one can see clearly the
Absolute cross sections for fragmentation and ionizatiorfo|lowing. For the direct process (33) the ionization cross
of Cgo obtained for various charge-transfer processes argections seem to behave similarly in both cases. Indeed, the
shown in Figs. @8)—6(c), where the cross sections for small average values of the degree of ionization obtainedr by
fragment ions §© (n=1-14) and ionized parent iong" =3ro(r)/Zo(r) are about the same for both cases:
(r=1-4) are presented. Note that the values fgf Ccon- =1.5 (Gy) and 1.4(Ar). However, a careful comparison
tain contributions from & ions to some extent. shows that cross-section ratios betwegg Cand Af* in-
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FIG. 5. Same as Fig. 4 but for Liand LP* incidences.

B. Production cross sections
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FIG. 6. Production cross sections of fragment iop$ @nd ionized parent ionsgg ™ measured for charge-transfer and direct collisions
for (@) Li*, (b) Li?*, and(c) Li®" ions. The abscissa represents the number afdr.

crease from about 5rE&1) to 10 (=4). Qualitatively, +3.82 (eV) [11,15 is substantially smaller than that of the
outer-shell electrons are predominantly ionized and hencgr' jon for all r investigated her¢38,39. On the other
the ionization cross sections become large for smaller ionizahand, for the single-capture process—2) the cross sec-
tion potentials. The large enhancement of ionization crossions increase with increasing for C4o, while for the Ar
sections observed at largelcan be understood easily since target the maximum cross section is observed-a. We
the ionization potential of the g ion given by 7.59 found thafr=3.3 for G, is one unit higher tham=2.3 for
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] may be less probable because of the large energy difference
10 —O— present (Ceo) ] between the electron binding energy of the initial and final
—o— others (N,) ] states. A similar increase of multiply charged,C ions
NE10_15 ] observed in 250 collisions[Fig. 6b)] can also be partly
o 3 interpreted by thikKK electron transfer.
; 10-'6 _ It is obvious that the energly deposited on a target mol-
5 E ecule from a projectile ion plays an important role in the
5 ol ] fragmentgtion and ionization processes. For ingtarjce,_ it may
$ 107 | 3 be plausible to state that wheh is small only ionization
* ! ] would occur and fragmentation would become important
1078 ] with increasinge [20]. As mentioned above, the distribution
8 i E pattern differs significantly for differeng—Kk, indicating
10-1° ] differe_ntE values for each process. Following a det_ailed re-
9§ 9 79 T z port given by Co.cke.ar)d Olsomt1] o_n_the mechanism of
1020 [ Tt T N N oo recoil ion production in ion-atom collisions, the total energy

depositionE may consist ofa) the recoil ion energy(b) the
FIG. 7. Comparison between total production cross sections foe_xcnatlon energy of _the recoll ioff) the sum of the loniza-
o ) ) fion potentials required to produce a given recoil charge
the g—k process and charge-changing cross sectiops K) for A . .
2-MeV Li%" + N, [35,36]. The abscissa represents the collision pro-.State‘ an-c{d) the kinetic energy of electrons ?'th?r eJeCted
cessegjok. into continuum states or captured by the prolectlle |ons._ln
collisions between fast ions and the atomic target the first
] o _ two components are small values in comparison to other
the Ar target. This result seems to indicate that the baté Li components and can in general be discarded from the discus-
ions Capture an electron preferentially from theshell of a sion [41’42 In the present case Ofﬁg the argument about
carbon atom to the projectiles3hell, giving rise to one more  (3) may also be true because the kinetic energies of ionized
ionization due to the Auger effect. The nearly abseg§"C  parent ions are less than 0.1 eV. However, it is expected that
peak in the TOF spectra also supports this conclusion. Thige fragmentation of & is induced by a high degree of in-
so-calledKK electron transfer, which has already been ob+ernal excitation among 240 valence electrons. As for the
served in 15.6-MeV € +Cq collisions[27], is known to distribution of the total energy depositi@into components
become important for fast bare ions provided the inciden(a), (c), and (d), Olson, Ullrich, and Schmidt-Bking [43]
velocities are comparable to or higher than the target 1 calculated using the-body classical-trajectory Monte Carlo
electrong40]. In the present case, the velocity of’Liions  method for the collision system 1.4-MeV/nucleo®U+Ne.
is slower by only about 30% than that of G glectrons with  They determined each fractional energy as a function of the
a binding energy of 288 eV, so the transfer probability isrecoil ion charge state from 1 to 8. One can see in their paper
supposed to be large. In contrast, if"&Ar collisions such  that the fractions are roughly 50% féd), 20% for (c), and
an inner-shell transfeffrom L-shell electrons in this cape |ess than 0.1% fofa). It is unfortunately impossible to de-
termine these fractional energies from the present results.
However, if we assume that the degree of ionization and the
degree of fragmentation are both proportional to the total
energy deposition, these two quantities should exhibit a posi-
tive correlation. Such a correlation between ionization and
fragmentation was clearly observed in our case, as demon-
strated in Fig. 9. Here we plot the average charge of recoll
Cso " ionsT, defined above, as a function of the degree of
fragmentation obtained by the ratio between the total cross
sectionsS;, of small fragment ions up to=14 and the sum
of all cross sections shown in Fig. 7. Here we assume that
large daughter ionsdg_, * originate from the ionized par-
ent iong 14,29 and these intensities were not included in the
fragmentation intensity. A straight line crossing the origin of
the coordinates can reproduce well these data within experi-
mental errors, which provides clear evidence of the strong
o] correlation between the two processes. Since the origin of
the coordinates can be supposed as zero energy deposition, it
....... 2Mev C* + Ar is obvious that neither ionization nor fragmentation can oc-
cur at this point. It should be pointed out that the direct
1077 1' é :',’ ' process always gives small values for both quantities. This is
Charge State of Recoil ?ons due to the large cross sections of the i_onization part. The
present result also supports the speculation that the pure ion-
FIG. 8. Comparison of target ionization cross sections betweeiization occurs at large impact parameters in which the energy
Li®*+Cqp and 2-MeV G +Ar collisions[37]. deposition is small, so the averagevalue in direct pro-
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4 —T T TRIM calculation is made with an effective projectile charge
Zq, which was estimated to be 2.48 for Li ions from the
same calculation for hydrogen ionsZ§ﬁ=Se(Li)/Se(H).
The energy depositioi(q) for incident chargeg was ob-
tained fromE(q) = (qes/Zes)*E(trim). The effective charges
Jesf USed forg=1, 2, and 3 are, respectively, 1.26, 2.36, and
3 calculated byn[1(q—1)/I(H)]*2 wherel(q—1) is the
ionization potential of LA~1* n is the principal quantum
number, and (H)=13.6eV is for the hydrogen atom. The
estimatedE for Li9" ions are 123, 433, and 700 eV far
=1, 2, and 3, respectively. Figure 10 shows that overall the
violent fragmentation becomes significant with increasing in-
cident chargey as expected, and seems to saturate at dgall
values. Another remarkable feature extracted from this figure
0 TN S ST is that the degree of violence also increases with increasing
0.5 . 1 number of electrons captured by or lost from the projectiles
Degree of Fragmentation in collisions. Namely, in a fixed incident charge the largest
values are obtained for two-electron-capture or -loss pro-
cesses and the smallest values for direct processes. In
electron-capture process the incident energy of the projectile
is spent for the translational energy of the captured electron,
55 eV/electron in the present case, in addition to the total

gfjgg;sggcomes small compared to that in Charge'tranSfllrnization potentials of the electrons. Therefore, relatively

In order to see more clearly the “dearee of violence” of large E values are expected for capture collisions. The en-
collisions, the fractions of th)é first th?ee small fra mentshancement observed for double-capture processes may re-
(CLs) o,ut of all the fragment ions (C,) are plotte% in flect this effect. As another interpretation we speculate that

1-3 14 _ . .

Fig. 10 as a function of estimated fronj44] in the follow- the two-electron processes may be induced preferentially by

. . . double collisions taking place at the front and the back sur-
Ing way. For 2—MeV. Li 'Onsnt?erR'M program[44] gives face of the G, molecule. Such double collisions are sup-
s;toppmg C,r?fs SeCt'OEéBVC ) Ple?r carbon atom aS posed to have small probabilities compared to single-
=6.13<10 . and S,= 8.'25>< 10 for electronic an_d collision processes, resulting in smaller cross sections, as can
huclear stopping, respeqtlvely. The total energy deposEJon be seen in Fig. 6. In turn, the totll value would increase
was thenz calculategj W'tbz thg surface number dens_»ty, substantially in double collisions, inducing more violent
=60/4ra?=3.9x10"°(cm ?) with a=7 a.u. and by taking fragmentation

into account the two surfaces of theyQage, asE(trim) '

=2pS,=478¢eV per molecule. The corresponding nuclear
stopping energy was only 0.6 eV. It should be noted that the
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FIG. 9. Average charge of Csy ™ ions as a function of the
degree of fragmentatiofsee the text Note that no parent ions are
observed for the 3-1 process.

D. Quasiequilibrium charge distribution

As discussed above, fragmentation gqf,& supposed to
e B B e — — occur primarily when a projectile ion penetrates the molecu-
] lar cage. In this situation thegg molecule may act on the
06 N projectile as a thin carbon foil target with a thickness of 0.16
O 31 | uglen?. Thus the total cross sections summed over all small
fragment ions in a giveg— k process would provide useful
i 32 1 information about the charge-state distributi@8D) of out-
33 ; going projectiles after penetration through the cage. The
i CSD Fg for the g—k process was calculated by
qu/Ei'ZOqu, with Sy, defined above, and the results are
presented in Fig. 11. Surprisingly, nearly the same CSD is
obtained for L¥" and LP" projectiles. For the Li incidence
- 2e : the distribution shifts to a lower side, but the magnitudes for
e 1e . k=1-3 are comparable. The result indicates strongly that
— direct the penetrating projectiles can attain a nearly equilibrium
charge distribution. Similar speculation about this equilibra-
tion was also pointed out by Walatt al. [21]. The average
outgoing charge stateEﬁzoquk are estimated to be 1.7,
0o— 2.2, and 2.1 for Li, Li?", and LP*, respectively. The latter
Energy Deposition (eV) two values are comparable to the_eqwhbnum mean charge
2.17 calculated from the semiempirical formula derived by
FIG. 10. Fraction of the first three small fragments out of the Shimaet al. [45] for energetic heavy ions in a carbon foil.
total small fragment ion&;_3/Y;_;, as a function of energy de- Note that the effective charg&{;=2.48) deduced from the
posited on the target molecusee the text TRIM calculation is an essentially different quantity from the
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intensities between the fragmentation part and the ionization
part. For instance, in the i incidence, the ionization part is
intensive for 2»1 collisions but is almost invisible for 2
—0 collisions compared to the fragmentation part. In con-
trast, the ionization part is always produced predominantly in
the direct procesg—q for all the incident charges.

The atomic property of the & molecule was demon-

E strated by investigating parent ion production in comparison
] with recoil ion data obtained in usual ion-atom collisions
[37]. An indication of the preferentiad K electron transfer in
electron capture by Ei ions was found from the enhance-
4 ment of multiply charged parent ions. This is probably the
E case also for the Bf ions.

We found a strong positive correlation between ionization
and fragmentatioriFig. 9), namely, the larger the degree of
ionization, the larger the degree of fragmentation. The results
A suggest that both the ionization and the fragmentation are
: 1' ; :" ] proportional to the total amount of'ent'argy deposition. Fur-

Outgoing Charge State thermore, the degree of fragmentation is largely enhance_d in

two-electron-capture or -loss processes compared to direct

FIG. 11. Outgoing charge-state distribution obtained from theand one-electron processes. The results indicate that the en-
total production cross sections of small fragments for the individualergy deposition is different for each collision process even
g—k process k=0-3). The lettelS denotes the calculated equi- for the same incident charge. We speculate that the two-
librium mean charge frorf45]. Note the quasiequilibrium CSD.  electron processes occur via double collisions of the single-

electron process at the front and the back surface of tge C
equilibrium mean charge. At the present stage, no experi¢29€: , _
mental data are available for the equilibrium charge of From the arguments given above, it can be concluded that
lithium ions in carbon foils at this projectile energy. the ionization part in direct processes is induced at relatlvely_

large impact parameters, while in charge-transfer processes it
occurs within the size of the target molecule. Also, the frag-
mentation part observed in all the collision processes is sup-

Experimental results are reported for the production ofposed to be produced by the penetration of incident ions
carbon cluster ions from & molecules bombarded by through the cage, giving rise to a large enough energy depo-
2-MeV Lit*2"3* jons. Production cross sections of indi- sition to cause the §g fragmentation. Indeed, the spectra for
vidual fragment ions and intact parent ions are presented fat given incident charge exhibit similar distribution patterns
charge-transfer as well as direct collision processes. Modtrespective of outgoing charge states. Finally, a rather aston-
cross sections were substantially smaller than the geometrishing result concerning the outgoing CSD was obtained
cal Gy cross section, indicating apparently that the interacfrom the total production cross sections of small fragment
tions between collision partners occur predominantly withinions (Fig. 11). A nearly equivalent CSD irrespective of the
the G cage. It should, however, be emphasized that théncident charge states is certainly evidence that the outgoing
information about impact-parameter-dependent probabilitieprojectiles are quasiequilibrated after passing through tge C
in charge-transfer and ionization collisions is required tocage with a thickness of only 0.1gg/cnr.
gain clear insight into this speculation.

The TOF pattern of the mass—to-charg_e dlstrlbythn was ACKNOWLEDGMENTS
found to be significantly different for different incident
charge. For a given incident charge, the distribution of small We gratefully acknowledge Dr. G. Schiwietz at HMI-
fragment ions seems to be more or less the same patteBerlin and Dr. Y. Nakai at RIKEN for their valuable sugges-
irrespective of outgoing charge states, with a few exceptiontions on this work. We would also like to thank A. Yogo and
such as the large enhancement of lighter fragments compar&l Anada for their help during measurements and M. Imai,
to heavier ones. Instead, the most striking feature observeld. Yoshida, and K. Norizawa for their technical support dur-
for a given incident charge is the dramatic change of relativéng the experiment.
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