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Fragment ion distribution in charge-changing collisions of 2-MeV Si ions with G
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IQuantum Science and Engineering Center, Kyoto University, Kyoto 606-8501, Japan
’Department of Physics, Nara Women's University, Nara 630-8506, Japan
3The Institute of Physical and Chemical Research, Saitama 351-0198, Japan
(Received 6 March 2001; published 31 July 2p01

We have measured positive fragment ions produced in collisions of 2 MEV Ri=0, 1, 2, 4 projectiles
with a Gso molecular target. The measurement was performed with a time-of-flight coincidence method be-
tween fragment ions and charge-selected outgoing projectiles. For all the charge-changing collisions investi-
gated here, the mass distribution of small fragment ions @ =1-12) can be approximated fairly well by a
power-law form ofn~* as a function of the cluster size The power\ derived from each mass distribution
is found to change strongly according to different charge-changing collisions. As a remarkable experimental
finding, the values ok (loss) in electron loss collisions are almost the same for the same final chargekstates
irrespective of the initial chargg, exhibiting a nearly perfect linear relationship wikhWe also performed
calculations of the projectile ionization on the basis of the semiclassical approximation and obtained inelastic
energy deposition for individual collision processes. The estimated energy deposition is found to have a simple
correlation with the experimentally determined values\ ¢ibss).

DOI: 10.1103/PhysRevA.64.032702 PACS nuntber34.70+e, 61.48+c

. INTRODUCTION deposition leading to g multifragmentation is likely pos-
sible only in close cage-penetrating collisions of both slow
Fragmentation of a free dg molecule resulting from in-  [3-g] and fast projectile ion§9,14—19. In such collisions,
teractions with photons or energetic charged particles is @articularly of fast heavy ions, the intensity distribution of
fundamental manifestation of inelastic collisions involving ¢ + exhibits usually a power-law form of » as a function
clugter particles. Since theggmolecule with the spherical _of the cluster size [9,14—17. This power-law distribution
radius of ~6.6 a.u. may be regarded as an extremely thin, a5 systematically investigated by [&7] for various pro-
film target, investigation of the collision-induced fragmenta-i, tijes ions(H—Au) and was successively interpreted from
tion process is important to understand the energy transf e projectile energy loss concept. To date, however, direct

mechanism relevant to intermediate matter lying between attheasurements of the projectile energy loss in collisions with

oms and solids, for which the information is largely lacking T .
. : : N ~ ~ Cq are sparse and limited to slow velocity iof&7,24,23.
LL]. 1t is now widely recognizeg2—-10] that G, fragmenta Among them, Martinet al. [6] measured the energy loss in

tion may be characterized by two types of decay scheme: C . )
evaporation and multifragmentation. In the former scheme®!eCtron capture collisions of At ions (020'24+ a.u.), a+nd
intact ionized parent ions and their fullerenelike daughteSnowed that the lightest fragment ions such asand G
ions Gy’ * (M=0) are produced dominantly, while in are prefe'rentlally prqduced in cage-penetrating collisions ac-
the latter scheme, small-size clusters'Q(n=1) are the companying a considerably large energy loss of about 300
main products arising from catastrophic disintegration ofeV. On the other hand, Larsse al. [25] reported that the
molecules. From a phenomenological viewpoint, it seem$rojectile energy loss in two-electron capture collisions of
that the multifragmentation becomes dominant with increas100 keV AP is larger than that in single-capture collisions.
ing impact energy, incident charge and atomic number off hey attributed this difference to the shrinking of the capture
collision partnerg2—19|. This means that the decay schemeradius with increasing number of captured electrons, mean-
is essentially governed by the amount of internal energy ofng closer collisions of the double-capture process. These
Ceo deposited in collisions. A helpful example to understandenergy loss experiments suggests directly that the distance
this situation is the work of multiphoton laser absorptionbetween collision partners is the key parameter which deter-
experimentg20—22, demonstrating clearly that the decay mines the amount of energy depositiBnConsequently, the
scheme changes from evaporation to multifragmentatiofntensity distribution of small fragment ions,C would be
with increasing laser intensity. Theoretically, the maximumdifferent for different collision processes, sinEemay also
entropy calculations made by Campbetlal. [23] indicate  be different for individual collisions. Indeed, we found the
that the onset of multifragmentation occurs at an internablegree of G, multifragmentation to change drastically for
energy of about 85 eV and pure multifragmentation occursndividual charge-changing processes of fast Li projectiles
beyond 200 eV. There is a transition region between thesgl8,19.
two energies where both mechanisms coexist. In the present work, we extended measurements 46 Si
In collisions with energetic ions, a large enough energyprojectile ions, for which the power-law behavior is expected
to appear more clearfd 7]. The values of the powex were
obtained for 14 different electron loss and capture collisions.
*Electronic address: itoh@nucleng.kyoto-u.ac.jp Since the electron loss is the projectile ionization by a target
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particle, we performed calculations of the impact-parameter- L I BN | L L B
dependent electron loss probabilities using a table available 1001y 0—37 147
in the literature[26]. With these probabilities and an avail- 1 1
able energy loss functiof27,28§, we estimated the amount

of electronic energy deposition for individual loss collisions.

It will be shown that the experimentally determined power 50
is strongly correlated with the calculated energy deposition, |
indicating a possible approach to derive information about 3 i
the energy transfer mechanism in fast-iog Collisions. | |2 s

100} - -
The apparatus and the experimental method are the sarr i 3* 20 i 2—~4 i

as described in detail elsewhel&8,19, and only a brief
outline is given here. A beam of 2 MeV®i (q=1, 2 and
4) ions with velocityv=1.69 a.u. was extracted from an
1.7-MV tandem Cockcroft-Walton accelerator of Kyoto Uni- 50} a+ - -
versity. The beam was charge purified in a charge-selectiors | 1 1
chamber, consisting of four electrostatic deflectors, by re-% - 1r
moving impurity ions of undesirable charge states formed in/ - 1
the beam line. A neutral atomic beam of Sias also used as i 1T “]..4 | 1
a projectile. In this case the neutral particles were selectec e
out of a Si' primary beam with a conventional permanent 100 437 4— 57
magnet. The charge-purified beam was then incident on a ga 1 1
phase @, target in a crossed beam collision chamber. The
Ceo target was produced by heating 99.9%-pugg Qowder
at 465 °C in a temperature controlled quartz oven located a 50
the base of the collision chamber. Through a H@enm in
diametey opened at the top of the oven, thg,Gnolecular |
beam was introduced upward into a collision region. After A 1l
collisions with the G, target, outgoing projectiles were K l 1 \ulp
charge separated by a magnet and detected by a movab ol 18 - . (PSP R
solid-state detectofSSD. Mass-to-charge analysis of frag- 0 5 _10 0 ) 5 10
ment ions was made with a Wiley-McLaren type time-of- Time of Flight (us)
flight (TOF) spectrometer in conjunction with a two-stage
multichannel plate detector. The extraction field used for the
fragment ions was 375 V/cm. The base pressure in the beant
line and the collision chamber was belowc30~ " Torr dur-
ing the experiment. states of 2 MeV Si" projectiles. Some examples of TOF
TOF spectra of the fragment ions were measured in coinspectra are shown in Fig. 1, where the peak height of the
cidence with outgoing charge states of silicon projectilesmost intensive peak in each spectrum is normalized to 100.
Combinations between initial and final charge sta®k)X  Note that, in the spectra for-20 and 4—3, undesirable
investigated in the present work af@; 1-3, (1; 2-9, (2;  lines arising from residual gases o®, N,, and GQ are not
0,1,3,9, and(4; 2,3,3. For other combinations, particularly shown to avoid confusion. The mass-to-charge distribution
for non-charge-changing collision&<q), it was often dif-  of fragment ions is composed of two parts corresponding to
ficult to obtain reliable data with good counting statistics.the fragmentation part (£, n=1-12) and the ionization
Data acquisition was made with a fast multichannel scalepart (G o,'", m=0, r=1-4) including fullerenelike
(FMCS, LN'6500, LabC)W|th hlghest time resolution of 1 daughter ions produced Viaz@vaporatior[4_9]_ The rela-
ns, enabling us to detect plural fragment ions produced in @ve intensity between these two parts was found to change
single-collision event. In the present experiment the FMCSsignificantly for different charge-changing collisions.
was operated with a time resolution of 8 ns/channel. ThQ\|ame|y, the fragmentation part was a|WayS observed in all
experimental error, arising mainly from counting statistics,the q—k processes, while the ionization part was observed

2+

¢ Intensity

B 1+ L

FIG. 1. Time-of-flight mass spectra obtaineddn-k charge-
hanging collisions of 2 MeV 8t with a G, target.

was about 10%—-20%. only for some limited cases. Another characteristic extracted
from the TOF spectra is that the relative intensity among
Ill. RESULTS AND DISCUSSION intact parent ions g * differs also for differenig—k cap-

ture collisions. That is, in two-electron capture collisions,
enhancement of highly ionized parent ions=3 and 4 is

We have measured 14 different TOF spectra of fragmenobserved strongly in comparison with one-capture collisions.
ions for various combinations of initial and final charge It is noted that the singly charged;£ ion was completely

A. Mass distribution of fragment ions
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absent in two-electron capture collisions£® and 4-2). [ loss T 7]
This ensures single-collision conditions of our experiment 107U YT Y
and, moreover, indicates that the slow, ions extracted 1 10 1 10
from the collision region do not undergo electron capture Number of C Atoms

collisions during flight in the TOF spectrometer.

We define here the “degree of multifragmentation” as the
ratio between the total intensity; of all C,* ions (n=12)
observed in the fragmentation part and that of all ions in the
whole spectrum. Results are depicted in Fig. 2 as a functiothe capture processes. Assuming a power-law form of
of charge differencek— q), showing that the multifragmen- for the intensity distribution, we obtained the values\dfor
tation is predominant particularly in electron loss collisions.all the preseng—k collisions. The results are shown in Fig.

It is also indicated that the multifragmentation becomes mord, where the abscissa is the peak inten¥ityof C* divided
significant with increasing charge differenie—q| both in by the total intensityy, in the fragmentation part. The dashed
loss and capture collisions. This feature is, on the other hand@urve represents theoretical valuesYaf (=1) divided by
typically observed in capture collisions of highly charged(1+2 *+37*+...)"1 It can be seen obviously that the
slow ions[3,8]. As a surprising result, it should be noted that theoretical curve reproduces all the experimental data almost
the degree of multifragmentation is nearly 100% even for theperfectly, implying good accuracy of the power-law approxi-
one-electron loss collision45, as can be also seen in Fig. mation to express the presentCintensity distribution.

1. All these results imply evidently that the electron loss is a Figure 5 shows\ as a function of the projectile incident
much more violent collision compared to the capture pro-chargeq. One can see clearly that tigedependence is com-
cess. Such a violent collision is supposed to occur at smafletely different for loss and capture collisions. In loss colli-
impact parameters with accompanying a large amount of ersions the powein increases rapidly with increasing and
ergy deposition into a g molecule as is discussed below. becomes larger as the number of lost electrons increases. On

Peak intensities of small fragment iongC(n=1-12) the contrary, no such trends are observed in capture colli-
are plotted in relative scale in Fig. 3. Except for even-oddsions, and values of are small and remain nearly constant
oscillations, the intensity decreases rather monotonically as isrespective of different. For loss collisions, one can notice
function of n, as observed similarly in other fast heavy-ion (see also Fig. Athat the values ok are nearly the same
collisions [9,14,16,17. Obviously, the rate of intensity de- when the final charge states are the same. This surprising
crease is considerably larger in electron loss collisimpen  characteristic is clearly demonstrated in Fig. 6 by plotting
symbolg than in capture collision&olid symbol$, implying  as a function ofk. At k=5, for instance, nearly the same
again that the electron loss collisions are more violent thawalue of about 2 is obtained for one-electron loss collisions

FIG. 3. Relative intensity of " fragment ions as a function of
the cluster sizen. The intensities of C are taken to be unity.

032702-3



ITOH, TSUCHIDA, MIYABE, MAJIMA, AND NAKAI

PHYSICAL REVIEW A 64 032702

T T T T T 7 | | I I I |
: 24 45 I”, : [ 1
815 i L]
< 2 &'% . 7k { _
Q;_) | 14 i < e
3 /', b i . )
eI 3 ] 2 ]
- -7 1 o
I 2 Lo 1 A~ T I
1k ’?/ 13 o qe0 - -
21 12 =
L 4 ° ?1:1 ] 1 — (o] q: —
X (21, 20 43 A q=2 - - ® g=1 :
| ,lI’ 42 A q=4 i | i q: |
_ i q=4 |
| | | | | | i i
8.1 02 03 04 05 06 0.7 0.8
O | | | | | |

Intensity Ratio Y /Y, 0 1 2 3 4 5 6
Final Charge State k

FIG. 4. The powen as a function of the intensity ratig, /Y,
between C and total sum of §"'(n=1-12). Theoretical values
are drawn by a dashed line. FIG. 6. The powen as a function of the final charge Two
lines are drawn to guide the eye. Note a linear relationship for loss
(4—5) and four-electron loss collisions £15). Similarly,  collisions.

at k=3 a constant value of about 1.3 is obtained for three

incident chargesq=0,1,2). This result implies that the final - One more striking characteristic derived from Fig. 6 is a
charge plays the key role in determining the final mass distinear relationship between(loss) andk as shown by a
tribution of fragment ions in electron loss collisions. It indi- gotted straight line to guide the eye. All the experimental
cates convincingly that a targegmay receive an equiva- yajyes of\ for loss collisions lie excellently well on this line
lent amount of energy depositiok irrespective of the within their experimental errors. On the other hand, there

number of lost electrons when the projectile final charge isseems to be no such trend for capture collisions, although a

seem to take place at equivalent impact parameters. More

detailed analysis is given in the following section.

B. Inelastic energy deposition

| | | | |
4loss
i 2loss A
2L - lloss -
c; - 3loss 1
3 L .
o
Q_‘ = -
1 _
[ 2cap 1
O i | | ] | | ]

0 1 2 3 4
Incident Charge State q

FIG. 5. The powein as a function of the incident charge

It is stressed again that the mass distribution gf @ns
carries certainly information about the inelastic energy depo-
sition into a Gy molecule. Hence, various characteristics of
\ described above may apply also for the amount of energy
deposition. A particularly indicative experimental finding is
that the\’s or the amount of energy deposition in other
words, are different from one another in different charge-
changing collisions. Therefore, it might be possible to de-
duce the energy depositiod for individual collision pro-
cesses. Since no rigorous calculation of this kind has ever
been done before, we attempted calculationk @i the fol-
lowing two ways.

As the simplest method of estimatiph7,19,29, we used
the TRIM code[30] to obtain an electronic stopping cross
sectionS; (=1.76x10 3 [eVcen?]) for a collision system
of 2 MeV Si+C. The corresponding value for nuclear stop-
ping is only 4.85¢10™ > [eVcn?] and is ignored in the fol-
lowing discussion. The energy depositiﬁﬁ'l{" per Gso mol-
ecule forg—k collision may be obtained by '""=Z2,S;

X 60/ma®=2%,x 2744 [eV], with the molecular radius
=6.6 a.u. Here, the effect of different charge states in indi-
vidual collisions is taken into consideration as the square of
Zyk, the mean charge in thg—k collision. The mean
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FIG. 8. Calculated energy depositidy, for g—k loss colli-
FIG. 7. Normalized probability functiop for loss collisions  sions as a function of the experimentally determined poweFhe
as a function of the impact paramei@tomic unit3. Q(b) is the  dashed line is the fitting resulE(\) =30 exp(2.6.).
electronic stopping functiof26,27.
function Q(b) for fast heavy projectile$27,28. We used
chargeZ,, was simply taken as an average value betweerheir program codeasp for the collision system of 2 MeV
the initial and final effective charges obtained, respectivelysj+C. The total electronic stopping cross section calculated
by the hydrogenic formulan;2I(i) for the charge state by Eq. (1) with this Q(b) was normalized to therim value
=q-—1 andk—1, wheren; andI(i) are the principal quan- of S; given above. UsingQ(b) and the probabilityp,(b)
tum number and the ionization potenti@.u) of Si* [33].  for theq—k charge-changing collision & the desired stop-
In_ actual calculations, we employed the relative mean valugping functionQq(b) may be approximated by,(b) Q(b).
with respect to 3.51 which is the mean charge of Si used iHowever, this formula implies that the corresponding energy
the TRIM code determined by/S,(Si)/S;(H) at the present deposition Eq as well asS;(gk) would become a small
velocity of 1.69 a.u[30]. For instanceZ,s is calculated to  value if the probabilitypgy is small, leading to an unrealistic
(5.47+7.0)/3.51/2=1.78, giving rise to an energy deposition conclusion. For instanc&s in a four-electron loss collision
of E;&'M=8658 eV. would become a negligibly small value comparedtg in a
In this calculation, however, the charge-changing collisionone-electron loss collision, since the corresponding prob-
is characterized only by the initial and final charge statesabilities are supposed to be largely different. Actually, this
and consequently, there is no distinction between electrodifference was found, in our following calculations, to be
loss and capture collisions if they(k) combination is the more than two orders of magnitude. Such a conclusion con-
same, e.g.EoxM=E;X'"™. However, the experimental re- tradicts what is expected from our mass distribution as de-
sults of A show clear differences between loss and capturecribed in Sec. Il A. Hence, for all thg—k collisions the
collisions, indicating that the effective collision distance or probability functionpg(b) must be normalized to an appro-
the impact parameter between collision partners withinpriate constant value in such a way like
which theg—k collision occurs most likely should be taken
into consideration. This is achieved in our second method of o
calculations described in the following. 277[0 bpgi(b)db=C a.u.. 2
The stopping cross sectid®; (gk) for a g—k collision
can be expressed by the following formula if the impact-
parameter-dependent stopping funct@g(b) is known for
the g—k collision:

Integration of the real probability gives, of courseqa:k
charge-changing cross section which in turn connects di-
rectly with the experimental yield of fragment ions.

o In this way, the energy deposition in tlge—k charge-
Sl(qk)ZZWf bQq(b)db. (1) changing collision of both electron capture and loss can be
0 evaluated by the formula

To our best knowledge, however, there is no previous work

referring to such specifiQ(b). Schiwietz and co-workers Sl(qk)=2wfmbp (b)Q(b)db 3)
have formulated the impact-parameter-dependent stopping o 7
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provided that the probability functiompg(b) is known. TTTT] T T T TrooTg >
Compared to electron capture collisions, the electron loss>> . 4 ol
process is essentially simple, because it is the projectile ion' & 10 = 454 ,,’15 —
ization by a target particle in the projectile rest frame. Since o C e 3
rigorous theoretical calculations on capture and loss colli-.S » L7 =
sions are out of the scope of the present work, we treat only 5 B 24 ’/ 4
the electron loss processes in the following. a | 9 14 i
Hansteen et al. tabulated impact-parameter-dependent 13
ionization probabilities foKK-, L-, andM-shell electrons by a 103 23 , 8003 ]
fast bare projectile ion§26]. Following these well-known &g E ,A’ 3
semiclassical approximatiai®CA) calculations, we first ob- § - 12 // =
tained ionization probabilities af andp electrons in bothiM 23] L 8. 02 .
andL shells of a Si* ion. The calculation was made for a B ,/' .
projectile ion with charge,=1 at velocity of 1.69 a.u. This L e .
is due to the fact that the probability is scaled onlyztfy »6’
[26], and consequently, the value zf plays no role accord- 102 - 01 —
ing to Eg. (2). Next, we deduced the average single- o 3
ionization probabilities for thé shell (p,,) andL shell (p)), el 0 e i —t 1]
respectively, by taking account of the number oand p 10 10
electrons in each shell. The binding energies ofrthehells Ionization Energy (eV)

of Si" are taken fronf31]. Finally, the multiple-ionization

probability py(b) for Si" is calculated using the indepen-  FIG. 9. Energy depositioiEy, as a function of the minimum

dent electron modgiB2] as ionization energyl o required to producg—k charge state. The
dashed line is the fitting resulE=11.612

MHL} P (1-pm™ pl(1—p)tT, according to various electron loss collisions. Above all, one
NI can see a remarkably simple relationship betwBgpand
N(gk), for which we obtainedE [eV]=30exp(2.6),
shown by the dashed line in the figure. This astonishing find-
Ne . . o ing may be regarded as sheer evidence of our basic idea of
Here,[] is the binomial coefficient, antit andL are the  the possibility of deducing the energy deposition from the
number of electrons iM and L shells, respectively—e.g., C,* mass distribution pattern. Note, however, that the abso-

Pau(b)= 2,

i+j=k—q. (4

M=1 andL=8 for SP*. lute values are uncertain due to an unknown faGtappear-
Some examples of the calculated results are shown in Figng in our calculations.
7 together with the stopping functioQ(b) [27,28. Note As the electron loss is the projectile ionization, the energy

that all thesepg functions are the normalized functions ac- deposition calculated above is supposed to have some simple
cording to Eq(2); in this figure we tookC=1. One can relationship with the ionization potential of projectile ions.
immediately notice the relative importance betwéénand  This is demonstrated in Fig. 9, where the valuesEgf are
L-shell contributions in variougj—k ionizations. As the plotted as a function of the minimum ionization enetgyin
simplest cases, the single ionizatipg of a neutral Si atom  g—k capture collisions. The quantitl, is the minimum
is found to take place in a wide rangelwfind is dominated energy necessary to produce the charge $tétem the ini-
by M-shell ionization, while the single-shell ionizationp,s  tial chargeq, given by the sum of ionization potentials, i.e.,
of Si** is restricted to a smab range below 1 a.u. It should |,,=1(0), I,,=1(1)+1(2)+1(3), and so onObviously, the
be pointed out that the four-electron ionizatipgs of Si*  data ofE,, can be well reproduced by a straight line of the
reveals a similar form as the single ionization of'Sand is relationshipE 4= 11_aé-k2, implying that the powei (qk)
also restricted th<<1 a.u., indicating that a large amount of for |oss collisions can also be related tge as | [eV]
inelastic energy may be deposited as expected from our ex=2 2 exp(2.1X), using the formula derived o g
perimental results ok. The fact of this simple correlation betwedy and I 4
Finally, the energy depositiolq, per G molecule is  may be a certain justification of the present estimation
obtained by the same formula as the first methBgy  method of the energy deposition in loss collisions. Thus, it is
=22,S1(qk) x60/ra?. As for the normalization facto€,  plausible to estimatg, for capture collisions, too, using the
which is an arbitrary value in our calculations, we simply above formula and experimenta({cap) values. The evalu-
normalized the value d,(C=1) toEj5'™, giving rise to  ated value o is in turn expected to provide information
C=10. It is interesting to note that this value Gfgives an  about the capture radiug. for the g—k collision if a step
effective collision radius of =1.8 a.u. from a relatiorC  function form is assumed for the probability functipg(b).
=7r2, which is nearly the same order of the radius of aHere, the electron capture probability is assumed to be con-
carbon atonj34]. Calculated results d are shown in Fig.  stant atb<b, and zero outside. The capture rali{gk) (in
8 as a function of (k) measured experimentally. It appears atomic unity obtained in this way are 3.8 (20), 5.2(2
that the energy depositida spreads from 100 eV to 9 keV —1), 9.2(4-2), and 8.3(4-3), respectively. Although
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these values might contain uncertainties arising from a stegent ions, e.g., €, is of the order of several eV by taking
function assumption, it shows clearly a general trend that theccount of the cohesive ener§$6] and the ionization po-
highly charged Si" ions can capture electrons at larger tential of the C atom. It is noted that the kinetic energy
than the Si* ions. It also shows that the capture by'Si estimated in this way is in fairly good agreement with ex-
takes place inside agg molecule, while it does outside for perimental values measured for 2-MeV* Siions [37]. As
Si** ions. This outside capture by highly charged ions is, infor the ionization energy, ejected electrons are supposed to
turn, very typical in slow HCI experimenf8,6—8,19. Also, ~ carry away about 75% of, as their kinetic energief38].
it is pointed out that the radius for double-electron capture byience, the degree of multiple ionization may be determined
Si?* is smaller than that of single-electron captupg(20)  from the rest of the energy by solving the equatiep
<b.(21). This result is consistent with the previous work X 0-25=l1+ 15+ - -+1p, with theith ionization potential
done by Lerseret al. for 100 keV AP* [12]. On the con- of Cgp, Ii=3._77+ 3.84 [39]. If the_l!near relationship be-
trary, the relationship is just the opposte,(42)>b.(43)] f[we.enl_i and_l is as.sumed also for highvalues, the degree of
for Si** ions, implying a more distant collision for double ionization is estimated _to_ be!fn=9+ to 29+ for &,
electron capture events. Correspondingly, the calculated en- 08-7.2 ke\(. Namely, it implies that.ab_out h.alf of the 60
ergy deposition is 171 and 288 eV for42 and 4-3, re- carpqn atoms in a & molecule may be |(_)n_|zed in largey .

. . collisions such as one-electron loss collision of 2 Me¥'Si
spectively. It seems to mean that the double capture by Si

is more favorable at the present projectile velocity com arei ns. Such highly fonized parent ions may aiso decay imme-
. P projectiie v ity P iately into small fragment ions via Coulomb explosion as
to the single-capture event.

typically observed in slow HCI collisionst0]. Note that the
It is also found that electron capture by’ St ions oc- ypea’y 0]

; ; - -~ experimentally observed highest charge state of parent ions
curs in far more distant collisions than most loss collisionsjs g+ [41].

(see Fig. 7 and accompanies smaller amounts of energy on the contrary, for collisions accompanying smaller en-
deposition. For i'n.stance, we obtained surprisingly differentergy deposition E,<1 keV), simple estimations given
energy  depositions for 43(288 eV) and 4 apove may fail gradually with decreasiffy,, because both
—5(8.66 keV) collisions, despite a similar magnitude of  _ and the multiple ionization become small. In fact, for 0
mean charge&, in both processes. This can be attributed_. 1 collisions Eo1=126 eV), the internal energy is only 25
mainly to the |al’ge|y different effective collision distances of eV and the maximum degree of ionization is 2~3These
these two CO||iSi0nS; i.e., the effective distance for8 is values seem to be too low to induce mu|tifragmentation,
smaller than 1 a.u. as shown in F|g 7, while it is 8.3 a.u. forwhich iS, however' observed experimenta”y_ Apparent'y, it
4—3. This feature has, however, been already indicated iBeems to imply that either the partition r&€e2) or the total
the A values depicted in Figs. 4—6. Thus, we conclude thaknergy depositiorE itself is too small. As for the latter
the power)\ carries certain information about inelastic en- case, we suppose that molecular or neighboring effects may
ergy deposition and this information is successfully derivedplay an important role in collisions with&. If an incident
from the impact-parameter analysis method. ion interacts with more than one carbon atom, the total elec-
FinaIIy, we discuss bl'IEﬂy the internal excitation and thEtroniC deposition may become |arger than the present esti-
multiple ionization of G using the electronic energy depo- mated values which are obtained by assuming a simple ad-
sition Eq described above. Since the energy deposition isjitive rule (604ra?), ignoring any molecular effects.
spent for target excitation and ionization, it may be possible |n conclusion, more systematic experimental and theoret-
to estimate the internal excitation energy,X and the ion- jcal data will be needed to obtain more reliable energies of
ization energy §,) provided that the corresponding partition ¢, and ¢,. In particular, measurements of the number of
rates are known. Unfortunately, there are no such data avaiemitted electrons as well as the electron energy distribution
able for the Gy molecule and, consequently, only rough es-are important to determine directly the degree of multiple
timations are possible at the present stage. As outlined in oygnization in fast ion collisions.
previous papefl7], the partition rates may be estimated to
be 0.2(excitation and 0.8(ionization, which are the theo-
retical values obtained for a HH,O collision system at a
hydrogen velocity of 1.69 a.§35]. If we employ these par- We have studied the &g multifragmentation process in-
tition rates, the corresponding inelastic energies can be catluced by charge-changing collisions of 2-MeVSi" ions.
culated for individual charge-changing collisions. For in-It is found that the multifragmentation is the predominant
stance, the energy deposition Bfy=1~9 keV givese, decay process in multiple electron loss collisions. Surpris-
=200-1800 eV and,=800-7200 eV. Obviously, the in- ingly, this is also the case even for the one-electron loss
ternal excitation energy is large enough to induce completeollisions of St*, indicating clearly that such a projectile
disintegration of G, via vibrational excitation as expected ionization is induced only in very small impact-parameter
from theoretical predictiong23]. Actually, the mass distribu- collisions with probably a single carbon atom ig,C
tions in such largeE, collisions are dominated by only The mass distribution of small-size,Cions is found to
smaller fragment ions as can be seen in Fig. 1. Furthermordége well approximated by a power-law form of * as ob-
the internal energy per carbon atom is estimated to be in theerved commonly in previous similar experimef€14—
range from a few eV to 30 eV, obtained simply by/60. 17]. We obtained the values of powerfor individual charge
Consequently, it is expected that the kinetic energy of frag¢hanging collisions and examined them in detail. In particu-

IV. SUMMARY
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lar, A (loss) is found to have some remarkable dependencegharge dependency and the capture radius are reasonably de-

on the projectile final chargé. First, the values of the rived. o S _
M(loss) are nearly the same for the sarke \(gk) Furthermore, a brief discussion is given for the internal

=) (q’k), independently of the initial charge. Second, there€Xcitation energy and the de_gree of multip_le ionizatior_1 using
is an excellent linear relationship betwek(loss) andk as "€ electronic energy deposition. The multifragmentation ob-
shown in Fig. 6. served in violent coII|S|ons_ accompanying larBgy is suc-
Projectile ionization probabilities have been calculatedcessmly accounted for with these es.tlmated quantities. On
with the aid of the available table of SCA calculatiqs].  the other hand, it appears that the estimdigdseems to be
Combining these probabilities with the electronic stopping!©C Small for lowEg collisions. It is concluded that system-
cross sections calculated with the program cotest [30] atic rg_search is deswable_ to determine important physical
andcasp[27,28, we deduced the amount of energy deposi_q_u.antltles such as the partition rates of the total energy depo-
tion Eg for individual electron loss collisions. Although the SN and molecular effects in collisions.
absolute values might be uncertain due to an arbitrary nor- ACKNOWLEDGMENTS
malization factor used in our calculations, the estimated val-
ues are found to show a surprisingly simple relationship with  One of the author§A.l.) appreciates valuable discussions
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