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Amorphous tracks induced by monoatomic and cluster ion beams are compared in;lahih@;Fe;0;,. In
agreement with the prediction of our model, at high energy deposmﬁbﬁe:const(Re is the effective track
radius,S;, is the electronic stopping poweior monoatomic and cluster ion irradiations. This indicates that the
considerably higher energy density in the experiments with cluster ion beams does not modify the track
formation. The analysis shows that the width of the thermal spike does not depend on the ion velocity in the
range 0.02—-20 MeV/nucleon. On the other hand, a strong variation of the efficiency of the energy deposition
into the thermal spikg is observed around 2 and 4 MeV/nucleon for LiNj#hd YsFe;0;,, respectively. The
results cannot be explained by the variation of &electron distribution with the specific ion energy The
importance of the electron-lattice ion and ion-ion interactions are emphasized. The relative shifgE}he
curves is related to the different fraction of heavy elements in the two insulf80%63-182@09)04129-9

I. INTRODUCTION Il. PRESENTATION OF THE EXPERIMENTAL DATA

A. The model

Swift heavy ions induce amorphous tracks in the elec- \ye assume that as a result of the energy deposition along
tronic stopping regime in many insulating crystals. An amor-the trajectory of the bombarding particle a considerable local
phous track is the final result of the interaction of the bom-temperature increastT(r,t) is induced, which can be de-
barding particle with the solid target. Thus, the analysis ofscribed by a radial Gaussian distribution. An important pa-
the formation of tracks can provide important information rameter of this distribution is the initial widt(0), which is
about the processes transferring the ion energy to the targattained at=0, when the peak temperature is the higHést.
atoms. The target material is melted in that region, where the tem-

Recently a phenomenological model was elaborategerature exceeds the melting poift<AT(r,t) +T; where
which revealed a high degree of uniformity in track forma- T; is the irradiation temperature. Due to the extremely high
tion in insulators:~3 The model has been applied to all sys- cooling rate an amorphous phase can be formed from melt
tematic data on amorphous tracks and good agreement wasoducing a track of the particle.
observed with the predictions. The reliable predictions are The model provides the following analytical relations be-
very important because of the growing role of energetic iongween the effective track radiug, and the electronic stop-
in industrial technologies, medicine, and scientific researchPing power of the bombarding iog,:*

The results reported in this paper can be useful for other

fields of the interaction of energetic ions with matter, such as RE=a%(0)In(Se/Se), 0<Re=a(0) @

inelastic sputtering, biological cell inactivation, and also for 5

studies of tracks in polymers. Re=9S:/(2.7mpcTy), a(0)<Re 2
In Refs. 4 and 5-7 track studies were extended to higher

values of the electronic stopping pow8g by irradiating Ser=mpcToa’(0)/g, €

yttrium iron garnet(YIG) and lithium niobatgLN) samples
with cluster ion beams. These experiments considerabl

o S }(espectiverT(,:Tm—Tir andgsS; is the fraction ofS, cov-
proadened the range of specific ion (_anergiesvhlch IS an ering the thermal energyg is the efficiency. Tracks are
important parameter of track formation. In this paper our

. . . formed above a threshold electronic stopping po@gr In
phenomenological thern’]allsp|ke mpdel is used to analyzc?ne process of cooling the melted volume may shrinktfor
the track data. Our main mtere_st (® to analyze and to >0 [Eq. (1)] or shrinks after an initial growtfEq. (2)]. We
compare the damage cross sections measured by cluster ey 1o the logarithmic regime or the initial stage of track
monoatomic ion irradiationgii) to check the behavior of the  formation when Eq(1) is valid and use the expression linear
parameters of our modelanda(0) in a broad range of the regime for the range of validity of Eq2).
projectile velocity. We have analyzed the systematic experimental data pub-
In all figures the track data will be presented according tdished in the literature about the formation of amorphous
the analytical equations of the model, and we often refer taracks including various magnetic oxidesSiO, quartz®
some general features of track formation in insulators, whichmica, LN8 and highT, superconductorsThe main results
we previously have deduced. Therefore, it is reasonable tare the following:(i) the validity of Egs.(1) and (2) was
start with a brief review of the model and of some resultsconfirmed?®? (ii) the relation betweerS,; and the thermal
which are relevant to this paper. properties of the target was provedii) at high ion veloci-

wherec andp are the average specific heat and the density,
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FIG. 1. Tracks induced in ye,0,, (YIG) and LiNbQ; (LN) by FIG. 2. Variation of the track size in ;Fe0y, (YIG), LiINbO;
cluster (cl) and monoatomic (m) ion beams with E  (LN), and in a hight, superconductor Y-Ba-Cu-QLO is E<2
<2 MeV/nucleon. The solid and the dashed lines are fits according/leV/nucleon, HI isE>7.6 MeV/nucleon, IM is 2 MeV/nucleon
to Eq.(2) with and without cl datgRef. 3, respectively. Only data <E<7.6 MeV/nucleoi The cross and the dashed line are extrapo-
with R,>4.5 nm were taken into account in the fit of the solid line lations from Fig. 1. Irradiations were performed with cluster ions
[see Eq(2)]. (cl) and monoatomic ion&ll others, as well.

ties (E>7.6MeV/nucleon) a uniform behavior was ob- in channeling geometric-RBS and high-resolution electron
served:a(0)=4.5nm andg=0.17 for all insulators studied microscopy(HREM)] were used for track size measurements
till now,?® (iv) at low ion velocities E<2 MeV/nucleon) after monoatomic and cluster ion irradiation, and timem
g=0.3622 An important consequence @f is the method of code also could lead to a systematic error.
scaling tracks measured in different materials. In this paper In Fig. 2 three sets of data were plotted. The tracks in YIG
we also make use of this possibility. were induced by monoatomic projectiles withE

By applying Eqgs.(1)—(3) amorphous track sizes can be >7.6 MeV/nucleont®*3The curve describes a typical evolu-
predicted at high ion velocities without adjustable param-+ion of amorphous tracks for insulators. Other insulators can
eters. The uniform behawo_r of m_sul_atln_g crystals in terms ofye characterized with the sana€0) andg values in this
thea(0) andg parameters is an indication that these are therange. For the mean vala0)=4.5 nm was obtained both
relevant parameters of the process. from the slope and from ths,, values?

A second set of data was measured in a higisupercon-
B. Experimental data ductor Y-Ba-Cu-O. It was observed by Zlem al® that the
track size is sensitive to the direction of the beam with re-

diated at room temperature with various cluster berns. igﬁgte;?rggsncgst;agogg h'g axessérin:lsali_oo tﬁa:/leaozg?en
Previously, a large number of monoatomic ion irradiation t data basi |th7(']5th ples. 1 ts. i hich
experiments were reported on these crystals in a broad V(I;l_eren ata basis we selecte 0S€ experiments, In whic

locity range, including irradiations with low velocity ions, as S/€ctron microscopy or Mssbauer spectroscopy were used
well (E<2 MeV/nucleon)!*!1 This is important, since high to measure the track size, the ion beam was parallel ta the

velocity ions with the same electronic stopping power inducelirection of the Y-Ba-Cu-O crystal ang<0.1. After such a
smaller tracks, because of the damage cross section Vebciﬁ@lectlon_a further difficulty is that the irradiations were per-
effect (briefly velocity effect.’® Therefore, they are not di- formed either at 300 or at 80 K. Thus, thig=Tn—T; val-
rectly comparable to the cluster ion irradiation data. ues were different. To solve this problem a refere'nce tem-

In Ref. 3 we already analyzed low velocity track data inPeratureT=80K was chosen. Then E¢l) was applied to
YIG and LN taken from Ref. 10 and Refs. 11, 12, respec-calculate the value o8, , which would be necessary to in-
tively, and now they are completed in Fig. 1 with new resultsduce atT;=80K a track with the same radius, which was
for YIG (Ref. 13 and also with cluster irradiation data re- induced byS, at T;;=300K. By applying Eq(1) we found
ported in Refs. 4 and 5—7. To compare appropriately théss =1.14S, when the temperature dependence of the specific
track evolution in different insulators in the linear regime of heat was also taken into account. The details of this proce-
track evolution,S, is scaled bypcT, according to Eq(2). dure were given in Ref. 9. The experimental data are sum-
This method of scaling is justified by the coherent behaviomarized in Table I, where the correct&] values and the
of YIG and LN data in this presentation. references are also givér.?®

In Refs. 3 and 14 we showed that the linearity required by It is remarkable that all track data measured in Y-Ba-
Eqg. (2) is clearly followed by the data, obtained by irradia- Cu-O follow the same line in Fig. 2, including those with
tion with monoatomic ion beam&ashed line in Fig. 1 =~ E<2 MeV/nucleon and>7.6 MeV/nucleon, i.e., no veloc-
When tracks induced by cluster ions are also included in théty effect is observed. By applying Eql) we obtaina(0)
analysis, the data also follow E€) with a somewhat higher =4.32nm which is valid for irradiation with low and high
slope. We note that tracks in different materials were comyelocity ions, as well and which has a close valuea{®)
pared in Fig. 1, different methodRutherford backscattering =4.5nm found in insulator.

Recently, two insulating crystals YIG and LN were irra-
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TABLE I. Tracks induced in ¥Ba,CuO,_; with §<0.1; T,

Re, andE, are the irradiation temperature, the effective track ra- o
dius, and the specific ion energy, respectively. The temperature u o
correction was made according 8§ =1.14S, for T,,=300K (see o pal_ W o o ]
text). The applied methods were transmission electron microscopy >
(TEM), high-resolution electron microscoffiREM), and Mass- q%
bauer spectroscopi§Moss. 5 03 1
b5
Se Tir S: Rezz E Ov LN m C
(keVinm)  (K) (keV/nm) (nn?)  (MeV/n) Method Ref. R B N6 m|
mA YIGel;
13 300 14.8 0 43 TEM 16
22 300 25 1.44 27 Mgs 17 R P R T R T
22 300 25 2.25 27 TEM 17 E (MeV/nucleon)
33 300 37.5 4.00 25 TEM 18
41 300 46.6 1225 10-25 HREM 18 FIG. 3. Variation of the efficiencyg with the specific ion energy
40 80 40 12.25 4.3 HREM 19 Ein Y 3sF&015 (YI1G) and LINbQ (LN). The solid "n.es are to guide
30 80 30 6.76 3.9 Mss 20 th(_e eye. Theg values were calculated py applying Edg), (3) _
39 80 39 16.00 37 HREM 2P (triangles and Eg.(2) (all others to tracks induced by monoatomlc.
b (m) and cluster ion(cl) beams. The arrow shows the average effi-
29 80 29 6.25 26 HREM 71 ciency for insulators at high ion velociti€Ref. 2.
38 300 43.2 15.00 ~2 TEM 22,23
24 80 24 225 13 HREM 24 {imeg occur. Usually, the density of track data is always suf-
24 80 24 400 13  HREM 5 ficient to show clearly the shape of the curve. It is remark-

28 300 318 9.00 08  HREM 26  gple how smoothly the efficiency values are joined, in spite
of the fact that they were determined by different methods
[Egs. (1) and (3) and Eq.(2)] from different data sets. We
note that we used track data in the range 2.9*<aRZ

Track data in the third set were obtained by irradiation of<115 nnf of different materials and the variation of the
LN by cluster ions~” Recently, Ramost al. performed ex-  €fficiencyg shows a coherent picture.
periments on LN with Cl and Br ions of 5-10 Me¥/ These The arrow in Fig. 3 shows the common value of the effi-
data are not shown in Fig. 2 because they were deduced Kency g=0.17 at high ion velocities. This value was de-
assuming a multiple-hit mechanism of the induced latticeduced from all published systematic track data wiRb
disorder which is different from that which was applied in <a&(0) measured in various insulators. Since a large number
the case of other data. We discuss this problem later. of tracks were analyzed, the statistical error is small. It fol-
Unfortunately, all these tracks are small. So they are notows from our previous results that the solid lines in Fig. 3
suitable for the determination ai(0) from the shape of the Should join this levet!
R2—S, curve. However, it is advantageous to use them for
the estimate ofs,;. Therefore, we completed them with an Ill. DISCUSSION
estimated track sizgdenoted by a cross in Fig.),2which
was extrapolated from cluster data by using the plot in Fig. 1.
We also show in Fig. 2 that part of the line in Fig. 1 which
should be joined. This helps us to determine the valug,pf In experiments with cluster ion beams, tracks are formed
more accurately. By this method we ¢8t;=4.60keV/nm. in conditions when the deposited energy can be very high
When the other parameters in E8) are known thera(0) and the velocity of the projectile is low. As a result, the
can be estimated at very low ion velocities. energy density of the electrons can be much higher than
Presently, the range of the specific eneEggxtends three that which occurs when the irradiation is performed with
orders of magnitude, where amorphous tracks were studiegionoatomic ion beams. If the energy density is of impor-
in insulators. In Fig. 3 the variation of the efficiengyis  tance for the process of track formation, then significant
plotted versusE. The g values were determined by using quantitative differences between the two experiments are ex-
Egs. (1) and (3) and Eg.(2) for tracks with 1.65nmR, pected.
<4.5nm andR.>4.5nm, respectively. The data were taken Previously, we found a linear regime of track evolution
from Refs. 4, 10, 13, and 2¥1G) and Refs. 5-7, 11, and 12 for tracks induced by low velocity monoatomic ion
(LN). When different parameters are given in Refs. 10, 13peams*** In this case, the efficiency can be simply found,
and 28 for the same experimentée.g., %°Cu, E because the slope of the line dependg@nd the materials
=0.8 MeV/nucleon of*Kr, E=2.8 MeV/nucleop the track  parameters, and does not dependa¢f) [see Eq(2)]. All
data in the original publications were taken into consideriracks should be taken into account in the range of validity of
ation. Eqg. (2) Re>a(0). Later we shall show in this paper that the
In Fig. 3 the solid lines are not the result of a fit, they arevariation of a(0) with E can be neglected. Therefore, we
to guide the eye. The individual experimental points show axpect for tracks induced by cluster beams thaSass re-
considerable scatter. In such difficult experiments we do noduced, the linear reginéq. (2)] is changed to a logarithmic
attribute high significance to large deviations which some-one[Eq. (1)] also at abouR,=4.5nm.

T, is estimated, it is not explicitly given in the reference.
bsis estimated, it is not explicitly given in the reference.

A. Track evolution in monoatomic and cluster ion
irradiation experiments
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In Fig. 1 tracks induced by monoatomic and cluster ioncan be determined from E@l) or Eq.(3). Therefore, tracks
beams were compared. We estimated the efficienéym  with large radii are not useful for this analysis. In Fig. 2 the
the slope of the solid line by applying E(R) andg=0.39  results of the irradiation experiments on LN with cluster and
was found. When obtaining this value tracks wi, ~ monoatomic ions were plotted and S,,=4.60 keV/nm was
<4.5nm were not taken into account, because the linear rdeund.
gime of the track formation is valid only fd®.>4.5 nm[see We have already mentioned that recently, Ramabal.

Eq. (2)]. Previously,g=0.36 was estimated from tracks in- performed c-RBS measurements on LN samples irradiated
duced by monoatomic beam@ashed ling at about E by 5-10 MeV C1l and Br ions. When they analyzed the
=1-2 MeV/nucleon. Thus, we conclude that the efficienciesvariation of the relative disorder with the fluence, the data
for YIG and LN agree within experimental error &  showed a deviation from the Poisson law above ah®eut
=0.02 MeV/nucleon and &= 1 MeV/nucleon. ~0.25-0.3. Therefore, the analysis was performed based on

We emphasize that the good correlation between the rea multiple-hit mechanism, instead of the single-hit mecha-
sults of the monoatomic and cluster beam experiments wasism, which has been most often used for processes where
achieved without adjustable parameters. The scalingddyy,  the defect creation is in correlation wi,. They deduced
also worked well. about three times higher damage cross sectignsompared

The close values of the efficiencies in monoatomic ando those for irradiation with § Cg cluster beams at similar
cluster ion irradiation experiments show that the high initialvalues of the electronic stopping powewe note that such a
energy density in cluster irradiation experiments does notomparison was not made in Ref. 27, and previously, no
lead to new contributions to the energy transfer. This indi-deviations from the Poisson law were observed in experi-
cates that there is no change in the mechanism of energyents with cluster ions.
transfer to the matrix, when tracks are induced by cluster We analyzed the experimental data reported in Ref. 27 in
ions. the rangex<<0.25-0.3, where the deviations from the Pois-

There are no reliable theoretical methods for the calculason law are small, and we estimated the damage cross sec-
tion of the electronic energy losses of cluster ions and untition from the slope of the evolution of the relative disorder
now only few measurements were performed. Usually, thavith the fluence. The damage cross sections for irradiation
validity of the superposition is assumed aBdof a cluster  with 5-10 MeV CI, Br ions and § Cg cluster ions agree
ion is calculated by simply summing the electronic stoppingwithin experimental error if this procedure is applied. The
power appropriate for individual carbon atoms. THeval-  efficiency g was also evaluated amg=0.4—-0.415 was ob-
ues which we used in Fig. 1 were calculated by the sameained which is in good agreement with=0.39 deduced
procedure. The good correlation between the damage cros®m Fig. 1.
sections in monoatomic and cluster ion irradiation experi- It is difficult to explain these agreements, and to under-
ments is indirect evidence that the principle of superpositiorstand why one would operate a different mechanism in the
or the sum rule is valid for the electronic energy losses osame range of the electronic stopping power for low velocity
cluster ions. This is a by-product of our results. A systematicCl, Br, and G, Cg cluster ion irradiations, and why there is a
parallel study of the evolution of track sizes in monoatomicchange in the mechanism at abdsi=8 keV/nm, which
and cluster beam experiments could lead to even more comoes not depend on the velocity of the projectiles, as pre-
vincing results. dicted in Ref. 27 for monoatomic ions. Our opinion is that

Dunlop et al. performed a systematic investigation of the HREM studies and irradiation experiments up to the com-
evolution of the shape of tracks as the cluster slowed dowplete amorphization of LN samples by cluster ions in con-
in the targef They often observed the separation of thetrolled experimental conditions can provide useful informa-
tracks into two or three branches. This branching was relatetion for the solution of this problem.
to the fractioning of the g particle. As Fig. 1 proves, our In Fig. 2 the lines corresponding to irradiation experi-
model gives a correct analytical relation betwéerandsS,. ments with high velocity(YIG) and low velocity(LN) ions
Thus,S, can be estimated from the size of the branch. On thare nearly parallel indicating that the values of &(®) pa-
other hand, the electronic stopping power per carbon atomameter are quite close. This observation was definitely con-
can be determined from the track length at the separation. Bfirmed by the estimation o&(0) for LN applying Eq.(3).
comparing the two values the number of carbon atoms in th&he temperature variation of the specific heat was calculated
fragment can be simply found. Such a procedure can be eagsing the experimental data of Zhdanoed al?® The
ily performed having precise data, obtained by high-Dulong-Petit valuec=850J/kg K was accepted for 500 K
resolution electron microscopy. <T<1523K andc=830J/kg K was obtained for the aver-
age specific heat between 300 K ard,. When p
=4650kg/m, T,,=1523 K, T;;=300K, andg=0.39 are in-
troduced into Eq(3), a(0)=4.40 nm is obtained. This value
agrees within experimental error with that obtained for

In a general case, our model has two free parama(@}y 7.6 MeV/nucleorc E<20 MeV/nucleor? This proves that
and g. Previously, we found folE>7.6 MeV/nucleon that the initial width of the temperature distributi@{0) is inde-
g=0.17 anda(0)=4.5nm for insulatord.Thus, we are able pendent from the specific ion energyE for
to predict track sizes for high velocity ion irradiation experi- 0.02 MeV/nucleort E<20 MeV/nucleon. We emphasize
ments without adjustable parameters. If the valuea@)  that we arrived at this conclusion by a highly transparent
were known, the same could be made in the low velocityanalysis, and this result is clearly demonstrated in Fig. 2 by
range. As Eq(2) does not depend oa(0), this parameter the parallel course of the lines. Althougtf0) could not be

B. The dependence of the initial width of the temperature
distribution a(0) on the specific ion energyE
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determined for YIG with cluster irradiation, we have little series of thd:{i_se curves, and in the Crossing po|r1&|s
doubt that the behavior of YIG and LN agree in this respec

oo . tequal for all curves, having differeri values. Thus, the
in this velocity range.

variation of P cannot be in correlation with the velocity ef-
PT'ect, becaus® varies wherkE = const andP = const wherkE
varies in a broad range.

The origin of the problem withP is that the radial energy

oretical consequences. Sina€0) is constant for insulators,
only a single parameter, the efficiengyis required to de-

scribe track evolution at an$, andE values. Moreover, the distribution in the t i t restricted to the di ) f
efficiency g varies only in a narrow range &, outside this Istribution In the target Is not restricted to the dimensions o

range it is also constant. Thus, the predictionSgf and of the track. This is the consequence of the threshold behavior

the track sizes outside this range require only the knowledg@f track formation. This clearly shows that the physical
of p, ¢, and T,,. On the other hand, aa(0)=const, the Meaning ofP is not an energy .de'nsrgy, which really e'X|sts
variation of the efficiencyg alone provides information a&nywhere in the target. Our opinion is that the volumic en-
about the velocity effect, and this information can be easilyerdy densityP is not suitable for the characterization of the
obtained from track data witR,<a(0), aswell. Thus, light ~ velocity effect.
projectiles with lowS, values can be used more often in the ~ We propose to use the efficiengyor the characterization
future in irradiation experiments. of the velocity effect. In our modej defines the fraction of
Our result means that the initial width of the temperatureS, converted into thermal energy. We note, that this defini-
distribution a(0)=const for low and high velocity irradia- tion is not related to the track size. AlthougP
tions, as well. The thermal energys, is proportional to the =(2.7pcTy)/g in the range of validity of Eq(2), there are
producta(0)T, whereT, is the peak temperature &t 0 (in significant differences between the two parameters. It is im-
subsequent moments the peak temperature gradually dportant, that aE=const the efficiency is the same for O
creases because of the heat condugtidhus, when the spe- <R.<a(0) andR,>a(0),*i.e., the efficiencyg does not
cific ion energyE decreases from a high value, oflly var-  vary with S, (or R,). As we showed previously, this is not
ies and it increases by about a factor of two wHeris  true for the paramete®.
reduced from 20 to 1-2 MeV/nucleon. This explains viiay The efficiencyg varies only when the fraction of the en-
is reduced for low velocity irradiations and why the tracksergy deposited in the thermal spike increases or decreases,
are smaller in experiments with high velocity ions at equale.g. g is different in experiments with low and high velocity
values ofS; . ions* Moreover, the value ofy does not depend on the
The analysis presented in this paper clearly showed thakrget material at high and low ion velocitiéd This is not
track sizes in LN and YIG can be correctly predicted by Eqgswvalid for the parameteP, either. Therefore, the efficienay
(1)—(3) in a broad velocity range. Our opinion is that the js the suitable parameter for the analysis of the velocity ef-
general features observed in LN and YIG must be charactefect.
istic to a large number of other insulating materials. A dif- \We show in Fig. 3 the variation of the efficiengyin a
ference is expected in the range whereteeply varies, be- broad range of the ion velocity. When analyzing the plot we
cause the position and shape of the dropg{iE) may be note that there are some data at about 0.4 MeV/nucleon sug-

different for various projectile-target combinations. gesting a reduction dj. In these experiments was reduced
from about 5 MeV/nucleon by relatively thick aluminum
C. Analysis of the velocity effect foils. However, an underestimate of the thickness by about

3% would modify the value o8, to such an extent that no
reduction ofg would be supposed. Since such an underesti-
mate is quite possible, this point must be checked and appro-
priate experiments are in progress.

The reduction of the efficiency between 0.02 and 20
MeV/nucleon is about 50%. Most of this reduction takes
place in a relatively narrow range. The efficiency for YIG is
systematically higher than that of LN for 2 MeV/nucleon
<E<5 MeV/nucleon, while there is a good agreement for
E<1 MeV/nucleon. The shape of tiigE) curve is clearly
and G (R%f' 5 beams(E=0.042 MeV/nucleon,S.=6.5  jetermined by the data for LN, and the deviation from the
keV/nm, Ro=5.4 nn) P=191 and 382 eV/nt FeSPEC-  mean value is small. Although the scatter of YIG data is
tively. In this caseP varies by a factor of 2, though there is sometimes very high, they definitely follow a single curve in
no contribution from the velocity effect, as tiievalues are e range 2 MeV/nuclesnE < 10 MeV/nucleon.

identical. The difference is even higher for a smaller track There are tway values in this range with high deviations
induced by G (Ref. 7) cluster iongE=0.025 MeV/nucleon,  om the g(E) curve (open squares @&=2.8, and 6 MeV/
S,=5.1 keV/nm, RZ=2.87 nnf) since P=566 eV/nnf in nycleon, which were estimated from tracks first reported in
this case. The correspondingvalues are shown in Fig. 3 Ref, 31. Since these deviations are nearly equal but they
and they agree within 10% for these tracks. have opposite signs, they do not indicate a course different
The consequence of the velocity effect is the shift of thefrom the solid line in Fig. 3.
R3-S, curve to lowerS, values® forming a series of curves  The most interesting feature of the reduction of the effi-
asE gradually decreaseR.=S,/(7R?2) is the slope of a line ciency is that theg(E) curves for YIG and LN are shifted
with coordinateq0,0) and (Se,rng). This line crosses the relatively to each other. Thus, the velocity effect depends on

It is widely accepted that track formation cannot be de-
scribed byS, alone because of the velocity effect. Dunlop
etal. claimed that the volumic energy densitP
=Se/(7rR§,) is a more relevant parameter thp.* In Ref.

30 we already showed th& varies with the track size even
if one could keep the ion velocities constant in irradiation
experiments with variou$, values. Now, we can demon-
strate this. Actually, for irradiation of LN with £ (Ref. §
(E=0.042 MeV/nucleon,S,=65 keV/nm, R§=108 nnt)
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the composition of the target. We assume that an important In various materials the transport properties can modify
feature of the composition is the fraction of heavy elementshe value ofa(0). We found thata(0)=const for various
in the target molecules. In lithium niobate one heavy atominsulators within the experimental error. This is related to the
and four light atoms compose the molecule. F¥0;,the  poor transport properties of insulators. In semiconductors we
fraction of heavy elements is considerably higher. If thisexpect largera(0) values and its variation from target to
consideration is correct then the curve drawn for YIG in Fig.target. Until now a track analysis was made only in semicon-
3 is characteristic for insulating crystals in this second groupducting GeS, and(0)=11.6 nm was obtained which is con-
The curve for LN is in an intermediate position and an inter-siderably larger than its value in insulators.
esting question is the velocity dependence of amorphous The width of the thermal spika(0) as well as the rela-
track formation in targets without heavy elements. Untiltively steep variation of the efficiency in the range 1-5 MeV/
now, no experiments on such crystals have been publisheglicleon cannot be related to the rangeSelectrons. Meftah
and we expect in such crystals a further shift of the onset ogt al. estimated at varioug values the radiu®, of a cylin-
the velocity dependence to lowErvalues. drical volume in YIG in which 66% of the dose @ elec-
Presently, we do not precisely know the shape of therons is depositedf According to such calculation for LN
curves. However, the onset of the velocity dependence cag.5nm< Ry<5 nm in the range 1.5—-4 MeV/nucleon wheye
be well determined and the Separation of the two curves |§teep|y Varies_ Th|s Sma” Variation ad cannot be respon_
obvious. The range of the specific eneigyvhere a low or  sjple for the considerable reduction of because atE
high efficiency is found depends on the composition of the— o MeV/nucleorR,= 8.6 nm andy varies only slightly for
target. The_refore, these ranges cannot be declared _With B4 MeV/nucleon. The considerable separation ofgli)
general validity. On the other hand, it was shown that in the;yrves in Fig. 3 cannot be explained on this basis, either. We
high velocity limitg=0.17 even for very different materidls discussed this problem in more detail in Ref. 30.
and the present analysis indicates that at low ion velocities |5 Ref. 30 we presented a numerical analysis of the fits
g~0.4 can be a common value. made by Meftaret al'® and showed that, in fact, the varia-
The separation of thg(E) curves for YIG and LN, the tjon of the adjustable paramet&rwith E accounts for the
range of E where this occurs, and the magnitude of theprevailing part of the velocity effect. In spite of the declara-
change are important features of the underlying mechanisnjion of the authors, the variation & with the ion velocity
Further systematic investigations and more accurate megmg only a minor contribution.
surements of thg(E) function are required for understand-  The microscopic model of Toulemona al. is based on
ing the effect of the target composition, atomic mass of the:qrastic approximations'® Additionally, no reliable nu-
projectile, and other parameters. Until now, no more infor-merical values are known in the conditions of a thermal
mation besides the bare eXiStence of the Velocity effect Coulgpike for important parameters of the model: thermal diffu-
be extracted from the experiments by the application of othegjyity, heat of fusion, specific heat, etc. It is also a rough
models. The present study demonstrates an experimentassumption that the total energy of the projectile is converted
possibility in the investigation of the mechanism of the in-jnto thermal energy of the spike. The only means to compen-
teraction of energetic particles with solids. They can give aate the numerical consequences of the various approxima-
closer insight into the basic processes and important neons is to adjust appropriately the value)ofMoreover, this
parameters can be revealed. We will discuss later the physj: parameter is also used to account for the velocity effect.
cal consequences of the separation of gi¢&) curves, to- We discuss this, as recently Meftehal. reported a cor-
gether with some other results. relation between the bandgap eneBgyand the parametex
(Refs. 13, 34in BaFg,0,4 Y3Fe0;,, Y3AIs045, and SiQ.
Our opinion is that because of the above considerations, one
must be highly cautious to attribute a physical meaning to
the differences in the values afin various insulating crys-
We already concluded in the discussion of the resultdals. It is also difficult to reconcile that on one haiig, is a
plotted in Fig. 1 that the track formation is not so sensitive torelevant parameter of the process of track formation, and on
the energy density ob electrons. Asa(0)=const within a  the other hand, track evolution aigd; in various insulators
broad range of ion velocities, the width of the thermal spikecan be scaled bycT, (Refs. 2, 3 (see also Figs. 1 and 3
cannot be related to the parameters of shelectron distri-  and correctly predicted without taking into accouiy.
bution either, which considerably vary with. This is a The results of our analysis indicate that the interaction of
rather unexpected result as a different approach is applied iielectrons with lattice atoms is not solely responsible for the
the microscopic modef&3® Regarding the velocity effect, energy transfer. To account for the velocity effect other con-
Toulemondeet al. claim that the variations of thé electron  tributions must also be taken into consideration. We plotted
and the temperature distributions withare closely related the track sizes versuS, for Y-Ba-Cu-O in Fig. 2 distin-
and the energy loss of the projectile is always completelyguishing tracks induced by beams w2 MeV/nucleon
converted into the thermal energy of the spike. We found jusand E>7.6 MeV/nucleon and 2 MeV/nuclestE<7.6
the opposite: the initial Gaussian wid#0)=const and the MeV/nucleon. In insulators the tracks induced by low and
transferred energy is changed because of the variation of tHegh velocity ions follow different curves, because the dam-
efficiency g with E. Our method of analysis was rather age cross sections are different at eddabalues. In Y-Ba-
straightforward and no adjustable parameters were use@€u-O, which has a metallic conduction, these curves coin-
Therefore, we consider the conclusion concerning the corecide. Consequently, there is no velocity effect in the
stant width of the spike a reliable result. formation of amorphous tracks.This indicates that the ve-

D. Considerations about the mechanisms
of the energy transfer
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locity effect may be related to the type of conduction of theof suitable materials, that our analysis showed that the appli-
target, which is an important feature of the phenomenon. Weation of our model leads to coherent results in the case of
assume that the absence of the velocity effect in Y-Ba-Cu-@xperiments with monoatomic and cluster ion beams.
is the consequence of the very fast screening of lattice ions
by the conduction electrons. In insulators the screening time IV. CONCLUSIONS
is considerably longer leading to an enhanced contribution of
ion-ion and electron-ion interactions to the energy transfer to The analysis of thERg-Se relation provides an indirect
the lattice. evidence of the validity of the sum rule in the calculation of
This point has been discussed in more detail and it ishe S, of cluster ions. Damage cross sections for cluster ion
published elsewher®. The main results are the following. irradiations can be well predicted based on the results ob-
After passing of the projectile, light lattice ions, like oxygen, tained with monoatomic beams by applying a simple phe-
can gain kinetic energy of 1 eV for about 2 fs through Cou-nomenological thermal spike model. This shows that the
lomb interaction with neighboring heavy lattice ions. This high initial energy density in cluster ion irradiation experi-
energy is then partitioned among neighboring atdmBy  ments does not lead to additional contributions in the process
this mechanism part of the total electrostatic energy can bef energy transfer to the lattice.
transferred directly to the atomic movement. The energy Our analysis showed for cluster ion bombardment of LN
transfer by electron scattering is also enhanced when latticéat the initial width of the temperature distributi@{0)
atoms in the track core become highly charged ions. These4.40 nm, which agrees within experimental error with
two contributions depend nonlinearly on the mean ion charge(0)=4.5 nm, the value obtained in experiments with high
and on the ion number densily; . When the velocity of the  velocity ions? We concluded thaa(0)= const in the whole
bombarding ion decreasel|; increases leading to an en- range of 0.02 MeV/nuclesnE< 20 MeV/nucleon. We also
hanced energy transfer in the track region. This can explaifound that besides the material properties, andT,,, the
the increase of the efficienay in Fig. 3. The excitation of track size is determined only by a single paramejéE),
highly charged states requires considerably lower energy fatharacterizing the fraction of the deposited energy which is
heavy atoms in the lattice points. In YIG crystal the fractionconverted into the thermal energy of the spike. The variation
of heavy atoms is two times higher than in LN. Therefore, aof the efficiencyg is considerable for YIG and LN only at
higher density of highly charged ions is formed in the trackl MeV/nucleor< E<5 MeV/nucleon and theg(E) curves
for YIG than for LN at the same specific ion enerByThis  are shifted relative to each other. This shift is related to the
leads to a more efficient energy transfer in the case of YlGomposition of the targets.
compared to that of LN in the range of about The variation of the parameters of teslectron distribu-
2 MeV/nucleor< E<5 MeV/nucleon. We assume that the tion with the ion velocity cannot account for these observa-
separation of thg(E) curves and the shift of the onset of the tions. The results of the analysis indicate that besides the
velocity effect in YIG and LN are related to this effect. electron-atom scattering other mechanisms also contribute to
LN is the only insulator with a low fraction of heavy the energy transfer. Electron-ion and ion-ion interactions are
elements, in which amorphization has been studied in thasissumed to be responsible for the variation of the efficiency
range of E where the velocity effect appears and stronglyg.
varies. We do not know of any ion-induced amorphization
experiment on crystalline insulators without heavy elements
as well as without light elements. Such data could provide
information about unknown features of the energy transfer This work was accomplished with the partial support of
processes. Cluster ion beams can be very useful in thesbe National Scientific Research FU(@TKA, Hungary un-
investigations. In this respect it is important for the selectionder Contracts No. T014987 and T025805.
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