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Contribution of vaporization and boiling to thermal-spike sputtering by ions or laser pulses
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Here we consider what, in our terminology, we designate as normal vaporization, normal boiling, and phase
explosion. In the case of vaporization, one is dealing with the emission of paf@tteas or moleculgsfrom
the extreme outer surface of either a solid or liquid for any temperature exceeding 0 K. In the case of boiling,
one is(at least ideally dealing withheterogeneouslyucleated bubbles which diffuse to the outer surface of a
liquid or solid and then escape, the latter being possible for temperatures equal to or exceeding the boiling
temperature Tp). In the case of phase explosion one is dealing with the consequences of what happens when
a liquid approaches the thermodynamic critical temperatlijeaf T.), and massivéiomogeneousucleation
takes place. Although these three mechanisms have been reviewed in reasonable detail in recent work, we will
here present evidence, apparently not previously considered, that boiling, whether the distance scale is atomi-
cally small(5—-15 nm, as for laser-pulse impact on a metal in the absence of thermal diffasiouch larger,
has a prohibitive kinetic obstacle because it requigsble diffusiorif the bubbles are formed other than at the
outer surface. That is to say, boiling will never be a significant process whether with ion or laser-pulse impact.
This leaves vaporization and phase explosion as the only possible thermal-spike processes capable of expelling
material from an ion- or laser-pulse bombarded surface in a significant quantity. But even with vaporization it
can be shown that a kinetic obstacle, although not as severe as for boiling, will enter. The final result is that
only phase explosion will normally be relevant for sufficiently short time scd&B063-651X99)06209-1

PACS numbgs): 79.20.Ds, 64.70.Fx, 64.98b, 66.90-+r

I. INTRODUCTION (Sec. Il and Table | in particular
What we seek to do here is settle, hopefully in a definitive
We have already adequately reviewed the ensemble dFay, the relevance ofnorma) vaporization and(norma)
mechanisms which arise when ion beams, electron beams, BP('j"”g- Wgy this is 3_ prOblletrrT]‘ arls%s, In our to%llmon’ frogj ad
laser pulses interact with solid or liquid surfaces. Each typéN! espread misréading of thermodynamic tables combine
of incident particle or radiation leads to a variety of obsery-With @ lack of understanding of bubble diffusion. One would

able phenomena. For example, with ions or electrons, onBe surprised at how frequent is the use of the term “vapor-

. g - ation” to include all possible processes leading to a liquid-
can expect sputtering, mixing, or composition change, eac o-vapor transition, as well as the assertion that this transition
of which will have varieties such as ballistic, thermal-spike

residual-defect-induced, electronic, or exfoliational. Seebeglns abruptlyand rapidly at Ty, the boiling temperature.

Table 1 of Ref[1]. We here use the term “thermal spike,” || GENERAL COMMENTS ON MATERIAL REMOVAL
rather than simply “thermal,” to emphasize that we are deal- BY VAPOR FORMATION
ing with very short-lived effects. . . _

The situation with laser-pulse impact is slightly different. ~We will show in Tables I, IIl, IV, and V why there might
Considering just the primary interactions, one has the sam@e confusion in quantities relevant to vapor formation. Table
family of observable phenomer@able | of Ref.[1]). The Il serves to emphasize that,, the melting temperature, is

emphasis is not the same, however: there is a marked impoyell defined. By contrast,, the boiling temperature, varies
tance of thermal-spike processes with laser pulses and Widely depending on the ambient gas pressure. Table I
minimal importance with ions. We associate this differenceserves to emphasize that normal vaporization is sometimes
both with the volume of disturbancerery small for iong ~ able to account for significant material loss. At least this is so
and with the time scalé@lways short for ions and sometimes if the temperature is high enough and the time scale is long
short for laser puls@sBoth ions and the very shortest laser €nough. For example, 100 ns is sometimes sufficient, but 1
pulses(<100 ps do not provide enough time for either boil- NS is nearly always too little.

ing or vaporization, whereas the converse is partly true for Older data suggest, if the time scale is moderately short
laser pulses having durations of 10—100 ns. See, for ex-<1 n9, that even phase explosion may possibly be unim-
ample, Table 4 of Ref{1]. Also, one must not forget that Portant[2-5]. If this were so, then a liquid-to-vapor transi-
even with longer laser pulse€l0—100 n§ it is unclear tion would be in general excluded, and the only possibilities
whether boiling is ever significant. This is perhaps the mosteft would be electronic processes. There is some indication,

important point that will be made in the work presented herdhowever, that the criterion<1 ns” is not realistiqSec. I C
and Tables IV and ¥,
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(+39)(0461)881629. FAX: (+39)(0461)881696. Electronic ad- Here we deal with a process, namely normal boiling, that

dress: kelly@science.unitn.it is already adequately discussé8ec. 5.3.2 of Refs]6,7])
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TABLE I. Bubble diffusion distances in liquids according to the volume-diffusion mecharigfh, the
volume-diffusion coefficient for a bubble, was evaluated with @g.In so doingr was taken as 20, i.e., R0
The various substances are listed in order of increasing

T for (D\émt)llz (D‘é"'t)l/z
Tm calculation 10°D,q for 1 ns for 100 ns
Substance (K) (K) (cn?ls) (nm) (nm) Refs.
C,HsOH 159 296 1.31 0.009 0.089 [10]
Hg 234 234 1.01 0.008 0.078 [29,30
468 3.25 0.014 0.14
H,0 273 293 0.91 0.009 0.087 [10]
In 430 430 2.87 0.013 0.13 [31,32
860 8.94 0.023 0.23
Sn 505 505 1.54 0.0096 0.096 [33,34
1010 9.67 0.024 0.24
Ag 1234 1234 3.3 0.014 0.14 [35,36
2468 13 0.028 0.28
Cu 1356 1356 3.6 0.015 0.15 [34,37]
2712 24 0.038 0.38
Fe 1809 1809 4.5 0.016 0.16 [38,39
3618 22 0.036 0.36

except for two aspect§hese relate to establishing whether beyond a critical size given by

heterogeneousuclei can form at all in particular locations

and whether, once formed, the time scale is adequate to per- R=Npropd277n~50—100 nm.

mit the bubbles to diffuse to the outer surface. Here we use

the term “normal boiling” to establish a contrast with both The growth is then slowers(t'/?). Here ;e is the wave-

vaporization and “explosive boiling,” the latter being an length of a laser used to infer the presence of bubblespand

alternative term for “phase explosion(Sec. 5.3.3 0f6,7]).  is the refractive index of the targéwvhich was either water
Normal boiling involvesheterogeneousucleation. These or CH,OH in Ref. [8]). We will term such entities

are vapor bubbles which, in the case of liquids, initiate het-‘bubbles.” Once formed, bubbles tend to diffuse and may,

erogeneously from a variety of disturbances such as gas g@iven enough time together with the inequality-T,, es-

solid impurities, or defects, or an underlying solid surface, orcape from the outer surface of the liquid. Bubbles may form

an enclosing solid surface. In the early stages such bubblether in solidgas in nuclear fuglor in liquids, but given the

are sometimes termed “embryos,” being typicat60—-100 problem of mobility only liquids need to be considered for

nm in diameter and growing rapidly<¢) [8,9]. The embryos the short-time-scale processes that are considered here.

finally either disappeaf‘collapse”) or grow up to and then We see in Table Il thaf,, is a relatively well-defined

TABLE II. Here we give a typical tabulation of,, the melting temperature, anf,, the boiling
temperatureT,, is a relatively well-defined quantity, characterized by both positive and negative changes
with temperature which are, however, almost always numerically sf@ll T, by contrast, shows a
marked variation14,15. In all cases the units of pressure are similar or identical to atm. For example,
information from Ref[14] was expressed in atm, whereas that from RES] was in 0.1 MPa.

Tm (K) for Tm (K) for Tm (K) for Ty (K) for Ty (K) for Ty (K) for

Substance p~0 p~ 1000 p~10000  p,~0.0P Pp~1 pp~100°
Na 371 379 440 802 1156 2270
Ag 1234 1251 1361 1783 2436 3950
Zn 693 698 739 852 1180 1980
Cd 594 600 646 746 1040 1780
Ga 303 301 281 1816 2478 3940
In 430 435 478 1694 2346 3790
Sn 505 508 530 2097 2876 4530
Pb 600 608 671 1413 2023 3680
Sb 904 903 897 1220 1860 4020
Bi 544 541 502 1326 1837 3270

py, is the partial pressure afonvaporpermanently present in the ambient.
PReferencd 15], which expressed the pressures in terms of our(Eg.was used fop,~100.
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TABLE Ill. Atom layers (\) removed by normal vaporization at temperatures straddlinépr various
substances listed in order ®f,. Unless otherwise indicated, we give information in each case appropriate to
metal()—metal@@), wherel refers to liquid andy refers to gas. The evaluations were made with (2q),
into which vapor pressuregfy;,) from Refs.[14,15,40,4] were introduced.

T Atom layers  Atom layers T, T Atom layers  Atom layers
Substance (K) in1ns in 100 ns (K) (K) in1ns in 100 ns
Na 1000 0.020 2.0 1156 1500 0.78 78
Bi® 1000 0.000 0.000 1837 2000 0.058 5.80
sy 1000 0.000 0.002 1860 2000 0.047 4.7
Ag 2000 0.002 0.24 2435 3000 0.31 30.5
U 4000 0.005 0.48 4404 5000 0.069 6.9
Nb 4500 0.003 0.27 5017 5500 0.069 6.9
Mo 4000 0.001 0.092 4912 5000 0.028 2.8
w 5000 0.000 0.041 5828 6000 0.010 1.04

#The sum of two processes, involving B) and Bi(g), was considered.
®The sum of three processes, involving §n(Shy,(g), and Sh(g) was considered.

quantity up to roughlyp=1000 atm(p. 63 of Ref.[10]). nucleated near the outer surface, but such “bubbles” will be
Moreover, melting is very rapid-0.3 ps(Sec. 4.3 of Ref. argued belowheading(1)] not to constitute true bubbles. In
[11])). By contrast,T,,, the onset temperature for boiling, addition, as will be discussed in Sec. Il and as seen in Table
shows a remarkable variation if the ambient pressure is ink, the values of D! 't)Y? appropriate to boiling by the
creased or decreased by even a factor of 100. To understandlume-diffusion mechanism are extremely small even for a
this one must realize that, is the temperature at which the nm distance scale, and even with 100 ns andl' =2T,, be-

equilibrium (equivalent tosaturated vapor pressureps, , ing insufficient.[ The extreme slowness of bubble diffusion is
equals(the usual definitionor exceedga correct but some- a well known (but qualitative observation when water is
times overlooked definitiof8]) the boiling pressureyy,, i.e.,  induced to boil on a stovg.

the partial pressure afonvaporpermanently present in the Historically, bubble diffusion became scientifically im-
ambient. If this condition is met, whether as an equality orportant with the development of nuclear reactors, since the
inequality, then heterogeneously nucleated bublplesjided  two fission products Kr and Xe together account fet2%
that they are able to diffuse to the outer surface, will escapeof all fission product$12]. Since, furthermore, they are not
Obviously there would beo kinetic problem for bubbles soluble(whether in Pu, U, UC, or Ug) they precipitate into

TABLE IV. Experimental estimates of,,,, the time constant for homogeneous nucleation, and thus for
phase explosion. All values are based on either laser experiments or laser simutgfjémassumed to be
given by 7., less than or equal to the pulse duration unless other effastwith item 4 intervene. The older
theory used by MartynyuR2—5] is not considered, as it leads to unacceptably high time constants, 1-100 ns.

Pulse energy Pulse
(i.e., fluence Pulse  wavelength Expt. or Phase
Number Target (Jlenf) duration (nm) simul.# explosion?
1 YBaCuO;_, 6.6 30 ns 248 expt. yes
(“YBCO" )
2 Ni various 26 ns 248 expt. 5.2-9.0 Jkm
3 Ni 2.5-5.9 26 ns 248 expt. 2.5-5.9 Jfcm
4 organi€ variou$ 300 ps 337 simul.  >0.20 eV/molecule
(15 p9 (337 (simul)  (no)®
5 organié various 150 ps 337 simul.  >0.0040 J/crh
6 cr-Al,Oq ~10 30 ps 266 expt. >20 pulses
7 organié various 15 ps 337 simul.  >0.17 eV/molecule
8 cr-Al,O3 4.3 2.8 ps 800 expt. >30 pulses
4.0 0.2 ps 800 expt. >30 pulses

3Expt., experimental. Simul., simulation.

®The target was atypical, namely, a sphere with a 100-nm diameter. Also, the pulse &hengye had
unusual units, eV/molecule, which is equivalent to much less than 12.Jkime phase explosion occurred
only for a 300-ps pulse, since in this case there was no pressure buikeiable V.

‘The target in this case was of normal macroscopic form. With item 7, the pulse efflerggyce again had
the unusual unit of eV/molecule.
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TABLE V. Continuation of Table 1V, in which we indicate the evidence for phase explosion and the

references.
Number Target Evidence Ref.
1 YBa,Cuz07_ (a) Upper limit to time for phase explosion, namely,
30 n$.
(“YBCO") (b) Clear evidence for both vapdt.e., plume and [20]
particulates.
2 Ni (a) Upper limit to time for phase explosion, namely,
26 ns.
(b) Surface temperature constant for 5.2—-9.0 3/cm
as if T=T.
(c) Inferred evidence for both vapor and liquid [21]
droplets.
3 Ni (a) Upper limit to time for phase explosion, namely,
26 ns.

(b) Explicit optical evidence for 130-nm particulates

which were ejected directly from the target surface

and had time-invariant size.

(c) Explicit SEM evidence for 100-nm particulates.  [22]
4 organié (a) (300 pg Very little pressure buildup, yet finally

the target evolved to monomers plus liquid droplets.

(b) (15 p9 Pressure buildup, and thus mechanical [42]

breaking apart.

5 organi&3 (a) A much faster etch rate above fluence threshold.

(b) Monomers plus liquid droplets. [43]
6 cr-Al,Oq () A much faster etch rate for20 pulses.

(b) Extreme roughness of the target surface. [44]
7 organié (a) A factor of 2 increase in the etch rate above the

fluence threshold.

(b) Monomers plus liquid droplets. [45]
8 cr-Al,Og (a) Rapid increase in the etch rate and in the ion yield

for >30 pulses.
(b) Monomers plus liquid droplets, the latter
seen on the target surface around the crater rims. [19]

3 ootnote b from Table IV.

bFootnote ¢ from Table IV.

‘We indicate these times as being upper limits. In fact, 26 and 30 ns are the pulse durations rather than the
minimumtimes necessary for phase explosion.

bubbles and then, given that a nuclear fuel maintains a higlwhere pg, is the equilibrium vapor pressure in units of 0.1
temperature for long periods of time, diffuse slowly whetherMPa, ande, f andg are constants listed in Rgf15].
the fuel is solid or liquid. This leads to swelling of the fuel  As seen in Figs. 1 and 2, embryos, and thus bubbles, may

and possibly even rupture of the cladding. form variously at the outer surface of the liquid, in the bulk
It is interesting to note thal, is often confused as de- of the liquid, and at an underlying or enclosing solid surface.
scribing the onset of the liquigvapor transition, just a$, (1) Consider first outer-surface bubbldFig. 2(@)].

is correctly taken as describing the selidlquid transition.  \whether the dimensions of the depth of disturbance are large
We suspect that this error is due mainly to a misreading of small, it follows that the bubbles will tend to have a form
thermodynamic tables, such as the excellent tables of Kuby,a¢ js approximately that of a half sphere. Such objects are,
aschewski and Alcockl3]. . . in fact, not true bubbles but just an uneven surface, and it is
We h_ave already defineg, as the boiling pressure, 1.€., easily shown that, iR is the width of the disturbance, then
the partlal pressure oipnvaporpermanently Prese’?t in the the surface area evolves frdRt to ~ (7/2)R?. This leads to
inib'fnt' OTT(:APevaluattl)on of', UF rgodand m_cluclhng_;iﬁ the N increase in normal vaporization, but of negligible extent,
i?]forar‘nr:ioﬁ giveg g?nHjt;f;rg,:n; Iflj] I\Zlg:yhisérkr]]gryv\;vllues €and at the same time there is no boiling at all in the sense of
: ' a process involving bubble diffusion to the outer surface.

g;gfet;?o':;c’;“tﬂOSSQ Ref[15] is useful, as we here find = " sider next bubbles formed in the bulk of the liquid
[Fig. 2(b)]. Fucke and Seyd¢lL6] quote examples, all relat-
ing to liquids, with which the density of bulk heterogeneous
In(pg,) =X 10X T 1+fIn(T)+g, (1)  nuclei is suggested to be of order®?, i.e, negligibly
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BASIS OF NORMAL BOILING MODES OF HETEROGENEOUS NUCLEATION
VAPORIZATION LASER
/_/\_\ /——A_\
GAS OR PISTON | ucLEl AT
/_ SURFACE OF LIQUID (a) \/4 v V l l l L
D O O O (¢ K >5-15nm
p 04__( NUCLE! IN | | f
O ) BULK OF LIQUID - 0.1-1.0cm -]
D
O O O
> Qe B8 souo ageR

UNDERLYING SOLID

e o LV T

FIG. 1. Schematic representation of the three basic locations o o o O {55 15mm
where heterogeneous bubbles may form, namely, at the outer sur- o OK 80 o -

face of the liquid, in the bulk of the liquid, or at an underlying or i
enclosing solid surface. These three possibilities are discussed in -
Sec. Il A, where it is recognized that in all three cases bubble for-

mation will not permit boiling. At least this is true in the case of ion

or laser-pulse bombardment. This is because the bubbles serve vari-

ously either to roughen the outer surface of the liquid, are largely

nonexistent(bulk of the liquid, or are largely immobilgliquid-
solid interface.

25-15nm
small. For a typical substance with densjty-10 g/cn?, a A o oo ,\( 8,\ A A oA
disturbed area of X 1 cn?, and a disturbed depth of either 0_1_1Em | f
5-15 nm or>5-15 nm, one would expect no nuclei, and = ‘

thus no bubbles, at all.
(3) Consider finally bubbles formed at an underlying or
enclosing solid surfacéFig. 2(c)]. The situation is now

FIG. 2. As in Fig. 1, we represent schematically, but in greater
detail, the three basic locations where bubbles may form under the

. . assumption that laser-pulse bombardment is involved. We consider
rather different, as neither of the problems brought uflin three cases, wherein the bubbles fd@anat the outer surface of the

or (2) enter. We will suppose that even embryos, which havqiquid, (b) in the bulk of the liquid, or(c) at an underlying or

radii similar to the smallgr estimated dgpth of dISturb"’mceenclosing solid surface. The bubbles are shown in their earliest state
(5-15 nm, are able to diffuse. Alternatively, the depth of ot oyistence, when they are termed embryos, and have dimensions
disturbance may greatly exceed 5-15 nm, as is possible Ng{at may in principle be smaller than the depth of disturbance. As
only with semiconductors and insulators but also whenne embryos grow the final results are as follows. Casdeads
(kt)Y? plays a role. Herex is the thermal diffusivity(cn/s). only to a roughening of the liquid surface, and thus to a very slight
Both embryos and true bubbles are now relevant. In eithegnhancement of normal vaporization. Célseis in no case correct,
case, however, the classical problem of “bubble diffusion” whether for embryos or fully grown bubbles, as the density of het-
[17] would exist and, as will be treated in Sec. Ill, would erogeneous nuclei is believed to be negligibly sriafl]. Case(c)
lead to negligible distances of transport. is rather different, as neither of the problems associated (ajitand
Anticipating the final result we find that the diffusive mo- (b) enter. However, the classical problem of “bubble diffusion”
tion of either embryos or bubbles is far too slow to have any[17] would exist and, as shown in Table I, would lead to negligible
physical significance for a short time scdkel us). In ef-  distances of transport.
fect, normal boiling is totally prohibitedor a short time
scaleno matter where the bubbles form and no matter whajy| therefore, we give values of atom layers vaporized for

is the depth of disturbance. either 1 or 100 ns and for temperatures straddligg These
values were obtained with the Hertz-Knudsen equation,

B. Normal vaporization which can be written

One must next ask whether, if normal boiling can be ex- flux=aps,(27mksT) Y2 particles/ms. (2a)
cluded because of being exceedingly slow, would normal

vaporization ever be important? Byporizationwe refer to

the passage from a condensed pHaséd or liquid) to vapor  Here « is the condensatiofor vaporization coefficient,pg,

by virtue of the emission of particlé@toms or moleculgs is again the equilibrium vapor pressure but this time in units
from the extreme outer surface under conditions of electronef Pa, andm is the particle mas&g). The form of Eq.(2a)
phonon coupling. Obviously “vaporization,” as we use the assumes that the partial pressure wa&por permanently

term, includes “sublimation” and “evaporation.” In Table present in the ambient is zero.
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Normal vaporization can be expected to occur transiently e e
with both insulators and metals at any laser fluence and pulse

e
length, i.e., there is no temperature threshoRbth normal e ¢ e
boiling and, to some extent, phase explosion have a thresh-
old.) It will, however, not be important for low fluencése.,
low temperaturgsor very short pulse¢Table IIl). The flux L
(particles/ni's) is governed by Eq(2a), which if multiplied
LNE3H

by m/p (equivalent tox3, p being the target mass density
and\ ~0.25 nm being the mean atomic spacing of the target \\ (
g;xjeastig:f velocity of surface recession in a one-dimensional Py Oe® e@ £y (? & @ @ ee e
©0/ 00 9o Qe
(X1 3t)|y—0= apsy(2TmksT) " YA m/s  (2b) ® 00 OfO G ONCRONOLON JN
o000 000000000
., (1000 100 %2 0000000006000
= aPatm ?XV x5.28 \T
. | e ELECTRONS
x 10" monolayer/s. (20 ® IONS
. . . . @® NEUTRALS
Herepy  is in units of atmospheré~0.1 MP3. Since
Paim 13 Doy pheré= 3 O HEAT-AFFECTED ZONE

the vapor pressure is nonzero at all temperatures exceeding 0
K, it follows that for normal vaporization the surface tem-

Perature |§not fixed. Clalms” to the cqntrary, that is that a nism as is appropriate for a material bombarded with laser pulses.
vaporization temperature” T,) exists, are therefore \yg pote that a spatial separation between electrons and ions is
wrong. o . _ assumed to developarallel to the target surface, with the result
It is found (Table II) that vaporization will be important hat the system in principle “explodes” outwards. The basic sym-

(i.e., lead to loss of rather more than the mean atomic metry is therefore different from the Coulomb explosion assumed to
spacing if the time and temperature are sufficient. Specifi-pe associated with very high-energy particles such as fission frag-
cally, for temperatures exceedifig,, 100 ns is often suffi- ments, where the electron-ion separation should be parallel to the
cient, 1 ns is nearly always too little, and a ps time scale willparticle track[25], and the corresponding explosion should be per-
definitely exclude all possibility of vaporization. One con- pendicular to the track. Unfortunately, the mechanism is in both
cludes that there will be no vaporization for time scales ofcases somewhat speculative.

<1 ns, and thus for neither ion impact nor for ps laser pulses. _ . )
The question that we must address is, therefore, this: what

_ is the relevant sputtering.e., material-lossmechanism for
C. Phase explosion very short laser pulses? That thésematerial loss for pulse
We finally ask whether phase explosion has kinetic limits.durations between 0.1 and 5 ps is not in question for such
The non-laser data of MartynyyR—5] suggest a time scale materials as AlO; [19], CaF, [23], or SiO, [24]. We do not
of about 1 ns. Thus, it was argued that the necessanyo-  intend to pursue the problem in detail, but we still have a

FIG. 3. Schematic view of a planar Coulomb-explosion mecha-

geneousucleation was governed by general point to make. There are, indeed, three short-time-
scale alternatives to normal vaporization and normal boiling.
| ~1.5X10*?exp(AG,/kgT)exp( — mha/t) cm s, (1) Phase explosion, notwithstanding the unfavorable time

(3  scale(1-100 n3 that was advocated by Martyny(iR—5].

(2) Coulomb explosion, a process pioneered many years
whereAG,, is the free energy for formation of a stable ho- ago by Fleischer, Price, and Walkg25] in the context of
mogeneous nucleuse., a sphere of vapor within the liquid fission-track formation, but more recently applied also to ps
and 7, is the relevant time constant. What is important islaser bombardmenitl9]. We recognize, of course, that in
the value ofry,, calculated values due to Martyny{iR—5] both Refs[25] and[19] the mechanism is somewhat specu-
ranging from 1 to 100 ns and suggesting that phase explosidative.
is possibly irrelevant for ps laser pulses. This conclusion was (3) Other electronic processé€Sec. 5.2 of Refd6,7]).
tentatively accepted in earlier work by the authfi8], but Interestingly, Stoiaret al. [19] found significant material
since then important experimental examples of phase expldess from ALO; with 0.2-3 ps laser pulses, and proposed
sion have appeared with time scales ranging from 15 to 30€hat for fewer than~20-30 pulses Coulomb explosion was
ps(Tables IV and V and, more recently, even in the interval occurring. This is the process in which a spatial separation
0.2-3 p9[19]. For this reason, we must discount the calcu-between electrons and ions is assumed to develop parallel to
lations of Martynyuk. the target surfac€Fig. 7 of Ref.[19]; see also the present

We would note, in addition, that contemporary experi-Fig. 3), with the result that the system “explodes” outwards.
ments using relatively long laser puls€®0—23 confirm  The argument developed in RéR5] concerned the tracks
phase explosion at30 ns(Tables IV and V. This does not, (normally amorphouscreated in solids by very high-energy
however, constitute the definition of a lower time limit but particles such as fission fragments. It was suggested that the
simply a typical pulse duration which led to phase explosiontracks owed their origin to Coulomb explosion but with a
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geometry different from that applicable to laser pul§esg. NORMAL SURFACE DIFFUSION
3). Thus the spatial separation between electrons and ions
was assumed to develop parallel to the particle track rather
than parallel to the surface. To complete the argument, it
will, of course, be necessary to evaluate the relevant time
scales, namely, that for electron separation and that for the
positive ions to move apart violently.

For more than~20-30 pulses, Stoiaet al. [19] pointed
out that the evidence favoreghase explosiomather than
Coulomb explosionThe argument was based on scanning
electron microscopySEM) of the target surface, as well as
on time-of-flight spectra, and forms the basis of our claim
that phase explosion can occur for 0.2—3(pables IV and

V). We are unable to conclude whether phase explosion is, or FIG. 4. Schematized example of surface diffusion, in which an
is not, possible with ion bombardment at low to mediumatom leaves a liquid or solid surface, diffuses along the surface, and
! finally returns to the surface when an appropriate sink is encoun-

Btsum)

energies. tered. In the example shown, the motion is shown to be from ledge
to ledge, but there are other possibilities. Also shown are two pos-
IIl. MECHANISMS OF BUBBLE DIFFUSION sible definitions of the jump distance, namely, the individual sur-
face jump distanceRs,=Rs), and the distance between forma-
A. General comments tion and condensation of a surface defeBt(y=Ss).

Historically bubble diffusion became important with the ) , : )
development of nuclear reactoiéere and thenceforth we mally taken as mv_olvmg a f|>fed temperatu_re an_d a s_hort time
will refer only to “bubbles,” but do not exclude the fact that Scalé on the basis of, being characterized in this way
“embryos” are probably also relevantWhy bubble diffiu-  (Table ). . . _
sion was important in this context is that the gases Kr and Xe L€t us now summarize the mechanism of bubble motion
are the dominant fission products. Because of the high tenf2y Surface diffusion as developed in REf7]. For any three-
perature of the fuel and the very long time scaleeks to d!men5|onal random motion, the diffusion coefficient is
months, the bubbles are able to diffuse in spite of the fuel9iven by
being solid. Three diffusion mechanisms are relevant which D~ (1/6)T'R2\2 (4
are of fundamental interest in the present context because '

Erel')cti)'lsely thhese mecharg)ismsl bWiIII also serveh 0 tranSpor\}vherel“ is the jump frequencys™?), A is the mean atomic
ubbles in the process abrmalboiling. We emphasizaor- Ny . L ) L

mal here because it is not clear whether phase explosioﬁpatcmg( 0.25 nn),.and Rd(”l units gﬂ‘) |sbth§b||nd|V|du_aI b
(“explosive boiling”), which involves homogeneouysather root mean square Jump |(ssu%n_ce.s or a bubble moving by

than heterogeneolnuclei, requires formal bubble transport. surface diffusion we seek}, =TIy, which could, if de-

In fact, we suspect that phase explosion involves such a hig

ﬁired, be related to the frequenEyg,»=TI's, per area\? of
density of nuclei that the affected region of the liquid simply surface of individual surface jumps. The result is straightfor-
disintegrates without any kinetic obstacle.

ward:

S
B. Surface-diffusion mechanism rb:FS(47Tr2)’

The surface-diffusion mechanism of bubble motion is
based on an in-surface atom which leaves the liquid surface
surrounding a bubble, diffuses along the surface inside the
bubble, and finally returns to the liquid surface when an ap-
propriate sink is encountered. In some cases the motion will
be simply from ledge to ledge. A schematized example is
shown in Fig. 4, while the applicability to a bubble is shown
in Fig. 5.

We will now summarize the derivation &f} , the bubble
surface-diffusioncoefficient, but we hasten to add that we
cannot evaluate the result because of the lack of information
on Dg, the surface-diffusion coefficient for liquid metals. In
Sec. I1l C we will evaluatd}®, the bubblevolume-diffusion
coefficient, and will obtain the striking result that boiling is
simply not possibleon a short time scaldéThis result is, of
course, obvious “in hindsight” to any person who has giG. 5. More precise schematization of the surface-diffusion
brought water to the boiling point on a stoylevertheless, mechanism for bubble motion. We recognize the source of the sur-
an immense number of publications on laser-surface interagace defectthe formation rate i (s, =1"s), the quantitySesu
tion strongly advocate the claim that boiling plays a role=s; (already introduced in Fig.)4and the sink or, equivalently,
when the temperature exceetlg. Worse still, T, is nor-  the point of condensation.

SURFACE DIFFUSION

SINK

BUBBLE
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r (in units of \) being the bubble radiug=ig. 5). I's can, in

turn, be obtained by rearranging the general expression for

the surface diffusion coefficient
D= (14T R2\?, (5)
with the result

S=(4Dg/R2\?)(47r?).

HereR sum=Rs (in units of\) is the individual surface jump

distance(Fig. 4).

As an alternative, one could writ@ in terms of ')
=I5 [16]. I';s is the frequency per arem® of surface of
surface-defectformation being shown explicitly in both
Figs. 4 and 5. The same figures also clady,»=S; (in
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VOLUME DIFFUSION

SOURCE (Iy(ger))

BUBBLE

FIG. 6. Schematization of the volume-diffusion mechanism for

units of \), the rms distance between formation and condenbubble motion. We recognize the source of the defdw forma-

sation of a surface defect. The general expressiobfarow
becomes

D= (1/4)T((S2\?
and forI'[* becomes
I'S=(4D¢/S2\?)(47r?).

The rms bubble jump distanc®; or S;, will be related
to Rg or Sg according to

Ry = Rg(3/4ar3)
or

5= Sy(3/4ar),
so that, as the final result, we obtain

S=(UO)TS(RS)2N2=(1/6)['[3(S5)2\?= (3/27r*)Ds.
(6)

The final result is, as it must be, independent of whefer
or S is used.

As already stated above, however, we cannot evaluate Eq.

(6) because of the lack of information d for liquid met-

tion rate isI';(gep), the quantitySiyey (the volume analog 08;),

and the sink or, equivalently, the point of condensation. The
volume-diffusion mechanism is actually more complicated than im-
plied by Fig. 6, because two classes of event can occur. These relate
to defects which return to the original bublies shown in Fig. 6

and defects which escape to another bubble but are replaced by a
like number coming from random sourcé®t shown in Fig. &

We begin, as beforEq. (4)], with the general relation for
three-dimensional random diffusion:

D~ (1/6)'R?\2.

Figure 6 schematizes the problem, where we recognize a
bubble(radiusr in units of \) which introduces a defect into
the surrounding liquid. The defect diffuses and finally either
returns to the original bubble or else escapes to another
bubble. In the latter case it will be replaced by a like number
of defects coming from random sourcd3his is a major
complication for quantifying the volume-diffusion mecha-
nism,) The first step is similar to that of the surface-diffusion
mechanism, namely, recognizing tHé‘gO' is related to the
frequencyl’¢(qer) PEr arean? of surface of individuabefect-
formationjumps:

F\k;m: Ff(def)(47Tr2) .

als. This is, however, not a problem as the volume-diffusionl’s qer) IS developed in a slightly different manner theg. In
mechanism(Sec. 11 Q) is easily quantified. Unfortunately, particular a relation analogous to E&),
the argument is not as transparent as that for the surface-

diffusion mechanism.

C. Volume-diffusion mechanism

I‘f(def): (6DvoI/S(2def)7\2)’

is probablynot correct. Our justificatioiwhich is basically
qualitative for this claim is that the defect-formation jump is

The basic transport process in the volume-diffusionunidirectional(hence no “6”) and has a length similar to
mechanism of bubble motion might be described as particleather thanSigenh . Here Sygen, in units of A, is the volume

motion from one position on the bubble surface to another bynalog, as in Fig. 6, 08, as in Fig. 5. Rather, we have
diffusion in the surrounding liquidi17]. Unlike the surface- previously suggestef 7] the use of

diffusion mechanism, there is no problem related to the lack
of information on the relevant diffusion coefficients. Note
that we use subscript or superscript “def” to refer to mobile
defects in the liquid, but “vol” to refer to volume diffusion. whereC gy, is the defect concentration in the liquid ands

The nature of the mobile defects is discussed in ] on  the defect condensation efficiency at the bubble surface.
the basis of Swalin’s theofy27]. Whether the defects are, or Equation(7) describes the situation in which defects leaving
are not, understood, however, is immaterial because we ultthe bubble surface are balanced by defects returning from the
mately make recourse to experimental transport data. liquid.

Ff(deﬂ~D(def)C(def)a)\%DVma/)\z, (7)
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The rms bubble jump distancRéo', can be expressed as VAPORIZATION - CONDENSATION
RY%'= S(gen(3/4mr?).

We will not attempt to derive the somewhat complicated

quantity Siqef) but rather refer to Ref.17]: SOURCE (Ty(vap))

Shien~4rla. (8)

BUBBLE

The difficulty in deriving the result seen in E) is, as
already indicated at the beginning of Sec. 1lIC, that two FIG. 7. Schematization of the vaporization-condensation mecha-

classes of event can occur. These relate to defects whicHsm for bubble motion. We recognize the source of the gaseous
return to the original bubble and defects which escape tGPecies(the formation rate being'r(ap). the quantitySyqy (the
another bubble but are replaced by a like number cominglapOlr analog o8, or Suey), and the sink or, equivalently, the point
from random sources. The latter defects take up a rando f condensation.

position at rms distance*?r from their point of origin. The

final result follows as
IV. CONCLUSIONS

We argued in Sec. Il Asupported by Table JIthat melt-

DV°'~1 Dol wamlls 3 2)\2 ing (governed byT,,) is a relatively well-defined phenom-
b 6| A2 (e 47713 enon up to at leagh~ 1000 atm(p. 63 of Ref.[10]). More-
over, the act of melting involves a very short time scag
~(3/27r%) Dy, (9 order ~0.3 ps[11]). By contrast, boiling(governed byTy)

depends explicitly orp,,, the partial pressure afonvapor

permanently present in the ambient, and is, therefore, subject
an expression which is conveniently independent.diVhen  to great variability.
evaluating Eq.(9) it is important to recognize that is in In addition, boiling is subject to major obstacles in the
units of X rather than being a true length. Also, we haveprocess of bubble formation. Although we have not dis-
reason to believe, Refl17] notwithstanding, that it is not cussed ion impact, it can be shown that the disturbed volume
correct to introduce the correlation facttf [28] in Egs. is normally (<50 keV) insufficient for even one bubble to
(7)—(9). form. With laser-pulse bombardment there are three possi-

The crucial details relevant to the volume-diffusion bilities. As discussed in Sec. Il A, the first is that heteroge-
mechanism are given in Table . We here give valueB gf neous bubbles form at the liquid surface, bubbles which
for various liquids and thefusing Eq.(9)] deduce the cor- however serve mainly only to roughen this surface, thereby
responding values db}* as well as the values of the mean leading to a minimal enhancement of normal vaporization.
diffusion distance for 1 and 100 ns, i.e., time scales approBut, as seen in Table Ill, vaporization is in any case not
priate to ns laser-pulse bombardment but much greater thdfportant for the shortest time scalés1 ng. The second
those appropriate to either ion or ps |aser_pu|se bombard)OSSibility is that heterogeneous bubbles form in the bulk of
ment.r was taken as 20 the liquid. Interestingly, this process is probably highly un-

The striking aspect of the information in Table I is that it favorable due to a lack of nuclgl6]. The third possibility is
follows, very simply, that normal boiling is impossible on a that bubbles form at an underlying or enclosing solid surface.
short time scale. This includes not only thelaser time Such bubbles will be quite numerous, but will be subject to a
scale, but also all possible bombardment processes involvingajor kinetic obstacle: they must diffuse to the surface and
shorter timescales. such motion is sufficiently slow that it will simply not occur

for t<100ns. This is because the valuemf® as in Eq.(9)
leads to values of §/°t)"? which are atomically small
. ) . (Table ). This is true both for 1 ns and 100 ns, and both for
D. Vaporization-condensation mechanism T=T, andT=2T,,.

A third mechanism, based on vaporization-condensation These points are not surprising. What is surprising is the
and represented schematically in Fig. 7, is also possible. Wiact that many persons do not recognize the details outlined
will not discuss it here but note that a derivation is given inin this work. Moreover, there is a completely inexcusable
Ref.[17] and that the final result scales as tendency to believe that, just @g, does indeed describe the

solid—liquid transition, so alsd, describes the onset of the
vap. 2 liquid—vapor transition. In fact, vaporization occurs at all
Dp r = (10 temperatures exceedifig=0 K.
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