Radiative cooling of fullerenes
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We have measured the metastable fragmentation of fullerene ions in molecular beams. The rates are
significantly smaller than the evaporative ensemble prediction, consistent with an alternative cooling
mechanism through emission of electromagnetic radiation. Modeling the competition between
radiative and evaporative cooling yields information about the evaporative activation energy and
emissivity of the carbon clusters. @996 American Institute of Physid$0021-960606)02011-9

INTRODUCTION EXPERIMENTAL PROCEDURE

After the discovery of fullerenes in molecular beams  The quantity measured in these experiments was the
and, in particular, of methods to mass produce these mokvaporation probability of hot fullerene ions during the free
ecules, much effort has been devoted to determining theiilight part of a TOF mass spectrometer. The quantity varied
binding energies. A major tool in this effort has been experi-was the delay between ionization by a UV laser pulse and the
ments involving unimolecular fragmentatigsee, e.g., Refs. acceleration through the TOF extraction stage. Since the ion-
1-3. The data from experiments of this kind are frequentlyizing laser also serves to heat the molecules, the delay be-
interpreted in terms of the energies of the involved mol-tween heating and acceleration defines a cooling time for the
ecules, applying the powerful theoretical results derivechot molecules. We thus measure the fragmentation probabil-
from the so-called evaporative ensemble. These theoreticiétly vs cooling time.
results include, e.g., relations between relative abundances, The fullerenes were a homemade mixture of mainfy C
evaporation probabilities, and internal energies as measurethd some &, with no more than traces of higher fullerenes.
by kinetic energy releases. In the ideal case, measurement Bhe fullerene source and the mass spectrometer used in these
one set of these quantities should yield predictions for anexperiments were identical to the ones in Ref. 10 to which
other. the reader is referred for details. Here we just mention that

Obviously, studies of this type must be based on divers¢he source is a resistively heated oven from which the
assumptions about the state of the molecules, the transitidunllerenes emerge with thermal velocity towards the ioniza-
state for the unimolecular reaction and, in general, about théon and acceleration region. The ions were extracted perpen-
ensemble of evaporating molecules. An essential assumptiaficular to the neutral beam. The variation in cooling time
for the theoretical work and the analysis of experimental datavas achieved by switching on the pulsed extraction field at
along these lines has been that the molecules cool only byarying delays after the laser pulse. The laser pulse was a
evaporation. 10-20 ns long pulse from an excimer laser of wavelength

Recently, however, it was realized that radiative energy808 nm. The pulse energy entering the ionization chamber
loss is in fact both observable and important under condiwas on the order of a few mJ.
tions similar to the ones that prevail in typical mass spectro-  After delay and acceleration through two electric fields
metric device$:® This has, furthermore, been shown not only of different but comparable magnitud&Viley—MacLaren
for fullerenes but also for refractory met&l8efore these setup the ions flew for about 50—10@s in the field free
investigations, radiative cooling was considered in the conregion of the TOF after which they entered the two-field
text of thermionic emission from metal clusters where it wasyeflectron. By a standard procedure it was possible to adjust
however, found to be of secondary importad@nd in Ref.  the reflectron fields to separate the flight times for the mol-
8 where it was considered in relation to breakdown graphgcules that fragmented during free flight from the ones that
for C, loss from G. did not. After exiting the reflectron the ions flew freely to-

In the presence of such a cooling channel that may comwards the MCP detector for a few tens of microseconds.
pete significantly with evaporation we can expect a modifi- There are a number of possible instrumental artefacts
cation of the behavior of the evaporative ensemble. In parwhich could lead to inaccuracies in the measurement of the
ticular, the energies extracted from experiments must bé&agment probability. In order to make sure that the ob-
estimated differently. We present evidence here that the raserved fragmentation probability represented the true value,
diative corrections are indeed important. The data can bwe subjected the ion beam to several tests. The reflectron
modeled in a simple but satisfactory way and the model alvoltage was changed, moving the metastable peak from a
lows us to extract an estimate of the emissivity for the frag-position close to the prompt peak to a position close to the
ments of size&N=38-58. The value is significantly smaller parent peak. The ratio of the intensities of the metastable
than one. With some caution it also yields the evaporativgpeak and the prompt peak should be invariant under such a
activation energies. transformation. This was found to be true to within less than
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1.5%. Including the statistical uncertainties, this was the ;4 |
largest source of uncertainties. ;
Potentially the fragment ion beam and the parent beam 5%+
have a different divergence, caused by e.g. the kinetic energy 0_‘ '
release during evaporation. Disregarding such a difference
would of course lead to a misrepresentation of the true'*®
evaporation probability. It would also mean that the meta- ]
stable to prompt peak intensities would depend on the part of ]
the beam that was probed by the detector. It was possible to o+
observe whether this was actually the case by changing theooo
angle between the reflectron axis and the beam axis. We
recorded the ratio at four different angular positions, corre- 5°-
sponding to the displacements in the horizontal and the ver-
tical planes, respectively, that yielded an intensity of half the
maximum. The averages of the ratios from these fesym-
metrically locatedl spectra agreed well with the ones ob-
served for the maximum intensity position, thus ruling outgG. 1. Time-of-flight spectra for a nominal extraction delay of 0.6, 6.6, and
dilution effects of the above type. 14.6 us. The metastable fragment peaks are located between the prompt
As a supplementary control, the focal point of the laserfragments of the same mass apd the parent pegks and have been shaded
beam was changed along a direction perpendicular to th@2ck- The last prominent peak just below150 1S is Go.
extraction field and along the direction defined by the expan-
sion from the source. Whereas intensities varied, ratios wergroduced by delayed ionizatidhBelow N=60 it was found
unchanged. to be small. This is confirmed by the very nearly symmetric
The probabilities were found to be reproducible from peakshape observed when the reflectron was adjusted to the
day to day and the conclusion was that we did indeed meagptimal resolution mode and the extraction field was pulsed
sure the absolute magnitude of the fragmentation probabilion without delay. Only ¢, (and the higher fullerenes present
ties of the ions created in the acceleration region. in the soot display the long time tail characteristic for de-
The measurements were performed with a laser fluencgyed ionization. In other words, fa¥<60 statistical(ther-
adjusted to be within two extreme limits, namely those of nomal) ionization is essentially completed before the meta-
fragmentation and that of complete depletion qfONell  stable fragmentation is measured. In the following we will
within these limits the fragmentation probabilities were inde-only consider the species 85<58.
pendent of the fluence. The fluence-independence as well as Spectra pertaining to different delays are shown in Fig.
the independence of pulse duration and wavelength of the The decrease of the metastable peaks with increasing cool-
exciting laser was previously observed in Ref. 10. It stronglying time is clearly visible. At closer inspection one can also
indicates a situation where the fragmentation process is d&ee an amount of signal connecting the prompt peak and the
coupled from the creation of the excited species, i.e., a Stanetastable peak, most clearly observed for the largest mol-
tistical fragmentation. The results are presented and disecules at the shortest delay. This asymmetry is caused by
cussed in this light. fragmentation during extraction. Not surprisingly, it is more
pronounced for short delays. In order to estimate the peak
intensities correctly it was necessary to determine the back-
ground signal as well as to define a dividing line between the
Within the very broad fluence limits mentioned, the frag-fragment and prompt peaks. The first objective was accom-
mentation probability was found to depend only on the delayplished by a linear interpolation between the local minima in
between ionization and switching on of the extraction fieldsthe spectra between the parent and the metastable peak. The
and on the magnitude of the extraction fields. Themina) dividing line between prompt and metastable fragment peak
delay was varied from zero to twenty microseconds, the upwas defined as the location of the local minimum between
per limit dictated by the decrease in signal. The magnitude ofhese two peaks. This choice has the virtue that it cancels
the extraction fields was changed by a factor of 2, the rangenost of the systematic uncertainty related to the finite width
limited by intensity considerations and electronics. In theof the peaks from the peak integration. These widths are
regionN=30 the only appreciable metastable fragmentationargest for the shortest delay times, indicating that they are
occurred via the dimer channel, although indications of lossiot the result of a spread in the starting position of the ions,
of four carbon atoms during the free flight was discerniblebut rather due to the spread in energy caused by the initially
under some conditions. It was not possible to distinguishvery rapid fragmentation. The minimum was located at 0.6
between two sequential,dosses and one [Jdoss. The mag- times the distance between the peaks and this value was then
nitude of the signal considered, however, we will refer alladopted as the universal dividing point. The peak intensities
evaporation to the single dimer process. then followed from a simple numerical integration of the
By modifying the switching procedure for the accelera-spectra.
tion fields it was possible to measure the amount of ions  The procedure simultaneously fixed the fraction of the
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acceleration time that should be considered delay time. The g5 -
proper delay time is composed of two parts. One is simply
the nominal delay between the laser pulse and the switching I
of the fields. The other is determined by the point during s}
acceleration where mass separation takes place. The TOE
parameters used resulted in a linear relation between the ge& [
. .. . . ©
metrical position of a metastable fragmentation during accel-8 o4 |
eration and the arrival time at the detector, i.e., of the posi-=
tion in the spectrum. Conversely, choosing a dividing line g ™[
between parent and metastable fragment when integrating oz}
peaks then determines a point and hence a time before which 1
the ions are considered not to be accelerated and after which ™ |
they are accelerated. As an example, this time amounts to 4.2 o0 L~ . ! . L : L . L
. . 0 5 10 15 20
us for Ggg at an acceleration energy of 1.7 keV. In this con-
nection, we want to emphasize that the inclusion of this time
!S not requnslble for the conclusions dra"Y” below CONCeME 5 2. probabilities for metastable fragmentation occurring during free
ing the validity of the standard evaporative ensemble defiight for parent size?N=50 andN=54. The full and the dotted line refers
scription of the experiment, although it will of course be to N=54 and 50, respectively. The curves without symbols are the calcu-
relevant for the precise numbers and relations. In fact, théated probabilities using the evaporative en_semble moo!el with standgrd pa-
. . . . . rameters not accounting for additional cooling mechanig®ee the main
reduction in evaporation probability will be much more pro- oy tor the source of these parameters.
nounced if it is left out. Actually, the choice of 0.6 represents
most of the time spent in the electric field. We beg the reader

to understand that the arbitrariness in the definition of therhe formula can only be safely applied for species that have
dividing point does not cause a systematic uncertainty: Anundergone at least one evaporation and we will therefore
other choice will simultaneously yield other peak integeis  exclude the case of . It can also only be applied for spe-
well as another acceleration time. Thus in principle manycies for which the constant’ Wy, is significantly larger than
more points than plotted are available from the spectra. Wene. Judging by the relative abundances, the latter criterium
have, however, restricted the use of these to a single poinghould be fulfilled byN=38.

namely the one with the smallest systematic uncertainty, as By inspection of Fig. 2 it is obvious that our data cannot
described above. It should also be clear from these remarkse fitted by this expression using the given parameters.
that the uncertainty in the acceleration time can be ignoregyhereas the general trend in the curves is quite similar, the
since it will be determined by the digital resolution of the magnitude is significantly different. A comparable reduction
acquisition system. The uncertainties in the other relevanf, magnitude has been observed previotishithough the
time, i.e., the time between the laser pulse and entry into thgssue was obscured by an erroneous estimate of peak inten-
reflectron, is less certain in absolute terms. Testematit  sities in the spectrometer us&tf®

uncertainty corresponds to the passage time through the e will argue below that these discrepancies are not just
strong braking field in the reflectron. This value is howeverg question of adjusting fitted paramete&imilarly, the dis-

still of the order of one percent. The uncertainties that areagreement occurs when comparing probabilities for different
obviously always present are predominantly connected witlcceleration energies. Figure 3 shows observed fragmenta-
the peak intensities and not the times. tion probabilities vs logf,/t;), again forN=50 andN =54,

An example of the fragmentation probabilities thus de-for the two different acceleration voltages used. The predic-
termined is shown in Fig. 2 vs the switching delay f6+=50  tion from Eq.(1) that curves pertaining to the same size but
and N=54. They are chosen since they represent the tw@jifferent acceleration energies, i.e., different timeandt,,
extreme curves in this mass region. The delay time is th&hould coincide when plotted vs a function of the ratio of the
electronically preset value for the switching timesrrected  two times,t,/t, is clearly not borne out. The picture is simi-
for a 0.55us electronic offsgt Also shown is the evapora- |ar for all species. Although the difference between the prob-
tive ensemble prediction using the relative activation enerapilities pertaining to the two different acceleration energies
gies cited in Ref. 12 and the expression for the probabilityis small it is significant. For this point it should be kept in
from Ref. 2, mind that this conclusion is independent of the precise pre-

_ Ny -1 Y cedure used to fit the peak intensities.

P=1-(a"Wy) ~ logi 1+ [exp(a’Wy) ~ 1]t /ta}, (1) Besides the scalingviolation, an important observation is
where P is the fragmentation probabilityt;, is the proper that the curves are fairly good straight lines and that the
delay before mass selectiap,the total time from laser heat- intercept with the ordinate is negative. The analogous plots
ing until entry into the reflectron. The size dependent confor the other specietstill for N<58) show the same behav-
stants «’W), are essentially equal to GZICU,N ior down to and includingN=38 where the intercepts be-
+G(Dy—Dys40)/Dy, where theDy's are the evaporative come comparable to the uncertainty. Although both the slope
activation energiesC, y the heat capacities, an@ the and the intercept of the straight lines vary with size, the
Gspann parameter for which the value of 23.5 was dsedvalues do not change dramatically from one molecule to an-

0,7 |-

delay (ps)
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on the other hand, not so low that corrections due to quench-
ing of vibrational degrees of freedom are significirtlence

a description in terms of a constant heat capacity appears
justified.

The fragment probability can obviously be modelled dif-
ferently than in Eq(1). However, due to the nature of the
evaporation as an activated process the restrictions on the
possible models are so severe that any realistic model based
on similar kinds of assumptions will give qualitatively simi-
lar results.(The easiest way of realizing this is perhaps to
attempt to construct a counterexamplén particular the
negative intercepts will not appear. Hence, whereas the
straight line behavior in Fig. 3 can be contained in a standard

log(t2/t1) theory of this type, the negative intercepts pose a serious
' challenge. Even relaxing the idealized assumptions about the
FIG. 3. Probabilities for metastable fragmentation occurring during freeensemble, the intercepts are difficult to understand in terms
flightforN=54(circle9 andN=50(triangIes)_ as a function of Iog(zltl_).tl of, e.g., modifications of rate constants or by inclusion of
is the delay before mass selection apthe time between laser heating and . . .
entry into the reflectron. The full symbols are strong field data, the operpompetlng fragmentation channels, whether these consist of
ones results from weak field measurements. The full straight lines are leagmission of electrons, atoms or molecules. The basic reason
squares fits to the data obtained with the strong fields. The thinner lines jugg that all these explanations, while logically possible, re-
b_elow are_predictions of_ th_e weak figlq data taking into account the addi'quire a precisely concerted fine—tuning of parameters for all
tional cooling due to emission of radiation. . .
the observed fullerenes simultaneously. We will therefore
disregard these explanations.

other. In particular, the ordinate intercept is always negative. Instead we note that the molecules in the beam cool not

This behavior is the basis of the model that will be discusse®nly by evaporation but also by radiatiérthis additional
in the next section. cooling obviously must reduce the evaporation probability.

The quantitative statement of this is derived in the Appendix.
The leading order result for the evaporation probability
found in the Appendix reproduces the experimentally ob-
Before discussion of the possible explanation for the observed behavior. The validity of the result can be tested fur-
served behavior of the decay probability, it is important tother by a comparison of the probabilities at the two different
realize that it cannot be contained in the standard evaporativ@cceleration energies. Reducing the extraction voltage by a
ensemble framework. Whereas some improvement betwedmown factor(in case the factor of 2.00 for the lower curves
Eq. (1) and the experimental results can be achieved by asn Fig. 3) yields a prediction for the evaporation probability
suming a completely unrealistic value of the Gspann paramin terms of those of the previous setting. A proper rescaling
eter, a more careful consideration of the trends reveal thatf the fitted parameters describing the radiative energy loss,
even such a desperate measure does not explain the obseria-obtained for the strong fields taking into account the dif-
tions. The decay probabilities as described by BEg.are ferent flight times yields a prediction for the weak fielts
simple proportionalities of logg/t,), at least for short frag- and hence the evaporation probabiliigee the Appendix for
ment times and small heat capacities. We note that this statéhe definition ofA.) To be specific, we have compared the
ment is independent of the value of the Gspann parametgredicted and observed decrease in probability at a delay
and in general of the value of the paramet€Wy. Any  corresponding to the value of ldg(t;) =2.2, making use of
uncertainty in this quantity will affect the slope. With larger the fitted straight lines for the strong field. The observed
heat capacities or longer fragment times, the curves can stilhanges are of the order ef4x10™2 Among the sizes for
be approximated by straight lines, but now with a positivewhich the statistics make a comparison meanindfu#38—
ordinate intercept. From E@L) it can be seen that this result 50, only the value foN =38 shows a major disagreement of
does not depend on the precise values of the parameteis factor of 3 between predicted and observed decreases. Av-
whether they be activation energies or heat capacities, araging the ratio of observed to predicted decreases for the
long as they can be considered constant. The reader camher ten values yields a value of 1:2@.08. We consider
verify this statement by evaluating the functiBflog(t,/t;)]  this result very satisfactory. The deviation from one is likely
in zero, and calculating the first and the second derivativego be related to an equivalent difference in the values of the
The results are zero, positive and negative, respectiirely, fitted slopes for the weak field results as compared with the
dependent of the value of the finite and positive parametestrong field results. This difference is again of the same order
a’ Wy . Approximating a function with these properties by a of magnitude as the higher order terms ignored in the deri-
straight line, it is easily seen that the intercept must be nonvation in the Appendix, i.e., comparable ttgt,~0.1.
negative. Hence the above conclusion. In this context we The fittedA’s and the flight times combine to yield esti-
mention that the estimated energy content is below the heamates of the products,D3, whereey is the emissivity and
capacity peak around 4000 K observed in simulatirisyt, Dy, the activation energy for Semission from ¢ (see Ap-

DISCUSSION
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TABLE I. The table gives the values df, and the derived quantitiesyD? (€V®) and(relative values 9fDy , from this work in columns 2—4. Columns 5-7
are the relative values @ given in Ref. 12 for the model referred to as TS-1, TS-2, and TS-3, respectively. The last column gives the values found in Ref.
2. Please note that olry’s have been normalized differently from the other values.

N Ay exD3 (eVd) Dy (rel) Dy (TS-1) Dy (TS-2) Dy (TS-3 Dy

This work Ref. 12 Ref. 12 Ref. 12 Ref. 2
36 0.169 0.095 0.78
38 0.252 0.138 0.85
40 0.296 0.159 0.88
42 0.373 0.196 0.92
44 0.544 0.279 1.00
46 0.387 0.195 0.91
48 0.417 0.206 0.92 0.9051 0.8637 0.7528 0.869
50 0.504 0.245 0.95 0.9306 0.8936 0.7931 0.930
52 0.339 0.161 0.85 0.8881 0.8557 0.7657 0.907
54 0.339 0.158 0.85 0.9150 0.8885 0.8132 0.954
56 0.473 0.218 0.91 0.9348 0.9154 0.8591 0.982
58 0.468 0.212 0.90 0.9603 0.9496 0.9178 0.992
60 1.0000 1.0000 1.0000 1.000

pendi®. The values vary around 0.2 8a complete listing data using Eq(7) in the Appendix and the slopes of tRevs
is found in Table ). This value is close to a factor hundred log(t,/t;) curves for the sizedN=44-58. The value thus
bigger than the one found in Ref. 5. Obviously the main parfitted wasG=31. This is somewhat higher than the usual
of this difference must be due to differences in emissivityvalue of 23.5for a 10us time scalg presumed valid for our
and not in activation energy. Whether this disagreement catime scales, even considering that the molecules are colder
be traced to the substantial difference in time scales in théhan evaporatively predicted. In our opinion, however, nei-
two experiments, the molecule and/or charge state or to thiner the present fragmentation models for fullerenes nor the
choice of ensemble is not clear to us. Experiments whereesults derived in the Appendix are so exact that they rule out
radiation from a mixture of hot fragments are observed, sucleither of these values. For example we do not want to rule
as Ref. 4, should thus be interpreted in terms of the higheout that the quantity that we experimentally identify with the
emissivities found here, rather than the value given in Ref. 5Gspann parameter is in fact the result of a radiative correc-
This observation does not alter any of the conclusions drawtion of the true value; such a correction would be expected to
in Ref. 4 concerning the competition between radiative coolhave a typical magnitude comparable to the first term ig-
ing, evaporation, and ionization. Cooling by fragmentationnored in the theory, i.e., 10%—20%. A clarification of this
and ionization will still dominate for temperatures in excessproblem must await a more thorough theoretical treatment.
of 3000 K as discussed in Ref. 4. Although the energy loss We have included a comparison of estimated relative
due to radiation is much larger than assumed in that work, itvalues of the activation energy from Refs. 2 and 12 in Table
would still not be observable under the experimental condid. The curves share a falling trend frokh=60 toN=52, and
tions. an increased stability foN=50. It is not clear what effect
We note that the differences in emissivity are compatiblethe inclusion of radiative cooling will have on the data used
with the (classical description of the problem given in Ref. to derive the results in Ref. 12.
18. Differences in emissivities refer in this theory to differ- In principle, the data presented here allow a comparison
ences in the complex index of refraction of the particle.between the size dependence of the abundances, the radiative
Apart from this dependence, the emissivity is found to beconstant, and the size dependence of the metastable peaks.
reduced by essentially the ratio between the particle diamete&knalogous to the nonradiative evaporative ensemble, rela-
and the wavelength of the emitted photon. tions should exist between these quantities although reduced
Fixing the index of refraction similarly to Ref. 7 yields in number because of the introduction of a new parameter
an estimate of the absolute evaporative activation energiegthe radiation constant We consider the development of
The magnitude of these values obviously depend on the presuch a complete model beyond the scope of this work, par-
cise choice of index of refraction and should of course bdicularly since we do not have the possibility of excluding or
taken with a grain of salt, at least with respect to the absolutgquantifying the potentially disturbing effects of parallel de-
magnitude which is around 4 eV. The order of magnitude ofcay channels such as,®ss during the initial stages of the
this value is, however, in nice agreement with typical chemi-ensemble life. We will therefore restrict the discussion of this
cal binding energies. We consider this order of magnitudesubject and just point out that abundances, metastable frag-
agreement a corroborating fact for the general interpretatioment intensities, and radiation constants are related empiri-
of our data. The relative values should be far more reliablecally as shown in Fig. 4. Abundances correlate almost per-
They are included in Table |I. fectly with the fitted values ofA. Similarly, the metastable
The above numerical conversions are based on an estiragment intensities foN+2 correlate positively with both
mate of the Gspann parameter. This was obtained from thef the others, although the size-to-size variations are smaller.
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104 the evaporative cooling. The probability that a molecule with
a certain energyE, survives until timet is given by

] /\ /‘\ /-‘. P=exp[—ftk[E(T)]dT} (A1)
0,6 o . c/ 0
| o -l

|
/ e — /‘/‘ assuming that we can use the small molecule/cluster approxi-
04 o g © o mation and extend the integral to zero tifsee Ref. 19 for
// e /A/A the difference between small and large molecul&ébe en-
024 a—A 4 ergy depends on time through the radiative loss. Ignoring
] quantization of photons,
0,0 1 T T T T 1T " T T 1T "1 1T 1 (d E/dt) rad— — EO'SBAT4. (AZ)
34 36 38 40 42 44 46 48 50 52 54 56 58 60
N Hereeis the(dimensionless and possibly temperature depen-

FIG. 4. Comparison of prompt fragment abundan@asen circles meta- den emissivity, osp the Stefan—BoItzman_n constark, the
stable fragmentation intensitig§illed triangles, and radiation constants Surface area of the molecule, afidhe equivalent tempera-
(filled squarepas a function oN. The latter is defined as minus the ratio of ture. The proper definition of is the canonical ensemble

the intercept and the slope of the fitted straight lines. It is modeled by thefemperature for which the mean excitation energy equa|s the
constant term in the parenthesis on the right-hand side of &£%. and is

dimensionless. The prompt and the metastable signals have been scaled wifftUal (microcanonical one. FOZ';) our purpose the relation
a different factor for display purposes and the metastable fragment intensE=(3N—6)T—E, is sufficient™" The constantg, is in-

ties have been shifted down by two carbon atoms. cluded for completeness. It incorporates, e.g., the zero point
energies of the vibrations and will drop out of all subsequent
results. The expression for the energy loss and in particular
the power of four is chosen here exclusively in order to com-
The data presented here show that radiative cooling capare the results with the macroscopic black body result. It
influence the unimolecular reaction rates of fullerene ions ifwill not appear in the final result below since the radiative
a significant way. We have modeled the behavior of an enenergy loss will be approximated by a constant. Performing a
semble of such evaporating molecules and found good agreglimulant expansion ok[E(7)] with respect tor and then
ment between our experimental results and the model predi¢he integral with respect to time yields
tions. Using a theoretically calculated emissivity we can 1 Cwt
estimate the values of the evaporative activation energies. An  P(D~&xg —k = (1—e™™)
important side result is that these energies are determined in . ) B 30 2 .
absolute values due to the introduction of a nondimension?Vherew is defined asv=eosgAD*/[G*(3N—6)], D is the
less parameter, viz. the Stefan—Boltzmann constant. We wiftctivation energy for evaporation which until further notice
defer a detailed comparison of the activation energies delill P& considered size-independerifll time dependent
rived here with results from literature to a situation where gduantities without an argument refer to the values at time
better theoretical understanding has been obtained. We jud'® guantityw has the dimension of a rate constant and is,
want to point out that the experimental method used here ha@p?rt from a n_umt_—:tncal factor, the radiative energy loss in
the advantage that only molecules that actually do evaporaféits of the activation energy. ,
during the experiment are used to extract physical quantities. S for the case of a radiationless ensemble, the survival
This procedure should reduce the assumptions implicitly reProbability P considered as a function of energy will have a
quired concerning the earlier stages of the ensemble formavell defined cross over from essentially one to essentially

tion, e.g. about the stage at which competing decay channef§™ at a certain energy. After subtraction of the radiative
are quenched. energy loss, the motion of this crossover point determines the

fragmentation rate. It is found by implicit differentiation,

CONCLUSION

: (A3)
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where f=—k(1w)(1—e"). Here k(t) is the ensemble
(observablg value of the rate constant as opposed to the
energy specified Arrhenius expression above. The division
by D accounts for the width of the energy distribution in an

The fragmentation probability during the experimentalaverage way. Performing the differentiations and making use
time window can be estimated in the presence of radiativef the fact that the energy per d.o.f. is much smaller than the
cooling by observing that the radiative cooling changesseparation energyH/(3N—6)D=1/G], the ensemble rate
much slower with the molecules internal energy than doegan be approximated by

APPENDIX: FRAGMENTATION RATES AND
RADIATIVE COOLING
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