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We compare theoretical results on statistical electron emission from electronically hot but
vibrationally cold G with recent experimental results involving excitation with ultrashort laser
pulses. Both photoelectron spectra and ion yieldsgfas well as fragment ions are compared with

the predictions of the statistical electron emission model. Quantitative agreement is obtained
between the calculations and the experimentally measured photoelectron spectra, total ion yields and
singly-doubly charged branching ratio. The electron-phonon coupling time is fitted to a few hundred
femtoseconds, consistent with independent measurements. The data allow a determination of the
thermal properties of the electron system, which are consistent with the theoretical input. The data
also allow a fit of the averaged photon absorption cross section20@3 American Institute of
Physics. [DOI: 10.1063/1.1584671

I. INTRODUCTION vided the inspiration for the initial laser pulse duration stud-

ies and allowed an interpretation of the electron kinetic en-

Th_e study_ of the phot0|(_)n|zat|on of fullerenes has led toergy spectrd. lonization yields and photoelectron spectra
many interesting and occasionally unexpected results. One (f’lfom sodium cluster ions excited with fs laser pulses have

the early observations made when exciting fullerenes with NSiso been interpreted in terms of this pictété! The idea of
laser pulses was the delayed ionization of the neutral molg,qjent electron heating of small particles has also been

ecule on a microsecond time s_cél@tys can be interpreted so4 in 5 somewhat different contéityiz. to interpret
in terms of statistical, thermionic emission of electrons from

L ump-probe spectra of copper and silver nanoparticles em-
the vibrationally hot molecule and has been observed fror@eddpeg ina trgnsparent mgi)rix and has been usped on a num-
many systems where the ele_zct_ron deta(zhment ENergy IS SYlar of other occasions to describe the short time dynamics of
ficiently far below the dissociation energy’ Recent experi- POt

. both clusters and surfacésee, e.g., Refs. 13, 14
ments using femtosecond laser pulses have shown very dit- 1o e presented here uses an improved calculation
ferent ionization behavior as the excitation time scale is

ed & hort | | of the electronic density of states ofyCcompared to the
varied from 25 fs to 5 pS.For very short laser pulsés=70 earlier versior’. The Penning ionization data from two dif-

fs), the ionization is predominantly via direct multiphoton ferent group®'S is used to independently fit the adjustable
iqnization showin_g above thr(_ashold_ionization. For int,erme'parameter in the calculations—the time constant for the cou-
cyatel pulse durgtlons, of p'argcular mterest here, the IQH'Z%Hng of electronic to vibrational excitation. We show that the
t!on IS preglommantly statistical but W'thQUt strong vibra- value obtained from the Penning ionization data is consistent
tlonal_ heating of the molecule and, finally, for pulse with femtosecond photoionization data. The model can sat-
du_ratlo_ns beyond a few hl_md_red_ femtos_econds the therm|Z~:factorily reproduce the dependence of the photoelectron
onic mlc_rosecond delayed ionization bggms to appear. spectra on laser fluence in addition to several observable
. .In this paper we present a th-eoret|c-al modell of the StaEquantities related to the yield of positive ions. This is done
.“St'?al eleqtron emission from_eglr) the |nt_ermed|ate.|on— using just one fit parameter, the average photon absorption
ization regime and compare it with detailed expenmentalCr ss section, which is determined to be 0.04 ith a
results on the laser pulse duration and fluence dependence @t . o two uncertainty on the mean value.

Cso photoelectron spectra and ion mass spectra. The model

was presented in Ref. 8 and used in Ref. 9 to account for the
electron yield in Penning ionization ofgg: This work pro- IIl. TRANSIENT THERMAL ELECTRON EMISSION

FROM Cgq
dpPresent address: Department of Physics, Texas University, Austin, .Th? eXperimental data ShOW_ evidence for fc-)ur.disti.nct
Texas 78712. ionization mechanisms, depending on the excitation time
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scale and laser intensity. For very short excitation times

(<70 f9) the ionization is dominated by direct, prompt mul- 10161
tiphoton ionization accompanied by above threshold ioniza- ] only electrons excited
tion (AT1).% For intensities greater than ca.’{®/cn? this 10"
is replaced by tunnel ionizatiofi.For excitation time scales 1

on the order of 100 fs, the electron emission is thermal in—~ k

i
nature although the ionization occurs promptly on the time;"’f 10°1
]

scale of time-of-flight mass spectrometfy<100 n3 and 1

multiple ionization may occur. This is the region of interest 1041

in the present work. This situation then gradudti the ps 1

time scal¢’ develops into the more familiar delayed electron o}

emission (thermionic emissionfrom vibrationally hot G 10 0 30 60 %0
where the excitation energy resides mainly in the vibrational E (V)

degrees of freedom, and thermal electrons are emitted up to

many microseconds after excitation. FIG. 1. Thermal electron emission rate fog,@hen (a) all excitation en-

The electron spectra and the ionization yields are deergy_resides_ in the e_lectrpnic excitations, gbil the excitation energy is
scribed in terms of a model which postulates an intermediaté]qu'"brated mtq the vibrational degrees of frgedom. The Iarge _ratlo between
! . the two rates illustrates the strong quenching of the emission when the
state between the photon absorption and the complete dissiscitation energy is transferred from purely electronic excitations to vibra-
pation of the excitation energy in the molecule. In this inter-tional excitations.
mediate state the electrons can be considered hot and the
vibrational degrees of freedom cdld.The short-time elec-
tron emission occurs from the incoherently excited electronic .
subsystem with the ionic degrees of freedom playing no ac the Coglpmb potential of the daughter. Tpes are the
tive role but only acting as a thermal sink. One may intro—!ewaI densities of the dgughter and the pgrgnt molecule, as
duce an equilibration time for the electrons between excita'—ndlcatecj by the subscripts. The total rate is:
tion and the totally equilibrated electron system, as described
in, e.g., Ref. 17, but at no point in the analysis did we find k(E):f
any strong suggestions that it is needed to describe electron
emission from Gy. This agrees with the experimental obser- The rate constant in Eql) is shown in Fig. 1 together with
vations in Ref. 17, where the equilibration time was found tothe rate constants expected when the excitation energy is
decrease with the radius of the particle. The results of Ref. @listributed over the vibrational degrees of freedom, with an
also indicate that the emission is statistical after at most 10@xpression identical to Eq1), except for the different den-
fs. The disappearance of the ATI peaks at longer pulse duraity of states® Both are for ionization of the neutral mol-
tions only sets an upper limit to the equilibration time. Theecule. The electronic level densities are specified below. The
electron-electron equilibration time may still be significantvibrational level density was calculated with the Beyer-
relative to the shortest relevant rate constants and could poSwinehart algorithm and vibrational frequencies from Ref.
sibly have an influence on the value of the fitted photon20. For comparison we also show a frequently used rate
absorption cross section. This will be discussed in the disequation for thermionic emission given by Kldts.
cussion and conclusion section of the paper. Apart from electron emission, coupling to the nuclear
In Ref. 9 the measured quantity was the total yield ofmotion is the main damping mechanism of the electronic
ions which was quenched on the ps time scale by coupling texcitations. Radiative cooling plays a minor role. A calcula-
the thermal sink of the nuclear degrees of freedom. The couion of the frequency integrated photon emission rate gives a
pling is characterized by a time constant which was fitted tovalue of 8<10° s~ for a temperature of 1 eV and a photon
about a picosecond. The fit of this time constant required aabsorption cross section of 100°AThe finite heat bath
expression for the emission rate and, since the model is staorrectio?” and the correction for stimulated emissicis
tistical, also an expression for the electronic level density ofgnored in this calculation but those are relatively minor cor-
Ceo and G,. The rate constant reads?® rections here. Radiative cooling can therefore safely be ig-
nored at ps time scales.
When the laser fluence is low enough to cause only sin-

E
(E,e)de. 2
0

2meo(e) py(E—P—g)

K(E,s)de= S s . (1)  9ly ionized species to appear the electron and ion yields are
mh pp(E) identical and equal to
Heree is the kinetic energy of the electrom, the mass of Y=1—ex;( - JO k(E(t))dt)- ©

the electron(in principle the reduced mass of the channgl

the level density andb the ionization energy. The values For small yields the expression can be approximated by ex-
used are 7.6 eV for the fir$E (for neutral Gg), 11.4 eV for  panding the exponential and this procedure was used in Ref.
the second, 16.6 eV for the third, and 20 eV for the fourth.9. In this work we will retain the exponentiated expression
The factor of 2 in Eq.(1) is the spin degeneracy of the throughout when calculating yields since they may approach
electron ands(e) is the capture cross section for an electronunity for the higher excitation energies of relevance here.
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The dissipation is assumed to have an exponential timgests that the level density may need to be modified, but we
dependencez=Egexp(—t/7). This is close, but not identi- will not do this here. Finally the Rydberg states, a few of
cal, to the two-temperature model which is frequently usedvhich are observed experimentaifyare absent in the calcu-
in the interpretation of experiments of transient optical propdated spectrum. Although they will contribute to the density
erties of deposited clusters and surfaces probed by sub-jpd states their number will be limited by an effective decou-
lasers. One difference is the formulation here in terms of theling of the states with lifetimes longer than
electronic excitation energy and not the electronic tempera- To estimate the capture cross section of the inverse pro-
ture. This must be preferred when one works with smallcess, we use the classical value for an electron in a Coulomb
excitation energies where the discrete level structure of thpotential for distances larger than the fullerene radius and
molecule plays a role. Other differences between the couabsorption when the electron reaches the edge of the
pling schemes are minor, as for example the temperaturiillerene. The experimental justification for this choice is the
dependence of the coupling constant in the two-temperatunghotoelectron kinetic energy spectrum measured for conven-
model, which is a result of the energy/temperature dependemibnal thermionic emission from vibrationally hot
electronic heat capacity and which does not appear when tHallerene$® which is consistent with this cross section. The
coupling is formulated in terms of energy. It should be notedmeasured spectrum agrees well with the one calculated with
however, that the definitions of the coupling constants differsimilar assumptions as those used here. No direct experimen-

for the two formulations. tal measurement of the capture cross section is available for
Introducing the time dependent electronic excitation enthe very high electron energies relevant here. However, even
ergy into the yield equation gives for the relatively very low temperatures of molecular beams
. (700-800 K measurements of electron attachment to the
Y= 1—eXp( _f k(Eoe‘“T)dt). (4)  neutral molecule give values which correspond to a sticking
0 coefficient of 0.1(see Ref. 26 for an example and Ref. 5 for

The value ofr can be fitted from energy resolved mea- a review of severa}l experimedts-or the.Coqumb pgtential
surements of the yield once the level densities and the ca&nd at the much higher temperature of interest higycally
ture cross section in Eql) are specified. In Ref. 9 the level _104 K)’ where the_phase_ space for electron-electron scatter-
densities were not calculated explicitly. Instead the rate wall!d 1S S0 mugh higher, it is _not ur_lreasonab_le to expect a
cast in a form where a microcanonical temperature was use&F'Ckmg coefficient approathng unity. Adopting that value
This was done in order to take into account the HOMO-Y'€IdS & capture cross section of

LUMO gap for the neutral g. The parameters were ad- o(e)=mrd(1-V(rg)le). (5)
justed to agree with the low and high temperature limits of 2 L .
the expected behavior of a Fermi gas with the specific feay/e Use the valueV(ro) = —e74meoro=—-3.0eV as in

tures that characterize the low energy excitation spectrum o'?ef' 9. . ) .
Ceo. The yield, and therefore also the fitted value wfis The experimental data used for the fit were the combined

sensitive to the choice of this function, as already noted irEet of data on Penning ionization yields of Webeal.” and

Ref. 8. It is therefore desirable to have a better estimate o runett Et_ al.® The latter provides only relativ_e values but
the level densityAb initio calculations of the huge number adds a point at low energy, for Xe, at 8.32 eV, i.e., only 0.74

of excited states involved are obviously out of the questionev above the ionization energy ofg§- The two data sets

and we have therefore used the single particle ground stafidree very well where identical energies have been measured

spectrum from a Local Density Approximation calculafidn gn?_ thef datf of Figf. S)fga\;e 1tgerefore been used as normal-
as the basis for a calculation where the excitation spectrum ggation for the yields ot Rel. Lo.
We have allowed a small variation of the daughter level

composed of particle-hole excitations. The single particle ) o . ! .
spectra for the cations were taken to be identical to that offensity to Op“ml'ff the fit of thae yields. .W'th the form
the neutral, the only difference in the calculation being the?d(E) = Pa.cad E) ™" “/py,cad 20 €V)" for the singly charged
number of electrons. The details of the algorithm, which cal—cat'on_ and the neutral mo_lecule Ieve_l density unchan_ged, the
culates total level densities from the single particle spectrumt,)eSt fit OfTW_aS 240 .fs' with the_ch0|ce=0.12. The fitted
are given in the Appendix. Although numerically exact value_ of 7 is confirmed by .|ndependent pump—prope
within the chosen resolution of 0.02 eV the algorithm cannotEXper"’nent§7 and also agrees W.'th measurements of the time
be expected to provide the true excitation spectrum for Sevc_jependence of photoelectron kinetic energy spdsea Sec.

eral reasons. One is that excited states can in principle not dé{lB)' The .result of the fit ,Of the Penning |0n_|zat|0n data is
calculated from the ground state solution of the LDA. An- Shown in Fig. 2 together with the measured yields. The value

other is that the states are assumed to have vanishing widtﬂ% 7 obtained from the fit is smaller than the one pertaining to

which contradicts the treatment of the excitations as being '© pos_tulated level densuty_ in Webetral® by a factor of 6'.
thermal on the sub-ps timescale. Although we are not able t e believe that the 2_40 fs is closer to the ue valug, _ma|_nly
give rigorous limits, we do not expect the first defect to ased_ on the e>_<per|men_tally measu_red characteristic time,
cause any serious modifications of the excitation spectrum fﬁnd will adopt this value in the following.

high energy where the density of states is high. The lifetim
broadening may have an effect, in particular on the electro
energy distributions, since the lifetimes approach values The experimental apparatus has been described
comparable with the inverse electron temperature. This sugreviously®?® It consists of three differentially pumped

II. EXPERIMENTAL PROCEDURE
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10° ously, the excited fullerenes will emit electrons with varying
distributions during the whole quenching time. The distribu-

E/E tion integrated over time is given by
10”4 ~tr

” pa(Ege "~ P —¢)
/ Pint(EO!S)OCJO (8+|V(r0)|) pp(Eoe*I/T)

2 10%] 1 t /
/ Xexp( - fok(Eoe—t /T)dt’)dt, @
10°; e e B where E, is the total photon energy absorbed, and
—o—Fit, t=238fs Eq exp(—t/7) is the electronic excitation energy at timnd he
. r . r r T : last exponential factor in the integrand takes the depletion of
8 10 12 14 16 18 20 the population by electron emission into account.
Energy (eV) These distributions, predicted for the case of a single

o well-determined initial energy dg,, are therefore those ex-
FIG. 2. Measured Penning ionization yields from Refs. 9, 15 and the cal-

culated yield as a function of the metastable rare gas atom energy. The yie'aeCted _forf €.9., the Pennlng |(_)n|zat|0n proce%%%x_a/h_ere
is calculated with Eq(4). the excitation energy is well-defined. For photoexcitation ex-

periments the distributions need to be integrated also over
the distribution of absorbed photons. For a given fluefge,
we will assume a Poisson distribution with a meagiven

vacuum chambers. The central chamber contains thgy the product of the fluence and the photo absorption cross
fullerene source and is also where the laser interaction takes%ction Ton divided by the photon energy, i.e

place. On either side of the extraction region there are iFUph/hv. In the present caser=1.55 eV. Also the flu-

time-of-flight mass spectrometer for detection of positivegnce has a distribution which must be considered. The laser
ions and a time-of-flight photoelectron spectrometer. The,eam is known to be well represented by a Gaussian profile
positive ions are extracted with an electrostatic field. The;ng the distributions must be averaged over this profile.

photoelectrons are allowed to travel under field-free CondiSumming over photon numbers absorbed and the beam pro-
tions to the electron detector. It is not possible to detect posijje yields:

tive ions and photoelectrons simultaneously, however, it is

possible to quickly switch between the two detection modes o -

so that positive ions and electrons can be detected under Pobs(s)“J'r:Od”nZO Pin(nhv,e)
identical excitation conditions. The excitation source was a

Ti:sapphire regenerative amplifier systéB00 nm provid- ((ophFO/hv)e*“”O)z)”
ing a bandwidth limited pulse duration of 180 f\E X

~10 meV). The pulse duration was extended by detuning

the compressor, thereby keeping the bandwidth constant. The ®
Ceo molecular beam was produced from purified “gold |ntroducing the expression fd?;, gives the result:
grade” Gso powder heated in an oven to a temperature of B

500 °C. The laser beam was perpendicular to both the C * *

beam and the axes of the two spectrometers. Xe was used to Pobd &) frzodr rnzo fo (e+[V(ro)l)

calibrate both the electron spectrometer and the laser inten-

e—(Uph':o/*W)e*“’W2

n!

sity. The Gaussian laser beam was focused with a 30 cm lens pa(nhve " —d—¢)

into the interaction region to form a spot radius of ca2b. pp(nhve“”)

The laser intensity was adjusted using a series of neutral )

density filters. The photoelectron spectra reported here were X((UphFO/hV)ei(r/rO) )" o (oprFo /e T

integrated over 50 000 laser shotsaal kHz repetition rate. n!

The mass spectra were normally integrated over a lower .

number of laser shots, typically 5000—-10 000. Xex;{ _f k(nhve"/r)dt’)dt. 9
0

Although not simple, this expression does not contain any

IV. RESULTS new fit parameters, provided the laser beamwgjss inde-
pendent of the peak fluendey, and that the neutral molecu-
lar beam is homogeneous acrags The precise value afy

For a certain electronic excitation ener, the elec- s not of importance here since it can be scaled away and
tron kinetic energy distribution is given by Eqd) and(5):  hence only gives rise to an overall multiplicative factor. We
py(Eg—P—s) V\{iII no_t consider this normalizatio.n to get the absolute yield

B (6) since it was not measured experimentally.

Pp Only the yield from the singly ionized species is in-

Since the hot electronic system is assumed to cool continweluded in Eq.(9). It will be clear from the calculation below

A. Electron kinetic energy spectra

P(Eg,&)*(e+|V(ro)|)
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FIG. 3. Electron energy distributions calculated according to(8cand the 101 )
similar contributions from ionization of higher charge states. The distribu- 1031 A=37 1.5J/lem
tions correspond to an average number of 5, 10, 15, ..., 80 photons of 800 102}
nm absorbed in the center of the laser beam. 10"y
0

5 10 15

of double ionization that the electron energy distributions Electron energy (eV)

will begin to receive contributions from second ionized mol- fig. 4. Examples of distributions of measured electron kinetic energy for
ecules below the fragmentation limit, e.g., an average numiaser pulse durations of 180 fs at different pulse energies. Also shown are
ber of 15 absorbed photons give a 10% contribution from thé&xamples of calculated distributions according to the formula derived in the

S . . . main text. The average photon number absorbed in the center of the laser
se_copd _Iom,zatlon' This contribution and the one from thebeam pnFo/hv) is indicated. For the two highest fluences no theoretical
third |0n|2§-t|0n mUSt th?refore be aqud before one can CoMxrve was calculated due to the lifetime broadening effect discussed in the
pare the simulations with the experimental data. This will bemain text.
done in the following unless explicitly stated. The contribu-

tion of the second and higher ionization is calculated with a .
rate which is analogous to the expression @y.and a time absorbed photons. The relation between the laser fluence and

dependence similar to EGZ). The only difference is that the the slopes of the curves in the figure will be discussed below.

value ofV(r) is n times the value of the first ionization for

the daughter cluster with charget-, and that the ionization

energies®, changeg(increas¢ The ensuing modifications of Both the experimental and theoretical electron kinetic

the yield equation, Eq9), are not difficult to implement in  energy spectra have a form which resembles a Boltzmann

numerical calculations, but gives a very unwieldy formuladistribution very closely,

which we will not show. One important property survives: P(e)xe*/Ta (10)

The result still does not contain any fit parameters, as Eq. '

(9). The effect of including the higher charge states in thewhere T, has dimension of temperatur@ve will set kg

calculation is minor compared with the effects of the aver-=1). One can understand this in terms of the rate constant

aging implied in Eq.(9). Eqg. (1) and the capture cross section E§), which predict
Calculated electron energy distributions are shown irthis behavior for smalk;

Fig. 3 for several different values &,. The curves include e _ _ —elT

the contribution from the doubly an?:i triply ionized species. K(E,e)dexpq(E=P—e)de=py(E-P)e " ede (11

The main effect of the averagings and the time integration ivith T4 defined as the microcanonical temperattre,

Eq. (9) is to make the electron yield curve resemble a pure dIn(py(Eg— ®))

exponential more closely compared to the distribution ob- TglsT

tained without these complications, mainly by adding low

energy spectra to the average which reduces the negativihis expression is approximate since the spectra contain

curvature of the logarithm of the yields. The low energy partelectrons emitted by molecules with a range of different ex-

of the spectrum is still flatter than the observed spectrum butitation energies, i.e., with different values Bf. The iden-

this discrepancy is caused predominantly by the presence dification of the reciprocal of the slope of the logarithm of the

Rydberg peaks in the experimental ditavhich are not electron energy spectra with a microcanonical temperature is

taken into account in this model. Only the electron spectraherefore not rigorous. Nevertheless, it is convenient to ana-

above 2 eV should and will be used for comparison with theyze the data with this fit parameter since it both gives an

calculations to avoid this complication. indication of the magnitude of the microcanonical tempera-
Figure 4 shows examples of the comparison betweeture of the product moleculs), and provides a robust com-

experimental distributions, measured for a laser pulse durgarison of experiment and theory.

tion of 180 fs, and calculated distributions. The labeling of = The apparent electron temperaturég, have been fitted

the theoretical curves with, indicates the mean number of from both the experimental data and the simulated spectra

B. Apparent electron temperatures

(12
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g 3 . 3 Puise Duration [fs]
o 2 i 2- E FIG. 6. Gradients of apparent temperature vs fluefkig. 5), plotted vs
CE" ii excitation laser pulse duration. The decrease beyond 300 fs indicates the
ﬁ 14 1 i__i_!--'i' time constant for coupling of the electronic energy to vibrational degrees of
- freedom.
S s o S —
3 R AR
W 4] 3501s Fluence [J/cm?] average number of photons absorbed in the center of the
& { laser beam of 75, as calculated with the above photo absorp-
g 3 ‘ tion cross section. At this energy the calculated rate constant
< ¥ exceeds 1§ s~ . The lifetime of the levels used to calculate
el the level density must be less than the reciprocal of this value
1 £ if the electron emission is statistical, and consequently the
levels will be broadened by the Heisenberg time-energy un-
T A s E e S s o certainty relation by at least the amount corresponding to this

time. Hence also the level density will be modified, by a
smearing which will make the curve less steep. This influ-
FIG. 5. Fitted apparent electron temperatures from electron kinetic energ@NCes the apparent electron temperature directly, as can be
spectra recorded with pulse duration from 180 fs to 75@stpares T, seen from Eq(6), and will produce apparent temperatures
increases roughly linearly with laser fluence, although a_lsm_all nege}tiveI CUivhich are too high. For the specific example, the lifetime
zgltﬁées 2}?{ f?ﬁ grﬁzgﬁéig’; ;T%;Tg;f;ﬁ;i OH';aI:g It'gg_ Is the simulateq, - dening of the single levels is a few times the measured
apparent temperature.

Based on these considerations we expect that the value
generated as described above. The results of the fits awf the cross section from this estimate is on the high side. A
shown versus laser fluence for different pulse durations imuantitative analysis of the lifetime broadening is compli-
Fig. 5. cated, not least due to the finite duration of the laser pulse,

The plots also show the corresponding theoretical curvend will not be attempted here.

for a laser pulse of negligible duration, i.e., the values fitted = The measurements of the apparent electron temperature
from the curves shown in Fig. 3. The conversion from theat different pulse durations shown in Fig. 5 give an indica-
number of absorbed photons to laser fluence has been aiien of the electron-phonon coupling time. The fluence de-
complished by using a cross section of 0.12 vhich is the  pendences are reasonably straight lines with approximately
only fit parameter for this curve. This can be thought of as anthe same(finite) intercept with the ordinate. The data can
average absorption cross section for absorbing many 800 ntherefore be represented by the value of the slope. These are
photons and should not be considered the same as the crgsstted in Fig. 6, which shows a significant variation with
section for absorption of a single photon in the ground statgulse duration, with a clear decrease in the value after a few

Fluence [J/cm?]

Ceo- hundred fs. This provides a direct, albeit not very precise,
Note that the uncertainty in the absolute value of themeasurement of the energy dissipation time constant.
experimental laser fluence is rather laige50%). The ex- A more precise value is provided by the pump—probe

perimental fluence is calculated Bs=E/(7w?), whereE is  experiments mentioned in the introduction. Another indicator
the pulse energy ang the beam radius of 2um. The flu-  for the coupling time are earlier data on the threshold laser
ence in the center of the laser bedfg, and the experimen- pulse duration for the appearance of the delayed ionization

tal fluence,F, are connected by the relation tail in positive ion mass spectfaDelayed ionization can be
detected when sufficient electronic excitation energy has
E:f 27 drFOe*rz/ZNZ:zWWZFO, (13)  been transferred to the vibrational degrees of freedom to al-

low thermionic emission on the microsecond time scale. This
and hencd-y=F/2. This conversion will be used throughout was found to lie in the range of 500-750 fs, depending on
the paper. The theoretical curve reproduces the experimenttile laser fluencé As is the case for the data in Fig. 6, we
data up to approximately 3 J/émwhich corresponds to an expect that value to overestimate the coupling time relative
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10%2 1 with just a single fit parametdiopen circles on the figuye
1073 The fit of all curves and points in Fig. 7 therefore only re-
% 10“-; quires a total of two fit parameters, of which one is the cross
N 1071 section. The agreement is very satisfactory.

: 102 2.3 djem®

S ]

— 101

210"

g 10" D. Inclusive ion yields

3 10:' The yield of ions depends strongly on the laser fluence

§ 102'. and on the pulse duration. Also here we will consider only

2 191') short pulses. Then the ion yields are calculated with applica-
1073 20 40 60 80 100 tion of the same physics and basic formulas as the electron

Excitation energy (eV) energy distributions used above. Both singly and doubly
charged molecules are created,
FIG. 7. Theoretical level densities ofgg:(line), electron energy distribu-
tions plotted as described in the tégbts, and the corresponding electronic CenosCrie™ CH —>C2+ te 15
level density of the parent & (open circles The fluences used for the 607" 60 ' 60" 760 ' (19
experimental spectra are indicated at the symbol for the parent level densité . .
maller amounts of triply and quadruply charged cations are

formed, and the amount can be calculated in analogy to the

to the pump_probe experimentS, but a detailed quantitativgopulation of the doubly Charged m0|ecu|e, described below.

analysis of the long pulse duration data will not be attempted "€ molecules, singly or multiply charged alike, may un-
here. dergo fragmentation at a later stage, depending on the

amount of energy absorbed. The total yield of all ions can be
calculated with the model as that of the yield of,Cwhen
further ionization and fragmentation are ignored, since every
If Eq. (6) is applied to electron emission from the neutraljon, irrespective of mass or charge state, will be created ini-
molecule, which is the dominant contribution to the electrontjally as Q;O, The expression for this yield is given in ES).
energy distributions for low and medium excitation energies\when multiply charged species and fragments appear, it gen-
the equation can be rearranged by isolating the level densityralizes to
of Cgo;

pa(Eq—@—e)xP(Eq,e)/(e +|V(ro)|)pp(Eg). (14 > Y(cg+)=1—exp(—Jmk(E(t))dt
q=1N<60 0

C. Level density of C %,; comparison with experiments

. (16)

This means that if the observed electron energy distributions,
P(Ey), are mirrored around the= 0-axis and shifted to the This expression gives the theoretical total ion yield and
energyEq,— ®, they will provide an image of the level den- can be compared with the experimentally measured total ion
sity of the daughter at that energy. The quantities on the righjield, avoiding all complications due to fragmentation. The
hand side of Eq(14) are measured directly, apart from the comparison between experimental and theoretical curves is
relatively unimportant value di(ro)|, and the value of the shown in Fig. 8. The curves agree quite well with the chosen
excitation energyE,. If we ignore the complications due to cross section of 0.024 %
the distributions of excitation energies in the molecule during
electron emission, the equation provides a simple relation
between the level density ofjgand the measured electron . . .
energy distributions. The relaét%)n includes as a single paramE‘ Singly /doubly charged ion yields
eter, the photo excitation energy or, equivalently, the photo A comparison of the experimental and the calculated ra-
absorption cross section. Figure 7 shows thig IEvel den-  tio between the singly and the doubly chargggdan also be
sities calculated with this formula. The average energy abused to set the energy scale and thus provide yet another
sorbed,Fqopn, Was calculated with the cross sectioy,  estimation of the absorption cross section. We expect it to be
=0.06 A%. The convolutions due to Poisson statistics anda little less accurate than the method of the previous section
Gaussian beam profile are not considered, as also the contliecause the ion in the relatively weak doubly charged ion
bution from electrons from higher charge states, and thesignal may be more prone to subsequent fragmentation than
agreement between the theoretical level density and the methe singly charged species, or may fission which is a channel
sured curves is therefore only suggestive. which is not open to singly charged species. There are also
The fit also requires a normalization constant. From Equncertainties related to the correction for different ion detec-
(14) it is clear that this number is proportional to the parenttion efficiencies?®
level density at the enerdy,, with a constant of proportion- The ion yield for the different charge states can be cal-
ality which is independent dE, when the experimental data culated by considering ionization beyond the first. As an ex-
have been properly normalized to the number of laser shoteample we give the procedure for the calculation of the ion
If we ignore the differences between the level densities of th@abundance for doubly and higher charged ions.
different charge states, which are small at these energies, we The distribution of internal energy of the singly ionized
can fit the parent level density to the daughter level densitppeciesp(E), is determined as
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0,8
Ratio doubly to singly
0,6 charged, all masses
10° 5 o
-
= 0,4+
=
- o
@ =
= 0,2
>
_‘% 10 E
S~ 0,0‘ T T T T T T T T T
% 0o 1 2 3 4 5 6 7 8 9 10 11 12
i\ Fluence (J/cm’)
o
'T; 3 FIG. 9. The ratio of the ion counts of all doubly charged fullerenes to singly
5 10 E charged vs laser fluence. The theoretical curve has been scaled with a photon
- cross section of 0.012 A The absolute count of doubly charged species
spans about four orders of magnitude over the fluences covered in the plot.
il
s o The measured dimer-monomer ratio is shown in Fig. 9
10 3 versus laser fluence together with the theoretical curves
11— —— based on formulas of the previous section. The only adjust-

0 1 ;'3 3 4 5 6 7 8 é 1'0 11 able parameter is the scaling of the abscissa of the theoretical
Laser Fluence (J/cm2) curve. The agreement is _not_ unreas_onable.
The abundance of all ionizedy@vith charge from+1 to
FIG. 8. Total ion yield vs laser fluence. The theoretical curve is converted to+4 was calculated with the above procedure for a number of
fluence, assuming a photon absorption cross section of 0.624 A different fluences. The calculated values are shown in Fig.
10. For low fluences, up tay=6-7, the different charges
follow a power law in fluence to a very good approximation.
Interestingly, the powers are 4.95, 12.3, 22.9, and 35.9 for
charges+1 through+4. These numbers compare very well
B s t I ver with the ratios of accumulated ionization energies, calculated
=dtk(nhve "",e)expg — fok(nhve )t |, (A7) i units of the photon energy, viz. 4.88, 12.2, 23.0, and 35.9.
The agreement cannot be fortuitous but at present the reason
The first factor is the rate constant given by E@3, and the  for it is not clear to us. One lesson from this is that, contrary
second is the surviving fraction. The distribution thus calcuto established practise, the observation of a power depen-
lated is the distribution of intern&électronic) excitation en- dence in fluence is not sufficient to allow one to conclude
ergies immediately after the first electron has been emittedhat a process occurs via direct multiphoton absorption.
Adding contributions from all possible kinetic energies and Another interesting poin’[ to observe is, that all y|e|ds in

summing over the number of absorbed photons and the flugijg. (9) tend towards a limiting value. This is seen most
ence variations over space proceeds as in the previous sec-

tion [Egs. (8) and(9)] and results in a distribution of singly
charged molecules with different electronic excitation ener-
gies. Once this distributionp(E), is calculated it can be
used for the calculation of the total yield ofi{;

dp(nhre V"—d —¢)

10°3

t/T)

S

), q=2.
(18

The rate constark; is the one pertaining to the second of the
emission processes in E@.5), with an activation energy of
11.4 eV, and a functional form discussed in Sec. IV A.

The calculation of the yield of triply and higher charged
species proceeds in complete analogy to the calculation of
the doubly and higher charged. The total yield of singly resp.

doubly charged species can then be expressed as FIG. 10. The theoretical total ion yields vs fluence for charge statesol
4+. The yields plotted are calculated as those §f CComparison with

Y(Cl)= | depE)-e i
0

ion yield

+y + +
Y(CN )= Y(Cﬁ )(q> 1)- Y(Cﬂ )(q> 2), (19 experiments require a summation of all experimentally observed fragments

with the same charge state. The figures also containghelly visible
Y(CR)=Y(CY")(@=2) - Y(C{)(a=3). (20 fitted power laws.
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easily for the singly and doubly charged species. This behavrom the form used for the fit. Differences between true and
ior is somewhat surprising, since one would expect a deassumed forms can obviously vary also with the charge state
crease at sufficiently high laser fluence, but has a simplef the molecule and need not be identical for all charged
explanation in terms of the laser beam profile. The energiespecies. It should be noted that the electron spectra data mea-
which give rise to the singly charged species, say, but whiclsure essentially the slope of the level density and the ion
are not sufficient to cause the second ionization, are effegsield data the total yield or ratios of total yields, which in-
tively limited both from above and below, so that practically volves absolute rates. Of experimental uncertainties one
all singly charged species are generated from moleculeshould mention the day-to-day reproducibility of the laser
which have absorbed a minimum number of photons and ledseamwaist, which is estimated at 50%. Shot-to-shot fluctua-
than a maximum number. By the Poisson statistics, these twiions in laser power are not considered, either. For the
limits translate into a more or less well-defined interval ofdoubly-singly ionized ratio, which gives the lowest fitted
laser fluences. When the total pulse energy is increased, thisoss section, one can speculate to what extent the doubly
ring-shaped interval moves radially outwards. For a Gausseharged species are depleted from the beam by fissionlike
ian beam profile, the width of the ring is reduced in radialprocesses. These will tend to remove the doubly charged
extension by the reciprocal of the radius. At the same timenolecules but not the singly charged since those do not fis-
the circumference is increased with an amount proportionagion. This will reduce the measured ratio and tend to give a
to the increase in radius. The net result is that the area of theross section which is underestimated, consistent with the
laser beam which will produce singly ionized species is confow fitted value. The precise effect of these, mainly system-
served, and consequently that the amount of singly chargeatic, uncertainties are difficult to quantify without embarking
molecules saturate. This explanation can be made moren a major computational study of the data, and that may
guantitative and is not specific to eitheg@r experiments even not provide conclusive results. We suspect that several
with fs lasers. It has consequences for conclusions drawpossible explanations are consistent with the data and believe
from photo fragmentation experiments on clusters and willthat a resolution of which ones are right will need further

be the subject of a future publicatih. experimental input.
The theoretical fluence dependencies were found to ex-
V. SUMMARY AND CONCLUSIONS hibit power dependencies with powers very close to the ac-

We have fitted total electron yields from Penning iomza_cumglated_ |_on|zat|on ene:ﬁle?hof th(ta_ sp|e0|es.t_ f how t
tion data with a transient thermal emission model. The emaining open are the theoretical questions or how 1o

electron-phonon coupling time was found to be about 240 fSc'ieal with the level density at high rates where lifetime broad-

This value agrees well with measurements of photoelectroﬁ?mg Is important, of the behavior at laser pulses longer than

spectra with varying excitation laser pulse durations. Photo! € electron—phonon coupling time, and to give a more de-
electron spectra were fitted and the quasi-Boltzmann beha\y‘:’Illed mechanism for the electron-phonon coupling.
ior of the electron spectra was reproduced. Total ion yields

were reproduced. Doubly to singly charged intensities weré\CKNOWLEDGMENTS

reproduced. Level densities were related to measured elec- This work has been supported by the European

tron energy distributions and showed good agreement witsommunity—Access to Research Infrastructure action of the
the theoretically calculated ones. All these data provided a f'Fmproving Human Potential Program, the EU Network “De-
pf the photon absorption cross section,_ which, apart from afhyed lonization and Competing Cooling Mechanisms in
instrumental parameter, was the only fit parameter. .~ atomic Clusters”(HPRN-CT-2000-00026and the Deutsche

' The absolute, average photo absorption cross SeCt'Orif’orschungsgemeinschaft via SFB 450 “Analyze und
fitted from the four different types of data span a factor of 10geyerung ultraschneller photoinduzierte Reaktionen.” The
frcz)m the smallest to the largest. The geometric mean is 0.04thors thank former colleagues at the Max-Born-Institut, G.
AZ? and the uncertainty on the mean a factor two. As a deterkorn. M. Wittmann and H. Rottke for their help with the
mination of the absolute magnitude of an indirectly mea-gyperiments and I.V. Hertel for his support of the project.
sured cross section this seems like a decent result to us, agdy thanks S.A. Hansen for stimulating conversations, E.C.

we find that the approximate agreement corroborates the fit§ 5 ks R.D. Levine for many fruitful discussions on this
from which the values have been derived. But the agreeme%pic_

is obviously not completely satisfactory. The differences be-

tween the four values can have several reasons. The values )

from the electron spectr@®.12 and 0.06 A differ by a fac- 'E‘E\F;ELNgE(N;#:‘é:SULATION OF C go ELECTRONIC

tor 2, as do the ones from the ion d&@a024 and 0.012 A.

The higher fitted cross section for the electron spectra data This Appendix gives the recipe which was used to cal-
could possibly be explained as the result of a partial equiliculate the electronic level densities of all charge statesspf C
bration of the electron system, due to a finite electron4n this work. The algorithm is similar to the one given by
electron coupling time. In this case, the electron temperaturVilliams®! and requires only a set of independent particle
would be higher than for a totally equilibrated system. In thestates as input.

fit this will appear as a higher cross section. Alternatively = Denoting the level density at enerdy of the system
one can ascribe the difference in electron- and ion-data to eomposed oh electrons anah,(>n) single particle states by
real difference in the level density of the charged specieg(n,n,,E), the following recurrence relation holds:
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pt(n,n,E)=p¢(n,n—1E)+ps(n—1n—-1E-E),
(A1)

whereE, is the energy of level. This corresponds to a de-
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