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Photoelectron spectra for fullerenes Cgo and Cyg ionized using 800 nm laser pulses with pulse du-
rations from 120 to 1000 fs show thermal electron kinetic energy distributions but they also exhibit
angular anisotropy with respect to the laser light polarization. The effective temperature of elec-
trons, measured along the laser polarization direction, is significantly higher than in the perpendicu-
lar direction. We explain this observation by considering that the emission of the thermal electrons
is uncorrelated with the phase of the laser pulse, unlike directly ionized electrons, and, depend-
ing on the time of emission, they may experience an additional “kick” from the vector potential
of the laser field when they are emitted from the molecule. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4704828]

The short pulse laser ionization dynamics of few electron
systems has a rich structure where an important role is played
by the laser intensity. Atoms and small molecules may ion-
ize directly via multiphoton absorption, which can give rise
to above-threshold ionization or, for higher laser intensities,
field ionization.! For large molecules and clusters the ioniza-
tion process may be more complicated and more complex in-
teractions involving, e.g., non-adiabatic multielectron dynam-
ics may have to be taken into account.?

Fullerenes serve as model systems for the latter class
of molecules. It is now well established that an impor-
tant factor in the photoionization of fullerenes is the rapid
redistribution of the excitation energy. Early experiments
with ns pulses* provided evidence for the occurrence of
statistical, thermionic emission from the vibrationally hot
molecules. For shorter pulses, the situation is dramatically
different. Experiments with pulses in the sub-50 fs range have
shown above-threshold ionization peaks from Ceo,> whereas
pulses longer than ~100 fs give photoelectron spectra with
a significant contribution from thermal electrons with very
high effective temperatures of above 1 eV ( ~12 000 K).
This observation was explained by considering a rapid
redistribution of energy among the electronic degrees of
freedom while the vibrations remain cold, and the mechanism
has later been found to explain the spectra of several other
large molecules.® The electron-vibrational coupling time has
been estimated to be 240 fs for Cgy’ and is similar for Cy.

This paper deals with pulse durations on the order of
100 fs, where electrons are believed to be thermally emitted
from the transient hot electron gas. We report the observation
of an angular anisotropy of the thermal electron energy dis-
tributions and propose an explanation based on the influence
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of the laser electric field on the statistical electron distribu-
tions. Electrons that are emitted from the molecule will re-
ceive an additional momentum “kick” from the vector poten-
tial of the laser electric field if they are not emitted in phase
with the oscillating electric field. The results provide further
strong evidence for the delayed, statistical emission of the hot
electrons.

Experimentally, purified Cgp or C79 powders were heated
in an effusive oven to 450 °C and the fullerene vapor was
crossed with a focused laser beam. A Ti:sapphire regener-
ative amplifier laser system with a fundamental wavelength
of 800 nm (1.55 eV) or the second harmonic at 400 nm
was used. The shortest possible pulse duration was 120 fs
FWHM with pulse durations up to 3.8 ps achieved by de-
tuning the compressor. The positive ion products were ana-
lyzed in a time-of-flight mass spectrometer. The photoelec-
trons were detected using a velocity-map imaging electron
spectrometer similar to the one described in Ref. 8. The
laser polarization direction and the detector plane were par-
allel, and the 3D cylindrically symmetric velocity distribu-
tion was reconstructed from the measured 2D distribution
using BASEX.’ The electron kinetic energy was calibrated
using the well-known above-threshold ionization peaks from
xenon. ! 11

Figures 1(a) and 1(b) show raw velocity-map images for
ionization of Cgy and Cy following excitation with 180 fs
pulses. The intensities (5.4 TW cm~2 and 6.1 TW cm™?) lie
well below the threshold for field ionization of fullerenes.® !?
Photoelectron energy distributions can be obtained from a
2 angle integration of the inverted photoelectron images
from Figure 1. However, the images obtained with 800 nm,
180 fs are clearly asymmetric (Figures 1(a) and 1(b)) when
compared to the isotropic image obtained from excitation
with ns (Figure 1(c)) or 400 nm, 120 fs (Figure 1(d)) pulses.
Angle-resolved photoelectron spectra were extracted from
the inverted images by dividing them into 10° wide angular
segments.

© 2012 American Institute of Physics
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FIG. 1. Raw photoelectron images in logarithmic color scale. (a) Cgp,
800 nm, 180 fs, 5.4 TW cm~2, (b) C79, 800 nm, 180 fs, 6.1 TW cm~2, (c) Cgo
532 nm, ns, (d) Cgo, 400 nm, 120 fs, 0.26 TW cm~2. The laser polarization
direction was parallel to the white arrow shown in (a).

Figures 2(a) and 2(b) show Cgy angle-resolved spectra
for both 800 and 400 nm excitation. Only two segments are
shown for clarity: parallel and perpendicular with respect
to the laser polarization direction. The general features of
the spectra agree with previous non-angular-resolved exper-
iments for these pulse durations.>”-® The thermal contribu-
tion can be well approximated by the exponential function
1(¢) ox exp(—e/kgT), with ¢ being the electron kinetic energy
and T the effective electron temperature.” The observed ef-
fective electron temperature, s = kg7, is very high, above
1 eV, and it increases with increasing laser fluence.”-® A series
of peaks can be seen superimposed on the thermal electron
signal below kinetic energies corresponding to the photon en-
ergy (predominantly along the laser polarization direction).
The structure is due to single-photon ionization of excited
electronic states.!> The kinetic energy of the electrons pro-
duced from single-photon ionization of the excited states is
not influenced by the laser polarization direction, in contrast
to the thermal electrons.

The effective temperature of the thermal electron distri-
bution, s, from the 800 nm data is clearly higher in the direc-
tion of the laser polarization. The ns data (Figure 1(c)) show
a constant effective temperature with emission angle, as ex-
pected for a completely isotropic thermionic electron emis-
sion. Electrons emitted after excitation with the much lower
light intensity of the 400 nm, fs light pulses (Figures 1(d) and
2(b)) also give isotropic thermal electron distributions, indi-
cating that the strength of the electric field of the laser is an
important parameter in determining the degree of anisotropy.

For isotropic, thermal emission, the rate constant for
emission of electrons with kinetic energy &, from a clus-
ter with an internal energy E is given by the Weisskopf
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FIG. 2. (a) Angle-resolved photoelectron spectra for Cgp obtained after
(a) 180 fs, 800 nm, 5.4 TW cm~2 excitation and (b) 120 fs, 400 nm,
0.26 TW cm~2 excitation.

14,15

formula, applying the principles of detailed balance

2m, pq (E) o~ ®/ksT

723 p, (E) 0'(8em)8eme_sem/kBT- (1)
p

k(gem, E) =

Here, m, is the electron mass, pg and p, are the level densi-
ties of the ionized and neutral fullerene, respectively, ® is the
ionization energy, o (€.nm) is the cross section for the reverse
process, the capture of an electron in the Coulomb potential
of the ion and the temperature kg7 is connected to the inter-
nal energy via the heat capacity of the excited system (at fs
time scales only the electrons are considered to be excited). A
model based on the Weisskopf formula provided a very good
description of the angular-unresolved thermal electron ki-
netic energy distributions produced on excitation with 180 fs,
800 nm laser pulses, as reported earlier.” The rate constant es-
timated with the Weisskopf formalism for such an ionization
mechanism for Cgy (Ref. 7) can be well approximated with
the simple Arrhenius-type formula k(T) = A exp (— ®/kgT),
with A ~ 2.7 x 10" s~!, ® the ionization potential of the
molecule (7.6 eV), and T the emission temperature.

The dependence of the effective temperature on emission
angle with respect to the laser polarization direction can be
explained by considering the influence of the laser field on
the statistical distribution of emitted electrons. Although we
are assuming a thermal emission mechanism for the electrons,
the rate constant for emission is expected to be very high
due to the high electron energy within the molecule. This is
in contrast to the thermionic emission observed from excita-
tion with ns laser pulses where the energy is equilibrated be-
tween electronic and vibrational degrees of freedom and the
electron emission takes place up to many microseconds af-
ter excitation.* The time-dependence of the electron yield can
be calculated using the parameters determined earlier from
fitting the photoelectron spectra.” The internal energy, E, is
estimated from considering the balance between photon ab-
sorption (using an average absorption cross section, op, of
0.12 A?) and the coupling to vibrational degrees of freedom
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FIG. 3. Calculated electron yield obtained from Eq. (3) as a function of time
for 180 fs, 800 nm, 5.4 TWcem™2 excitation. The laser intensity envelope is
also shown for comparison.

(with a time constant T = 240 fs):

d—E— I(1t) E 2
dr 07 o 2

The time evolution of the mean electron temperature
is then calculated by assuming a Fermi gas heat capacity,

Cy = nzzl\gkf‘T to give kg T () = %, with N the number
of valence electrons (240 for C¢p) and the Fermi energy, Eg
= 30 eV.!® The time-dependent electron yield is then given

by Hansen et al.” as

Y (t) = k() exp <— / t (k(t/)dt/)). 3)

An example is shown in Fig. 3 for A = 800 nm, a pulse
duration of 180 fs and an intensity of 5.4 x 10> Wem =2 (cor-
responding to the excitation conditions for the results shown
in Fig. 2(a)). Under these conditions the electron emission oc-
curs while the laser pulse is still present, however, the major-
ity of electrons are emitted after the maximum of the laser
pulse is reached.

For direct photoionization, the “appearance” of the free
electron is correlated with the maxima of the oscillating laser
electric field. Short intrinsic delays may be expected but these
are on the order of a few attoseconds. The free electrons are
thus produced when the vector potential of the electric field,
A, is close to zero and they do not experience any additional
momentum increase in the laser field for the short laser pulses
that are relevant here. This is the situation for the electrons
produced from multiphoton ionization of Xe, used for calibra-
tion of the photoelectron spectrometer, and for the “Rydberg”
electrons that are observed to be superimposed on the ther-
mal electron distribution from the fullerenes. However, for
the statistical, thermal electron emission one cannot expect
any correlation between the time of electron emission and the
phase of the laser field. It is therefore possible that electrons
emitted out of phase with the laser field will experience a mo-
mentum increase, —gA = e,q Ey/w sin(wty), where —gq is the
electron’s charge, Ey is the electric field amplitude, w is the
laser angular frequency, 7, is the time of emission, and e, is
the unit vector along the polarization direction. The maximum
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FIG. 4. The degree of anisotropy As (the difference between the parallel
and perpendicular effective temperatures) in electron spectra as a function of
the ponderomotive shift (Up,) for both Cgp and C7o obtained for laser pulses
ranging from 120 fs to 3.8 ps. The Cy¢ data were obtained in two different
experimental setups. A linear fit to the Cgo data is also shown (blue line). The
fitted slope was 2.0 £ 0.1. The results from the thermal emission calculations
are shown as red diamonds.

increase in electron kinetic energy that can be achieved in this
way is 2U,, where U, (eV) =9.34 x 10729 A(nm)? I(Wcm™—2),
is the ponderomotive energy. We estimate the detected elec-
tron distributions by carrying out a Monte Carlo calculation
that determines the distribution of thermally emitted electron
momenta as a function of time, ¢, weighted with the calcu-
lated yield, Y(#), and then adds the additional momentum gain
from the vector potential to each electron, calculated at the
time of emission, z. The effective temperature, s, is then deter-
mined from a log-lin plot of the electron yield versus electron
kinetic energy, in the same was as for the experimental data
shown in Fig. 2.

A comparison of the effective temperature difference for
directions parallel and perpendicular to the laser polarization
direction, As, measured experimentally for Cgy and C7o for
different laser intensities and calculated for Cgg using the pro-
cedure outlined above is shown in Fig. 4. The model some-
what underestimates the degree of anisotropy but shows the
expected trend with increasing laser intensity. The agreement
is very satisfactory considering that no parameters were var-
ied in the model to obtain agreement with the experimental
data and considering the inherent simplifications of the model
(independence of the average photo-absorption cross section
on internal energy, assumption of a Fermi gas heat capacity
etc.). The model also reproduces the lack of anisotropy for
the 400 nm experiments.

The calculations assume that the ionization potential of
the molecule is not changing with time. In an unscreened
field, the electron binding energy along the applied electric
field direction will be lowered and raised in the presence
of the oscillating electric field. However, a sufficiently po-
larizable molecule will screen the external field and conse-
quently the activation energy for electron emission will be
independent of direction, as assumed here. The polarizabil-
ities of the fullerenes (79 A? for Cgy (Ref. 17)) are suffi-
ciently large to justify this approximation. We have tested the
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consequences of allowing the ionization potential to oscillate
with the electric field in our model. An oscillation in ioniza-
tion potential leads to an increased total yield of electrons
along the polarization direction but, since the electron emis-
sion is more strongly correlated with the maxima of the elec-
tric field strength, the anisotropy is actually decreased. An in-
crease in the calculated anisotropy, in order to better fit the
experimental data, can be achieved if the electron emission
time occurs slightly earlier. This can be achieved by adjusting
either the value of the average photo-absorption cross sec-
tion used in the model or the pre-exponential factor in the
simple Arrhenius expression for the electron emission. We
have deliberately not adjusted the model parameters in this
work to show the consistency with the earlier angle-integrated
calculations.’

The angle-resolved photoelectron spectra obtained from
fullerenes under fs laser excitation, with intensities well be-
low the onset of field ionization, provide further convincing
evidence for the thermal nature of electron emission from
highly electronically excited molecules, prior to equilibra-
tion with vibrational degrees of freedom. The electron emis-
sion is not correlated with the laser electric field strength, as
is expected to occur for direct photo-ionization. This leads
to anisotropy in the apparent electron temperatures in direc-
tions parallel and perpendicular to the laser polarization di-
rection. The relatively large degree of anisotropy observed
in the experiments is also indicative of the effective screen-
ing of the electric field within the molecules due to the high
polarizabilities.
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