
PHYSICAL REVIEW A, VOLUME 65, 053202
Statistical electron emission after laser excitation of C60
À ions from an electrospray source

J. U. Andersen, P. Hvelplund, S. B. Nielsen, U. V. Pedersen, and S. Tomita
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~Received 12 November 2001; published 24 April 2002!

We have measured electron emission from C60
2 ions in a storage ring. The ions were produced at room

temperature and excited by absorption of photons with a total energy of 14 eV. The observed lifetime
(;0.6 ms) is consistent with detailed balance and a cross section of 42 Å2 for electron attachment. The
measurements also determine the thermal radiation intensityI r at a well-defined internal temperatureT, I r

5138620 eV/s atT51356 K. The results are consistent with the scaling lawI r}T6 and with the intensity,
I r;200 eV/s at 1400 K, inferred from previous measurements of cooling in a storage ring of C60

2 ions injected
from a hot source.

DOI: 10.1103/PhysRevA.65.053202 PACS number~s!: 36.40.2c, 39.10.1j, 61.48.1c
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I. INTRODUCTION

Central for the interpretation of delayed electron emiss
from excited clusters or molecules is the question whet
the system has reached an internal equilibrium before
decay. Fullerenes play a special role in the study of t
question owing to the many measurements of both atta
ment and emission of electrons, and of the competing de
citation by photon emission. For fullerene anions, early m
surements of emission rates after excitation by scatte
from a solid surface seemed to indicate that the proces
nonergodic@1#, but this interpretation has recently been ch
lenged @2#. The emission rate in equilibrium may via th
detailed-balance relation be expressed in terms of the c
section for electron attachment@2#, and in experiments with
crossed beams of electrons and of fullerene molecules f
an oven, both attachment cross sections and emission
can be measured@3–5#. The results confirm the assumptio
of statistical equilibrium within the uncertainty of the me
surements@2#, but this uncertainty is rather large, partly b
cause the molecules are produced in an oven with a con
erable spread in internal energy. It may also be argued
electron attachment populates the part of phase space, w
is strongly coupled to electron emission, and that it is
open question whether excitation by different means lead
decay with the same lifetime.

We describe measurements with room-temperature60
2

ions excited by photon absorption. The ions were produ
by an electrospray source and stored for tens of milliseco
in a Paul trap with a room-temperature buffer gas. They w
then ejected and, after acceleration and magnetic anal
injected into an ion storage ring. Here they were excited
absorption of higher-harmonic photons from a Nd:YAG
ser, and the decay by electron emission was followed in t
by detection of neutral molecules. We have identified a s
nal from absorption of three fourth-harmonic photons, cor
sponding to a total photon energy of about 14 eV, and h
obtained the lifetime for a well-defined excitation energ
Together with the earlier results for emission after elect
attachment, this measurement tests that the rate of elec
emission is independent of the excitation mechanism, an
gives an independent determination of the pre-exponen
frequency factor in the Arrhenius decay law. The same e
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tation energy was reached by absorption of four thi
harmonic photons and of six second-harmonic photons. In
cases a significant tail of the decay curve is observed, wh
corresponds to absorption of one photon less. Because
lifetime is considerably longer, it is strongly influenced b
radiative cooling of the molecules@6–8#, and in contrast to
earlier experiments, the measurements determine the coo
rate for an excitation energy given directly by the experime
tal parameters.

II. EXPERIMENT

The experimental arrangement is described in detai
Ref. @9#. The fullerene ions are produced in an electrosp
ion source, as illustrated in Fig. 1. The spray solution co
sists of 50 m l of a solution of C60 (1 mM ) in toluene,
mixed with 50 m l of a solution of tetrathiafulvalene~TTF!
(1 mM ) in dichloromethane and diluted with dichlo
romethane to 1 ml. TTF acts as an electron donor with C60 as
an acceptor since the TTF/TTF1 redox potential~0.38 V vs
Ag/AgCl! is higher than that of C60 /C60

2 (20.80 V vs Ag/
AgCl! @10,11#. The solution is sprayed through a needle
24 kV with a flow rate of 4 m l/min. The C60

2 ions are
liberated from the solvent during passage through a t

FIG. 1. Electrospray source. The solution is sprayed at atm
spheric pressure, and in the heated capillary the solvent in the s
charged droplets is evaporated. The ions are guided by ele
fields into the ion trap with a buffer gas at 1/1023 mbar. A positive
potential at the skimmer stops the loading of the trap at a varia
time, 10–80 ms before ion ejection into the acceleration tube.
©2002 The American Physical Society02-1
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FIG. 2. The electrostatic storage ring ELISA
A bunch of ions is injected from the lower lef
and neutrals are detected from each passage
the lower straight section. The ions can be excit
by a laser beam in the upper straight section.
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heated capillary (180 °C) into a first chamber, pumped do
to about 1 mbar, and are guided by the electric field from
tube lens through a skimmer into a second chamber wi
pressure of about 1023 mbars. Here the motion is confine
by an octapole beam guide, and the ions pass through a
system into a third chamber at about 1026 mbars, where
they are stored in a Paul trap with a He buffer gas maintai
at about 1023 mbars with an adjustable gas inlet. With
repetition rate of 10 Hz, the ions are ejected from the t
and focused by an Einzel lens into the acceleration tube o
isotope separator.

After acceleration to 22 keV and magnetic separation,
ions are injected as a short pulse into the electrostatic sto
ring ELISA @12#, as illustrated in Fig. 2. The pressure in th
ring is so low~a few times 10211 mbars) that a negligible
fraction of the ions are lost by collision with the rest g
during the;16 ms of observation. A few milliseconds afte
injection, the ions are illuminated in one side of the ring w
a pulse of second, third, or fourth harmonic radiation from
Nd:YAG laser, and subsequently the neutral molecules
ated by delayed electron emission in the other side of
ring are detected with a micro-channel-plate detector. T
solid angle covered by this detector is large enough to c
ture nearly all the neutral C60 molecules produced in th
straight section between the end deflections of the beam
betatron oscillations of the beam lead to small fluctuatio
(;20%) in the count rate because there is a variation of
detection efficiency over the surface area of the detector

A spectrum recorded after illumination with a single pul
of fourth-harmonic radiation is shown in Fig. 3. The revol

FIG. 3. Time spectrum of the counts of neutrals, with excitat
at 4.3 ms by fourth-harmonic radiation from a Nd:YAG laser. T
separation of the peaks corresponds to the revolution time, 108ms.
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tion time in the ring is 108ms, and neutrals produced b
electron emission are detected each time the short ion bu
(;5 ms) passes the detector. The yield of neutrals increa
dramatically after the laser illumination at 4.3 ms and th
decays nearly exponentially. The measurement covers a
variation of about two orders of magnitude, and within th
time window the yield is dominated by the contribution fro
absorption of three photons. We have determined this n
ber by observation of decay with the same lifetime after
lumination with third-harmonic radiation~four-photon ab-
sorption!. The excitation energy must be the same in the t
measurements, i.e., the total photon energy absorbed mu
an integer times 43331.165 eV514.0 eV. The value 14
eV is confirmed by the consistency with other experimen
as discussed in the analysis below.

Owing to the large heat capacity of C60, the control of the
initial temperature is very important. When the ions a
stored for tens of milliseconds in the Paul trap, they sho
reach an equilibrium with the room-temperature helium g
However, there is a risk of filling too many ions into the tra
The Coulomb repulsion leads to expansion of the ion clo
with increasing number of ions, and the C60

2 ions may be
pushed out from the center of the trap because the effec
confining field in an rf trap is stronger for lighter ions. Sinc
the rf field increases with the distance from the effect
potential minimum in the center of the trap, the micromoti
of the ions can then induce an internal heating by gas co
sions @13#. In an earlier experiment, a significantly short
lifetime was observed, which may be explained by heating
about 400 K in the trap. We have, therefore, introduce
positive potential at the skimmer, cutting off the trap fillin
10–80 ms before ion ejection. This procedure also ensu
that all ions have been stored in the trap in contact with
buffer gas for at least 10 ms. We checked that the lifetime
the decay by electron emission after laser excitation was
dependent of the filling time. In the spectrum shown in F
3 there is a small yield just after injection, which probab
stems from a small fraction of very hot molecules. Since
internal energy must be quite large, of order 15 eV or mo
we believe that this heating must be due to single collisio
with rest gas molecules in the acceleration region, and
have observed a correlation of the yield with the pressure
the source.

Multiple photon absorption requires a powerful las
beam, and a Nd:YAG laser has, therefore, been used.
fundamental mode is at 1064 nm corresponding to a pho
energy of 1.165 eV. The cross section of the laser beam
side the ring was;2 cm2 and the pulse energy was typ
cally 0.2 J for second-harmonic, 0.1 J for third-harmon
2-2
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STATISTICAL ELECTRON EMISSION AFTER LASER . . . PHYSICAL REVIEW A 65 053202
and 0.02 J for fourth-harmonic radiation. The absorpt
cross section depends on the temperature of the molec
and, therefore, does not remain constant in multiphoton
sorption, but we can estimate the average number of pho
absorbed with the cross section derived from a dielec
model, which has been used for prediction of thermal rad
tion @7,8#. From Fig. 4 in Ref.@14# we obtains@Å2#50.15,
0.5, and 1.5 for second, third, and fourth harmonic radiati
With the laser-pulse energies and the beam size given a
we then obtain the average number of photons absorbed
the three harmonics,n̄53.9, 4.3, and 1.9. These values co
firm that our laser intensities should be sufficient for obs
vation of decay after multiphoton excitation.

III. ANALYSIS

The analysis of the data builds upon the description
tailed in Ref.@8#. The rate constant for electron emission
given as a function of the internal temperatureT by an
Arrhenius expression

k~T!5n exp~2Eb /kBTe!, ~1!

where Eb52.67 eV is the electron binding,kB is Boltz-
mann’s constant. The excitation energy of the molecule a
electron emission is close toE2Eb and the effective emis
sion temperature is the average between the initial and
temperatures,Te5T2Eb/2C. The energy resides in ha
monic vibrations, and forT.1000 K a good approximation
to the internal temperatureT is obtained from the excitation
energy E through the relation E@eV#57.31C(T@K#
21000), with the heat capacityC50.0138 eV/K. At 300 K
the heat capacity is smaller by a factor of 2.5 and the aver
excitation energy is 0.52 eV. The caloric curve for C60 and
the linear fit are illustrated in Ref.@8#. A small correction
from the canonical to the microcanonical heat capacityC
→C2kB , which was ignored in Ref.@8#, has been included
here@15#.

From consideration of detailed balance in statistical eq
librium between emission and attachment of electrons,
obtains for the pre-exponential factor@2#

n5
m

p2\3
^sa&Tf

~kbTf !
2
gf

gi
. ~2!

Here m is the electron mass, and the average of the cr
sectionsa for electron attachment contains a weighting
the electron energy and by a Boltzmann factor correspond
to the final temperatureTf . The last factor is the ratio be
tween electron degeneracies in the final and initial sta
which for C60

2 is equal to 1:3. With an averaged cross sect
of 60 Å2 one obtainsn53.03106(Tf@K#)2 s21 @8#.

From the detailed studies of emission of thermal radiat
from C60

2 , we know that the decay rate is modified by phot
emission for lifetimes of order 1 ms or longer@6–8#. Owing
to the large heat capacity, the radiation can to a good
proximation be treated as continuous cooling of the molec
@8#. The radiation intensity is approximately proportional
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the sixth power of the temperature,I r.AT6, and we then
obtain an explicit formula for the temperature as a funct
of time after the excitation,

T~ t !5T0~115tAT0
5/C!21/5, ~3!

whereT0 is the initial temperature. The yield at timet be-
comes

I ~ t !5N0k„T~ t !…expF2E
0

t

k„T~ t8!…dt8G , ~4!

whereN0 is a constant and the functionsT(t) andk(T) are
given by Eqs.~1!–~3!.

As illustrated in Fig. 4, we have fitted our measureme
using this description. In the optimization we have min
mized the sum of squares of the logarithm of the ratio
tween measurement and fit because the fluctuations
mainly nonstatistical, caused by betatron oscillations as
cussed above. Common parameters in the three fits are
attachment cross section and the radiation constantA, and in
each fit we have included contributions from two phot
numbers. For the measurements with absorption of th
fourth-harmonic photons in Fig. 4~a! and four third-harmonic
photons in Fig. 4~b!, the contribution from absorption of on
photon less is very small since the decay rate in Eq.~1! is
lower by about two orders of magnitude. This is illustrat
by the dot-dashed curves, which show the contribution to
fit from three-photon absorption in Fig. 4~a! and four-photon
absorption in Fig. 4~b!. We have made a combined fit to th
two measurements with the initial energy equal to the th
mal energy at room temperature and with a common valu
the attachment cross section. This value together with
two normalization constantsN0 for each of the two measure
ments were varied to optimize the fits, while the cooli
parameterA was kept fixed at the value determined by the
in Fig. 4~c!, as discussed below. From theN0 values, the
ratio of the probabilities for three-photon and two-phot
absorption is found to be 0.3 in Fig. 4~a!, and for Fig. 4~b!
the corresponding ratio for absorption of four and three p
tons is 0.85. We may compare these numbers to the ratios
and 1.1 in Poisson distributions with the average values on

estimated above,n̄51.9 andn̄54.3. The agreement within a
factor of 2 is quite satisfactory in view of the cursory natu
of the estimates.

As seen from Eqs.~1! and ~2!, the decay rate is propor
tional to the attachment cross section, and this is illustra
by the dotted curves in Fig. 4~a!, which include only the
contribution from three-photon absorption. The fits in Fig
4~a! and 4~b! yield an optimum value of̂sa&542 Å2. The
main source of error is the uncertainty of the initial therm
energy. A variation of the excitation energy by 0.1 eV give
10% variation in the derived cross section. The curvature
the curves stems from radiative cooling. There should also
a contribution from the finite width of the energy distributio
since depletion of this distribution from the high-energy si
leads to a small positive curvature in a logarithmic plot. Th
is a very large effect for fullerenes produced at high tempe
ture in an oven@2#. We have made a simulation for a Gaus
2-3
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FIG. 4. Analysis of the measurements with~a! fourth-, ~b!
third-, and~c! second-harmonic radiation from a Nd:YAG laser. T
points represent the counts per revolution in spectra of the
illustrated in Fig. 3, and they are plotted against the timet after the
laser excitation. In~a! and~b! the counts from five revolutions hav
been averaged fort.2 ms to reduce fluctuations. The solid line
are fits explained in the text, with attachment cross section^sa&
542 Å2. The dot-dashed curves in~a! and~b! show the componen
of the fit corresponding to absorption of three fourth-harmonic p
tons and four third-harmonic photons, while the dotted curves in~a!
illustrate the sensitivity to the value of the cross section. The
include radiative cooling, with a characteristic cooling timetc scal-
ing with T25 and withtc55.5 ms atT51356 K, after absorption
of five second-harmonic photons. The dotted curves in~c! illustrate
the sensitivity of the fit to this parameter.
05320
ian energy distribution with a width corresponding to the rm
fluctuations in the canonical distribution at room tempe
ture, TACkB50.2 eV. The curvature is small compared
that caused by cooling and it has, therefore, been ignore
the analysis.

For the measurement with second-harmonic radiation,
ratio of the probabilities for five- and six-photon absorpti
is close to unity, and this again agrees within a factor o
with the ratio 0.6 obtained from a Poisson distribution w
n̄53.9. The contributions from the two photon numbers a
not so well separated, and both the thermal energy and
attachment cross section have, therefore, been fixed in th
We have chosen the thermal energy to be slightly hig
~0.56 eV! than for the other measurements because the
sorption increases strongly with increasing excitation ene
in this wavelength region@14,16#. For a Gaussian energ
distribution}exp@2(E2E0)

2/b2# and a probability}exp(aE)
for absorption ofn photons with energy\v, the mean energy
after absorption isE01n\v1ab2, and we have estimate
the small increase in the thermal energy from this express

As can be seen from introduction into Eq.~1! of a first-
order expansion of Eq.~3!, the radiative cooling may be
characterized by a lifetime given bytc5CT/GIr , where the
Gspann parameterG equals the magnitude of the exponent
Eq. ~1! and is of order G;24 @8#. The fit gives tc
55.5 ms at the temperature 1356 K after absorption of fi
second-harmonic photons, and the dotted curves in Fig.~c!
illustrate the sensitivity of the fit to a variation oftc . The
lifetime obtained from Eq.~1! is at this temperature about 1
ms, so the slope in Fig. 4~c! at the longer times is dominate
by cooling, with an effective signal-decay time of about
ms. From the scaling oftc with T25, the characteristic cool-
ing times after absorption of three third-harmonic and t
fourth-harmonic photons are obtained as 8.2 ms and 10.4
and they are one to two orders of magnitude shorter than
decay times given by Eq.~1!. As demonstrated by the exce
lent fits to the tails in Figs. 4~a! and 4~b!, the measurement
are consistent with this scaling oftc , but the fits are not very
sensitive to a small variation of the power law. From t
cooling time we obtain a value ofA corresponding to a ra
diation intensity ofI r5138 eV/s at 1356 K. This is in good
agreement with the valueI r.200 eV/s at 1400 K obtained
in Ref. @8# with an analysis including a Planck distribution o
photon energies. As noted there, the derived radiation in
sity should be about 20% lower with the continuum-cooli
description applied here. The value ofA is sensitive to the
choice of thermal energy for the measurement with seco
harmonic radiation: an increase by 0.1 eV leads to an
crease ofA by about 10%. This gives the dominant cont
bution to the uncertainty of the result, which we estimate
be 138620 eV/s at 1356 K, within the continuum-coolin
description.

IV. DISCUSSION AND CONCLUSIONS

The method used here, multiple laser excitation of roo
temperature clusters, has previously been applied to
study of electron emission from neutral clusters, which
easily produced by a cold source. Good examples are
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ported in measurements on small Nb clusters@17,18#. Also
here the spread in the initial thermal energy was small,
an exponential decay was observed after the laser excita
However, compared to the time-of-flight measurements
these studies, our measurements of decay in a storage
cover a much larger range in count rate. This has mad
possible to measure simultaneously the decay from two
ferent numbers of absorbed photons and thereby to de
mine the influence of cooling by photon emission. As d
cussed in Ref.@2#, competition by photon emission may b
important also in the experiments on Nb clusters.

According to the ergodic hypothesis, all the availab
phase space is sampled before the decay. Since the tem
tures are moderate in our experiment,kBT,0.2 eV, the
probability for electronic excitation is very small in equilib
rium, and all the absorbed energy is transformed into vib
tional excitation before the electron by a rare statistical fl
tuation receives enough energy to leave the molecule.
applicability of this picture to processes induced by pho
absorption has been studied in detail for C60. For photon
energies exceeding the ionization energy of 7.6 eV, dir
ionization dominates@19#, and for multiphoton ionization
this domination can extend to somewhat lower photon en
gies due to the long lifetime of the lowest triplet states in C60
~1.7 eV!, which are efficiently populated via intersyste
crossing@20–25#. Decay of these states could, therefore,
an internal bottleneck for equilibration@26#. This idea has
been supported by experiments on ionization after vib
tional excitation with infrared photons from a free-electr
laser, where a delay of tens of microseconds before ons
electron emission was observed@27#. In this case the bottle
neck is approached from the part of phase space with
electronic excitation, and simultaneous electronic excitat
with a laser was shown to eliminate the delay. It seems q
surprising, however, that the lifetime of the triplet states c
remain long at high excitation energies, since triplet lifetim
in aromatic molecules are drastically shortened by exc
vibrational energy@21#.

For anions, the photon absorption with high probabil
should result in formation of quartet states, i.e., a spin-1 s
in C60 combined with the additional electron in the lowe
unoccupied molecular orbital to a total spin of 3/2, and su
states could also be long lived, at least for not too high
citation energy. However, our results are consistent wit
A

nd

ec

ch
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full statistical equilibrium and give no indication of a speci
role of triplet excitations. Apart from the special proble
with long-lived triplet states, the approach to equilibriu
should be very fast. For example, experiments with v
short laser pulses have indicated that the characteristic
for coupling from electronic to vibrational excitation i
;1 ps, only@28#.

For electron emission from fullerene anions, it has be
unclear whether experiments support an interpretation
emission in statistical equilibrium@1,29,30#, but a renewed
analysis of the data has indicated that the apparent disc
ancies disappear when the width of the energy distributi
is taken into account@2#. Our results support this conclusion
and we have determined the effective attachment cross
tion in the expression for the frequency factor in Eq.~2!,
^sa&.42 Å2, with an estimated accuracy of620%. The
result is in reasonable agreement with measured attachm
cross sections at low electron energies@3–5# and consistent
with the analysis in Ref.@2# of the associated lifetime mea
surements, which sets upper and lower bounds of 60 Å2 and
20 Å2 for the cross section.

The calibration of the frequency factor in the Arrheni
formula in Eq.~1! is valuable for the interpretation of exper
ments with a broad distribution in excitation energy, whi
rely on this formula to give a connection between time a
temperature@6,8#. Furthermore, the determination of a coo
ing rate at a well-defined excitation energy has given in
pendent confirmation of the intensity of radiation deriv
from experiments with fullerene anions injected into ELIS
from a hot ion source@8#. The uncertainty of the presen
results stems mainly from the width of the initial distributio
in excitation energy, and it would, therefore, be desirable
be able to cool the Paul trap in the ion source. We are p
ning a modification of the injection system to include th
feature.

ACKNOWLEDGMENTS

We thank Dr. Mogens Bro”ndsted Nielsen~ETH Zürich!
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