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Statistical electron emission after laser excitation of &, ions from an electrospray source
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We have measured electron emission frogy ©ns 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?4fr/electron attachment. The
measurements also determine the thermal radiation intehsiy a well-defined internal temperatute I,
=138+20 eV/s atT=1356 K. The results are consistent with the scaling lawT® and with the intensity,
I,~200 eV/s at 1400 K, inferred from previous measurements of cooling in a storage riggion€injected
from a hot source.
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[. INTRODUCTION tation energy was reached by absorption of four third-
harmonic photons and of six second-harmonic photons. In all
Central for the interpretation of delayed electron emissiorcases a significant tail of the decay curve is observed, which
from excited clusters or molecules is the question whethecorresponds to absorption of one photon less. Because the
the system has reached an internal equilibrium before thkfetime is considerably longer, it is strongly influenced by
decay. Fullerenes play a special role in the study of thigadiative cooling of the moleculd$—8], and in contrast to
guestion owing to the many measurements of both attachearlier experiments, the measurements determine the cooling
ment and emission of electrons, and of the competing deexate for an excitation energy given directly by the experimen-
citation by photon emission. For fullerene anions, early meatal parameters.
surements of emission rates after excitation by scattering
from a solid surface seemed to indicate that the process is
nonergodid 1], but this interpretation has recently been chal- IIl. EXPERIMENT

lenged[2]. The emission rate in equilibrium may via the  The experimental arrangement is described in detail in

detailed-balance relation be expressed in terms of the Croggef. [9). The fullerene ions are produced in an electrospray
section for electron attachmef#], and in experiments with jon source, as illustrated in Fig. 1. The spray solution con-
crossed beams of electrons and of fullerene molecules frongists of 50 ul of a solution of Gy (1 mM) in toluene

an oven, both attachment cross sections and emission ratg§ved with 50 ul of a solution of tetrathiafulvalenéT TF)
can be measureB-5]. The results confirm the assumption (1 1y in dichloromethane and diluted with dichlo-
of statistical equilibrium within the uncertainty of the mea- .o <ihane to 1 ml. TTF acts as an electron donor wighes

surement§2], but this uncertainty is.rather Iarge,_partly be-_ n acceptor since the TTF/TTRedox potential0.38 V vs
cause the molecules are produced in an oven with a Cons'(i'g/AgCI) is higher than that of § /Cy (—0.80 V vs Ag/

erable spread in internal energy. It may also be argued th L
electron attachment populates the part of phase space, whic C [10,11]. The solution is sprayed through a needle at

. o o =4 kV with a flow rate of 4 ul/min. The G, ions are
s strongly _coupled o elec_tro_n emission, and that it is ar@berated from the solvent during passage through a thin
open question whether excitation by different means leads t

decay with the same lifetime.

We describe measurements with room-temperatufe C o "™ gipmer OO Lenses ‘
ions excited by photon absorption. The ions were producec 4v v / AN Acfe_le_ff'_“f‘lf“be
by an electrospray source and stored for tens of millisecond: \ | X J ,[ I ‘_
in a Paul trap with a room-temperature buffer gas. They were (==, ::: i
then ejected and, after acceleration and magnetic analysis 1 mbar j 10 mbar | 410" mbar _10% mbar_
injected into an ion storage ring. Here they were excited by I Il I
absorption of higher-harmonic photons from a Nd:YAG la- Heated Rf’]ﬁry TE:E" Tﬁi’"
ser, and the decay by electron emission was followed in time / “®illy pume pume pume
by detection of neutral molecules. We have identified a sig- Ton rap

Fused silica

nal from absorption of three fourth-harmonic photons, corre-
sponding to a total photon energy of about 14 eV, and have
obtained the lifetime for a well-defined excitation energy. g, 1. Electrospray source. The solution is sprayed at atmo-
Together with the earlier results for emission after electronspheric pressure, and in the heated capillary the solvent in the small
attachment, this measurement tests that the rate of e|ectrQﬂarged droplets is evaporated. The ions are guided by electric
emission is independent of the excitation mechanism, and fields into the ion trap with a buffer gas at 17T0mbar. A positive

gives an independent determination of the pre-exponentiglotential at the skimmer stops the loading of the trap at a variable
frequency factor in the Arrhenius decay law. The same excitime, 10—80 ms before ion ejection into the acceleration tube.

capillary
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Laser power meter

Ion bunch

FIG. 2. The electrostatic storage ring ELISA.
A bunch of ions is injected from the lower left
and neutrals are detected from each passage of
Detector the lower straight section. The ions can be excited
Im for neutrals by a laser beam in the upper straight section.

Injection

Accelerator with
electrospray ion source

heated capillary (180 °C) into a first chamber, pumped dowrtion time in the ring is 108us, and neutrals produced by
to about 1 mbar, and are guided by the electric field from theslectron emission are detected each time the short ion bunch
tube lens through a skimmer into a second chamber with &~5 us) passes the detector. The yield of neutrals increases
pressure of about I6 mbars. Here the motion is confined dramatically after the laser illumination at 4.3 ms and then
by an octapole beam guide, and the ions pass through a ledgcays nearly exponentially. The measurement covers a time
system into a third chamber at about fOmbars, where variation of about two orders of magnitude, and within this
they are stored in a Paul trap with a He buffer gas maintainetime window the yield is dominated by the contribution from
at about 10° mbars with an adjustable gas inlet. With a absorption of three photons. We have determined this num-
repetition rate of 10 Hz, the ions are ejected from the tragber by observation of decay with the same lifetime after il-
and focused by an Einzel lens into the acceleration tube of alumination with third-harmonic radiatiorifour-photon ab-
isotope separator. sorption. The excitation energy must be the same in the two
After acceleration to 22 keV and magnetic separation, theneasurements, i.e., the total photon energy absorbed must be
ions are injected as a short pulse into the electrostatic storaga integer times A3X1.165 e\=14.0 eV. The value 14
ring ELISA[12], as illustrated in Fig. 2. The pressure in the eV is confirmed by the consistency with other experiments,
ring is so low(a few times 10! mbars) that a negligible as discussed in the analysis below.
fraction of the ions are lost by collision with the rest gas Owing to the large heat capacity of¢ the control of the
during the~16 ms of observation. A few milliseconds after initial temperature is very important. When the ions are
injection, the ions are illuminated in one side of the ring with stored for tens of milliseconds in the Paul trap, they should
a pulse of second, third, or fourth harmonic radiation from areach an equilibrium with the room-temperature helium gas.
Nd:YAG laser, and subsequently the neutral molecules creHowever, there is a risk of filling too many ions into the trap.
ated by delayed electron emission in the other side of thdhe Coulomb repulsion leads to expansion of the ion cloud
ring are detected with a micro-channel-plate detector. Thevith increasing number of ions, and thg Qons may be
solid angle covered by this detector is large enough to cappushed out from the center of the trap because the effective
ture nearly all the neutral & molecules produced in the confining field in an rf trap is stronger for lighter ions. Since
straight section between the end deflections of the beam, btiie rf field increases with the distance from the effective
betatron oscillations of the beam lead to small fluctuationgpotential minimum in the center of the trap, the micromotion
(~20%) in the count rate because there is a variation of thef the ions can then induce an internal heating by gas colli-
detection efficiency over the surface area of the detector. sions[13]. In an earlier experiment, a significantly shorter
A spectrum recorded after illumination with a single pulselifetime was observed, which may be explained by heating to
of fourth-harmonic radiation is shown in Fig. 3. The revolu- about 400 K in the trap. We have, therefore, introduced a
positive potential at the skimmer, cutting off the trap filling
10* —————— 10-80 ms before ion ejection. This procedure also ensures
] that all ions have been stored in the trap in contact with the

] buffer gas for at least 10 ms. We checked that the lifetime of
10°F . the decay by electron emission after laser excitation was in-
] dependent of the filling time. In the spectrum shown in Fig.

3 there is a small yield just after injection, which probably

stems from a small fraction of very hot molecules. Since the

internal energy must be quite large, of order 15 eV or more,
| we believe that this heating must be due to single collisions

10 with rest gas molecules in the acceleration region, and we

i ] have observed a correlation of the yield with the pressure in

| I the source.

O 2 4 & 8 10 12 14 16 Multiple photon absorption requires a powerful laser
beam, and a Nd:YAG laser has, therefore, been used. The
fundamental mode is at 1064 nm corresponding to a photon

FIG. 3. Time spectrum of the counts of neutrals, with excitationenergy of 1.165 eV. The cross section of the laser beam in-
at 4.3 ms by fourth-harmonic radiation from a Nd:YAG laser. Theside the ring was~2 cn? and the pulse energy was typi-
separation of the peaks corresponds to the revolution time, 488 cally 0.2 J for second-harmonic, 0.1 J for third-harmonic,

Counts
a,

Time [ms]
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and 0.02 J for fourth-harmonic radiation. The absorptionthe sixth power of the temperature=AT®, and we then

cross section depends on the temperature of the moleculebtain an explicit formula for the temperature as a function

and, therefore, does not remain constant in multiphoton absf time after the excitation,

sorption, but we can estimate the average number of photons

absorbed with the cross section derived from a dielectric T(t)=To(1+5tATy/C) 5, ©)

model, which has been used for prediction of thermal radia-

tion [7,8]. From Fig. 4 in Ref[14] we obtaina[ A?]=0.15, whereT is the initial temperature. The yield at tintebe-

0.5, and 1.5 for second, third, and fourth harmonic radiationcomes

With the laser-pulse energies and the beam size given above

we then obtain the average number of photons absorbed for (1) = Nok(T(t))exr{ B ftk(T(t’))dt'
0

the three harmonic$=3.9, 4.3, and 1.9. These values con-
firm that our laser intensities should be sufficient for obser-
vation of decay after multiphoton excitation. whereN, is a constant and the functiofigt) andk(T) are
given by Egs(1)—(3).

As illustrated in Fig. 4, we have fitted our measurements
using this description. In the optimization we have mini-

The analysis of the data builds upon the description demized the sum of squares of the logarithm of the ratio be-
tailed in Ref.[8]. The rate constant for electron emission istween measurement and fit because the fluctuations are
given as a function of the internal temperatuFeby an  mainly nonstatistical, caused by betatron oscillations as dis-

: 4

IIl. ANALYSIS

Arrhenius expression cussed above. Common parameters in the three fits are the
attachment cross section and the radiation congaand in
k(T)=vexp —Ep/kgTe), ) each fit we have included contributions from two photon

numbers. For the measurements with absorption of three

where E,=2.67 eV is the electron bindingsg is Boltz-  fourth-harmonic photons in Fig(d and four third-harmonic
mann’s constant. The excitation energy of the molecule aftePhotons in Fig. ), the contribution from absorption of one
electron emission is close ®—E, and the effective emis- Photon less is very small since the decay rate in @ is
sion temperature is the average between the initial and findPwer by about two orders of magnitude. This is illustrated
temperaturesT,=T—E,/2C. The energy resides in har- by the dot-dashed curves, which show the contribution to the
monic vibrations, and fof >1000 K a good approximation fit from three-photon absorption in Fig(a and four-photon
to the internal temperaturgis obtained from the excitation absorption in Fig. &). We have made a combined fit to the
energy E through the relation E[eV]=7.3+C(T[K] wo measurements with the initial energy equal to the ther-
—1000), with the heat capacig=0.0138 eV/K. At 300 K mal energy at room temperature and with a common value of
the heat capacity is smaller by a factor of 2.5 and the averag@® attachment cross section. This value together with the
excitation energy is 0.52 eV. The caloric curve foj,@nd WO normalization constants, for each of the two measure-
the linear fit are illustrated in Ref8]. A small correction ~Ments were varied to optimize the fits, while the cooling
from the canonical to the microcanonical heat capagty, ParameteAwas kgpt fixed at the value determined by the fit
—C—kg, which was ignored in Ref8], has been included N Fig. 4(c), as discussed below. From tit, values, the
here[15]. ratio of the probabilities for three-photon and two-photon
From consideration of detailed balance in statistical equi@sorption is found to be 0.3 in Fig(a, and for Fig. 4b)
librium between emission and attachment of electrons, onthe corresponding ratio for absorption of four and three pho-

obtains for the pre-exponential fact®] tons is 0.85. We may compare these numbers to the ratios 0.6
and 1.1 in Poisson distributions with the average valuas of
m s estimated above1=1.9 andn=4.3. The agreement within a
v= ?wa)n(kaf)z—_. (2)  factor of 2 is quite satisfactory in view of the cursory nature
Th 9 of the estimates.

As seen from Eqgs(l) and (2), the decay rate is propor-

Here m is the electron mass, and the average of the crosgonal to the attachment cross section, and this is illustrated
sectiono, for electron attachment contains a weighting by by the dotted curves in Fig.(d), which include only the
the electron energy and by a Boltzmann factor correspondingontribution from three-photon absorption. The fits in Figs.
to the final temperatur@&;. The last factor is the ratio be- 4(a) and 4b) yield an optimum value ofo,) =42 A2 The
tween electron degeneracies in the final and initial statesmain source of error is the uncertainty of the initial thermal
which for G5, is equal to 1:3. With an averaged cross sectionenergy. A variation of the excitation energy by 0.1 eV gives a
of 60 A? one obtaingy=3.0x 10°(T{[K])? s ! [8]. 10% variation in the derived cross section. The curvature of

From the detailed studies of emission of thermal radiatiorthe curves stems from radiative cooling. There should also be
from Cg,, we know that the decay rate is modified by photona contribution from the finite width of the energy distribution
emission for lifetimes of order 1 ms or long—8]. Owing  since depletion of this distribution from the high-energy side
to the large heat capacity, the radiation can to a good apeads to a small positive curvature in a logarithmic plot. This
proximation be treated as continuous cooling of the moleculés a very large effect for fullerenes produced at high tempera-
[8]. The radiation intensity is approximately proportional to ture in an overi2]. We have made a simulation for a Gauss-
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T T ian energy distribution with a width corresponding to the rms
fluctuations in the canonical distribution at room tempera-
ture, TJCks=0.2 eV. The curvature is small compared to
that caused by cooling and it has, therefore, been ignored in
the analysis.

For the measurement with second-harmonic radiation, the
ratio of the probabilities for five- and six-photon absorption
is close to unity, and this again agrees within a factor of 2
with the ratio 0.6 obtained from a Poisson distribution with

n=3.9. The contributions from the two photon numbers are

not so well separated, and both the thermal energy and the
attachment cross section have, therefore, been fixed in the fit.
We have chosen the thermal energy to be slightly higher

Fourth harmonic @

Time [ms] (0.56 eV than for the other measurements because the ab-
T . . ‘ . . . sorption increases strongly with increasing excitation energy
105'; © 1 in this wavelength regiori14,16. For a Gaussian energy
] Third harmonic distributionoc exy —(E—Ey)%8%] and a probabilityx exp(E)

for absorption ofh photons with energ¥ o, the mean energy
after absorption i€,+nfw+ B2, and we have estimated
the small increase in the thermal energy from this expression.
i As can be seen from introduction into Eq) of a first-
order expansion of Eq(3), the radiative cooling may be
characterized by a lifetime given hy=CT/GlI,, where the

102—g - /M E Gspann paramet& equals the magnitude of the exponent in

Counts
=)
1

4 photons Eg. (1) and is of orderG~24 [8]. The fit gives 7
=5.5 ms at the temperature 1356 K after absorption of five
O T T A & 5 10 second-harmonic photons, and the dotted curves in Fay. 4
Time [me] |!Iu§trate the_ sensitivity of the fit to a variation of. The
lifetime obtained from Eq(l) is at this temperature about 16
10— — T T T ms, so the slope in Fig.(d) at the longer times is dominated
(© by cooling, with an effective signal-decay time of about 4
Second harmonic ms. From the scaling of, with T, the characteristic cool-
3 ing times after absorption of three third-harmonic and two
fourth-harmonic photons are obtained as 8.2 ms and 10.4 ms,
and they are one to two orders of magnitude shorter than the
i decay times given by Eql). As demonstrated by the excel-
lent fits to the tails in Figs. @) and 4b), the measurements
are consistent with this scaling ef, but the fits are not very
sensitive to a small variation of the power law. From the
cooling time we obtain a value @& corresponding to a ra-
diation intensity ofl , =138 eV/s at 1356 K. This is in good
0o 2 4 6 8 10 12 agreement with the valug=200 eV/s at 1400 K obtained
in Ref.[8] with an analysis including a Planck distribution of
photon energies. As noted there, the derived radiation inten-
sity should be about 20% lower with the continuum-cooling
description applied here. The value Afis sensitive to the
choice of thermal energy for the measurement with second-
farmonic radiation: an increase by 0.1 eV leads to an in-
laser excitation. Irfa) and(b) the counts from five revolutions have crease ofA by about ,10%' This gives the_ dom'nant, contri-
been averaged fdr>2 ms to reduce fluctuations. The solid lines bution to the uncertainty of the result, which we estimate to
are fits explained in the text, with attachment cross sectipy) ~ P€ 138220 eV/s at 1356 K, within the continuum-cooling

=42 A2 The dot-dashed curves ig) and(b) show the component  description.
of the fit corresponding to absorption of three fourth-harmonic pho-

Counts

Time [ms]

FIG. 4. Analysis of the measurements wita) fourth-, (b)
third-, and(c) second-harmonic radiation from a Nd:YAG laser. The
points represent the counts per revolution in spectra of the typ
illustrated in Fig. 3, and they are plotted against the tiraéter the

tons and four third-harmonic photons, while the dotted curvéa)in V. DISCUSSION AND CONCLUSIONS
illustrate the sensitivity to the value of the cross section. The fits ) o
include radiative cooling, with a characteristic cooling timescal- The method used here, multiple laser excitation of room-

ing with T~° and with7,=5.5 ms afT=1356 K, after absorption temperature clusters, has previously been applied to the
of five second-harmonic photons. The dotted curvejillustrate ~ study of electron emission from neutral clusters, which are
the sensitivity of the fit to this parameter. easily produced by a cold source. Good examples are re-
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ported in measurements on small Nb clustelrg,18. Also  full statistical equilibrium and give no indication of a special
here the spread in the initial thermal energy was small, andole of triplet excitations. Apart from the special problem
an exponential decay was observed after the laser excitatiowith long-lived triplet states, the approach to equilibrium
However, compared to the time-of-flight measurements irshould be very fast. For example, experiments with very
these studies, our measurements of decay in a storage risport laser pulses have indicated that the characteristic time
cover a much larger range in count rate. This has made for coupling from electronic to vibrational excitation is
possible to measure simultaneously the decay from two dif~1 ps, only[28].

ferent numbers of absorbed photons and thereby to deter- For electron emission from fullerene anions, it has been
mine the influence of cooling by photon emission. As dis-unclear whether experiments support an interpretation as
cussed in Ref[2], competition by photon emission may be emission in statistical equilibriurii1,29,30, but a renewed
important also in the experiments on Nb clusters. analysis of the data has indicated that the apparent discrep-

According to the ergodic hypothesis, all the availableancies disappear when the width of the energy distributions
phase space is sampled before the decay. Since the tempeistaken into accourf2]. Our results support this conclusion,
tures are moderate in our experimekgT<<0.2 eV, the and we have determined the effective attachment cross sec-
probability for electronic excitation is very small in equilib- tion in the expression for the frequency factor in Ef),
rium, and all the absorbed energy is transformed into vibra{o,)=42 A?, with an estimated accuracy of 20%. The
tional excitation before the electron by a rare statistical fluctesult is in reasonable agreement with measured attachment
tuation receives enough energy to leave the molecule. Theross sections at low electron energfi8s-5] and consistent
applicability of this picture to processes induced by photorwith the analysis in Refl2] of the associated lifetime mea-
absorption has been studied in detail fog,CFor photon  surements, which sets upper and lower bounds of 6arfl
energies exceeding the ionization energy of 7.6 eV, direc0 A2 for the cross section.
ionization dominateg19], and for multiphoton ionization The calibration of the frequency factor in the Arrhenius
this domination can extend to somewhat lower photon enerformula in Eq.(1) is valuable for the interpretation of experi-
gies due to the long lifetime of the lowest triplet states jg C ments with a broad distribution in excitation energy, which
(1.7 eV), which are efficiently populated via intersystem rely on this formula to give a connection between time and
crossing[20—25. Decay of these states could, therefore, betemperaturg6,8]. Furthermore, the determination of a cool-
an internal bottleneck for equilibratiof26]. This idea has ing rate at a well-defined excitation energy has given inde-
been supported by experiments on ionization after vibrapendent confirmation of the intensity of radiation derived
tional excitation with infrared photons from a free-electronfrom experiments with fullerene anions injected into ELISA
laser, where a delay of tens of microseconds before onset &fom a hot ion sourcd8]. The uncertainty of the present
electron emission was observg2l]. In this case the bottle- results stems mainly from the width of the initial distribution
neck is approached from the part of phase space withouh excitation energy, and it would, therefore, be desirable to
electronic excitation, and simultaneous electronic excitatiorbe able to cool the Paul trap in the ion source. We are plan-
with a laser was shown to eliminate the delay. It seems quitaing a modification of the injection system to include this
surprising, however, that the lifetime of the triplet states carfeature.
remain long at high excitation energies, since triplet lifetimes
in aromatic molecules are drastically shortened by excess
vibrational energy21].

For anions, the photon absorption with high probability ~We thank Dr. Mogens Brudsted NielsedETH Zurich)
should result in formation of quartet states, i.e., a spin-1 statéor help in finding a good spray mixture. Support by the
in Cgo combined with the additional electron in the lowest Danish National Research Foundation through the Aarhus
unoccupied molecular orbital to a total spin of 3/2, and suchCenter for Atomic Physic6éACAP) and by the EU Research
states could also be long lived, at least for not too high exTraining Network, Contract No. HPRN—-CT-2000-0002 is
citation energy. However, our results are consistent with acknowledged.
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