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Radiative Cooling ofC60
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We have studied the radiative cooling of negatively charged fullerene ions by following
thermionic emission as a function of time after injection into the heavy-ion storage ring AST
It is argued that electron emission can be used as a calibrated thermometer to measure the cool
For C60

2 at ,1500 K the cooling corresponds to a radiation intensity of,190 eVys, which is 2 orders
of magnitude more than expected from infrared active vibrations. [S0031-9007(96)01602-X]

PACS numbers: 36.40.–c
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The formation of fullerene molecules is a surprising
commonplace phenomenon, accompanying, for exam
soot formation when you burn a candle [1]. And y
the physics and chemistry of the process are far fr
simple and are still incompletely understood. We addr
here the radiative cooling of hotC60 molecules. In
Ref. [1], Smalley argues that electronic transitions c
hardly be important because of the large HOMO-LUM
gap (highest occupied to lowest unoccupied molec
orbital, about 1.7 eV). Instead, he suggests that
radiation is emitted by the infrared active vibrations [2]

An estimate of the cooling rate atT , 1800 K was
obtained by Kolodney, Budrevich, and Tsipinyuk fro
observation of the depletion of thermalC60 beams by
fragmentation, and they conclude that the measured c
ing is much faster than expected from emission by
frared active vibrations [3]. It is difficult to judge th
accuracy of this result because it is derived from
servation in a rather short time interval of the compe
tion between cooling and fragmentation,C60 ! C58 1

C2, and the activation energy for this process is
known. We have studied the cooling of negative
charged fullerenes by observation over two decade
time of the competition between cooling and electr
emission. The electron affinity is well known [1,4], an
with the additional information available on attachme
cross sections for low-energy electrons [5–7], a relia
statistical formula can be established for thermionic e
tron emission. The formula can be tested against lifetim
measured forC60

2 molecules with definite temperatu
[6], and hence thermionic emission can be used as a
brated thermometer.

The experiments were performed at the heavy-
storage ring ASTRID [8]. A pulse of negatively charg
fullerene ions from an electron-impact ion source w
injected into the ring at 50 keV, and the decay of t
stored current was followed by the observation of neu
decay products with a channel-plate detector in one of
four 90± magnets of the ring. As shown in Fig. 1, the
is initially a high rate which is attributed to thermion
emission from the hot molecules. The rate decrease
3–4 orders of magnitude until att , 100 ms it becomes
0031-9007y96y77(19)y3991(4)$10.00
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so low that the yield of neutrals is dominated by collisio
with rest-gas molecules, mainlyH2. This contribution to
the yield decays exponentially with a lifetime of orde
10 s, corresponding roughly to a geometrical cross sec
for destruction.

To interpret the data, we use a statistical model. T
electron bombardment in the source produces fuller
molecules with a broad distribution in internal energ
For a C60 molecule with energyE we define a micro-
canonical temperature by the relation between the
erage internal energy and the temperature in a ther
equilibrium, E ­ 7.4 1 0.0138sT 2 1000d eV for T .

1000 K, as derived from the vibration frequencies calc
lated by Stanton and Newton [2] with a reduction by 10
[9]. The heat capacity,C ­ 0.0138 eVyK, is consistent
with the value given in Ref. [3].

FIG. 1. Rate of decay by thermionic emission of a stor
C60

2 beam. A contribution from collisions with the res
gas has been subtracted. The curve through the data p
corresponds to Eqs. (10) and (11) withtc ­ 4.3 ms andn ­
7.6, and the other curve to at21 dependence.
© 1996 The American Physical Society 3991
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The distribution in temperature changes with time b
due to cooling and due to depletion by electron emiss
It is convenient to introduce the initial temperatureTi as
a variable in the distribution functiongsTi , td, which then
changes only by depletion,

d
dt

gsTi , td ­ 2n exp

µ
2

Eb

kTstd

∂
gsTi , td . (1)

We have introduced a simple Arrhenius expression
the rate of emission and approximated the cooling b
continuous decrease of the temperatureTstd, with T s0d ­
Ti . With the solution of Eq. (1) forgsTi , td, the emission
yield may be expressed as

Iestd ­
Z

dTin exp

µ
2

Eb

kT std

∂
3 exp

∑
2

Z t

0
dt0n exp

µ
2

Eb

kTst0d

∂∏
gsTi , 0d . (2)

If we disregard cooling, we haveTst0d ­ Ti, and the
integration in the exponent gives just a factort. The
integral overTi is then dominated by a narrow regi
in temperature around a valueTmstd ­ Ebyfk lnsntdg,
where lnsntd , 25 for t , 10 ms, and we may therefor
approximate slowly varying functions by constants,

Iestd ­
Z

dTi
kT2

i

Ebt
gsTi , 0d

3
2d
dTi

fexps2nte2EbykTi dg >
TmgsTm, 0d

t lnsntd
. (3)

Hence, in the absence of cooling, the intensity should
as t21, and the nearly exponential decrease observe
Fig. 1 is strong evidence for cooling.

The depletion from the high-temperature end of
distribution gsTi , td stops when the emission becomes
slow that it is quenched by cooling. This happens a
time tc, when the rate of relative change of the emiss
rate becomes equal to the emission rate itself,

1
tc

­ 2
d
dt

ln

∑
n exp

µ
2

Eb

kT

∂∏
­ lnsntcd

2d
dt

ln T , T ­ Tmstcd ; Tc . (4)

For temperatures nearTc the decrease with time of th
exponent in Eq. (1) is then to first order given by2tytc.
If we introduce this in Eq. (2), the integration can
carried out as before but the time dependence is mod
to t21

c fexpstytcd 2 1g21, expressing a transition att ,
tc from proportionality to t21 to exponential decreas
with time constanttc. For t . tc the distribution is
frozen, gsTi , td , gsTi , tcd, and the emission decreas
due to cooling alone.

To make the analysis quantitative, we need values
the parametersn andEb in Eq. (1). We can use the sam
statistical argument that leads to the Richardson form
3992
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for electron emission from a surface areaS of a metal
with work functionf,

Ie ­ AT2Ss1 2 rd exp

µ
2

f

kT

∂
, (5)

where A ­ mk2y2p2h̄3 and r is the average reflection
coefficient for thermal electrons. This formula is derive
from a detailed balance between attachment and emis
when the chemical potential is the same inside and outs
the surface,m ­ 2f [10].

For C60
2 the electron affinity isEa ­ 2.67 eV [4].

Since the energy level of the additional electron is 6 tim
degeneratest1ud, the C60

2 state corresponds to a Ferm
distribution with chemical potentialm ­ 2Ea 2 kT ln 5,
but, instead of this modification ofm, we divide the pre-
exponential factor by 5.

The effective surface areaS and the reflection coeffi-
cient r may be obtained from experiments [5–7]. W
shall use an “electronic” radius of4.3 Å for C60, which
corresponds to a cross section of58 Å2. The experi-
ments indicate that above a threshold the attachment c
section for low-energy electrons is roughly geometric
r ­ 0. At very low energies the cross section decrea
exponentially, corresponding to the penetration of a b
rier of ,0.25 eV, which has been explained by the a
sence ofs-wave attachment [11]. We include this barri
in the effective work function, which becomesEb ­
2.92 eV, while the pre-exponential factor is AST2y5 ­
3.5 3 106T2 s21.

The first systematic measurement of thermionic em
sion from fullerenes agreed poorly with such a descript
[12], but, as discussed in Ref. [7], there was probably
large error in the estimated temperatures in those exp
ments, where the excitation of the molecules derived fr
slow surface collisions. In contrast, the excitation ener
is well defined when negative fullerene ions are form
by absorption of a low-energy electron [6], and we m
compare with lifetimes measured for bombarding energ
of 8–12 eV, corresponding to internal temperatures of
order of 1800 K. For 10 eV the lifetime was measured
be82 6 15 ms (Ref. [6], Fig. 4).

To calculate the expected lifetime we first evalua
the effective temperature for the decay of the molecu
Exiting an oven at 850 K [7], the ions have an avera
internal energy of 5.7 eV and to this should be add
an electron affinity of 2.67 eV and the kinetic electro
energy of 10 eV, leading toE ­ 18.37 eV. From the
basic description of a statistical equilibrium between
small and a large system [10] it is clear that to fir
order in EbyE the temperature in the Boltzmann facto
should correspond to the energyE 2 Eby2, as discussed
also by Klots [13]. This average energy is 16.9 e
corresponding to an emission temperatureTe ­ 1690 K.
The lifetime then becomest , 50 ms, in fair agreement
with the measurements as is also the calculated ene
dependence. Thus, the formula in Eq. (5), with t
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parameter values discussed above and with the finite-h
bath correction to the temperature, is supported both
strong theoretical arguments and by the best avail
experimental data.

Let us now turn to the cooling, which may be express
as

2
dT
dt

­ Ss´eC21T4, (6)

where S is the surface area,s ­ 3.54 3 109 eV
Å22 K24 s21 the Stefan-Boltzmann constant, and´e the
emissivity coefficient. With a dielectric description of th
interaction between the radiation field and the molec
[14], one obtains an absorption cross section given by

sabs ­
pd2

4
4p

d
l

Im

µ
´ 2 1
´ 1 2

∂
, (7)

whered is the diameter,l the wavelength of the radiation
and ´svd the dielectric function which includes res
nances corresponding to both vibrational and electro
excitations. From detailed balance, the ratio of this cr
section to the geometrical one is the emissivity coeffici
at wavelengthl.

As argued below, the radiation is dominated by
electronic contribution and not all the radiation is emitt
by the additional electron in the anion. The interaction
C60 with visible light is dominated by broad collectiv
dipole resonances at about 6 and 10 eV which can
reproduced by a model with a local dielectric functi
inside a spherical shell, corresponding to a total
20 electrons and a plasmon energyhv0 , 11 eV [15],

´ ­ 1 2
v

2
0

vsv 1 iytd
, (8)

wheret is a damping time. The formula (7) is modifie
for this geometry [16], but the result is quite we
represented by Eq. (7) with a reduced plasma freque
v0y1.3. From the formulas (7) and (8) we obtain for th
emissivity coefficient in the limit of long wavelengths

´esvd > 12p
d
l

µ
1.3v

v0

∂2 1
vt

, (9)

where bothv and 1yt have been assumed small co
pared tov0. In this expression,1yt can be used as a
adjustable parameter. For small metal particles [17
typical estimate is1yt , 2yfyd, whereyf is the Fermi
velocity of the electron gas, and, for our case, this wo
correspond tōhyt , 1 eV.

If t is independent of frequency (and temperature),
emissivity coefficient averaged over the Planck distri
tion of blackbody radiation will be proportional toT2,
and according to Eq. (6) the cooling rate will then
proportional toT 6. We shall use a power law in a fi
to the measured decay curve but leave the powern as a
free parameter. Thus, we associate the emission rateIestd
at-
by
ble

ed

le

-
ic

ss
nt

e
d
of

be
n
of

l
cy,
e

-

a

ld

he
u-

e

with a narrow distribution inT , which for t . tc moves
down in temperature due to the cooling,2dTydt ~ T n.
It is most convenient to use the electron-emission te
peratureTe ­ sE 2 Eby2dyC as the variableT and then
correct by1Eby2C in the interpretation of the cooling
as the emission of heat radiation (Fig. 2). In addition
the powern, the fitting parameters are the characteris
cooling timetc and a normalization factor. The value o
Tc is given by Eq. (4) withn ­ AST2

cy5, and we intro-
duce the notationG ­ lnsntcd. The cooling rate atTc is
also fixed by Eq. (4),2dydt ln T ­ sGtcd21, and we can
write down an explicit solution for the time dependen
of T for initial temperatureTi ­ Tc,

T ­ Tc

µ
1 1

t
tc

sn 2 1d
G

∂21yn21

. (10)

For the emission rate we may use the expression

Iestd ­
I0sTyTcd2

expsGTcyT d 2 expsGd
, (11)

with T given by Eq. (10). This approximation contain
the reduction of the electron emission fort . tc due
to cooling, and by subtracting the term expsGd in the
denominator we have also included the transition to at21

FIG. 2. Radiation from aC60
2 molecule as a function o

temperature. The solid curve corresponds to Eq. (9) w
h̄yt ­ 0.38sTy1500d eV. The dotted curve gives the radiatio
from infrared active vibrations [Eq. (12)] and the point
1800 K is the estimate in Ref. [3] of radiation fromC60.
3993
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dependence fort # tc, as discussed above. Comparis
with a numerical integration of Eqs. (1), (2), and (
shows excellent agreement forIestd if a value ofn larger
by ,0.6 is used in Eqs. (10) and (11).

As seen in Fig. 1, the fit to the measurements
very good with the parameterstc ­ 4.3 ms andn ­ 7.6,
which should then be corrected ton , 7. The value ofG
becomesG ­ 24.1, and the characteristic temperature
then Tc , 1400 K, while the corresponding temperatu
for the emission of heat radiation is higher byEby2C,
i.e., T , 1500 K at t ­ tc. The radiation intensity
at this temperature is2CdTydt , 190 eVys, and, if
we interpret this value in terms of the formulas
Eqs. (6) and (9), the damping term becomesh̄yt ­
0.38sTy1500d eV.

The radiation intensity from the infrared-active vibr
tions may be estimated from the dipole derivatives≠Dy≠s
calculated in Ref. [2]. For a single mode with displac
ment coordinates and frequencyv, the intensity is given
by

Ir ­
2h̄v3

3Mcc3

µ
≠D
≠s

∂2 1
expsh̄vykT d 2 1

, (12)

whereMc is the mass of a carbon atom. The calcula
total radiation intensity from the3 3 4 infrared-active
vibrations inC60 is given in Fig. 2. Symmetry breakin
by the additional electron inC60

2 and the combination o
modes will increase the intensity but not by the two ord
of magnitude required to reproduce our measureme
Even if all the vibrations were assumed to contribu
with dipole derivatives similar to those calculated for t
infrared-active modes, an order of magnitude would s
be missing in the estimated intensity at 1500 K.

We have shown then that thermal electron emission
be used to study quantitatively the radiative cooling
C60

2. The observed very high cooling rates can only
explained by an electronic mechanism, andC60

2 radiates
at ,1500 K nearly as strong as a small metal particle.

A dielectric model can account for the observations,
the large HOMO-LUMO gap inC60 would seem to block
the scattering of electrons, and the mechanism for de
of plasma oscillations into vibrational heat, characteriz
by the lifetimet in Eq. (8), remains to be explained. Th
coupling of electrons and vibrations inC60 is strong and
is probably responsible for the observed superconduct
at quite high temperatures in fullerides [4,11,18]. May
it causes the bands of electronic states to be stro
broadened at high temperatures.

We have obtained supporting evidence [19] for o
interpretation of the experiment from observation of
increase in delayed electron emission due to heating
a Nd:YAG laser. The cross section for absorption
the 1.17 eV photons is larger by an order of magnitu
than that given by the free-electron model [Eq. (7)], a
this may be explained by the presence of a transition
3994
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the C60
2 anion near the laser wavelength [20]. Bas

on Ref. [20], we estimate that the two transitions in t
anion near 1000 nm may account for more than half
the observed radiation intensity at 1500 K. However, t
comparison in Fig. 2 with the radiation from neutralC60 at
1800 K, estimated by Kolodney, Budrevich, and Tsipinyu
[3], indicates that the additional electron inC60

2 is not
alone responsible for the radiative cooling.
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