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Radiative Cooling of Cg
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We have studied the radiative cooling of negatively charged fullerene ions by following the
thermionic emission as a function of time after injection into the heavy-ion storage ring ASTRID.
It is argued that electron emission can be used as a calibrated thermometer to measure the cooling rate.
For Cgo~ at ~1500 K the cooling corresponds to a radiation intensity~0f90 eV/s, which is 2 orders
of magnitude more than expected from infrared active vibrations. [S0031-9007(96)01602-X]

PACS numbers: 36.40.—c

The formation of fullerene molecules is a surprisingly so low that the yield of neutrals is dominated by collisions
commonplace phenomenon, accompanying, for examplsyith rest-gas molecules, mainkt,. This contribution to
soot formation when you burn a candle [1]. And yet,the yield decays exponentially with a lifetime of order
the physics and chemistry of the process are far froniO s, corresponding roughly to a geometrical cross section
simple and are still incompletely understood. We addresor destruction.
here the radiative cooling of ho€s molecules. In To interpret the data, we use a statistical model. The
Ref. [1], Smalley argues that electronic transitions carelectron bombardment in the source produces fullerene
hardly be important because of the large HOMO-LUMOmolecules with a broad distribution in internal energy.
gap (highest occupied to lowest unoccupied moleculaFor a C¢yp molecule with energyt we define a micro-
orbital, about 1.7 eV). Instead, he suggests that theanonical temperature by the relation between the av-
radiation is emitted by the infrared active vibrations [2]. erage internal energy and the temperature in a thermal

An estimate of the cooling rate & ~ 1800 K was equilibrium, E = 7.4 + 0.0138(T — 1000) eV for T >
obtained by Kolodney, Budrevich, and Tsipinyuk from 1000 K, as derived from the vibration frequencies calcu-
observation of the depletion of therm@ly, beams by lated by Stanton and Newton [2] with a reduction by 10%
fragmentation, and they conclude that the measured coq]9]. The heat capacity = 0.0138 eV/K, is consistent
ing is much faster than expected from emission by inwith the value given in Ref. [3].
frared active vibrations [3]. It is difficult to judge the
accuracy of this result because it is derived from ob-
servation in a rather short time interval of the competi-
tion between cooling and fragmentatiofigy — Csg +
C,, and the activation energy for this process is not
known. We have studied the cooling of negatively 108
charged fullerenes by observation over two decades in
time of the competition between cooling and electron
emission. The electron affinity is well known [1,4], and,
with the additional information available on attachment
cross sections for low-energy electrons [5—7], a reliable
statistical formula can be established for thermionic elec-
tron emission. The formula can be tested against lifetimes
measured foiICq,~ molecules with definite temperature
[6], and hence thermionic emission can be used as a cali-
brated thermometer.

The experiments were performed at the heavy-ion 102 4
storage ring ASTRID [8]. A pulse of negatively charged
fullerene ions from an electron-impact ion source was : : , :
injected into the ring at 50 keV, and the decay of the 0 20 40 60 80 100
stored current was followed by the observation of neutral time [ms]
decay products with a channel-plate detector in one of the o o
four 90° magnets of the ring. As shown in Fig. 1, there FIG- 1. Rate of decay by thermionic emission of a stored
L, . Lo . .. " C¢  beam. A contribution from collisions with the rest
IS mltl_ally a high rate which is attributed to thermionic gas has been subtracted. The curve through the data points
emission from the hot molecules. The rate decreases Qprresponds to Egs. (10) and (11) with = 4.3 ms andn =
3—4 orders of magnitude until at~ 100 ms it becomes 7.6, and the other curve toa' dependence.

108 I

10*

counts

103 -

0031-900796/77(19)/3991(4)$10.00 © 1996 The American Physical Society 3991



VOLUME 77, NUMBER 19 PHYSICAL REVIEW LETTERS 4 NdVEMBER 1996

The distribution in temperature changes with time bothfor electron emission from a surface ar§aof a metal
due to cooling and due to depletion by electron emissionwith work function ¢,
It is convenient to introduce the initial temperatfeas b
a variable in the distribution functioa(T;, t), which then I, = AT>S(1 — r) ex;(—ﬁ>, (5)
changes only by depletion,
d E where A = mk?/272h* and r is the average reflection
I g(Ti, 1) = —vexr<—m>g(Ti,t). (1) coefficient for thermal electrons. This formula is derived
from a detailed balance between attachment and emission
We have introduced a simple Arrhenius expression fowhen the chemical potential is the same inside and outside

the rate of emission and approximated the cooling by dhe surfaceu = —¢ [10].
continuous decrease of the temperatlite, with 7(0) = For Ceo~ the electron affinity ise, = 2.67 eV [4].
T;. With the solution of Eq. (1) fog(T3;, t), the emission  Since the energy level of the additional electron is 6 times
yield may be expressed as degeneratdr;,), the C¢~ state corresponds to a Fermi
E distribution with chemical potentigh = —E, — kT In5,
L(t) = f dT;v ex;(— b ) but, instead of this modification gf, we divide the pre-
kT (1) exponential factor by 5.

[ Jr __Ep 0 5 The effective surface ares and the reflection coeffi-
X ex . t'vex KT (') 8(71,0). (2) cient r may be obtained from experiments [5-7]. We

shall use an “electronic” radius @f3 A for Cgy, which

k TR ) \ corresponds to a cross section ¥ A2, The experi-
integration in the exponent gives just a factor The  enisindicate that above a threshold the attachment cross
integral over7; is then dominated by a narrow region getion for low-energy electrons is roughly geometrical,
in temperature around a valug, (1) = E,/[kIn(wn)], . — " At very low energies the cross section decreases

where Iny1) ~ 25 for + ~ 10 ms, and we may therefore g, qnentially, corresponding to the penetration of a bar-
approximate slowly varying functions by constants, rier of ~0.25 eV, which has been explained by the ab-

If we disregard cooling, we hav&(¢') = T;, and the

kT? sence ofs-wave attachment [11]. We include this barrier
1(1) = de,-E—’tg(T,-,O) in the effective work function, which becomes, =
b 2.92 eV, while the pre-exponential factor is AGF =
% _d[exq_vte_Eb/ka)] = 18T, 0) (3) 35X 10672 571,
dT; tin(ve) - The first systematic measurement of thermionic emis-

Hence, in the absence of cooling, the intensity should var ion from fuIIer_enes agre_ed poorly with such a description
ast~!, and the nearly exponential decrease observed i 2], but, as dlscussgd in Ref. [7], there was probably a
Fig. 1 is strong evidence for cooling. arge error in the eshma_ted temperatures in tho;e experi-
The depletion from the high-temperature end of thements, where thg excitation of the moleculeg de_zrlved from
distribution g (T3, t) stops when the emission becomes so.SIOW surfac_:e collisions. In contrast, the excitation energy
slow that it is quenched by cooling. This happens at s well defl_ned when negative fullerene ions are formed
time 7., when the rate of relative change of the emissio y absorptl_on .Of a low-energy electron [6], aﬂd we may
rate becomes equal to the emission rate itself, compare with lifetimes measur'ed for bombarding energies
of 8—12 eV, corresponding to internal temperatures of the
1 d In{v exp( Ey )} order of 1800 K. For 10 eV the lifetime was measured to
Te t be82 + 15 us (Ref. [6], Fig. 4).
—d To calculate the expected lifetime we first evaluate
= In(wc)g InT, T =Tulr:) =T.. (4) the effective temperature for the decay of the molecule.
Exiting an oven at 850 K [7], the ions have an average
For temperatures nedr,. the decrease with time of the internal energy of 5.7 eV and to this should be added
exponent in Eq. (1) is then to first order given by/7..  an electron affinity of 2.67 eV and the kinetic electron
If we introduce this in Eg. (2), the integration can beenergy of 10 eV, leading t& = 18.37 eV. From the
carried out as before but the time dependence is modifiebasic description of a statistical equilibrium between a
to 1. '[exp(t/7.) — 1]7!, expressing a transition at~  small and a large system [10] it is clear that to first
7. from proportionality tor~! to exponential decrease order in E,/E the temperature in the Boltzmann factor
with time constantr.. For ¢ > 7. the distribution is should correspond to the energy— E,/2, as discussed
frozen, g(T;,t) ~ g(T;,7.), and the emission decreasesalso by Klots [13]. This average energy is 16.9 eV,
due to cooling alone. corresponding to an emission temperatfife= 1690 K.
To make the analysis quantitative, we need values fofhe lifetime then becomes ~ 50 us, in fair agreement
the parameters andE, in Eq. (1). We can use the same with the measurements as is also the calculated energy
statistical argument that leads to the Richardson formuldependence. Thus, the formula in Eq. (5), with the
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parameter values discussed above and with the finite-heat4th a narrow distribution ", which for: > 7. moves
bath correction to the temperature, is supported both bglown in temperature due to the coolingdT /dt o« T".
strong theoretical arguments and by the best availabl# is most convenient to use the electron-emission tem-

experimental data. peratureT, = (E — E,/2)/C as the variablg” and then
Let us now turn to the cooling, which may be expressedorrect by +E,/2C in the interpretation of the cooling
as as the emission of heat radiation (Fig. 2). In addition to
AT the powern, the fitting parameters are the characteristic
—— = Soe,CT'TY, (6)  cooling time7,. and a normalization factor. The value of
dt T, is given by Eq. (4) withy = AST?/5, and we intro-

where S is the surface areas = 3.54 X 10° eV duce the notatioi; = In(r7.). The cooling rate aT’. is
A-2K~*s7! the Stefan-Boltzmann constant, and the  @lso fixed by Eq. (4)-d/dtInT = (GTC)‘_I, and we can
emissivity coefficient. With a dielectric description of the Write down an explicit solution for the time dependence
interaction between the radiation field and the molecul®f 7 for initial temperaturel’; = T,

14], one obtains an absorption cross section given b — —1/n—1
[14] p g y T=TC(1+L(” 1)) _ (10)
md>  d e — 1 . G
Oaps = — 47— Im , (7
4 A e+2 For the emission rate we may use the expression

whered is the diameter) the wavelength of the radiation, Io(T/T.)?

ielectric function which i : 1.(1) = : (11)
and s(w) the dielectric function which includes reso exp(GT./T) — exp(G)

nances corresponding to both vibrational and electronic ) ) S ]
excitations. From detailed balance, the ratio of this cros¥/ith 7' given by Eq. (10). This approximation contains
section to the geometrical one is the emissivity coefficienthe reduction of the electron emission for> 7. due
at wavelength. to cooling, and by subtracting the term €&p in the
As argued below, the radiation is dominated by thedenominator we have also included the transition to'a
electronic contribution and not all the radiation is emitted
by the additional electron in the anion. The interaction of 1000 e
Ceo with visible light is dominated by broad collective ] :
dipole resonances at about 6 and 10 eV which can be
reproduced by a model with a local dielectric function f

inside a spherical shell, corresponding to a total of

20 electrons and a plasmon energy, ~ 11 eV [15],
2 100 e
_ . w( ] [
e=1 wlw +i/7)’ (®)
wherer is a damping time. The formula (7) is modified
for this geometry [16], but the result is quite well
represented by Eq. (7) with a reduced plasma frequency,
wo/1.3. From the formulas (7) and (8) we obtain for the

emissivity coefficient in the limit of long wavelengths

ee(w) = 127 %(1'3“’)2i (9)

w( wT’

radiation [eV/s]

where bothew and 1/7 have been assumed small com-
pared tow,. In this expression] /7 can be used as an
adjustable parameter. For small metal particles [17], a
typical estimate isl/r ~ 2v/d, wherev; is the Fermi
velocity of the electron gas, and, for our case, this would

0.1 - -

correspond tdi/T ~ 1 eV. A A AR AR RS AR MR RS
If 7 is independent of frequency (and temperature), the 400 600 800 1000 1200 1400 1600 1800 2000
emissivity coefficient averaged over the Planck distribu- temperature [K]

tion of blackbody radiation will be proportional td2,

; : ; FIG. 2. Radiation from aCg~ molecule as a function of
and according to Eq. (6) the cooling rate will then betemperature. The solid curve corresponds to Eg. (9) with

. 6 ) )
proportional to7°. We shall use a power law in a fit h/T = 0.38(T/1500) eV. The dotted curve gives the radiation
to the measured decay curve but leave the powas a  from infrared active vibrations [Eq. (12)] and the point at
free parameter. Thus, we associate the emissionisae 1800 K is the estimate in Ref. [3] of radiation fro@.
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dependence for = 7., as discussed above. Comparisonthe C4y~ anion near the laser wavelength [20]. Based
with a numerical integration of Egs. (1), (2), and (6) on Ref. [20], we estimate that the two transitions in the
shows excellent agreement fhu(z) if a value ofn larger  anion near 1000 nm may account for more than half of
by ~0.6 is used in Egs. (10) and (11). the observed radiation intensity at 1500 K. However, the
As seen in Fig. 1, the fit to the measurements iscomparison in Fig. 2 with the radiation from neutéa, at
very good with the parameters = 4.3 ms andn = 7.6, 1800 K, estimated by Kolodney, Budrevich, and Tsipinyuk
which should then be correctedto~ 7. The value ofG  [3], indicates that the additional electron @y~ is not
becomesG = 24.1, and the characteristic temperature isalone responsible for the radiative cooling.
thenT,. ~ 1400 K, while the corresponding temperature This project was supported by the Danish National
for the emission of heat radiation is higher 8 /2C, Research Foundation through the Research Center ACAP.
ie., T ~ 1500 K at + = 7.. The radiation intensity It is a pleasure to acknowledge stimulating discussions
at this temperature is-CdT/dt ~ 190 eV/s, and, if  with Klavs Hansen during a visit to the Center [21].
we interpret this value in terms of the formulas in
Egs. (6) and (9), the damping term becomesr =
0.38(7/1500) eV.
The radiation intensity from the infrared-active vibra-
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