
Eur. Phys. J. D 9, 331–335 (1999) THE EUROPEAN
PHYSICAL JOURNAL D

EDP Sciences
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Abstract. We observed a continuous emission spectrum of C∗60 and C+∗
60 clusters induced by electron impact

for wavelengths 300 to 800 nm (the monochromator’s resolution was ∆λ= 3.2 nm). The emission spectrum
was described by a modified Planck’s formula for the black-body-like radiation. The radiative tempera-
ture of clusters, T , (up to 3100 K) and the integral intensity of emission depend on the electron energy Ee

in a beam. The intensity of emission from C+
60 is higher than that from a neutral cluster. The emissivity

coefficient has been found to be ε(C+∗
60 ) = 7.6×10−3.

PACS. 34.80.Gs Molecular excitation and ionization by electron impact – 61.48.+c Fullerenes and
fullerene-related materials – 78.60.-b Other luminescence and radiative recombination

1 Introduction

The cluster of C60 is a unique object for fundamental and
applied investigations. The high stability and the low num-
ber of atoms in a C60 cluster facilitate its use in the study
of a fundamental phenomenon: the formation of a unified
quantum-mechanical system (solid phase) from separate
atoms.

In our previous works, we have studied the radiation
of particles (clusters of molecular gases (CO2)n, (N2O)n,
(H2O)n, and (N2)n) formed in supersonic jets and excited
by an electron impact [3–5]. It was established that the en-
ergy of vibrational [3], and electronic [4, 5] excitation trans-
fers rapidly into heat. The decay rate of excited states
drastically increases with the cluster size, and the emis-
sion spectrum corresponds to the electron-excited states of
molecules which leave the cluster.

As for strongly bound clusters (such as clusters of re-
fractory substances), their radiative cooling occurs with
a continuous black-body-like spectrum observed for clus-
ters of (Nb)n [6] (n ≈ 260, radiative temperature is up to
3200 K), and for C60 [7, 8]. In [7], C60 clusters were evap-
orated from the solid phase into vacuum by laser radia-
tion, and the thermal emission spectrum in the region of
360–750 nm was observed. In [8], a fullerene was excited by
electron impact in an effusive beam.

In this work, the black-body-like emission was induced
by the electron beam crossing the beam of C60 clusters.
We established that the emission is associated mainly with
charged clusters of C+

60. The results of [6–8] and this work
indicate that the way of excitation does not influence
the emission spectra of the clusters. This means that the
black-body-like radiation is the property of strongly bound
clusters.

Fig. 1. Experimental setup.

2 Experimental technique

The scheme for generation of a C60 cluster beam and ex-
citation with an electron beam was the same as that in
experiments measuring absolute cross sections of C−60 [1, 9]
and C+

60 [2, 9]. A schematic diagram of the experimental
apparatus, supplemented by an optical system, is given in
Fig. 1.

In this work, we employed a mixture of fullerenes,
C60/C70, obtained by Krätschmer’s method. The C60 con-



332 The European Physical Journal D

tent measured in the gas phase by a time-of-flight mass-
spectrometer was larger than 88%. The fullerene vapor, ef-
fusing from a cylindrical source 1, heated up to T0 ≈ 800 K
and was intersected by the electron beam at an angle of
90◦. The beam-crossing region had the shape of a cylinder
2.5 mm in diameter and 15 mm long, oriented parallel to
the electron beam.

The beam of electrons that emitted from an oxide-
coated cathode 2 was shaped by a system of diaphragms
3–5 and collimated by a magnetic field (≤ 300 G) of mag-
nets 6. The electron current measured by a Faraday cup 7
did not exceed 60 µA, which ensured the binary character
of the electron–cluster interaction. The electron energy Ee

varied from 0 to 100 eV.
The emission from the beam-crossing region was de-

tected at right angles to the electron beam; the angle with
the direction of the molecular beam was equal to 40◦.
With short-focal objective lenses, the emission was focused
onto the input slit of a grating monochromator (MONO)
(200–800 nm, inverse dispersion 3.2 nm/mm) and after
spectral decomposition, it was recorded with a photomulti-
plier (PM). A calibrated quartz-tungsten lamp was used to
obtain the relative spectral efficiency of the entire optical
system. The raw spectra corrected by this response curve
gave a photon flux, I, to PM. Replacing the monochroma-
tor by a broadband filter, we collected the total emission
signal.

In order to separate the contribution to the emission
of C∗60 neutrals from C+∗

60 ions, we applied an electric field
between two deflecting plates (DP) placed along the axes
of both molecular and electron beams. Having been ex-
tracted, the ions became undetectable for the registration
system, thus the residence time of ions in the observation
region, t, was reduced with increasing voltage. The mag-
netic collimation ensured that the applied electric field had
no influence on the electron beam. To test this fact, we
measured in the same scheme the radiation of an N+

2 ion
(B2Σu, λ= 391 nm). The radiation of this short-lived state
was independent from the extracting field.

In general, both charged and neutral fragments (C+
60−2n

and C∗60−2n) may also contribute to the measured radi-
ation. But we should take into account that the stabil-
ity of the C60 fullerene reduces strongly the dissociative
processes at the electron impact, so that the threshold of
fragmentation is shifted to 42–44 eV, and the contribu-
tion of fragments to the total ionization cross section at
Ee ≤ 100 eV does not exceed 5%–7% [10, 12]. This is indi-
rect evidence that the radiation was mainly caused by the
undissociated particles.

We excluded the possibility that other sources of ra-
diation produced undesirable secondary effects: The con-
tribution of the electron-induced radiation from the back-
ground gas was monitored with the aid of an electromag-
netic shutter 9, which can cut off the molecular beam. We
eliminated the possible IR background from the heated
parts of the fullerene source by operating in a regime of
modulation of the electron beam. For this purpose, the
electron beam was interrupted with a frequency of 80 Hz,
and the signal from the PM was measured in a lock-
in mode.

Fig. 2. Optical emission from fullerene beam. Raw spectra of
fullerene (1) and background gas (2), corrected spectrum of
fullerene radiation (3), and spectral efficiency of optical sys-
tem (4).

3 Results and discussion

Figure 2a,b shows the spectra of radiation (curve 3) pro-
duced by electron impact with a C60 cluster in crossed
beams. The spectra were recorded with 66-eV (Fig. 2a) and
30-eV 6(Fig. 2b) electrons. The emission spectrum was ob-
tained as the difference between the total PM signal and
the emission of the background gas. Thereafter, this dif-
ference (curve 1) was normalized to the total spectral effi-
ciency of the detecting system, S.

One can see that the spectra of a fullerene beam have
quasi-continuous character. In view of the large number
of radiating modes, the form of the spectrum is deter-
mined not by the structure of the vibrational levels but
rather only by the internal temperature of the molecules.
Therefore it is of interest to compare this spectrum with
the modified Planck’s radiation spectrum of a small body
heated up to some temperature T . The rate of photon emis-
sion Kr in the wavelength interval [λ, λ+ ∆λ] by a heated
sphere is

Kr(λ, T ) = 2πcS∆λε(λ, T )/[λ4(exp(hc/λkT )−1)], (1)

where S = πd2 is the surface area, d is the diameter of the
C60 ball (0.7 nm), and ε(λ, T ) is the emissivity coefficient of
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Fig. 3. Emission spectra in ln(Krλ
5) – λ−1 coordinates.

Fig. 4. Radiation atEe = 40 eV (1) and Ee = 65 eV (2), and the
average residence time of a C+

60 ion in the detection region (3)
vs. the extracting field ξ.

the body. From general considerations [11], the emissivity
for d� λ should be ≤ d/λ. We set for a while ε(λ) = d/λ.
For the visible and near-IR spectra, the photon energy is
much greater than kT , and therefore we obtain from (1)
the following

Kr(λ, T )∼ λ−5 · exp(−hc/λkT ). (2)

The black-body emission spectrum calculated from (2)
for T = 3141 K is shown in Fig. 2a with a dashed curve.

In Fig. 3, the results of the spectral measurements per-
formed with different electron energies Ee are presented
in the form of plots of ln(Kr ·λ5) versus λ−1. One can see
that the results are approximated well by straight lines,
whose slope, according to (2), equals hc/kT . Closer inspec-
tion shows that some experimental spectra in Fig. 3 seem
to have a weak positive curvature which might be corrected
by a proper choice of the emissivity coefficient ε(λ, T ). We
took the more common approximation of ε(λ, T ) in the
form (d/λ)n and tried to get better linearity by the varia-
tion of n. All of the measured spectra were found to have
the least deviation from the Planck approximation at n
ranging from 0.5 to 2. Thus, by choosing n = 1, we seem

Fig. 5. Radiation intensity (1–3), and radiation temperature
(4) vs. Ee. Total emission of C∗60 (1); total (2) and selected
(λ= 540 nm, ∆λ= 3.2 nm) (3) emission of both C∗60 and C+∗

60 .

to use a reasonable approximation. At the same time, one
should remember that the power n influences the extracted
radiation temperature: T (n = 0.5) ≈ 1.07 ·T (n = 1) and
T (n= 2)≈ 0.9 ·T (n= 1).

Figure 4 shows the total emission signal (the intensity
of the PM signal when the optical system with a broad
filter collects the total emission signal) depending on the
strength and polarity of electric field ξ between DP.

This figure also shows the time of the detection of C+
60

radiation versus ξ (curve 3). This time has been calculated
for the ion formed at the center of the electron beam, with
the vector of initial thermal velocity of C60 directed, at the
angle of 40◦, to the optical system axis. This angle causes
the asymmetry of the curves. In Fig. 4, one can see that the
ions contribute mainly to the emission signal I.

The emission signal as a function of electron energy for
different experimental conditions is shown in Fig. 5. Here
curve 1 corresponds to the total emission of the neutral C∗60

clusters (ξ = 12 V/cm). Curves 2 and 3 show the emission
of C∗60 and C+∗

60 (ξ = 0 V/cm).
Measuring the ratio of the emission signals for different

wavelengths (450 to 700 nm) and describing the spectrum
of the emission with Planck’s law, we obtained the clus-
ter temperature T , which depends on the electron energy
(curve 4 in Fig. 5). It can be seen that initially the rela-
tionship T (Ee) increases proportionally with Ee, but at Ee

≈ 47 eV, it reaches the maximum value, Tm ≈ 3100 K. This
value of Tm corresponds to the internal energy of a cluster
C60 Ev ≈ 36 eV (the initial internal energy of the cluster at
T0 = 800 K is Ev,0 ≈ 4.6 eV [12]).

The existence of a maximum value Tm may be ex-
plained by the competition between radiative cooling of
the electron-heated cluster and other cooling processes,
such as the evaporation of fragments and dissociative ion-
ization. Note that the sum kTm +Ui, where Ui is the ion-
ization energy threshold for C58, was about the same value
as the appearance energy of dissociative ionization: C60 +
e−→ C+

58+C2 + 2e− [10, 12].
Figure 6 shows the emission rate at the energy Ee =

65 eV for the C+∗
60 ion, K+

r , as a function of ion travel



334 The European Physical Journal D

Fig. 6. The radiation rate (1–4) and the temperature (2′) of
C+

60 ion depending on the residence time of ion. (1): experiment;
(2–4): fitting calculations.

time to the deflecting plate (curve 1). These points were
obtained from the data shown in Fig. 4 (curve 2). The pro-
cedure was as follows. We subtracted the contribution of
C∗60 emission from the overall emission intensity of C∗60
and C+∗

60 . (The contribution of C∗60 was obtained by ex-
trapolation of the I(t) dependence to t = 0. The value of
I(C∗60) comes to only 3% of the overall intensity.) Then, for
every time moment t in Fig. 4, the obtained emission signal
was divided by the average ion density n+ in the observed
range. The dependence of n+ on t was determined from the
balance equation of clusters fluxes through borders of ob-
servation region.

One can see in Fig. 6 that the curve forK+
r (t) decreases

with t. This decrease is obviously connected with the ra-
diative cooling of a C+∗

60 cluster. In order to obtain the
dependence of emission intensity on the cooling rate, we in-
tegrated the radiation energy flux q= (hc/λ)Kr over λ. Let
us assume that the emissivity coefficient is

ε(λ, T ) = ε0 · ε(λ) · ε(T ), (3)

where ε(λ) = d/λ, ε(T ) = (T/Tε)
α, and ε0, Tε, α are con-

stants.
After integrating over λ we obtain

q = ε0 · ε(T ) ·σc ·T
5, (4)

where σc = 24.888 ·2πhc2Sd(k/hc)5.
Since q · dt=−C · dT , where the heat capacity for our

temperature range is C = dE/dT = 0.0143 eV/K [12], one
can integrate over time and temperature and obtain the
time dependence of the cluster temperature due to black-
body-like emission

T (t, Ti) = Ti ·

{
1 + t ·

(4 +α)ε0σcT
4+α
i

CTαε

}−1/(4+α)

, (5)

where Ti is the initial temperature of the C+∗
60 cluster.

Substituting (5) into (1), we derive the expression for
the emission intensity K+

r as a function of temperature Ti

Table 1. The comparison of the available data on the emissi-
vity coefficients ε. EIF: electron-induced fragmentation; MSF:
metastable fragmentation; TIE: thermionic emission; PE:
photon emission.

Species ε Studied process Reference

C∗60 (3−8)×10−5 EIF [12]

C+
60−2n∗ ∼ (0.4−3)×10−3 MSF [13]

C−∗60 ∼ 1.3×10−4 TIE [14]

C+∗
60 7.6×10−3 PE this work

and time t. Curves 2–4 in Fig. 6 represent the results of
theK+

r calculations. Here is Tε = Ti = 3150 K, λ= 550 nm.
The constants are α = 0 and ε0 = 6 (curve 2), α = 0 and
ε0 = 20 (curve 3), α= 2 and ε0 = 6 (curve 4).

The calculations revealed that the change from α = 0
to α = 2 does not make any qualitative change in the de-
pendence K+

r (t). This K+
r (t) dependence is more sensitive

to changing ε0. Therefore we can propose that the emissiv-
ity coefficient ε0 is the only fitting parameter. Considering
that curves 1 and 2 are in agreement (Fig. 6), let us take
ε0 = 6. Then, assuming α= 0 in (5), we obtain for C+∗

60 that
ε+ = 7.6×10−3. The result of the calculation of C+∗

60 cool-
ing by black-body-like radiation according to (5) is shown
in Fig. 6 with curve 2′.

Several groups have previously obtained the emissivity
coefficients of fullerene species by analyzing the effect of
radiative cooling on some processes. These data are sum-
marized in Table 1.

4 Conclusions

The clusters C∗60 and C+∗
60 heated by electron impact are

able to emit heat radiation in a continuous spectrum like
a black body.
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