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We study C70 fullerene matter waves in a Talbot-Lau interferometer as a function of their temperature. While
the ideal fringe visibility is observed at moderate molecular temperatures, we find a gradual degradation of the
interference contrast if the molecules are heated before entering the interferometer. A method is developed to
assess the distribution of the microcanonical temperatures of the molecules in free flight. This way the heating-
dependent reduction of interference contrast can be compared with the predictions of quantum theory. We find
that the observed loss of coherence agrees quantitatively with the expected decoherence rate due to the thermal
radiation emitted by the hot molecules.
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I. INTRODUCTION

The wave-particle duality of material objects is a hallmark
of quantum mechanics. Up to now, the wave nature of par-
ticles has been demonstrated for electrons, neutrons, atoms,
and coherent atomic ensembles. Recently, even the interfer-
ence of composite objects has been observed ranging from
molecular dimersf1–3g and van der Waals clustersf4g to
fullerenesf5g, massive fullerene derivatives, and small bio-
moleculesf6g. In particular, the advances with large mol-
ecules have stimulated the question of what determines the
limits to observe quantum delocalization with massive ob-
jects.

From the theoretical side, there is also an increased inter-
est concerning the location of the apparent quantum-classical
boundary. The recent understanding of decoherence phenom-
ena points to the crucial role played by the environmental
interaction in determining whether a quantum particle shows
wave behaviorf7g.

Several experiments tackled this issue in the context of
interferometry. Pritchard and co-workers studied the loss of
interference contrast in an atom interferometer where sodium
atoms were subjected to resonant laser lightf8,9g. The pho-
tons emitted in a spontaneous decay then both imparted a
recoil on the atom and entangled the atomic state with the
escaping photon state. Similarly, the Bruneet al. experiment
f10g can be regarded as an internal state interferometer,
where the fringe visibility depends on the entanglement be-
tween the atom and the field mode of the emitted photon
f11g. Decoherence has also been investigated in a Mach-
Zehnder interferometer with a two-dimensional electron gas
in a semiconductor heterostructuref12g. Heiblum and co-
workers observed a loss of fringe visibility when the meso-
scopic structure was heated.

Here, we describe in detail our recent molecule interfer-
ometry experiment which explores the loss of fringe contrast
when the internal degrees of freedom of fullerene molecules

are heated to temperatures above 2000 K. It is based on the
fact that hot fullerenes emit thermal, visible light in a con-
tinuous spectrumf13g. One expects that the emitted photons
will reduce the fringe contrast once they are energetic
enough to perturb the motional state of the molecule, or
equivalently, if they convey sufficient information about its
position f14g. While the original observation has been pub-
lished inf15g, the present article provides a detailed account
of the experimental and theoretical techniques used to deter-
mine the temperature of the fullerenes in free flight, which is
needed to calculate the expected decoherence effect.

In Sec. II we describe the setup of the experiment and our
method for varying the molecular temperature by laser heat-
ing. Section III provides a quantitative description of the
thermally emitted radiation, which determines the localiza-
tion of the molecular waves and their cooling process.
Knowledge of the latter is required in Sec. IV where a model
is presented that quantifies the competing dynamics between
ionization and cooling of the fullerenes. The comparison
with experimental data in Sec. V allows us to extract the
temperature distribution in the beam. In Sec. VI we compare
the observed loss of visibility to the expectations from quan-
tum theory, and we discuss alternative decoherence mecha-
nisms in Sec. VII.

II. INTERFEROMETRY WITH HEATED FULLERENES

A. The interferometer

We use a Talbot-Lau matter wave interferometer as al-
ready described in detail inf16g. It consists of three gold
gratings with a period ofd=990 nm and a nominal open
width of 470 nm which are equally separated by the distance
L=38 cm; see Fig. 1. The first grating of the setup prepares
the wave coherence in the beam. Near-field diffraction at the
second grating then produces a high-contrast interference
pattern at the position of the third grating provided the grat-
ing separationL is close to a multiple of the Talbot length
LT=d2/lC70 f17g. At a grating separation ofL=0.38 m the
interference fringes corresponding to the first and the second
Talbot orders are expected at molecular de Broglie wave-
lengths of lC70=2.6 and 5.2 pm, respectively. Different
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height constrictions are used to select the required velocities
centered at 100 m/ssDv /v.10%d and at 190 m/ssDv /v
.15%d out of a thermal beam of fullerenes, which is pro-
duced by sublimation at a temperature of 900 K. The inter-
ference pattern has a period equal to the grating constantd.
Therefore one observes modulation fringes in the transmitted
flux I if the third grating is shifted laterally. The transmitted
molecules are detected behind the third grating by laser ion-
ization. The observed contrast of the fringe signal and its
wavelength dependence then prove unambiguously the co-
herence of the interference effect.

As shown in earlier workf6,16g the Talbot-Lau setup is
well suited for investigating the wave nature of large mol-
ecules such as fullerenes, tetraphenylporphyrins, and fluoro-
fullerenes. As an example, Fig. 2 gives the interference sig-
nal of C70 fullerenes as observed without additional heating.
The sinusoidal fringes show the expected visibilityV=sImax

− Imind / sImax+ Imind of 47%.

B. The heating stage

This interferometric setup is now complemented by a
heating stage about 1 m behind the oven and 7 cm in front of
the first grating. It serves to vary the internal energy of the
molecules by photon absorptionf6g. The green fraction of an
argon ion lasersl=514 nmd is used for the heating stage,
while the blue linesl=488 nmd serves the postionization in
the detector. The green line can reach a maximal power of

P0=10.8 W and is focused by a lens of 30 cm focal length to
a waist ofwy=50 mm. The beam passes a cat-eye arrange-
ment of two lenses and two mirrors under small angles and
can thus interact up to 16 times with the molecular beam, as
shown in Fig. 1. The distance between the foci of the laser
beams is approximately 0.3 mm on average. The beam un-
dergoes some attenuation due to some absorption and reflec-
tion in the optical elements. The power after theNth reflec-
tion is measured to be aboutPN=11.2−0.42N W. The
power of the blue-detecting laser beam is fixed to 16 W and
focused to a waist ofwy=8 mm.

The overlap of the laser beam with the molecular beam is
monitored by the count rate at detectorD2, which shows a
maximum for an optimal overlap. All heating beams are then
adjusted one after the other with respect to maximal increase
in the count rate. Molecules which are heated in front of the
interferometer maintain much of their internal energy until
they reach the detector behind the interferometer. Since the
latter is based on thermal ionizationf18,19g an increase of
the internal molecular energy leads to an enhanced ionization
efficiency in the final detection stage. With a molecular beam
height of 150µm and a heating laser beam waist of 50µm
we are sure that the laser beams overlaps with the molecular
beam as long as we can detect an increase for each additional
laser beam.

C. Laser heating of fullerenes

Fullerenes are particularly well suited for studying tem-
perature effects in molecular interference since their cage
structure provides them with an extraordinary stability
against fragmentation. This allows us to deposit more than
100 eV in a single molecule for a sufficiently long time.
Laser excitation of these molecules has been studied exten-
sively in the literature; seef20g and references therein. Com-
pared to the more symmetric C60 molecule there are fewer
symmetry restrictions for dipole transitions in C70. As a re-
sult the absorption cross section of C70 exceeds that of C60
by almost an order of magnitude. This is the main reason for
our preference of the C70 molecule.

According to Ref.f20g the absorption of a 514 nm photon
from the electronic ground stateS0 will excite the singlet
stateS1. This is followed by a rapid nonradiative transition to
the metastable triplet stateT1 sthe branching ratio exceeds

FIG. 1. The Talbot-Lau interferometer consists of three equal gratings with a slit separation ofd=0.99mm spaced by a distance ofL
=38 cm. The interference contrast can be reduced by heating the fullerenes in front of the interferometer via multiple laser beams.

FIG. 2. High-contrast Talbot-Lau interference fringes are ob-
served for fullerenes at temperatures below 1000 K. The fringe
visibility of 47% corresponds to the quantum mechanical expecta-
tion, indicating coherent molecular evolution.
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90%d. The relevant energy levels and transitions are summa-
rized in Fig 3. Given the relatively long lifetime ofT1 and
the short lifetimes of the other triplet states it is plausible that
all further excitation after the first photon occurs sequentially
from T1. The corresponding photon energies absorbed from
the heating beam are rapidly transferred to the 204 vibra-
tional degrees of freedom of the molecule. The molecules
take about 0.4 ms after the last heating beam until they enter
the interferometer.

For fullerenes there are several processes that lead to a
loss of the energy stored in the vibrational degrees of free-
dom. The first relevant mechanism, which is dominant at
large internal energies, is thermal emission of radiation. It
was observed by several groups that laser heated fullerenes
emit visible light in a continuous spectrumf13,21,22g. The
form of this spectrum and its dependence on the internal
energy determines both the cooling and the decoherence of
the molecules, and it is discussed in detail in the next section.

An important competing process is the thermionic emis-
sion of electrons. This effect was observed in Ref.f18g and
forms the basis of our detection methodf23g. Moreover, the
thermal ions in the heating stage also provide important in-
formation for the assessment of the stored energy of the mol-
ecules.

A third thermally activated process, the emission of car-
bon dimers, can be safely disregarded in our experiment
since the ground state fragmentation energy is 10.6 eVf24g,
while the corresponding ionization potential is 7.6 eV. This
energy difference is considerably larger than the maximal
energy per vibrational mode in our experiment of about 0.5
eV. As expected, we do not observe any fullerene fragments
such as C68 in a quadrupole mass spectrometer mounted be-
hind the interferometer.

By varying the power of the heating laser beam, our setup
allows us to control the internal energy of the fullerenes

stored in the vibrational motion of the carbon nuclei. In order
to quantify the decoherence caused by the corresponding
heat radiation a detailed understanding of the radiative cool-
ing process is indispensable. It is developed in the next sec-
tion. After that, in Sec. IV, we show how to describe the
competing dynamics between the cooling process and the
thermal ionization.

III. RADIATIVE COOLING

The 204 vibrational modes of C70 fullerenes form a heat
reservoir that can store large amounts of energy. Irrespective
of the type of heating, it is sufficient for our purposes to
characterize the vibrational state of the molecule by the total
internal energyE. Moreover, it is convenient to specifyE in
terms of a temperature, even though the molecules are insu-
lated from any external heat bath. This can be done by the
microcanonical temperatureTsEd=f]S/]Eg−1, which is de-
fined through the entropySsEd. To leading order,T is the
temperature of a fictitious heat bath that would be required to
keep the average internal energy of the particle at a value of
E.

In free flight the loss of internal energy, i.e., the cooling of
the neutral molecules is solely determined by the emission of
thermal photons. Ultimately, this process determines the de-
coherence of the molecular wave since the thermal photons
may carry which-path information.

A. The fullerene emission spectrum

The thermal radiation emitted from fullerenes was ob-
served to have a continuous spectrumf13g. However, the
spectral emission rate deviates from the Planck law of a mac-
roscopic blackbody for a number of reasons. First, the radi-
ating particle is much smaller than the typical photon wave-
lengths which indicates that it must be a colored emitter. The
oscillator strengths of the available transitions can be related
to the frequency-dependent absorption cross sectionf25g.
Second, at the internal energies where thermal emission is
relevant the particle is not in thermal equilibrium with the
ambient radiation field so that there is no induced emission.
Third, the emitter is not kept at a constant temperature, but
the emission takes place at a fixed energyE. Similar to Ein-
stein’s derivation of the Planck law these aspects lead to the
expressionf26g

Rvsv,Tddv =
v2

p2c2sabs„EsTd − "v;v…

3expF−
"v

kBT
−

kB

2CV
S qv

kBT
D2Gdv. s1d

The first term is proportional to the mode density. The sec-
ond term, the absorption cross section at internal energy
EsTd−"v and frequencyv, quantifies the strength of the
available electronic transitions. We disregard the temperature
dependence ofsabssince the relevant optical transitions have
much higher energies than the thermal excitations. The third
term in Eq.s1d, the statistical factor, contains the first-order
correction due to the finite heat capacityCV of the fullerenes

FIG. 3. Electronic excitation energies of C70 f20g. The first pho-
ton excites theS1 state followed by a rapid nonradiative conversion
to the relatively long-lived triplet stateT1. All further photon ab-
sorption takes place in the electronic triplet configuration.
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f14,26g. It takes into account that the photon emission occurs
at a fixed total energy rather than at a fixed temperature.

The heat capacity of C70 is practically constant at tem-
peratures between 1000 and 3000 Kf27g. It was calculated
from the energies of the vibrational levels to be aboutCV
=202kB.

Using measured data for the absorption cross sectionf28g
we obtain the spectral emission rate shown in Fig. 4. It is
given for the temperature range between 2000 and 3000 K
that is relevant in our experiment and covers the range of
visible frequencies. Note that there are no contributions in
the infrared because of a lack of accessible transitions below
1.6 eV, the energy of the gap between the highest occupied
and lowest unoccupied molecular orbitals in the molecule
f20g. Although some of the 204 vibrational modes of C70 are
radiative in the far infraredf20g, they do not contribute ap-
preciably to decoherence or cooling in our experiment since
the corresponding transition matrix elements are extremely
small f29g. The small bump that can be seen at large tem-
peratures aroundv=4.831015 rad/s corresponds to the en-
ergy of 3.16 eV belonging to the first allowed dipole transi-
tion. The other direct dipole transitions and the plasma
resonance at greater energies are still suppressed below 3000
K by the Boltzmann factor in Eq.s1d.

B. The cooling dynamics

The radiative cooling of the fullerene molecules is deter-
mined by the spectral emission rate through the total radiant
flux

FsTd =E
0

`

"vRvsv,Tddv. s2d

It is important to note that the temperature dependence ofF
differs considerably from the Stefan-Boltzmann law in the

case of fullerenes, due to the gap in the electronic excitation
spectrum mentioned above. Indeed, from Eqs.s1d and s2d
one finds that the radiant flux of C70 is given approximately
by FsTd=6.3310−35 fT/ sKdg11 eV/s in the temperature re-
gime of T=2000–3000 K which will be relevant below. It
shows that the thermal emission of fullerenes increases much
more strongly with temperature than the well-knownT4 de-
pendence of a blackbody.

It follows that the temporal evolution of a hot, neutral
fullerene is governed by the cooling equation

d

dt
Tstd = −

FsTd
CV

. s3d

By integrating Eq.s3d numerically for a finite timet.0 we
find that the reduction of an initial temperatureT0 is de-
scribed extremely well by the approximate formula

Tst;T0d = T0F1 +S T0

T`
DnG−1/n

, s4d

with the time-dependent parametersn and T`. From this it
follows that an initial temperature distributionf0sTd trans-
forms as

f tsTd = f0XTF1 −S T

T`
DnG−1/nCF1 −S T

T`
DnG−sn+1d/n

. s5d

Note that any temperature distribution will be bounded from
above after a finite time by the maximum temperatureT`, as
implied by Eq.s4d.

The parametersn andT` are obtained by fitting the func-
tion s4d to the numerical solution of Eq.s3d. For the short
times of flight t between the heating beams we findn=6.2,
T`=830 K3 fssd / tg1/n. The longer passage from the heating
beams to the first grating of the interferometer is character-
ized by n=8.5 andT`=1700 K3 fv ss/mdg1/n, with v the
velocity. During the long flight from the first grating to the
detection laser the cooling is described byn=10.5, T`

=2166 K for a fullerene velocity of 100 m/s, and byn
=9.7, T`=2321 K for 190 m/s, respectively. Finally, we
haven=9, T`=1490 K3 fv ss/mdg1/n for the range of about
30 cm behind the detection laser where ions are recorded.

IV. MOLECULAR THERMOMETRY:
THEORETICAL DESCRIPTION

After the fullerene beam has passed the heating stage it is
no longer characterized by a single internal temperature.
Rather, it shows a distribution of temperatures because of the
stochastic nature of the photon absorption and as a result of
the different heating intensities seen by the fullerenes due to
the laser beam profiles. The resulting average temperature
cannot be measured directly with a spectrometer since there
are too few detectable photons emitted while the fullerenes
travel through the interferometer. Instead, we have to resort
to an indirect assessment of the temperature distribution.

The beam temperature is inferred in our experiment from
an accurate measurement of the molecular ions, which ap-
pear due to the thermal emission of electrons from the hot

FIG. 4. The calculated spectral photon emission rate forsmicro-
canonicald molecular temperatures between 2000 and 3000 K; cf.
Eq. s1d. It involves a measured frequency-dependent absorption
cross sectionf28g. The data imply that about three visible photons
are emitted during a transit time of 4 ms.
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fullerenes in the heating stage. They are recorded as a func-
tion of the fullerene velocity, the laser power, and the num-
ber of heating laser beams. By comparing a model calcula-
tion to many experimental curves we obtain reliable
information on the temperature distribution in the beam. A
second, independent source of information is the count rate
variation in the final molecule detector. This is because the
fullerenes carry much of their added energy through the
whole interferometer and their temperature determines the
final detection efficiency. As discussed below, our model cal-
culation also reproduces the experimental detection rate for
different heating powers and fullerene velocity, which con-
firms independently the implied temperature distribution.

A quantitative description of the heating dynamics and the
resulting ion signal faces several challenges. First, the pho-
ton absorption is a stochastic process giving rise to an ini-
tially broad distribution of temperatures in the beam. Second,
there is a delicate competition between radiative emission
and ionization, which both depend in a strong and nonlinear
fashion on the fullerene temperature. Third, the radiative
cooling of the molecules between the subsequent heating la-
ser beams must also be taken into account. Finally, the de-
scription is further complicated by the fact that the fullerenes
experience different heating intensities due to the finite ex-
tension of the molecular and optical beams. In the following
model all those aspects are taken into account, which is nec-
essary to provide a realistic description of the experimental
situation.

We represent the initial velocity distribution by the func-
tion f30g

IC70svddv = CTv3expS−
v2

vw
2 Ddv, s6d

corresponding to an effusive molecular beam. Herevw

=Î2kBT/m=133 m/s is the most probable speed of the C70
molecules in the oven andCT a constant determined by the
oven aperture. We then introduce the nonionized fraction
iC70sv ,zd of the beam at longitudinal positionz and fullerene
velocity v. Moreover, we need the distributioniC70sT,y;v ,zd
of the nonionized fraction with respect to the molecular tem-
peratureT, and the vertical positiony. Initially, the distribu-
tion is peaked inT at 900 K, flat in y, and normalized,
edyedT iC70sT,y;v ,0d=1. In terms of this quantity the cur-
rent of neutral fullerenes at longitudinal positionz is given
by

IC70sv;zd = CTv3expS−
v2

vw
2 D E dyE

0

`

dT iC70sT,y;v,zd.

s7d

The evolution of the distribution of the neutral fractioniC70
contains all the information needed to extract the observable
ion yield and detection efficiency. We calculate the dynamics
of iC70 by sequences of transformations which describe the
heating experienced by crossing a single laser beam and the
subsequent cooling and ionization.

In doing so we allow for an absorption cross sectionsabs
in the metastableT1 state which may differ from the ground
state absorption cross section. At the same time only sequen-
tial absorption is considered, since the neglect of multipho-
ton effects is certainly justified at the prevailing laser inten-
sities.

The absorption of laser photons is determined by a Pois-
sonian probability distribution. Every green photon adds 2.3
eV to the molecule and therefore increases the temperature
by DT="vL /CV=139 K. Correspondingly, each passage
through a single laser beam changes the distribution in the
fullerene beam according to

iC708 sT,y;v,zLd = e−n̄sv,ydo
n=0

`
fn̄sv,ydgn

n!
iC70sT − nDT,y;v,zLd.

s8d

The mean number of absorbed photons follows from an in-
tegration over the Gaussian laser mode centered aty0. It is
given by

n̄sv,yd =Î 2

p

lsabs

hcwyv
P expS−

2sy − y0d2

wy
2 D . s9d

The cooling and ionization processes after the heating are
governed by Eq.s4d and by the Arrhenius law1

d

dz
iC70sT,y;v,zd = −

Aion

v
expS−

Eion

kBT
DiC70sT,y;v,zd.

s10d

In our case the ionization energy is to be taken from the
triplet state T1, that isEion=7.6 eV−1.6 eV. Since the evo-
lution of the temperatureTsz/v ;T0d is known explicitly s4d
one can integrate Eq.s10d. This way we obtain

iC70sT,y;v,z+ Dzd

= iC70XTS1 −
Tn

T`
n D−1/n

,y;v,zCS1 −
Tn

T`
n D−sn+1d/n

3expF−
AionL

v
CXv,TS1 −

Tn

T`
n D−1/nCG s11d

with

Csv,T0d = n
T`

nsvd
Tion

n FGSn,
Tion

T0
D

− GXn,
Tion

T0
S1 +

T0
n

T`
nsvd

D1/nCG . s12d

Here Gsn,xd is the incomplete gamma function andkBTion

=Eion. Equations11d describes the reduction of the neutral
fraction and its temperature variation during a free flight un-
der the joint action of radiative cooling and ionization.

1In the literature there are also proposals for a slightly different
form of the Arrhenius law for fullerenesf31g. We checked that the
result of our calculation described below does not depend signifi-
cantly on the precise temperature dependence of the ionization rate.
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The transformationss8d and s11d are applied as often as
there are intersecting laser beams, which have an average
separation of 0.3 mm. We take their vertical positions to be
uniformly distributed within a width of about 1.5wy, which is
the estimate obtained from the experimental beam alignment.
Our values forT`svd andn are given above in Sec. III.

The ion yield in the heating region, which is measured at
detectorD1, is given by the change in the current of neutral
molecules. It reads

Isvd = CTv3expS−
v2

vw
2 D E dyE

0

`

dTfiC70sT,y;v,0d

− iC70sT,y;v,zG1dg. s13d

Here we account also for possible delayed ionization by ex-
tending the measurement interval to the interferometer en-
trance zG1. However, delayed ionization does not play an
important role for the parameters given below, and virtually
no ionization is predicted forz.zG1.

The final detection stageD2 also operates by laser-
induced thermionic emission. Therefore, one can calculate its
temperature- and velocity-dependent detection efficiency us-
ing Eqs.s8d ands11d as well. We use the values given in Sec.
II B for the wavelength of the detection laser and its waist,
and take the maximal ionization distance to be 30 cm.

V. MOLECULAR THERMOMETRY:
EXPERIMENTAL RESULTS

In order to gauge our heating setup we measure the ion-
ization yield in the heating stage. Positive ions are acceler-
ated to the conversion dynode where they release secondary
electrons which are in turn accelerated to a secondary elec-
tron multiplier situated 1 cm above the conversion plate. The
first heating beam was adjusted such that its focus is lying
just below the rim of the channeltron. This setup ensures that
the observed electric signal is essentially proportional to the
ion current produced in the heating region.

We use a chopped molecular beam and a time-of-flight
sensitive detection scheme to measure the velocity of the
neutral fullerenes, which determines the heating time. In ad-
dition, the number of heating beams can be varied by block-
ing the laser beam after a specified number of reflections.
This way the normalized ion yieldIsvd / fCTv3exps−v2/vw

2dg
could be extracted as a function of the fullerene velocity, the
heating power, and for heating configurations with four and
with ten crossing beams; see Fig. 5.

The corresponding model calculation depends on two un-
known parameters, the absorption cross section in the triplet
statessT1d and the Arrhenius constant for ionizationAion. By
comparing simultaneously the various measured ion curves
to the model we extract the common fit valuesssT1d.2
310−17 cm2 and Aion.53109 s−1. Our value for the cross
sectionssT1d is close to that of the known ground state ab-
sorption cross sectionf28g. This is reasonable with C70,
where the dipole matrix elements have fewer symmetry re-
strictions than C60. We did not find published Arrhenius con-
stants for C70, but we note that the literature values for C60
vary by many orders of magnitudef32g. Given this it seems

acceptable that our value is smaller than the range of litera-
ture values for C60. Figure 5 shows the experimental data for
the ion yield along with the results of the model calculation
using the mentioned parameters.

In addition to the above measurements, we also record the
change of the count rate in the final detection stage as a
function of the heating power, the number of heating beams,
and for two different fullerene velocities of 100 and
190 m/s. The experimental data are shown in Fig. 6. They
are compared to the model calculation using thesameparam-
eters as above, and one observes a good agreement of the
various curves. This is strong evidence that the model suc-
ceeds in describing the relevant cooling and ionization pro-
cesses. It serves also to explain the form of the experimental
data curves. The increase in the detection rate at small heat-
ing powers is due to the higher temperature of the fullerenes
arriving at the detection stage. The increased internal energy
raises the ionization probability after crossing the detection
laser beam. This effect is superseded at higher heating pow-

FIG. 5. Ion yield at the heating stage; experimental datassym-
bolsd compared to the model calculationssolid linesd. Top: Arrange-
ment with ten heating beams and laser powers ofP=2, 3, 4, 5, 6, 8,
10 W. Curves with higher count rates are associated with higher
laser powers. Bottom: Arrangement with four heating beams and
laser powers ofP=4, 6, 8, 10 W.
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ers and a large number of heating beams by a reduction of
the detection rate. It is due to the fact that at strong heating a
sizable fraction of the fullerene beam is ionized already in
the heating stage.

The good agreement of the described measurements with
the model calculation leads us to conclude that the model
provides a realistic description of the temperature evolution
in the beam. Figure 7 shows the implied temperature distri-
bution in the beam directly after heating and at the position
of the first grating. The fullerene velocities are taken to be
100 and 190 m/s corresponding to the experimental choice
for observing the first and second Talbot orders. Note that the
slower molecules, which are heated more strongly, arrive at
the first grating with a smaller temperature on average be-
cause they have more time of flight to cool off.

A final remark concerns the dependence of the model cal-
culation on the fit parametersssT1d and Aion which were
obtained from the curves in Fig. 5. While the ionization and
detection curves show a moderate dependence on these pa-
rameters, the temperature distribution given in Fig. 7 is very
robust. The reason is that only the absorption cross section

ssT1d enters in this figure, which is much better specified by
the fitting procedure thanAion. Incidentally, only this robust
temperature distribution enters the calculation in the follow-
ing treatment of radiative decoherence.

VI. DECOHERENCE BY THERMALLY
EMITTED RADIATION

The effect of the molecular temperature on the wave na-
ture of the fullerenes can now be measured using the Talbot-
Lau interference effect described in Sec. II A. The “fast”
fullerenes withv=190 m/s correspond to the first-order Tal-
bot effect. They are heated by an arrangement of 16 laser
beams. Ten beams are used for the slower fullerenes that are
required for the second Talbot ordersv=100 m/sd.

Figure 8 shows the observed interference fringes of the
fast molecules for various heating powers. The variation of
the mean count rate is discussed in Sec. V. We use sinusoidal
fits sthe solid linesd in order to extract the visibilityV
=sImax− Imind / sImax+ Imind, which is a direct measure of the
particle’s wave nature.

According to decoherence theory, the ability of a hot ob-
ject to show interference is limited by the rate and wave-
lengths of the thermally emitted photons. A detailed descrip-
tion of the theoretical treatment of decoherence in the Talbot-
Lau interference has been given in Ref.f14g. It predicts the
reduction of the fringe contrast due to the emission of ther-
mal photons, in particular for the sinusoidal fringes observed
in our symmetric Talbot-Lau interferometer. For a molecule
with the initial temperatureT0 and a velocityv the reduction
factor is given by

FIG. 6. Relative change of the molecular detection rate atD2 as
a function of the heating laser power. Experimental datassymbolsd
vs model calculationssolid linesd. Top: Fullerenes with 100 m/s.
The number of heating beams wassad one,sbd two, scd four, andsdd
ten. Bottom: Faster fullerenes with a velocity of 190 m/s andsad
two, sbd four, scd ten, andsdd 16 heating beams.

FIG. 7. Temperature distributions in the beam implied by our
model calculation directly after the heating stagesad,sbd and at the
position of the first gratingscd,sdd. The shading is proportional to
the probability density of the temperature. The data are shown for a
fullerene velocity of 100 m/ssad,scd and of 190 m/ssbd,sdd, respec-
tively. The stripes insad and sbd correspond to the temperature in-
creaseDT=139 K due to a single photon absorption. The stripes are
somewhat closer inscd and sdd due to cooling.
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RsT0,vd = expH−E
0

2L/v

dtE
0

`

dv Rvsv,Tst;T0dd

3F1 − sincSvd

c

L − uvt − Lu
LT

DGJ . s14d

Here, Rvsv ,Td is the spectral photon emission rates1d at
angular frequencyv and temperatureT. The functionTst ;T0d
gives the temporal variation of the fullerene temperature.
The argument of the function sincsxd=sinsxd /x compares the
wavelengthl=2pc/v of the thermal photon to the effective
separation of the contributing interfering paths.

Equations14d is most intuitive for first-ssecond-d order
Talbot interference where the grating distanceL equals
sequals twiced the Talbot lengthLT=d2/lC70. Then, the pho-
ton wavelength gets compared to the actual separation of
paths running through neighboring slitssnext to neighboring
slitsd in the central grating.

It should be noted that the change of theinternal fullerene
state upon photon emission does not matter for decoherence.
The reason for this is that the internal degrees of freedom do
not get entangled with the center-of-mass coordinate, since
the emission probability is position independent.

The precise form of the spectral photon emission rateRv

for C70 fullerenes and their temperature evolution were dis-
cussed in Sec. III. In order to predict the expected loss of
interference contrast one needs to account for the tempera-
ture distribution shown by the fullerenes when they enter the
interferometer. It is given by

fG1sT;vd =E dy iC70sT,y;v,zG1d s15d

since the vertical position is irrelevant in the interferometer.
The expected visibility reduction is calculated by weighting
the reduction factors14d with this distribution.

Rsvd =E dT0fG1sT0;vdRsT0,vd. s16d

We use a numeric integration ofs3d in order to evaluate the
required functionTst ;T0d.

It turns out that the cooling within the interferometer con-
tributes to the quantitative prediction of the interference con-
trast. The visibility loss due to emissions in the first half of
the symmetric interferometer is in general much stronger
than in the second half. At the same time, Eq.s1d predicts
that unheated molecules, thermalized only to the oven tem-
perature of 900 K, do not cool or decohere noticeably during
their time of flight in the apparatus.

As discussed in Sec. III the spectral emission rate of
fullerenes deviates considerably from the Boltzmann law of

FIG. 9. Reduction of the interference visibility due to heating
with laser powerP. The circles give the experimental visibility
extracted from fringe patterns such as shown in Fig. 8; the solid
lines are the theoretical expectation given by Eq.s16d. The
fullerenes in the top graph have a velocity of 190 m/s correspond-
ing to the first Talbot order, while in the bottom graph the fullerene
velocity is 100 m/s corresponding to the second Talbot order. The
upper scale gives the mean fullerene temperature at the entrance of
the interferometer.

FIG. 8. Fullerene interference fringes corresponding to the first-
order Talbot-Lau effect at different powers of the heating laser. The
stronger the heating in front of the interferometer the more thermal
radiation is emitted within the interferometer, leading to a mono-
tonic reduction of fringe contrast. The variation of the mean abso-
lute count rate is caused by the thermal ionization detection scheme.
While it is irrelevant for the assessment of the degree of coherence,
it provides us with a second method for the evaluation of the mo-
lecular temperature, as discussed in the text and indicated in Fig. 6.
The solid curves are sinusoidal fits used to extract the fringe
visibility.
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a blackbody. This is one of the reasons why the simple esti-
mates of temperature effects in Refs.f33–35g cannot be used
to describe the experiment. Similarly, the more recent studies
in Refs. f36,37g do not apply to the present experimental
situation.

The visibilities extracted from the experimental fringe
patterns are given in Fig. 9, where they are compared to the
theoretical expectations16d. The error bars of the experimen-
tal data indicate only the statistical error of the visibility
extraction. A much larger systematic error is due to the im-
perfections in the alignment of the heating laser beams. As a
result, the variation of the experimental data after different
alignments is of the order of the difference between the data
shown and the experimental curve. Note that the upper scale
in Fig. 9 gives the mean temperature in the beam at the
entrance of the interferometer.

VII. DISCUSSION

The good agreement between experiment and decoher-
ence theory found in Fig. 9 provides strong evidence for the
observation of thermal decoherence. However, since the tem-
perature measurement is indirect it is necessary to discuss the
possibility of other laser-induced decoherence mechanisms
that might give rise to a similar observation.

A different source of decoherence would ensue if the
fullerenes were still in the electronic triplet state when they

enter the interferometer. This state is associated with a mag-
netic moment and arguably also with a higher electric polar-
izability. The molecules could therefore be slightly more sus-
ceptible to interactions with electromagnetic stray fields.

However, if this interaction were relevant one would ex-
pect a different relation between the interference fringe con-
trast and the heating laser power than it is observed in the
experiment. A single absorbed photon would suffice to take
the fullerene into the first excited triplet state with a prob-
ability of more than 90%. Correspondingly, we would expect
a sharp threshold in the contrast curve of Fig. 9 when the
laser power is increased. Moreover, we expect that theT1
lifetime and therefore also its population in the interferom-
eter should decrease with increasing heating power.

From the gradual decay of the visibility curve we can
therefore safely exclude any effect that requires a nonthermal
population of the excited state for the explanation of the
observation.
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