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Search for Exchange-Antisymmetric States for Spin-0 Particles at the 10211 Level
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We set a new upper limit of 1.7 3 10211 to the probability that two spin-0 16O nuclei are in forbidden
exchange-antisymmetric states, testing the validity of fundamental principles of quantum mechanics. A
newly designed difference-frequency spectrometer is used to look for the existence of these states. The
experimental test was performed by tuning the spectrometer across a molecular transition of 12C16O2

belonging to the rovibrational band at 4.25 mm, connecting the forbidden states �0000, J � 25� and
�0001, J � 26�.
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Although the symmetrization postulate (SP) constitutes
the basis for a quantum-mechanical description of any sys-
tem of identical particles, the possibility of theories going
beyond the Bose and Fermi statistics, arising from the SP,
has long been recognized [1,2]. More recently, theories al-
lowing small SP violations have been developed, basically
following two different approaches. In the first approach,
trilinear commutation relations are defined instead of the
usual bilinear Bose and Fermi commutators [3], whereas
in the second a slight deformation of the bilinear commu-
tation relations is introduced, using a parameter which can
continuously turn each statistics into the other [4].

At present, no experimental evidence of SP violation
has been demonstrated. The most accurate tests of the SP
were performed on fermions, which must obey the Pauli
exclusion principle (PEP), which is a particular case of the
SP. Ramberg and Snow [5] searched for a PEP-forbidden
electronic transition in a copper strip with electrical cur-
rent flowing through it for hundreds of hours. The negative
result of this experiment was interpreted to give an upper
limit of 1.7 3 10226 to PEP violation for a many-electron
system. A simpler and more rigorously interpreted two-
fermion system, the helium atom, was investigated by
Deilamian et al. [6]. They adopted a spectroscopic tech-
nique to search for an electronic transition involving a
PEP-forbidden state. This experiment set 5 3 1026 as a
bound to PEP violation for a two-electron system. An ex-
perimental evidence of SP violation in a system of bosons
is harder to be observed. Nevertheless, some tests were
first proposed [7,8] and then performed, searching for for-
bidden exchange-antisymmetric states in molecules con-
taining two identical 16O nuclei (spin-0 bosons). Two
independent spectroscopic tests on 16O2 set the bound to
a SP violation, respectively, to 5 3 1027 [9] and 1.3 3

1026 [10]. The first test on 12C16O2, due to the stronger
allowed transitions involved in the measurement, improved
upon the previous ones by more than 2 orders of magni-
tude, setting an upper limit of 2.1 3 1029 to SP violations
[11]. Recent discussion on the theoretical implications of
these experimental tests can be found in Ref. [12].
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The choice of a suitable test molecule/transition both
depends on bare physics and on the availability of a proper
source of coherent radiation at the corresponding wave-
length. From the point of view of the general physi-
cal properties, diatomic homonuclear molecules, such as
16O2, are not the best choice for the test, because of
their lack of active electric dipole transitions in the in-
frared (IR). Higher sensitivity to look for the existence
of exchange-antisymmetric states can be achieved by in-
vestigation of polyatomic molecules containing a pair of
identical bosonic nuclei. Among them the 12C16O2 mole-
cule is one of the best candidates because its rovibra-
tional IR transitions may have line strengths up to 3.5 3

10218 cm�molecule. In Ref. [11], the 1201-0000 combi-
nation band of 12C16O2 around a 2 mm wavelength was
chosen, since it is the strongest that can be reached by
available distributed-feedback diode lasers.

In this Letter, following the original idea of Hilborn
[7], we report on a new sensitive search of the existence
of exchange-antisymmetric states for spin-0 particles,
which was performed by investigating the spectrum of
the 0001-0000 fundamental band of 12C16O2 around
4.25 mm. This band is about 2000 times stronger than
the 1201-0000, providing us with a higher sensitivity.
The high-sensitivity spectroscopic investigation of this
band was made possible by the recent development of a
difference-frequency radiation source at this wavelength,
with the desired features of wide tunability, narrow
linewidth, and low intensity noise [13]. These features,
in a previous experiment, had also allowed us to observe
low-power saturated-absorption spectra of CO2 [14].

According to the Born-Oppenheimer approximation,
the total wave function C of a single molecule can be fac-
torized in the form C � cecycrcn, where ce, cy , cr ,
and cn are the electronic, vibrational, rotational, and
nuclear wave functions, respectively. The ground elec-
tronic and vibrational wave functions of the 12C16O2
molecule are symmetric in the exchange of the two 16O
nuclei. Also, the nuclear wave function is symmetric,
since the nuclear spin I�16O� � 0. The rotational wave
© 2001 The American Physical Society 1919
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function is symmetric for even values of J, antisymmetric
for odd ones. The SP requires the total wave function
to be symmetric in the exchange of the two 16O nuclei.
Therefore rotational states with odd values of J are for-
bidden in the ground vibrational state. A similar argument
could show that the situation is reversed in the 0001
vibrational state, for which even values of J are forbidden,
because the vibrational wave function cy in the excited
state is antisymmetric. As a consequence, detection of a
weak transition of the rovibrational form 0001-0000 R�J�
with an odd value of J could indicate a SP violation and
its amount.

The experimental setup is shown in Fig. 1. The 4.25-
mm radiation is generated by a nonlinear three-wave fre-
quency mixing occurring in a periodically poled lithium
niobate (PPLN) crystal. The 17.5 mm long PPLN crystal
is pumped by a continuous-wave, single-mode Nd:YAG
laser (maximum output power � 800 mW, wavelength
�1064 nm), as well as by a slave diode laser (SDL) that
delivers a maximum output power of 150 mW at 850 nm.
The SDL is injection locked by a low-power master diode
laser at the same wavelength, mounted in an extended-
cavity configuration. The diode laser system has a step-
wise tuning range of about 10 nm (with a �7.5 GHz step
size) and a fast linewidth , 1 MHz. Synchronous scans
of the extended-cavity length and of the driving currents of
both diode lasers allow continuous frequency spans wider
than 15 GHz. A dichroic mirror combines the two s-
polarized laser beams which are focused by a lens into the
PPLN crystal to a waist of about 30 mm. To achieve opti-
mal quasiphase-matching, the crystal is mounted in a ther-
mally insulated copper oven, controlled at a temperature of
287 ±C. The IR beam is focused into a White-type multi-
pass absorption cell [15] to a waist of about 300 mm, while

FIG. 1. Experimental setup. MDL: master diode laser; SDL:
slave diode laser; PZT’s: piezoelectric translators; OI: optical
isolator; DM: dichroic mirror; PPLN: periodically poled
LiNbO3 crystal; PC: computer; LA: lock-in amplifier; FP:
Fabry-Perot cavity; F: Ge filter; PS: phase-scrambler; D: InSb
detector.
1920
the input beams are blocked by an antireflection-coated Ge
filter. The 2 m long cell allows one to obtain optical ab-
sorption lengths in excess of 130 m. Our White-type de-
sign is affected by fringes with a spacing of 37.5 MHz that
corresponds to the optical path of 8 m between two close
spots on the input/output mirror. In order to reduce fring-
ing noise, we limit the maximum path length to 112 m,
and we modulate it by moving the input/output mirror us-
ing a small electric engine [phase scrambler] [16]. We do
not observe, either for the alignment He-Ne laser or the IR
radiation, any significant degradation of the beam quality
at the cell output, mainly due to the good optical qual-
ity of the gold-coated mirror surfaces (better than l�10
at 633 nm). After the cell, IR radiation is focused onto a
liquid-N2-cooled InSb photovoltaic detector.

Frequency modulation of the Nd:YAG laser emission is
obtained by applying a sinusoidal voltage (at a 2 kHz rate)
onto a PZT glued on the monolithic ring cavity. First-
derivative recording, using a lock-in amplifier, is used,
in order to get rid of the constant background seen by
the detector that severely limited the dynamic range of
signal processing. Further reduction of fringing noise is
achieved by a filtering technique that consists of select-
ing a particular width of the frequency modulation. In-
deed, it can be noticed that, as the modulation width
varies, the fringe visibility changes quasiperiodically, pass-
ing through minimum points. This phenomenon is analo-
gous to the fringe visibility curve that can be observed in
classical interference experiments, such as the Fresnel’s
mirrors with a slit source [17]. We use a modulation width
of about 120 MHz, which, for our fringe spacing, corre-
sponds to the third minimum of the fringe visibility. Since
the Doppler linewidth is 132 MHz (FWHM), this is also
a convenient value for the first-derivative detection. It is
worth remarking that this fringe cancellation technique can
be used when the fringe spacing is not significantly larger
than the linewidth.

We chose the forbidden 0001-0000 R�25� line
�2367.265 cm21� for the test, because it satisfies three
requirements: (i) It is close to the strongest R-branch lines
(at room temperature); (ii) it is far from any strong allowed
line; (iii) a weak line to be used as a frequency and sensi-
tivity marker is well separated from the forbidden line and
can be recorded within the frequency span. In Fig. 2, a
recording of our marker line 0221-0220 R�80� of 12C16O2
�2367.230 cm21� is shown. Pure carbon dioxide (99.99%)
is used to fill the cell at pressures ranging from 270 to
330 Pa. These pressures are chosen in order to minimize
the absorption due to the Lorentzian wings of the strong
R�24� and R�26� lines and still maintain a good S�N ratio
in the spectral region of interest. We fit the experimental
points to an approximate function, taking into account
the Doppler and the pressure-broadened linewidths, the
frequency modulation, and a parabolic background. The
fit line shape was simply obtained by taking the differ-
ence between two Voigt profiles, frequency-spaced by
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FIG. 2. (a) Transmission spectrum (10 GHz total frequency
span) of the White cell filled with 18 Pa of CO2 �path
length � 56 m�. Absorption peaks of three CO2 lines around
2367.4 cm21 are shown. (b) Plot of the first-derivative demodu-
lated signal. This scan, corresponding to the dashed rectangle
in (a), contains the R�80� marker line and the region where the
forbidden R�25� line is expected. A fit curve (solid line) is
superimposed on the experimental points.

an amount related to the modulation width. It is worth
noticing the good agreement of the experimental points
with the fit function, though the recording time is as long
as eight hours. To make it possible, we first improved
the long term passive stability of the IR source system,
reducing the frequency drift down to about 80 MHz�h;
second, we implemented a routine that allows us to
average different scans, even if recorded in different days,
by compensating for the residual drift. Each scan lasts
about 10 s and a relative frequency scale, with an accuracy
of about 1%, is provided by synchronous recording of
the transmission peaks of the diode laser (SDL), passing
through a Fabry-Perot interferometer with a free spectral
range of 1.5 GHz. We assume that the frequency of the
R�25� line has the same uncertainty (about 15 MHz) as
the nearby R�24� and R�26� allowed transitions [18].
Considering that also the marker line has an uncertainty of
about 15 MHz [18], an estimate for the uncertainty of the
frequency gap between the marker and the forbidden line
is 30 MHz. IR wavelengths are calculated by measuring
both diode and Nd:YAG laser wavelengths using a wave
meter with a precision of 300 MHz. In Fig. 2, an arrow
indicates the calculated position of the forbidden line.
Figure 3 shows this spectral region with an expanded
vertical scale. In this recording, noise is dominated by
interference fringes and laser intensity fluctuations. The
violation parameter b2�2 [3] can be expressed, in our
case, as [19]

b2�2 ,
AR�25�

AR�80�

SR�80�

SR�25�
, (1)

where AR�25� and AR�80� are the signals corresponding to the
forbidden and marker line, respectively; SR�80� is the line
FIG. 3. Plot of the fit residuals from Fig. 2 with an expanded
vertical scale �2003�. The two vertical dashed lines delimit the
expectation interval �630 MHz� for the center frequency of the
R�25� line. The dashed rectangle includes the frequency region
where the rms noise has been estimated and also contains the
fit curve.

strength of the marker line, while SR�25� is the calculated
line strength of the forbidden line. The main dependence
of the line strength of a rovibrational R-branch line on J
and T is [20]

S�J, T � ~ �J 1 1� exp

∑
2

hn0 1 Er �J�
kBT

∏
, (2)

where h is the Planck constant, kB is the Boltzmann con-
stant, n0 is the band center frequency, and Er �J� is the
rotational energy. The line strength SR�25� can be easily
calculated from Eq. (2) as

S�25, T � � S�24, T �
26
25

exp

µ
2

50hB
kBT

∂
, (3)

where B � 0.389 cm21. AR�25� can be estimated by mea-
suring the root mean square (rms) noise in the spectral
range where the forbidden line is expected [9,11], or by
fitting the experimental data to the proper line shape func-
tion, leaving its center frequency and linewidth fixed [10].
Of course, the first approach gives a more conservative es-
timate, whereas the second procedure is more stringent,
though more sensitive to small local fluctuations. We give
both estimates below.

In Fig. 3, a first derivative of a Gaussian function (solid
line) is used to fit the experimental data. The result-
ing amplitude is AR�25� � 2.0�6� mV, i.e., the value is
within about 3s (standard error of the fit). On the other
hand, a calculation of rms noise in the same interval gives
AR�25� � 3.7 mV. We moved the line center of the fitting
curve within the combined uncertainty of the frequency
gap between marker and forbidden line �630 MHz�, ob-
taining all amplitudes within 6s. By moving the line
center also outside this frequency interval, we could fit a
few features with an amplitude exceeding the uncertainty.
1921
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Therefore, we took the rms value to infer an upper bound
to the violation.

Considering that AR�80� � 14.7 V, SR�24� � 2.78 3

10218 cm�molecule, and SR�80� � 1.81 3 10225 cm�
molecule (for T � 296 K), we can infer that b2�2 ,

1.7 3 10211. This means that the minimum detectable
partial pressure of molecules in exchange-antisymmetric
states with our setup is lower than 5 nPa, corresponding
to about 3 3 1010 molecules in the total cell volume
(about 25 liters). Considering that the IR beam occu-
pies about 1

30 of this volume, the maximum number
of molecules in exchange-antisymmetric states that are
interrogated at each time is 109. It is worth pointing out
that this large number of molecules, and the related num-
ber of absorbed photons, makes the absorption process
stationary. This justifies the assumption of a Gaussian
function, arising from Boltzmann statistics, to fit the
forbidden line.

Substantial improvements to the sensitivity for this
class of spectroscopic tests could be obtained by ex-
tending external-cavity-enhancement techniques, such as
the so-called NICE-OHMS [21], to the infrared region,
where the strongest rovibrational transitions can be found.
Profitable use of this technique is, at present, conditioned
by the development of high-reflectivity and very-low-loss
mirrors as well as fast detectors for this spectral region.
Other spectroscopic techniques, such as ionization [22]
or photon burst spectroscopy [23], could provide alter-
native sensitive tools to search for small deviations from
conventional statistics.
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