
PHYSICAL REVIEW A SEPTEMBER 1997VOLUME 56, NUMBER 3
Experimental observation of the splitting of single photons by a beam splitter

J. D. Franson
Applied Physics Laboratory, The Johns Hopkins University, Laurel, Maryland 20723

~Received 23 December 1996!

It was recently predicted that any metallic beam splitter must have a small probability of splitting a single
photon into a pair of secondary photons, conserving energy in the process. This nonlinear effect is a conse-
quence of the quantization of the field and is somewhat analogous to other nonlinear effects in QED. The
splitting of single photons by a metallic beam splitter has now been observed experimentally and is in good
agreement with the theoretical predictions.@S1050-2947~97!07709-3#

PACS number~s!: 12.20.Fv, 03.65.Bz, 42.50.Ct
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I. INTRODUCTION

A beam splitter is one of the simplest and most wide
used components in optics. From a classical viewpoint, th
devices ‘‘split’’ an incident beam into two outgoing beam
while at the single-photon level it is the probability amp
tude that is ‘‘split’’ and not the photons themselves@1,2#.
The author recently predicted@3#, however, that any metallic
beam splitter must have a small probability of actually sp
ting an incident photon into two secondary photons, conse
ing energy in the process. This nonlinear behavior is a c
sequence of the quantization of the electromagnetic field
involves the creation and annihilation of electron-positr
pairs, which makes it somewhat analogous to other nonlin
effects in QED, such as the scattering of one photon by
other @4#.

This paper describes an experimental observation of
splitting of single photons by a conventional metallic bea
splitter. The rate at which these events were observed is
sistent with the earlier theoretical predictions for a sim
metal. A number of alternative mechanisms for the obser
pairs of secondary photons have been considered, but
appear to be consistent with the experimental observati
To the author’s knowledge, this is the first experimental o
servation of the splitting of photons by a beam splitter,
gardless of the mechanism responsible for the secon
photons.

II. THEORY

In the case of a simple metal, a beam splitter can
modeled reasonably well as a large number of free elect
@5# confined to a three-dimensional potential well. To lowe
order in perturbation theory, the splitting of single photons
then due to the presence of the nonlinearA2 term in the
nonrelativistic Hamiltonian, whereA is the vector potentia
operator. An incident photon can be absorbed by thej•A
term in the Hamiltonian, after which theA2 term in the
Hamiltonian can simultaneously emit a pair of second
photons. In addition to this basic process, there are five s
lar processes leading to the same final state, as describ
Ref. @3#.

The probabilityP2 of splitting a photon can be put into
simple form when normalized to the probabilityP1 that it
will simply be reflected in the usual way:
561050-2947/97/56~3!/1800~6!/$10.00
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cI . ~1!

Here a is the fine structure constant,lc is the Compton
wavelength of the electron, andl0 is the wavelength of the
incident photon with angular frequencyv0 . The dimension-
less constantcI is given by

cI5 (
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~ ê1• ê0!ê2•S p0z2p1z1
p2

8
p2'D

p2

1
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p2

8
p1'D

p1

G 2

, ~2!

where p0 , p1 , and p2 are the wave vectors of the initia
photon and the two secondary photons. Equation~1! neglects
scattering and is valid in the limit of long wavelengths. It c
be seen that the ratioR is independent of any properties o
the material comprising the beam splitter in this limit, i
cluding its thickness, which illustrates the fundamental n
ture of these effects.

Although the nonlinear nature of theA2 term seems ap-
parent, the Hamiltonian in relativistic QED does not expl
itly contain such a term. It can shown that theA2 term arises
in the nonrelativistic limit of QED as a result of the produ
tion of virtual electron-positron pairs. Thus the splitting
photons at a metallic beam splitter is somewhat analogou
other nonlinear effects@4# in QED ~which also involve the
production of virtual pairs!, most of which have not been
observed experimentally.

A gauge transformation@6# can be used to express th
Hamiltonian in the form of a multipole expansion, in whic
case theA2 term no longer explicitly appears in the Hami
tonian and the effects described above correspond instea
1800 © 1997 The American Physical Society
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56 1801EXPERIMENTAL OBSERVATION OF THE SPLITTING . . .
higher multipole terms. The results are, of course, the sa
in either gauge, but their interpretation may appear to
somewhat different, which should be kept in mind wh
comparing the calculations of Ref.@3# with other approaches
in nonlinear optics.

In addition to the second-order process involving theA2

term, the same effect could also be obtained in principle
the j–A term alone in third order. Three dipole transitions
that kind are usually responsible for parametric dow
conversion @7–9# or second-harmonic generation@10# in
nonlinear materials but they cannot contribute here beca
of parity considerations@3#. Three dipole transitions would
have to bring the system back to its initial electronic state
order to maintain coherence and phase matching. That is
possible if the electronic states have well-defined pa
~since the dipole matrix elements are zero between state
the same parity! and some source of asymmetry is require
In a bulk material, this process is possible only if the crys
structure is anisotropic, as is the case for all of t
x (2)nonlinear crystals. At the surface of a bulk materi
however, the inversion symmetry is broken as illustrated
Fig. 1~a! and it is well known@10,11# that the usual three
dipole transition can produce second-harmonic genera
even if the material is isotropic. As can be seen from F
1~b!, the addition of a second surface to create a thin film
the effect of restoring the inversion symmetry@12#. In that
case, the electronic states once again have well-defined
ity and three dipole transitions are not allowed. The calcu
tions of Ref.@3# did not include the possibility of any add
tional asymmetries associated with the crystalline struc
of the material, but the thin films used in this experime
were amorphous.

In principle, thej–A term could still contribute in third
order, but with reduced magnitude, by means of nondip

FIG. 1. Difference in inversion symmetries of a thin film and t
surface of a bulk nonlinear material.~a! At the surface of a bulk
nonlinear material, there is no inversion symmetry and the e
tronic eigenstates need not have well-defined parity.~b! The addi-
tion of a second interface to form a thin film restores the invers
symmetry and the electronic eigenstates have well-defined pa
which rules out the possibility of three dipole transitions return
to the initial electronic state. The presence of a glass substrate
not affect the parity of the electronic states and can be ignored@12#.
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transitions. Cancellation between the various diagrams
Ref. @3# causes the nondipole contribution from thej–A term
to be negligible compared to theA2 term, provided that the
beam splitter is sufficiently thin that perturbation theory c
be used to describe the effect as a scattering process.
result may not be too surprising, since it is well-known@13#
that the scattering of light by free electrons is dominated
the A2 term. These calculations correspond to an idealiz
situation in which there is no dissipation and the electro
wave functions are standing waves with planar boundar
which does not include any possible effects of surface rou
ness; this is very different from the conditions considered
earlier free-electron analyses@14,15# of nonlinear effects at
the surface of a bulk material, as in Fig. 1~a!. More detailed
theoretical calculations, including the effects of surfa
roughness, dissipation, and band structure, would be de
able.

Nonlinear optical effects are often described in terms
an expansion of the polarizationP of the form

P5x~1!
•E1x~2!:EE1•••, ~3!

wherex (1) andx (2) are nonlinear susceptibility coefficient
and E is the electric field. Spontaneous parametric dow
conversion or the photon splitting observed in this expe
ment can be derived from this formalism only if the effec
of vacuum fluctuations are included in anad hocmanner, as
is discussed in the Appendix. Nevertheless, it may be us
to characterize the photon splitting rate observed here
terms of an effectivex (2) coefficient, in which case the pho
ton splitting can be viewed as being the result of the non
ear susceptibility of free electrons confined to a poten
well. The usual theory of spontaneous parametric dow
conversion can be used to calculate@7–9# the signal photon
power DP1 emitted into a solid angleDV and an angular
frequency intervalDv1 :

DP15
4P0\~x~2!!2n1n2v1

4v2

n0n2un2zuc5

sin2~ 1
2 DkL!

~ 1
2 Dk!2

DVDv1 .

~4!

HereP0 is the incident pump power;v1 , v2 , andv0 are the
angular frequencies of the signal, idler, and pump photo
n1 , n2 , andn0 are the corresponding indices of refractio
n2 is the group velocity of the idler photon;Dk is the wave
number mismatch in the direction of propagation; andL is
the thickness of the nonlinear medium. Equation~4! can then
be used to relate the observed rate of photon splitting to
equivalent nonlinear susceptibility.

One might ask whether or not there is a classical interp
tation of these effects. The right-hand side of Eq.~1! is pro-
portional to Planck’s constant, so that the theoretical pred
tions are clearly quantum mechanical in origin. T
derivation of Eq.~4! requires the use of vacuum fluctuation
which again shows that these effects are inherently quan
mechanical. More generally, any nonlinear terms that may
present in a classical theory must become negligibly sma
the limit of low intensities and induced currents@3#. For
example, at low intensities a classical treatment@16# of the
electrons in a metallic beam splitter would give Ohm’s la
with a complex conductivity, which is a linear equation th
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1802 56J. D. FRANSON
cannot produce any harmonics or subharmonics. In cont
the nonlinear results of Eq.~1! are valid for arbitrarily low
intensities, which further illustrates their nonclassical nat
@17#. At high intensities, the classical theory of a fre
electron gas or plasma can produce higher harmonics du
the Lorentz force and other effects, but no subharmonics
predicted@18,19#. This is a general feature of any classic
theory when the induced fields are much smaller than
incident field, as is discussed in the Appendix, and that c
dition is well satisfied in this experiment. These fundamen
differences between the classical and quantum predict
can be interpreted as being due to the lack of vacuum fl
tuations in classical electromagnetism.

III. EXPERIMENTAL APPROACH

The numerical value of the ratioR is approximately
0.96310213 at a typical incident wavelength of 351 nm
When combined with the other experimental factors
scribed below, the expected rate of detection of phot
splitting events was only a few events per day. This is re
tively low for an optical experiment, where the detect
noise is typically 100 Hz or more. As a result, the expe
mental design included several features intended to minim
the accidental counting rate due to fluorescence and dete
noise, as illustrated in Fig. 2. Since the secondary phot
are emitted simultaneously, a narrow~;350 ps! coincidence
window was used to reject accidental events. A second b
splitter allowed one photon to reach each of the two de
tors. Energy conservation required that

v11v25v0 , ~5!

where v1 and v2 are the angular frequencies of the tw
secondary photons. Two narrow-band interference filter
frequenciesv1 andv2 were used to reject any photon pai
whose total energy did not equal that of the incident phot
Both of these filters were centered on 702 nm with a f
width at half maximum of 10 nm, while the incident photo
were from an argon-ion laser at 351 nm.

FIG. 2. Sketch of the experimental apparatus. The diamete
the incident laser beam is not drawn to scale, and is sufficie
small that most of the UV photons are blocked by the beam st
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The accidental counting rate due to fluorescence was
ther reduced by lowering the intensityI of the incident laser
beam, since the accidental rate was proportional toI 2 while
the photon splitting rate was expected to be proportionalI
itself from Eq.~1!. On the other hand, accidental events d
to detector noise became increasingly significant as the
tensity was reduced. The best compromise between th
two sources of noise~the highest signal-to-noise ratio! was
achieved for an incident intensity of 1.7 mW, which w
therefore used for all of the measurements. As a result, it
not possible to verify explicitly the nonclassical intensity d
pendence of Eq.~1! over a range of intensities.

The two detectors were custom-made silicon avalan
photodiodes~modified EG&G SPCM 100 modules! with de-
tection efficiencies of 70% and average dark counts of
Hz. This combination of high efficiency and low noise w
achieved in these detectors by limiting their active elemen
a 100-mm-diameter area. The incident photons were the
fore focused onto a small~;30 mm! spot on the surface o
the beam splitter which was then imaged onto the detect
as illustrated in Fig. 2. This placed a further constraint on
incident laser power, since a focused ultraviolet beam of s
ficiently high power would damage the beam splitter. It w
found that a small but measurable change in the propertie
the beam splitter occurred after roughly one week of ex
sure. The laser beam was therefore refocused onto a diffe
location every two days. The beam splitter was mounted o
three-axis micropositioner under computer control, wh
greatly facilitated the focusing process.

The small effective area of the detectors and their la
distance~;1.5 m! from the rest of the apparatus made t
coincidence counting rate very insensitive to any pho
pairs that may have been created outside of the focal re
on the target beam splitter. This effectively eliminated a
events due to fluorescence in the lenses or the second b
splitter. The incident ultraviolet photons were prevent
from reaching the detectors by a small beam stop~mirror!
and appropriate filters, as shown in Fig. 2. The possibility
spurious events at zero time delay due to correlated n
pulses, such as electrical spikes or cosmic ray showers,
also reduced by positioning one of the two detectors furt
from the beam splitter than the other, and adjusting the t
delays accordingly, which shifted any spurious events of t
kind away from the region of zero time delay@20#.

Unlike the situation for parametric down-conversio
@7–9# in a crystal, momentum is not conserved in the dire
tion perpendicular to the beam splitter and secondary p
tons are emitted into all directions. A fraction of the secon
ary photons was collected by an achromatic lens with
diameter of 2.54 cm and a focal length of 60 mm. This le
also collimated the outgoing beam, as required by
narrow-band filters.

Pulses from the two detectors were analyzed usin
custom-made set of discriminators followed by a time-
amplitude converter and an analog-to-digital converter. T
differences in arrival times of the photon pairs were au
matically recorded by a small computer, which allowed t
data to be binned as desired at a later time.

Several different types of metallic beam splitters were
vestigated in an attempt to minimize the accidental count
rate due to fluorescence. It was found that a commerci
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56 1803EXPERIMENTAL OBSERVATION OF THE SPLITTING . . .
available inconel beam splitter on a fused silica subst
~Oriel model 44941! produced the smallest amount of flu
rescence. All of the results presented below were obtai
from that type of beam splitter, since the background cou
ing rate was too high for the other types, which ruled out
possibility of a systematic study of these effects in differe
materials.

In addition to the test data collected as described abo
control data were also collected by rotating one of the t
interference filters through a small angle, which changed
center wavelength from 702 to 682 nm. With this change
filter wavelength, photon pairs that conserved energy in
cordance with Eq.~5! could no longer arrive at both of th
detectors. This provided a convenient way to rule out
possibility of various spurious effects@20#, since a peak in
the test data with no peak in the control data would prov
strong evidence that the test data events were due to en
conserving photons emitted at the same time from within
beam splitter. Test data were collected over a time interva
approximately one week, after which a control run of t
same length was made. This process was then repeate
approximately 800 h of total data collection.

IV. EXPERIMENTAL RESULTS

A histogram of the combined test data is shown in Fig.
which is a plot of the total number of events obtained a
function of the time delay between the detection of the t
photons~corrected for the difference in the distances to
two detectors!. An obvious peak can be seen at zero de
time. A fit to the background counting rate is represented
the dashed line and is in good agreement with the expe
accidental counting rate for the observed singles rates in
two detectors. The peak in the data at zero delay time
approximately eight standard deviations larger than the ba
ground.

Figure 4 shows the corresponding control data obtai

FIG. 3. Experimental data obtained with the filters adjusted
accept energy-conserving events.
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with one of the two filters tilt-tuned to eliminate all energ
conserving events. The counting rate at zero time delay
consistent with the accidental counting rate for these con
runs, which provided strong evidence that the actual data
Fig. 3 corresponded to coincident pairs of secondary p
tons.

In order to compare the experimental results with t
theory, the integral in Eq.~2! had to be modified to include
the effects of experimental factors such as the limited so
angles, the detector efficiencies, and the transmission b
width of the filters. This was conveniently done using t
Monte Carlo technique, which simulated the trajectories o
large number of pairs of photons, while rejecting those t
would not have been detected. The results of this calcula
gave an expected counting rate of 2.7 coincident events
day.

The peak in Fig. 3 corresponds to a photon splitting r
of 1.0460.29 events per day above the background, whic
a factor of 2.6 less than that predicted by Eq.~1!. Part of this
discrepancy could be due to unknown experimental error~for
example, in the focusing of the photons onto the detecto!,
but it seems unlikely that systematic error could account
a discrepancy of this magnitude. Perhaps the most likely
planation is the neglect of scattering in the calculations
Ref. @3#, since thin metallic films generally have relative
short electron mean free paths. In particular, the inco
beam splitters used in this experiment reflected appro
mately 32% of the incident light, transmitted 32%, and a
sorbed the remaining 36%, so that the neglect of scatte
and other dissipative processes is at best a rough approx
tion. More detailed theoretical calculations including dissip
tive effects would be desirable but would be much mo
complex than those of Ref.@3#.

V. DISCUSSION

It seems reasonably certain that the peak in Fig. 3 is
to the splitting of single photons by the beam splitter, and

o FIG. 4. Control data obtained with the filters adjusted to rej
energy-conserving events.
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1804 56J. D. FRANSON
observed coincidence counting rates are in reasonable a
ment with those predicted from the theory of Ref.@3#. Thus
the most straightforward interpretation of these results is
the observed photon splitting events are due to theA2 term
associated with free electrons confined to the thin film. B
the possibility that these secondary photons may have b
produced by some other mechanism must also be consid

Any alternative interpretation involving some mechanis
other than theA2 term would have to be based on an a
sumed inadequacy of the free-electron model of Ref.@3#,
such as the fact that it does not include interactions betw
the electrons. It should be emphasized once again that
@3# properly included all asymmetries associated with
surfaces of the thin film, and that the usual surface effe
@10,11# based on three dipole transitions cannot occur
this geometry due to parity considerations. The contribut
from the j–A term in third order due to nondipole transition
is also expected to be negligible.

A number of alternative mechanisms for the photon sp
ting have been suggested, but none appear to be cons
with the observed results. As discussed previously and in
Appendix, classical models can produce higher harmon
but are unlikely sources for the subharmonics observed h
Atomic fluorescence would not be consistent with the exp
mental results unless there was a cascade of atomic en
levels whose transition energies were both exactly equa
half of the incident photon energy, which seems sufficien
unlikely to be of any serious concern. Collective modes,
cluding plasma oscillations@11,18,19# and various surface
plasma effects@21#, typically involve the transfer of energ
to those modes@11# and would not be expected to produce
pair of energy-conserving photons as observed.

Perhaps the most plausible alternative source of the
served photon pairs was contamination of the surface of
metallic film with a thin, nonisotropic layer of atoms or mo
ecules possessing an inherentx (2) nonlinearlity, which could
have produced photon pairs by parametric down-conver
@7–9# in the usual way. A rough estimate of the likely effec
of such a layer of contamination can be obtained by us
Eq. ~4! to calculate the expected coincidence rate from a t
~1 Å! layer of material with a nonlinear susceptibility equ
to that of LiIO3, for example, which is commonly used fo
parametric down-conversion because of its large value
x (2) ~4.4 pm/V!. An upper bound on the expected coinc
dence rate can be obtained by assuming that an idler ph
is emitted into the solid angle of the detectors wheneve
signal photon has been detected, which gives a maxim
coincidence rate of 0.0028 events per day for the detec
efficiencies and solid angles of this experiment. This
nearly three orders of magnitude smaller than the obse
coincidence rate, which strongly suggests that a thin laye
contamination could not be responsible for the observed
perimental results. In addition, the fundamentalA2 mecha-
nism described above provides a lower limit on the rate
photon splitting, and any significant contribution from co
tamination~or any other spurious mechanism! should have
produced a larger photon splitting rate, whereas the obse
photon splitting rate was actually somewhat less than
expected from theA2 term alone.

Equation ~4! can also be used to estimate the effect
x (2) for the thin film itself based on the observed coinciden
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rate and film thickness of 90 Å. This givesxeff
(2);0.9 pm/V,

which is comparable to that of some commonly used non
ear crystals. This value ofx (2) is consistent with what would
be expected from the free-electron model of Ref.@3#, where
the nonlinearity is due to theA2 term in the Hamiltonian.

VI. SUMMARY AND CONCLUSIONS

The splitting of single photons by a metallic beam split
has been experimentally observed. The rate at which th
events occurred was somewhat less than was predicted
free-electron model, presumably due to the neglect of s
tering in the calculations. A number of other possible mec
nisms for the production of the observed secondary phot
were also considered, but do not appear to be consistent
the observed experimental results. Although these results
be interpreted in terms of an effectivex (2) nonlinearity~and
vacuum fluctuations!, the usual dipole transitions are forbid
den by parity considerations. Contributions from thej–A
term in third order due to nondipole transitions are also
pected to be negligible compared to theA2 term, in which
case these nonlinear effects are fundamental in nature
somewhat analogous to other nonlinear effects in QED, s
as the scattering of one photon by another. An ordinary be
splitter, which forms the basic building block of so man
fundamental experiments in quantum optics, can be see
be the source of complex phenomena of its own.
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APPENDIX

Although the right-hand side of Eq.~1! is proportional to
Planck’s constant, it has been suggested nevertheless
some~unspecified! classical model might be able to accou
for the experimental data, since the measurements could
be performed in the limit of arbitrarily small intensitie
where any classical nonlinearities clearly vanish. It will
shown in this appendix that no classical model can prod
subharmonic frequencies if the induced fields are mu
smaller than the incident field, which is the case in this e
periment.

The desired result can be easily derived if one is willi
to assume only that the classical theory is deterministic in
sense that the output fieldEout(t) can be calculated given th
input field Ein(t), as in Eq.~3!. If the induced fields are
sufficiently weak compared to the incident field, then a we
known iterative technique@18,19# can be used to explicitly
solve Eq.~3! for Eout(t). The input field will be assumed to
have the formEin5sin(v0t). The corresponding output field
can then be represented by a Fourier expansion of the f

Eout~ t !5c0sin~v0t1f0!1c1/2sin~v0t/21f1/2!1•••,
~A1!

where thec’s and f’s are coefficients determined by th
solution to Eq.~3!. Only the subharmonic atv0/2 has been
included in Eq.~A1!, but a similar proof can be given for an
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56 1805EXPERIMENTAL OBSERVATION OF THE SPLITTING . . .
other subharmonic. Now consider a change of variables
time t85t1t0 wheret0 is the period of the input field. The
output field becomes

Eout~ t8!5c0sin~v0t81f0!2c1/2sin~v0t8/21f1/2!1•••.
~A2!

Since Ein(t8)5Ein(t), the solution to Eq.~3! will be the
same in both cases, which givesEout(t8)5Eout(t) as well.
Setting the right-hand sides of Eqs.~A1! and ~A2! equal to
each other givesc1/250, which shows that no subharmonic
can be generated. Higher harmonics are not precluded
course, and can appear in classical models even for indu
fields of relatively low intensity.

The quantum theory often predicts subharmonic fie
whose phases are totally unpredictable and not determ
by the input field. There spontaneous emission can
viewed, at least intuitively, as being due to vacuum fluct
. A

ic
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e
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tions which have no classical analogy. In discussing the
set of lasing, Bloembergen@18# states that ‘‘a proper descrip
tion . . .would be possible only with quantum mechanic
since spontaneous emission must be invoked, which m
be considered in a nonrigorous fashion as noise from z
point vibrations.’’ The dependence of effects of this kind
the magnitude of the vacuum fluctuations can be seen f
the fact that Eq.~1! is proportional to Planck’s constant.

The above argument is no longer valid if the induc
fields are so large that the iterative procedure does not c
verge. In that case there may be multiple solutions an
strong sensitivity to noise, so that the output cannot
viewed as a deterministic result of the input. This can occ
for example, if a high-gain system is enclosed in a reson
cavity where the induced fields can grow to very large inte
sities, as in a laser. That is not the situation here.
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