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Experimental observation of the splitting of single photons by a beam splitter
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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-
guence 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 predictioh$1050-294@7)07709-3
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A beam splitter is one of the simplest and most widely Pr 7 1o
used components in optics. From a classical viewpoint, these
devices “split” an incident beam into two outgoing beams, Here a is the fine structure constanX,. is the Compton
while at the single-photon level it is the probability ampli- wavelength of the electron, andg, is the wavelength of the
tude that is “split” and not the photons themselvigls2). incident photon with angular frequenay,. The dimension-
The author recently predictd@], however, that any metallic less constant, is given by
beam splitter must have a small probability of actually split-
ting an incident photon into two secondary photons, conserv- Z m (27 pising’
ing energy in the process. This nonlinear behavior is a con- CIZAE f dApi dé j do (1—pscodd’)
0 0 0 prcosd’)
sequence of the quantization of the electromagnetic field and e
involves the creation and annihilation of electron-positron .
pairs, which makes it somewhat analogous to other nonlinear (€1-€) €
effects in QED, such as the scattering of one photon by an- X
other[4]. Po
This paper describes an experimental observation of the 2
splitting of single photons by a conventional metallic beam (€1-€g) €y ( Poz— P17+ ?pa)
splitter. The rate at which these events were observed is con- +
sistent with the earlier theoretical predictions for a simple P2
metal. A number of alternative mechanisms for the observed
pairs of secondary photons have been considered, but none (€5 €0) €1 ( Pos— P2zt = P,
appear to be consistent with the experimental observations. " 8 @)
To the author’s knowledge, this is the first experimental ob- p1 '
servation of the splitting of photons by a beam splitter, re-
gardless of the mechanism responsible for the secondakyherep,, p;, andp, are the wave vectors of the initial
photons. photon and the two secondary photons. Equatigmeglects
scattering and is valid in the limit of long wavelengths. It can
Il. THEORY be seen that the ratiR is independent of any properties of
' the material comprising the beam splitter in this limit, in-
In the case of a simple metal, a beam splitter can beluding its thickness, which illustrates the fundamental na-
modeled reasonably well as a large number of free electrorisire of these effects.
[5] confined to a three-dimensional potential well. To lowest  Although the nonlinear nature of th&? term seems ap-
order in perturbation theory, the splitting of single photons isparent, the Hamiltonian in relativistic QED does not explic-
then due to the presence of the nonlinégr term in the itly contain such a term. It can shown that #hé term arises
nonrelativistic Hamiltonian, wheré is the vector potential in the nonrelativistic limit of QED as a result of the produc-
operator. An incident photon can be absorbed by jth®  tion of virtual electron-positron pairs. Thus the splitting of
term in the Hamiltonian, after which thA? term in the photons at a metallic beam splitter is somewhat analogous to
Hamiltonian can simultaneously emit a pair of secondaryother nonlinear effectg4] in QED (which also involve the
photons. In addition to this basic process, there are five simiproduction of virtual pairs most of which have not been
lar processes leading to the same final state, as described ébserved experimentally.
Ref. [3]. A gauge transformatiofi6] can be used to express the
The probabilityP, of splitting a photon can be put into a Hamiltonian in the form of a multipole expansion, in which
simple form when normalized to the probabiliB that it  case theA? term no longer explicitly appears in the Hamil-
will simply be reflected in the usual way: tonian and the effects described above correspond instead to
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X transitions. Cancellation between the various diagrams of
vacuurn | noninear Ref.[3] causes the nondipole contribution from §h& term
medium to be negligible compared to th&? term, provided that the

beam splitter is sufficiently thin that perturbation theory can
be used to describe the effect as a scattering process. This
result may not be too surprising, since it is well-knojir3]
that the scattering of light by free electrons is dominated by
the A? term. These calculations correspond to an idealized
situation in which there is no dissipation and the electronic
wave functions are standing waves with planar boundaries,
which does not include any possible effects of surface rough-
vacuum -|* vacuum ness; this is very different from the conditions considered in
earlier free-electron analys¢$4,15 of nonlinear effects at
z the surface of a bulk material, as in Figall More detailed

theoretical calculations, including the effects of surface
roughness, dissipation, and band structure, would be desir-
able.

Nonlinear optical effects are often described in terms of

FIG. 1. Difference in inversion symmetries of a thin film and the an expansion of the polarizatid® of the form
surface of a bulk nonlinear materidh) At the surface of a bulk
nonlinear material, there is no inversion symmetry and the elec- P=x"Y-E+x?:EE+---, (€)
tronic eigenstates need not have well-defined pa¢iy The addi-
tion of a second interface to form a thin film restores the inversionwhere x(1) and x(?) are nonlinear susceptibility coefficients
symmetry and the electronic eigenstates have well-defined paritygnd E is the electric field. Spontaneous parametric down-
which rules out the possibility of three dipole transitions returningconversion or the photon splitting observed in this experi-
to the initial electronic state. The presence of a glass substrate doesent can be derived from this formalism only if the effects
not affect the parity of the electronic states and can be ignd2d  of vacuum fluctuations are included in ad hocmanner, as
is discussed in the Appendix. Nevertheless, it may be useful
characterize the photon splitting rate observed here in
ms of an effective,(?) coefficient, in which case the pho-
ton splitting can be viewed as being the result of the nonlin-
in nonlinear optics ear susceptibility of free electrons confined to a .potential

' s well. The usual theory of spontaneous parametric down-

In addition to the second-order process myolvmg . . conversion can be used to calculfife-9] the signal photon
term, the same effect could also be obtained in principle via

thej-A term alone in third order. Three dipole transitions of ]E)owerAPll emitted |nt.o a solid angla Q and an angular
. . ; requency interval w; :

that kind are usually responsible for parametric down-
conversion[7—9] or second-harmonic generatiddQ] in o1
nonlinear materials but they cannot contribute here because :4P°ﬁ(x(2))2n1”2“’411“’2 sinf(zAKL)
of parity consideration§3]. Three dipole transitions would NoNy| vp,|C® (2AK)?
have to bring the system back to its initial electronic state in (4)
order to maintain coherence and phase matching. That is not
possible if the electronic states have well-defined parityHerePy is the incident pump powe,, w,, andwg are the
(since the dipole matrix elements are zero between states ahgular frequencies of the signal, idler, and pump photons;
the same parifyand some source of asymmetry is required.n;, n,, andng are the corresponding indices of refraction;
In a bulk material, this process is possible only if the crystalv, is the group velocity of the idler photok is the wave
structure is anisotropic, as is the case for all of thenumber mismatch in the direction of propagation; anis
x®nonlinear crystals. At the surface of a bulk material, the thickness of the nonlinear medium. Equatiéncan then
however, the inversion symmetry is broken as illustrated irbe used to relate the observed rate of photon splitting to an
Fig. 1(a) and it is well known[10,1]] that the usual three- equivalent nonlinear susceptibility.
dipole transition can produce second-harmonic generation One might ask whether or not there is a classical interpre-
even if the material is isotropic. As can be seen from Figtation of these effects. The right-hand side of Eb.is pro-
1(b), the addition of a second surface to create a thin film haportional to Planck’s constant, so that the theoretical predic-
the effect of restoring the inversion symmef2]. In that tions are clearly quantum mechanical in origin. The
case, the electronic states once again have well-defined paterivation of Eq.(4) requires the use of vacuum fluctuations,
ity and three dipole transitions are not allowed. The calculawhich again shows that these effects are inherently quantum
tions of Ref.[3] did not include the possibility of any addi- mechanical. More generally, any nonlinear terms that may be
tional asymmetries associated with the crystalline structur@resent in a classical theory must become negligibly small in
of the material, but the thin films used in this experimentthe limit of low intensities and induced currenit3]. For
were amorphous. example, at low intensities a classical treatm/dif] of the

In principle, thej-A term could still contribute in third electrons in a metallic beam splitter would give Ohm’s law
order, but with reduced magnitude, by means of nondipolevith a complex conductivity, which is a linear equation that

(b)

higher multipole terms. The results are, of course, the sa
in either gauge, but their interpretation may appear to befer
somewhat different, which should be kept in mind when
comparing the calculations of R¢8] with other approaches
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UV pass The accidental counting rate due to fluorescence was fur-

filter Zafge‘ ther reduced by lowering the intensityof the incident laser
Laser 0_ Ss:t':;r beam, since the accidental rate was proportionaf tavhile
0 the photon splitting rate was expected to be proportional to
421« beam stop itself from Eqg.(1). On the other hand, accidental events due
Y to detector noise became increasingly significant as the in-
UV block filter - . .
® fiter tensity was reduced. The best compromise between these
1 - Detector two sources of nois¢the highest signal-to-noise ratiovas
T 1 achieved for an incident intensity of 1.7 mW, which was
© fier Y| therefore used for all of the measurements. As a result, it was
not possible to verify explicitly the nonclassical intensity de-
L pendence of Eq(l) over a range of intensities.
V The two detectors were custom-made silicon avalanche

photodiodegmodified EG&G SPCM 100 modulgsvith de-

Detector tection efficiencies of 70% and average dark counts of 60

2 Hz. This combination of high efficiency and low noise was

_ _ achieved in these detectors by limiting their active element to

FIG. 2. Sketch of the experimental apparatus. The diameter o 100um-diameter area. The incident photons were there-

the incident laser beam is not drawn to scale, and is suﬁicientlyfore focused onto a small~30 xm) spot on the surface of

small that most of the UV photons are blocked by the beam stop.,[he beam splitter which was then imaged onto the detectors

as illustrated in Fig. 2. This placed a further constraint on the

. X N Shcident laser power, since a focused ultraviolet beam of suf-

fche nqnlmear FeS”'ts of Edl) are valld_for arb|trar||y low ficiently high power would damage the beam splitter. It was
intensities, which further illustrates their nonclassical naturg, nd that a small but measurable change in the properties of

[1|7]' AL high mtlensmes, the (élaSS'ﬁ."l hther?ry of a f;ee- the beam splitter occurred after roughly one week of expo-
electron gas or plasma can produce higher harmonics due 19, The |aser beam was therefore refocused onto a different

: - three-axis micropositioner under computer control, which
theory when the induced fields are much smaller than th%reatly facilitated the focusing process

incident field, as is discussed in the Appendix, and that con- The small effective area of the detectors and their large
dition is well satisfied in this experiment. These fundamentahistance(~1_5 m) from the rest of the apparatus made the

differences between the classical and quantum predictiong,;,cjgence counting rate very insensitive to any photon
can be interpreted as being due to the lack of vacuum flucsairs that may have been created outside of the focal region
tuations in classical electromagnetism. on the target beam splitter. This effectively eliminated any
events due to fluorescence in the lenses or the second beam
. EXPERIMENTAL APPROACH splitter. The incident ultraviolet photons were prevented
) . _ from reaching the detectors by a small beam stogror)

The rlljl?erlcal value of the rati® is approximately 54 appropriate filters, as shown in Fig. 2. The possibility of
0.96<10" ™ at a typical incident wavelength of 351 nm. g riqus events at zero time delay due to correlated noise
When combined with the other experimental factors deyses, such as electrical spikes or cosmic ray showers, was
scribed below, the expected rate of detection of photonz s reduced by positioning one of the two detectors further
splitting events was only a few events per day. This is rela.om the beam splitter than the other, and adjusting the time
tively low for an optical experiment, where the detector ye|ays accordingly, which shifted any spurious events of that
noise is typically 100 Hz or more. As a result, the experi-yiqq away from the region of zero time del&g0].
mental design included several features intended to minimize jike” the situation for parametric down-conversion
the accidental counting rate due to fluorescence and detectf)f_g] in a crystal, momentum is not conserved in the direc-

noise, as illustrated in Fig. 2. Since the secondary photongq, perpendicular to the beam splitter and secondary pho-
are emitted simultaneously, a narréw350 p$ coincidence  ong are emitted into all directions. A fraction of the second-
window was used to reject accidental events. A second beag}y photons was collected by an achromatic lens with a

splitter allowed one photon to reach each of the two detecgizmeter of 2.54 cm and a focal length of 60 mm. This lens

tors. Energy conservation required that also collimated the outgoing beam, as required by the
narrow-band filters.
w1+ w= o, 5 Pulses from the two detectors were analyzed using a

custom-made set of discriminators followed by a time-to-
where w; and w, are the angular frequencies of the two amplitude converter and an analog-to-digital converter. The
secondary photons. Two narrow-band interference filters afifferences in arrival times of the photon pairs were auto-
frequenciesw; and w, were used to reject any photon pairs matically recorded by a small computer, which allowed the
whose total energy did not equal that of the incident photondata to be binned as desired at a later time.
Both of these filters were centered on 702 nm with a full Several different types of metallic beam splitters were in-
width at half maximum of 10 nm, while the incident photons vestigated in an attempt to minimize the accidental counting
were from an argon-ion laser at 351 nm. rate due to fluorescence. It was found that a commercially
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FIG. 3. Experimental data obtained with the filters adjusted to ~ FIG. 4. Control data obtained with the filters adjusted to reject

accept energy-conserving events. energy-conserving events.

available inconel beam splitter on a fused silica substratgvIth one of the two filters t||t—t_uned to ellmlnatg all energy-
conserving events. The counting rate at zero time delay was

(Oriel model 44941 produced the smallest amount of fluo- onsistent with the accidental counting rate for these control
rescence. All of the results presented below were obtained : . . 9
runs, which provided strong evidence that the actual data of

from that type of beam splitter, since the background counti:ig. 3 corresponded to coincident pairs of secondary pho-

ing rate was too high for the other types, which ruled out thetons

possibility of a systematic study of these effects in different ' h : | | ith th

materials. In order_to compare the experimental results with the
heory, the integral in Eq2) had to be modified to include

In addition to the test data collected as described abov he effects of experimental factors such as the limited solid
control data were also collected by rotating one of the two P S .
ngles, the detector efficiencies, and the transmission band-

interference filters through a small angle, which changed Itgvidth of the filters. This was conveniently done using the

center wavelength from 702 to 682 nm. With this change inMonte Carlo technique, which simulated the trajectories of a
filter wavelength, photon pairs that conserved energy in ac que, ; ctrey
arge number of pairs of photons, while rejecting those that

cordance with Eq(5) could no longer arrive at both of the ; .
detectors. This provided a convenient way to rule out theWOUIOI not have been det_ected. The result§ Of this calculation
ave an expected counting rate of 2.7 coincident events per

possibility of various spurious effec{0], since a peak in gay
the test data with no peak in the control data would provide The peak in Fig. 3 corresponds to a photon splitting rate

strong evidence that the test data events were due to energy: A
conserving photons emitted at the same time from within th f 1.04+0.29 events per day above the background, which is

beam splitter. Test data were collected over a time interval O?_factor of 2.6 less than that predicted by Ex}. Part of this

approximately one week, after which a control run of thedlscrepancy could be due to unknown experimental dfoor

same length was made. This process was then repeated t%%ample’ in the .focusing of the phptons onto the detektors
approximately 800 h of total data collection but it seems unlikely that systematic error could account for

a discrepancy of this magnitude. Perhaps the most likely ex-
planation is the neglect of scattering in the calculations of
IV. EXPERIMENTAL RESULTS Ref. [3], since thin metallic films generally have relatively
short electron mean free paths. In particular, the inconel
A histogram of the combined test data is shown in Fig. 3peam splitters used in this experiment reflected approxi-
which is a plot of the total number of events obtained as anately 32% of the incident light, transmitted 32%, and ab-
function of the time delay between the detection of the twosorbed the remaining 36%, so that the neglect of scattering
photons(corrected for the difference in the distances to theand other dissipative processes is at best a rough approxima-
two detectors An obvious peak can be seen at zero delaytion. More detailed theoretical calculations including dissipa-

time. A fit to the background counting rate is represented bjye effects would be desirable but would be much more
the dashed line and is in good agreement with the expectegbmplex than those of Ref3].

accidental counting rate for the observed singles rates in the
two detectors. The peak in the data at zero delay time is
approximately eight standard deviations larger than the back-
ground. It seems reasonably certain that the peak in Fig. 3 is due

Figure 4 shows the corresponding control data obtainedb the splitting of single photons by the beam splitter, and the

V. DISCUSSION
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observed coincidence counting rates are in reasonable agregte and film thickness of 90 A. This givag2~0.9 pm/V,
ment with those predicted from the theory of Ri]. Thus  which is comparable to that of some commonly used nonlin-
the most straightforward interpretation of these results is thagar crystals. This value gf(? is consistent with what would
the observed photon splitting events are due toAfiderm  pe expected from the free-electron model of R8f, where
associated with free electrons confined to the thin film. Buthe nonlinearity is due to tha? term in the Hamiltonian.
the possibility that these secondary photons may have been
produced by some other mechanism must also be considered. V1. SUMMARY AND CONCLUSIONS
Any alternative interpretation involving some mechanism
other than theA? term would have to be based on an as- The splitting of single photons by a metallic beam splitter
sumed inadequacy of the free-electron model of R&f, has been experimentally observed. The rate at which these
such as the fact that it does not include interactions betweevents occurred was somewhat less than was predicted by a
the electrons. It should be emphasized once again that Rdfee-electron model, presumably due to the neglect of scat-
[3] properly included all asymmetries associated with thetering in the calculations. A number of other possible mecha-
surfaces of the thin film, and that the usual surface effect§isms for the production of the observed secondary photons
[10,11] based on three dipole transitions cannot occur fowvere also considered, but do not appear to be consistent with
this geometry due to parity considerations. The contributiorfhe observed experimental results. Although these results can
from thej-A term in third order due to nondipole transitions be interpreted in terms of an effectiyé®) nonlinearity(and
is also expected to be negligible. vacuum fluctuations the usual dipole transitions are forbid-
A number of alternative mechanisms for the photon split-den by parity considerations. Contributions from thé\
ting have been suggested, but none appear to be consistd@tm in third order due to nondipole transitions are also ex-
with the observed results. As discussed previously and in thpected to be negligible compared to tAé term, in which
Appendix, classical models can produce higher harmonicsase these nonlinear effects are fundamental in nature and
but are unlikely sources for the subharmonics observed heréomewhat analogous to other nonlinear effects in QED, such
Atomic fluorescence would not be consistent with the experias the scattering of one photon by another. An ordinary beam
mental results unless there was a cascade of atomic energplitter, which forms the basic building block of so many
levels whose transition energies were both exactly equal tdindamental experiments in quantum optics, can be seen to
half of the incident photon energy, which seems sufficientlybe the source of complex phenomena of its own.
unlikely to be of any serious concern. Collective modes, in-
cluding plasma oscillation§11,18,19 and various surface ACKNOWLEDGMENTS
plasma effect$21], typically involve the transfer of energy ) _
to those modeEL1] and would not be expected to produce a The author is gratc_aful to D._ N. Klyshko and T. B. Pittman
pair of energy-conserving photons as observed. for.valuable discussions. This work was supported by the
Perhaps the most plausible alternative source of the otf2ffice of Naval Research.
served photon pairs was contamination of the surface of the
metallic film with a thin, nonisotropic layer of atoms or mol- APPENDIX
ecules possessing an inhergf) nonlinearlity, which could

h7avg _prct>rc]iuced plhotonxalrs bhy pr;t_rarr][etrl?tﬁovl\{rk\—(lzon\f/ferstlolglanck,s constant, it has been suggested nevertheless that
[f_ ] 'E ? usua ;Nay.t rqugt. es lmas 0 bte'l edybe eC_Ssome(unspecifiem classical model might be able to account

of such a layer of contamination can be obtained by using, . ,q experimental data, since the measurements could not
Eq.(4) to calculate the expe‘“ed cqmudence rate TFO”‘ a thirp, o performed in the limit of arbitrarily small intensities

(1 A) layer .Of material with a nor_1llngar susceptibility equal \, o e any classical nonlinearities clearly vanish. It will be
to that Of. LilO;, for example, which is commonly used for opqn in this appendix that no classical model can produce
p?zr)ametrlc down-conversion because of its large val_ue_o ubharmonic frequencies if the induced fields are much
X' (4.4 pm/V). An upper bound on the expected coiNCi- graier than the incident field, which is the case in this ex-
dence rate can be obtained by assuming that an idler photQyyiment.

is emitted into the solid angle of the detectors whenever & Ta gesired result can be easily derived if one is willing

signal photon has been detected, which gives a maximum, 4sume only that the classical theory is deterministic in the
coincidence rate of 0.0028 events per day for the detectiofg s that the output fiefh,(t) can be calculated given the
efficiencies and solid angles of this experiment. This |Z§qut field E; (t), as in Eq.(3). If the induced fields are

Although the right-hand side of Eql) is proportional to

”ef’”'.y three orders C,)f magpnitude smaller than the_ observe fficiently weak compared to the incident field, then a well-
coincidence rate, which strongly suggests that a thin layer nown iterative techniquél8,19 can be used to explicitly

contamination could not be responsible for the observed eXsolve Eq.(3) for E, (t). The input field will be assumed to
. o . ou "
perimental results. In addition, the fundamemdl mecha- ave the formE,,=sin(wt). The corresponding output field

nism descr'b.Ed above prowdgs a lower I|_m|t on the rate O%an then be represented by a Fourier expansion of the form
photon splitting, and any significant contribution from con-

tamination(or any other spurious mechanisshould have Eouf(t) = CoSiN(wot + o) + C1/SiN wot/2+ o) + -+,
produced a larger photon splitting rate, whereas the observed (A1)
photon splitting rate was actually somewhat less than that

expected from thé\? term alone. where thec’s and ¢'s are coefficients determined by the

Equation(4) can also be used to estimate the effectivesolution to Eq.(3). Only the subharmonic aby/2 has been
x? for the thin film itself based on the observed coincidenceincluded in Eq(A1), but a similar proof can be given for any
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other subharmonic. Now consider a change of variables to ions which have no classical analogy. In discussing the on-
timet’=t+ 7o wherery is the period of the input field. The set of lasing, Bloembergdii8] states that “a proper descrip-
output field becomes tion .. .would be possible only with quantum mechanics,
, , , : , since spontaneous emission must be invoked, which might
Eoult") =CoSin(wol” + ¢o) — CySiN(wol'[2+ dyp) + -+ . be considered in a nonrigorous fashion as noise from zero
) ) ) ) (A2) point vibrations.” The dependence of effects of this kind on
?g;ﬁ: IiEri]n(t:oih: Egs((ta)s’ wﬁicshmgit\'/‘g :(9{/)Eq.'(53) [(V;I)mazewtgl? the magnitude of the vacuum fluctuations can be seen from
' u ou . ’
Setting the right-hand sides of Eq#1) and (A2) equal to theTE:t ;Eit/s q;rléljfngﬁpgur?on?é:; ;Iavn;i:(dsif ?Ezt?:;'u ced

each other gives,,=0, which shows that no subharmonics fi]glds are so large that the iterative procedure does not con-

can be generated. Higher harmonics are not precluded, c\)/(frge. In that case there may be multiple solutions and a
r

course, and can appear in classical models even for induce o .
fields of relatively low intensity. strong sensitivity to noise, so that the output cannot be
The quantum theory often predicts subharmonic fieIdSviewed as a deterministic result of the input. This can occur,

whose phases are totally unpredictable and not determind@" €xample, if a high-gain system is enclosed in a resonant
by the input field. There spontaneous emission can p&avity where the induced fields can grow to very large inten-

viewed, at least intuitively, as being due to vacuum fluctuaSities, as in a laser. That is not the situation here.

thickness of the nonlinear medium is assumed to be much
larger than the wavelength of the incident light and the scat-
tering length of the electrons, while the opposite limit holds for
the thin beam splitter of Fig.(l).
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