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Abstract. It is shown that quantum interference with classical beams may be
used to suppress or enhance the rate of spontaneous photon-pair production
from a nonlinear crystal. Sum-frequency generation of the classical beams is
simultaneously enhanced or suppressed via interference with a classical pump.
In the extreme case, a crystal which is transparent to individual photons may
block all photon pairs, converting them to 2!: This constitutes a coherent
nonlinear response at the single-photon level, enhanced by a factor of approxi-
mately 1010: Experimental data and a theoretical description are presented, and
an attempt is made to delineate the classical and quantum aspects of these
e� ects.

1. Introduction

Many of the striking e� ects in atomic physics and quantum optics stem from
atomic coherence and quantum interference. Electromagnetically induced trans-
parency (EIT) [1] is an example of such an e� ect and has been the subject of
numerous publications of late, as new related phenomena have been discovered.
These new phenomena include slow light [2, 3] and `stopped’ light [4], as well as
very large resonant nonlinear optical responses [3]. The schemes for producing
these nonlinearities have not yet been extended to the single-photon level. One
motivation for ®nding nonlinear responses for lower and lower light levels is the
potential for applications to quantum information and computing. Performing
quantum logic with propagating photons may have advantages over schemes
relying on NMR [5], trapped ions [6], or high-Q optical cavities [7]. The major
technical challenge is to make single photons, which generally interact very weakly,
interact very strongly. One must use high intensity ®elds, on the order of
GW cm¡2, to produce reasonable nonlinear responses in conventional nonresonant
nonlinear materials. This type of interaction is essentially negligible at the low
intensities required for quantum computation. Recently, a single-photon non-
linearity has been reported [8] which is linked to the avalanche ampli®cation stage
in single-photon counting, and therefore cannot be considered a coherent non-
linearity. In this work, a coherent e� ective two-photon nonlinearity is described
that may be useful for quantum information processing.

The scheme [9] relies on destructive interference between multiple Feynman
paths that lead to the emission of a pair of photons. Multiphoton interference has
been studied quite extensively in the past 15 years using sources of entangled
photons (see, for example [10]), and more recently in systems with combinations of
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entangled sources and classical beams [11]. A greatly simpli®ed schematic for our
experiment is shown in ®gure 1. Mode 1 and mode 2 are initially populated by

weak coherent states, and mode p contains a strong classical pump. The modes are
chosen such that interaction with a nonlinear crystal with a nonzero À…2† allows
spontaneous parametric down-conversion (SPDC) of the pump light into modes 1
and 2. To lowest order in the light intensity, there are two Feynman paths that can
lead to a pair of photons in modes 1 and 2. Both coherent states can contribute a

photon to make up a pair, or a pair can come from down-conversion. Experiment
has shown that the phase information of the pump is not lost during down-
conversion [12], and that even though the phase of one of the beams of down-
converted light is random, it is strongly correlated to that of the other beam [13].
In e� ect, the phase of the pump laser is `conserved’ in the down-conversion

process. It is this fact that allows a pair of laser beams to have a well-de®ned phase
di� erence with the pair of down-converted beams. If the phase di� erence is chosen
such that the two processes leading to the creation of a pair of photons after the
nonlinear crystal interfere destructively, then photon pair production ceases. This

e� ect is closely related to the `railcross’ experiment [14], in which suppression and
enhancement of down-conversion was observed. In this work, independent beams
are used instead of a closed interferometer, and it may be possible to use the
parameters of those beams (i.e. polarization, intensity, frequency, phase) to

observe new phenomena.
The only other proposals to observe nonlinear e� ects at the single-photon level

for propagating beams are those involving photon-exchange interactions [15] and
EIT [3]. The scheme presented in this work has some features in common with

EIT-based systems and it is instructive to consider the relationship in some depth.
Both systems rely on a strong coupling laser which is generally thought of as a
spectator beam. The anomalous transmission in EIT, and two-photon `absorption’
in this scheme, are the results of interference between multiple pathways for
processes involving the photons. In EIT, there are two ways that a photon can be

absorbed to excite an atom. When the atoms are placed in the appropriate
superposition of ground states, the two di� erent absorption pathways that lead
to an excited atom interfere destructively. Maintaining the proper phase relation-
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Figure 1. Simpli®ed cartoon of the experiment. Pairs of weak coherent states in modes
1 and 2, at a frequency !; are overlapped with the pairs of beams created via SPDC
by the strong pump coherent state in mode p, at a frequency 2!.



ship between the two lasers is crucial for EIT. If the phase di� erence is abruptly
changed, absorption will resume until the ground states evolve into a new coherent
superposition with the right phase for transparency. In this scheme, as already
stated, there are two ways for photon pairs to be emitted from the crystal which
can be set to interfere destructively. As in EIT, the phase relationship between the
pump laser and the pair of LOs is crucial to maintaining the destructive
interference, or reduced two-photon emission becomes enhanced two-photon
emission. In our case, the real transitions from EIT are replaced by virtual
ones, and the susceptibility is modi®ed by the pump, not by redistribution
among real energy levels, but via nonresonant À…2† interactions.

2. Theory

A simple three-mode theory is included to describe the experimental schematic
shown in ®gure 1. Weak coherent states begin in modes 1 and 2 with a frequency of

!: A strong pump coherent state at twice the frequency is in mode p. The pump
laser can create pairs of photons in the nonlinear crystal through the process of
SPDC, and those downconverted beams would be emitted into modes 1 and 2.
The initial state of the system is a product of three di� erent coherent states:

jª…0†i ˆ j¬i1 « j­ i2 « j®ip; …1†

where ¬, ­ , and ® are c-numbers labelling the coherent states in modes 1, 2, and p,
respectively. In our experiment, ¬ and ­ are much less than unity and describe the
weak coherent states. ®, on the other hand, is much larger than unity and descibes
the `spectator’ pump laser. If these ®elds are allowed to interact in a nonlinear
crystal with a nonzero second-order susceptibility, À…2†, then the state of the light
will evolve by the interaction Hamiltonian

Hint ˆ gay
1ay

2ap ‡ g¤a1a2ay
p; …2†

which is comprised of ®eld operators for the input modes, and the nonlinear
coupling constant g which is proportional to the nonlinear susceptibility.

2.1. Intensity of the light in modes p, 1 and 2
First, we consider the rate of change in the intensities of the beams in modes p,

1 and 2. An expression for the time rate of change of the mean photon number in
mode p can be calculated using the expression for the evolution of an expectation
value:

d

dt
hnpi ˆ 1

i·h
h‰ay

pap; HintŠi …3†

ˆ 1

i·h
h‰ay

pap; gay
1ay

2ap ‡ g¤a1a2ay
pŠi …4†

ˆ 1

i·h
hgay

1ay
2‰ay

pap; apŠ ‡ g¤a1a2‰ay
pap; ay

pŠi …5†

ˆ 1

i·h
hgay

1ay
2…¡ap† ‡ g¤a1a2ay

pi …6†

ˆ ¡ 1

i·h
hgapay

1ay
2 ¡ g¤a1a2ay

pi: …7†
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The time rate of change of photon number in mode 1 can be calculated to be:

d

dt
hn1i ˆ 1

i·h
h‰ay

1a1; HintŠi …8†

ˆ 1

i·h
h‰ay

1a1; gay
1ay

2ap ‡ g¤a1a2ay
pŠi …9†

ˆ 1

i·h
hgay

2ap‰ay
1a1; ay

1Š ‡ g¤a2ay
p‰ay

1a1; a1Ši …10†

ˆ 1

i·h
hgay

1ay
2ap ¡ g¤a1a2ay

pi: …11†

And similarly, the time rate of change of the photon number in mode 2 is,

d

dt
hn2i ˆ 1

i·h
hgay

1ay
2ap ¡ g¤a1a2ay

pi: …12†

Comparing these derivatives we see that:

d

dt
hnpi ˆ ¡ d

dt
hn1i ˆ ¡ d

dt
hn2i: …13†

As one would expect from energy conservation and the form of the interaction

Hamiltonian, the rate of change in the photon number in mode p is equal in

magnitude and opposite in sign to the rates of change of the photon numbers in
modes 1 and 2. Since this is true to at all times, hn1 ‡ npi and hn2 ‡ npi are

conserved to all orders. This is exactly the result we expect from second-harmonic
generation, where two lower frequency photons, one from mode 1 and one from

mode 2, are destroyed and a higher frequency photon is created in mode p.

We observe this e� ect by measuring the intensity of the beams in modes 1 and
2. If we time evolve our initial state, jª…0†i; under our interaction Hamiltonian,

then to ®rst-order, our state becomes:

jª…¢t†i ˆ A 1 ¡ i¢t

·h
…gay

1ay
2ap ‡ g¤a1a2ay

p†
µ ¶

j¬i1 « j­ i2 « j®ip: …14†

The normalization constant, A, is, in general, a complicated expression and since
we will be concerned with ratios of terms, it is unnecessary to write out in full.

However, in the relevant limits of weak coherent states in modes 1 and 2, and a

strong coherent state in mode p, A º 1=

���������������������������������������
1 ‡ …¢t=·h†2jgj2j®j2

q
. Using the time

evolved state, jª…¢t†i; we can calculate the mean photon number in mode 1, hn1i:

hn1i ˆ hª…¢t†jay
1a1jª…¢t†i …15†

ˆ jAj2
h¬j1 « h­ j2 « h®jp 1 ‡ i¢t

·h
…g¤a1a2ay

p ‡ gay
1ay

2ap†
µ ¶

ay
1a1 1 ¡ i¢t

·h
…gay

1ay
2ap ‡ g¤a1a2ay

p†
µ ¶

j¬i1 « j­ i2 « j®ip

8
>>>><

>>>>:

9
>>>>=

>>>>;

: …16†
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After some algebra, we obtain the expression:

hn1i ˆ jAj2

j¬j2 ‡ i¢t

·h

g¤¬­ ®¤…j¬j2 ‡ 1† ‡ g¬¤­ ¤®j¬j2

¡g¬¤­ ¤®…j¬j2 ‡ 1† ¡ g¤¬­ ®¤j¬j2

2

4

3

5

‡ ¢t

·h

³ ´2

jgj2j®j2…j­ j2 ‡ 1†…j¬j4 ‡ 3j¬j2 ‡ 1†

‡g¤2®¤2¬2­ 2…j¬j2 ‡ 1†

‡g2®2¬¤2­ ¤2…j¬j2 ‡ 1†

‡jgj2…j®j2 ‡ 1†j­ j2j¬j4

8
>>>>>><

>>>>>>:

9
>>>>>>=

>>>>>>;

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

9
>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>;

: …17†

We impose the usual approximation that g is a real coupling constant and impose
the limits, j¬j ½ 1; j­ j ½ 1; and j®j ¾ 1, on the coherent state labels. The
expectation value can then be simpli®ed to:

hn1i ˆ jAj2 j¬j2 ‡ i¢t

·h
g…¬­ ®¤ ¡ ¬¤­ ¤®† ‡ ¢tg

·h

³ ´2

j®j2
( )

: …18†

Since ¬; ­ , and ® are c-numbers, we can write them in terms of an amplitude and a
phase, i.e. ¬ ˆ j¬j exp…i’¬†, ­ ˆ j­ j exp…i’­ †, and ® ˆ j®j exp…i’®†. We make the
de®nition ¢’ ˆ ’¬ ‡ ’­ ¡ ’®; then the expression for the expectation value can be
written:

hn1i ˆ jAj2 j¬j2 ‡ ¢tg

·h

³ ´2

j®j2
" #

‡ 2
¢t

·h
gj¬jj­ jj®j sin…¢’†

( )

: …19†

The expectation value for the photon number in mode 2 can be calculated in a
similar way as:

hn2i ˆ jAj2 j­ j2 ‡ ¢tg

·h

³ ´2

j®j2
" #

‡ 2
¢t

·h
gj¬jj­ jj®j sin…¢’†

( )

: …20†

We can translate the expression for the expectation value of the singles rate in
mode 1 into a visibility by taking the ratio of the oscillating term to the constant
term in equation (19). This intensity visibility in mode 1, V1, is given by:

V1 ˆ
2
¢t

·h
gj¬j j­ j j®j

j¬j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
: …21†

Similarly, the visibility in the intensity at detector 2, V2; is:

V2 ˆ
2
¢t

·h
gj¬jj­ jj®j

j­ j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
: …22†

In the experiment, we work in the limit where the probability of a photon from
down-conversion is much less than the probability of a photon from a LO beam.
In this limit, j¬j2 ¾ …¢t=·h†2jgj2j®j2, and the visibility is approximately:
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V1 º
2
¢t

·h
gj¬jj­ jj®j

j¬j2
…23†

ˆ
2
¢t

·h
gj­ jj®j

j¬j : …24†

If j¬j º j­ j; the visibility is approximately the amplitude for down-conversion,
which is much less than 1. However, if j­ j is much larger than j¬j, the visibility in
the intensity of mode 1 becomes large. It is also apparent that both singles
visibilities cannot be made arbitrarily large at the same time. Increasing the
visibility at detector 1 will reduce the visibility at detector 2 in such a way that
the product of their visibilities is roughly constant and much less than unity. In the
®rst case studied in this experiment, the coherent states in modes 1 and 2 were
approximately of equal intensity. In this regime, the singles visibility is expected to
be very small as it is the ratio of the probability for down-conversion to unity. For
a di� erent set of parameters, the singles visibility was increased at one of the
detectors by increasing the light intensity to the other detector.

This e� ect is exactly what one would expect classically. Light in modes 2 and p
can, through di� erence frequency generation, create light into mode 1. The phase
of this beam is the phase di� erence between the pump and the mode 2 beams, and
therefore can interfere constructively or destructively with the LO passing through
the crystal creating the intensity fringe pattern. Although the intensity of di� er-
ence frequency generated is negligibly small, the amplitude modulations are
enhanced through interference, in a manner analogous to homodyne detection.
It is the interference between this very small amount of di� erence frequency and
the weak LO beams that creates the measureable intensity modulations. The up-
conversion e� ciency is similarly enhanced as the immeasureably small amplitude
of the up-converted light beats against the strong classical pump. This enhance-
ment works out to be on the order of the number of photons per pump pulse.
However, classical nonlinear optics cannot explain all of the e� ects observed in this
experiment. In addition to monitoring the intensities in modes 1 and 2, we also
monitor the coincidence rate between these two modes.

2.2. Coincidence rate between modes 1 and 2
We now consider the rate of coincidence detection, where photons are

registered from the same laser pulse at the detectors in mode 1 and mode 2.
The expectation value for the coincidence rate between modes 1 and 2 is given by:

hay
1ay

2a1a2i ˆ hª…¢t†jay
1a1ay

2a2jª…¢t†i …25†

ˆ jAj2
h¬j1 « h­ j2 « h®jp 1 ‡ i¢t

·h
…g¤a1a2ay

p ‡ gay
1ay

2ap†
µ ¶

ay
1a1ay

2a2 1 ¡ i¢t

·h
…gay

1ay
2ap ‡ g¤a1a2ay

p†
µ ¶

j¬i1 « j­ i2 « j®ip

8
>>>><

>>>>:

9
>>>>=

>>>>;

:

…26†

It can be shown that,
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hay
1ay

2a1a2i ˆ jAj2

j¬j2j­ j2

‡ i¢t

·h

g¤¬­ ®¤…j¬j2 ‡ 1†…j­ j2 ‡ 1† ‡ g¬¤­ ¤®j¬j2j­ j2

¡g¬¤­ ¤®…j¬j2 ‡ 1†…j­ j2 ‡ 1† ¡ g¤¬­ ®¤j¬j2j­ j2

8
<

:

9
=

;

‡ ¢t

·h

³ ´2

jgj2j®j2…j¬j4 ‡ 3j¬j2 ‡ 1†…j­ j4 ‡ 3j­ j2 ‡ 1†

‡g¤2®¤2¬2­ 2…j¬j2 ‡ 1†…j­ j2 ‡ 1†

‡g2®2¬¤2­ ¤2…j¬j2 ‡ 1†…j­ j2 ‡ 1†

‡jgj2…j®j2 ‡ 1†j­ j4j¬j4

8
>>>>>>><

>>>>>>>:

9
>>>>>>>=

>>>>>>>;

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

9
>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>;

:

We invoke our assumption that g is real and impose the appropriate limits on the
®eld labels:

hay
1ay

2a1a2i ˆ jAj2

j¬j2j­ j2

‡ i¢t

·h
g‰¬­ ®¤…j¬j2 ‡ j­ j2 ‡ 1† ¡ ¬¤­ ¤®…j¬j2 ‡ j­ j2 ‡ 1†Š

‡ ¢t

·h

³ ´2

jgj2j®j2

8
>>>>>>>><

>>>>>>>>:

9
>>>>>>>>=

>>>>>>>>;

…27†

ˆ jAj2
j¬j2j­ j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
" #

‡ i¢t

·h
g…j¬j2 ‡ j­ j2 ‡ 1†j¬jj­ jj®j…e¡i¢’ ¡ ei¢’†

8
>>>><

>>>>:

9
>>>>=

>>>>;

…28†

ˆ jAj2
j¬j2j­ j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
" #

‡2
¢t

·h
g…j¬j2 ‡ j­ j2 ‡ 1†j¬jj­ jj®j sin…¢’†

8
>>>><

>>>>:

9
>>>>=

>>>>;

: …29†

In the low photon number limit, these oscillations have the same absolute size as
the intensity oscillations; however, the constant term is reduced by a factor of j¬j2
or j­ j2, both of which are much less than one in this limit. The visibility of such an
e� ect can be expressed as a ratio of the oscillating term in equation (29) to the
constant term. That visibility, Vc; is:

Vc º
2
¢t

·h
g…j¬j2 ‡ j­ j2 ‡ 1†j¬jj­ jj®j

j¬j2j­ j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
: …30†

In the limit for weak coherent states, this reduces to:
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Vc º
2
¢t

·h
gj¬jj­ jj®j

j¬j2j­ j2 ‡ ¢t

·h

³ ´2

jgj2j®j2
: …31†

The visibility of coincidence fringes is always larger than those in the intensity
(equations (21) and (22)) in the appropriate limit of j­ j ½ 1: The visibility in
coincidence is 100% if j¬j2j­ j2 ˆ …¢t=·h†jgj2j®j2; which is equivalent to setting the
coincidence rate from downconversion equal to the coincidence rate from the LO
beams. The depth of the modulations in the coincidence rate can be much larger
than those in the singles and cannot be explained by classical nonlinear optics.

3. Experimental

To implement the scheme shown in ®gure 1 and discussed in the previous
theory section, apparatus is set up as shown in ®gure 2. The light source is an
ultrafast Ti:Sa laser operating with a centre frequency of 810 nm. A small amount
of the light is removed from the laser at BS1 which will serve as the local oscillator
(LO) beams, and the remainder of the light is frequency doubled in a ­ -barium
borate (BBO) crystal to serve as the pump for down-conversion. The undoubled
fundamental light is removed from the pump using coloured glass ®lters which
allow only the second harmonic to pass. Two local oscillator beams are made by
reducing the intensity of the light picked o� from the laser and then rotating its
polarization by 458. The vertical polarization component of the resultant beam is
one LO and the horizontal component is the other LO. These LO beams are then
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Figure 2. A schematic of the setup of the experiment. BS 1 and BS 2 are 90/10 (T/R)
beamsplitters; SHG consists of two lenses and a BBO nonlinear crystal for type-I
second harmonic generation; BG 39 is a coloured glass ®lter; ND is a set of neutral
density ®lters; ¶/2 is a zero-order half-wave plate; PH is a 25 mm diameter circular
pinhole; I.F. is a 10 nm bandwidth interference ®lter, PBS is a polarizing beam
splitter; and Det. A and Det. B are single-photon counting modules. The thinner
solid line shows the beam path of the 810 nm light, and the heavier solid line shows
the path of the 405 nm pump light.



recombined with the pump laser at BS2 and sent through the next nonlinear
crystal. This second crystal is phase-matched for type-II collinear second har-
monic generation (810 nm ‡ 810 nm ¡! 405 nm), and hence is also phase-matched
for the process of type-II collinear spontaneous parametric down-conversion
(405 nm ¡! 810 nm ‡ 810 nm). After the nonlinear crystal, a prism is used to
separate the leftover pump light from the 810 nm beams (which now include the
LO beams and the down-converted light). The 810 nm light is then passed through
a spatial ®lter and an interference ®lter before getting split up by its polarization at
the PBS and sent to two single-photon counting detectors (SPCMs).

In order for the laser and down-converted light to interfere, they must be made
indistinguishable. Therefore they must have the same spatial modes, frequency
bandwidth and time of arrival. The down-converted photons are inherently
entangled in their spatial characteristics, frequency, and time of birth; these
correlations must be removed, since they distinguish the down-converted pairs
from the (unentangled) pairs from the laser beams. The arrival-time correlations
are not an issue, as the pump and LO beams are all pulsed lasers. To ensure that
the down-converted beams have the same spatial characteristics as the single
spatial mode laser, all of the 810 nm light from the crystal passes through a simple
spatial ®lter. The ®lter consists of a 25 mm diameter circular pinhole and a 2 mm
iris approximately 5 cm downstream from the pinhole (®gure 2). The light passing
through the spatial ®lter is collimated by a 5 cm lens located directly after the iris.
In order to achieve a high photon ¯ux through this ®lter, the pump laser is focused
onto the nonlinear crystal. This is related to a scheme designed to increase
collection e� ciency of photon pairs [16]. This created a smaller spatial source of
down-conversion which could be imaged onto a much smaller spot at the pinhole.
The pump focusing technique gives a factor of 30 higher coincidence rate than
using a collimated pump laser. A 10 nm bandwidth interference ®lter with a peak
transmission at 810 nm was included after the spatial ®lter for two reasons. The
®lter has a narrower bandwidth than the pump laser and therefore destroys any
remaining frequency correlations between the pairs of down-converted beams, and
also increases the overlap of the frequencies from the laser path and down-
conversion path. The arrival time of the light pulses from the two di� erent
Feynman paths was controlled using a variable trombone delay in the pump
path. Ensuring these three conditions merely makes the observation of interference
a possibility. In order actually to observe interference fringes, the two Feyman
paths must have a well-de®ned and controllable phase di� erence. The LO and
pump beams are phase-locked by using the same laser source to produce them all.
The phase di� erence is controlled using the optical delay in the pump path.

4. Results and Discussion
4.1. Photon pair suppression and enhancement

To look for the largest visibility e� ect in the coincidence rate between the
SPCMs in modes 1 and 2, the coincidence rates from the LO beams alone were set
to match the rates from the down-conversion path alone by using the appropriate
number of ND ®lters in the LO arm. The coincidence counting rates were
…3:3 § 0:3† s¡1 and …3:3 § 0:3† s¡1 from the LO Feynman path and the down-
conversion paths alone. Owing to the uncorrelated photon numbers in the pair of
LO beams, higher intensities are required to obtain the same coincidence rate as
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from down-conversion. For this reason, the singles rates from the LO beams are
roughly 10 and 100 times higher than from the down-conversion for detectors 1
and 2, respectively. The optical delay was changed in the pump path, and the

coincidence rate is shown as a function of that delay in ®gure 3. The visibility of
the fringes in the coincidence rate is …48 § 1†%, and if the background coincidence

rate is subtracted that visibility is increased to 57%. The fringe period is about 1:3
fs/wavelength, which corresponds to a wavelength of approximately 405 nm. In

equation (31), simple single-mode theory predicted that this visibility could be
100%. As with any interference pattern, the rate of events at the peak of a fringe is
greater than the sum of the event rates from the two paths independently. This is

an enhancement of the photon-pair production rate. A corresponding suppression
of the photon-pair production occurs at the valley of a fringe. According to energy

conservation, the reduction of the photon number in modes 1 and 2 at this point
must be accompanied by an increase in the photon number in the pump mode,

which occurs via enhanced sum-frequency generation.

4.2. Phase dependent intensity modulation
Theoretical treatment of this experiment showed that phase-dependent oscilla-

tions in the intensity should accompany the oscillations in the coincidence rates. It
can also be seen, from these equations, that both LO beams are required in order to

observe the modulations. If either ¬ or ­ is zero, then the oscillating term vanishes.
The laser light in the LO paths is polarized at 458 after the half-wave plate. Since

the horizontal component of the polarization comprises the LO for detector 1 and
the vertical component of the polarization comprises the LO for detector 2,

496 K. J. Resch et al.

0

50

100

150

200

250

300

350

0 1 2 3 4 5 6 7

C
o

in
ci

d
en

ce
C

o
u

n
ts

(/
30

s)

Delay time (fs)

Figure 3. The coincidence rate as a function of the delay time. The interference is a
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blocking either or both of these polarization components should destroy the

interference e� ect in the singles. It is obvious that blocking one of the LO
beams should destroy the interference in the coincidence rate, as both LOs are

required to obtain coincidence from the LO Feynman path. However, to show that
blocking the LO beam that goes to detector 2 has an e� ect on the intensity of the

LO for detector 1 is evidence for a nonlinear optical e� ect, and constitutes a
coherent all-optical switch for single photons. Figure 4 shows the singles rate at

detector 1 as a function of the delay time for four di� erent polarizer settings. The
left-hand column shows the diagonal basis settings where at 7458 both LOs are

blocked and at +458 both LOs may pass freely. Fringes at the 0.7% level are
apparent in the singles rate only at 458 where both LOs could pass. The right-hand

column of ®gure 4 shows the rectilinear polarization settings. Setting the polarizer

at 08 or 908 only blocks a single LO beam, but this is su� cient to destroy the
interference in the singles rate of detector A.

4.3. Up-conversion of the local oscillator beams
When destructive interference reduces the intensity of the beams reaching the

detectors, energy conservation dictates that all incident laser photon pairs must be

undergoing sum-frequency generation. Up-conversion is also predicted to occur
by our single mode theory. At a fringe minimum in coincidences, we are also at a
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Figure 4. The singles rate at detector 1 versus the delay for four di� erent polarizer
angle settings. The left-hand data sets are for polarizer settings of §45¯. The right-
hand column is for polarizer settings of 08 and 908. The fringes are apparent only
for the ‡458 polarizer setting, and have a visibility of 0:7% . These four data sets
show that both horizontally and vertically-polarized photons must be present for the
e� ect to occur.



minimum in singles and there is a predicted corresponding peak of equal absolute

size in the pump photon number. Of course, this cannot be observed directly,

given the background of approximately 1010 photons per pump pulse. To verify

explicitly that photon pairs are actually removed from the LO beams, the

reduction in the coincidence rate was measured relative to the coincidence rate

from the LOs alone. In order to maximize the e� ect, the coincidence rates from the
LO path and the down-conversion path were set to …38:2 § 0:7† s¡1 and …1:2 § 0:2†
s¡1, respectively. The coincidence rate was again recorded as a function of the

optical delay and is shown by the ®lled circles in ®gure 5. A sinusoidal ®t to the

data is shown as a heavy black line, and has a fringe visibility of …19:0 § 0:5†%. The

coincidence rate from the LO paths alone was measured before and after the

experiment was performed and is shown as a horizontal dashed line, as well as an
open square with error bars indicated. For delay positions where the solid black

line drops below the dashed line, the photon pair detection rate drops below the

value from the LO rate alone. This reduction in the pairs is due to photon pairs

being removed from the LO beams undergoing sum-frequency generation. From

the fringe visibility, we can infer that at least …15:7 § 1:7†% of the photon pairs

from the local oscillator were converted into the second harmonic. This corre-

sponds roughly to a few tenths of a per cent of the photons overall.
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coincidences from the LO paths alone. Based on the magnitude of this drop, it is
concluded that at least 15:7 § 1:7… †% of the photon pairs from the laser are
upconverted.



In order to observe a similar e� ect in the intensity of light, the intensity of light
in the LO beams was increased again. The coincidence rate was 2 s¡1 from
down-conversion and the singles rate at detector 2 was 371 § 3 s¡1 after back-
ground subtraction. The LO beam reaching detector 1 was too bright to measure
directly; however, the counting rate could be inferred as approximately 8:3 £ 105

s¡1: While this counting rate is comparatively large, it is still only 1 count per 100
pulses. The singles rate at detector 2 from the LO beam was 1:2 £ 105 s¡1. The
pump delay was changed to scan over a few fringes in the intensity at detector 2
and they are shown in ®gure 6. The fringe visibility was estimated from a ®t of a
subset of the data points to be …0:61 § 0:06†%, which is a drop of …756 § 74† s¡1

below the average counting rate. This drop is too large to be from only the down-
converted light by over 5¼, and therefore at least some of the photons from the
laser must have been removed.

4.4. Large-intensity oscillations
Equation (22) describes the visibility in the intensity of mode 2 as a function of

various experimental parameters. It can be seen that the visibility in the intensity
of this mode can be increased by increasing the intensity of the light in the other
mode. However, by comparing equation (22) for the intensity visibility, to
equation (31), the visibility for coincidences, it is apparent that the singles
visibility may approach the coincidence visibility as j¬j ! 1. To increase visibility
in the singles rate of detector 2, the high intensity beam at detector 1 was used with
approximately 8:3 £ 105 s¡1 and the maximum number of counts were extin-
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guished at Bob by use of the zero-order half-wave plate. This minimum rate was
approximately 3500 s¡1 once background had been subtracted, for an extinction of

1 part in 240. If we assume that the coincidence rate from the LOs is simply
proportional to the product of the background free-counting rates at detectors 1
and 2, then the inferred coincidence rate was 37 s¡1: The coincidence rate from
down-conversion was 2 s¡1. The maximum possible visibility in the coincidence

rate is 44% based on the mismatch in the coincidence rates from the interfering
paths. The coincidence visibility for this experiment was measured to be only
…30 § 4†% when the rates were balanced. Therefore, with the mismatched rates it
can be inferred that the actual coincidence visibility would be roughly 44% of 30%,

or 13:2%. The delay was scanned over fringes in the singles rate at detector 2 and
are shown in ®gure 7. The raw visibility in this case is …1:50 § 0:05†%, and after
correcting for background the visibility is 2.6%. While this is not a very large
visibility on its own, it is about 20% of the coincidence visibility which it cannot

exceed. In the relevant limits, Vc=V2 º 1=j¬j2. Based on the singles rate at detector 1
one might infer j¬j º 0:1, which would give a ratio Vc=V2 º 100 instead of the
measured value of 5. This factor of 20 is attributed to a path e� ciency of 5%.
These results can be compared to those obtained for more balanced singles rates in

the previous experimental sections. Under those experimental parameters, the
singles visibility was approximately 0.7%, and the coincidence visibility was 57%.
The singles visibility was only 1.2% of the coincidence visibility.

Detector (EG&G SPCM-AQ-131) breakdown impeded pushing this limit

further. Achieving the high-visibility singles fringes necessary for optical switch-
ing of weak beams will be pursued in future work.
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5. Conclusions
It has been shown, both theoretically and experimentally, that second harmonic

generation can be greatly enhanced by the inclusion of a strong classical spectator
®eld, due to interference. The enhancement is so large that the nonlinear crystal
becomes e� ectively opaque to photon pairs in the low photon number limit. (This
e� ect should not persist for higher mean photon numbers, as down-converted light
is bunched relative to a coherent state.) The removal of photon pairs can also be
seen as intensity modulations in those beams. The intensity modulations that were
measured in the LO beams can be explained using classical nonlinear optics. Each
of the weak LO beams can produce a small amplitude of di� erence-frequency
light in the mode of the other LO. Through interference analogous to optical
homodyning, that di� erence-frequency beam is greatly enhanced by beating
against the LO beam, producing signi®cant intensity modulations. Similarly, the
immeasureably small sum-frequency amplitude generated by the pair of LO
beams is enhanced by about 1010 by beating against the classical pump beam.
Unfortunately, the presence of the strong pump makes it impossible to measure
these oscillations directly. The modulations in the rate of coincidence detection
cannot be explained in terms of classical nonlinear optics. The visibility in these
oscillations was measured to be 57%, and in principle they can approach 100%.
These can be understood as quantum interference between the two possible paths
that lead to the detection of a pair of photons. Either both photons come from a
down-conversion event, or one photon comes from each of the LO beams. Despite
the uncertain phase of a single beam from SPDC, the phase of a down-converted
photon pair of beams exhibits perfect quantum coherence with the pump. The
interference between the amplitudes for these two processes gives rise to large
coincidence modulations, even when the intensity modulations are quite low. It is
this quantum interference that gives rise to the electromagnetically induced
opacity. When the phase of the pump is chosen so that there is maximum
destructive interference, the crystal becomes e� ectively opaque to photon pairs,
and they are all upconverted into the pump laser beam.
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