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Bright sources of polarization-entangled photon pairs are essential components for quantum information
technologies. In many methods proposed so far, it is necessary to introduce a resonator that combines active
optical components, such as an electric optical modulator to enhance the stimulated emission of polarization-
entangled photons. In these methods, howevers; it is technically difficult to perform the time-series operation to
output the stimulated entangled photons in the resonator by synchronizing laser pulses. In this paper, we propose
a scheme to scale up the stimulated emission of polarization-entangled photon pairs using a resonator with only
passive optical components. We show the theoretical aspects of the scheme and perform a proof-of-principle
experimental demonstration of the scheme in a double-pass configuration.
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I. INTRODUCTION

Spontaneous parametric down-conversion (SPDC) pro-
vides making a readily available photonic source of
polarization-entangled photon pairs to demonstrate quan-
tum information technologies, such as quantum teleportation
[1], quantum key distribution [2], quantum metrology [3],
quantum holography [4], and the recently developed bo-
son sampling machine [5]. Two widely used approaches
to producing polarization-entangled photon pairs are a thin
B-barium borate (BBO) bulk crystal with type-II phase-
matching [6] and a sandwiched BBO crystal with type-I phase
matching [7]. Owing to the development of quasi-phase-
matching techniques, the use of periodically poled KTiOPO4
(ppKTP) or periodically polled LiNbO3 (ppLN) has also be-
come a standard technique [8]. Several types of entanglement
sources have been developed by combining such nonlinear
crystals and interferometric configurations, such as Mach-
Zehnder interferometers [9], Franson interferometers [10],
and Sagnac interferometers [11-13].

Among these interferometers, the Sagnac interferometer
has major advantages because its symmetric geometry of the
setup allows a very phase-stable condition resulting in the
generation of high-quality polarization-entangled photons.
In particular, the scheme with orthogonally polarized photon
pairs obtained by type-II SPDC makes it possible to separate
degenerate polarization-entangled photon pairs into different
optical modes without postselective detection [12]. The
scheme with ordinary type-O or type-I SPDC requires a
nonpolarizing beam splitter to separate degenerate photon
pairs with a 50% probability of success [11], wavelength
filtering to separate nondegenerate pairs of photons
[13], or spatial mode filtering to separate noncollinear
down-converted photons [14]. In contrast, a double-pass
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configuration with type-O or type-I SPDC has the major
advantages of a simple setup and a high emission ratio of
photon pairs [15]. Bidirectional pumping to a single ppKTP
crystal generates polarization-entangled photons from two
sets of parallel polarized photon pairs on the collinear optical
mode. A nonpolarizing beam splitter or color filters are
necessary to separate polarization-entangled photon pairs
conditionally. The multiple reverse process of Hong-Ou-
Mandel interference enables the properties of both type-0
and type-II SPDC to be satisfied simultaneously and makes it
possible to use the largest second-order nonlinear coefficient
of a nonlinear crystal to generate polarization-entangled
photons and to separate degenerate photon pairs into different
optical modes with a 100% probability of success in principle
[16,17]. In this scheme, the maximum emission rate of the
photon pair is limited by the coefficient number of the crystal
to produce the type-0 phase-matching condition.

To further improve the emission rate, we require the
stimulation of polarization-entangled photons. In a former
experiment, the pump laser used to produce the polarization-
entangled photons passed through a nonlinear crystal twice
with type-II phase matching [18]. This condition realized the
superposition state between the first and the second generated
entangled photon pairs and the emission rate once from the
beginning nearly four times larger than that when the pump
laser passed through the crystal only once.

It is necessary to introduce a resonator, such as a laser
to further improve the emission rate by passing the pump
laser more than three times through the crystals. A proposed
scheme is to construct the resonator by combining active
optical components, such as an electric optical modulator and
generated down-converted photons under noncollinear optical
mode using a pulse laser [19]. In this scheme, it is necessary
to consider the time-series operation to output the stimu-
lated entangled photons in the resonator by synchronizing the
operation with the rate of pump laser pulses. Although the
emission rate of stimulated photon pairs is restricted by the
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mirror reflectivity of the resonator without such active optical
components, it is technically hard to realize enough coupling
efficiency and the time-series operation simultaneously in the
actual setup.

In this paper, we propose a stimulation scheme to pro-
duce polarization-entangled photon pairs using a resonator
with only passive optical components and a continuous-
wave pump laser. Our scheme makes it possible to output
the stimulated polarization-entangled photons from a res-
onator without considering the time-series operation using
active optical components. In addition, our scheme enables
the construction of a much simpler system for generating
polarization-entangled photons with a collinear spatial op-
tical mode only. Our methods have also the advantage for
the easiness to scale up the stimulation scheme due to the
experimental configuration using a Sagnac-like interferometer
and a resonator. First, we discuss the theoretical background
to reveal the advantages of our stimulation scheme using
only passive optical components. Second, we show a proof-
of-principle experimental demonstration of our scheme in a
double-pass configuration.

II. THEORY

Figure 1(a) shows the schematic of our method of enhanc-
ing the stimulated emission of parametric down-converted
photons with a resonator. A pair of photons (signal and idler
photons) is produced from a single pump photon by the para-
metric down-conversion process, which satisfies w, = w; +
w;, where w,, (i = s, i, or p) indicates the angular frequency
of the signal, idler, or pump photon, respectively.

The polarization states of the down-converted photons is
orthogonally polarized under the type-II phase-matching con-
dition as horizontal (H) and vertical (V') polarizations. When
we place a nonlinear crystal inside the resonator, the down-
conversion process occurs several times by reflecting back the
pump light with mirrors (M1, M2). The amplitude of output
photon pairs from the resonator depends on phase ¢ and the
number of times the pump laser passes through the crystal (V)
under the degenerated condition. Here ¢ is the phase obtained
by the down-converted photon pairs when they move from one
mirror to another. As shown in Fig. 1(b), the crystal and the
resonator are set at a finite angle with respect to the pump
laser so that the crystal can be pumped by both clockwise and
anti-clockwise lights of a Sangac interferometer. In the frame
of reference corotating with the pump field, the Hamiltonian
of the output photon pairs generated for the clockwise (CW)
direction is as follows:

N—-1
Acw =« ) e™aj,bl, + He., (1)
m=0

where the pump field is approximated as a classical field
and « represents the coupling constant. The operators ap
and Bp (P = H, V) represent the annihilation operators of
the P-polarized photons in Modes a and b in Fig. 1(b), re-
spectively, and the relation to the vacuum state |0) can be
described as ay|0) = |H,), ISHO) = |V,). These operators
satisfy the commutation relations given by [¢p, ¢ ] = 0 and
[ép, &3] = 8.08pp With ¢, ¢’ =a, b and P, P' = H, V. Simi-
larly, the Hamiltonian of the output photon pairs generated
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FIG. 1. (a) Schematic of stimulated down-converted photon
pairs. Orthogonally polarized photon pairs are generated in the
parametric down-conversion process and are repeatedly transmitted
through a nonlinear crystal between the mirrors of a resonator. The
phase of output photon pairs is determined by the number of times
the pump beam transmits through the crystal. (b) Schematic of our
double-pass configuration using a Sagnac interferometer to generate
the polarization-entangled photons with stimulated down-converted
photon pairs.

for the counterclockwise (CCW) direction is as follows:

N—1
Heow = i Z e™al bl + H.c. )
m=0

The Hamiltonian of photon pairs output from the Sagnac
interferometer is given by the linear summation of these
Hamiltonians with a relative phase relation depending on the
polarization state of the pump light. Here, we choose the
polarization state —45°. The Hamiltonian of photon pairs out-
put from the interferometer becomes Aoy = Hew — Heew.
The unitary transformation by the Hamiltonian is given by
U @)= exp(—iﬁomt /h). Therefore, the output state is given
by applying the unitary operation to the vacuum state |0) and
can be described as

N—1
[Wou) = U (1)[0) = exp[—iZe""’%aLB*V - &él?i,)r] 10).

m=0

3)

Here, (= «t/h) is the interaction parameter. The proba-
bility of producing polarization-entangled photon pairs with
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the Bell state |®|) = (|H,V,,) — [V, H}))/ /2 becomes

sin N¢/2>2, @

Py =P y=[{®|Wu)|*~ 272
N 1,N |< 1| oul>| <sing0/2

where Py y (M € N) represents the probability of generating
2M-photon maximally entangled state 7 < O(1) and N ~
O(1). A detailed derivation of Py y in Eq. (4) is provided in
Appendix A.

The maximum of the probability Py becomes 27>N? in
the limit of ¢ — 0. Equation (4) shows that the probability
of generating the polarization-entangled photon pair can be
increased in proportion to the square of the number of pump
light transmitted to the crystal in the resonator. In general,
the probability of generating entangled photons with an even
number of entangled photons 2M (M € N) can be given by
(M + 1)T2N?M (refer to Appendix A).

III. EXPERIMENT

Figure 2 shows our setup for a proof-of-principle experi-
mental demonstration of stimulated down-converted photons.
The polarization of the pump laser is adjusted by a polar-
izing beam splitter (PBS) and a half-wave plate (HWP1).
Orthogonally polarized photon pairs are generated by a pp-
KTP crystal in a Sagnac interferometer composed of a PBS
and half-wave plates (HWP2 and HWP3). HWP2 works only
for down-converted photons (810 nm) and rotates the polar-
ization to 90°. The reason for introducing HWP2 is to make
the first and second down-converted photons indistinguish-
able by compensating for the walk-off effect on the crystal.
HWP2 is also used to modulate the relative phase between the
pump light and the down-converted light by tilting the angle
of HWP2. HWP3 works for both pump light (405 nm) and
down-converted photons (810 nm) and rotates the polarization
to 90° and converts the polarization state of the pump light to
horizontal to generate down-converted photons.

A 10-mm ppKTP crystal (10 um periodically poled KTP
crystal, antireflection coating for 405/810 nm, RAICOL
CRYSTAL Ltd.) is set with the temperature about 28.5°C
for the down-conversion under the degenerate condition of
photon pairs with a center wavelength of 810 nm. A 5-mm
ppKTP crystal is used to compensate for the walk-off effect
caused by the birefringence property. A dichroic mirror (DM)
separates the pump laser and the down-converted photons.
The output photons are reflected by the PBS and a DM
and counted by detectors after passing through quarter-wave
plates (QWPs), polarizers (POLs), and bandpass filters (BPFs)
with a center wavelength of 810 & 3 nm. The directors are
standard single-photon counting modules (SPCMs) based on
a Geiger-mode single-photon avalanche diode (Count-100C-
FC, LASER COMPONENTS GmbH). We directly measure
the pump power dependence of the single and coincidence
counts of the down-converted photons from the 10-mm pp-
KTP crystal to estimate the actual photon-pair production rate
with our source. The photon-pair production rate is defined as
Npair = Ng? /N¢ where N is the single count rate per unit input
power, and N is the coincidence count rate per unit input
power [20].

This rate is a measure to estimate how much the produced
photons contribute to the coincidence detections in the mea-
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FIG. 2. Setup for our proof-of-principle experimental demon-
stration of stimulated down-converted photons in a double-pass
configuration. The polarization of the pump laser is adjusted by a
PBS and a HWP1. Orthogonally polarized photon pairs are generated
by a ppKTP crystal in a Sagnac interferometer composed of a PBS
and HWP2 and HWP3. A DM separates the pump laser and down-
converted photons. The output photons are reflected by the PBS and
a DM and counted by SPCMs after passing through QWPs, POLs,
and BPFs.

surement. Note, the quantum efficiencies of detectors do not
affect for Ny, from the definition. In our experiment, Ny =
(8.3£0.3) x 10° Hz/mW, and N¢ = 11.3 £0.4 Hz/mW.
Therefore, the rate of direct photon-pair production from the
crystal is estimated as Nyyir = (6.1 £0.5) x 10° Hz/mW. If
we simply excite the same crystal with twice the power, Ny,ir
is given by 2Ng? /Nc because Ny and N¢ increase linearly
with the pump power. If we prepare the setup to stimulate
the photon pairs with the optimal phase relation as shown
in Fig. 2, Npr is given by almost constant value because
the second-order count rate becomes ~4 x N, in principle.
These numbers are comparable to the photon-pair production
rate given by the quantum interferometric scheme of Npuir ~
1.3 x 107 Hz/mW [16] and to the photon-pair production rate
for a similar high-brightness degenerate entangled source of
Npair ~ 3.9 x 107 Hz/mW [14]. We could do a similar discus-
sion about higher-order photon production rate by defining the
nth photon production rate as N, photon = Ng /Nc.

The setup corresponds to the N = 2 case of the schematic
shown in Fig. 1. The pump light of 0.9-mW power and 405-
nm wavelength from a laser diode can be set with an arbitrary
linear polarization state by PBS and HWP1. Orthogonally
polarized photon pairs are generated in collinear spatial modes
by exciting a ppKTP crystal twice. According to Eq. (4),
the probability P, of generating polarization-entangled photon
pairs depends on the phase 6. In contrast, the probability P;
of generating polarization-entangled photon pairs by exciting
the same crystal once does not depend on the phase. The
probability ratio is given by P»/P; = 2(1 + cos 6). Therefore,
the maximum P, is expected to be four times larger than P,
when phase 6 is set to zero.

First, the pump laser is set to 405-nm wavelength with a
horizontally polarized state, and the pump light propagates
in the clockwise direction as shown in Fig. 3(a). Under
this condition, the horizontally polarized down-converted
photons are output to Mode a, and the vertically polarized
down-converted photons are output to Mode b. By changing
the tilting angle of HWP2, coincidence measurements for the
output photons are performed using SPCMs and a computer.
We used QWPs, POLs, and BPFs for the polarization
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FIG. 3. Schematic of integrated double-pass polarization Sagnac
interferometer using a PBS and HWP2 and HWP?3 for (a) clockwise
and (b) counterclockwise directions. Blue and red characters show
the horizontal (H) or vertical (V') polarization state of the pump laser
and down-converted photons, respectively.

and bandpass filters to minimize the number of linear
optics components in the setup. Results of the coincidence
measurement are shown in Fig. 4. The count rate of the
figure is shown with the scale of actual coincidences. The
actual coincidences in the measurement are even smaller
than N¢c = 11.3 + 0.4 Hz/mW because we used pinholes to
overlap the spatial optical modes of generated photons.
When we remove HWP2 from the setup, the down-
converted photons are not stimulated because the birefringent
effect of the ppKTP crystal makes the down-converted photon
pairs on the same optical modes distinguishable. Therefore,
the experimental value of P; can be estimated as half the
value of the probability using the setup without HWP2. From
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FIG. 4. Plot of coincidence counts of output photons produced
by the clockwise process for different tilting angles of HWP2.
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FIG. 5. Plot of coincidence counts under linear polarization basis
when the mode-B POL angle is fixed at (a) 0° and (b) 45° and (c) un-
der circular polarization basis. Solid lines are the best sinusoidal fits
to the data. (d) Reconstructed two-photon density matrix with real
and imaginary parts obtained by quantum state tomography.

comparison with the experimentally estimated P; value, the
maximum probability ratio of P, /P; is estimated as 3.4 +0.1.

We also estimated the maximum probability ratio by sim-
ply fitting the expected function 2A{l + B cos(A¢ + C)}.
Here, A, B, and C are constant parameters to be estimated
by fitting. A¢ is the variable for the function. The relation
between the variable and the tilting angle of HWP2 is derived
in Appendix B. P; is given by the fitting parameter A, and the
maximum P, is given by 2A(1 + B). Therefore, the maximum
probability ratio of P,/P; is given by parameter B and esti-
mated using 2(1 + B) as 2.7 £ 0.1.

It is presumed that the difference in the numerical values
of P,/P; estimated by the above two methods is due to the
optical mode shift caused by the removal of HWP2 and the
reflection caused by the existence of HWP2. Either way, P; is
more than double P; owing to the stimulation effect.

Under the condition giving the maximum probability ratio
of P,/P; with the setup shown in Fig. 3(a), we set HWPI
at —45° to rotate the polarization state of the pump light to
generate polarization-entangled photon pairs in the Bell state
|®7) = (IH,V,) — |V,H}))/+/2. Figures 5(a) and 5(b) show
the coincidence counts for generated photon pairs set in the
@7 state under a linear polarization basis as a function of the
Mode-a POL angle when the Mode-b POL angle is fixed at 0°
and 45°, respectively. The count rates of the figures are shown
with the scale of actual coincidences. We remove the QWPs in
Modes a and b for the measurement. The solid curves are the
best sinusoidal fits to the corresponding data. The visibility of
the fringe is defined by (Cinax — Ciin)/(Cimax + Crin ), Where
Cmax 1s the maximum coincidence count, and Cp;, is the
minimum coincidence count. The visibilities estimated from
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the sinusoidal fits in Figs. 5(a) and 5(b) are 0.94 + 0.02 and
0.70 £ 0.03, respectively.

Figure 5(c) shows the coincidence count for the same state
under a circular polarization basis as a function of the Mode-a
POL angle when the Mode-b POL angle is fixed at 45°, and
the angles of both QWPs are set at 0°. The estimated visi-
bility is 0.74 &= 0.04. These reasonable visibilities are clear
evidence of the nonclassical quantum interference given by
the polarization-entangled state. These visibilities are cur-
rently limited, mainly because we use multimode fibers to
collect the generated entangled photons since the tilting of
HWP1 affects the overlapping of spatial modes. The pump
laser beam passed a nonlinear crystal two times for both
the CW and CCW directions of the Sagnac interferometer.
The visibility of interference fringes deteriorates because the
height difference causes spatial mode mismatch on the output
of the Sagnac interferometer. The visibility of interference
fringes is expected to be higher when using a single-mode
fiber due to the spatial mode-overlapping area of the CW and
CCW beams. We verified the above effect by performing an
additional experiment using a diode laser with the Sagnac
interferometer [16,17].

We also measure the photon pairs by reconstructing the
complete density matrix by quantum state tomography, which
requires coincidence measurements for 16 combinations of
polarization bases [21]. The experimentally reconstructed real
and imaginary parts of the two-photon polarization density
matrix pg are shown in Fig. 5(d). The fidelity of the exper-
imentally reconstructed density matrix to an ideal entangled
state @ is given by F' = (®] |pg| P ). We estimate the fi-
delity as 0.88 £ 0.01. The result shows that the generated
photon pairs are sufficiently in the ®] state even after the
stimulation by the scheme in a double-pass configuration.

IV. DISCUSSION

To further increase the stimulation emission probability
of polarization-entangled photon pairs by more than four
times, we need to increase the number of times to excite the
nonlinear crystals more than three times. It is necessary to
determine how to compensate for the walk-off effect caused
by the birefringence of a nonlinear crystal for the expansion.
One solution is to use down-converted photons generated by
the type-0 phase-matching process. As shown in the previous
experiment, it is possible to generate unconditional and degen-
erated polarization-entangled photons by the phase-matching
process with high emission efficiency [16,17].

The size of a commercially available nonlinear crystal is
typically about a few centimeters squared. It is possible to
excite such crystals about ten times with the setup shown
in Fig. 1(b). Therefore, we expect to increase the emission
probability of unconditional polarization-entangled photons
by more than two orders of magnitude compared with the con-
ventional case using only typically available passive optical
components. Under the current double-pass configuration for
maximally four-times enhancement of polarization-entangled
photon pairs, we can neglect the unwanted effects from
higher-order multiphoton events (refer to Appendix A). Under
much higher multiple enhancement, higher-order multiphoton
events might increase the error rates in quantum applications

[22]. There are several proposals to moderate such unwanted
effects and to improve the signal-to-noise ratio using passive
temporal multiplexing schemes [23,24]. Although the present
visibility and entanglement fidelity is not enough for the prac-
tical level of these quantum applications, the fabrication of
waveguide structures on nonlinear crystals can improve these
values in future experiments [25].

V. SUMMARY

We proposed a scale-up scheme to stimulate polarization-
entangled photon pairs using a resonator with only passive
optical components. We theoretically showed how it is en-
hancing the stimulated emission of polarization-entangled
photons and performed a proof-of-principle experimental
demonstration of our scheme in a double-pass configuration.
Experimental results showed that the probability of generating
the polarization-entangled photon pairs is higher than that in
the conventional case, which match the theoretical expectation
with reasonable visibilities and fidelity even after the stim-
ulation process. Our theoretical proposals and experimental
results will lead to the realization of highly efficient and
bright quantum entangled photon sources required in quantum
information technologies.
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APPENDIX A: GENERAL DESCRIPTION
OF STIMULATED EMISSION

In this Appendix, we show that our scheme enhances
the probability of maximally entangled state generation by
a factor of O(N*Y) with the number of entangled photons
2M(M € N) and the number of times N that a single laser
pulse passes through the ppKTP crystal. Here, the maximally
entangled state of 2M photons is defined in Ref. [18] as

M
D (=DM — k. kik.M —k) (M e N),

1
Py = ———
i) VM +1 4

(AL)

where n.p (c=a,b; P=H,V) of the state |n.,y,nu.y;
np, npy) in Eq. (A1) represents the number of P-polarized
photons in Mode c.

Let us begin by considering the time evolution of the
system. As described in Sec. II, the total Hamiltonian of the
system can be expressed as

N1
Houw = Hew — Heew =« Z e™ (al, by, — ajbl,) + Hee.
m=0

(A2)

Here, we note that the operators Hcew and Heew are defined
by Egs. (1) and (2) of Sec. II, respectively. The Hamiltonian
in Eq. (A2) can be simplified to

Hou = kA(a},b}, — al,bl,) + H.c., (A3)
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where constant A is defined by

N-1 . ) ) 1 — ¢iNe
A=Y @ =14et ot M= o (Ad)
m=0

The time-evolution operator of H, in Eq. (A3) is given by
IN iHoutt . < AXx_ T
U(t) =exp [—Ti| = exp[—iAtL; —iA*tL_], (AS)

where we define 7 =«t/h and L, = &Ll;;r, — a;é; =1L,
Then, the output state can be expressed as Eq. (3) in Sec. II,
or, equivalently, |W,,) = U (¢)|0) with the vacuum state |0).

The probability Py y of obtaining |®,,) defined in Eq. (A1)
is given by Py ny = |(d>;4|0(t)|0) 2. To see how Py v depends
on M and N, we apply the disentangling theorem [25-27] to
the time-evolution operator in Eq. (AS), since the operators
L, and L_, together with Ly = %[L,, L], satisfy the commu-
tation relations of the special unitary algebra su(1, 1), that is,
[Lo, L+] = £Ly and [L4, L_] = —2Ly. Then, we obtain

U(t) = exp[—i(tanh |AT|)L ] exp [—2 In(cosh |AT|)L]

x exp [—i(tanh |AT|)L_], (A6)

which acts on |0) to generate | W) as

|Wout) = exp[—i(tanh |[AT|)L,]]0)

cosh? |At|

Z(—z)" tanh” |At|

- cosh2 |A7:|

x Z(—l)’m—z,l;z,n—n,

1=0

(AT)

since exp[—i(tanh |[A7|)L_]|0) = |0) and

Lo = Y(@jan + ahay + byby + byby)+ 1, (A8)
implying that exp[—2 In(cosh |AT|)L0]10) = (cosh |[Az|)~2|0).
From Egs. (A1) and (A7), we obtain

tanh?M|Az|.

Py = (@10 @)]0)]? (A9)

- cosh*|At|

Note that Eq. (A9) implicitly depends on N through A defined
in Eq. (A4).

Now, let us maximize Py y in Eq. (A9) with respect to ¢.
We define u = tanh?|At| and express Py n as a function of
u as

Puy =M + 1)(1 —uw)u™ = f(u). (A10)

The first derivative of Eq. (A10) has three zeros at u = 0, Mﬂiz .
and 1, which means that f(x#) monotonically increases in the
region u € [0, ML+2] and takes its maximum value at u = ML+2
On the other hand, u should satisfy u ~ |At|* < 31, since T,
which is given by the square root of the conversion efficiency
of the nonlinear optical crystal, is very small as T <« O(1) and
No
2
)
Sin 5

sin
|A| =

<N~ 0Q), (A1)

where the equality holds in the limit ¢ — 0. Therefore, Py x
can be approximated by

ou | SID %
Pyny=M+ Dt | ——- 7 , (A12)
Sin 5
which is maximized at ¢ = 0 to be
Pyn = (M + DINt|*, (A13)

up to the order O(|Nt|*). From Eq. (A9), P, /Py, the
ratio of the probability of detecting four entangled photons to
the probability of detecting two entangled photons, depends
on tanh? JAt|. Under the current condition of 7 <« O(1) and
|A| = N = 2, tanh? |At| is very small due to |At| < 1. There-
fore, it is not necessary to consider the effect caused by more
than two photons.

APPENDIX B: MANIPULATION OF RELATIVE
PHASE USING A HALF-WAVE PLATE

When light with wavelength A passes through a transparent
dielectric with length L and index n, the phase of the light
changes by 2mn/A. When a dielectric plate is placed with a
tilting angle o from the normal vector as shown Fig. 6, the
relation between the injection angle and the refraction angle
is given by Snell’s law as sin «/sin 8 = n. Therefore, when
the light passes through a transparent dielectric under the
configuration as shown Fig. 6, the phase of the light changes
as follows:

_2nn L 2nn2 L

BY cosﬂ A

(B1)
n? —sin®

When a HWP2 is placed with a tilting angle «, the phase
of the input light is given by the same relation. When the
pump light with wavelength A, and down-converted photon
pairs with wavelengths A, and X; are simultaneously injected
into HWP?2, the phases of these wavelengths ¢;, ¢;, and ¢,
change as follows:

Znnx

,/nx—sm o

Here ny, n;, and n, are the refractive indices for the light
with wavelengths A, A;, and A,, respectively. The relative

¢x = X =p,s,0). (B2)

A

5/ ”\\

/ y

FIG. 6. Schematic of our relative phase modulation by a HWP
constructed with a thin birefringent material layer sandwiched by
N-BK7 glass plates with a tilting angle.
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phase change caused by the dispersion between the inputs
is given as A¢ = ¢, — ¢, — ¢;. The relation 1/A, = 1/A; +
1/1; is given by the energy conservation law. When the down-
converted photons are generated under degenerated condition,
the relation between the wavelengths are given as 21, = A, =
A;. Therefore, the relation between A¢ and o becomes

Ap = — s . (B3)

In our experiment, the down-converted photons are gen-
erated under the degenerated condition with the wavelength
of the pump light A, =405 nm. HWP2 is composed of a
few micrometer-order thin birefringent material layer. N-BK7
glass plates of a few-millimeter-order thickness sandwich the
birefringent material layer. Therefore, the refractive indices
of N-BK7 glass practically determine the dispersion effects
for the input lights. We used refractive indices of n, ~ 1.53,
ng ~ 1.51, and L ~ 3 mm for the fitting of data shown in
Fig. 4.
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