
Searching for new particles    
with nonlinear optics
with Juan Estrada, Dario Rodriguez, and Matias Senger.   
  

arxiv: 2012.04707

FERMILAB-PUB-20-620-E-QIS-T

Ghost Imaging of Dark Particles

J. Estrada ,1 R. Harnik ,1 D. Rodrigues ,2, 1 and M. Senger 2, 3

1Fermi National Accelerator Laboratory, PO Box 500, Batavia IL, 60510, USA
2Department of Physics, FCEN, University of Buenos Aires and IFIBA, CONICET, Buenos Aires, Argentina

3Physik-Institut der Universität Zürich
(Dated: October 31, 2020)

We propose a new way to use optical tools from quantum imaging and quantum communication
to search for physics beyond the standard model. Spontaneous parametric down conversion (SPDC)
is a commonly used source of entangled photons in which pump photons convert to a signal-idler
pair. We propose to search for “dark SPDC” (dSPDC) events in which a new dark sector particle
replaces the idler. Though it does not interact, the presence of a dark particle can be inferred by
the properties of the signal photon. Examples of dark states include axion-like-particles and dark
photons. We show that the presence of an optical medium opens the phase space of the down-
conversion process, or decay, which would be forbidden in vacuum. Search schemes are proposed
which employ optical imaging and/or spectroscopy of the signal photons. The signal rates in our
proposal scales with the second power of the feeble coupling to new physics, as opposed to light-
shining-through-wall experiments whose signal scales with coupling to the fourth. We analyze the
characteristics of optical media needed to enhance dSPDC and estimate the rate. A bench-top
demonstration of a high resolution ghost imaging measurement is performed employing a Skipper-
CCD to demonstrate its utility in a dSPDC search.

I. INTRODUCTION

Nonlinear optics is a powerful new tool for quantum
information science. Among its many uses, it plays an
enabling role in the areas of quantum networks and
teleportation of quantum states as well as in quantum
imaging. In quantum teleportation [1–4] the state of
a distant quantum system, Alice, can be inferred with-
out directly interacting with it, but rather by allowing
it to interact with one of the photons in an entangled
pair. The coherence of these optical systems has re-
cently allowed teleportation over a large distance [5].
Quantum ghost imaging, or “interaction-free” imag-
ing [6], is used to discern (usually classical) informa-
tion about an object without direct interaction. This
technique exploits the relationship among the emis-
sion angles of a correlated photon pair to create an
image with high angular resolution without placing
the subject Alice in front of a high resolution detec-
tor or allowing it to interact with intense light. These
methods of teleportation and imaging rely on the pro-
duction of signal photons in association with an idler
pair which is entangled (or at least correlated) in its
direction, frequency, and sometimes polarization.

Quantum ghost imaging and teleportation both dif-
fer parametrically from standard forms of information
transfer. This is because a system is probed, not by
sending information to it and receiving information
back, but rather by sending it half of an EPR pair,
without need for a “response”. The di�erence is par-
ticularly apparent if Alice is an extremely weekly cou-
pled system, say she is part of a dark sector, with a
coupling ‘ to photons. The rate of information flow
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Figure 1: Pictorial representation of the dSPDC process.
A dark particle Ï is emitted in association with a signal
photon. The presence of Ï can be inferred from the
distribution of the signal photon in angle and/or
frequency. We consider both the colinear (◊s = 0) and
non-colinear (◊s ”= 0) cases.

in capturing an image of Alice will occur at a rate
Ã ‘4 with standard methods, but at a rate Ã ‘2 using
quantum optical methods.

A common method for generating entangled photon
pairs is the nonlinear optics process known as sponta-
neous parametric down conversion (SPDC). In SPDC
a pump photon decays, or down-converts, within a
nonlinear optical medium into two other photons, a
signal and an idler. The presence of the SPDC idler
can be inferred by the detection of the signal [7].

In this work we propose to use quantum imag-
ing and quantum communication tools to perform an
interaction-free search for the emission of new parti-
cles beyond the standard model. The new tool we
present is dark SPDC, or dSPDC, an example sketch
of which is shown in Figure 1. A pump photon enters
an optical medium and down-converts to a signal pho-
ton and a dark particle, which can have a small mass,
and does not interact with the optical medium. Like
SPDC, in dSPDC the presence of a dark state can
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Figure 11: Average of 400 images with 200 s exposure
each to the SPDC photons each using the setup depicted
in Figure 9. The angular coordinates ◊ and „ are
indicated in the figure. The blue dashed line was used to
extract the data profile shown in Figure 12.

Figure 12: Experimental intensity profile for the SPDC
ring along the blue dashed line in Figure 11 compared
with theoretical distribution. The y axis scale is the
number of electrons in each pixel of the CCD detector
obtained via the absolute Skipper-CCD calibration
described.

So, to be specific, the plot in Figure 12 uses as model
the intensity profile given by

Imodel (◊) = I0

ˆ
d2�̂

d(cos ◊s)d–Ê
F (–Ê)d–Ê + I1

where I0 and I1 are real numbers fitted, d2�̂
d(cos ◊s)d–Ê

is given by Equation (27) and F (–Ê) is the transmit-
tance of the filters as provided by the manufacturers,
which is a sharp peaked function centered at 810 nm
with a pass band of 10 nm width.

For the parameters of the distribution �̂, we used:

• 405 nm for the pump wavelength as provided by
the manufacturer of the laser,

• the refractive indices for the BBO crystal were
taken from https://refractiveindex.info/ 4

4
The extraordinary refractive index was taken from https:

//refractiveindex.info/?shelf=main&book=BaB2O4&page=

• and the crystal length was assumed to be L =
1.14 mm after fine tuning 5.

We had to perform a fine tuning of ns ≠ np too (since
signal and idler have the same frequency and angle
then ns = ni). The model is very sensitive to this
di�erence, and this quantity depends on factors such
as the temperature of the BBO and its precise orien-
tation in space, which were not measured. So it is
not surprising that we had to perform this fine tun-
ing on ns ≠np. The final values used for the refractive
indices were np ¥ 1.66082 and ns = ni ¥ 1.66107. Al-
though this fine tuning had to be done, all parameters
are very well within expected values.

As seen both in Figures 11 and 12 the phase space
factor, studied in previous sections, is the dominant
modulation in the distribution of photons for the
SPDC process in our setup. Even though there is
a non negligible background component, it is evident
the dependence I ≥ sinc2 !

◊2"
for small values of ◊

predicted by Equation (27).

VII. DISCUSSION

We have presented a new method to search for new
light and feebly coupled particles, such as axion-like
particles and dark photons. The dSPDC process al-
lows to tag the production of a dark state as a pump
photon down-converts to a signal photon and a “dark
idler” Ï, in close analogy to SPDC. We have shown
that the presence of indices of refraction that are dif-
ferent than 1 open the phase space for the decay, or
down conversion, of the massless photon to the signal
plus the dark particle, even if Ï has a mass. This type
of search has a parametric advantage over light shining
through wall setups since it only requires producing
the axion or dark photon, without a need to detect it
again. Precise sensitivity calculations for dSPDC with
Dark Photon and Axion cases that can be achieved
through this method are ongoing [16].

The commonplace use of optics in telecommunica-
tions, imaging and in quantum information science,
as well as the development of advanced detectors,
can thus be harnessed to search for dark sector parti-
cles. Increasing dSPDC signal rates will require high
laser power, long optical elements. Enhancing the sig-
nal and suppressing SPDC backgrounds also requires
identifying the right optical media for the search. Ax-
ion searches would benefit from optically linear and
birefringent materials, with greater birefringence al-
lowing to search for higher axion masses. Searches

Tamosauskas-e (TamoÂöauskas et al., 2018) and the ordi-

nary refractive index from https://refractiveindex.info/

?shelf=main&book=BaB2O4&page=Eimerl-o (Eimerl et al.,

1987).
5

It was not possible to obtain precise information of the dimen-

sions of the crystal from the manufacturer. Furthermore, the

length of the crystal is not easy to measure with our current

implementation without breaking the SPDC source shown in

Figure 10. So we decided to use a “reasonable value” and fine

tune it.
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Figure 2: Left: The allowed phase space for SPDC (black), dSPDC with m = 0 (red), and dSPDC with m = 0.1Êp

(blue) shown as in the plane of signal emission angle as a function of frequency ratio –Ê. The indices of refraction here
are np = 1.658 and ns = 1.486 as an example, inspired by calcite. The inset shows a zoom-in of the dSPDC phase space.
Right: Sketches depicting the momentum phase matching condition �k = 0 for SPDC and dSPDC, with massless Ï. In
both cases we take the same Êp and Ês. Due to the index of refraction for Ï is essentially one, and that for the idler
photon is larger (say ≥ 1.5), phase matching in dSPDC has a smaller signal emission angle than that of SPDC.
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Waveguide phase matching:

Figure 3: Solutions to the phase matching conditions for
the colinear dark SPDC process for the signal photon
energy as a function of the dark particle Ï mass. This
phase space is relevant for waveguide-based experiments.
Both axes are normalized to the pump frequency. The
two branches correspond to configurations in which Ï is
emitted forward (bottom) and backward (top).

One can trivially perform the integral over the d3ki

which will e�ectively enforce Equation (20) for trans-
verse momentum conservation, and set |ki| by conser-
vation of energy. The argument of the sinc function
is

�kz = kp ≠ ks cos ◊s ≠ ki cos ◊i (26)

= Êp

3
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4

where in the second step we have used Equation (20)
and the definitions of –Ê and � in Equations (18)
and (19). The ± accounts for the idler or dark particle
being emitted in the forward and backward direction
respectively.

It is convenient to re-express the remaining three-dimensional phase space for (d)SPDC in terms of the
signal emission angles ◊s and „s, and the signal frequency (or equivalently –Ê). Within our assumptions, the
distribution in „s is flat. With respect to the polar angle and frequency we find

d2�̂
d(cos ◊s)d–Ê

=
2fiÊ3

p–2
Ê (1 ≠ –Ê) n3

sñ2
i

�2 ≠ –2
Ên2

s sin2 ◊s

ÿ

±
L2sinc2

53
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4
ÊpL

2

6
(27)

where

ñi
def=

;
ni for SPDC
1 for dSPDC

. (28)

In Figure 4 we show the double di�erential distri-

4

where frequency and momentum mismatch are defined
as

;�Ê = Êp ≠ Ês ≠ Êi

�k = kp ≠ ks ≠ ki
, (9)

and again, the label i can describe either an idler pho-
ton or a dark particle Ï. In Equation (9), we sepa-
rated momentum and energy conserving delta func-
tions to pay homage to the optical systems which will
be the subject of upcoming discussion. The squared
amplitude |M|

2, and hence the rate, is proportional
to a single power of the energy-momentum conserv-
ing delta function times a space-time volume factor,
which is absorbed for canonically normalized states
(see e.g. [29]), giving Equation (6).

The message from this is that energy and mo-
mentum conservation, which are a consequence of
Neother’s theorem and space-time translation sym-
metry, is enforced in quantum field theory by perfect
destructive interference whenever there is a non-zero
mismatch in the momentum or energy of initial and
final states. In this sense, the term “phase matching”
captures the particle physicist’s notion of energy and
momentum conservation well.

The dSPDC process shown in Figure 1 is a massless
pump photon decaying to a signal photon plus a mas-
sive particle Ï. This process clearly cannot occur in
vacuum. For example, if we go to the rest frame of Ï,
and define all quantities in this frame with a tilde ,̃ the
conservation of momentum implies k̃p = k̃s, while the
conservation of energy implies Ễp = Ễs + m. Combin-
ing these with the dispersion relation for a photon in
vacuum Ễp,s = |k̃p,s|, implies that energy and momen-
tum conservation cannot be satisfied and the process
is kinematically forbidden. Another way to view this
is to recall that the energy-momentum four-vector for
the initial state (a photon) lies on a light cone i.e. it
is a null four-vector, pµpµ = 0, while the final state
cannot accomplish this since there is a nonzero mass.

In this work we show that optical systems will allow
us to open phase space for dSPDC. When a photon is
inside an optical medium a di�erent dispersion rela-
tion holds,

ñpỄp = |k̃p| and ñsỄs = |k̃s| (10)

where ñp and ñs are indices of refraction of photons
in the medium in the Ï rest frame, which can be dif-
ferent for pump and signal. As we will see later on,
under these conditions the conclusion that p æ s + Ï
is kinematically forbidden can be evaded.

Another e�ect that occurs in optical systems, but
not in decays in particle physics, is the breaking of
spatial translation invariance by the finite extent of
the optical medium. This allows for violation of mo-
mentum conservation along the directions in which the
medium is finite. As a result, the sharp momentum
conserving delta function will become a peaked distri-
bution of width L≠1, where L is the crystal size. We
will begin by solving the exact phase matching condi-
tions in SPDC and dSPDC in the following subsection,
which correspond to the phase space distributions for
an infinitely large crystal. Next, we will move on to
the case in which the optical medium is finite.

B. Phase Matching in dSPDC

We now study the phase space for dSPDC to iden-
tify the correlations between the emission angle and
the frequency of the signal photon. We will consider
in parallel the SPDC process as well, so in the end
we arrive to both results. We assume in this subsec-
tion an optical medium with an infinite extent, such
that the delta-functions enforce energy and momen-
tum conservation.

The phase matching conditions �Ê = 0 and �k = 0
—that must be strictly satisfied in the infinite extent
optical medium scenario— imply

;
Êp = Ês + Êi

kp = ks + ki
. (11)

Using the k’s decomposition shown in Figure 1 the sec-
ond equation can be expanded in coordinates parallel
and perpendicular to the pump propagation direction

;
kp = ks cos ◊s + ki cos ◊i

0 = ks sin ◊s ≠ ki sin ◊i
(12)

where the angles ◊s and ◊i are those indicated in the
cited figure. Since this process is happening in a mate-
rial medium, the photon dispersion relation is k = nÊ
where n is the refractive index. The refractive index
is in general a function of frequency, polarization, and
the direction of propagation, and can thus be di�erent
for pump, signal, and idler photons. For dSPDC, in
which the Ï particle is massive and weekly interacting
with matter the dispersion relation is the same as in
vacuum,

kÏ =
Ò

Ê2
Ï ≠ m2

Ï. (13)

Thus we can explicitly write the dispersion relation
for each particle in this process:

kp = npÊp, (14)
ks = nsÊs (15)

and

ki =

Y
]

[

niÊi for SPDC
Ò

Ê2
i ≠ m2

Ï for dSPDC
. (16)

where, again, the label “i” refers to an idler photon
for SPDC and to the dark field Ï for dSPDC. Note
that ki for SPDC not only has m = 0 but also takes
into account the “strong (electromagnetic) coupling”
with matter summarized by the refractive index ni.
As a result, for SPDC we always have ki > Êi while
for dSPDC ki < Êi. Replacing these dispersion rela-
tions into (12) and using the first equation in (11) we
obtain the phase matching relation of signal angle and
frequency

cos ◊s =
n2

p + –2
Ên2

s ≠ �2

2–Ênpns
(17)

where we define

–Ê
def= Ês

Êp
(18)
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which can be written in the scalar form of Equation (2)
with the pump and signal photons chosen to have or-
thogonal polarization. The coupling gÏ in this case
is the usual axion-photon coupling ≥ 1/fa. ALPs
are naturally light thanks to a spontaneously broken
global symmetry at a scale fa.

Since we will not perform a detailed analysis of
backgrounds and feasibility here, we will describe ex-
isting limits on ALPs qualitatively and refer readers
to limit plots in [8, 20]. In this work we will con-
sider searches that can probe ALPs with a mass of
order 0.1 eV or lower. Existing limits in this mass
range come from stellar and supernova dynamics[21],
as well as from the CAST Heiloscope [22], which re-
quire gÏ . 10≠10 GeV≠1. For comparison with our se-
tups, we will also consider limits that are entirely lab-
based, which are much weaker. At ≥ 0.1 eV ALP cou-
pling of order 10≠6 GeV≠1 are allowed by all lab-based
searches. For axion masses around 10≠3

≠10≠2 eV the
PVLAS search[23] for magnetic birefringence places a
limit of gÏ . 10≠7

≠ 10≠6 GeV≠1. Bellow masses of
an meV, LSW experiments such as OSQAR [24] and
ALPS [25] set gÏ . 6 ◊ 10≠8. A large scale LSW fa-
cility, ALPS II [26], is proposed in order to improve
upon astrophysical limits and CAST.

B. Dark photons

A new U(1) gauge field, AÕ, with mass mAÕ that
mixes kinetically with the photon via the Hamiltonian

Hmix = ‘F µ‹F Õ
µ‹ = ‘

1
Ę · ĘÕ + B̨ · B̨Õ

2
. (4)

It is possible to write the dark photon interaction in
a basis in which any electromagnetic current couples
to longitudinally polarized dark photons with an ef-
fective coupling of ‘(mAÕ/ÊAÕ) and to transversely po-
larized dark photons with ‘(mAÕ/ÊAÕ)2 [27, 28]. The
same dynamics that leads to the nonlinear Hamilto-
nian HSPDC, will yield an e�ective coupling of two
photons to a dark photon as in Equation (2) with Ï
representing a dark photon polarization state. For
longitudinal polarization of the dark photon this can
be brought to the form of equation (2) with gÏ =
‘‰(2)mÏ. The coupling to transverse dark photons
will be suppressed by an additional factor of mÏ/ÊÏ.

Like axions, limits on dark photons come from
astrophysical systems, such as energy loss in the
Sun [27], as well as the lack of a detection of dark
photons emitted by the Sun in dark matter direct de-
tection experiments [28]. At a dark photon mass of or-
der 0.1 eV, the limit on the kinetic mixing is ‘ . 10≠10

with the limit becoming weaker linearly as the dark
photon mass decreases. Among purely lab-based ex-
periments, ALPS sets a limit of ‘ . 3 ◊ 10≠7. In
forthcoming sections of this work we will use these
limits as benchmarks.

In addition to ALPs and dark photons, one can con-
sider other new dark particles that are su�ciently
light and couples to photons. Examples include mil-
licharged particle, which can be produced in pairs in

association with a signal photon. We leave these gen-
eralizations for future work and proceed to discuss the
phase space for dSPDC in a model-independent way.

III. PHASE SPACE OF DARK SPDC

As stated above, the e�ective energy and momen-
tum conservation rules in nonlinear optics are known
as “phase matching conditions”. We begin by review-
ing their origin to make the connection with energy
and momentum conservation in particle physics and
then proceed to solve them for SPDC and dSPDC, to
understand the phase space for these processes.

A. Phase matching and particle decay

We begin with a discussion of the phase space in
a two-body decay, or spontaneous down-conversion.
We use particle physics language, but will label the
particles as is usual in the nonlinear optics systems
which we will be discussing from the onset. A pump
particle p decays into a signal particle s and another
particle, either an idler photon i or a dark particle Ï:

SPDC: “p æ “s + “i

dSPDC: “p æ “s + Ï . (5)
We would like to discuss the kinematics of the stan-
dard model SPDC process, and the BSM dSPDC pro-
cess together, to compare and contrast. For this, in
the discussion below we will use the idler label i to
represent the idler photon in the SPDC case, and Ï in
the dSPDC case. Hence ki and ◊i are the momentum
and emission angle of either the idler photon or of Ï,
depending on the process.

The di�erential decay rate in the laboratory frame
is given by [20]

d�
d3ksd3ki

= ”4 (ppµ ≠ psµ ≠ piµ)
(2fi)2 2Êp 2Ês 2Êi

|M|
2 (6)

where M is the amplitude for the process (which
carries a mass dimension of +1), and the energy-
momentum four-vectors

pjµ =
3

Êj

kj

4
(7)

with j = p, s, i. Traditionally, one proceeds by inte-
grating over four degrees of freedom within the six di-
mensional phase space, leaving a di�erential rate with
respect to the two dimensional phase space. This is
often chosen a solid angle for the decay d�, but in our
case there will be non-trivial correlations of frequency
and angle as we will see in the next subsection.

It is instructive, however, for our purpose to take a
step back and recall how the energy-momentum con-
serving ”-functions come about. In calculating the
quantum amplitude for the transition, the fields in
the initial and final states are expanded in modes.
The plane-wave phases ei(Êt≠k·x) are collected from
each and a spacetime integral is performedˆ

d4x ei(�Êt≠�k·x) = (2fi)4 ”(3)(�k) ”(�Ê) , (8)
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where frequency and momentum mismatch are defined
as

;�Ê = Êp ≠ Ês ≠ Êi

�k = kp ≠ ks ≠ ki
, (9)

and again, the label i can describe either an idler pho-
ton or a dark particle Ï. In Equation (9), we sepa-
rated momentum and energy conserving delta func-
tions to pay homage to the optical systems which will
be the subject of upcoming discussion. The squared
amplitude |M|

2, and hence the rate, is proportional
to a single power of the energy-momentum conserv-
ing delta function times a space-time volume factor,
which is absorbed for canonically normalized states
(see e.g. [29]), giving Equation (6).

The message from this is that energy and mo-
mentum conservation, which are a consequence of
Neother’s theorem and space-time translation sym-
metry, is enforced in quantum field theory by perfect
destructive interference whenever there is a non-zero
mismatch in the momentum or energy of initial and
final states. In this sense, the term “phase matching”
captures the particle physicist’s notion of energy and
momentum conservation well.

The dSPDC process shown in Figure 1 is a massless
pump photon decaying to a signal photon plus a mas-
sive particle Ï. This process clearly cannot occur in
vacuum. For example, if we go to the rest frame of Ï,
and define all quantities in this frame with a tilde ,̃ the
conservation of momentum implies k̃p = k̃s, while the
conservation of energy implies Ễp = Ễs + m. Combin-
ing these with the dispersion relation for a photon in
vacuum Ễp,s = |k̃p,s|, implies that energy and momen-
tum conservation cannot be satisfied and the process
is kinematically forbidden. Another way to view this
is to recall that the energy-momentum four-vector for
the initial state (a photon) lies on a light cone i.e. it
is a null four-vector, pµpµ = 0, while the final state
cannot accomplish this since there is a nonzero mass.

In this work we show that optical systems will allow
us to open phase space for dSPDC. When a photon is
inside an optical medium a di�erent dispersion rela-
tion holds,

ñpỄp = |k̃p| and ñsỄs = |k̃s| (10)

where ñp and ñs are indices of refraction of photons
in the medium in the Ï rest frame, which can be dif-
ferent for pump and signal. As we will see later on,
under these conditions the conclusion that p æ s + Ï
is kinematically forbidden can be evaded.

Another e�ect that occurs in optical systems, but
not in decays in particle physics, is the breaking of
spatial translation invariance by the finite extent of
the optical medium. This allows for violation of mo-
mentum conservation along the directions in which the
medium is finite. As a result, the sharp momentum
conserving delta function will become a peaked distri-
bution of width L≠1, where L is the crystal size. We
will begin by solving the exact phase matching condi-
tions in SPDC and dSPDC in the following subsection,
which correspond to the phase space distributions for
an infinitely large crystal. Next, we will move on to
the case in which the optical medium is finite.

B. Phase Matching in dSPDC

We now study the phase space for dSPDC to iden-
tify the correlations between the emission angle and
the frequency of the signal photon. We will consider
in parallel the SPDC process as well, so in the end
we arrive to both results. We assume in this subsec-
tion an optical medium with an infinite extent, such
that the delta-functions enforce energy and momen-
tum conservation.

The phase matching conditions �Ê = 0 and �k = 0
—that must be strictly satisfied in the infinite extent
optical medium scenario— imply

;
Êp = Ês + Êi

kp = ks + ki
. (11)

Using the k’s decomposition shown in Figure 1 the sec-
ond equation can be expanded in coordinates parallel
and perpendicular to the pump propagation direction

;
kp = ks cos ◊s + ki cos ◊i

0 = ks sin ◊s ≠ ki sin ◊i
(12)

where the angles ◊s and ◊i are those indicated in the
cited figure. Since this process is happening in a mate-
rial medium, the photon dispersion relation is k = nÊ
where n is the refractive index. The refractive index
is in general a function of frequency, polarization, and
the direction of propagation, and can thus be di�erent
for pump, signal, and idler photons. For dSPDC, in
which the Ï particle is massive and weekly interacting
with matter the dispersion relation is the same as in
vacuum,

kÏ =
Ò

Ê2
Ï ≠ m2

Ï. (13)

Thus we can explicitly write the dispersion relation
for each particle in this process:

kp = npÊp, (14)
ks = nsÊs (15)

and

ki =

Y
]

[

niÊi for SPDC
Ò

Ê2
i ≠ m2

Ï for dSPDC
. (16)

where, again, the label “i” refers to an idler photon
for SPDC and to the dark field Ï for dSPDC. Note
that ki for SPDC not only has m = 0 but also takes
into account the “strong (electromagnetic) coupling”
with matter summarized by the refractive index ni.
As a result, for SPDC we always have ki > Êi while
for dSPDC ki < Êi. Replacing these dispersion rela-
tions into (12) and using the first equation in (11) we
obtain the phase matching relation of signal angle and
frequency

cos ◊s =
n2

p + –2
Ên2

s ≠ �2

2–Ênpns
(17)

where we define

–Ê
def= Ês

Êp
(18)
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be inferred by the angle and frequency distribution of
the signal photon that was produced in association.
The dSPDC process can occur either collinearly, with
◊s = ◊i = 0, or as shown in the sketch, in a non-
colinear way.

The new dark particles which we propose to search
for, low in mass and feebly interacting, are simple ex-
tensions of the standard model (SM). Among the most
well motivated are axions, or axion-like-particles, and
dark photons (see [8] for a review). Since these par-
ticles interact with SM photons, optical experiments
provide an opportunity to search for them. A canon-
ical setup is light-shining-through-wall (LSW) which
set interesting limits on axions and dark photons us-
ing optical cavities [9]. In optical LSW experiments
a laser photon converts to an axion or dark photon,
enabling it to penetrate an opaque barrier. For detec-
tion, however, the dark state must convert back to a
photon and interact, which is a rare occurrence. As
a result, the signal rate in LSW scales as ‘4, where
‘ is a small coupling to dark states. This motivates
the interaction-free approach of dSPDC, in which the
dark state is produced but does not interact again,
yielding a rate Ã ‘2.

From the perspective of particle physics, dSPDC,
and also SPDC, may sound unusual1. In dSPDC,
for example, a massless photon is decaying to another
massless photon plus a massive particle. In the lan-
guage of particle physics this would be a kinematically
forbidden transition. The process, if it were to hap-
pen in vacuum, violates energy and momentum con-
servation and thus has no available phase space. In
this paper we show how optics enables us to perform
“engineering in phase space” and open kinematics to
otherwise forbidden channels. This, in turn, allows to
design setups in which the dSPDC process is allowed
and can be used to search for dark particles.

Broadly speaking, the search strategies we propose
may be classified as employing either imaging or spec-
troscopic tools, though methods employing both of
these are also possible. In the first, the angular dis-
tribution of signal photons are measured, and in the
second, the energy distribution is observed. For an
imaging based search, a high angular resolution is re-
quired, while the spectroscopic approach requires high
frequency resolution. The later has the benefit that
dSPDC can be implemented in a waveguide which will
enhance its rate for long optical elements [15, 16].

We present the basic ideas and formalism behind
this method, and focus on the phase space for dSPDC.
We compare the phase space distributions of SPDC
to dSPDC and discuss factors which may enhance the
rate of dSPDC processes. To estimate the dSPDC
rates in this work we re-scale known SPDC results.
In a companion paper [16] we will derive the dSPDC
rate more carefully, focusing on the spectroscopic ap-
proach and on colinear dSPDC in bulk crystals and
waveguides.

1
Searches for missing energy and momentum are a common-

place tool in the search for new physics at colliders [10–14].

However, the dSPDC kinematics are distinct as we show.

In this work we also present a proof-of-concept ex-
periment using a quantum imaging setup with a Skip-
per CCD [17]. The high resolution is shown to pro-
duce a high resolution and low noise angular image of
an SPDC pattern. Such a detector may be employed
both in imaging and spectroscopic dSPDC setups.

This paper is structured as follows. In Section II
we review axion-like particles and dark photons and
present their Hamiltonians in the manner they are
usually treated in nonlinear optics. In Section III
we discuss energy and momentum conservation, which
are called phase matching conditions in nonlinear op-
tics, and the phase space for dSPDC. The usual con-
servation rules will hold exactly in a thought experi-
ment of an infinite optical medium. In Section III C
we discuss how the finite size of the optical medium
broadens the phase space distribution and plot it as a
function of the signal photon angle and energy. In Sec-
tion IV we discuss the choice of optical materials that
allow for the dSPDC phase matching to enhance its
rates and to suppress or eliminate SPDC backgrounds.
In Section V we discuss the rates for dSPDC and its
scaling with the geometry of the experiment, showing
potential promising results for collinear waveguide se-
tups with long optical elements. In Section VI, we
present an experimental proof-of-concept in which a
Skipper CCD is used to image an SPDC pattern with
high resolution. We discuss future directions and con-
clude in Section VII.

II. THE DARK SPDC HAMILTONIAN

The SPDC process can be derived from an e�ective
nonlinear optics Hamiltonian of the form [18, 19]

HSPDC = ‰(2)EiEsEp (1)

where Ej is the electric field for pump, signal, and
idler photons and j = p, s, i respectively. We adopt
the standard notation in nonlinear optics literature in
which the vector nature of the field is implicit. Thus
the pump, signal and idler can each be of a particular
polarization and ‰(2) represents the coupling between
the corresponding choices of polarization.

We now consider the dark SPDC Hamiltonian

HdSPDC = gÏ ÏEsEp (2)

in which a pump and signal photon couple to a new
field Ï which has a mass mÏ. The e�ective coupling
gÏ, depends on the model and can depend on the fre-
quencies in the process, the polarizations and the di-
rections of outgoing particles. This type of term arises
in well motivated dark sector models including axion-
like particles and dark photons.

A. Axion-like particles

Axion-like particles, also known as ALPs, are light
pesudoscalar particles that couple to photons via a
term

Haxion = gÏ ÏĘ · B̨ , (3)
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Figure 2: Left: The allowed phase space for SPDC (black), dSPDC with m = 0 (red), and dSPDC with m = 0.1Êp

(blue) shown as in the plane of signal emission angle as a function of frequency ratio –Ê. The indices of refraction here
are np = 1.658 and ns = 1.486 as an example, inspired by calcite. The inset shows a zoom-in of the dSPDC phase space.
Right: Sketches depicting the momentum phase matching condition �k = 0 for SPDC and dSPDC, with massless Ï. In
both cases we take the same Êp and Ês. Due to the index of refraction for Ï is essentially one, and that for the idler
photon is larger (say ≥ 1.5), phase matching in dSPDC has a smaller signal emission angle than that of SPDC.
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Waveguide phase matching:

Figure 3: Solutions to the phase matching conditions for
the colinear dark SPDC process for the signal photon
energy as a function of the dark particle Ï mass. This
phase space is relevant for waveguide-based experiments.
Both axes are normalized to the pump frequency. The
two branches correspond to configurations in which Ï is
emitted forward (bottom) and backward (top).

One can trivially perform the integral over the d3ki

which will e�ectively enforce Equation (20) for trans-
verse momentum conservation, and set |ki| by conser-
vation of energy. The argument of the sinc function
is

�kz = kp ≠ ks cos ◊s ≠ ki cos ◊i (26)

= Êp

3
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4

where in the second step we have used Equation (20)
and the definitions of –Ê and � in Equations (18)
and (19). The ± accounts for the idler or dark particle
being emitted in the forward and backward direction
respectively.

It is convenient to re-express the remaining three-dimensional phase space for (d)SPDC in terms of the
signal emission angles ◊s and „s, and the signal frequency (or equivalently –Ê). Within our assumptions, the
distribution in „s is flat. With respect to the polar angle and frequency we find

d2�̂
d(cos ◊s)d–Ê

=
2fiÊ3

p–2
Ê (1 ≠ –Ê) n3

sñ2
i

�2 ≠ –2
Ên2

s sin2 ◊s

ÿ

±
L2sinc2

53
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4
ÊpL

2

6
(27)

where

ñi
def=

;
ni for SPDC
1 for dSPDC

. (28)

In Figure 4 we show the double di�erential distri-
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and

� def= ki

Êp
=

Y
_]

_[

ni (1 ≠ –Ê) for SPDC
Û

(1 ≠ –Ê)2
≠

m2
Ï

Ê2
p

for dSPDC
. (19)

Equation (17) defines the phase space for (d)SPDC,
along with the azimuthal angle „s. The idler angle, or
that of the dark particle in the dSPDC case, is fixed in
terms of the signal angle and frequency by requiring
conservation of transverse momentum

sin ◊i = ks

ki
sin ◊s

„i = „s + fi (20)

where ki is evaluated at a frequency of Êi = Êp ≠ Ês,
and ks at the frequency Ês according to the dispersion
relation in Equations (15) and (16).

In the left panel of Figure 2 we show the allowed
phase space in the –Ê-◊s plane for SPDC and for
dSPDC with both a massless and massive Ï. Here
we have chosen np = 1.486, ns = 1.658 with ni = ns

in the SPDC case. These values were chosen to be
constant with frequency and propagation direction,
for simplicity and are inspired by the ordinary and
extraordinary refractive indices in calcite and will be
used as a benchmark in some of the examples below.

We see that phase matching is achieved in di�erent
regions of phase space for SPDC and its dark counter-
part. In dSPDC, signal emission angles are restricted
to near the forward region and in a limited range of
signal frequencies. The need for more forward emis-
sion in dSPDC can be understood because Ï e�ec-
tively sees an index of refraction of 1. This implies
it can carry less momentum for a given frequency, as
compared to a photon which obeys k = nÊ. As a
result, the signal photon must point nearly parallel
to the pump, in order to conserve momentum (see
Figure 2, right). An additional di�erence to notice
is that, in contrast with the SPDC example shown,
for a fixed signal emission angle there are two di�er-
ent signal frequencies that satisfy the phase matching
in dSPDC. This will always be the case for dSPDC.
Although SPDC can be of this form as well, typical re-
fractive indices usually favor single solutions as shown
for calcite.

1. Phase matching for colinear dSPDC

One case of particular interest is that of colinear
dSPDC, in which the emission angle is zero, as would
occur in a single-mode fiber or a waveguide. For this
case, so long as ns > np, an axion mass below some
threshold can be probed. Setting the emission angles
to zero there are two solutions to the phase matching
equations which give signal photon energies of

–Ê =
(nsnp ≠ 1) ±

Ú
(ns ≠ np)2

≠ (n2
s ≠ 1) m2

Ï

Ê2
p

n2
s ≠ 1 .

(21)

The + solution above corresponds to the case where
the Ï particle is emitted in the forward direction
whereas the ≠ represents the case where it is emit-
ted backwards. The signal frequency as a function
of Ï mass is shown in Figure 3 for the calcite bench-
mark. For the near-massless case, mÏ π Êp, a phase
matching solution exists for ns Ø np, giving

Ês

Êp
= np û 1

ns û 1 . (22)

For calcite, we get Ês = 0.739Êp and Ês = 0.935Êp for
forward and backward emitted axions respectively.

Of course, not any combination of np and ns will
allow to achieve phase matching in dSPDC. We will
state here that ns > np is a requirement for phase
matching to be possible for a massless Ï and that ns ≠

np must grow as mÏ grows. We will discuss these and
other requirements for dSPDC searches in Section IV.

C. Thin planar layer of optical medium

We now consider the e�ects of a finite crystal.
Specifically, we will assume that the optical medium
is a planar thin layer2 of optical material of length L
along the pump propagation direction ẑ, and is infinite
in transverse directions. In this case, the integral in
Equation (8) is performed only over a finite range and
the delta function is replaced by a sinc x © sin x/x
function

ˆ L/2

≠L/2
dz ei�kzz = L sinc

3
�kzL

2

4
(23)

at the level of the amplitude. As advertised, this al-
lows for momentum non-conservation with a charac-
teristic width of order L≠1.

The fully di�erential rate will be proportional to the
squared sinc function

d�
d3kpd3ki

Ã L2sinc2
3

�kzL

2

4
”2(�kT )”(�Ê)(24)

©
d�̂

d3kpd3ki
(25)

where �kT is the momentum mismatch vector in the
transverse directions. The constant of proportional-
ity in Equation (24) will have frequency normalization
factors of the form (2Ê)≠1 and the matrix element M.
The matrix element can also have non trivial angular
dependence in ◊ as well as in „, depending on the
model and the optical medium properties. Note, how-
ever, that the current analysis for the phase space is
model independent. We thus postpone the discussion
of overall rates to Section V and to [16] and here we
limit the study to the phase space distribution only.
We will proceed with the defined phase space distri-
bution d�̂ in Equation (25), which we will now study.

2
The meaning of what constitutes the thin crystal layer limit

in our context will be discussed in Section V.
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Figure 2: Left: The allowed phase space for SPDC (black), dSPDC with m = 0 (red), and dSPDC with m = 0.1Êp

(blue) shown as in the plane of signal emission angle as a function of frequency ratio –Ê. The indices of refraction here
are np = 1.658 and ns = 1.486 as an example, inspired by calcite. The inset shows a zoom-in of the dSPDC phase space.
Right: Sketches depicting the momentum phase matching condition �k = 0 for SPDC and dSPDC, with massless Ï. In
both cases we take the same Êp and Ês. Due to the index of refraction for Ï is essentially one, and that for the idler
photon is larger (say ≥ 1.5), phase matching in dSPDC has a smaller signal emission angle than that of SPDC.
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Waveguide phase matching:

Figure 3: Solutions to the phase matching conditions for
the colinear dark SPDC process for the signal photon
energy as a function of the dark particle Ï mass. This
phase space is relevant for waveguide-based experiments.
Both axes are normalized to the pump frequency. The
two branches correspond to configurations in which Ï is
emitted forward (bottom) and backward (top).

One can trivially perform the integral over the d3ki

which will e�ectively enforce Equation (20) for trans-
verse momentum conservation, and set |ki| by conser-
vation of energy. The argument of the sinc function
is

�kz = kp ≠ ks cos ◊s ≠ ki cos ◊i (26)

= Êp

3
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4

where in the second step we have used Equation (20)
and the definitions of –Ê and � in Equations (18)
and (19). The ± accounts for the idler or dark particle
being emitted in the forward and backward direction
respectively.

It is convenient to re-express the remaining three-dimensional phase space for (d)SPDC in terms of the
signal emission angles ◊s and „s, and the signal frequency (or equivalently –Ê). Within our assumptions, the
distribution in „s is flat. With respect to the polar angle and frequency we find

d2�̂
d(cos ◊s)d–Ê

=
2fiÊ3

p–2
Ê (1 ≠ –Ê) n3

sñ2
i

�2 ≠ –2
Ên2

s sin2 ◊s

ÿ

±
L2sinc2

53
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4
ÊpL

2

6
(27)

where

ñi
def=

;
ni for SPDC
1 for dSPDC

. (28)

In Figure 4 we show the double di�erential distri-

f/h/!gps!nbttft!byjpoFor indices of refraction of calcite.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 4: The phase space distribution d2�̂/d(cos ◊s)d–Ê

for SPDC in arbitrary units. We use L = 1, ⁄p = L
10 ,

np = 2 and ns = ni = 4. These parameters are
unrealistic in practice, but allow for clear visualization of
the distribution. Dashed lines show slices of fixed signal
angle/energy.

bution �̂ for SPDC, and in Figure 5 it is shown for
dSPDC both for a massless and a massive Ï. The dis-
tribution clearly peaks in regions of phase space that
satisfy the phase matching conditions, those shown in
Figure 2. To have a clearer view of the qualitative
features in the distribution we picked somewhat exag-
gerated values for indices of refraction in these figures.

1. dSPDC Searches with Imaging or Spectroscopy

Though one can, in principle, measure both the an-
gle and the energy of the signal photon, it is usu-
ally easier to measure either with a fixed angle or a
fixed energy. For example, a CCD detector with a
monochromatic filter can easily measure a single en-
ergy slice of this distribution, as shown in the vertical
dashed line in Figure 4. Likewise, a spectrometer with
no spatial resolution can measure a fixed angle slice
of this distribution, as shown in the horizontal dashed
line of Figure 4. An attractive choice for this is to look
in the forward region, with an emission angle ◊s = 0,
which is the case for waveguides. For this colinear
case we get a signal spectrum

d�̂
d–Ê

=
2fiÊ3

p–2
Ê (1 ≠ –Ê) n3

sñ2
i

�
ÿ

±
L2sinc2

A
�k(0)

z±L

2

B

(29)
where

k(0)
z± = kzp ≠ kzs ≠ k±

zi = Êp (np ≠ ns–Ê ± �) (30)

is the momentum mismatch for colinear (d)SPDC. In
some cases the colinear spectrum is dominated by just
the forward emission of the idler/Ï, while in others
there are two phase matching solutions which con-
tribute similarly to the rate.

In Figure 6 we show two distributions, one for fixed
signal frequency, and the other for a fixed signal an-
gle, the latter in the forward direction. We see that
both of these measurement schemes are able to distin-
guish the signal produced by di�erent values of mass
mÏ. Furthermore, in cases where the standard model
SPDC process is a source of background, it can be sep-
arated from the dSPDC signal. As expected, in the
forward measurement the dSPDC spectrum exhibits
two peaks for the emission of Ï in the forward or back-
ward directions. It should be noted that the width of
the highest peaks in these distributions decreases with
crystal length L.

IV. OPTICAL MATERIALS FOR DARK
SPDC

Having discussed the phase space distribution for
dSPDC, we will now discuss which optical media are
needed to open this channel, to enhance its rates, and,
if possible, to suppress the backgrounds. A more com-
plete estimate of the dSPDC rate will be presented
in [16]. Here we will discuss the various features qual-
itatively to enable optimization of dSPDC searches.

A. Refractive Indices

As we discussed above, the refractive index of the
optical medium plays a crucial role. It opens the phase
space for the dSPDC decay and determines the kine-
matics of the process.

In order to enhance the dSPDC rate, it is always
desirable to have a setup in which the dSPDC phase
matching conditions which we discussed in Section III
are accomplished. Since the left hand side of Equa-
tion (17) is the cosine of an angle, its right hand is
restricted between ±1 so

≠ 1 <
n2

p + –2
Ên2

s ≠ �2

2–Ênpns
< 1. (31)

From this one finds that so long as ns > np, there is
a range of Ï mass which can take part in dSPDC. As
the di�erence ns ≠ np is taken to be larger, a greater
Ï mass can be produced and larger opening angles ◊s

can be achieved.
Using the inequalities in Equation (31) we can ex-

plore the range of desirable indices of refraction for
a particular setup choice. For example, suppose we
use monochromatic filter for the signal at half the en-
ergy of the pump photons, –Ê = 1

2 . Figure 7 shows in
blue the region where the phase matching condition
is satisfied for the SPDC process and in orange the
region where the phase matching condition is satisfied
for dSPDC. As can be seen, dSPDC is more restrictive
in the refractive indices. Furthermore, typical SPDC
experiments employ materials such as beta barium bo-
rate (BBO), potassium dideuterium phosphate (KDP)
and lithium triborate (LBO) [18, 30–32] that do not al-
low the phase matching for dSPDC for this example.
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Figure 5: Phase space distribution d2�̂/d(cos ◊s)d–Ê in arbitrary units for the dSPDC process for m = 0 (left) and
m = 0.5Êp. The other parameters are as in Figure 4, with somewhat exaggerated indices of refraction to allow seeing
the features in the distribution.

Figure 6: Slices of the phase space distributions for SPDC and for dSPDC with di�erent choices of Ï mass. On the left
we show angle distributions with fixed signal frequency, and on the right we show frequency distributions for fixed
signal angle. These distributions allow to separate SPDC backgrounds from the dSPDC signal, as well as the dSPDC
signal for di�erent values of mÏ. The distributions become narrower for thicker crystals, enhancing the signal to
background separation power. For these distributions we used L = 1 cm, ⁄p = 400 nm and for the refractive indices
np = 1.49 and ns = ni = 1.66 inspired by calcite.

A second example which is well motivated is the
forward region, namely ◊s = 0. In this case phase
matching can be achieved so long as

(ns ≠ np)2

n2
s ≠ 1 Ø

m2
Ï

Ê2
p

, (32)

and ns > np. We will investigate colinear dSPDC in
greater detail in [16].

The dSPDC phase matching requirement ns > np

can be achieved in practice by several e�ects. The
most common one, employed in the majority of SPDC
experiments, is birefringence [30, 32–34]. In this case
the polarization of each photon is used to obtain a
di�erent refractive index. For instance, in calcite, the

ordinary and extraordinary polarizations have indices
of refraction of no = 1.658 and ne = 1.486. Taking
the former to be the signal and the later for the pump,
phase matching can be met for mÏ < 0.16Êp. Bire-
fringence may also be achieved in single-mode fibers
and waveguides with non-circular cross section, e.g.
polarization-maintaining optical fibers [35]. Of course,
the dependence of the refractive index on frequency
may also be used to generate a signal-pump di�erence
in n.



Finite Crystal
Jo!b!gjojuf!dsztubm!usbotmbujpo!jt!csplfo!坝!npnfouvn!dpotfswbujpo!wjpmbufe/

8

Figure 5: Phase space distribution d2�̂/d(cos ◊s)d–Ê in arbitrary units for the dSPDC process for m = 0 (left) and
m = 0.5Êp. The other parameters are as in Figure 4, with somewhat exaggerated indices of refraction to allow seeing
the features in the distribution.

Figure 6: Slices of the phase space distributions for SPDC and for dSPDC with di�erent choices of Ï mass. On the left
we show angle distributions with fixed signal frequency, and on the right we show frequency distributions for fixed
signal angle. These distributions allow to separate SPDC backgrounds from the dSPDC signal, as well as the dSPDC
signal for di�erent values of mÏ. The distributions become narrower for thicker crystals, enhancing the signal to
background separation power. For these distributions we used L = 1 cm, ⁄p = 400 nm and for the refractive indices
np = 1.49 and ns = ni = 1.66 inspired by calcite.

A second example which is well motivated is the
forward region, namely ◊s = 0. In this case phase
matching can be achieved so long as

(ns ≠ np)2

n2
s ≠ 1 Ø

m2
Ï

Ê2
p

, (32)

and ns > np. We will investigate colinear dSPDC in
greater detail in [16].

The dSPDC phase matching requirement ns > np

can be achieved in practice by several e�ects. The
most common one, employed in the majority of SPDC
experiments, is birefringence [30, 32–34]. In this case
the polarization of each photon is used to obtain a
di�erent refractive index. For instance, in calcite, the

ordinary and extraordinary polarizations have indices
of refraction of no = 1.658 and ne = 1.486. Taking
the former to be the signal and the later for the pump,
phase matching can be met for mÏ < 0.16Êp. Bire-
fringence may also be achieved in single-mode fibers
and waveguides with non-circular cross section, e.g.
polarization-maintaining optical fibers [35]. Of course,
the dependence of the refractive index on frequency
may also be used to generate a signal-pump di�erence
in n.

8

Figure 5: Phase space distribution d2�̂/d(cos ◊s)d–Ê in arbitrary units for the dSPDC process for m = 0 (left) and
m = 0.5Êp. The other parameters are as in Figure 4, with somewhat exaggerated indices of refraction to allow seeing
the features in the distribution.

Figure 6: Slices of the phase space distributions for SPDC and for dSPDC with di�erent choices of Ï mass. On the left
we show angle distributions with fixed signal frequency, and on the right we show frequency distributions for fixed
signal angle. These distributions allow to separate SPDC backgrounds from the dSPDC signal, as well as the dSPDC
signal for di�erent values of mÏ. The distributions become narrower for thicker crystals, enhancing the signal to
background separation power. For these distributions we used L = 1 cm, ⁄p = 400 nm and for the refractive indices
np = 1.49 and ns = ni = 1.66 inspired by calcite.

A second example which is well motivated is the
forward region, namely ◊s = 0. In this case phase
matching can be achieved so long as

(ns ≠ np)2

n2
s ≠ 1 Ø

m2
Ï

Ê2
p

, (32)

and ns > np. We will investigate colinear dSPDC in
greater detail in [16].

The dSPDC phase matching requirement ns > np

can be achieved in practice by several e�ects. The
most common one, employed in the majority of SPDC
experiments, is birefringence [30, 32–34]. In this case
the polarization of each photon is used to obtain a
di�erent refractive index. For instance, in calcite, the

ordinary and extraordinary polarizations have indices
of refraction of no = 1.658 and ne = 1.486. Taking
the former to be the signal and the later for the pump,
phase matching can be met for mÏ < 0.16Êp. Bire-
fringence may also be achieved in single-mode fibers
and waveguides with non-circular cross section, e.g.
polarization-maintaining optical fibers [35]. Of course,
the dependence of the refractive index on frequency
may also be used to generate a signal-pump di�erence
in n.

Npujwbuft!mpoh!dsztubmtNpujwbuft!mpoh!dsztubmt



Rates:

11

Dark Photon (mAÕ = 0.1 eV) Axion-like particle (ma = 0.1 eV)
Current lab limit ‘ < 3 ◊ 10≠7 ga“ < 10≠6 GeV≠1

Example dSPDC setup Pp = 1 W Pp = 1 kW
L = 1 cm L = 10 m

� = 10/day � = 10/day
Current Solar limit ‘ < 10≠10 ga“ < 10≠10 GeV≠1

Example dSPDC setup Pp = 1 W Pp = 100 kW
L = 10 m L = 100 m

� = 10/year � = 10/year

Table I: Current lab-based and Solar-based based limits on the couplings of dark photns and axion-like particles with a
benchmark mass of 0.1 eV. For each limit we show the parameters of an example dSPDC in a waveguide and the rate it
would produce for couplings that would produce the specified benchmark rate with the corresponding coupling. The
pump power is an e�ective power which can include an enhancement by an optical cavity setup. For dark photon rates
we assume a nonlinearity of the same order found in KTP crystals.

This rate suggests a dSPDC setup is promising in set-
ting new lab-based limits on ALPs. For example, a
10 meter birefringent single mode fiber with kW of
pump power will generate of order 10 events per day
for couplings of order 10≠7 GeV≠1. To probe beyond
the CAST limits in ga“ may be possible and requires
a larger setup, but not exceeding the scale, say, of
ALPS-II. In a 100 meter length and an e�ective pump
power of 100 kW, a few dSPDC signal events are ex-
pected in a year.

Maintaining a low background, would of course be
crutial. We note, however, that optical fibers are rou-
tinely used over much greater distances, maintaining
coherence (e.g. [5]), and an optimal setup should be
identified.

C. Backgrounds to dSPDC

There are several factors that should be considered
for the purpose of reducing backgrounds to SPDC:

• Crystal Length and Signal bandwidth: In addi-
tion to the growth of the signal rate, the signal
bandwidth in many setups will decrease with L.
If this is achieved the signal to background ra-
tio in a narrow band around the dSPDC phase
matching solutions will scale as L2.

• Timing: The dSPDC signal consists of a single
photon whereas SPDC backgrounds will consist
of two coincident photons. Backgrounds can be
reduced using fast detectors and rejecting coin-
cidence events.

• Optical material: As pointed out in Section IV,
linear birefringent materials can be used to
reduce SPDC backgrounds to axion searches.
Nonlinear materials with a ‰(2) tensor which
couples purely to longitudinal polarizations may
be used to enhance dark photon dSPDC events
without enhancing SPDC. This technique to re-
duce SPDC may also be used in axion searches.

• Detector noise and optical impurities: Sources
of background which may be a limiting factor

for dSPDC searches include detector noise, as
well as scattering of pump photons o� of impu-
rities in the optical elements and surfaces. The
Skipper CCD, one example of a detector tech-
nology with low noise, will be discussed in the
next section.

An optimal dSPDC based search for dark particles
will likely consider these factors, and is left for future
investigation.

VI. EXPERIMENTAL PROOF OF CONCEPT

In this section we present an experimental SPDC
angular imaging measurement with high resolution
employing a Skipper CCD and a BBO nonlinear crys-
tal. In this setup and for the chosen frequencies,
dSPDC phase matching is not achievable at any emis-
sion angle. Instead, this experiment serves as a proof
of concept for the high resolution imaging technique.

Imaging the dSPDC requires the detection of single
photons with low noise and with high spatial and/or
energy resolution. A technology that can achieve this
is the Skipper CCD which is capable of measuring
the charge stored in each pixel with single electron
resolution [17], ranging from very few electrons (0,
1, 2, . . . ) up to more than a thousand (1000, 1001,
1002, . . . ) [40]. This unique feature combined with
the high spatial resolution typical of a CCD detector
makes this technology very promising for the detec-
tion of small optical signals with a very high spatial
resolution.

A. Description of the experimental setup

With the aim of comparing the developed phase
space model against real data, the system depicted
in Figure 9 was set up. A source of entangled pho-
tons that employs SPDC, which is part of a com-
mercial system3, was used. Two type I nonlinear

3
https://www.qutools.com/qued/
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],

�SPDC ≥
Pp‰(2)

e�
2
ÊsÊiL

finpnsniAe�
(35)

where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above

�(AÕ
L)

dSPDC ≥ ‘2 m2
AÕ

Ê2
AÕ

Pp‰(2)
AÕ

L

2
ÊsÊAÕL

npnsAe�
(36)

where the e�ective coupling ‰(2)
AÕ

L
is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are

N
(AÕ

L)
events ≥ 1021

3
‘2 m2

AÕ

Ê2
AÕ

4 3
Pp

Watt

4 3
L

m

4 3
tint
year

4
.

(37)
The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
dSPDC ≥

Ppg2
a““ÊsL

ÊaxionnpnsAe�
(38)

where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40

3
ga“

10≠6 GeV≠1

42 3
Pp

Watt

4 3
L

m

4 3
tint
year

4
.

(39)
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
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Improving the limits from solar cooling, for which
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sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
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B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
dSPDC ≥

Ppg2
a““ÊsL

ÊaxionnpnsAe�
(38)

where the di�erent scaling with the frequency of the
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acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
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acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],

�SPDC ≥
Pp‰(2)

e�
2
ÊsÊiL

finpnsniAe�
(35)

where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above

�(AÕ
L)

dSPDC ≥ ‘2 m2
AÕ

Ê2
AÕ

Pp‰(2)
AÕ

L

2
ÊsÊAÕL

npnsAe�
(36)

where the e�ective coupling ‰(2)
AÕ

L
is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are

N
(AÕ

L)
events ≥ 1021
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
dSPDC ≥

Ppg2
a““ÊsL

ÊaxionnpnsAe�
(38)

where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],

�SPDC ≥
Pp‰(2)

e�
2
ÊsÊiL

finpnsniAe�
(35)

where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above

�(AÕ
L)

dSPDC ≥ ‘2 m2
AÕ
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where the e�ective coupling ‰(2)
AÕ

L
is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
dSPDC ≥

Ppg2
a““ÊsL

ÊaxionnpnsAe�
(38)

where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40
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Figure 7: Regions in which the refractive indices np and
ns allow the phase matching with –Ê © Ês/Êp = 1

2 for
the SPDC process (in this case assuming ni = ns) and
dSPDC (in this case assuming m

Êp
π 1).

B. Linear and Birefringent Media for Axions

Axion electrodynamics is itself a nonlinear theory.
Therefore dSPDC with emission of an axion can occur
in a perfectly linear medium. The optical medium is
needed in order to satisfy the phase matching condi-
tion that cannot be satisfied in vacuum. Because the
pump and signal photons in axion-dSPDC have dif-
ferent polarizations, a birefringent material can sat-
isfy the requirement of ns > np and Equation (32).
Because SPDC can be an important background to a
dSPDC axion search, using a linear or nearly linear
medium, where SPDC is absent is desirable. Inter-
estingly, materials with a crystalline structure that
is invariant under a mirror transformation r æ ≠r
will have a vanishing ‰(2) from symmetry considera-
tions [36].

C. Longitudinal Susceptibility for Dark Photon
Searches

As opposed to the axion case, a dSPDC process with
a dark photon requires a nonlinear optical medium.
As a result, SPDC can be a background to dSPDC
dark photon searches. In SPDC, the pump, signal,
and idler are standard model photons and their polar-
ization is restricted to be orthogonal to their propa-
gation. As a consequence, when one wants to enhance
an SPDC process, the nonlinear medium is oriented in
such a way that the second order susceptibility tensor
‰(2) can appropriately couple to the transverse polar-
ization vectors of the pump, signal, and idler photons.
The e�ective coupling between the modes in question
is given by

‰(2)
SPDC © ‰(2)

jklÁ
p
j Ás

kÁi
l (33)

with the Á being the (transverse) polarization vectors
for the pump, signal and idler photons. These are
spanned by (1, 0, 0) and (0, 1, 0) in a frame in which
the respective photon is propagating in the ẑ direction.

In dSPDC with a dark photon there is an important
di�erence. Because the dark photon is massive, it can
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Figure 8: A sketch showing the overlap of the pump,
signal, and dark particle (or idler) beams with the
crystal. In general it is desirable to maximize the
integration length which is defined by the overlap of the
three beams and the crystal.

have a longitudinal polarization, Á
AÕ

L
l = (0, 0, 1). The

crystal may be oriented to couple to this longitudinal
mode, giving an e�ective coupling of

‰(2)
AÕ

L
© ‰(2)

jklÁ
p
j Ás

kÁ
AÕ

L
l (34)

Maximizing this coupling benefits the search both
by enhancing signal and reducing background. The
background is reduced because the SPDC e�ective
coupling to transverse modes, Equation (33) is sup-
pressed. The signal is enhanced because the coupling
to the longitudinal polarization of the dark photon is
suppressed by mAÕ/Ê rather than (mAÕ/Ê)2 [16, 27,
28, 37].

This motivates either non traditional orientation of
nonlinear crystals, or identifying nonlinear materials
that would usually be ine�ective for SPDC. As an
example in the first category, any material which is
uses for type II phase matching, in which the sig-
nal and idler have orthogonal polarization, can be ro-
tated by 90 degrees to achieve a coupling of a longi-
tudinal polarization to a pump and an idler. In the
second category, material with ‰(2) tensors that are
non-vanishing only in “maximally non-diaginal” x̂-ŷ-
ẑ elements, would obviously be discarded as standard
SPDC sources, but can have an enhanced dSPDC cou-
pling.

V. DARK SPDC SETUPS AND RATES

A precise estimate of the rate is beyond the scope of
this work, and will be discussed in more detail in [16].
Here we will re-scale known rate formulae in order to
examine the dependence of the rate on the geomet-
ric factors such as the pump power and beam area,
the crystal length, and the area and angle from which
signal is collected.

Consider the geometry sketched in Figure 8. A
pump beam is incident on an optical element of
length L along the the pump direction. The width
of the pump beam is set by the laser parameters. The
pump beam may consist of multiple modes, or can
be guided in a fiber or waveguide [15] and in a single
mode. The width and angle of the signal “beam” is set
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Figure 7: Regions in which the refractive indices np and
ns allow the phase matching with –Ê © Ês/Êp = 1

2 for
the SPDC process (in this case assuming ni = ns) and
dSPDC (in this case assuming m

Êp
π 1).

B. Linear and Birefringent Media for Axions

Axion electrodynamics is itself a nonlinear theory.
Therefore dSPDC with emission of an axion can occur
in a perfectly linear medium. The optical medium is
needed in order to satisfy the phase matching condi-
tion that cannot be satisfied in vacuum. Because the
pump and signal photons in axion-dSPDC have dif-
ferent polarizations, a birefringent material can sat-
isfy the requirement of ns > np and Equation (32).
Because SPDC can be an important background to a
dSPDC axion search, using a linear or nearly linear
medium, where SPDC is absent is desirable. Inter-
estingly, materials with a crystalline structure that
is invariant under a mirror transformation r æ ≠r
will have a vanishing ‰(2) from symmetry considera-
tions [36].

C. Longitudinal Susceptibility for Dark Photon
Searches

As opposed to the axion case, a dSPDC process with
a dark photon requires a nonlinear optical medium.
As a result, SPDC can be a background to dSPDC
dark photon searches. In SPDC, the pump, signal,
and idler are standard model photons and their polar-
ization is restricted to be orthogonal to their propa-
gation. As a consequence, when one wants to enhance
an SPDC process, the nonlinear medium is oriented in
such a way that the second order susceptibility tensor
‰(2) can appropriately couple to the transverse polar-
ization vectors of the pump, signal, and idler photons.
The e�ective coupling between the modes in question
is given by

‰(2)
SPDC © ‰(2)

jklÁ
p
j Ás

kÁi
l (33)

with the Á being the (transverse) polarization vectors
for the pump, signal and idler photons. These are
spanned by (1, 0, 0) and (0, 1, 0) in a frame in which
the respective photon is propagating in the ẑ direction.

In dSPDC with a dark photon there is an important
di�erence. Because the dark photon is massive, it can
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Figure 8: A sketch showing the overlap of the pump,
signal, and dark particle (or idler) beams with the
crystal. In general it is desirable to maximize the
integration length which is defined by the overlap of the
three beams and the crystal.

have a longitudinal polarization, Á
AÕ

L
l = (0, 0, 1). The

crystal may be oriented to couple to this longitudinal
mode, giving an e�ective coupling of
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Maximizing this coupling benefits the search both
by enhancing signal and reducing background. The
background is reduced because the SPDC e�ective
coupling to transverse modes, Equation (33) is sup-
pressed. The signal is enhanced because the coupling
to the longitudinal polarization of the dark photon is
suppressed by mAÕ/Ê rather than (mAÕ/Ê)2 [16, 27,
28, 37].

This motivates either non traditional orientation of
nonlinear crystals, or identifying nonlinear materials
that would usually be ine�ective for SPDC. As an
example in the first category, any material which is
uses for type II phase matching, in which the sig-
nal and idler have orthogonal polarization, can be ro-
tated by 90 degrees to achieve a coupling of a longi-
tudinal polarization to a pump and an idler. In the
second category, material with ‰(2) tensors that are
non-vanishing only in “maximally non-diaginal” x̂-ŷ-
ẑ elements, would obviously be discarded as standard
SPDC sources, but can have an enhanced dSPDC cou-
pling.

V. DARK SPDC SETUPS AND RATES

A precise estimate of the rate is beyond the scope of
this work, and will be discussed in more detail in [16].
Here we will re-scale known rate formulae in order to
examine the dependence of the rate on the geomet-
ric factors such as the pump power and beam area,
the crystal length, and the area and angle from which
signal is collected.

Consider the geometry sketched in Figure 8. A
pump beam is incident on an optical element of
length L along the the pump direction. The width
of the pump beam is set by the laser parameters. The
pump beam may consist of multiple modes, or can
be guided in a fiber or waveguide [15] and in a single
mode. The width and angle of the signal “beam” is set


