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Working Principle
Our imaging setup is based on the conceptual arrangement of Michelson-type nonlinear interferometer (25). A pump beam illuminates a nonlinear crystal twice in sequence, in a folded
geometry. Photon pairs are formed in the first and second pass through the crystal, the signal
and idler are denoted |cis |dii and |eis |f ii respectively. After the first path, the idler and signal
are split using a dichroic mirror (DM). The √
idler is sent into a sample with transmittance T and
iγ
phase shift γ: |cis |dii → T e |cis |dii + 1 − T 2 |cis |lii , where the state |lii encompasses
all the loss in the idler arm. Both idler and signal are then back reflected and aligned to allow
minimal distinguishability between the bi-photon amplitudes (|ci → |ei , |di → |f i) such that
after the second pass of the crystal, the obtained state is:
√
1
|φi = [(1 + T eiγ ) |eis |f ii + 1 − T 2 |eis |lii ]
2

(1)

Subsequently, the idler photon is discarded using a DM and the detection probability obtained
is:
1
(2)
P = (1 + T cos γ)
2
Accordingly, an interferometric image with visibility T can be detected. The idler is not detected and the information about the object in the idler path is transferred to the signal through
the high spatial correlations shared between the signal and idler modes. This feature when
combined with non-degenerate downconversion allows sensing and detection at different wavelength ranges.

Theoretical Model
To ascertain the theoretical imaging capacity of our implementation we developed a simple
theoretical framework to calculate both the anticipated field of view (FoV) and resolution of our
optical system (specified in full width half maximum (FWHM)). We also make a comparison
to the theory of the SPDC wavefunction.
The FoV in our imaging system is impacted by the emission angle of the down-converted
idler light and any subsequent magnification that defines the size of the illuminating spot
FoV =

2f tan(θi )
2f θi
≈
,
M
M

(3)

where f denotes the focal length of the collimating optical element adjacent to the crystal,
θi is the divergence angle (corresponding to the half width half maximum (HWHM)), and M

represents the magnification of the optical system after the collimation. The opening angle, θi ,
results from the phase-matching conditions
r
2.78
ni ns
θi = λi
(4)
Lπ λi ns + λs ni
where L denotes the crystal length, λi and λs are the wavelengths of the idler and signal respectively and ni and ns are the reflective indices of KTP at the designated wavelengths.
The resolution is limited by two constraints. The first limitation arises from the standard
diffraction limit, applicable to most conventional imaging and microscopy techniques,
λ
,
(5)
δxN A =
2N A
where λ and N A are the wavelength and numerical aperture of the optical elements in our
system.
The second condition upon the resolution - and here the limiting condition - is an expression
of the strength of momentum (or position) entanglement inherent to the bi-photon state (32, 33)
and is given by
√
2 ln 2f λi
δxcorr =
,
(6)
πwp M
where wp denotes the pump waist. The number of spatial modes is therefore
2

5.56π wp 2
ni ns
FoV
=
(7)
Nmodes =
δxcorr
ln 2 L λi ns + λs ni
Unsurprisingly, the number of spatial modes does not depend on the magnification (M ) - provided one has a sufficiently large NA. By substituting the experimental values into Eq.7 we
obtain 911 ± 13 spatial modes.

Derivation of the emission angle
The width of the idler in the far field corresponds to an emission angle, sinc2 ( ∆kL
) = 21 , cor2
responding to a phase mismatch ∆kL = 2.78. Expressing the phase mismatch in terms of the
transverse emission angle we obtain
πni ˜ 2 πns ˜ 2 L
(
θi +
θs ) = 1.39.
(8)
λi
λs
2
Assuming transverse momentum conservation, the idler emission angle within the crystal is
given by
s
θ˜i =

2.78
ns λi 2
,
πL ns ni λi + ni 2 λs

(9)

corresponding to angle in free space of
θi = ni · θ˜i = λi

r

2.78
ns ni
.
πL ns λi + ni λs

(10)

Experimental values
The signal wavelength was measured using a spectrometer to be λs = 801 ± 1nm. The pump
wavelength was measured using a wave meter and the value obtained is: λp = 659.75±0.01nm.
The idler wavelength was calculated according to energy conservation (λi = 1 +1 1 ), the obλs

λp

tained value is: λi = 3.74 ± 0.02µm. The refractive indexes were calculated using the appropriate Sellmeier equations (34, 35) for KTP: ns = 1.845, ni = 1.752. The length of crystal is:
L = 2mm and the pump waist at the crystal is wp = 431 ± 6µm.
The SNR was calculated for the difference image, by dividing the number of mean counts
by the standard deviation within a 7x7 pixel region. The size of the region was chosen to be
comparatively small in order to exclude the effect of the varying illumination profile.
The power on the sample was measured by detecting the signal light on the camera after the
first path of the pump through the crystal. The number of counts on the camera was converted
to the the number of electrons according to a constant conversion factor (provided by PCO) and
then to the number of photons using the quantum efficiency of the CMOS detector at 800 nm
counts
). The accordingly obtained number of 1.5 · 108 photons at a wavelength
(Nphotons = 0.46N
0.42
of 3.5 µm corresponds to sample illumination power of 17 pW. Given the bandwidth of the
photons of around 1.5 · 101 3 Hz, the brightness could be increased by more than 4 orders of
magnitude without leaving the low-gain regime of SPDC. In the high-gain regime on one hand
spectral and spatial mode numbers would start to decrease, while on the other hand quantumenhanced phase-sensitivity effects would become relevant.

Future setup optimization
A future increase in the crystal aperture from 1 to 4 cm will allow the increase of total spatial
modes by 42 = 16, according to Eq. 7. To attain a SNR of 10, while maintaining the same
pump power, we plan to optimize the number of pixels per resolvable elements and reduce it by
2 per direction (from 5 down to 2.5), corresponding to a total factor of 4. Also, by improving
the visibility for the magnified setup and reaching the unmagnified visibility corresponding
to a SNR of 25, we will be able to reduce the current exposure time from 1 to 0.65 seconds
16
−1
and a spectral range of 625 cm−1 , a
(1sec · (25/10)
2 ·4 ). For a spectral resolution of 2.5 cm
hyperspectral image with 250 spectral modes can be recorded in just 2.7 minutes.

Theoretical formulation from the bi-photon state
In the low gain limit, the bi-photon state produced by the SPDC can be written in the angular
spectra representation
Z
|ψ1 i = C1 (qi , qs )|qs , qi i,
(11)

where qs and qi represent the transverse components of the SPDC emission. Analogous to the
spectral properties of SPDC emission, the spatial properties are governed by the intersection of
energy and momentum conservation,
C1 (qi , qs ) = α(qs , qi )φ(qs , qi ),

(12)

specified by the α(qs , qi ), the pump function and φ(qs , qi ) is the phase-matching function,
respectively. We recast longitudinal phase mismatch ∆kz0 in terms of the transverse momenta
2

i|
+
∆kz = ∆kz0 − 12 ( |qs +q
kp

|qs |2
ks

+

|qi |2
)
ki

(13)

where ∆kz0 is the residual longitudinal collinear phase-mismatch at the given emission wavelength. The phase function is given by


L∆kz
,
(14)
φ(qs , qi ) = Sinc
2
and the pump function is
α(qs , qi ) = exp (−|qs + qi |2 ωp2 /4),

(15)

where ωp is the pump waist. Consider two identical SPDC processes aligned in series with all
modes matched
|Ψi = √12 (|ψ1 i + ψ2 i)
More explicitly,
Z
1
√
|Ψi = 2 dqs dqi C1 (qi , qs )|qi , qs i +

√1
2

(16)

Z
dqs dqi exp iφ C1 (qi , qs )|qi , qs i

(17)

If we want to consider an overall transmission, η, of the idler between the first and second
crystal, we considering an additional loss mode q?i . Considering an intensity measurement in
the Fourier plane, one obtains
Z
1
√
†
hΨ|qs qs |Ψi = (η + 2 η cos φ + 1) dqi dqs |C1 (qi , qs )|2
(18)
2
If we assume no longitudinal phase mismatch at all wavelengths, then the number of modes decreases linearly with increasing wavelength (where one has chosen to fix the pump wavelength).
This is simply a consequence of increasing non-degeneracy reducing the spatial entanglement
of the system. For the unmagnified configuration and our earlier specified system values, the
conditional probability density gives a resolution of 326µm (FWHM). The theoretical FoV is
9.0 mm (FWHM). The Schmidt decomposition of the joint probability density gives an effective mode number of 500. The discrepancy between the Schmidt number and the mode number
obtained earlier, reflects that the latter considers the ratio of a Sinc width to a Gaussian width.

REFERENCES AND NOTES
1. J. T. Kwak, S. M. Hewitt, S. Sinha, R. Bhargava, Multimodal microscopy for automated histologic
analysis of prostate cancer. BMC Cancer 11, 62 (2011).
2. C. L. Evans, X. S. Xie, Coherent anti-stokes raman scattering microscopy: Chemical imaging for
biology and medicine. Annu. Rev. Anal. Chem. 1, 883–909 (2008).
3. C. L. Evans, X. Xu, S. Kesari, X. S. Xie, S. T. C. Wong, G. S. Young, Chemically-selective imaging
of brain structures with CARS microscopy. Opt. Express 15, 12076–12087 (2007).
4. G. Bellisola, C. Sorio, Infrared spectroscopy and microscopy in cancer research and diagnosis. Am. J.
Cancer Res. 2, 1–21 (2012).
5. K. Potter, L. H. Kidder, I. W. Levin, E. N. Lewis, R. G. S. Spencer, Imaging of collagen and
proteoglycan in cartilage sections using Fourier transform infrared spectral imaging. Arthritis Rheum.
44, 846–855 (2001).
6. L. M. Miller, M. W. Bourassa, R. J. Smith, Ftir spectroscopic imaging of protein aggregation in living
cells. Biochim. Biophys. Acta Biomembr. 1828, 2339–2346 (2013).
7. A. S. Tagg, M. Sapp, J. P. Harrison, J. J. Ojeda, Identification and quantification of microplastics in
wastewater using focal plane array-based reflectance micro-FT-IR imaging. Anal. Chem. 87, 6032–
6040 (2015).
8. A. F. Chrimes, K. Khoshmanesh, P. R. Stoddart, A. Mitchell, K. Kalantar-zadeh, Microfluidics and
Raman microscopy: Current applications and future challenges. Chem. Soc. Rev. 42, 5880–5906
(2013).
9. R. A. Shaw, H. H. Mantsch, Vibrational biospectroscopy: From plants to animals to humans. A
historical perspective. J. Mol. Struct. 480, 1–13 (1999).
10. R. Bhargava, Infrared spectroscopic imaging: The next generation. Appl. Spectrosc. 66, 1091–1120
(2012).

11. A. Godard, Infrared (2–12 μm) solid-state laser sources: A review. Comptes Rendus Physique 8,
1100–1128 (2007).
12. A. Rogalski, Infrared detectors: An overview. Infrared Phys. Technol. 43, 187–210 (2002).
13. D. A. Scribner, M. R. Kruer, J. M. Killiany, Infrared focal plane array technology. Proc. IEEE 79,
66–85 (1991).
14. A. Rogalski, P. Martyniuk, M. Kopytko, Challenges of small-pixel infrared detectors: A review. Rep.
Prog. Phys. 79, 046501 (2016).
15. M. Müller, J. M. Schins, Imaging the thermodynamic state of lipid membranes with multiplex cars
microscopy. J. Phys. Chem. B 106, 3715–3723 (2002).
16. J.-X. Cheng, X. S. Xie, Vibrational spectroscopic imaging of living systems: An emerging platform
for biology and medicine. Science 350, aaa8870 (2015).
17. D. Zhang, C. Li, C. Zhang, M. N. Slipchenko, G. Eakins, J.-X. Cheng, Depth-resolved mid-infrared
photothermal imaging of living cells and organisms with submicrometer spatial resolution. Sci. Adv.
2, e1600521 (2016).
18. J. Shi, T. T. W. Wong, Y. He, L. Li, R. Zhang, C. S. Yung, J. Hwang, K. Maslov, L. V. Wang, Highresolution, high-contrast mid-infrared imaging of fresh biological samples with ultraviolet-localized
photoacoustic microscopy. Nat. Photon. 13, 609–615 (2019).
19. R. Demur, R. Garioud, A. Grisard, E. Lallier, L. Leviandier, L. Morvan, N. Treps, C. Fabre, Nearinfrared to visible upconversion imaging using a broadband pump laser. Opt. Express 26, 13252–
13263 (2018).
20. J. S. Dam, P. Tidemand-Lichtenberg, C. Pedersen, Room-temperature mid-infrared single-photon
spectral imaging. Nat. Photon. 6, 788–793 (2012).

21. S. Junaid, S. C. Kumar, M. Mathez, M. Hermes, N. Stone, N. Shepherd, M. Ebrahim-Zadeh, P.
Tidemand-Lichtenberg, C. Pedersen, Video-rate, mid-infrared hyperspectral upconversion imaging.
Optica 6, 702–708 (2019).
22. G. B. Lemos, V. Borish, G. D. Cole, S. Ramelow, R. Lapkiewicz, A. Zeilinger, Quantum imaging
with undetected photons. Nature 512, 409–412 (2014).
23. L. J. Wang, X. Y. Zou, L. Mandel, Induced coherence without induced emission. Phys. Rev. A 44,
4614–4622 (1991).
24. X. Y. Zou, L. J. Wang, L. Mandel, Induced coherence and indistinguishability in optical interference.
Phys. Rev. Lett. 67, 318–321 (1991).
25. M. V. Chekhova, Z. Y. Ou, Nonlinear interferometers in quantum optics. Adv. Opt. Photon. 8, 104–
155 (2016).
26. D. A. Kalashnikov, A. V. Paterova, S. P. Kulik, L. A. Krivitsky, Infrared spectroscopy with visible
light. Nat. Photon. 10, 98–101 (2016).
27. A. Paterova, H. Yang, C. An, D. Kalashnikov, L. Krivitsky, Measurement of infrared optical
constants with visible photons. New J. Phys. 20, 043015 (2018).
28. A. Vallés, G. Jiménez, L. J. Salazar-Serrano, J. P. Torres, Optical sectioning in induced coherence
tomography with frequency-entangled photons. Phys. Rev. A 97, 023824 (2018).
29. A. V. Paterova, H. Yang, C. An, D. A. Kalashnikov, L. A. Krivitsky, Tunable optical coherence
tomography in the infrared range using visible photons. Quantum Sci. Technol. 3, 025008 (2018).
30. A. V. Paterova, S. M. Maniam, H. Yang, G. Grenci, L. A. Krivitsky, Hyperspectral infrared
microscopy with visible light. arXiv:2002.05956 [physics.optics] (14 February 2020).
31. A. Vanselow, P. Kaufmann, H. M. Chrzanowski, S. Ramelow, Ultra-broadband SPDC for spectrally
far separated photon pairs. Opt. Lett. 44, 4638–4641 (2019).

32. P.-A. Moreau, E. Toninelli, P. A. Morris, R. S. Aspden, T. Gregory, G. Spalding, R. W. Boyd, M. J.
Padgett, Resolution limits of quantum ghost imaging. Opt. Express 26, 7528–7536 (2018).
33. E. Brambilla, A. Gatti, M. Bache, L. A. Lugiato, Simultaneous near-field and far-field spatial
quantum correlations in the high-gain regime of parametric down-conversion. Phys. Rev. A 69,
023802 (2004).
34. M. Katz, D. Eger, M. B. Oron, A. Hardy, Refractive dispersion curve measurement of KTiOPO4
using periodically segmented waveguides and periodically poled crystals. J. Appl. Phys. 90, 53–58
(2001).
35. T. Y. Fan, C. E. Huang, B. Q. Hu, R. C. Eckardt, Y. X. Fan, R. L. Byer, R. S. Feigelson, Second
harmonic generation and accurate index of refraction measurements in flux-grown KTiOPO4. Appl.
Opt. 26, 2390–2394 (1987).

