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In this supplementary material, we provide technical details on the experimental setup, sketched in Fig. 1. In
Table I, we provide measured parameters of the four PDC states explored in the main text, including the ¢(®
numbers displayed graphically in Fig. 3 of the main text. We also provide extra data detailing the purity of the PDC
source as the PDC pump is chirped, as seen in Fig. 2. In Fig. 3, we provide both the real and imaginary parts of
the reconstructed seven-dimensional density matrices, and compare their eigenvalues with the expected values from
the JSI. In Fig. 4, we show the projections implemented by the QPG to reconstruct the seven-dimensional density
matrices.

Our experiment is driven by an 80-MHz titanium-sapphire laser (Ti:Sa, Coherent Chameleon) and OPO (APE
Compact). We create the PDC pump pulses at 769 nm by frequency doubling light from the OPO in 1 mm of bulk
PPLN; the fundamental of the Ti:Sa at 876 nm is used as the QPG pump. Both pulses are shaped with approximately
0.05-nm resolution using a 4f setup consisting of a 2000 lines/mm diffracting grating, a curved mirror with a 250 mm
focal length, and a reflective liquid-crystal spatial light modulator (SLM, Hamamatsu LCoS) at the focal plane [41, 42].
With this setup, we can directly control the bandwidth, spectral shape, and spectral phase of the pump pulses.

The PDC photons are generated through a near-degenerate type-II process in a 8-mm long PPKTP waveguide
(AdvR) with a nominal poling period of 117 ym. An 80 nm broad bandpass filter is used to remove the PDC pump,
and the individual photons are separated with a polarizing beamsplitter and filtered with 3 nm bandpass filters to
remove side lobes. In all cases, the PDC pump energy was approximately 15 pJ per pulse, with heralded gf)s lying
between 0.417+0.003 for the spectrally decorrelated state and 0.24640.003 for the intensity-anticorrelated state. This
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FIG. 1. Experimental setup. We create photon pairs through type-II PDC in an 8-mm PPKTP waveguide. By shaping the
bandwidth and spectral phase of the PDC pump with a spatial light modulator (SLM) in a 4f line [41, 42], we can control the
effective mode number of the generated photon pairs. The PDC pump is removed with a bandpass filter (BPF) and the photon
pair is split with a polarizing beamsplitter (PBS). The signal photon is then coupled into a 17-mm PPLN waveguide acting as
a quantum pulse gate (QPG), with a QPG pump shaped in both phase and amplitude by another SLM. A series of dichroic
mirrors and a 4f line are used to split the upconverted and transmitted photons from the leftover QPG pump, and all photon
paths are coupled into single-mode-fiber beamsplitters to measure second-order correlation functions.



relatively high production rate was used to enable reasonably precise unheralded ¢(?) measurements with 10-minute
recording times. See Table I for all gf) values. For ease of alignment, the signal photon path can be switched for
a coherent pulse from the OPO, spectrally shaped by a commercial pulse shaper (Finisar WaveShaper 4000S). The
average number of generated photons can be inferred from the two-photon cross-correlation statistics [40], with the
average generation rate of (n) ~ 0.16 for the decorrelated state deduced from a gl = ﬁ + ¢ =8.303 + 0.003.

The signal photons and the QPG pump (with an average energy-per-pulse of 250 pJ) are combined on a dichroic
mirror and coupled into a 17-mm long PPLN waveguide with a poling period of 4.4 um, fabricated in-house and
designed for spatially single-mode propagation at 1540 nm. The waveguide mode of the QPG pump is imaged on
a camera after the waveguide and optimized to the fundamental spatial mode. Higher-order modes produce sum-
frequency signals for different time delays with central frequencies, and are filtered out of the final signal along with
the second harmonic of the QPG pump by a 4f-filter. The upconverted light at 558 nm is measured on a spectrometer
(Andor Shamrock SR500 spectrograph and Newton 970-BVF EMCCD camera with a 2398 lines/mm grating) to have
a bandwidth of 61 pm FWHM. The 4f-filter is also used to remove spectral side lobes, which account for less than 5%
of the total upconverted photons. The upconverted green photons were detected with silicon avalanche photodiodes
(SiAPDs, Excelitas), while the idler and leftover signal photons were detected with superconducting nanowire single-
photon detectors (SNSPDs, PhotonSpot). All three photon paths are split into two detectors to measure photon
number correlations via Hanbury-Brown-Twiss interferometry [40].

The joint spectral intensities (JSIs) were measured with fiber-based time-of-flight spectrometers [43], mapping a
spectral range of 1 nm at 1540 nm to a time delay of 0.42 ns. Assuming a flat spectral phase, the singular-value
decomposition of the JSI predicts a spectral purity of 0.995 for the decorrelated JSI of Fig. 3a, and 0.652 for the
intensity anticorrelated JSI of Fig. 3b. The marginal bandwidths (intensity FWHM) of the signal and idler photon
in the decorrelated case were measured to be 4.9 nm and 3.6 nm, respectively.

To compensate for dispersive elements throughout the apparatus, the spectral phase of the PDC pump was optimized
with the SLM to maximize the ¢ of the decorrelated state (Case ‘a’), as seen in Fig. 2. The chirp of the phase-
correlated PDC state of Fig. 3¢ is A = 0.38 x 106 fs?, where the chirp is represented as a phase in angular frequency
as exp [iA(w - wo)2]. Given a separable Gaussian PDC state with signal and idler bandwidths o, and o; (intensity
standard deviation in w), the expected purity as a function of pump chirp A is
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which is seen in Fig. 2 to match the experimental result well for large chirp values. While this result clearly shows
that dispersion management of the pump is key for producing single-mode photons, it also provides an alternative
avenue for generating highly entangled photon pair states. For tasks requiring highly multimode photons, this method
of increasing the number of modes present can make use of the entire PDC pump bandwidth, and therefore does not
significantly affect the pair generation rate of the source in power-limited situations.

The central wavelength and time delay of the QPG pump relative to the PDC signal photons were set by optimizing
the ratio of upconversion between HGO and HG1 projections. The spectral phase and bandwidth of the QPG pump
were adjusted to maximize the visibility between HGO and HG2 projections. Pulse bandwidths as measured on a
spectrometer (Andor Shamrock SR500 with a 1200 1/mm grating) are given in Table I.

For the g(® measurements of Fig. 4 of the main text, the QPG is effectively set to ‘OFF’ by delaying the pump
by 5 ps, where it does not interact with the PDC photons. The QPG pump is delayed rather than blocked in order
to ensure all three measurements are subject to the same background noise, which may arise from scattering of the
transmitted QPG pump or a broadband parametric noise from errors in periodic poling [44]. With all laser pulses
blocked, the ambient and detector dark-count rate was approximately 1.8k-per-detector-per-second for the SNSPDs
and 350-per-detector-per-second for the APDs. Coincidences are registered within a 3 ns window, and the expected
dark counts outside this window are subtracted. When the PDC pump is blocked but the QPG pump is coupled
through the system, we measure extra background counts of approximately 4.9k and 80 counts-per-detector-per-second
on the SNSPDs and APDs, respectively. This has a negligible effect on the measurements of the upconverted photons,
but significantly impacts the ¢(®) of the transmitted PDC signal photons, as seen by comparing the “QPG pump
blocked” and the “QPG pump delayed” ¢(® values in Table I. Note that no background subtraction is employed
for the tomography results, but they are conditioned upon coincidence with an idler detection. When measuring in
coincidence, the background rate measured by the APDs drops below 8-per-detector-per-second, while the coincidence
detection rate for the Gaussian projection onto the single-mode state is over 7000-per-detector-per-second, providing
a more-than-satisfactory signal-to-noise.
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FIG. 2. PDC source purity as spectral phase added. The purity of the PDC source, as measured from the marginal g®
of the signal photon with the QPG off, as a function of quadratic spectral phase of the form ¢t A@=w0)? on the PDC pump. Five
seconds of data were taken per spectral phase setting. The thick black lines represent the chirp values used for a high-purity
PDC state (Case ‘a’) and a highly multimode PDC state (Case ‘c’). The solid red curve is the theoretical expectation of Eq. 1,
and the dashed red curve is the same curve with Poissonian background equivalent to 4% of the total count rate added to
match the peak g(z) of 1.929 measured in the experiment.

[Reference [ (a) [ (b) [ (c) [ (d) |
PDC Pump Shape HGO HGO HGO HG1
PDC Pump Bandwidth 1.72 nm 0.54 nm 1.49 nm 1.31 nm
PDC Pump Chirp 0 0 0.38 x 10° fs? 0

QPG Pump Bandwidth 1.54 nm 1.05 nm 1.58 nm 1.30 nm
Purity of p from reconstruction 0.896 £+ 0.0060.523 £+ 0.008]0.317 £+ 0.005|0.531 £ 0.004
Expected purity from JSI 0.995 0.652 0.377* 0.542%*
Transmitted ¢®, QPG pump blocked[1.929 + 0.008[1.528 & 0.010]1.327 + 0.005 | 1.498 + 0.006
Transmitted g<2>, QPG pump delayed |1.861 4+ 0.003 |1.494 + 0.003|1.302 + 0.002|1.461 £ 0.003
Transmitted g™, QPG pump HGO  [1.827 & 0.004 |1.456 + 0.004[1.277 + 0.002|1.467 & 0.003
Transmitted ¢, QPG pump HG1 1.875 £ 0.003 |1.512 4+ 0.004 |1.308 £ 0.002|1.446 £+ 0.003
Upconverted ¢, QPG pump HGO [1.975 + 0.015[2.044 & 0.037]1.983 + 0.0261.949 + 0.033
Upconverted ¢@, QPG pump HG1  |2.078 & 0.194[1.951 + 0.105|1.925 & 0.063|1.993 = 0.025
Transmitted gf?, QPG pump delayed |0.417 4+ 0.003|0.246 £ 0.003 |0.374 4+ 0.002|0.393 £ 0.003
Upconverted g,(f), QPG pump HGO |0.423 +0.005[0.319 + 0.009{0.501 + 0.011{0.572 + 0.017

TABLE I. Pump bandwidths and measured g(2)s for the four PDC states explored in the main text, corresponding to the
JSIs of Fig. 3. The error of the purity from the tomographically reconstructed density matrices p are found through Monte
Carlo simulation assuming the coincidences measured have Poissonian error. The expected purity from the JSIs correspond
to the singular value decomposition assuming a flat phase, except in cases marked (*) where faithful implementation of the
intended phase is assumed. All g(2> values are corrected for detector dark counts assuming a 3 ns coincidence window. g,(f) is
the heralded second-order correlation function, which is zero for the ideal single-photon Fock state and one or greater for all
classical states of light.
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FIG. 3. Reconstructed temporal-mode density matrices and joint spectral amplitudes. The real (i) and imaginary
(ii) parts of the reconstructed signal-photon density matrices for (a) a spectrally decorrelated PDC state, (b) an intensity-
correlated state, (c) a phase-correlated state, and (d) an HG1l-pumped state. The eigenvalues (D> A = 1) of these density
matrices are shown in red in (iii), with the error bars found from Monte Carlo simulations assuming Poissonian noise. The
expected one-photon density matrices from the joint spectral intensities (inset) are all diagonal with eigenvalues obtained from
the singular value decomposition, as seen in gray assuming a flat phase for cases (a) and (b) and the programmed phase in (c)

and (d).
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FIG. 4. Seven-dimensional temporal-mode bases. The spectral shapes corresponding to eight mutually unbiased seven-
dimensional bases [46] as programmed for the reconstruction of Fig. 3. The black line and blue fill correspond to the intensity
|f(w)|?, and the red line corresponds to the phase on the interval [0, 27].
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