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We experimentally demonstrate a programmable parametric mode sorter of high-dimensional signals in
a composite spatiotemporal Hilbert space through mode-selective quantum frequency up-conversion. As
a concrete example and with quantum communication applications in mind, we consider the Laguerre-
Gaussian and Hermite-Gaussian modes as the spatial and temporal state basis for the signals, respectively.
By modulating the spatiotemporal profiles of the up-conversion pump, we demonstrate the faithful selec-
tion of signal photons in those modes and their superposition modes. Our results show an improvement
in the quantum mode-sorting performance by coupling the up-converted light into a single-mode fiber
and/or operating the up-conversion at the edge of phase matching. Optimizing pump temporal profiles
allows us to achieve more than 12-dB extinction for mutually unbiased basis (MUB) sets of the spa-
tiotemporal modes. This fully programmable and efficient system could be a viable resource for quantum
communications, quantum computation, and quantum metrology.
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I. INTRODUCTION

Nowadays, quantum parametric frequency-conversion
processes such as spontaneous parametric down-conver-
sion [1–3], second-harmonic generation [4], sum- and
difference-frequency generation, and four-wave mixing [5]
are extensively utilized in quantum optics [6–8], with
applications in hybrid quantum networks [9,10], creat-
ing entanglement between disparate quantum memories
[11,12], realizing low-noise infrared up-conversion pho-
ton counters [13–15], and so on. Meanwhile, quantum
systems subtending high-dimensional (HD) Hilbert spaces
have been studied due to their advantages in a higher infor-
mation capacity, enhanced security, or increased resistance
to noise. Thus far, higher-dimensional information cod-
ing has been demonstrated on various platforms such as
those of trapped ions [16], polar molecules [17], Rydberg
atoms, cold atomic ensembles [18], photonic systems, or
superconducting phase qudit [19]. In photonic systems,
the information can be encoded in a HD Hilbert space
with multiple degrees of freedom (DOF) over polarization,
spatial, time, energy, and optical path [20–26]. This mul-
tiple DOF of the photons can be coherently coupled with
each other to boost quantum communication capabilities
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[27] with broad applications in quantum key distribution
[28,29], quantum logic operations, quantum teleportation,
quantum metrology [30–32], and so on.

A challenge to HD quantum information processing is
with efficient sorting and processing of the highly mul-
tiplexed modes. Indeed, several techniques have been
demonstrated to sort the spectral modes by using linear-
optical resonators [33,34], and sort the spatial [35–40] and
temporal [28,41–43] modes, respectively, by using non-
linear optics. Among them, those nonlinear-optical tech-
niques have the upper hand in mode sorting as compared
to their linear counterparts, as they can manipulate single
photons in a single step (i.e., by singly passing through a
nonlinear waveguide) and, in principle, without any loss.
The same techniques will allow nearly lossless modula-
tion of quantum signals [44], enabling networked quantum
applications over heterogeneous material platforms.

While most of the above work has focused on sort-
ing either spatial or temporal modes, the ability to sort
combined spatial-temporal (ST) modes could find vast
applications in developing practical quantum technologies
[23,26,45–47]. Recently, we demonstrated a HD quan-
tum system by combining spatial and temporal DOF by
using a spatial light modulator (SLM) and optical delay
line (ODL), respectively [48]. There, we demonstrated
efficient mode sorting by selectively up-converting signal
modes with spatially modulated and temporally delayed
pumps. It has a limited capacity due to the delay-only tem-
poral control of the Gaussian pulses, which restricts its

2331-7019/23/19(4)/044070(13) 044070-1 © 2023 American Physical Society

https://orcid.org/0000-0002-4093-0523
https://orcid.org/0000-0002-0951-4214
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.044070&domain=pdf&date_stamp=2023-04-24
http://dx.doi.org/10.1103/PhysRevApplied.19.044070


MALVIKA GARIKAPATI et al. PHYS. REV. APPLIED 19, 044070 (2023)

advantage for HD Hilbert-space quantum communication
and computation.

In this paper, we overcome the aforementioned restric-
tion of our previous study by adding arbitrary temporal
modulation and demonstrating HD quantum parametric
mode sorting (QPMS) over the compound ST Hilbert
space with arbitrarily reconfigurable modes. Specifically,
we utilize spatial light modulators for controlling spatial
DOF [48,49] and an optical arbitrary waveform generator
(OAWG) based on spectral line-by-line pulse shaping to
manipulate the amplitude and phase profiles of the time-
frequency DOF [42,50,51]. We experimentally demon-
strate that the mutually unbiased basis (MUB) in a HD
Hilbert space can be selectively up-converted according
to their spatial and/or time-frequency tomography. This
allows photon-efficient applications over overlapping yet
orthogonal spatial and temporal modes, thus accessing a
much larger Hilbert space than allowed by each individual
DOF [21,46,52]. This also helps achieve high selectivity
by merging the spatial and time-frequency modes, reduc-
ing error probabilities in HD quantum applications. This
efficient programmable manipulation of HD ST modes
could find practical applications in emerging quantum
technologies, including robust HD quantum key distribu-
tion.

II. MODEL

We consider photons in ST modes � = Er(x, y)Et(t),
where Er(x, y) and Et(t) are the electric fields in the spa-
tial and temporal domains, respectively. We exploit a HD
Hilbert space by preparing quantum states in Laguerre-
Gaussian (LG) spatial mode basis and Hermite-Gaussian
(HG) temporal basis. To retrieve relevant quantum infor-
mation, we need to extract the desired mode among a
plethora of modes generated by processes like sponta-
neous four-wave mixing [5,53,54], multimode sponta-
neous parametric down-conversion [46,55,56], and anti-
bunching photon emission in quantum dots [57,58]. We
present a QPMS scheme that is realized through sum-
frequency (SF) generation in a second-order χ2 nonlinear
crystal described by a set of coupled differential equa-
tions (see Ref. [48] for details). In our current setup, we
use pump and signal input pulses having similar wave-
lengths under the undepleted pump approximation where
the inverse group-velocity mismatch between them can be
neglected so that our system operates in the single side-
band velocity-mismatch (SSVM) regime [43,56]. When
the temporal pulse width of the pump is smaller than the
temporal walkoff between the pump and SF pulses in the
crystal, high-mode selectivity can be achieved. We numer-
ically simulate the results using an adaptive split-step
Fourier method under the slowly varying envelope approx-
imation. For both simulation and experiment discussions,
we define the selectivity (S) of the signal quantum state for

each pump state as

S = 10log10

(
ND∑
i�=D Ni

)
, (1)

where ND is the number of SF photons in the “desired”
mode among the other considered modes, as measured
using the Si avalanche photodiode (Si APD). Figure 1
shows a schematic of our QPMS system that can selec-
tively up-convert the desired signal mode among overlap-
ping LG spatial modes and HG temporal modes by passing
it through a nonlinear crystal with a specifically designed
ST pump.

In this paper, we exclusively consider spatiotemporal
modes, where spatial modes are defined as |X p ,s

l 〉 with LG
orbital angular momentum ‘l’( ≡ 0, ±1, ±2,. . . ), and tem-
poral modes are defined as |Tp ,s

m 〉 with HG higher-order
mode index ‘m’ ( ≡ 0,1,2,. . . ). Here, ‘p’ stands for the
pump, and ‘s’ stands for the signal. For simplicity, we con-
sider that the information is stored in a unique quantum
state among three HG temporal modes |T0〉, |T1〉, |T2〉 and
five LG spatial modes |X−2〉, |X−1〉, |X0〉, |X1〉, |X2〉. To
selectively up-convert the signal photons in each of these
15 ST modes, we use a pump with a unique ST mode pro-
file. We monitor and analyze the SF output for each of the
225 pairs of the ST pump and signal modes.

To thoroughly understand our hybrid system, we first
independently illustrate the outcome of spatial and tempo-
ral processes. In Fig. 1(i), we prepare spatial and temporal
quantum states for the signal. In Fig. 1(ii), we prepare
pump states with different temporal modes and a con-
stant spatial mode. We employ a Gaussian configuration
for the spatial DOF to achieve maximum conversion effi-
ciency and clearly recognize the features of the temporal
DOF. Similarly, in Fig. 1(iii), we prepare different spatial
modes by maintaining a constant temporal mode with a
Gaussian profile. Figure 1(iv) represents the simulated SF
outcome for a combination of these states. It is constructed
by combining specific |T1,2,3〉 modes for both pump and
signal and calculating the SF output at the different delays.
We consider the SF counts at zero delays to estimate the
SF counts at the central overlap accurately. We observe
high SF counts along the diagonal elements, which cor-
respond to identical pump and signal temporal modes as
|Tp

0 , Ts
0〉, |Tp

1 , Ts
1〉, and |Tp

2 , Ts
2〉. The off-diagonal elements

correspond to SF generation for pump and signal with
orthogonal temporal modes like |Tp

0 , Ts
1〉, |Tp

0 , Ts
2〉, |Tp

1 , Ts
0〉,|Tp

1 , Ts
2〉, |Tp

2 , Ts
0〉, and |Tp

2 , Ts
1〉. These modes show signifi-

cantly lower SF output at zero delays. The spectral profiles
of the 2-ps signal and pump temporal pulses are shown
in Appendix A. We plot the intensity and shape of the
output SF pulses in Fig. 1(v) by simulating spatial |Xi〉
modes for both input pulses and calculating the output
at each spatial location after passing it through the same
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FIG. 1. Schematic of ST quantum parametric mode sorter using a χ2 nonlinear crystal with signal (blue), pump (green), and SF
output (red). (i) represents the signal states with spatial (X S

i≡0,±1,±2) and temporal (TS
i≡0,1,2) modes. (ii) A set of pump states with a

Gaussian spatial mode |X p
0 〉 and different temporal modes |Tp

0 〉, |Tp
1 〉, and |Tp

2 〉. (iii) represents pump states with a Gaussian temporal
mode |Tp

0 〉 and different spatial modes |X p
−2〉, |X p

−1〉, |X p
0 〉, |X p

1 〉 and |X p
2 〉. (iv) SF temporal outputs when the signals are combined with

the pumps of (ii). (v) The SF spatial outputs when the signals are combined with the pumps of (iii) at zero delay.

crystal. We observe higher intensity for the diagonal ele-
ments as compared to off-diagonal elements. Since the
diagonal terms correspond to pump mode |X p

i 〉, which effi-
ciently up-converts signal modes |X s

−i〉 [38]. As Appendix
B shows, we also experimentally capture these spatial SF
output modes on a CCD camera.

We further optimize the pump temporally using parti-
cle swarm optimization (PSO) to achieve better fidelity in
selecting the desired signal. Likewise, we use this tech-
nique to simulate the arbitrary shape of the pump according
to the experimental condition (as discussed in the next
section). Here, we iteratively optimize the selectivity by
individually manipulating the relative phase of 37 evenly
spaced frequency comb lines simultaneously on an ensem-
ble of 16 potential candidates (C). The phase change of
each comb line in a particular candidate is influenced by
its last known phase, its best-known phase (personal best),
and the best-known phase of the entire ensemble (global
best) with an adaptively changing weight component as
shown below:

C(i+1)
n = w ∗ C(i)

n + wp ∗ R1 ∗ C(i)
PB + wg ∗ R2 ∗ C(i)

GB, (2)

where w, wp , and wg are the adaptively selected weight
parameters, C(i)

PB and C(i)
GB are the personal and global best

candidates achieved up to the ith iteration. R1 and R2 are
randomly generated weight parameters added to utilize
the search space intelligently. We can similarly optimize
the pump in the spatial domain to further improve the
selectivity, as discussed in our previous work [49].

III. EXPERIMENTAL SETUP

Figure 2 shows a continuous-wave light from a tun-
able laser source (TLS) at the central wavelength, 1546.6
nm, is sent to the optical frequency comb generator
(OFCG). We use a commercially available optical fre-
quency comb generator (Optocomb, WTEC-01-25). It con-
sists of a phase modulator in a Fabry-Perot cavity driven
by a 25-GHz radiofrequency signal and generates a phase-
coherent broadband frequency comb with a line spacing
25 GHz. The output of the OFCG is low (approximately
−20 dBm), which is then amplified by erbium-doped fiber
amplifiers (EDFAs). The amplified comb lines are manip-
ulated individually (line-by-line) in amplitude and phase
by the waveshaper (Finisar 16000A) for optical arbitrary
waveform generation [42,51]. This can be controlled by
a MATLAB-based interface that observes the output by
using an optical spectrum analyzer (OSA). The wave-
shaper provides pump (1551 nm) and signal (1559 nm)
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FIG. 2. Experimental setup for the programmable quantum parametric mode sorter in the ST domain. OFCG, optical frequency-
comb generator; EDFA, erbium-doped fiber amplifier; FPC, fiber polarization controller; OSA, optical spectrum analyzer; FC, free
space to fiber coupler; HWP, half-wave plate; SLM, spatial light modulator; BS, beam splitter; PPLN, magnesium-doped periodic
poled lithium niobate crystal; SPD, visible single-photon detector; BF, bandpass filter.

separately with designated temporal modes, verified via
the frequency-resolved optical gating (FROG) method.
The response time of the waveshaper is 500 ms. The
pump and signal are further amplified by the two sepa-
rated EDFAs to overcome the insertion loss approximately
4.5 dB of the waveshaper. An optical delay line (ODL) in
the pump arm is used to scan the relative time delay of the
pump and signal pulses. Then vertically polarized pump
and signal pulses propagate in free space before being
incident on two separate spatial-light modulators (Santec
SLM-100, 1440 × 1050 pixels, pixel size 10 × 10 µm2).
The response time of both SLMs is 300 ms. We also add
some free-space spectral filters to suppress the amplified
spontaneous noise of the EDFA in the pump and sig-
nal arms. A beam splitter combines the signal and pump
into the nonlinear crystal (5 mol % MgO-doped periodic
poled lithium niobate crystal). We test two separate non-
linear crystals with lengths 1 and 2.5 cm, generating SF
output photons with a normalized conversion efficiency
of approximately 1%/W/cm2. Temporal walkoffs between
the pump and SF pulses for 1- and 2.5-cm-long crystals
are 1.2 and 3 ps, respectively. The parasitic pump and the
generated second harmonic of the pump are filtered out
using two 850-nm-long pass filters (FELH850) and three
775-nm bandpass filters (FBH770-10), with 100- and 150-
dB suppression, respectively. After that, the SF output is
coupled into single-mode fiber and detected by a high-
speed single-pixel silicon avalanche photodiode (ID100).
Then, a time-to-digital converter (TDC) can digitally count
the number of photons, and MATLAB can postprocess the
data [38].

IV. RESULTS

Effect of crystal length on selectivity: due to limita-
tions of the OFCG, the wavelengths of our pump and

signal are only 8 nm apart. In this case, the inverse group-
velocity mismatch between the pump and signal can be
neglected, making our system operate in the SSVM regime
[43]. High mode selectivity is achieved when the temporal
width of the pump is within the temporal walkoff between
the pump and SF pulses in the crystal, i.e., the pump’s
spectral bandwidth exceeds the phase-matching bandwidth
of the crystal. We plot the phase-matching curve of the
crystal by sweeping the wavelength and measuring the
generated SF power at a constant temperature. By fitting
this experimental phase-matching curve of the nonlinear
crystal on top of an ideal sinc2 curve, we evaluate the tem-
poral walkoff between the pump and SF pulses in the 1-
and 2.5-cm crystal to be 1.2 and 3 ps, respectively. In
Table I, we show the selectivity results for temporally opti-
mized and unoptimized pump pulses for the 1- and 2.5-cm
crystals (only for two temporal signal modes with spatial
Gaussian). We choose a temporal pulse width of 2 ps
for both pump and signal pulses to show the relation
between temporal walkoff and QPMS condition distinctly.
We observe a larger selectivity for both |T p

0 〉 and |T p
1 〉 in

TABLE I. Experimentally evaluated mode selectivity [using
Eq. (1)] between two signal modes |Ts

0〉 and |Ts
1〉 with 2-ps pulse

width, temporally optimized and unoptimized pumps |Tp
0 〉 and

|Tp
1 〉 for two different lengths of the crystals.

Crystal length 1 cm Crystal length 2.5 cm

Pump mode |T s
0 〉 |T s

1 〉 |T s
0 〉 |T s

1 〉
(dB) (dB) (dB) (dB)

|T p
0 〉 6.13 −6.13 11.17 −11.17

|T p
1 〉 −4.48 4.48 −10.27 10.27

Optimized |T p
0 〉 7.32 −7.32 16.09 −16.09

Optimized |T p
1 〉 −5.46 5.46 −13.72 13.72
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TABLE II. Experimentally evaluated temporal mode selectivity of the signal state |T0〉, |T1〉 and |T2〉 with temporally optimized
and unoptimized pump state |T0〉, |T1〉, and |T2〉 for two different pulse widths (2 and 7 ps) in a 2.5-cm-long nonlinear crystal. The
selectivity values for each pump mode are calculated using Eq. (1).

Pump mode Pulse width |Ts
0〉 |Ts

1〉 |Ts
2〉 Pulse width |Ts

0〉 |Ts
1〉 |Ts

2〉
(ps) (dB) (dB) (dB) (ps) (dB) (dB) (dB)

|Tp
0 〉 2 10.28 −11.24 −17.97 7 0.42 −8.34 −2.73

|Tp
1 〉 2 −10.96 5.71 −7.98 7 −3.75 3.06 −14.53

|Tp
2 〉 2 −6.5 −7.66 3.11 7 −9.06 −4.63 2.37

Optimized |Tp
0 〉 2 10.28 −16.39 −17.97 7 3.87 −13.93 −4.72

Optimized |Tp
1 〉 2 −14.31 7.28 −8.5 7 −4.50 2.69 −10.15

Optimized |Tp
2 〉 2 −21.43 −6.76 6.55 7 −8.74 −11.29 6.38

the 2.5-cm crystal as compared to the 1-cm crystal because
2 ps is smaller than the temporal walkoff between the pump
and SF pulses in the 2.5-cm crystal. We also show a sig-
nificant improvement in the selectivity for both temporal
modes by employing an optimized pump pulse.

To achieve higher selectivity in a 1-cm crystal, we must
use a temporal pulse width smaller than 1.2 ps. The spec-
tral width of such a pulse is over 3 nm and spans near
the peak of the phase matching for the second-harmonic
generation process, which leads to higher Raman noise. To
significantly reduce the Raman noise, we use a temporal

pulse width of over 2 ps with a spectral bandwidth of 1.6
nm through a 2.5-cm crystal [43].

Effect of pulse width on temporal selectivity: in Table II,
we show the selectivity results for 2- and 7-ps temporally
optimized and unoptimized pump pulses with a constant
spatial profile for both pump and signal as |X p

0 , X s
0 〉. In this

case, 2 ps is less than the temporal walkoff between the
pump and SF pulses in the crystal and yields higher selec-
tivity than the 7-ps pulse. For instance, unoptimized mode
|T p

0 , T s
0〉 gives a ∼ 9.8 dB difference in selectivity between

2- and 7-ps pulses. Even after significantly improving

FIG. 3. Selectivity results in dB measured experimentally for five different signal spatial modes and |T s
0 〉 temporal mode [signal

(blue), pump (green), and SF output (red)]. Each row represents the pump in two different temporal modes (|T p
0 〉, |T p

1 〉) with spatial
mode |X p

0 〉 in (i) and |X p
0 〉 in (ii).
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FIG. 4. Measured SF photon counts with different combinations of ST tomography. Here, each of the nine subfigures has a different
combination of temporal HG pump and signal modes (|T0〉, |T1〉 and |T2〉) with 2-ps pulse width. Each subfigure consists of SF count
data corresponding to 25 combinations of spatial LG pump and signal modes (|X−3〉, |X−2〉, |X−1〉, |X0〉, |X1〉|X2〉,, and |X3〉). The color
bar in each subfigure represents the SF photon counts.

selectivity by utilizing optimized pump pulses, we can
decrease only this to approximately 6.4 dB. In both cases,
we observe that we can achieve high selectivity when
the temporal shape of the pump and signal are identical
|Tp

0 , Ts
0〉, |Tp

1 , Ts
1〉, and |Tp

2 , Ts
2〉. |Tp

0 〉 has a higher selectivity
between |Ts

1〉 than |Ts
2〉, since |T0〉 and |T2〉 have a nonzero

amplitude at zero delay. Our experimental results are on
par with the theoretical simulations without the need for
any fitting parameter. We also show how there is an abrupt
drop in selectivity as the pulse width increases more than
the temporal walkoff of the system in Appendix C.

Spatiotemporal mode selectivity: by combining spatial
and temporal DOF, we take full advantage of the ST
quantum states while being able to selectively up-convert
a unique quantum state with high selectivity. Figure 3
demonstrates how we can use different ST pump profiles

to selectively up-convert a unique ST signal mode among
the seven modes considered. While |X p

0 〉 can efficiently up-
convert a signal in |X s

0 〉 mode in Fig. 3(i), we also show that
|T p

0 〉 can up-convert a signal in |T s
0〉 with higher selectiv-

ity than |T p
1 〉. Figure 3(ii) shows similar results for pump

mode, |X p
1 〉, which can up-convert signal mode |X s

−1〉 with
high selectivity when their temporal modes are |T p

0 , T s
0〉.

We observe an approximately 1.5 dB lower selectivity
when the temporal profile of the pump and signal are not
identical.

In Figs. 4 and 5, we show the tomography of spatial
and temporal modes for 2- and 7-ps pulse width, respec-
tively. Each of the nine subplots represents the SF output
for a different pair of temporal modes for pump and signal,
respectively. Each row represents a different pump mode,
whereas the columns represent different signal modes. For
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FIG. 5. Measured SF photon counts with different combinations of ST tomography. Here, each of the nine subfigures has a different
combination of temporal HG pump and signal modes (|T0〉, |T1〉 and |T2〉) with 7-ps pulse width. Each subfigure consists of SF counts
data corresponding to 25 combinations of spatial LG pump and signal modes (|X−3〉, |X−2〉, |X−1〉, |X0〉, |X1〉|X2〉, and |X3〉). The color
bar in each subfigure represents the SF photon counts.

each combination of the pump and signal temporal mode,
we observe the trend of SF photon counts for a combina-
tion of different spatial modes, ranging from |X−3〉 through
|X3〉. Among the nine subplots, we observe that the diag-
onal elements have the highest SF count due to having
identical temporal modes. Also, within each subplot, we
notice a similar trend where the diagonal elements corre-
sponding to |Xi〉|X−i〉 have a higher SF count as compared
to the off-diagonal elements.

Selectivity of superposed modes: it has been shown
that encoding information in higher dimensions like arbi-
trary superpositions of single-photon temporal modes can
significantly increase the security of the QKD protocol
[23,30,45,59]. Here, we consider two additional modes in
MUB by superposing two orthogonal temporal modes |T0〉

and |T1〉:

|T+〉 = 1√
2
(|T0〉 + |T1〉), (3)

|T−〉 = 1√
2
(|T0〉 − |T1〉). (4)

In Table III, we show the selectivity results for these super-
posed modes by utilizing optimized and unoptimized pump
pulses with a temporal width of 2 and 7 ps. It shows
that we can pick individual superposed mode |Ts

+〉 (|Ts
−〉)

against |Ts
−〉 (|Ts

+〉) and |Ts
2〉 modes with high selectivity.

Similarly, |Ts
2〉 can be selected against |Ts

+〉 and |Ts
−〉. The

selectivity can be further improved in all three cases by
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TABLE III. Experimentally recorded temporal mode selectivity results using superposed signal modes |Ts
+〉, |Ts

−〉, and mode 3 (|Ts
2〉)

with temporally optimized and unoptimized pump mode |Tp
+〉, |Tp

−〉, and mode 3 (|Tp
2 〉) for two different pulse widths in a 2.5-cm-long

crystal. The selectivity values are similarly calculated using Eq. (1).

Pulse width |Ts
+〉 |Ts

−〉 |Ts
2〉 Pulse width |Ts

+〉 |Ts
−〉 |Ts

2〉
Pump mode (ps) (dB) (dB) (dB) (ps) (dB) (dB) (dB)

|Tp
+〉 2 9.17 −13.54 −11.54 7 7.81 −11.37 −10.98

|Tp
−〉 2 −16.20 10.61 −12.23 7 −13.43 8.65 −10.81

|Tp
2 〉 2 −8.17 −9.19 5.04 7 −7.47 −7.23 3.46

Optimized |Tp
+〉 2 13.41 −20.83 −14.35 7 10.16 −16.91 −11.37

Optimized |Tp
−〉 2 −16.38 11.67 −13.67 7 −17.31 10.79 −12.06

Optimized |Tp
2 〉 2 −10.74 −11.45 7.72 7 −8.31 −5.54 2.75

optimizing the pump pulses numerically. As the model
section explains, we use the PSO technique to optimize
the pump pulses numerically. For 2-ps temporal pulses, we
observe an increase in selectivity from 22.71 to 34.24 dB
for mode |Tp

+〉, 26.8 to 28.05 dB for mode |Tp
−〉, and 14.23

to 19.17 dB for mode |Tp
2 〉. Similarly, for 7-ps temporal

pulses, the selectivity improves from 19.18 to 27.07 dB for

mode |Tp
+〉, 22.08 to 28.1 dB for mode |Tp

−〉, and 10.69 to
11.06 dB for mode |Tp

2 〉.

V. DISCUSSION

In principle, ST quantum states can form an infinite
Hilbert space, increasing a single photon’s information

FIG. 6. 2-ps temporal pump and signal profiles in the spectral domain as read by an optical spectrum analyzer after 13-dB
attenuation. The central wavelength of the pump and signal are 1551 and 1559 nm, respectively.
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FIG. 7. Experimentally measured spatial profiles of SF output, detected on a CCD camera (for classical measurement), using
different sets of signal (|X S

{i≡0,±1,±2}〉) and pump (|X P
{i≡0,±1,±2}〉) modes.

capacity. Convenience in encoding and decoding quantum
information in these ST Hilbert spaces can make it ben-
eficial for achieving enhanced key rates for HD quantum
key distribution. In this work, we prepare quantum states
in a unique set of spatial and temporal modes by combin-
ing a SLM, an OFCG, and a waveshaper. We demonstrate
a programmable quantum parametric mode sorter to pick
the desired ST mode with high selectivity using the SF
process in a χ2 nonlinear crystal. We can achieve between
12.99 to 19.4 dB selectivity among two overlapping spatial
modes and between 10.77 to 21.52 dB selectivity among
two overlapping temporal modes. We can further improve
this up to approximately 26.67 dB by optimizing temporal
pump modes.

In our system, there are some technical limitations. For
instance, in generating higher-order spatial and temporal
quantum states. To create ultrafast pulses in the tempo-
ral domain, we use OFCG with a line spacing of 25 GHz
(spectral spacing 0.2 nm) limits the effective number of
comb lines used for pulse shaping. For a 2-ps pulse, the
spectral FWHM is 1.6 nm, which means that we effectively
have eight comb lines in the 3-dB bandwidth range, this is
inadequate to realize modes higher than third order. Sim-
ilarly, the higher-order modes in the spatial domain with

opposite orbital angular momentum for signal and pump
give low photon counts after coupling into the single mode
fiber (approximately 4-µm core diameter). This can be
seen in the diagonal elements of Figs. 4 and 5. Replac-
ing single-mode fiber with few-mode fiber could help us
couple higher-order OAM quantum states [60,61] but the
spatial selectivity would be compromised.

In the current setup, we generate ultrafast picosecond
level temporal pulses by individually manipulating the
phase of 37 optical frequency comb lines using a Fin-
isar waveshaper. We find that when the phase patterns are
refreshed in the waveshaper, it introduces a temporal jit-
ter of approximately 2 ps, which can disturb the temporal
overlap between pump and signal input pulses within the
crystal. We overcame this issue by scanning the SF counts
for the different delays between the pump and the signal
using an optical delay line. Since this is in excellent agree-
ment with the simulation results, we are able to overlap
them and measure the counts at the complete intersections
between the input pulses. Our delay and SF count mea-
surement for each pair of pump and signal modes roughly
take about 1 s in our MATLAB-based interface. This, though
fast enough for the initial assembling of the system, could
be a substantial hindrance when it comes to adaptively
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optimizing the temporal shape of the pump by using the
SF photon counts as feedback. However, it may be possi-
ble to achieve a higher selectivity by adaptively optimizing
the temporal pump pulse at the cost of increased operation
time.

An on-demand single-photon source is vital for most
quantum technological applications because of its negli-
gibly low jitter, high spectral purity, and high collection
efficiency. In quantum optics experiments, spontaneous
parametric down-conversion is commonly used as a her-
alded single-photon source since we can tailor the joint
spectral amplitude function to control the temporal mode
structure of the generated photon pair [62–64]. However,
multiphoton pair generation reduces the purity of the single
photons and can lead to errors in the operation of quan-
tum circuits. One way to reduce the generation of these
multiphotons is by weakly pumping the nonlinear crys-
tal, on the other hand, reduces the mean photon number
and leads to a lower probability of single-photon output.
We can overcome this inherent inefficiency of the heralded
single photons produced in a SPDC crystal by selectively
up-converting the output heralded and heralding single
photons by using two identical quantum parametric mode
sorters [43], as described in this paper, to achieve a single-
photon source with a highly diminished mode mismatch.
We can also use photon-number-resolving detectors to
monitor the number of photon pairs per pulse and select
only those cases for which only one pair is generated,
and further ensure the purity of the shaped single photons
[65,66]. To beneficially utilize the enormous information
capacity of a single photon in a HD ST Hilbert space, indi-
vidual ST modes can be extracted by cascading the current
QPMS scheme in a serial or loop structure [56,67–69]. We
can further optimize the temporal and spatial tomography
of the pump in the present QPMS scheme to mitigate both
the effect of atmospheric turbulence on the OAM states
[38,59,70] and the effect of broadband noise overlapping
in the spectral and temporal domain [42].

VI. CONCLUSION

In summary, we develop a fully programmable quan-
tum parametric mode sorter on a combined ST mode
basis. By utilizing the optimized pump modes, coupling
into the single-mode fiber, and operating at the edge of
the phase matching in a nonlinear crystal, we show the
effective mode-sorting performance in the HD ST Hilbert
space. Only optimizing pumps in the temporal domain
can achieve more than 12-dB extinction for MUB sets
of ST modes. This technique could find applications in
HD quantum communications and computations, quantum
cryptography, pattern recognition, and quantum LiDAR
[46,71–73], and so on. In the future, we can extend our HD
quantum mode-sorting approach for more practical scenar-
ios, such as passing through a noisy environment due to

spatial turbulence [38] and/or time-frequency noises [42],
which could overlap with the desired signal modes.
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APPENDIX A

Spectral profiles of 2-ps temporal pulses: we generate
ultrafast temporal pulses by individually manipulating the
phase and amplitude of optical frequency comb lines gen-
erated by an OFCG. We combine 5% of pump and signal
pulses using a beam combiner to observe them in the spec-
tral domain using an OSA. In Fig. 6, we show the spectral
profiles of different pump and signal modes with center
wavelengths 1551 and 1559 nm. We observe a slight power
at the phase-matching wavelength for second-harmonic
generation (approximately 1555 nm), which gives rise
to considerable noise photon counts in a single-photon
regime. To avoid this, we further use free-space short-
pass and long-pass filters on the signal and pump arm,
respectively.

APPENDIX B

Camera image of spatial modes: to verify the profile of
the spatial modes, we experimentally capture the classi-
cal SF output on a CCD camera as shown in Fig. 7. The
spatial intensity profile of the SF output for the combina-
tion of |X p

−2〉, |X p
−1〉, |X p

0 〉, |X p
1 〉, and |X p

2 〉 pump modes
with |X s

−2〉, |X s
−1〉, |X s

0 〉, |X s
1 〉, and |X s

2 〉 signal modes are
in excellent agreement with the simulated results shown in
Fig. 1(v).

TABLE IV. Three different temporal pulse widths are used to
experimentally evaluate the mode selection of signal mode 1
(HG00) and 2 (HG01) with temporally optimized and unoptimized
pumps using 1-cm crystal.

Pulse width |T p
0 〉 Optimized |T p

0 〉 |T p
1 〉 Optimized |T p

1 〉
(ps) (dB) (dB) (dB) (dB)

1 8.03 11.1 7.6 8.1
2 6.26 9.5 dB 4.5 4.5
3 5.0 8.2 2.74 4.4
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APPENDIX C

QPMS and temporal walkoff: Table IV, illustrates how
mode selectivity is influenced by the temporal walkoff
between the pump and SF pulses in the crystal. Signal
modes |T0〉 and |T1〉 are selectively up-converted using a
temporally optimized and unoptimized pump pulse in a
1-cm crystal. We show a sudden drop in the selectivity
beyond a temporal pulse width of 1 ps since the tempo-
ral walkoff between the pump and SF pulses in the crystal
is approximately 1.2 ps. Though there is a drop in selec-
tivity between 2- and 3-ps pulses, they are comparable to
each other.
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