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Tomography and Purification of the Temporal-Mode Structure of Quantum Light
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High-dimensional quantum information processing promises capabilities beyond the current state of the
art, but addressing individual information-carrying modes presents a significant experimental challenge.
Here we demonstrate effective high-dimensional operations in the time-frequency domain of nonclassical
light. We generate heralded photons with tailored temporal-mode structures through the pulse shaping of a
broadband parametric down-conversion pump. We then implement a quantum pulse gate, enabled by
dispersion-engineered sum-frequency generation, to project onto programmable temporal modes,
reconstructing the quantum state in seven dimensions. We also manipulate the time-frequency structure
by selectively removing temporal modes, explicitly demonstrating the effectiveness of engineered
nonlinear processes for the mode-selective manipulation of quantum states.
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Photons are critical components of quantum networks
and technologies, acting as the natural carrier of quantum
information due to their low decoherence, simple trans-
mission, and wide range of encoding possibilities. In
particular, high-dimensional encodings offer powerful
advantages through an increased information-per-photon
capacity [1,2], complex entanglement structures [3—6], an
enhanced resilience to noise and loss [7,8], and resource-
efficient multiuser networking [9]. In order to seize these
benefits, single photons in clearly distinguishable, accu-
rately controllable, and practically measurable modes are
essential to define a high-dimensional quantum alphabet.
The spectral and temporal, or time-frequency, photonic
degrees of freedom offer an attractive framework for
quantum communication and quantum information
processing [10—15]. Unlike polarization and spatial encod-
ings, information encoded in the time-frequency domain is
robust through fiber-optic and waveguide transmission,
making it a natural candidate for both long-distance
quantum communication and compact integrated devices.
In particular, broadband temporal modes provide an elegant
basis that encodes qudits in intensity-overlapping but field-
orthogonal pulses [14]. Because of their pulsed nature,
temporal modes lend themselves to network applications
relying on the precise synchronization of multiple parties.
Additionally, these temporal modes are a natural choice for
physical implementations, as they are the eigenbasis of
photon pairs emitted from standard parametric down-
conversion (PDC) sources [5,16].

To fully exploit the temporal-mode structure of quantum
light, it is necessary to both control the modal structure of
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quantum light sources and develop matched mode-selective
measurement methods. In order to perform projective
measurements onto arbitrary temporal modes, techniques
are needed which can identify and remove a specific desired
mode from a mixture or superposition. Furthermore, oper-
ations on photonic temporal modes must not introduce noise
in order to leave the fragile quantum nature of the light intact.
Sum-frequency generation with tailored group-velocity
relationships and shaped ultrafast pulses provides a capable
toolbox for these tasks [17-22]. Notably, a sum-frequency
process between a weak photonic signal and a shaped strong
measurement pulse with matched group velocities has been
shown to selectively addresses individual temporal modes
[19,21]. This process, dubbed the quantum pulse gate
(QPG), can be used as a temporal-mode analyzer for
communication networks [17] or as an add-drop component
to build general unitaries and quantum logic gates for a
desired temporal-mode basis [14,23]. Recent QPG experi-
ments have shown highly efficient and highly selective
operations on coherent light pulses [24-29] and demon-
strated its effectiveness as a measurement device for
unknown superpositions [30] and as a mode-selective
photon subtractor [31]. While some of these works have
used weak coherent states [24,26,31], no operations on the
temporal modes of genuinely quantum light have been
demonstrated to date. In continuous-variable quantum
optics, homodyne measurements provide inherently mode-
selective detection [5,32—-34], but these techniques do not
have the add-drop functionality of the QPG and require a
knowledge of the underlying photonic quantum state and
optical loss to reconstruct the mode distribution.
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In this Letter, we show a complete set of tools to generate,
measure, and manipulate the temporal-mode structure of
single photons with a high degree of control. We orchestrate
the modal structure of PDC photon pairs by shaping the
pump spectrum. We show that the QPG capably performs
projective measurements onto custom temporal modes,
with both amplitude and phase sensitivity. We use this
functionality to perform a seven-dimensional quantum state
tomography of heralded photons and recover their full time-
frequency density matrix. We then use the QPG to purify and
manipulate the temporal-mode structure of the photons,
adjustable through a programmable operation and confirmed
through second-order correlation function measurements.
We measure high signal-to-noise ratios while operating on
quantum light, definitively positioning the QPG as an
invaluable resource for pulsed quantum information science.

We generate photon pairs with a variety of underlying
modal structures through parametric down-conversion.
PDC is a nonlinear process which creates simultaneous
signal and idler photons with frequencies w,; and w;,
respectively. The joint spectral amplitude function
f(w,, ;) describes the spectral phase and amplitude of
the two-photon state and is determined by the spectral shape
of the PDC pump and the dispersive properties of the
nonlinear material [16,35-38]. While the joint spectral
amplitude contains a complete description of the state in
continuous time-frequency space, an equivalent discrete
description can be obtained from the Schmidt decomposi-
tion [39], which reexpresses it in terms of orthonormal
modes with normalized Schmidt coefficients y; as

oy 0;) = z VIwi(og)gr(w;). (1)
k

For a Gaussian joint spectral amplitude, the eigenmodes are
given by Hermite-Gaussian (HG) functions, as sketched in
Fig. 1. Notably, these modes have overlapping intensities
and therefore cannot be isolated or measured with standard
frequency filtering [28].

In this discretized picture, the density matrix p,; con-
taining the complete time-frequency description of the two-
photon state can be written simply as

Psi = Z \/7777/ |Wi¢i><l//j¢j|a (2)
i.j

where |y;) and |¢;) are the signal and idler photon states,
respectively, defined by the corresponding temporal modes.
By detecting the idler photon in a time-frequency insensi-
tive manner, the state of the signal photon collapses to
ps = 2vilwi)(wil, with a purity of P = trpf = "7} In
the low-gain regime, the purity is directly related to the
second-order autocorrelation function (i.e., the marginal
g?) as g = 1 + P [40]. This provides an experimentally
accessible measure of the underlying modal structure,
directly probing the decomposition of the joint spectral
amplitude independent of the individual mode shapes.
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FIG. 1. Temporal-mode selection with a quantum pulse gate.
The two-photon state resulting from PDC has a multimode
structure defined by the pump field and nonlinear phase match-
ing. The QPG selects a single mode (the first-order Hermite-
Gauss, for example, in bold) from this superposition and
up-converts it to a higher frequency, while the unselected modes
transmit unaffected. Changing the shape of the QPG pump
changes which temporal mode the QPG selects.

We implement a mode-selective QPG through sum-
frequency generation, a nonlinear process which couples
input frequencies w;, to output frequencies @, according to
amapping function &(;,, @y )- This function is given by the
product of the complex spectrum of the QPG pump a(wy, —
w;,) and the phase matching of the material @ (w;,, Woy)- If
the input signal and the QPG pump have the same group
velocity, the phase matching can be written as a function of
only the output frequency, i.e., ®(@i,, @oy) & D@4y ). Fora
sufficiently long interaction length, the output frequency
range is much narrower than the input [22], and the
contribution of the QPG pump spectrum can be approxi-
mated as a function of only the input frequency,
Aoy — Wyy) =~ a(wy,). In this limit, the mapping function
E(@yy, 0oy) becomes separable, and we can describe the
QPG interaction as a single-mode broadband beam splitter
coupling an input temporal mode defined by a(w, ) to the up-
converted mode defined by ®(w,,) while transmitting all
orthogonal temporal modes unaltered [19,21]. This is sche-
matically depicted for a QPG set to the first-order Hermite-
Gauss mode in Fig. 1. By measuring a photon in the
up-converted mode, we implement a projective measurement
onto a temporal mode that can be freely chosen through
standard pulse shaping of the QPG pump [30].

The group-velocity matching condition can be met in
periodically poled lithium niobate (PPLN) waveguides,
which also provide the spatial confinement necessary for
long nonlinear interaction lengths. In our experimental
setup, detailed in Supplemental Material [41], we make use
of type-II group-velocity matching between a 1540-nm
photonic input and an 876-nm QPG pump in a homemade
17-mm PPLN waveguide, as in Refs. [24,30]. We measure
up-converted output pulses at 558 nm with a 61-pm
(59 GHz) bandwidth (full width at half maximum),
significantly narrower than the 4.9-nm (620 GHz) band-
width of the input photons. Although similar conditions can
be met in other materials using near-degenerate processes
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[25-27], our scheme avoids the challenge of isolating the
single-photon signal from the second harmonic of the
QPG pump.

We use spatial-light-modulator-based pulse shapers to
define both the spectral amplitude and phase of the PDC
and QPG pump pulses [42,43]. With this flexibility in hand,
we selected four PDC states to illustrate the versatility of
the QPG. The joint spectral intensity | f(w;, @;)|* for each is
shown on the right side in Fig. 2, as measured with
dispersive time-of-flight spectrometers [37,44]. First, we
set the PDC pump bandwidth such that the generated
two-photon state is nearly spectrally single mode [38],
as seen in the nearly separable joint spectral intensity in
Fig. 2(a). A singular value decomposition of the joint
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FIG. 2. Joint spectral intensities and reconstructed temporal-
mode density matrices. The real part of the seven-dimensional
one-photon temporal-mode tomographically reconstructed den-
sity matrices (left), joint spectral intensities (right), and theoreti-
cally expected density matrices (inset) for four PDC states: (a) a
separable PDC state, (b) a PDC state with spectral anticorrela-
tions from a narrow-bandwidth pump, (c) a PDC state with
spectral phase correlations from a chirped pump, and (d) a PDC
state pumped with a higher-order mode. The values of the first
two diagonal entries are explicitly labeled above the density
matrix. Imaginary components of the reconstructed density
matrices are small and found in Supplemental Material [41].

spectral intensity predicts a purity of 0.995, but the measured
g(z) =14 P (corrected for detector dark counts) corre-
sponds to a significantly lower purity of 0.929 4 0.008,
potentially due to remaining phase correlations or degen-
erate background processes.

By shaping the QPG pump to project onto a set of
Hermite-Gauss spectral shapes, we expect significantly
higher up-conversion probabilities for the lowest-order
Gaussian mode. We find that, when measuring in coinci-
dence with an idler detection, the Gaussian projection indeed
provides more counts than the first-order Hermite-Gaussian
projection by a factor of 19.3 (12.8 dB), with an even stronger
suppression for higher-order modes. This demonstrates
simultaneously the high mode separability of our device
and the single-mode character of our PDC state. With a
coherent-state input signal from a commercial pulse shaper
instead of PDC photons, the suppression factor increases to
111 (20.5 dB). An in-depth characterization of the mode
selectivity of this device with classical light can be found in
Ref. [30]. The up-converted signal is cleanly separated from
all background sources, even for a PDC-generated average
photon number of (n) ~0.16. The signal-to-noise ratio,
including noise from detector dark counts, scattered strong
laser light, and competing nonlinear noise processes in the
poled waveguide [45], is over 70:1 without heralding and
increases to over 900: 1 when gated by an idler detection.

While joint spectral intensity measurements provide
important information about the two-photon PDC state,
they potentially hide significant information about the
spectral phase to which mode-selective measurement
would be sensitive. To demonstrate the effectiveness of
the QPG for quantum state characterization, we reconstruct
the density matrix of the signal photons, as seen on the left-
hand side in Fig. 2. By shaping the QPG pump, we project
onto the first seven Hermite-Gauss temporal modes as
well as a tomographically complete set of superpositions,
totalling 56 measurements [46,47]. The time-frequency
waveforms chosen span eight mutually unbiased seven-
dimensional bases and are sketched in Supplemental
Material [41]. The density matrices were then reconstructed
from the heralded counts in the up-converted mode using a
maximume-likelihood approach [48]. As the tomography
measurements are made on one photon of a PDC pair, we
expect to reconstruct mixed density matrices with purities
consistent with the measured ¢(2. For the separable PDC
state in Fig. 2(a), we reconstruct a density matrix with a
purity of Tr(p?) = 0.896 + 0.006, lower than the expected
value of 0.929 £ 0.008. Discrepancies between the tomo-
graphically reconstructed purities and the ¢(> values arise
from the slightly diminished mode selectivity for the
higher-order projections [30], to which the characterization
of single-mode behavior is particularly sensitive.

Next, we increase the number of modes present in the
PDC state in three different ways and show that the QPG
measurements are sensitive to all three. First, we narrow the
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bandwidth of the PDC pump to produce a multimode PDC
state with spectral intensity anticorrelations. The insepa-
rability of this system can be seen directly in the anti-
correlations of the joint spectral intensity as well as the
additional components of the reconstructed density matrix
in Fig. 2(b). The purity of the reconstructed density matrix
is found to be 0.523 £ 0.008, which matches the ¢?)-
inferred purity of 0.528 4 0.009.

Intensity correlations are not the only available avenue
for increasing the mode number of a PDC state. By adding
a quadratic spectral phase (chirp) to the PDC pump, we
introduce phase correlations between the signal and idler
photons. Note that this phase does not affect the joint
spectral intensity, as seen in Fig. 2(c). However, the added
phase drastically decreases the ¢(®), with a measured purity
of 0.327 £ 0.005. Through tomography, we find that the
QPG measurements are also sensitive to this phase, with
significantly more diagonal elements in the density matrix
and a reconstructed purity of 0.317 % 0.005, similar to the
g-inferred purity. This result explicitly demonstrates the
limitations of spectral intensity measurements for bench-
marking pure single photons and the necessity of spectral
phase control. More details on PDC with a chirped pump
can be found in Supplemental Material [41].

In each of the previous cases, the primary temporal mode
of the PDC state is approximately Gaussian, with higher-
order contributions falling off exponentially and no finite
cutoff. As a final example, we demonstrate control over
the modal composition within a restricted subspace. We
produce a state with contributions from principally two
temporal modes by shaping the PDC into the first-order
Hermite-Gauss function, as seen in Fig. 2(d), which is
expected to produce photon pairs in the time-frequency
Bell state [14]. The reconstructed density matrix from the
QPG measurements shows that the modal content of
the PDC state is mainly confined to these two modes,
and the purities inferred from the ¢(® and the tomography
for this state are, respectively, 0.498 +0.006 and
0.531 £ 0.004, consistent with half of a highly entangled
qubit pair. The imbalance between the first two modes can
be attributed to a nonideal group-velocity relationship
between the signal and idler in the PDC process (i.e., a
non-45-degree phase-matching angle [38]) and is consis-
tent with the density matrix expected from the joint spectral
intensity.

In addition to being useful as a measurement tool, the
QPG in combination with the PDC source can also be used
as a source of single-mode photons by isolating one mode
from all others [14]. To demonstrate this state purification,
we measure the g2 of the up-converted photons with the
QPG pump in the first two Hermite-Gauss modes, as shown
in Fig. 3. If the QPG isolates a single mode from the input
mixture, the up-converted photons themselves will be
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FIG. 3. Second-order autocorrelation functions of transmitted
and up-converted photons. The marginal ¢®’s of the up-con-
verted (green) and transmitted (red) PDC photons are shown for
the four PDC states corresponding to Figs. 2(a)-2(d) with the
QPG pump pulse delayed relative to the signal photons (“off”)
and shaped to the first two Hermite-Gauss temporal modes
(“HGO” and “HG1”). The right side of the figure shows the
same data rescaled to highlight the changes in the ¢ of the
transmitted photons. The data presented are dark-count back-
ground subtracted, and the error bars are found assuming
Poissonian noise.
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highly pure. Indeed, the g® of the up-converted light
confirms a purity of at least 0.9 for both the zeroth- and
first-order HG modes, regardless of the PDC state under
interrogation. For example, for the correlated spectral
intensity of case (b), the g of the up-converted light
when the Gaussian mode is selected is 1.95 + 0.04, which
increases to 2.04 £ 0.04 after dark-count subtraction. The
purity of the up-converted light remains high when the first-
order HG mode is selected. The high ¢(® values measured
here conclusively show both that the QPG indeed selects a
single mode and that the up-converted mode retains the
thermal photon statistics of PDC, with very little noise
introduced by the process.

Finally, we show through the ¢ that the modal
structures of the transmitted photons are significantly
altered by the QPG. If a mixture of modes is dominated
by one mode, partially removing that mode from the
mixture will increase the mixedness of the remaining
distribution, akin to the Procrustean method of entangle-
ment concentration [49]. For the decorrelated PDC state of
case (a), we measured the conversion efficiency through the
depletion of the transmitted signal as approximately 22%,
limited by the nonlinear interaction strength and the
available QPG pump power. This partial removal of
the primary mode indeed results in a significant decrease
in the ¢'» of the unconverted transmitted signal photons, as
seen on the right-hand side in Fig. 3, consistent with the
efficiency measured from the input depletion. Conversely,
removing the first-order HG mode removes amplitude from
the secondary Schmidt coefficient, which increases the
relative amplitude of the primary Schmidt mode. This is
seen in cases (a)—(c) to increase the overall purity of the
transmitted photon state, demonstrating that the QPG can
act as a temporal mode cleaner even for the nonconverted
photons. In case (d), the first-order HG mode is present in a
larger proportion than the Gaussian component, and the
opposite trend is seen. This result directly demonstrates that
the QPG can be used to remove modal components from a
single-photon state. QPG efficiencies above 80% have been
demonstrated with classical light [24,26,27], and schemes
to reach unit efficiency have been shown with double-pass
configurations [29,50], which combined with this result
pave the way for mode-selective add or drop functionality.

We have shown that the quantum pulse gate can be used
to directly manipulate and measure the temporal modal
structure of single-photon states. By projecting over a
complete set of temporal modes and superpositions, we
reconstructed seven-dimensional temporal-mode density
matrices for PDC photons with a variety of modal struc-
tures. We have demonstrated that the output of the pulse
gate is nearly completely purified regardless of the input,
positioning the quantum pulse gate as a powerful tool
for photonic quantum state engineering. We have also
demonstrated through changes in the second-order auto-
correlation function that the quantum pulse gate modifies

the modal structure of the input photons, establishing the
QPG as a novel device for both entanglement concentration
and state purification. Future work will focus on improving
the efficiency and extending the accessible dimensionality
of the quantum pulse gate to fully realize its potential for
time-frequency mode-selective measurement, as a conver-
sion interface and add or drop device for temporally
encoded quantum networks, and as a platform for high-
dimensional quantum state characterization.
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