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Quantum frequency conversion is a powerful tool for the construction of hybrid quantum photonic technologies.
Raman quantum memories are a promising method of conversion due to their broad bandwidths. Here we
demonstrate frequency conversion of THz-bandwidth, fs-duration photons at the single-photon level using a
Raman quantum memory based on the rotational levels of hydrogen molecules. We shift photons from 765 nm
to wavelengths spanning from 673 to 590 nm—an absolute shift of up to 116 THz. We measure total conversion
efficiencies of up to 10% and a maximum signal-to-noise ratio of 4.0(1):1, giving an expected conditional fidelity
of 0.75, which exceeds the classical threshold of 2/3. Thermal noise could be eliminated by cooling with liquid
nitrogen, giving noiseless conversion with wide tunability in the visible and infrared.
DOI: 10.1103/PhysRevA.95.053816

The inception of nonlinear optics was heralded with
the first demonstration of its most dramatic manifestation:
optical frequency conversion [1]. As the research area has
matured, methods of frequency conversion have remained
at the forefront of technological development; a vast array
of phenomena have been exploited and investigated [2], not
least stimulated Raman scattering [3]. The continued rapid
development of quantum photonic technologies, including
photon sources [4], quantum memories [5,6], and detectors
[4], has lent further impetus to frequency conversion research
because the optimal operating parameters for these devices
are often vastly different in wavelength. This wavelength
specificity may limit our ability to construct the efficient hybrid
technologies necessary for quantum communication [7,8] and
optical quantum computing [9], for example.
Several nonlinear phenomena have been used to demonstrate frequency conversion at the quantum level, including
sum-frequency generation [10–14], difference-frequency generation [15–18], Bragg-type four-wave mixing (FWM) [19–
22], photon-phonon translation in a cavity-optomechanical
system [23], and FWM in an ultracold atomic memory [24].
A variety of challenges remain despite these efforts, including
low efficiencies, restricted tunability and bandwidth due to
use of resonance effects or phase matching constraints, and
corruption of the optical signal due to deleterious noise effects.
Recently, an ultrafast quantum memory, based on stimulated
Raman scattering in bulk diamond, was used to modify the
frequency and bandwidth of heralded single photons [25].
Heralded photons from a parametric down-conversion source
were shifted by up to ±12 nm from 723 nm. However, thermal
noise [Fig. 1(a)] and FWM noise [Fig. 1(b)] degraded the
fidelity of the conversion process; the former can be reduced
by cooling, but FWM noise in diamond can only be partially
suppressed by increasing the diamond length until dispersion
limits the phase matching of the FWM [26]. This dispersion
also restricts the possible tuning range to ≈±12 nm, or
≈±5.6 THz [25]. The trade-off between tuning range and noise
is a fundamental limitation of the diamond memory which
restricts its potential applications.
*
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We recently demonstrated that FWM noise can be eliminated using the polarization selection rules of a Raman
quantum memory based on the rotational levels of hydrogen
molecules [27]. Hydrogen has a broad transparency window
and low dispersion, stretching from the infrared to the ultraviolet; as a result, it is well-suited for frequency conversion of
broadband femtosecond-picosecond duration photons. Indeed,
it has previously been used as a nonlinear medium for the
generation of ultrabroadband pulse sequences [28,29]. In this
article, we demonstrate broadband frequency conversion at
the single-photon level using a Raman quantum memory
on the rotational levels of hydrogen molecules. We shift
THz-bandwidth, fs-duration photons at 765 nm continuously
over wavelengths spanning from 673 to 590 nm—a range
of 62 THz, and an absolute shift of up to 116 THz. The
low dispersion in hydrogen allows for a ×20 increase in
the available tuning bandwidth compared to diamond, while
the elimination of FWM means that this tuning does not
create additional noise photons. The large tuning bandwidth
demonstrated herein spans the operational wavelengths of a
range of nascent quantum devices, including, for example, SiV
centers in diamond (730 nm) [30], NV centers (637 nm) [31],
Rb at 795 nm [24], and several rare-earth ion-doped crystals
[32]. In the future, tuning the wavelength of the input signal
will further expand the possible range of operation.
The molecular memory uses off-resonant Raman scattering
[33,34] to map photons to, and from, a collective rotational
excitation in an ensemble of hydrogen molecules. The memory
operation is outlined in Fig. 1(c), which shows the relevant
energy levels of the system. The ground level is the J = 1
rotational level; the storage level is the J = 3 rotational level.
In the write step, a strong write pulse with frequency ωw and a
weak signal pulse with frequency ωi are applied in two-photon
resonance with the splitting  between the ground and storage
levels, such that ωw = ωi − . This stimulates a Stokes Raman
transition as the signal photon is annihilated and mapped to
population in the storage level, with excess energy carried off
by the write pulse. To complete the frequency conversion, a
read pulse with frequency ωr = ωw is applied. This induces
an anti-Stokes Raman transition, and the signal photon is reemitted from the ensemble with frequency ωo = ωr +  as
population is mapped back to the ground level.
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FIG. 1. (a) A read pulse scatters from thermal population to create
an anti-Stokes noise photon at the signal wavelength. (b) Raman
FWM noise: a write (or read) photon scatters to create a Stokes
photon and a phonon; a read pulse scattering from the phonon creates
an anti-Stokes noise photon. (c) The memory interaction with FWM
noise eliminated by selection rules, and (d) the experiment layout.

Hydrogen is a homonuclear, diatomic molecule; its rovibrational levels are labeled by the vibrational quantum
number v and rotational quantum number J . Each J level
is (2J + 1) degenerate with projections M = −J, − J +
1,...,J − 1,J along the quantization axis. At room temperature
T = 295 K, hydrogen’s population is distributed between the
rotational levels, J = 0,1,2,3 of the v = 0 vibrational level
[35]. Due to the rotational level spacings and the equilibrium
3 : 1 ratio of ortho-:para-hydrogen dictated by nuclear spin
statistics, 66% of the population resides in the threefold
degenerate J = 1 level and 8.8% of the population resides
in the sevenfold degenerate J = 3 level; this population
gives rise to thermal noise. We therefore use the (J = 1,M)
states as the ground level and the corresponding (J = 3,M +
2) states as the storage level; the frequency separation of these
levels is /(2π ) = 17.6 THz [35,36].
The selection rules for rotational Raman transitions are
J = ±2, and M = 0, ± 2. With the propagation direction
taken along the quantization axis, the M = ±2 transitions
are driven by photons with opposite circular polarization [37].
Thus, a right-circular polarized input signal photon and a left-

circular polarized write pulse drive transitions from (J = 1,M)
to (J = 3,M + 2). Crucially, in this scenario, the left-circular
polarized write and read pulses cannot drive population into the
(J = 3,M + 2) states by Stokes Raman scattering; as a result,
noise photons are not created by FWM when the left-circular
read pulse is applied [27].
Figure 1(d) shows a diagram of the experiment setup. The
master laser for the experiment is a home-built Ti:sapphire
amplifier operating at 1 kHz; it outputs 80-fs full-width
at half-maximum (FWHM) duration pulses, with FWHM
bandwidth λ = 12 nm centered at 800 nm. The laser output
is partitioned into three beams: write, read, and signal. Write
pulses are spectrally filtered (F2) to give an input bandwidth of
λw = 4.1 nm. The read beam pumps an optical parametric
amplifier (OPA) to generate down-converted pulses at 1150–
1400 nm; type-I second harmonic generation (SHG) in a
beta-barium borate (BBO) crystal generates read pulses which
can be tuned from λr = 590–700 nm. Spectral filters (F1) are
used to limit the read pulses’ bandwidth to 5.4–6.1 nm. Signal
pulses are spectrally broadened by continuum generation
in a sapphire plate [38] to generate photons at 765 nm;
additional wavelengths are removed by spectral filters (F3) to
give an input signal bandwidth of λi = 9.9 nm, and neutral
density filters attenuate the signal beam to the single-photon
level. The relative delays of the three pulses are controlled
using motorized delay lines (τ ) in the write and read arms.
Horizontally polarized write and read pulses are combined
at a dichroic beam-splitter (BS) before collinear combination
with the vertically polarized input signal pulse at a polarizing
beam splitter (PBS). An achromatic quarter-wave plate (λ/4)
converts the write and read pulses to left-circular polarization,
and the signal pulse to right-circular polarization. All three
pulses are focused collinearly using a 40-cm singlet lens into a
35-cm-long hollow-core capillary with inner diameter 100 μm.
The capillary is mounted in a 50-cm-long gas cell, filled
with hydrogen gas pressures up to 19.6 bar. The theoretical
transmission for the EH11 capillary mode is Tw = 0.47 for the
write pulses, Tsig = 0.50 for the input signal pulse, and ranges
from 0.58 at 673 nm, up to 0.66 at 590 nm [39]. At the output
of the gas cell, the three beams are collimated using a 15-cm
singlet lens and converted back to linear polarization using a
quarter-wave plate. The signal pulse is separated from the write
and read beams by polarization (POL) and spectral filtering
(F4) [27]. The signal beam is then coupled to an avalanche
photodiode (APD) using a single-mode fiber (SMF).
Figure 2 shows the normalized spectra of the input write
pulse at λw = 800 nm, the input signal pulse at λi = 765 nm,
and the output signal pulse at four central frequencies: λo =
590 nm, 610 nm, 640 nm, and 673 nm. In what follows,
we characterize the frequency conversion capabilities of the
memory at these example wavelengths; the read pulse is fixed
at a delay of ≈4 ps relative to the input signal pulse.
In order to confirm operation at the quantum level, we
attenuated the input 765-nm signal pulses until on average 1.2
photons per pulse entered the hollow-core capillary. In Fig. 3
(inset) we plot the APD count rate at λo = 610 nm as a function
of delay between the write pulse and the input signal pulse.
At the optimum delay we achieve an SNR of 2.3(1):1 when
operating at the ambient temperature (T=295 K). To confirm
the absence of FWM noise, in Fig. 3 we plot the count rate of
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the signal and noise as a function of the input read pulse energy.
The linear dependence on the read pulse energy confirms that
FWM, which varies quadratically with the read pulse energy
[27], is not a significant source of noise in the system; instead,
the dominant source of noise is spontaneous scattering from
thermal population in the J = 3 rotational level [27].
Dispersion management is key when optimizing the efficiency and signal-to-noise ratio (SNR) of the frequency
conversion process. In order to gain a clearer understanding
of the dispersion dependence in hydrogen, we measure the
normalized total efficiency as a function of pressure p, or
number density N. The Raman coupling strength κ for
the write (read) process is proportional to number density
N and write (read) pulse energy Ew (Er ) i.e., κ ∝ NEw
[33,40]. We therefore reduce the write and read pulse energies
proportionally as we increase the gas pressure in order to
keep the Raman coupling strength constant. As can be seen in
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FIG. 4. Plot of the normalized total memory efficiency as a
function of pressure p, or phase mismatch k since k ∝ p, for
several different wavelengths λo ; standard errors are shown by error
bars. The coupling constants were kept fixed by adjusting the input
write and read pulse energies according to the gas pressure. Curves
show fits of sinc2 (|k|L/2) to the data.

Fig. 4, the normalized conversion efficiency is highest at low
pressures before decreasing at higher pressures; furthermore,
the normalized efficiency decreases more rapidly when the
output signal wavelength is shifted further from the input signal
wavelength.
The cause of this behavior is as follows: Background
dispersion from the hydrogen molecules introduces a phase
mismatch between the wave vector of the excitation created by
the memory interaction and the wave vector of the output signal
pulse propagating in hydrogen [3,25]. The phase mismatch k
is given by
k = ko − kr + kw − ki ,
= p[{ωo α(ωo ) − (ωo − )α(ωo − )}
− {ωi α(ωi ) − (ωi − )α(ωi − )}]ẑ/c,

(1)

where k(ω) = (ωn(ω)/c)ẑ is the wave vector at frequency ω, n
is the refractive index, ẑ is a unit vector along the capillary
axis, and we have used n(ω) = 1 + pα(ω) [41]; additional
dispersion from the capillary is negligible. Since ωo > ωi and
α(ω) is a smoothly increasing function from the infrared to
the ultraviolet, k.ẑ > 0. Increasing the pressure therefore
increases the phase mismatch and reduces the normalized
efficiency. The expected functional form of this dependence
is [25]


max
2 |k|L
,
(2)
ηtot = ηtot × sinc
2
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FIG. 2. Plot showing spectra of the write pulse at λw = 800 nm
(solid line), input signal at λi = 765 nm (dashed line), and output
signals at 673 nm (solid line with cross indicators), 640 nm (solid
line with empty circle indicators), 610 nm (solid line with square
indicators), and 590 nm (solid line with filled diamond indicators).
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FIG. 3. Plot of the APD counts per minute at λo = 610 nm as a
function of input read pulse energy (main figure) and write-signal
delay (inset), with the input 765-nm signal on (blue × symbols) and
off (red + symbols); standard errors are shown as shaded regions.
Linear fits to the signal (blue, dash-dotted line) and noise data (red,
dashed line) are also shown.

max
where ηtot
is the maximum normalized efficiency for a given
frequency shift. Using the known dispersion parameters for
hydrogen [41], and with the propagation distance L set as a
free parameter, we fit Eq. (2) to each data set and obtain good
agreement (see Fig. 4).
While the normalized conversion efficiency peaks at zero
pressure where the dispersion is lowest, the optimal total
conversion efficiency for a given wavelength shift will be at
a higher pressure since the coupling strength of the write and
read processes each increase linearly with density. Finding
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TABLE I. Conversion efficiencies ηtot to λo and SNR for mean
input photon number per pulse nin  at λi = 765 nm, with nominal
gas temperature Tnom and pressure p.
λo (nm)
673
640
610
590
640

p (bar)

ηtot

nin 

SNR

Tnom (K)

10
6
3
1
6

0.10(3)
0.07(2)
0.07(2)
> 0.004
–

1.1(1)
1.3(1)
1.2(1)
1.3(1)
1.0(1)

1.8(2):1
2.1(2):1
2.3(3):1
2.1(2):1
4.0(1):1

295
295
295
295
195

the optimal conversion efficiency therefore involves balancing
the competing factors of the coupling strength and the phase
mismatch each increasing with density. Optimizing the SNR
at the single-photon level is more straightforward, however.
Spontaneous Raman scattering from thermal population in
the J = 3 level is the dominant source of noise; this process
is not limited by phase matching constraints. Furthermore,
the coupling strength for spontaneous scattering increases
linearly with density, as with that of the read process [40].
As a result, when working at the single-photon level, for a
given frequency shift we must select a gas pressure such that
sinc2 (|k|L/2) ≈ 1 to achieve the highest possible SNR; we
use the data from Fig. 4 to select a suitable pressure for each
measurement.
Table I shows a summary of our results. Operating
in ambient conditions at T = 295 K, we achieve a SNR
of approximately 2:1 for mean input photon numbers of
nin  = 1.1–1.3. In order to achieve this SNR, the operating
pressure was reduced for larger frequency shifts. As a result,
the conversion efficiency reduced from ηtot = 0.10(3) when
shifting to 673 nm to < 0.01 when shifting to 590 nm. We
reduced the temperature to a nominal value of T = 195 K
by placing the central 20 cm of the gas cell in a dry ice
bath. After cooling, we measured an SNR of 4.0(1):1 for a
mean input photon number of nin  = 1.0(1) when shifting to
λo = 640 nm. The average conditional fidelity for conversion
of a qubit is expected to be Favg = 1 − 1/SNR, yielding Favg =
0.75 for the cooled sample, which exceeds the threshold of
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