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Abstract: We measure 95.6±0.3% storage efficiency of ultrafast photons in a collisionally 
broadened barium vapor quantum memory. We measure 31±1% total efficiency, limited 
by control field power, and a 0.515(6) ns lifetime, limited by motional dephasing. 

Optical quantum memory constitutes the ability to store and retrieve single photons (and quantum information
encoded therein) on demand, and is a critical enabling resource for many quantum technologies. We demon-
strate an atomic ensemble quantum memory in hot (900 ◦C) atomic barium vapor with record storage efficiency
of 95.6±0.3% for ultrashort photons (500 fs), an atomic-motion-limited lifetime of 0.515(6) ns, and ultra-low
noise. Our memory platform consists of a free-space barium (Ba) heat pipe oven with argon (Ar) buffer gas. The
buffer gas enables homogeneous collisional broadening of the intermediate excited state linewidth to match the
bandwidth of the stored photons, which allows for efficient memory operation in the ultrafast regime.

A schematic of our experiment is shown in Fig. 1(a). Each Ba atom possesses an internal Λ-type energy level
system, consisting of the ground (|g⟩) 6s2 1S0 state, excited (|e⟩) 6s6p 1P1 orbital state, and metastable 6s5d 1D2
orbital storage (|s⟩) state [see Fig. 1(a) inset]. The resonant wavelengths of the so-called signal (|g⟩ → |e⟩) and
control field (|e⟩ → |s⟩) transitions are 553.5 nm and 1500 nm, respectively. Initially, all atoms thermally populate
the |g⟩ state, and we tune a few-photon coherent state signal field (with duration 500 fs) and a strong control field
[O(10 uJ) pulse energy, 100 fs duration] approximately 5 excited state linewidths off-resonance from the atomic
transitions. This relatively small detuning eliminates linear absorption of the signal field in the absence of the
control, and allows for direct measurement of the memory’s storage efficiency by measuring the photon number
arriving at a detector with and without the control field. The ∼1510 nm control field is derived from an 800 nm
optical parametric amplifier with 1 kHz repetition rate. The weak coherent state signal field is in turn generated
from the control field via sum-frequency generation (SFG) with an 877 nm laser diode. A controllable Ar buffer
gas pressure is confined inside our home-built heat pipe oven with 12 inch heated region. The signal and control
fields are focused in the center of the oven with waist radii (109±3) µm and (247±4) µm, respectively.

After optimizing over control field frequency, pulse area, delay (relative to the signal field), and beam pointing,
we experimentally measure a storage efficiency of (95.6±0.3)%. At an optical depth of 50, the theoretical optimal
bound on our storage efficiency is ηopt = 95.2% [1], indicating that we have saturated the optimal bound. Com-
pared to other broadband, on-demand quantum memories in the literature, shown in Fig. 1(b), this measurement
not only represents a significant improvement in efficiency in the ultra-broadband regime, but also represents the
highest measured storage efficiency to our knowledge for any memory with bandwidth >10 MHz. This large
storage efficiency is due to the large collisionally broadened excited state linewidth in our system, which better
matches the bandwidth of our ultrafast photons [2]. When considering total efficiency instead of storage efficiency,
we experimentally measure a maximum of 31±1% at 900 ◦C, which is limited by finite available control field
power. This total efficiency is nearly a factor of 2 larger than previous THz-bandwidth quantum memories. While
the majority of the increase in efficiency compared to other memories is attributable to the use of a collisionally
broadened system, another effect also boosts our total efficiency: the use of near-off-resonant memory (or NORM)
operation. When scanning the two-photon detuning ∆ [see Fig. 1(a) inset] at 800 ◦C, we find that the largest total
efficiency occurs at a small, non-zero detuning [Fig. 1(c)]. We believe this NORM operation balances reabsorption
loss, which is worst on-resonance, and finite available control field power, which leads to lower efficiency at larger
detuning.

This work represents the first atomic ensemble quantum memory at THz-bandwidths to our knowledge; all
previous THz-bandwidth quantum memories have used phononic storage states in either solids or molecular gases.
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Fig. 1. (a) A schematic of the quantum memory experiment. (b) Storage efficiency as a function of
memory bandwidth for published quantum memories and our memory. Numbered citations are given
in Ref. [4]. (c) Total memory efficiency at 800 ◦C as a function of two-photon detuning, showing
optimal memory efficiency at finite, near-resonant detuning. (d) Signal-to-noise ratio of our memory
measured as a function of input photon number.

The use of an atomic metastable state yields a significantly longer memory lifetime, experimentally measured to
be 0.515(6) ns in our case, and a time-bandwidth product of 1031±14. Our memory lifetime is limited by thermal
motion of the atoms and may be extended in future work with the use of a sensor state [3].

Lastly, we measure the noise performance of our memory. The signal-to-noise ratio (SNR), defined as the
ratio of retrieved photon number to the number of noise photons overlapping with the retrieved field, is shown
in Fig. 1(d) as a function of average input photon number. We achieve an average of ⟨nnoise⟩=(3.8±0.6)×10−5

noise photons per pulse, an SNR at 1 input photon per pulse of SNR =(8.2±1.3)×103, a single photon fidelity
of F = 1− 1/(SNR+ 1) = 0.99988(2), and a µ1 parameter of µ1 = ⟨nnoise⟩/η = (1.2± 0.2)× 10−4, where η

is the total memory efficiency. This noise performance is significantly better than almost all broadband atomic
quantum memories, and is due to the large ground-storage state splitting in Ba, which is larger than the control
field frequency, and which therefore eliminates four-wave-mixing noise to first order and additionally allows for
large spectral suppression of leaked control field photons.

Current and future work includes measurement of frequency tunability, control-field power dependence, and
memory fidelity. This work was funded in part by NSF grant Nos. 1640968, 1806572, 1839177, and 1936321;
and NSF Award DMR1747426. We thank Andrey Mironov, Thomas Reboli, Donny Pearson, and Elizabeth Gold-
schmidt for helpful discussion.
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