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frequency combs in the optical regime (33–35). However, while 
atomic frequency combs are prepared by spectral hole burning with-
in the broad inhomogeneous absorption linewidth by strong optical 
pulses that cannot be applied to nuclear systems, the NFC prepara-
tion is conceptually much simpler and straightforward. �is prom-
ises to yield much sharper frequency combs that are ideally suited 
for quantum information storage.

Motivated by extending the quantum memory concept to the 
hard x- ray regime, we experimentally implement a robust NFC with 
up to seven teeth. A�er excitation with synchrotron x- ray pulses, the 
prepared NFC dramatically reshapes the temporal response of the 
coherent collective nuclear excitation of 57Fe nuclei in the forward 
scattering direction. �is results in the formation of x- ray wave pack-
ets on the single- photon level with durations inverse to the frequency 
comb’s bandwidth. When adding a thin- film x- ray cavity, spectrally 
designed to match the frequency comb’s bandwidth, the wave packet 
of the emitted weak coherent field by the cavity is stored and retrieved 
by the NFC with a notable efficiency and fidelity. �is storage of a 
wave packet on a single- photon level showcases the capability of the 
NFC to function as a quantum memory in the hard x- ray range.

RESULTS

Coherent resonant scattering from an NFC
�e setup contains seven single- absorption line isotopically en-
riched stainless steel foils (57Fe0.55Cr0.25Ni0.2) in a row with six of 

them mounted on Doppler velocity transducers, as sketched in 
Fig. 1A. �e transducers are controlled by drive units synchronized 
with one sinusoidal master signal such that the foils’ motions fol-
low the same sinusoidal pattern but with different maximum veloci-
ties. �e maximum velocities are set equidistantly with a spacing of 
10 mm/s, resulting in velocity profiles for each foil as shown in 
Fig. 1B. With the foil velocities following the master signal, the ve-
locity spacings, and thus the Doppler shi� between neighboring 
foils keep changing but remain always equidistant. For example, at 
maximum velocities, the Doppler- shi�ed foils form a frequency 
comb in the combined absorption spectrum with a velocity spacing 
of 10 mm/s (= 480 neV), as depicted in Fig. 1C.

�e experiments were conducted at the High- Resolution Dy-
namics Beamline P01 at PETRA III (DESY, Hamburg, Germany) 
(36) and at the Nuclear Resonance Beamline ID18 at ESRF (Greno-
ble, France) (37). In the experiments, the temporally short (<100 ps) 
and spectrally broad (~0.5 meV or ~ 10,000 mm/s) synchrotron 
x- ray pulse resonantly excites the 14.4 keV transition of the 57Fe nuclei 
while propagating through all foils in the forward direction. �ereby, 
the nuclei are dynamically coupled to each other through the reso-
nant field, and thus, the field and nuclei must be described together 
as a single coherent collective excitation state—a so- called nuclear 
polariton (38–40). In the presence of multiple transition frequencies 
in the nuclear medium, which in our case are caused by Doppler shi�s, 
the subsequent decay of the collective excitation features pronounced 

Fig. 1. Experimental setup. (A) The NFC is formed by isotopically enriched 3.2- μm 57Fe stainless steel foils (57SS) mounted on Mössbauer transducers (not shown), each 

driven by a drive unit. One 57SS foil is kept at rest. Each drive unit amplifies the AC voltage generated by a single function generator differently such that the foils move 

with maximum velocities of 30, 20, 10, −10, −20, and −30 mm/s. The negative sign indicates a 180° motional phase shift realized by flipping the respective transducer. The 

foils are excited by 14.4- keV x- ray pulses from the synchrotron. The photon detection time and the instantaneous velocity of one Mössbauer transducer are simultane-

ously recorded using a multiple- event time digitizer. The cavity is mounted downstream but can conceptionally be viewed as upstream of the comb (see Materials and 

Methods). (B) Each foil’s velocity profile following the 27- Hz AC driving voltage. (C) Combined nuclear resonant absorption spectrum of the foils driven at maximum veloc-

ity, resulting in a frequency comb with a velocity spacing of 10 mm/s (= 480 neV). Spectrum of the photon wave packet emitted by the x- ray cavity is plotted as well (gray, 

arb. u.).
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temporal beat patterns in the forward scattering direction due to 
inter- resonance interferences. Note that, despite the brightness of 
modern synchrotron radiation, the average number of photons per 
pulse within the spectral range of the frequency comb is about 0.01. 
�erefore, the collective excitation almost never carries more than 
one photon. �e decay of the nuclear polariton in the forward scat-
tering direction is detected by a set of four stacked avalanche photon 
diodes (APDs), counting single- photon events as a function of ar-
rival time relative to the x- ray pulse, whereby the x- ray pulse sepa-
ration (192 ns at PETRA III; 176 ns at ESRF) exceeds the natural 
lifetime (141 ns for 57Fe). Collecting many of these single- photon 
decay events results in a histogram that represents the waveform of 
the wave packet emitted upon the radiative decay of the nuclear po-
lariton or, synonymously, to the time- dependent photon emission 
probability of the nuclear polariton (26). Besides the arrival time, 
the instantaneous velocity spacing of the concomitant frequency 
comb is also recorded, rendering the histogram two- dimensional. 
With the foils’ velocity variations happening on timescales much 
slower (millisecond−1) than the nuclear decay rate (nanosecond−1), 
the velocities are virtually constant over the nuclear lifetime, result-
ing in a static frequency comb during each scattering process.

�e accumulated histogram for the frequency comb setup with-
out x- ray cavity is shown in Fig. 2A, from which four columns cor-
responding to four different velocity spacings between the foils are 
selected in Fig. 2B. �e histograms in Fig. 2B reflect the unnormal-
ized photon emission probability of the nuclear polariton for differ-
ent velocity spacings and clearly show equidistantly repeating time 
instants of enhanced photon emission—the echoes from the frequen-
cy comb. From Eq. 1, the echo period increases from ∆T = 8.6 to 34 ns 
when the velocity spacing reduces from ∆v = 10 to 2.5 mm/s, agreeing 
well with the experimental observations. In the meantime, the full 
width at half maximum of the echoes decreases from 4.4(3) ns at 

2.5 mm/s to 1.2(1) ns at 10 mm/s, showing an inverse proportional-
ity to the total bandwidth of the frequency comb. �e observed tem-
poral patterns closely resemble spatial interference patterns obtained 
from diffraction gratings (see the Supplementary Materials).

�e drastic reshaping of the emission probability due to the fre-
quency comb is best seen in comparison with the case when no foil 
is moving (∆v = 0 mm/s). In this case, the emission probability fol-
lows the superradiant decay from a 22.4- μm- thick stainless steel foil 
(7 × 3.2 μm) with dynamical beats typical for optically thick absorb-
ers due to multiscattering (12, 40). However, when the foils are 
moving and forming a frequency comb, the emission probability is 
completely reshaped into a repetitive structure, where the emission 
is drastically enhanced at the echoes and decreased in between.

�e experimental result is supported by simulations carried out us-
ing the so�ware package Nexus (41), which calculates the total (reso-
nant and nonresonant) forward scattering intensity of the experiment 
in frequency domain (42). Both agree with our time- domain simula-
tions based on Maxwell- Bloch equations. With material and hyperfine 
parameters of each foil being determined by previous characterization 
(see the Supplementary Materials), the simulations shown in Fig. 2B 
match the measurements very well, which demonstrates the accurate-
ness of our setup. In addition, the predicted temporal beat patterns in 
between two echoes, arising because of partial constructive interfer-
ences between the Doppler- shi�ed transitions, are experimentally well 
resolved.

Quantum storage of a hard x- ray photon wave packet
�e results confirm a well- operating NFC. To evaluate the perfor-
mance of the NFC as a quantum memory, a wave packet on a single- 
photon level with a spectrum matching the comb bandwidth is 
required rather than the spectrally broad synchrotron pulse. For 
that purpose, we used a thin- film x- ray cavity. �e cavity consists of 

A

Lo
ga
rith

mi
c

B

= 2.5 mm/s

= 10 mm/s

= 5 mm/s

= 0 mm/s

T
im
e
 (
n
s
)

Fig. 2. Coherent nuclear forward scattering from NFC. (A) Time- velocity histogram of the single- photon detection events resulting from the decay of a nuclear polari-

ton spectrally prepared in a frequency comb consisting of seven teeth, equally spaced over a Doppler detuning range extending from −10 to 10 mm/s (≈ 480 neV). The 

color map displays the number of detected photons on a logarithmic scale. (B) Decay histogram for four selected velocity spacings from (A), indicated by dashed lines, in 

linear and logarithmic scales. The patterns are simulated using the software package Nexus (red).
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a stack of nanometer thin films (see sketch in Fig. 3B; details in Ma-
terials and Methods and the Supplementary Materials). At a partic-
ular incidence angle, the x- ray field couples into the first- order 
waveguide mode and peaks in the center of the cavity, where an iso-
topically enriched 57Fe layer is located. �is enhances the photon- 
nuclei interaction, resulting in a superradiant collective nuclear 
state (29). Accordingly, the measured waveform of the subsequently 
emitted wave packet, depicted in Fig. 3B, shows an accelerated de-
cay: In the first 20 ns, the decay follows an exponential law with a 
drastically reduced lifetime of τcav= 2.9(2) ns. �is corresponds to a 
transition linewidth being 47(3) times broader than the natural line-
width Γ0 of the 57Fe resonance (4.7 neV) and, thus, fitting within the 
bandwidth range of the frequency comb; see Fig. 1C. �e fast decay 
is slowed down a�er 20 ns when a beating sets in, caused by a re-
sidual quadrupole splitting of the nuclear levels of 29 neV. �is split-
ting is much smaller than the superradiant broadening, and its effect 
on the spectral shape of the emitted wave packet is negligible.

�is wave packet emitted by the x- ray cavity corresponds to a 
weak coherent state on a single- photon level with an average photon 
number of about 0.01. While it is not a true single- photon state, the 
weak coherent state on the single- photon level is a common tool to 
test efficiency and fidelity of quantum memories (5).

In our experiment, an x- ray cavity was mounted downstream of 
the seven foils and aligned in a grazing incidence configuration 
along the x- ray beam path as depicted in Fig. 1A. �is seemingly 
counterintuitive sequence was chosen for technical simplification of 
the setup. However, conceptionally, the x- ray cavity can be viewed as 
upstream. With nuclear forward scattering being an inherently co-
herent and, in our case, linear scattering process, the whole setup 

can be treated as one single device where regardless of the specific 
sequence along the scattering path, the outcome remains always the 
same (see Materials and Methods).

�e collected histogram of the combined cavity- frequency comb 
setup is shown in Fig. 3A. Again, enhanced emission at the echoes is 
clearly visible, but the echo shape becomes temporally asymmetric 
(a direct comparison between Figs. 2A and 3A is depicted in fig. S6). 
�e photon emission for a velocity spacing of 3.1 mm/s, shown in 
Fig. 3C, fully confirms the asymmetric shape: �e rising edges of the 
echoes are very sharp, while the falling edges follow an exponential 
decay (linear slope in the logarithmic representation). �e echo 
shape exactly reflects the photon wave packet shape emitted by the 
x- ray cavity alone. It is both visible in the experimental data and in 
the simulations. In other words, the weak coherent wave packet 
emitted by the cavity is stored and retrieved at times defined by the 
velocity spacing, which largely exceed the wave packet’s duration, 
characterized by τcav. �is demonstrates the functionality of the 
NFC as a quantum memory.

�e memory’s performance can be quantified by the echo effi-
ciency, i.e., the number of emitted photons within an echo duration 
relative to the total number of coherently forward- scattered pho-
tons, and by the fidelity of the storage process, i.e., how well the tem-
poral shape of the wave packet emitted by the cavity is preserved 
(see calculation details in Materials and Methods). With the simula-
tions matching the measurements very well, they can be justifiably 
used to extrapolate the temporal patterns to time zero. Experimen-
tally, it is not accessible because of a strong nonresonant part of the 
synchrotron pulse perturbing the detection scheme at early times. 
�e extrapolation enables the evaluation of the total number of 
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Fig. 3. Quantum memory for hard x- ray photon wave packets. (A) Time- velocity histogram of the same frequency comb as shown in Fig. 2, in combination with a thin- 

film x- ray cavity excited in its first waveguide mode at an incident angle of 0.1505°. (B) Measured (black) and fitted (blue) decay histograms of the thin- film cavity alone, 

excited in its first waveguide mode. The initial strong speed- up in the cavity decay corresponds to an exponential decay [∝ exp(− t/τcav), with τcav= 2.9(2) ns], in compari-

son to the natural exponential decay of the excited 57Fe state with τ0= 141 ns. The inset shows the layer structure of the cavity consisting of: Pt (2.3 nm)/ B4C (13.1 nm)/ 
57Fe (1.1 nm)/ B4C (12.8 nm)/ Pt (15.0 nm)/ Al2O3 (substrate; not shown). (C) Extracted decay histogram from (A), indicated by dashed line, at the velocity spacing of 

3.1 mm/s (≈ 240 neV) with measurement (black) and fit (red) in linear and logarithmic scales. The derived x- ray cavity decay from (B) is overlaid (blue) at the first echo, 

showing the matching decay of the echo and the cavity intensities. More decay histograms for different velocity spacings are depicted in the Supplementary Materials.
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emitted photons and, therefore, of the echo efficiency and fidelity. 
Because of the lack of phase information in our measurements, only 
a photon counting–based fidelity is calculable. Because nuclear for-
ward scattering is inherently coherent, for static NFCs, the phases of 
the echoes are predicted to be well preserved, rendering the inten-
sity fidelity a good approximation for the complex amplitude- based 
fidelity (12, 43).

�e calculated echo efficiency as a function of the velocity spac-
ing is shown in Fig. 4A. �e echo efficiency peaks for the first echo 
at 33(1)% for a velocity of 3.1 mm/s and decreases for low- velocity 
spacings quickly while for high- velocity spacings more moderately. 
�is is mainly caused by two effects: first, relevant for small velocity 
spacings, by the lifetime of the nuclear polariton, which is related to 
the spectral width of a single comb tooth and fundamentally limited 
by the natural lifetime of the 57Fe resonance (141 ns), and, second, 
by the decay into higher- order echoes, relevant for high- velocity 
spacings.

Note that the calculated echo efficiency does not account for pho-
ton losses due to nonresonant electronic charge interactions and in-
coherent nuclear scattering, which result in a total energy loss of 74% 
for a velocity spacing of 3.1 mm/s (see the Supplementary Materials). 
A quantum memory efficiency accounting for these losses is depict-
ed in Fig.  4A. For 3.1 mm/s, ηqm is 8% for the first echo, a value 
comparable to optical fixed- delay atomic frequency combs (44–47). 
�is can be compared to the analytical quantum memory efficiency 
as derived for the storage of a Gaussian wave packet (12). For the 
same experimental parameters and including electronic interactions, 
it yields 13.1%, with a theoretical upper limit of 18.4% (54% if elec-
tronic interactions are neglected) imposed by multiscattering (12). 
Despite the different stored wave packet shapes, the measured effi-
ciency is close to the theoretical predictions and not far from the 

upper limit. An efficiency increase could be accomplished by in-
creasing the optical thickness of the foils (12). Furthermore, higher 
efficiencies could also be realized by more sophisticated nuclear 
quantum memory protocols, which require the use of fast piezoelec-
tric materials (12).

�e calculated fidelity is shown in Fig. 4B. It monotonically in-
creases with the velocity spacing but saturates for higher velocities at 
67(4)%. At very low- velocity spacings (≲1.5 mm/s), the comb band-
width is too narrow to maintain the temporal waveform of the cav-
ity decay. Moreover, the echo shape can be altered by the single- foil 
dynamical beat node at around 70 ns as they temporally coincide at 
∼1.25 and ∼2.5 mm/s for the first and the second echoes, respec-
tively. For large velocity spacings, the number of measurement 
points becomes insufficient for a precise calculation of the fidelity 
due to the reduced echo period, noticeable by the increased spread 
of fidelity values in Fig. 4B.

�e fidelity of the photon emission does not quite reach values 
necessary for faithful quantum memory operation (typically >90%). 
�is is largely due to the step- like rising edge in the cavity decay at 
time zero. If this edge is neglected, the derived fidelity reaches 
97(1)%. Such a step- like edge cannot be well reproduced by the fre-
quency comb because of its limited bandwidth. �e comb band-
width can be increased by adding more foils while keeping the same 
velocity spacing (a comb with 11 teeth would result in a fidelity of 
75%). In addition, an “imperfect source,” i.e., nonresonantly scat-
tered cavity photons, also contributes to the fidelity degradation (see 
Materials and Methods). �e fidelity can be substantially increased 
for photon wave packets with a smooth leading edge, which can be 
produced by passing the radiation from a Mössbauer synchrotron 
source through a vibrating resonant absorber (26).

In total, for the given optical thicknesses of the foils and cavity 
decay properties, a velocity spacing of 3.1 mm/s appears to be opti-
mal for storing and recovering the wave packet emitted by the cavity 
with good efficiency and decent fidelity.

DISCUSSION

�e set of Doppler- shi�ed 57Fe absorbers demonstrates a well- 
operating NFC. It allows for drastically reshaping the emission char-
acteristics of the nuclear polariton to produce strong and short echo 
signals well above the noise level. In combination with the x- ray 
thin- film cavity, the NFC shows that it is capable of storing and re-
trieving wave packets of a weak coherent field on a single- photon 
level with notable efficiency and fidelity. �e achieved storage time of 
about 30 ns exceeds the wave packets duration by an order of magni-
tude. �e demonstrated ability to work on a single- photon level is a 
common benchmark for quantum memory protocols (5) and shows 
that the NFC constitutes a quantum memory in the x- ray regime. 
�e NFC works conceptually identical to the atomic frequency comb 
protocols (33, 35).

�e demonstrated NFC protocol can be applied to produce time- 
bin waveforms at x- ray energies as it splits an incoming photon wave 
packet into temporally separated copies (12). Advancing the NFC fur-
ther, a fast and versatile control over the echo emission can be achieved 
by substituting the Mössbauer transducer with piezoelectrical mate-
rials, which allows alteration of the absorption structure during the 
nuclear lifetime (12). Moreover, integrating the NFC with a nonde-
terministic single- photon source could enable an on- demand single- 
photon source (1, 12). For example, this could be realized by using 

A

B

Fig. 4. Quantum memory parameters. Derived echo efficiency η(k)
echo

 , quantum 

memory efficiency η(k)
qm

 (A), and intensity fidelity ℱ(k)

int
 (B) for the kth echo [k = 1 (red) 

or k = 2 (blue)] of the cavity- frequency comb setup as a function of the velocity 

spacing. For echoes appearing early, <13 ns (detection dead time), or late, at >100 ns 

(low intensity), no meaningful values of efficiency and fidelity could be derived.
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the radioactive decay cascade of 57Co to herald a 14.4- keV single 
photon (22).

�e NFC is not restricted to the 57Fe resonance but can be applied 
to all Mössbauer nuclear resonances, including the long- lived isomer 
transitions in 45Sc at 12.4 keV or in 229m� at 8.3 eV, which are both 
promising candidates for nuclear clocks (48–50). With the effective 
broadening of the absorption spectrum and its distinct echo struc-
ture, the NFC can be a tool for enhancing the excitation and detec-
tion efficiency of the extremally narrow resonances of 0.1 Hz (45Sc) 
and 0.1 mHz (229m�) while still using the existing orders of magni-
tude broader radiation sources. Because of the long lifetime, even a 
spatial separation of the echo signal from the nonresonant back-
ground is possible by displacing the whole NFC during the storage 
process, which would further increase the detection efficiency.

MATERIALS AND METHODS

Experimental details on the frequency comb setup
�e stainless steel (57Fe0.55Cr0.25Ni0.2 wt %) foils were produced by 
HMW Hauner GmbH&Co. KG, whereby the iron is isotopically en-
riched in 57Fe to 95%. �e thickness, 3.21(5) μm, was revealed from 
the measurement of the nuclear decay of a single foil, which also 
provides the foil’s hyperfine parameters (details are given in the Sup-
plementary Materials). �e Mössbauer transducers (Wissel MVT- 
1000 and MA- 260S as well as FAST ComTec MR- 250) are of a 
double- loudspeaker type, where one coil drives the mounted sample 
(in our case, the stainless steel foil) and the other coil picks up the 
motion and converts it to a voltage signal so that a feedback can be 
provided to a control loop mechanism, which is executed by the 
Mössbauer drive unit (Wissel MR- 360 and MDU- 1200 as well as 
FAST ComTec GmbH MR- 351). �is ensures that the sample follows 
the desired velocity pattern within an error of <0.1%. For the highest 
velocity used, 30 mm/s, the error is about 0.03 mm/s, which is small-
er than the natural linewidth of the 57Fe transition (0.097 mm/s). To 
establish a nearly perfect synchronization, only one master frequen-
cy generator (the built- in generator of the drive unit MR- 351) was 
used to provide the input signal for all driving units. �e frequency 
was set to 27.1(2) Hz, which roughly coincides with the resonant 
frequencies of the used transducers (between 22 and 27.5 Hz).

To calibrate the velocities of each transducer, a two- dimensional 
histogram was taken where the stainless steel foil mounted on a 
single moving transducer was measured versus a magnetized 57Fe 
foil whose absorption line is hyperfine- split into six lines due to its 
internal magnetic hyperfine field of 33 T. Since the hyperfine split-
ting of the six lines is well known and used as an energy reference in 
Mössbauer spectroscopy, the exact velocity of the transducer can be 
derived from the interference between the Doppler- shi�ed stainless 
steel foil and the six reference lines. In total, the maximum velocity 
could be set with a precision of better than 1% of the desired veloc-
ity. Even a�er physically moving the transducer several times in and 
out of the setup, a calibration recheck provided a nearly identical 
velocity (deviation <0.01 mm/s).

�e two- dimensional histograms were obtained by a multi- event 
time digitizer (MCS6A by FAST ComTec GmbH) synchronized to the 
synchrotron bunch clock. It records the arrival time of the resonantly 
scattered photons, measured by a stack of four APDs, and the veloc-
ity from the connected Mössbauer drive unit. �e digitizer’s tempo-
ral resolution is 0.1 ns, while the APD’s resolution is about 0.5 ns. 
The sampling of the sinusoidal drive signal by 1024 channels is 

equidistant in time, meaning that velocities are sampled finer around 
high velocities and coarser at low velocities.

Experimental details on the cavity structure and setup
�e thin- film cavity consists of the layer system (see sketch in Fig. 3B):

Al2O3 (substrate) / Pt (15.0 nm) / B4C (12.8 nm) / 57Fe (1.1 nm) / 
B4C (13.1 nm) / Pt (2.3 nm).

It was fabricated in our laboratories via magnetron sputtering in 
a high- vacuum chamber with a base pressure <6 × 10−7 mbar. �e 
sputter targets of the used materials have a purity higher than 99.5%, 
and the iron target is enriched in 57Fe to 95%. Under an argon atmo-
sphere of 5 × 10−3 mbar, the layers were deposited sequentially on 
the sapphire substrate using DC power (for the metal materials) or 
radiofrequency power (for boron carbide). �e cavity was charac-
terized at the synchrotron by the nonresonant and nuclear resonant 
reflectivity of the sample, providing information about the thick-
nesses and roughnesses of each layer, as well as by the temporal beat 
pattern a�er x- ray excitation to gather information about the hyper-
fine parameters and the superradiant broadening in the first- order 
cavity minimum. �e iron layer shows no indication of a magnetiza-
tion, which is due to its low thickness that prevents the formation of 
long- range magnetic order (29). More details on the characteriza-
tion measurements are given in the Supplementary Materials.

�e cavity was mounted on a goniometer to align the sample with 
an angular precision of 0.0005°. �e x- rays at the synchrotron were 
focused by a Be compound refractive lens to a beam size at the sam-
ple position of 70 μm (vertical) by 310 μm (horizontal). A vertical 
focus is beneficial since the experiments were conducted at small 
incident angles (about 0.15°) where the footprint of the unfocused 
beam (height ≈0.7 mm) would be much longer than the reflecting 
sample (15 mm). �e focusing produces a beam divergence of 
about 0.003°.

Sequence of frequency comb and cavity
To facilitate a substantial technical simplification of the setup, the 
thin- film cavity was mounted downstream of the foils. While this 
seems contradicting with the claim of the paper that the wave pack-
et emitted by the cavity is stored in the frequency comb, it is impor-
tant to note that the nuclear forward scattering process is coherent 
and linear in our setup. �e coherence is inherently given when de-
tecting delayed photons in the nuclear forward scattering direction, 
which is only possible if the scattering process was coherent (38, 39). 
In addition, nonlinear effects are not present in nuclear forward scat-
tering of synchrotron radiation due to the excitation being very weak 
(mean resonant photon number around 0.01). Despite that, in general, 
the sequence of absorbers in a nuclear resonance scattering experiment 
can be important but only if the temporal evolution is perturbed on 
the timescale of the radiative nuclear lifetime (51, 52). Since, in our 
case, the foils can be well approximated to be moving with constant 
velocity during the scattering process, the whole setup is known to 
be commutative (52). �us, whether the cavity is mounted down-  or 
upstream (or even in between the foils) does not influence the out-
come of the scattering process. �erefore, the cavity can always be 
interpreted to be upstream of the foils, rendering this the “concep-
tual” setup.

Calculation of the efficiency
�e quantum memory efficiency of the kth echo, η(k)

qm
 , can be trans-

lated into photon number quantities in a straight- forward way via (12),
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with Tk being the time of the kth echo appearance, FWHM being the 
full width half maximum of the echo, which is approximately the 
same for all echoes (deviation < 0.3 ns) for a fixed velocity spacing, 
and nmeas(t) being the measured delayed photon counts from the decay 
of the combined setup (cavity plus NFC) as displayed in Fig. 3A. Ntot 
is defined as the total number of incoming photons. However, this 
quantity is not experimentally accessible.

On the other hand, another efficiency, called echo efficiency 
η
(k)

echo
 , can be directly derived. �is echo efficiency is the probability 

that a resonantly forward- scattered photon appears at the kth 
echo. Consequently, the normalization constant for this efficiency 
η
(k)

echo
 is the total number of resonantly forward- scattered photons, 

NFS = ∫ tend
0

nmeas(t)dt , with the upper integration bound,tend, given 
by the separation of two incident x- ray pulses (192 ns at PETRA III 
and 176 ns at ESRF). In the experiment, the large nonresonant com-
ponent of the pulse renders a high background at time zero at the 
detectors, which leads to artefacts in the detection scheme up to sev-
eral nanoseconds a�er the x- ray pulse passes. �erefore, a time gat-
ing is implemented, which prevents counting of resonantly scattered 
photons before 13 ns. To account for the missing intensity in the cal-
culation of the normalization constant NFS, the collected histogram 
was extrapolated to time zero by simulating the resonant nuclear 
response with Nexus (41). �e good agreement of the simulated tem-
poral beat pattern with the measured decay histogram, as shown in 
Fig. 3C, justifies this approach.

�e two normalization constants, NFS and Ntot, are related to each 
other via

where βel and βnis are the photon losses due to nonresonant electronic 
charge interactions (Compton scattering and photoelectric absorption) 
and nuclear incoherent scattering (inelastic phonon excitations, inter-
nal conversion, and nuclear fluorescence), respectively. �ese losses 
are evaluated to βtot = 74% (see the Supplementary Materials). By 
calculating Ntot with Eq. 3, the quantum memory efficiency η(k)

qm
 as 

defined in Eq. 2 can be derived, which, for the optimal velocity spacing 

of 3.1 mm/s, is 8% for the comb- cavity setup.
Besides the intrinsic loss channels, there are also losses due to the 

setup. �e four stacked APDs have a combined single- photon detec-
tion efficiency of 0.65, meaning that 65% of the photons reaching 
the detector are counted. Moreover, there is a probability that a reso-
nant photon interacts with the frequency comb foils but not with the 
cavity. �is “source efficiency” depends on the cavity’s scattering 
factor, which is strongly energy dependent. At exact resonance, the 
maximum interaction probability is reached at 77(1)% but decreases 
to an average value of 55(1)% within the spectral interval covering 
three times the superradiantly broadened resonance linewidth of 
the cavity mode (3Γcav = 3 · 47Γ0 = 663 neV). In contrast, the prob-
ability that a resonant photon does not interact with the frequency 
comb is nearly zero due to the large optical thickness of the foils.

�ese systematic loss channels of the setup are not intrinsic 
properties of the NFC, and therefore, are not accounted for in the 
reported quantum memory efficiency η(k)

qm
.

Calculation of the fidelity
In contrast to the efficiency, the fidelity cannot be easily translated 
into a photon number quantity. However, an upper boundary can 
be estimated, which is nonetheless close to the complex amplitude- 
based fidelity for static frequency combs as used in this work (12, 
43). �e complex amplitude- based fidelity of the kth echo is defined 
in (12, 53)

where ℇcav(t) and ℇout(t) are the complex wave packet ampli-
tudes of the photon decay from the cavity mode and from the 
combined setup (cavity plus NFC), respectively. The normal-

ization constants are given by: Ncav = ∫ Tk+1−FWHM

Tk−FWHM
∣ ℇcav(t) ∣

2 dt and 

Nmeas = ∫ Tk+1−FWHM

Tk−FWHM
∣ ℇout(t) ∣

2 dt . In our experiment, only the num-

ber of emitted photons is accessible (see Fig. 3), which is propor-
tional to ncav(t) ∝ ∣ℇcav(t)∣2 and nmeas(t) ∝ ∣ℇout(t)∣2. An inequality 
can be derived to estimate the upper boundary of the fidelity

�is intensity fidelity (43),  (k)

int
 , is plotted in Fig. 4. Note that for 

a well- defined fidelity, the echo spacing ΔT = Tk + 1 − Tk must be 
bigger than the cavity decay constant. Here, the cavity decay con-
stant is 2.9(1) ns. �us, the assumption is true for all measured ve-
locity spacings (Δvmax = 10 mm/s =̂ΔT

min
= 8.6 ns).

Imperfect source efficiency, i.e., not all photons interacted reso-
nantly with the cavity, can strongly affect the fidelity as calculated 
above, which assumes a perfect cavity source. For example, if barely 
any photon had interacted with the cavity, the genuine source seen 
by the NFC would be completely different so that the calculated fi-
delity would be substantially lower than the factual value, although 
the intrinsic nuclear resonant scattering properties of the NFC had 
not changed. �us, in case of an imperfect source, as present in this 
work, the derived fidelity value cannot reach unity.

Supplementary Materials
This PDF file includes:

Supplementary Text

Figs. S1 to S6

Tables S1 to S3
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