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Optical quantum memories are key elements in modern quantum technologies to reliably store and retrieve 
quantum information. At present, they are conceptually limited to the optical wavelength regime. Recent ad-
vancements in x- ray quantum optics render an extension of optical quantum memory protocols to ultrashort 
wavelengths possible, thereby establishing quantum photonics at x- ray energies. Here, we introduce an x- ray 
quantum memory protocol that utilizes mechanically driven nuclear resonant 57Fe absorbers to form a comb 
structure in the nuclear absorption spectrum by using the Doppler e�ect. This room- temperature nuclear fre-
quency comb enables us to control the waveform of x- ray photon wave packets to a high level of accuracy and �-
delity using solely mechanical motions. This tunable, robust, and highly �exible system o�ers a versatile platform 
for a compact solid- state quantum memory at room temperature for hard x- rays.

INTRODUCTION

Photon wave packets are fast and robust carriers of quantum infor-
mation encoded in various degrees of freedom, including photon 
number, polarization, and waveform. However, their fast propagating 
nature renders storage of quantum information challenging—an in-
strumental part not only for synchronization processes in quantum 
communication networks but also for the realization of quantum re-
peaters (1–5). �us, there is a quest for quantum memories that store 
the photon wave packet or its speci�c quantum information and re-
trieve them without distortion at a speci�c time (1, 5, 6). In the visible 
wavelength regime, several protocols have been developed, which 
map the fast photonic wave packets to coherent collective quantum 
excitations in “slower” matter systems, such as ensembles of atoms, 
molecules, rare- earth ions in crystals, or color centers in diamond (1, 
4–9). A controlled de- excitation of the system results then in the re-
lease of the wave packet.

�e step to shorter wavelength regimes, however, has not been 
achieved thus far, despite its bene�ts. Using x- rays would allow us to 
develop more compact and �exible quantum memory protocols due 
to x- rays being potentially focusable down to the ångström scale, 
about four orders of magnitude shorter than wavelengths of visible 
photons, and demonstrating higher penetration depths in many ma-
terials. Moreover, at those high energies, e�cient low- noise single- 
photon detectors are available (10). To date, hard x- ray quantum 
memories have only been discussed theoretically (11, 12). Mössbauer 
nuclei with their energetically sharp resonances are a potential mate-
rial system. �e prominent 14.4 keV nuclear resonance of 57Fe was 
already used to establish many quantum optical phenomena in the 

x- ray regime [see (13) and references therein]. �e photon- nuclei in-
teraction bene�ts from high nuclear densities in solids (~ 1028 m−3) 
and from a resonant cross section being about 400 times higher than 
the electronic scattering cross section at this energy, resulting in large 
optical thicknesses even in physically thin absorbers. Even at room 
temperature, nuclear resonances in solids exhibit ultrahigh quality 
factors and long coherence lifetimes, e.g., for 57Fe, Q ~1013 and τ0 = 
141 ns, respectively. �ese are important prerequisites for quantum 
memories where phase and amplitude of the stored qubit must be 
preserved. Coherent temporal control of the excited nuclear quan-
tum state was demonstrated, for example, by tuning the magnetic 
hyper�ne interaction via magnon excitations (14) or via fast reversal 
or rotation of the nuclear magnetization (11, 15–17), as well as by 
induced phase shi�s via sudden movements of the resonant absorber 
(18–21), fast vibrating absorbers (22–27), thin- �lm x- ray cavities 
(28–32), or motion- induced Doppler shi�s.

It is the latter approach that enables the formation of a quantum 
memory for hard x- ray photon wave packets using a set of moving 
resonant nuclear 57Fe absorbers (12). With the small transition line-
widths and the typical high transition energies E0, a sizeable Doppler 
shi� ∆E = E0v/c, c being the speed of light, is achieved at compara-
tively small velocities v (a velocity of 0.1 mm/s readily shi�s the 57Fe 
transition by its natural linewidth). �e proposed quantum memory 
concept is based on moving multiple resonant absorbers with di�er-
ent but equidistantly spaced velocities to form a Doppler nuclear 
frequency comb (NFC) in the resonant absorption structure. An 
incident resonant photon wave packet entering such a nuclear en-
semble gets stored in the coherent collective nuclear excitation and 
is reemitted with a high probability at certain moments in time Tk 
(k = 1,2,3, …), which are determined by the velocity spacing ∆v 
between neighboring absorbers (12),

where h is the Planck constant. Such periodic reemissions are re-
ferred to as “echoes.” With the frequency comb parameters (band-
width, teeth width, and number of teeth) tuned correctly, an e�cient 
and faithful quantum memory can be constructed, similar to atomic 
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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- �lm x- ray cavity, spectrally 
designed to match the frequency comb’s bandwidth, the wave packet 
of the emitted weak coherent �eld by the cavity is stored and retrieved 
by the NFC with a notable e�ciency and �delity. �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 di�erent maximum veloci-
ties. �e maximum velocities are set equidistantly with a spacing of 
10 mm/s, resulting in velocity pro�les 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 �eld, and thus, the �eld 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 ampli�es the AC voltage generated by a single function generator di�erently 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 �ipping 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 pro�le 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 di�erent velocity spacings between the foils are 
selected in Fig. 2B. �e histograms in Fig. 2B re�ect the unnormal-
ized photon emission probability of the nuclear polariton for di�er-
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 di�raction 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 hyper�ne 
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 con�rm 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- �lm x- ray cavity. �e cavity consists of 
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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 �lms (see sketch in Fig. 3B; details in Ma-
terials and Methods and the Supplementary Materials). At a partic-
ular incidence angle, the x- ray �eld couples into the �rst- 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 �rst 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, �tting 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 e�ect 
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 e�ciency and �delity of quantum memories (5).

In our experiment, an x- ray cavity was mounted downstream of 
the seven foils and aligned in a grazing incidence con�guration 
along the x- ray beam path as depicted in Fig. 1A. �is seemingly 
counterintuitive sequence was chosen for technical simpli�cation 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 speci�c 
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 �g. S6). 
�e photon emission for a velocity spacing of 3.1 mm/s, shown in 
Fig. 3C, fully con�rms 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 re�ects 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 de�ned 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 quanti�ed by the echo e�-
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 �delity 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 justi�ably 
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- 

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

excited in its �rst 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 �t (red) in linear and logarithmic scales. The derived x- ray cavity decay from (B) is overlaid (blue) at the �rst echo, 

showing the matching decay of the echo and the cavity intensities. More decay histograms for di�erent velocity spacings are depicted in the Supplementary Materials.
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emitted photons and, therefore, of the echo e�ciency and �delity. 
Because of the lack of phase information in our measurements, only 
a photon counting–based �delity 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 �delity a good approximation for the complex amplitude- based 
�delity (12, 43).

�e calculated echo e�ciency as a function of the velocity spac-
ing is shown in Fig. 4A. �e echo e�ciency peaks for the �rst 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 e�ects: �rst, 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 e�ciency 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 e�ciency accounting for these losses is depict-
ed in Fig.  4A. For 3.1 mm/s, ηqm is 8% for the �rst echo, a value 
comparable to optical �xed- delay atomic frequency combs (44–47). 
�is can be compared to the analytical quantum memory e�ciency 
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 di�erent stored wave packet shapes, the measured e�-
ciency is close to the theoretical predictions and not far from the 

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

�e calculated �delity 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 �rst and the second echoes, respec-
tively. For large velocity spacings, the number of measurement 
points becomes insu�cient for a precise calculation of the �delity 
due to the reduced echo period, noticeable by the increased spread 
of �delity values in Fig. 4B.

�e �delity 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 �delity 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 �delity of 
75%). In addition, an “imperfect source,” i.e., nonresonantly scat-
tered cavity photons, also contributes to the �delity degradation (see 
Materials and Methods). �e �delity 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 e�ciency and decent �delity.

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- �lm cavity, the NFC shows that it is capable of storing and re-
trieving wave packets of a weak coherent �eld on a single- photon 
level with notable e�ciency and �delity. �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 e�ciency η(k)
echo

 , quantum 

memory e�ciency η(k)
qm

 (A), and intensity �delity 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 e�ciency and �delity 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 e�ective 
broadening of the absorption spectrum and its distinct echo struc-
ture, the NFC can be a tool for enhancing the excitation and detec-
tion e�ciency 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 e�ciency.

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 hyper�ne 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 hyper�ne- split into six lines due to its 
internal magnetic hyper�ne �eld of 33 T. Since the hyper�ne 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 �ner around 
high velocities and coarser at low velocities.

Experimental details on the cavity structure and setup
�e thin- �lm 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 
re�ectivity 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-
�ne parameters and the superradiant broadening in the �rst- 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 bene�cial 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 re�ecting 
sample (15 mm). �e focusing produces a beam divergence of 
about 0.003°.

Sequence of frequency comb and cavity
To facilitate a substantial technical simpli�cation of the setup, the 
thin- �lm 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 e�ects 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 in�uence 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 e�ciency
�e quantum memory e�ciency 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 �xed 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 de�ned 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 e�ciency is the probability 

that a resonantly forward- scattered photon appears at the kth 
echo. Consequently, the normalization constant for this e�ciency 
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, justi�es 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 �uorescence), respectively. �ese losses 
are evaluated to βtot = 74% (see the Supplementary Materials). By 
calculating Ntot with Eq. 3, the quantum memory e�ciency η(k)

qm
 as 

de�ned 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 e�ciency 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 e�ciency” 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 e�ciency η(k)

qm
.

Calculation of the �delity
In contrast to the e�ciency, the �delity 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 �delity for static frequency combs as used in this work (12, 
43). �e complex amplitude- based �delity of the kth echo is de�ned 
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 �delity

�is intensity �delity (43),  (k)

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

a well- de�ned �delity, 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 e�ciency, i.e., not all photons interacted reso-
nantly with the cavity, can strongly a�ect the �delity 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 di�erent so that the calculated �-
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 �delity value cannot reach unity.

Supplementary Materials
This PDF �le includes:

Supplementary Text

Figs. S1 to S6

Tables S1 to S3

References

REFERENCES AND NOTES
 1. A. I. Lvovsky, B. C. Sanders, W. Tittel, Optical quantum memory. Nat. Photonics 3, 706–714 (2009).

 2. T. Chanelière, D. N. Matsukevich, S. D. Jenkins, S.- Y. Lan, T. A. B. Kennedy, A. Kuzmich, 

Storage and retrieval of single photons transmitted between remote quantum 

memories. Nature 438, 833–836 (2005).

 3. J. L. O’Brien, A. Furusawa, J. Vučković, Photonic quantum technologies. Nat. Photonics 3, 

687–695 (2009).

 4. M. K. Bhaskar, R. Riedinger, B. Machielse, D. S. Levonian, C. T. Nguyen, E. N. Knall, H. Park, 

D. Englund, M. Lončar, D. D. Sukachev, M. D. Lukin, Experimental demonstration of 

memory- enhanced quantum communication. Nature 580, 60–64 (2020).

 5. Y. Lei, F. K. Asadi, T. Zhong, A. Kuzmich, C. Simon, M. Hosseini, Quantum optical memory 

for entanglement distribution. Optica 10, 1511–1528 (2023).

η
(k)
qm

=
1

Ntot
∫
Tk+1−FWHM

Tk−FWHM

nmeas(t)dt (2)

NFS = (1 − βel − βnis)Ntot = (1 − βtot)Ntot (3)

 (k)=
1

NcavNmeas

|
|
|
|
|
�
Tk+1−FWHM

Tk−FWHM

ℇ
†

cav
(t−Tk)ℇout(t)dt

|
|
|
|
|

2

(4)

 (k)≤ 1

NcavNmeas

�

�
Tk+1−FWHM

Tk−FWHM

∣ ℇ†

cav
(t−Tk)ℇout(t) ∣dt

�2

=

1

NcavNmeas

�

�
Tk+1−FWHM

Tk−FWHM

√

ncav(t−Tk)nmeas(t)dt

�2

≝ (k)

int

(5)

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at T
ex

as A
&

M
 U

n
iv

ersity
 o

n
 O

cto
b
er 0

1
, 2

0
2
4



Velten et al., Sci. Adv. 10, eadn9825 (2024)     26 June 2024

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 9

 6. T. Chanelière, G. Hétet, N. Sangouard, “Chapter Two -  Quantum optical memory protocols 

in atomic ensembles” in Advances in Atomic, Molecular, and Optical Physics, E. Arimondo,  

L. F. DiMauro, S. F. Yelin, Eds. (Academic Press, 2018; https://sciencedirect.com/science/

article/pii/S1049250X18300028) vol. 67, pp. 77–150.

 7. M. D. Lukin, Colloquium: Trapping and manipulating photon states in atomic ensembles. 

Rev. Mod. Phys. 75, 457–472 (2003).

 8. I. Novikova, R. Walsworth, Y. Xiao, Electromagnetically induced transparency- based slow 

and stored light in warm atoms. Laser Photonics Rev. 6, 333–353 (2012).

 9. D. Serrano, S. K. Kuppusamy, B. Heinrich, O. Fuhr, D. Hunger, M. Ruben, P. Goldner, 

Ultra- narrow optical linewidths in rare- earth molecular crystals. Nature 603, 241–246 

(2022).

 10. A. Q. R. Baron, R. Rü�er, J. Metge, A fast, convenient, x- ray detector. Nucl. Instrum. Methods 

Phys. Res., Sect. A 400, 124–132 (1997).

 11. W.- T. Liao, A. Pál�y, C. H. Keitel, Coherent storage and phase modulation of single 

hard- x- ray photons using nuclear excitons. Phys. Rev. Lett. 109, 197403 (2012).

 12. X. Zhang, W.- T. Liao, A. Kalachev, R. Shakhmuratov, M. Scully, O. Kocharovskaya, Nuclear 

quantum memory and time sequencing of a single γ photon. Phys. Rev. Lett. 123, 250504 

(2019).

 13. R. Röhlsberger, J. Evers, S. Shwartz, “Quantum and nonlinear optics with hard x- rays” in 

Synchrotron Light Sources and Free- Electron Lasers: Accelerator Physics, Instrumentation and 

Science Applications, E. Jaeschke, S. Khan, J. R. Schneider, J. B. Hastings, Eds. (Springer 

International Publishing, 2014; https://doi.org/10.1007/978- 3- 319- 04507- 8_32- 1), pp. 

1–28.

 14. L. Bocklage, J. Gollwitzer, C. Strohm, C. F. Adol�, K. Schlage, I. Sergeev, O. Leupold,  

H.- C. Wille, G. Meier, R. Röhlsberger, Coherent control of collective nuclear quantum 

states via transient magnons. Sci. Adv. 7, eabc3991 (2021).

 15. Y. V. Shvyd’ko, T. Hertrich, J. Metge, O. Leupold, E. Gerdau, H. D. Rüter, Reversed time in 

Mössbauer time spectra. Phys. Rev. B 52, R711–R714 (1995).

 16. Y. V. Shvyd’ko, T. Hertrich, U. van Bürck, E. Gerdau, O. Leupold, J. Metge, H. D. Rüter,  

S. Schwendy, G. V. Smirnov, W. Potzel, P. Schindelmann, Storage of nuclear excitation 

energy through magnetic switching. Phys. Rev. Lett. 77, 3232–3235 (1996).

 17. X. Kong, A. Pál�y, Stopping narrow- band x- ray pulses in nuclear media. Phys. Rev. Lett. 

116, 197402 (2016).

 18. P. Helistö, I. Tittonen, M. Lippmaa, T. Katila, Gamma echo. Phys. Rev. Lett. 66, 2037–2040 

(1991).

 19. K. P. Heeg, A. Kaldun, C. Strohm, P. Reiser, C. Ott, R. Subramanian, D. Lentrodt, J. Haber, 

H.- C. Wille, S. Goerttler, R. Rü�er, C. H. Keitel, R. Röhlsberger, T. Pfeifer, J. Evers, Spectral 

narrowing of x- ray pulses for precision spectroscopy with nuclear resonances. Science 

357, 375–378 (2017).

 20. K. P. Heeg, A. Kaldun, C. Strohm, C. Ott, R. Subramanian, D. Lentrodt, J. Haber, H.- C. Wille, 

S. Goerttler, R. Rü�er, C. H. Keitel, R. Röhlsberger, T. Pfeifer, J. Evers, Coherent x- ray−optical 

control of nuclear excitons. Nature 590, 401–404 (2021).

 21. R. N. Shakhmuratov, F. Vagizov, O. Kocharovskaya, Single gamma- photon revival from 

sandwich absorbers. Phys. Rev. A 87, 013807 (2013).

 22. F. Vagizov, V. Antonov, Y. V. Radeonychev, R. N. Shakhmuratov, O. Kocharovskaya, 

Coherent control of the waveforms of recoilless γ- ray photons. Nature 508, 80–83 (2014).

 23. Y. V. Radeonychev, I. R. Khairulin, F. G. Vagizov, M. Scully, O. Kocharovskaya, Observation of 

acoustically induced transparency for γ- ray photons. Phys. Rev. Lett. 124, 163602 (2020).

 24. R. N. Shakhmuratov, F. G. Vagizov, V. A. Antonov, Y. V. Radeonychev, M. O. Scully,  

O. Kocharovskaya, Transformation of a single- photon �eld into bunches of pulses. Phys. 

Rev. A 92, 023836 (2015).

 25. I. R. Khairulin, Y. V. Radeonychev, O. Kocharovskaya, Slowing down x- ray photons in a 

vibrating recoilless resonant absorber. Sci. Rep. 12, 20270 (2022).

 26. I. R. Khairulin, Y. V. Radeonychev, O. Kocharovskaya, Compression of the synchrotron 

Mössbauer x- ray photon waveform in an oscillating resonant absorber. Photonics 9, 829 (2022).

 27. X. Zhang, A. A. Svidzinsky, Superradiant control of γ- ray propagation by vibrating nuclear 

arrays. Phys. Rev. A 88, 033854 (2013).

 28. R. Röhlsberger, H.- C. Wille, K. Schlage, B. Sahoo, Electromagnetically induced 

transparency with resonant nuclei in a cavity. Nature 482, 199–203 (2012).

 29. R. Röhlsberger, K. Schlage, B. Sahoo, S. Couet, R. Rü�er, Collective lamb shift in 

single- photon superradiance. Science 328, 1248–1251 (2010).

 30. J. Haber, X. Kong, C. Strohm, S. Willing, J. Gollwitzer, L. Bocklage, R. Rü�er, A. Pál�y,  

R. Röhlsberger, Rabi oscillations of x- ray radiation between two nuclear ensembles. Nat. 

Photonics 11, 720–725 (2017).

 31. J. Haber, K. S. Schulze, K. Schlage, R. Loetzsch, L. Bocklage, T. Gurieva, H. Bernhardt,  

H.- C. Wille, R. Rü�er, I. Uschmann, G. G. Paulus, R. Röhlsberger, Collective strong coupling 

of x- rays and nuclei in a nuclear optical lattice. Nat. Photonics 10, 445–449 (2016).

 32. K. P. Heeg, H.- C. Wille, K. Schlage, T. Guryeva, D. Schumacher, I. Uschmann, K. S. Schulze,  

B. Marx, T. Kämpfer, G. G. Paulus, R. Röhlsberger, J. Evers, Vacuum- assisted generation and 

control of atomic coherences at x- ray energies. Phys. Rev. Lett. 111, 073601 (2013).

 33. M. Afzelius, C. Simon, H. de Riedmatten, N. Gisin, Multimode quantum memory based on 

atomic frequency combs. Phys. Rev. A 79, 052329 (2009).

 34. D. Lago- Rivera, S. Grandi, J. V. Rakonjac, A. Seri, H. de Riedmatten, Telecom- heralded 

entanglement between multimode solid- state quantum memories. Nature 594, 37–40 (2021).

 35. H. de Riedmatten, M. Afzelius, M. U. Staudt, C. Simon, N. Gisin, A solid- state light–matter 

interface at the single- photon level. Nature 456, 773–777 (2008).

 36. H.- C. Wille, H. Franz, R. Röhlsberger, W. A. Caliebe, F.- U. Dill, Nuclear resonant scattering at 

PETRA III: Brillant opportunities for nano – and extreme condition science. J. Phys. Conf. 

Ser. 217, 012008 (2010).

 37. R. Rü�er, A. I. Chumakov, Nuclear resonance beamline at ESRF. Hyper�ne Interact. 97- 98, 

589–604 (1996).

 38. Y. Kagan, Theory of coherent phenomena and fundamentals in nuclear resonant 

scattering. Hyper�ne Interact. 123, 83–126 (1999).

 39. J. P. Hannon, G. T. Trammell, Coherent γ- ray optics. Hyper�ne Interact. 123, 127–274 

(1999).

 40. G. V. Smirnov, General properties of nuclear resonant scattering. Hyper�ne Interact. 123, 

31–77 (1999).

 41. L. Bocklage, Nexus -  Nuclear Elastic X- ray Scattering Universal Software, Zenodo (2023); 

https://doi.org/10.5281/zenodo.7716207.

 42. W. Sturhahn, E. Gerdau, Evaluation of time- di�erential measurements of nuclear- 

resonance scattering of x rays. Phys. Rev. B 49, 9285–9294 (1994).

 43. X. Zhang, Exact solution of gradient echo memory and analytical treatment of gradient 

frequency comb. arXiv:1602.05115 [quant- ph] (2016). https://doi.org/10.48550/

arXiv.1602.05115.

 44. M. F. Askarani, A. Das, J. H. Davidson, G. C. Amaral, N. Sinclair, J. A. Slater, S. Marzban,  

C. W. Thiel, R. L. Cone, D. Oblak, W. Tittel, Long- lived solid- state optical memory for 

high- rate quantum repeaters. Phys. Rev. Lett. 127, 220502 (2021).

 45. P. Jobez, N. Timoney, C. Laplane, J. Etesse, A. Ferrier, P. Goldner, N. Gisin, M. Afzelius, 

Towards highly multimode optical quantum memory for quantum repeaters. Phys. Rev. A 

93, 032327 (2016).

 46. C. Clausen, I. Usmani, F. Bussières, N. Sangouard, M. Afzelius, H. de Riedmatten, N. Gisin, 

Quantum storage of photonic entanglement in a crystal. Nature 469, 508–511 (2011).

 47. Z.- Q. Zhou, J. Wang, C.- F. Li, G.- C. Guo, E�cient spectral hole- burning and atomic 

frequency comb storage in Nd3+:YLiF4. Sci. Rep. 3, 2754 (2013).

 48. Y. Shvyd’ko, R. Röhlsberger, O. Kocharovskaya, J. Evers, G. A. Geloni, P. Liu, D. Shu,  

A. Miceli, B. Stone, W. Hippler, B. Marx- Glowna, I. Uschmann, R. Loetzsch, O. Leupold,  

H.- C. Wille, I. Sergeev, M. Gerharz, X. Zhang, C. Grech, M. Guetg, V. Kocharyan, N. Kujala,  

S. Liu, W. Qin, A. Zozulya, J. Hallmann, U. Boesenberg, W. Jo, J. Möller,  

A. Rodriguez- Fernandez, M. Youssef, A. Madsen, T. Kolodziej, Resonant x- ray excitation of 

the nuclear clock isomer Sc. Nature 622, 1–5 (2023).

 49. S. Kraemer, J. Moens, M. Athanasakis- Kaklamanakis, S. Bara, K. Beeks, P. Chhetri,  

K. Chrysalidis, A. Claessens, T. E. Cocolios, J. G. M. Correia, H. D. Witte, R. Ferrer, S. Geldhof, 

R. Heinke, N. Hosseini, M. Huyse, U. Köster, Y. Kudryavtsev, M. Laatiaoui, R. Lica,  

G. Magchiels, V. Manea, C. Merckling, L. M. C. Pereira, S. Raeder, T. Schumm, S. Sels,  

P. G. Thirolf, S. M. Tunhuma, P. Van Den Bergh, P. Van Duppen, A. Vantomme, M. Verlinde, 

R. Villarreal, U. Wahl, Observation of the radiative decay of the 229Th nuclear clock 

isomer. Nature, 617, 706–710 (2023).

 50. J. Tiedau, M. V. Okhapkin, K. Zhang, J. Thielking, G. Zitzer, E. Peik, F. Schaden, T. Pronebner, 

I. Morawetz, L. T. De Col, F. Schneider, A. Leitner, M. Pressler, G. A. Kazakov, K. Beeks,  

T. Sikorsky, T. Schumm, Laser excitation of the Th- 229 nucleus. Phys. Rev. Lett. 132, 182501 

(2024).

 51. P. Schindelmann, U. van Bürck, W. Potzel, G. V. Smirnov, S. L. Popov, E. Gerdau,  

Y. V. Shvyd’ko, J. Jäschke, H. D. Rüter, A. I. Chumakov, R. Rü�er, Radiative decoupling and 

coupling of nuclear oscillators by stepwise Doppler- energy shifts. Phys. Rev. A 65, 023804 

(2002).

 52. G. V. Smirnov, U. van Bürck, W. Potzel, P. Schindelmann, S. L. Popov, E. Gerdau,  

Y. V. Shvyd’ko, H. D. Rüter, O. Leupold, Propagation of nuclear polaritons through a 

two- target system: E�ect of inversion of targets. Phys. Rev. A 71, 023804 (2005).

 53. Y.- H. Chen, M.- J. Lee, I.- C. Wang, S. Du, Y.- F. Chen, Y.- C. Chen, I. A. Yu, Coherent optical 

memory with high storage e�ciency and large fractional delay. Phys. Rev. Lett. 110, 

083601 (2013).

 54. R. Röhlsberger, “Coherent elastic nuclear resonant scattering” in Nuclear Condensed Matter 

Physics with Synchrotron Radiation (Springer Tracts in Modern Physics, vol.208, Springer- 

Verlag Berlin Heidelberg, 2004), pp. 67–180.

 55. B. Sahoo, K. Schlage, J. Major, U. von Hörsten, W. Keune, H. Wende, R. Röhlsberger, 

Preparation and characterization of ultrathin stainless steel �lms. AIP Conf. Proc. 1347, 

57–60 (2011).

 56. G. V. Smirnov, V. G. Kohn, Theory of nuclear resonant scattering of synchrotron radiation 

in the presence of di�usive motion of nuclei. Phys. Rev. B 52, 3356–3365 (1995).

 57. B. Herkommer, J. Evers, Phase- sensitive nuclear target spectroscopy. Phys. Rev. Res. 2, 

023397 (2020).

Acknowledgments: We thank D. Lott for the access to x- ray re�ection and di�raction 

instruments, A. Siemens for excellent technical support, G. Meier for fruitful discussions, and 

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at T
ex

as A
&

M
 U

n
iv

ersity
 o

n
 O

cto
b
er 0

1
, 2

0
2
4



Velten et al., Sci. Adv. 10, eadn9825 (2024)     26 June 2024

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 9

G. Steinbrück, as well as I. Uschmann for the provision of Mössbauer spectroscopy equipment. 

Funding: S.V., L.B., and R.R. acknowledge funding from the Cluster of Excellence “CUI: 

Advanced Imaging of Matter” of the Deutsche Forschungsgemeinschaft (DFG) – EXC 2056 – 

project ID 390715994. S.V., L.B., K.S., A.P., I.S., O.L., and R.R. acknowledge support from DESY 

(Hamburg, Germany), a member of the Helmholtz Association HGF. X.Z. and O.K. acknowledge 

support by the National Science Foundation (grant no. PHY- 2012194 “Quantum Optics with 

Ultra- Narrow Gamma Resonances”). Author contributions: R.R. conceived the experiment. 

R.R. and O.K. supervised the project. R.R., L.B., S.V., I.S., A.I.C., and X.Z. developed the 

experimental methods. L.B., S.V., and X.Z. developed software for theoretical simulations and 

data evaluation. I.S., A.I.C., R.R., L.B., S.V., and O.L. provided experimental resources for the 

experimental setup. S.V., L.B., X.Z., K.S., A.P., S.S., O.L., I.S., and R.R. performed the experiments. 

S.V. and X.Z. evaluated and analyzed the data. S.V. realized the visualization of data and 

calculations. R.R. acquired funds for realization of the project. S.V. wrote the �rst draft of the 

manuscript. S.V., L.B., X.Z., R.R., and O.K. reviewed and edited all further versions of the 

manuscript with contributions from all authors. S.V., L.B., K.S., S.S., O.L., I.S., A.C., and R.R. 

discussed and improved the manuscript. Competing interests: The authors declare that they 

have no competing interests. Data and materials availability: All data needed to evaluate 

the conclusions in the paper are present in the paper and/or the Supplementary Materials. 

The raw data, as well as the code for analyzing them, can be found at the Zenodo repository 

using the DOI 10.5281/zenodo.11092777. All �gures and pictures by the author(s) are under a 

CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/), unless otherwise stated.

Submitted 12 January 2024 

Accepted 21 May 2024 

Published 26 June 2024 

10.1126/sciadv.adn9825

D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 at T
ex

as A
&

M
 U

n
iv

ersity
 o

n
 O

cto
b
er 0

1
, 2

0
2
4


