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Group velocity control is demonstrated for x-ray photons of 14.4 keV energy via a direct measurement of
the temporal delay imposed on spectrally narrow x-ray pulses. Subluminal light propagation is achieved by
inducing a steep positive linear dispersion in the optical response of >’Fe Mossbauer nuclei embedded in a
thin film planar x-ray cavity. The direct detection of the temporal pulse delay is enabled by generating
frequency-tunable spectrally narrow x-ray pulses from broadband pulsed synchrotron radiation.
Our theoretical model is in good agreement with the experimental data.
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Strong nonlinear interaction of light with matter is a key
requirement for fundamental and applied quantum optical
technologies alike. Since conventional materials typically
exhibit weak nonlinearities, the ultimate quest for strong
nonlinear interactions of individual quanta has led to the
development of a number of methods to significantly
enhance nonlinear light-matter interactions. Among the
most prominent ones are coherently prepared media based
on electromagnetically induced transparency, subluminal
light, and related effects [1,2], as well as cavity-enhanced
light matter interactions [3].

Recently, nuclear quantum optics featuring the interac-
tion of x-ray light with Mossbauer nuclei in the few keV
transition energy range has gained considerable momen-
tum, both theoretically [4-9] and experimentally [10-20].
Interestingly, these experiments operate with less than one
resonant x-ray photon per pulse on average due to restric-
tions in the available x-ray light sources. This raises the
question of whether coherent or cavity-based enhancement
techniques could be utilized to realize nonlinear light-
matter interactions in nuclear quantum optics despite the
low number of resonant photons.

Here, we report on a first step towards this goal, and
demonstrate group velocity control of spectrally narrow
x-ray pulses (SNXP). Subluminal light propagation is
achieved by inducing a steep positive linear material
dispersion, and verified by direct measurements of the
temporal delay imposed on the SNXP. For this purpose, we
manipulate the optical response of the w, = 14.4 keV
Mossbauer resonance (single nucleus linewidth y =
4.7 neV) of a large ensemble of 3'Fe nuclei embedded
in a thin film planar x-ray cavity. Our approach thereby
combines coherent control, as well as cooperative and
cavity enhancements of light-matter interaction in a single
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setup. To enable the direct detection of the temporal pulse
delay, we further propose and implement a flexible scheme
to generate frequency-tunable SNXP from broadband
synchrotron radiation for applications in x-ray quantum
optics. Our theoretical model is in good agreement with the
experimental data.

Subluminal light was first demonstrated in the visible
frequency range [21-23], and by now has been imple-
mented in a number of platforms [2], particularly also in
cavity settings [24,25]. Manipulation of light propagation
has also been reported in the x-ray regime. In Ref. [12], a
delayed peak in the transmitted x-ray light intensity has
been observed. In this case, however, the pulse delay is
induced by the propagation of the light through a doublet
absorber structure rather than electromagnetically induced
transparency or related effects, and can be interpreted as
arising from transitions between super- and subradiant
states. Also coherent storage of light via rapid control
of the applied quantization field has been achieved [10].
Other experiments with nuclei observed electromagneti-
cally induced transparency [15], related spontaneously
generated coherences with equivalent susceptibilites [16],
or other transparency mechanisms [11,26]. However, these
experiments did not study the delay or the actual pulse
propagation. In contrast, in our experiment, we induce
slow light via a steep linear dispersion, and verify the x-ray
group velocity control via a direct observation of the
temporal pulse delay.

Group velocity control.—From studies in atomic media
it is known that the group velocity and hence the time delay
is related to the frequency dependence of the medium
susceptibility [1,27]. During its propagation, a spectrally
narrow pulse accumulates a phase exp (ikL), where L is the
propagation length, k = 2zn/4, is the wave vector in the
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medium and n ~ 1 + y/2 the refractive index. A steep
linear dispersion directly influences the group velocity
v, = Ow/0k and, accordingly, gives rise to a delay of the
propagating pulse.

In our experiment, the steep dispersion is induced by
>Fe nuclei, which are embedded in a nm-sized x-ray
cavity. A SNXP is reflected off this cavity in grazing
incidence, and the reflected light is subsequently detected,
as shown in Fig. 1. In this process the spectral properties of
the x-ray field are modified by the complex reflection
coefficient R(w). Noting that R = exp [i arg(R) + log(|R|)]
and by comparison with the expressions above, one finds
that in our setup the phase of the reflection coefficient
arg(R) takes the role of the real part of the susceptibility
Re(y), while the logarithm of the modulus log(|R]) is
connected to the imaginary part Im(y) (see Supplemental
Material [28] for details). Hence, the time domain proper-
ties of the SNXP can be controlled via the phase of the
reflection coefficient.

In order to derive the time delay experienced by the
pulse, we characterize the input SNXP by E(w) in the
frequency domain and by the Fourier transform E;(f) «
J E(w)e™™'dw in the time domain. The cavity modifies the
SNXP spectrum via its complex reflection coefficient R(w),
which, for instance, can be calculated with the quantum
optical model introduced in Ref. [9] (for details see the
Supplemental Material [28]). Assuming that the pulse E(w)
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is spectrally narrow around its center frequency @, com-
pared to the superradiantly broadened cavity reflectance
[13], we can approximate R(w) ~ R(wq) exp [i(w — w)7],
where
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such that the temporal response of the setup is given by

E,(1) /E(w)R(w)e“"‘”da)
~ R(w)e™ 0" / E(w)e = da
x E(t—1). (2)

We thus find that the SNXP is delayed by the time 7z due to
the cavity dispersion, as it is well known from cavities
and waveguides in the visible regime [32,33]. The narrow
linewidth of Mssbauer transitions gives rise to considerable
phase changes in a small frequency range around the
resonance, consequently a steep dispersion and, hence,
enables large time delays. To avoid distortions of the pulse
shape, the dispersion should be linear over the complete
width of the SNXP, which in our case is achieved by letting
the pulse interact with the superradiantly broadened ensem-
ble of nuclei in the cavity. This way, the dispersion is not as
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FIG. 1 (color online). Concept of the experiment: A single line absorber (SLA), mounted on a Doppler drive, imprints an absorption
band on the broadband SR pulse, effectively generating a spectrally narrow x-ray pulse (SNXP) plus an unscattered constant
contribution. Next, the x ray is reflected off of a thin-film cavity containing near-resonant nuclei. The nuclei imprint a spectral dispersion
onto the pulse, which results in a temporal delay. Detuning the SNXP frequency via Doppler shifts allows one to tune the pulse delay.
The polarimeter around the cavity blocks the constant offset of nonresonant background photons such that neither mechanical chopper
nor a high-resolution monochromator for the SR are required. The residual signal of the unscattered constant contribution, which
interacted with the cavity and passed the polarimeter is filtered out by variable a posteriori time gating (red shaded area). The delay of
the SNXP is most clearly visible in comparing the beating minima in the time domain. The lower panels depict the frequency- and time-
resolved amplitude of the field, and the two curves in the bottom right panels show the pulse with and without the induced delay 7. In the
experiment, the SLA was placed behind the analyzer (see main text).
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steep as for a single resonance, but extends over the whole
SNXP. The group delay 7 can in principle be tuned via a
Doppler shift induced by moving the cavity, such that the
cavity spectrum R(w) is detuned with respect to the pulse
spectrum E(w), or by exploiting the dependence of R(w) on
the magnetization or polarization properties of the iron
nuclei and the x rays, respectively.

SNXP generation.—The desired group velocity control
and subsequent applications require a SNXP as input field,
such that the steep linear nuclear dispersion covers the
complete SNXP spectrum. In the x-ray regime, narrow-
band radiation is provided by Mossbauer radioactive
sources [17], but these offer pulsed operation only in the
single-photon regime. An alternative is provided by syn-
chrotron radiation (SR) sources, where nuclear resonant
scattering (NRS) is an established method [34]. SR experi-
ments rely on broadband excitation of nuclear levels and
subsequent detection of the delayed nuclear decay signal.
Compared to Mossbauer radioactive sources, state-of-the-
art SR sources offer an average brilliance of photons in
resonance with the nuclei enhanced by several orders of
magnitude. Nevertheless, they are still restricted to less than
one resonant photon per pulse on average. However, they
provide a route towards the nonlinear regime, since future
source developments could increase the number of resonant
photons per pulse while preserving the pulsed nature of
the source. Similarly, cavity-based setups will assist one in
reaching this limit with photon fluences that are well below
those required in free space. In addition, x-ray free electron
lasers (XFEL) already operate in a suitable frequency
regime [35] and could in the future provide multiple
resonant photons per shot in a pulsed operation for nuclear
quantum optics. This prompts the question for SNXP
generation from SR or XFEL sources. However, narrow-
band filtering of a single line from broadband radiation
with sufficient rejection ratio is challenging since the beam
has a bandwidth orders of magnitude larger than the nuclear
resonance. One approach in this direction has been recently
successfully demonstrated [36-38]. In this case, a narrow-
band, pure nuclear reflection from a 3’FeBOj crystal is
employed to suppress the enormous fraction of nonresonant
photons in the incident beam. Another approach relies on a
high-speed mechanical chopper [39]. In this method, the
initial broadband SR pulse interacts with a single-line
resonant energy analyzer (SLA), which acts equivalently
to a spectrally narrow monochromator, but also contains the
unscattered constant contribution. The chopper is operated
such that it blocks this temporally short broadband signal,
but lets the delayed signal pass. As a result, the spectral dip
induced by the SLA is converted into a SNXP.

In our experiment, we generate the SNXP using a related
method based on polarization filtering for the suppression
of the background photons. In our setup, shown in Fig. 1,
the initial broadband SR pulse interacts with the SLA,
again resulting in a SNXP plus a broadband signal.

We eliminate this unwanted broadband contribution in
two stages. First, the x rays are directed into a high purity
x-ray polarimeter consisting of a polarizer and analyzer in
crossed setting [40—42], between which the cavity con-
taining the nuclei is placed. Thus, only those photons arrive
at the detector, whose polarization has been rotated by the
interaction with the nuclei. Thereby, the nonresonant
background and those photons which did not interact with
the nuclei are eliminated. Because of the high purity of the
polarimetry setup, neither a high-resolution monochroma-
tor for the incident SR pulse nor time gating of the detection
are required in our setup. The detected signal becomes
R(t) = RSNXP(Z) —+ RN](I), where RSNXP(I) is the desired
delayed SNXP. Ry(#) corresponds to photons which
interacted with the nuclei in the cavity, but did not interact
with the SLA. On average, Rgnxp(#) dominates over Ry ()
for times ¢ 2 50 ns. Therefore, the desired spectrally
narrow delayed part Rgnxp(f) can be separated from
Ryi(2) by time gating. Since the polarimeter enables us
to record R(t) for all times, this time gating can be applied
and optimized throughout the data analysis. The connection
of our setup to the scheme involving a mechanical chopper
[39] is discussed in more detail in the Supplemental
Material [28].

Experiment.—We performed the experiment at the
nuclear resonance beam line (ID18) [43] of the European
Synchrotron Radiation Source (ESRF, Grenoble).
Compared to the setup sketched in Fig. 1, the order of
the cavity and the SLA are reversed. This is possible, since
all responses are linear. The x-ray cavity consists of a
Pd(2 nm)/C(20 nm)/>"Fe(3 nm)/C(21 nm)/Pd(10 nm)/
Si layer system which is probed in grazing incidence such
that the fundamental guided cavity mode is resonantly
excited [9]. The high purity x-ray polarimeter is described
in more detail in [42]. A magnetic field is applied along the
beam propagation direction, defining the quantization axis
for the magnetic hyperfine splitting in the >’ Fe layer. In this
setting, vacuum-mediated couplings between the different
hyperfine levels arise, which lead to steep linear dispersion
as in EIT systems [9,16], such that large time delays 7 are
expected. Note that in contrast to previous experiments
focusing on the measurement of the absorption spectra
[15,16], here, full transparency of the medium on resonance
is not desirable, as it would correspond to zero intensity in
reflection, prohibiting a detection of the propagated pulse.
Therefore, the cavity system is chosen such that steep
dispersion is obtained while maintaining sufficient intensity
in reflection direction to enable the pulse detection. The
SLA is formed by a 10 ym thick stainless steel foil
(°*"FessCrysNiyg) with >’Fe for the SNXP generation. This
generates a SNXP with a length of &~ 10 ns. The SLA was
mounted on a Doppler drive, such that pulses with different
central frequencies wgnxp = @y + Ap could be generated.

Because of the narrow nuclear linewidth, the SNXP
consists, on average, of less than one photon. Triggering
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FIG. 2 (color online). (a) Photon counts as a function of time
and Doppler detuning of the single line analyzer. Black pixels
mark zero counts in the experiment. White dashed lines indicate
theoretical predictions for beating minima positions without pulse
delay. Solid white curves show corresponding predictions in-
cluding the pulse delay. The additional oscillatory structure
superimposing the data is due to photons Ry (7). The bleached
area t < 50 ns contains mostly data from Ry;(#) and is excluded
from the data analysis, whereas times ¢ > 50 ns contain mostly
the desired Rgnxp(?). (b) Sections through (a) at constant
detuning Ap. Close to resonance Ap = 0, the temporal response
is clearly shifted compared to the off-resonant case. For example,
the minimum at # & 60 ns is shifted to later times as indicated by
the arrow. Solid lines are theoretical predictions for the pulse part
Rgnxp only, which is expected to deviate from the experimental
data at initial times due to the omission of Ry;(7).

data acquisition on the detection of a photon at the detector
thus essentially leads to postselection of single photon
SNXP. In the experiment, we registered the photon time of
arrival together with the Doppler drive velocity for each
signal photon separately. This enables us to analyze the
intensity of the light registered by the detector as a function
of the pulse center frequency and time, as shown in Fig. 2.
Clearly, the time spectra of near-resonant pulses (Ap = 0)
are delayed compared to those of the off-resonant pulses,
which can be seen, e.g., from the shift of a beating minimum
at t = 60 ns to later times; see arrow in Fig. 2(b). This figure
also shows that the SNXP structure remains essentially
undistorted. The agreement between experimental data and
theoretical predictions is very good. From the theoretical
analysis, we could also identify the additional oscillatory
structures superimposing the simple temporal shift of the
registered intensity by 7 predicted in Eq. (2) as arising from
residuals of Ry;(?) in the data.

401

Time Delay 7 [ns]
(S~
S

-100 -50 0 50 100
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FIG. 3 (color online). Time delay for the SNXP as a function of
the detuning A, between SNXP and the nuclear resonance.
Red dots show the delay extracted from the experimental data.
The blue solid curve shows the corresponding theoretical

prediction. Error bars are described in the Supplemental
Material [28].

From the experimental data shown in Fig. 2, we
extracted the time delay 7 of the x-ray pulses by fitting
the analytical response function with variable 7 to the data
(Details on the employed fit method are provided in the
Supplemental Material [28]). The result is shown in Fig. 3.
As expected, around the cavity resonance where the nuclear
susceptibility exhibits a steep positive linear dispersion,
substantial pulse delays up to 35 ns are observed. Away
from the nuclear resonance, the delay reduces until it
becomes zero off-resonance.

We have thus demonstrated group velocity control for
spectrally narrow hard x-ray pulses, yielding controllable
pulse delays of up to 35 ns via subluminal light propaga-
tion. The subluminal light propagation was realized by
tailoring a suitable steep linear dispersion in Mossbauer
nuclei embedded in an x-ray cavity. Our theoretical analysis
agrees well with the experimental results. From numerical
finite-difference time-domain simulations of the x-ray pulse
dynamics, we determined an upper bound for the propa-
gation length of the pulse inside the cavity of about 1 mm,
which translates into an upper bound for the reduced group
velocity of the SNXP of v, < 10~%c.

These results pave the way for a number of promising
future directions. Our theory predicts that a suitable
modification of sample magnetization and x-ray polariza-
tion offers means to tune the SNXP group velocity and thus
the time delay, even to superluminal light propagation
[32,44]. Also a storage of x-ray photons could be envi-
sioned. This way, slow light, EIT, and related phenomena in
the future could enable the coherence-based enhancement
of nonlinear interaction between x rays and nuclei [1]. Next
to this primary goal, our setup in turn could also be used to
measure the phase of the response of an unknown sample,
since the observed time delay is directly related to the phase
of the optical response of the cavity-nuclei system.
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