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We introduce an analytical phase-reconstruction principle that retrieves atomic scale motion via time-
domain interferometry. The approach is based on a resonant interaction with high-frequency light and does
not require temporal resolution on the time scale of the resonance period. It is thus applicable to hard x rays
and y rays for measurements of extremely small spatial displacements or relative-frequency changes. Here,

it is applied to retrieve the temporal phase of a 14.4 keV emission line of an 3’Fe sample, which corresponds

to a spatial translation of this sample. The small wavelength of this transition (1 = 0.86 A) allows for
determining the motion of the emitter on sub-Angstrém length and nanosecond timescales.
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The measurement of tiny translations and motional
patterns is central to a large array of questions in funda-
mental science (e.g., quantum physics [1-4] and gravita-
tional-wave detection [5]) as well as technological
applications (e.g., precision-engineering and material
processing). A common approach is interferometry using
coherent optical (laser) light, based on the constructive and
destructive interference of waves [1,2]. By relating two
different points in space, time, momentum or energy,
interferometry translates a range of measurements into
the common problem of determining phase differences.
In addition, interferometry has led to breakthroughs in
precision metrology since the seminal work of Ramsey [6].

Retrieving the phase information is also at the heart of
quantum dynamics, where the motion of wave packets is
given by the relative phases between participating states.
Time-resolved spectroscopy techniques aim at extracting
these relative phases between quantum states by sequences
of short pulses of light [7], and thus getting experimental
access and control of the underlying quantum motion. In
this context, the method of spectral interferometry was
developed [8,9] to reconstruct the relative spectral phase of
two pulses, i.e., electromagnetic wave packets. This fueled
the rise of optical coherence tomography [10] and other
interferometry techniques, which find applications in
chemical [11] and biomedical [12] areas of research.
Because of the visible to XUV light sources used thus
far, the spatial resolution in such applications has been
limited to few nanometers [13] up to now.

In this Letter, we further develop the concept of temporal
phase interferometry [14,15], which allows for the extrac-
tion of the relative temporal phase of emitters in the time
domain. The method is an inverse approach to spectral
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phase interferometry and establishes a heterodyne-type
measurement concept without the need of a temporally
coherent local oscillator. This in particular suggests appli-
cations at the highest frequencies (x or y rays), where such
reference oscillators thus far do not exist. The key require-
ment for the applicability of the method is the availability of
resonances in the light-matter interaction, which are suffi-
ciently narrow such that their decay can be observed
directly in the time domain. Similarly, the phase changes
itself must be slow enough to be directly detectable.
However, there is no constraint on the cycle period of
the light itself, provided that the associated photons can be
detected. After introducing the method with a toy model,
we demonstrate it in the hard x-ray domain employing
Mossbauer spectroscopy to directly retrieve sub-atomic-
scale displacements with nanosecond temporal resolution.

To introduce the scheme, we consider a toy model with
two single-line emitters, separated spectrally by a fre-
quency detuning A. One of the emission lines exhibits
an explicit time-dependent phase ¢(7) [Fig. 1(c)] relative to
the other [see Fig. 1(a)]. The detuning causes an interfer-
ence pattern in the time domain [Fig. 1(b)], which is
manipulated by the temporal phase ¢(¢). The idea here is to
directly retrieve this phase from the Fourier transform of the
measured time- and energy-dependent interferogram.

The resonance frequencies of emitter 1 and emitter 2 are
given by w, and w, + A, respectively, while the linewidth
of both emitters is given by y. Emitter 1 is additionally
modified by the time-dependent phase ¢(¢) [Fig. 1(c)], e.g.,
by transient motional Doppler shifts or Stark shifts for the
case of atoms. In the time domain, the electric fields of
the two decaying resonance emitters can classically be
described by exponentially decaying dipole responses.
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Spectral (a) and temporal (b) intensity of two single-line
emitters separated by a frequency detuning A < 0. In both panels,
the orange solid line corresponds to a temporally constant phase
between the two emitters, whereas the blue dashed line illustrates
the case of a temporally varying phase shown in (c). For the
temporally constant phase, the two emission frequencies lead to a
beating in the temporal signal. The temporally varying phase
leads to modulations of the temporal signal, and in turn imprints
additional interference structures onto the spectrum.

The Heaviside step function € models the onset of these
dipole responses:

EEI (t) x _eil/)(t)e—(y/2)t—iwoze(t)’

(1a)
(1b)

This yields for the measurable time- and frequency-
detuning-dependent interference signal, consisting of the
sum of the two fields, the following expression:
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the Fourier transform to match the experiment in Fig. 3. The
temporal phase ¢(r) causes a modulation of the positive oscillat-
ing term in (d), while the linear component of ¢(¢) in the range of
20 to 40 ns corresponds to a detuning shift in (c). For high enough
detuning, the nonoscillating and oscillating terms are separated,
enabling a clear reconstruction of the phase evolution.

Here, the parameter f, > 0 ns is introduced to include
experimental constraints as discussed below. The signal
S(t) and its respective phase ¢(7) are shown in Figs. 1(b)
and 1(c) for f; = 0 ns and fixed A < 0. Figures 2(a) and 2(c)
show the signal S(z, A) for ¢ = 0 and ¢ = ¢(¢), respectively.

The first step of the phase-reconstruction method
is to Fourier transform the signal S(z, A) in Eq. (2) into
the frequency domain to yield the Fourier-signal
S(@,A) « F{S(t,A)}. The absolute square of S(@,A)
is shown in Figs. 2(b) and 2(d) for ¢ = 0 and ¢ = ¢(t). To
allow for a comparison with the experimentally obtained
data, we set 7y = 14 ns. In the second step, the non-
oscillating term F{2e76(t— 1)} is determined,
for example, by recording each temporal decay of the
emission lines separately, and then subtracted from the
Fourier-signal S(@, A). Finally, a Fourier transform back to
the time domain of the positive oscillating term
Flelw+a0e=11g(t — 15}, which is sufficiently separated
from the negative oscillating term at high enough detuning
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A, directly yields the phase ¢(f) + A - for t > t, as the
argument of the resulting complex-valued function of time.
To determine the detuning A in terms of y, if not known
directly, a reference spectrogram with ¢(¢) = 0, as shown
in Fig. 2(a), can be used.

We performed our experiment at the Nuclear Resonance
Beamline ID18 at ESRF in Grenoble [16], which provided
14.4 keV x-ray pulses temporally separated by 176 ns. In
the experiment, each x-ray pulse coherently excites >’Fe
nuclear ensembles in two consecutive stainless steel foils,
which can each be regarded as single-line emitters of
photons in the forward direction. The first foil (“emitter”)
contains 55% iron, which is enriched in >’Fe to a large
fraction, and is sputtered with a thickness of d ~ 200 nm
onto a piezoelectric transducer, or piezo. We can translate
the emitter in both directions along the beam direction
by applying a voltage U(z) to the piezo (see also
Refs. [17-20]). This translation x(z) of the emitter corre-
sponds linearly to the temporal phase ¢(7) = (27/2)x(t) of
the single-line emission. The piezo translation was electri-
cally triggered and locked to the arrival time of the
synchrotron pulses to achieve reproducibility. The second
foil (“analyzer”) consists of a >’Fe single-line absorber and is
moved with a constant velocity to Doppler shift it from the
resonance with a frequency detuning A. In the limiting
description of thin absorbers, the emission lines for emitter
and analyzer can be described by Egs. (1a) and (1b), whereas
the measurable interference signal is given by Eq. (2).

We measured the flux of scattered photons in forward
direction with a stack of avalanche photodiodes with
nanosecond temporal resolution. The detector is set to
reject the first 14 ns after the arrival of the synchrotron
pulse in order to omit the signal caused by the several
orders of magnitude more intense prompt synchrotron
pulse, which we used to excite the two emitters. Around
100 000 photon counts were acquired for one spectrogram.
Two measured spectrograms are depicted in Fig. 3, one
without (a) and one with piezo translation (c). The bin size
is 2 ns x 0.18y. The discrete Fourier transforms of the
spectrograms are shown in Figs. 3(b) and 3(d). The
similarity with the data computed within our toy model
(see Fig. 2) is clearly visible.

We performed the above-described reconstruction for six
spectrograms corresponding to different voltages to retrieve
the temporal phase and therefore the translation of the
emitter. This translation is a function of time relative to the
arrival time of the synchrotron pulse. We used only data
with A 2 3.0y (A £ —-3.0yif AU < 0) in order to separate
more clearly the relevant phase information from the
nonoscillating term in the Fourier-signal [Fig. 3(d)], as
indicated by the horizontal lines in Figs. 3(c) and 3(d).
Spectrograms with much reduced voltage AU = 0, such as
the one shown in Fig. 3(a), were used to determine the
nonoscillatory component at A = 0. Next, we subtracted the
nonoscillatory component from the Fourier-signal. Most
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FIG. 3. (a),(c) Experimental spectrogram measured vs time and
frequency detuning without (a) and with PT translation (c).
Panels (b) and (d) depict the absolute square of the corresponding
Fourier signals |S(@®, A)[>. We used spectrogram (a) to calibrate
the measurements. Only signals arriving after 7, = 14 ns are
recorded in order to avoid saturation and dead time caused by the
prompt synchrotron pulse at # = 0 ns which we used to excite
emitter and analyzer. The phase reconstructed from the indicated
area A 2 3.0 y in (c) is shown in Fig. 4(a) (green).

likely due to different sample characteristics of the piezo
and analyzer, the signal around @ = 0 does not approach
zero, such that we manually set the value at @ = 0 to zero.
Note that due to the large A this does not influence the
desired positive oscillatory component. Afterwards, we
Fourier transformed the positive frequencies back to the
temporal domain, where we read out the complex phases
for both the spectrogram with [AU| > 0 and the reference
spectrogram with AU = 0 to determine the temporal phase
as the difference between the two. Lastly, we averaged the
temporal phase over the detuning. The initial phase offset
was determined by fitting Eq. (2) with t = 7, = 14 ns to
each spectrogram. The statistical error of the phase is
composed of the standard error of the mean and the
standard error of the phase offset.

The results are presented in Fig. 4. The temporal phases
in blue were realized by applying a voltage step of AU =
4+3.5 V to the piezo, whereas for the temporal phases in
green a step of AU = =7 V was applied (see Supplemental
Material, Sec. I [21]). Consistently, the reconstructed
phase-shift appears doubled for the latter case. Mounting
the piezo onto a Plexiglas substrate to avoid mechanic
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FIG. 4. (a),(b) Temporal phase and translation of the emitter

retrieved from three measurements for (a) contraction (AU > 0)
and (b) extension (AU < 0) of the piezo onto which the emitter is
sputtered. The green phase in (a) was retrieved from the
spectrogram shown in Fig. 3(c). The error intervals represent
the statistical error discussed in the text.

perturbations further increased the temporal phase
(orange), reflecting the displacive motion of the absorber
foil. The approximate mirror symmetry between the tem-
poral phases implies that the translations caused by piezo
contraction [Fig. 4(a)] and extension [Fig. 4(b)] agree in
magnitude. Statistical errors, illustrated as error intervals in
Fig. 4, are small compared to the magnitude of the phase
change.

The phase shifts can be straightforwardly converted into
a length scale x(r) = (1/2x)¢() by using the Mossbauer
resonance photon energy at 14.4 keV, which corresponds to
awavelength A = 0.86 A. This length scale is also given by
the right vertical axis in Fig. 4. Accordingly, we retrieved
piezo motions on a sub—Angstrﬁm length scale with
nanosecond temporal resolution. The results are consistent
with the estimated PT translations of Ax~ +1.2 and
Ax~+0.6 A for voltage steps of AU =+7 and
AU = £3.5 V, respectively (see Supplemental Material,
Sec. II [21]).

In conclusion, we introduced a temporal interferometry
concept that allows for a direct and fast retrieval of temporal
phase shifts. The scheme is viable at any frequency and
relies solely on the availability of a resonance for which the
temporal decay must be resolvable in time. This was shown
here exemplarily for the case of a Mdssbauer nuclear
transition in 3’Fe. Note that a different method to recon-
struct such displacements was already employed in
Ref. [20]. However, it was based on a fully numerical
approach in order to accommodate for samples with more
complex individual responses. In contrast, the method

developed here allows for a direct semianalytical
reconstruction of the temporal phase, which is much faster
and also provides a deeper understanding of the involved
physics.

The direct metrology of small phase shifts at high photon
energies allows to further optimize x-ray quantum-optical
control methods, such as negative absorption on a reso-
nance by mechanical motion of a resonant target [20]. In
future developments, applying the method to even higher-
energy gamma resonances of far-apart test masses, similar
measurements of small relative phase shifts may allow for
new ways of detecting gravitational waves.
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