
 

X-ray double flashes control atomic nuclei
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Fig. 1: Schematic set-up of the experiment. The double pulse generated in the
first sample induces quantum dynamics in the atomic nuclei of the second
sample, which can be controlled by delaying a part of the double pulse. Credit:
Max Planck Society

A team of researchers from the Max Planck Institute for Nuclear
Physics in Heidelberg has coherently controlled nuclear excitations using
suitably shaped X-ray light for the first time. In the experiment
performed at the European Synchrotron ESRF, they achieved a temporal
control stability of a few zeptoseconds. This forms the basis for new
experimental approaches exploiting the control of nuclear dynamics
which could lead to more precise future time standards and open new
possibilities on the way to nuclear batteries.

Modern experiments on quantum dynamics can control the quantum
processes of electrons in atoms to a large extent by means of laser fields.
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However, the inner life of atomic nuclei usually plays no role because
their characteristic energy, time and length scales are so extreme that
they are practically unaffected by the laser fields. Fresh approaches
breathe new life into nuclear physics by exploiting this insensitivity to
external disturbances and using the extreme scales of the atomic nuclei
for particularly precise measurements. Thus, atomic nuclei can respond
to X-rays with an extremely well-defined energy by exciting individual
nucleons—similar to electrons in the atomic shell. These transitions can
be used as clockworks for precise nuclear clocks, and this requires the
measurement of nuclear properties with the highest precision.

A team of researchers around physicists from the Max Planck Institute
for Nuclear Physics in Heidelberg has now gone a step forward by not
only measuring the quantum dynamics of atomic nuclei, but also
controlling them using suitably shaped X-ray pulses with previously
unattained temporal stability of a few zeptoseconds—a factor of 100
better than anything previously achieved. This opens the toolbox of
coherent control, which has been successfully established in optical
spectroscopy, to atomic nuclei—providing completely new possibilities
and perspectives.

So-called coherent control uses the wave properties of matter to control
quantum processes via electromagnetic fields, e.g. laser pulses. In
addition to the frequency or wavelength, each wave phenomenon is
characterized by the amplitude (wave height) and phase (temporal
position of wave crests and troughs). A simple analogy is the control of
an oscillating swing by periodic, wave-like pushing. For this, the exact
timing (phase) of the push relative to the swing motion has to be
controlled. If the oncoming swing is pushed, it is decelerated. If, on the
other hand, it moves away, its deflection is increased by the push.
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Fig. 2: Observed X-ray interference structures as a function of time (t) and
detuning (δ) of the two samples against each other. (a) Measurement data for the
case of excitation, (b) for the case of enhanced excitation. Credit: Max Planck
Society

Analogously, the quantum-mechanical properties of matter can be
controlled via correspondingly precise steering of the applied laser
fields. In the past decades, there has been great progress and success in
the coherent control of atoms and molecules, with a temporal precision
of light down to the attosecond range, the billionth part of a billionth of a
second, which corresponds to the natural time scale of electrons in
atoms. Important research goals with possible future applications are, for
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example, the control of chemical reactions or the development of new,
more precise time standards.

In recent years, the availability of novel radiation sources for X-rays
with laser quality (synchrotron radiation and free-electron lasers) has
opened up a new field: nuclear quantum optics. Physicists from the
departments of Christoph Keitel and Thomas Pfeifer at the Max Planck
Institute for Nuclear Physics (MPIK) in Heidelberg have now succeeded
for the first time in demonstrating coherent control of nuclear
excitations by X-rays at the European Synchrotron ESRF (Grenoble,
France) in cooperation with researchers from DESY (Hamburg) and the
Helmholtz Institute/Friedrich Schiller University (Jena). A stability of
the coherent control of a few zeptoseconds (a thousandth of an
attosecond) was achieved.

In the experiment, the researchers around project leader Jörg Evers
(MPIK) used two samples enriched with the iron isotope 57Fe, which
are irradiated with short X-ray pulses from the synchrotron (Fig. 1). In
the first sample, they generated a controllable double X-ray pulse, which
was then used to control the dynamics of the nuclei in the second
sample. The investigated nuclear excitations—which de-excite again by
X-ray emission—are characterized by a very high sharpness in energy:
so-called Mössbauer transitions. The discovery of the underlying effect
(Nobel Prize 1961) was made by Rudolf Mössbauer in 1958 at the MPI
for Medical Research, from which the MPIK spun off in the same year.

To generate the double pulse, the nuclei of the first sample are excited
by the short X-ray pulse and, due to the high energy sharpness, release
this excitation comparably slow in form of a second X-ray pulse. In the
experiment, the sample is shifted quickly between the excitation and the
de-excitation by a small distance corresponding to about half the X-ray
wavelength. This changes the time of flight of the second pulse to the
second sample, and thus shifts the position of the waves of the two X-ray
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pulses (relative phase) with respect to each other.

  
 

  

Fig. 3: Principle of coherent control using the example of tuning forks
representing the two samples in the experiment. A bang (blue) excites both
tuning forks to vibrate, analogous to the synchrotron pulse. After the bang, the
sound from the first fork additionally hits the second fork, like the second part
of the double pulse. Depending on whether this sound hits the second fork in
antiphase (a) or in phase (b, the shift by half a wavelength is visualised by the
semi-transparent unshifted wave), its movement is attenuated or amplified.
Analogously, the quantum dynamics of the atomic nuclei can be controlled via
the displacement of the two parts of the double pulse. Credit: Max Planck
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This double pulse now allows to control the nuclei in the second sample.
The first pulse excites a quantum-mechanical dynamic in the nucleus,
analogous to the oscillating swing. The second pulse changes this
dynamic, depending on the relative phase of the two X-ray pulses. For
example, if the wave of the second pulse hits the second sample in phase
with the nuclear dynamics, the nuclei are further excited. By varying the
relative phase, the researchers were able to switch between further
excitation of the nuclei and de-excitation of the nuclei, and thus control
the quantum-mechanical state of the nuclei. This can be reconstructed
from the measured interference structures of the X-ray radiation behind
the second sample (Fig. 2).

An acoustic analogy is illustrated in Fig. 3: Here, the Mössbauer nuclei
of the samples correspond to tuning forks that are excited by a short
bang ("starting shot," analogous to the synchrotron pulse) and in turn
sound slightly damped with their precisely defined frequency. The sound
of the first fork thus hits the second fork after the bang as an additional
excitation. In case (a), this sound wave moves opposite to the second
fork, so that its oscillation is de-excited. In case (b), the first fork is
quickly shifted so that its sound matches the movement of the second
fork instead and thus excites it more.

Given the extreme demands required to control atomic nuclei (the
displacement of the first sample by half a wavelength is of the order of
an atomic radius), the apparently small influence of external
disturbances on the quality of the experiment is surprising. Nevertheless,
this works—due to the short duration of a measurement sequence,
during which the main disturbing movements are virtually frozen. This
stability is a prerequisite for future new applications based on nuclear
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transitions: more precise time standards, investigation of the variation of
fundamental constants or the search for new physics beyond the
accepted models.

In the field of atomic dynamics, far-reaching control is the key to many
applications. The possibilities demonstrated here open the door to new
experimental approaches based on the control of nuclear dynamics, e.g.
by preparing nuclei in particular quantum states allowing for more
precise measurements. Insofar as future X-ray sources would enable
stronger excitation of the nuclei, nuclear batteries that can store and
release large amounts of energy in internal excitations of the nuclei
without nuclear fission or fusion would also be conceivable.

  More information: Kilian P. Heeg et al. Coherent X-ray−optical
control of nuclear excitons, Nature (2021). DOI:
10.1038/s41586-021-03276-x
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