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Coherent nonlinear spectroscopies and imaging in the X-ray domain provide direct
insight into the coupled motions of electrons and nuclei with resolution on the elec-
tronic length scale and timescale. The experimental realization of such techniques
will strongly benefit from access to intense, coherent pairs of femtosecond X-ray
pulses. We have observed phase-stable 10-ray pulse pairs containing more than
3 x 107 photons at 5.9 keV (2.1 A) with ~1 fs duration and 2 to 5 fs separation.
The highly directional pulse pairs are manifested by interference fringes in the
superfluorescent and seeded stimulated manganese Ka emission induced by an
X-ray free-electron laser. The fringes constitute the time-frequency X-ray analog of
Young’s double-slit interference, allowing for frequency domain X-ray measure-
ments with attosecond time resolution.

X-rays sciences | frequency combs | interferometry

Nonlinear coherent imaging and spectroscopy techniques have revolutionized our
understanding of the structures and dynamics of molecules and materials (1-3). Muka-
mel and coworkers (4, 5) have proposed the extension of nonlinear optical techniques
to the X-ray spectral domain to exploit the advantages of atomic spatial resolution and
element sensitivity by core-level excitations. The development of powerful X-ray free-
electron lasers (XFEL) has enabled new classes of experiments with unprecedented spa-
tial resolution and femtosecond temporal resolution by various techniques (6-9), but
the experimental realization of many of the proposed nonlinear X-ray techniques, such
as coherent X-ray pump/X-ray probe experiments, is very challenging for lack of
intense, coherent, femtosecond X-ray pulses with fixed relative phases.

The standard operation of XFELs results in self-amplified spontaneous emission
(SASE) (10) pulses consisting of many random spectral and temporal spikes with
limited longitudinal coherence (with coherence times for hard X-rays pulses in the
subfemtosecond range). Self-seeding schemes (11) provide monochromatic XFEL
pulses with increased temporal coherence, and several groups are pursuing the crea-
tion and detection of XFEL pulse pairs (12-14). However, no phase-stabilized fem-
tosecond hard X-ray pulse pairs have been created to date. A different approach for
creating intense coherent X-ray pulses is by collective spontaneous emission (15-19)
and seeded stimulated emission (17, 20), which have been observed and explored in
various systems at X-ray energies ranging from 850 to 8 keV. In both cases, an
SASE XFEL pump pulse creates core-electron excitation of a long, quasi-one-
dimensional (quasi-1D) medium in a traveling wave geometry. X-ray fluorescence
photons spontaneously emitted in the entrance region along the XFEL propagation
direction initiate the collective spontaneous emission along this direction (Fig. 1).
In the initial stages of the process, this leads to amplified spontaneous emission
(ASE), and when the collective emission becomes strong enough to overcome the
decoherence rate of spontaneous emission and Auger decay, superfluorescence
emerges (21, 22). The principles and applications of these inner-shell X-ray lasing
phenomena are explored for spectroscopy (18, 20) and as a new X-ray source (15,
23, 24). If an XFEL SASE pump pulse contains two strong temporal spikes, these
can generate two superfluorescence or seeded stimulated emission pulses that are
separated by a few femtoseconds. In this report, we present experimental evidence
and a theoretical description of the creation of such phase-stable X-ray pulse pairs.
Evidence of these pulse pairs is provided by the observation of interference fringes
in superfluorescence and seeded stimulated emission bursts of the manganese Ka
fluorescence at 5.9 keV (2.1 A).
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Significance

The generation of phase-stable
femtosecond X-ray pulse pairs will
advance nonlinear spectroscopies
and imaging, providing direct
insight into the coupled motions
of electrons and nuclei with
resolution on the electronic length
scale and timescale. This paper
presents the generation of such
pulse pairs in the X-ray domain.
The approach uses X-ray free-
electron laser pulses to induce
highly directional, intense, phase-
stable pairs of superfluorescence
and seeded stimulated emission
at the 5.9 keV manganese Ka, line.
The finding is evidenced by strong
interference fringes in the
superfluorescence and stimulated
emission signals.
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The concept of inner-shell X-ray lasing and experimental setup. (A) Level diagram for Ka X-ray fluorescence (red) following 1s core-hole ionization by

an incident photon (green). (B) Concepts of the two types of stimulated X-ray emission. The pump pulse (green) creates 1s core-hole excited states (red). In
collective spontaneous emission (ASE and superfluorescence), a spontaneously emitted Ka photon creates amplification by stimulating the emission of a sec-
ond Ka photon along the direction of 1s core-hole excited states. In seeded stimulated emission, the seed pulse photons (red) stimulate the emission of Ka
photons from 1s core-hole excited states along the seeding direction. (C) Schematics of the experimental setup.

Results

The experiments were performed at the nanofocus instrument
Experimental Hutch 5 (EH5) on beamline 3 at the (SPring-
8 Angstrom Compact free electron LAser) SACLA XFEL, provid-
ing highly focused SASE pump and seed pulses (87 Appendix has
more details on the experimental setup and pump and seed pulse
parameters). Spectral analysis of the emission signal was per-
formed using a flac Si (220) analyzer crystal dispersing the
emission signal onto a two-dimensional (2D) charge-coupled
device (CCD) detector with the spectral axis in the vertical direc-
tion and the spatial axis in the horizontal direction in a geometry
similar to previous experiments (18, 20) (S Appendix).

LEGEND

SASE Pump Pulse
with two strong Spikes

Superfluorescence
from SASE Spike (a)

Superfluorescence
from SASE Spike (b)

4 fs 4 fs
(a)
(b) Sample
. . Si (220)
1 \2; / Analyzer

Fig. 2. Schematics of superfluorescence interference. In step 1, an SASE
pump pulse with two strong spikes (a and b) separated by ~4 fs impinges
on the sample, creating two subsequent superfluorescence pulses. In step
2, the transmitted SASE pulse and the two coherent superfluorescence
pulses leave the sample and impinge on the analyzer. The Si (220) analyzer
is set at the Bragg angle range corresponding to the Ka spectrum. It rejects
the SASE pump pulse and stretches the superfluorescence pulses to ~22 fs
in duration, corresponding to ~0.24 eV spectral resolution (step 3). The two
stretched pulses create frequency interference along the different Bragg
angles that define the dispersive axis of the detector (step 4).
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In Fig. 2, we illustrate the experimental conditions for observ-
ing interference fringes. An XFEL SASE pump pulse with two
strong temporal spikes (a and b) impinges on the sample (step 1),
each creating a short superfluorescence burst. The two pulses
leave the sample with a slight delay with respect to their respec-
tive SASE spikes given by the lifetime of the excited state (step
2). The two pulses do not overlap temporally until they impinge
on the analyzer crystal, where they are spectrally dispersed and
temporally stretched to ~22 fs (~8 fs full width at half maximum
[FWHM]), corresponding to the ~0.24 ¢V FWHM Si (220) res-
olution (step 3). The two signals then create the frequency inter-
ference with the fringe spacings that are inversely proportional to
their time delays (step 4). (S Appendix has more details.)

It has been shown that at the onset of amplification, ASE
and seeded stimulated emission spectra can exhibit gain nar-
rowing (17, 18, 20). Once the superfluorescence takes over,
transform limited pulses build up, and the emission spectrum
features a nearly constant spectral width as the amplification
increases (18) before spectral broadening and the potential
buildup of damped, spectral secondary maxima sets in when
approaching saturation (17-19, 23). Further increasing the
pump power and/or optical density of the sample can lead to
additional broadening and inhomogeneities of the spectral fea-
tures as well as spatial structures. Fig. 3 A and B shows exam-
ples of broad and inhomogeneous superfluorescence emission
spectra from a concentrated solid MnO sample. Also shown are
spatial cuts of the spectra obtained for emission along the cen-
ter direction of the pulse indicated by the white line. We
observe similar signals for MnSOy4, Mn,03, MnO,, and Mn
metal foil samples in both superfluorescence and seeded stimu-
lated emission (SI Appendix). Many of the spatial emission
profiles show inhomogeneities, and some show additional
speckle-like features (Fig. 3B and S7 Appendix, Fig. S2). While
the origin of these features is not yet fully understood, we note
that one possible explanation could be the amplification of
multiple field modes starting from noise (21). A better under-
standing and description of the angular and spectral inhomoge-
neities requires a three-dimensional numerical simulation and is
currently being investigated.

Strikingly, some of the spectra exhibit regularly spaced fringe
patterns along the wavelength dispersive axis (spectra are in

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental

Downloaded from https://www.pnas.org by 71.204.135.241 on March 15, 2022 from | P address 71.204.135.241.

1800

1600
11400
11200
11000
1800

Energy (eV)

{600
400
200

2700

2400
12100
11800
11500
11200
900
600
300

Energy (eV)

0 100 200 300 400 50
Spatial Position (pixel)

1800

1600
11400
1200
11000
1800
1600

Energy (eV)

400
200

5400

4800
14200
3600
13000
12400
1800
1200
600

Energy (eV)

0 100 200 300 400 500
Spatial Position (pixel)

Fig. 3. Selected single-shot Ka stimulated X-ray emission spectra. In each column, the 2D spectra are shown in Left, where the vertical axes show the pho-
ton energy and the horizontal axes represent the spatial positions on the detector with each pixel corresponding to 50 um size and ~15.4 yrad angular devi-
ation from the forward direction. The 1D spectra are along the cuts (white vertical lines) at the spatial position 250 (pixel value) on the 2D spectral plane
MnO (A-C without seed pulse and D with seed pulse) are shown in Right. Superfluorescence spectra with a narrow dominant peak and no obvious fringes
(A), a broad peak and no obvious fringes (B), and a broad peak and fringes (C). Seeded stimulated emission spectrum with fringes (D).

Fig. 3 Cand D). We observe these interference fringes in both
superfluorescence and seeded stimulated emission from MnO,
MnSOy4, MnyO3, MnO;, and Mn metal foil samples. Our
analysis of several hundred single-shot fringe spectra provides
the following findings (S/ Appendix has more details): 1) occur-
rence of fringes is rare; 2) fringes occur in spectra with medium
to high emission yields but predominantly for saturated emis-
sion; 3) fringes are generally equally spaced, with most spacings
ranging from 0.8 to 1.8 eV; and 4) fringes can be present in a
limited area of the spectrum or extend throughout the whole
region (87 Appendix has a discussion of the distribution and sta-
tistics of fringe patterns). Fig. 4 A-D shows a series of fringe
patterns for MnO, superfluorescence with spacings ranging
from 0.9 to 2.5 ¢V and up to0 3.3 X 10” estimated photons per
shot after correcting for the analyzer efficiency (SI Appendix,
Table S1).

In the following, we show with simulations how the
observed fringes are related to the temporal structure of the
SASE pump pulse. (87 Appendix has details and a discussion of
how we exclude other possible causes.) Fourier analysis of the
observed fringes suggests two signals separated by a time Ar
related to the fringe spacings AE via the Planck constant A7AE
= h = 4.136 fs-eV. The values for AE (0.9 to 2.5 eV) and cor-
responding values for Az (1.7 to 4.6 fs) are shown in Fig. 4.
We use the 1D semiclassical Maxwell-Bloch theory (23) to
simulate the spectra (S/ Appendix has more details). While we
do not expect this simulation to reproduce the spectral profile
in the saturation region, it provides emission yields for the
experimental parameters and links the temporal structure of the

PNAS 2022 Vol.119 No.12 2119616119

SASE pump pulses to the observed fringes. Fig. 4 E-G shows
calculated emission spectra for three different pump pulses
(shown in Imsets in Fig. 4 E-G) and evolution as a function of
relative propagation distance through the gain medium. First,
we approximate the SASE pump pulse by a pair of 0.5 fs
FWHM Gaussian pulses with a 4 fs spacing, where the relative
phase of these pulses is arbitrary (Fig. 4£). The simulated spec-
trum exhibits well-resolved fringes with ~1.0 eV spacing, show-
ing that two spikes in the temporal profile of the pump pulse
can lead to X-ray fringes in the superfluorescence. Next, we use
realistic temporal profiles for the SASE pump pulses
(10)—Gaussian noise—having fluctuating spectral and tempo-
ral field profiles related by the Fourier transformation (Fig. 4F).
Corresponding spectral profiles have been measured for hard
X-ray SASE pulses (25). The evolution of the emission spec-
trum as a function of propagation distance for such a typical
SASE pump pulse and its emission spectrum at 60% relative
propagation is shown in Fig. 4. While there is some structure
in the emitted spectrum, no clear fringe pattern arises (S/
Appendix has detailed simulation settings of the pulse parame-
ters). Finally, we use a realistic SASE pump pulse with two
dominant temporal spikes separated by ~3.2 fs (Fig. 4G). In
this case, interference fringes with constant spacing of ~1.25
eV arise in the superfluorescence. The fact that superfluores-
cence is a highly nonlinear phenomenon explains why the
weaker spikes of the SASE spectrum might not lower the
observed contrast of the interference fringes. A temporal spike
only creates superfluorescent emission once it reaches the
threshold required for sufficient population inversion. This also

https://doi.org/10.1073/pnas.2119616119 3 of 5


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119616119/-/DCSupplemental

Downloaded from https://www.pnas.org by 71.204.135.241 on March 15, 2022 from | P address 71.204.135.241.

10!

5910 - ‘ E < 10
2400 ‘é 5 |‘. 3 10!
s g ( = 2
> - o (g 10
2 5900 EXTPNE 5 |2 ‘| \| 5 o4
= = | % 4 6 8 10| &
= 1200 = Time (fs) I | 10'4
[7) v
£ 5890 2 “M \ &
w } L ‘ 10
AE ~ 0.9 eV 2 H|||‘n‘
At ~ 4.6 = | | 10°¢
5910 = 0 SV
1350 /v \ 107
= 2 102
v 1.6x10° =
e 900 = |5 I F
= £ |e | ‘ 107
k= S |= H ;
:zj 5890 450 o |3 l | | | . 4
AE ~ 1.4 eV T s n | & i
5010 RS = [So iy | ‘ 5 ;
0 2 02 4 6 8 10 | c 10
5400 é Time (fs) I‘ l‘ =
— 2 I 10°
3 5900 ERESUE — N
> / \ 7
g D_/\.,___/‘. N ig 2
S 3890 1800 - ' G
z |5 | 10°
5910 0 S |& | s
1600 5 |3 |‘ a 10*
) . ERE >
© 5900 Rl T |5 vl & .
Q- . @ 10
> S 0 4 6 8 10 c
g 800 5 Time (fs) . | ‘ w
Z | 6
2 5890 2 “"IH " 10
AL A
AR IR 7
5880 0 0 - IR, 5910 L
100 200 300 400 500 5885 5890 5895 5900 5905 5910 0 20 40 60 80 100

Spatial Position (pixel)

Energy (eV) Relative Propagation Distance (%)

Fig. 4. Comparison of observed fringes with theory. (A-D) Selected MnO, superfluorescence single-shot spectra with increasing fringe spacings AE from
~0.9 to 2.5 eV are shown in Left. Corresponding time delays At between two pulses that cause these fringe spacings and numbers of detected photons are
provided for each spectrum. Calculation of superfluorescence spectra showing interference fringes using a 1D Maxwell-Bloch model simulation with a
pump pulse consisting of two equal-intensity Gaussians with 0.5 fs FWHM and 4 fs time delay (), a random SASE pump pulse (F), and a SASE pump pulse,
which has two dominant temporal spikes separated by ~3.1 fs (G). The depicted spectra are taken at the white cut lines in E (98%), F (60%), and G (60%)
along the evolution of the calculated collective emission spectra shown as a function of relative propagation distance (percentages) of the pump pulse

through the sample in Right.

explains why fringes are rare. Regarding the likelihood of SASE
pulses with predominantly two dominant spikes separated by
less than 5 fs, we note that SACLA was running in strong
bunch compression mode with <8-fs pulse length. We specu-
late that the varying occurrence rate of fringes for different
SACLA runs reflects variations in the strong electron bunch
compression in the accelerator, causing different temporal pro-
files of the SASE pulses. Experiments and simulations using vari-
ous strong bunch compression schemes at the Linac Coherent
Light Source, while different from those at SACLA, have shown
that strongly compressed SASE pulses can have so-called “horn-
like” temporal structures that favor the likelihood of having two
strong temporal spikes. We further speculate that observed fringe
spectra with varying spacings are caused by modulations result-
ing from other spectral inhomogeneities and possibly, by SASE
pulses with more than two strong spikes (S/ Appendix has more
details).

Conclusions

We have experimental evidence that X-ray superfluorescence
and seeded stimulated emission generated by an XFEL SASE
pulse with coherence times in the subfemtosecond range can
result in phase-stable femtosecond X-ray pulse pairs. The result-
ing spectral fringe pattern contains the information about the
temporal profile of the interfering X-ray pulses, temporal coher-
ence, delay, and relative phase. The spectral fringe separation
directly encodes the time delay of the pulses, which can be
determined with subfemtosecond precision. Our simulations

4 of 5 https://doi.org/10.1073/pnas.2119616119

show that with the current experimental resolution, we should
be able to measure relative fringe spacing differences of ~5 X
1077, translating to a ~20 as precision for measuring delays of
~4 fs (SI Appendix). Employing an analyzer with higher-order
Bragg reflection can further improve this precision and enable
the discrimination of smaller fringe spacings corresponding to
longer pulse delay times. The temporal intensity profile and the
relative phase of the pulse pairs that remain undetermined in
the current analysis can potentially be recovered by the applica-
tion of reconstruction algorithms. To develop phase-sensitive
nonlinear X-ray techniques, a stabilization of the relative phase
of the two pulses would be required. One potential mechanism
is when the temporal ringing of a superfluorescent emission
seeds a second burst of superfluorescence, thereby imprinting
the phase of the first pulse onto the second (SI Appendix). A
future more robust method for obtaining phase locked pairs of
femtosecond X-ray pulses by superfluorescence could be the
application of seed pulses at the emission frequency that have
been previously monochromatized and thus, have a temporal
coherence substantially larger than the XFEL pump-pulse dura-
tion. These extensions are currently being investigated in our
theoretical studies and will enable coherent nonlinear spectros-
copies and nonlinear imaging in the X-ray domain (e.g., refs. 5
and 8) to study vibronic wave packets at unprecedented spatial
and temporal resolution. Further improvement in the genera-
tion and control of double-superfluorescent pulse pairs will
benefit from emerging XFEL pulse-shaping techniques (12,
25-31). Extending the approach beyond pulse pairs might pave
the way to realizing frequency combs in the hard X-ray region.

pnas.org
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Data Availability. All data are included in the manuscript and/or SI Appendiix.
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