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Resonant oscillators with stable frequencies and large quality factors help us to keep
track of time with high precision. Examples range from quartz crystal oscillators in
wristwatches to atomic oscillators in atomic clocks, which are, at present, our most
precise time measurement devices'. The search for more stable and convenient
reference oscillatorsis continuing® . Nuclear oscillators are better than atomic
oscillators because of their naturally higher quality factors and higher resilience
against external perturbations”®. One of the most promising cases is an ultra-narrow
nuclear resonance transition in *Sc between the ground state and the 12.4-keV isomeric
state with along lifetime of 0.47 s (ref. 10). The scientific potential of **Sc was realized

long ago, but applications require **Sc resonant excitation, which in turn requires
accelerator-driven, high-brightness X-ray sources" that have become available only
recently. Here we report on resonant X-ray excitation of the *Sc isomeric state by
irradiation of Sc-metal foil with 12.4-keV photon pulses from a state-of-the-art X-ray
free-electron laser and subsequent detection of nuclear decay products.
Simultaneously, the transition energy was determined as12,389.59;0155%) ev withan
uncertainty thatis two orders of magnitude smaller than the previously known values.
These advancements enable the application of this isomer in extreme metrology,
nuclear clock technology, ultra-high-precision spectroscopy and similar applications.

The scientific potential of the **Sc resonance, together with the pos-
sibility of its resonant excitation by photons from modern accelerator-
based sources of hard X-rays (no radioactive parentisotopeis available
for ¥Sc), was identified more than 30 years ago". However, earlier
attempts to induce resonant excitation at third-generation synchro-
tronradiation sources were not successful, mainly because of the lack of
sufficient spectral flux. This flux constraint was overcome only recently
withtheadvent of narrow-band XFELs working at ahigh repetitionrate,
such as the European XFEL (EuXFEL)™",

Long-lived nuclear isomeric states with resonance quality factors
comparable to or exceeding those used in modern atomic optical
clocks' have the potential for revolutionizing quantum metrology,
clock technology, chronometric geodesy and gravimetry and enable
fundamental physics tests that rely on the measurement of time or
frequency with utmost precision, such as the search for time-space
variation of the fundamental constants, dark matter, violation of
the Lorentz invariance and Einstein’s equivalence principle” **7,
These isomeric states could also lead to the improvement of reso-
lution of the coherent nuclear forward scattering spectroscopy by

orders of magnitude™ and to compact long-lived nuclear quantum
memory',

The main advantage of nuclear transitions over atomic transitions in
these applicationsis their lower sensitivity to perturbations caused by
electricand magnetic fields because of the tiny size of nuclei and small
magnitudes of nuclear electromagnetic moments. This could lead to
higher accuracy of the nuclear clocks and could make it possible to
use macroscopic ensembles of nuclear oscillatorsin bulk solids. Using
large ensembles, along with a higher transition frequency, would yield
stability that is orders of magnitude higher. Moreover, ultra-low tem-
peratures would not be required because of the Méssbauer effect that
suppresses thermalline broadening. For these reasons, the concept of
anuclear clock, especially of a Mdssbauer nuclear clock, has recently
drawn considerable attention***,

Most long-lived nuclear isomeric states have resonance energies
above 30 keV (fig. 1 of ref. 2) and hence cannot be resonantly driven
by the existing sources of coherent radiation. Among themis a 88-keV
transition in 'Ag with a 57-s lifetime that was investigated with radi-
oactive sources for almost 60 years"™® without yielding conclusive
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Table 1| Parameters of *Sc, taken from or based on ref.32
unless otherwise stated, with updated values measured or
used in this work highlighted in bold

Parameter Notation Magnitude References
Ground state
Spin and parity Iy 7/2
Magnetic moment Hg +4.756487(2) uy
Quadrupole moment Q, -0.22(1)b
Isotopic abundance n 100%
Excited state
Energy Eo 12,400(50)eV 32,49,50
12,389.59;0 135 ev

Lifetime T 470(6)ms 10,32,51
Natural linewidth lo=h/1, 1.40(2)feV
Quality factor Q=Ey/T, 8.85(10)x10™
Multipolarity M2
Spin and parity I 3/2*
Magnetic moment He +0.368(5) uy 52
Quadrupole moment Q. +0.318(22)b 52
Internal conversion o, o 632(71), 474 32,51,53
coefficients 424,363 38
Cross-section 0Opin 1.26(15)x102°cm?

equation (3)

1.9(5)x10°cm?

Wavelength corresponding to measured “°Sc energy: A,=1.00071A.

evidence yet for resonance detection. Other approaches have used
bremsstrahlungto populate indirectly long-lived isomeric states such
as the 39-keV level of '®Rh using higher-energy broadband excited
states?. Fortunately, some lower-energy isomers exist that qualify for
coherentresonantelectromagnetic excitation. The most prominent is
29Th, which has an extraordinarily low transition energy of about 8 eV
(refs. 2,4-9). This transitionis especially attractive because it is within
the reach of ultraviolet light frequency combs. Notable progress was
achieved recently in amore precise determination of its energy* . Still,
exciting this resonance with photons remains an open challenge?®. An
alternative, although indirect, route to populate the isomeric state
could proceed using X-ray excitation of the 29.2-keV broadband second
excited state of ?°Th (ref. 3).

Now, with the availability of modern X-ray free-electron lasers
(XFELs)*"%% several lower-energy and long-lived nuclear isomeric
resonances are within reach. One of the most promising is **Sc, which
hasatransitionenergy of £, =12.4 keV, anisomer lifetime of 7,=0.47 s
and a natural linewidth of I’y = /7, = 1.4 feV, resulting in an extremely
high quality factor of Q = £,/T, ~ 10" (see Table 1 for the nuclear param-
eters of “Sc and Fig. 1for a schematic of the nuclear transitions). This
quality factoris six orders of magnitude larger than that of the 14.4-keV
resonance of ¥’Fe—a workhorse of Mdssbauer spectroscopy**—and
surpasses other measurable Mdssbauer resonances by orders of
magnitude®?°. A high-quality resonance of this kind would enable
the measurement of gravitational red shift or gravitational time dila-
tionat displacements much shorter thanthe I-mmrecord established
on the basis of a Sr atomic clock™. Furthermore, “*Sc is a stable iso-
tope with 100% natural abundance and is readily available either as
ultra-pure Sc metal or as Sc,0;, in which its 12.4-keV transition has a
high Lamb-Madssbauer factor f;,, ~ 0.75 at room temperature. All of
these facts make “Sc superior to any other candidate for aMdssbauer
nuclear clock.

Here we report on the resonant excitation of the long-lived ultra-
narrow 12.4-keV nuclear state of **Sc using XFEL pulses. In this experi-
ment, the transition energy, previously known to an uncertainty of only
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Fig.1|Excitationand decay schemeofthe12.4-keV first excited state of the
“Scnucleus. The nonradiative internal conversion decay channel dominates,
resulting in the emission of Sc characteristic X-ray fluorescent photons and
Augerelectrons. K, (4.09 keV) and K; (4.46 keV) fluorescent photons were
detected in thisstudy.

about +50 eV (ref. 32), was determined with more than100 times higher
accuracy as12,389.59:0 154 eV. Furthermore, we obtained estimates
for the resonance cross-section and for the coefficients of
internal conversion of this transition. The high average spectral flux
oftheincident X-rays and the very low background noise in the detec-
tion of the nuclear decay products were crucial for the success of the
experiment.

Approach

X-rays generated by EuXFEL were used to excite **Sc nuclei in a
solid-state target from the ground into the isomeric state. The pulsed
source provided 12.4-keV X-rays with the highest spectral density and
apulse durationmuchless than the isomer lifetime 7,=0.47s. Nuclear
decay products were detected with a characteristic delay of about
7, after the excitation. To achieve an utmost reduction of detection
background afterirradiation, the detectors were offset from the beam
path, and the target was mechanically moved out of the X-ray beam
into this offset position after each pulse train to record the delayed
fluorescence signal. Two low-noise Si solid-state drift detectors
were used to detect nuclear decay (Fig. 2 and section ‘Experimental
challenges’).

As ®Sc exhibits a rather high coefficient of internal conversion a,
in the range of about 400-650 (that is, the probability of decay via
internal conversion greatly exceeds the probability of aradiative decay;
Table1), weused thisincoherent nuclear decay channel for resonance
detection. Nuclear decay viainternal conversion resultsin the ejection
of an electron from an inner shell (predominantly 1s, that is, K shell).
The resulting core hole is filled by the emission of characteristic K,
(4.09 keV) and K;; (4.46 keV) X-rays, corresponding to the 2p-1s and
3p-lstransitions, respectively, and/or emission of Auger electrons.
Although Auger electrons dominate (the K-shell fluorescence yield is
only w, = 0.19 for Sc)®, we chose to detect X-ray fluorescence, as X-ray
detectors (unlike electron detectors) do not require aspecial environ-
ment. Moreover, along withthe 4-keV photons, they can simultaneously
detect12.4-keV forward-scattered photons with a high spectral resolu-
tion. It is expected that this set-up will produce elastically and coher-
ently scattered delayed 12.4-keV photons in the forward direction, a
phenomenonknown as nuclear-resonant forward scattering (NFS)>*-3¢,
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Fig.2|Schematic of the experiment designed to resonantly excite **Sc
nucleifromthegroundstateto thelong-livedultra-narrow12.4-keV excited
state using XFEL pulses and to detect the **Scresonance. Upstream and
downstream X-ray counters D, and Dy detect time-delayed nuclear decay
products—bothinelastic K, s fluorescence and coherentelastic NFS. To minimize

Observation of such photons would not only enable detection of the
#Sc resonant excitation but also—if the time dependence of the NFS
couldbe measured—provide information onthe resonance linewidth™.
However, the probability of detecting 12.4-keV photons was expected
to be significantly lower than that of 4-keV photons, because of both
the high internal conversion coefficient and the anticipated large yet
unknown broadening of the resonanceline. Therefore, we focused on
the detection of 4-keV photons.

Because the energy of the 12.4-keV state was known before the experi-
menttoanaccuracy of only +50 eV (ref. 32), the energy of theincident
X-rays had to be scanned over a comparatively large range of 100 eV
and accurately measured in parallel with detecting the nuclear decay
products. The relative photon energy was continuously measured
with a single-shot spectrometer (SSS) and then related to the abso-
lute energy scale using Bond spectrometer measurements (Fig. 2 and
section ‘Absolute resonance energy’).

Although the procedure seems simple, many challenges had to be
overcometorealize the experiment, as detailed in the section ‘Experi-
mental challenges’.

Initially, two energy scans were performed over a range of +50 eV
around 12.40 keV. After the candidate *Sc resonance energy E, was
located, the subsequent scans were constrained to a smaller range of
+5 eV around this value. The pure data acquisition time was around
30 h, duringwhich about 10* photons from the EuXFEL were directed to
the *Sctargets. Intotal, about 93 nuclear decay events were detected.
Although the number of the nuclear decay events detected was rela-
tively small (about 93), the number of *Sc nuclei excited in the experi-
ment was estimated to be much larger around 7 x 10* (Methods).
Because of the extremely low detector background, this number was
sufficient to reveal the *Sc resonance and determine the resonance
energy with high accuracy.

Resonant excitation of **Sc
Figure 3 shows the two-dimensional plots of counts from the upstream
and downstream decay detectors, D,and D, respectively, with a plot
of all detected photons with energies £; <26 keV at allincoming pho-
ton energies E; (Fig. 3a), and close-ups of regions of interest (ROIs)
around the energies of the fluorescence and NFS photons (Fig. 3b,c).
InFig. 3a, the vertical red lines indicate the constrained scan range of
+5eVaround the ®*Scresonance energy E,. Because of this scan-range
reduction, the density of the detected (background) photons seems
to be larger between the vertical red lines.

Figure 3bshows a close-up of the 4.3-keV ROl in the reduced incident
energy F;scanrange. It shows two clusters of about 93 counts that are
centred at detector energy values E;that correspond to the energies of

Sc

45Sc resonance

Bond
spectrometer

Single-shot

detection unit spectrometer

:

thedetection background, the decay product detectors are offset from the
beam path and the sampleis moved to the detectors afterirradiation with each
pulse train. Theresonance energy is measured with X-ray single-shot and Bond
spectrometers.

Sc K, (4.09 keV) and K;; (4.46 keV) fluorescence. Because these events
were recorded with at least a20-ms delay after the arrival of the XFEL
pulses on the “*Sc target, this observation presents clear evidence of
the detection of decay products of the long-lived 12.4-keV excited state
of ¥*Sc nuclei resonantly excited by XFEL pulses.

Figure 3c shows a close-up of the 12.4-keV ROl in the same F; range.
Therearejustacouple of counts at these energies. Thus, as anticipated,
an NFS signal could not be detected in this experiment (see section
‘Nuclear forward scattering’).

Resonance energy

Figure 4 shows the data of Fig. 3b butintegrated over E;in the detection
ROI. The graph shows all delayed Sc K-shell fluorescence counts as a
function of the energy of the incoming X-ray photons. A clear resonance
peak withahigh signal-to-noise ratio of around 65is observed, centred
at £,. The measurements performed with the Bond-type X-ray spec-
trometer® (Fig.2and section ‘Absolute resonance energy’) enabled us
to relate the relative to the absolute energy scale with high accuracy
and determine the energy of “*Sc resonance as £,=12,389.59;0 1352 eV.
We note that the peak width is 1.32(12) eV, reflecting the energy width
of the XFEL pulses.

Count rates, internal conversion coefficients and resonance
cross-section

The scale on the left of Fig. 4 presents normalized counts: that is, the
integral over the spectrum equals the total number of the delayed
K-shell fluorescence photons (approximately 93) recorded in the
experiment.

Thescale ontheright presents the nuclear-resonance-assisted K-shell
fluorescence yield that would be measured for one incident resonant
photon (inthe naturallinewidth ;) onthe target. The peak yield derived
from the experimental datais 5" = 0.44(10) ph, /ph, (for details, see
section ‘Incoherent scattering countrates’). However thetheory out-
linedinthatsection predictsapeakyieldof ¥, = 0.23 ph,/ph; —smaller
by a factor of 1.9(4)—when the internal conversion coefﬁcxents aand
ay adapted fromref. 32 (Table 1) are used in the calculations.

Abetter agreement between the theoretical and experimental peak
yields is achieved if smaller values of @ and ay are used. In particular,
using theinternal conversion coefficients predicted by the state-of-the-
art internal conversion theory (https://bricc.anu.edu.au/)®, the
nuclear-resonance-assisted K-shell fluorescence yield becomes
>=0.39 th/phrO' whichis in good agreement with the experiment.
Theupdated a and ay values and a nuclear resonance cross-section g,
calculated using these internal conversion coefficients are shown in
boldinTablel.
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Fig.3|Countsfromthe D,and D detectors plotted asthe energy E;of the
detected X-ray photons versus theincident X-ray photon energy (expressed
asthedifference oftheincident energy E;and the resonance energy E,). The
photons wererecordedinatime window of about 20-80 ms after every pulse-
train excitation. Each photonisshownby ablue circle for D,and ayellow circle
forDy.a, Alldetector counts with £; < 26 keV for incident energiesinarange of

Discussion

Taken together, the resonant excitation of the **Sc resonance and the
accurate measurement of the resonance energy reported here open
new prospectsinultra-high-precision spectroscopy, nuclear clock tech-
nology and extreme metrology inthe regime of hard X-rays. This work
further demonstrates that the state-of-the-art high-repetition-rate
narrow-band XFELs provide a promising experimental platform for the
study of ultra-long-lived nuclear resonances at energies of hard X-rays.
The improved accuracy of the resonance-energy determination sets
the stage for the next step: an observation of the time dependence of
the coherent NFS. This observation would not only provide the actual
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Fig.4|Time-delayed ScK-shellfluorescencerecorded by detectors D, and
D,asafunctionofincoming X-ray photonenergy (expressed as thedifference
oftheincident energy F;and the resonance energy E,). The solid black line
shows the resonance line obtained from the data evaluation (see section
‘Dataanalysis’). The coloured dots show exemplary binned data, with different
incident energy bin sizes and shifts of the bingrid. The spectral width of
1.32(12) eV reflects the spectral width of the incoming XFEL radiation.

474 | Nature | Vol 622 | 19 October 2023

C
4.8
12.8
4.6
Kg 12.6
—_—
4.4
=
2 124 NFS
o
4.2
-
K Oy
—t al 12.2
r T
4.0
12.01
3.8 T T T 1 T T T 1
-5.0 0 5.0 -5.0 0 5.0
E - Ey (V) E; - Ey(eV)

-40eV S E; - E,540eVaround the “Scresonance energy E,. Vertical red lines
indicateal0-eVROlaround £, = E,. Horizontal dark yellow lines indicate a 1-keV
ROlaround £;=12.4 keV, whereas the horizontal magentalinesindicate al-keV
ROlaround E;= 4.3 keV, the approximate energy of the fluorescence photons.
b, Close-up of the 4.3-keV ROI, showing two clusters of counts centred at the
energies of ScK, and K;; fluorescence. ¢, Close-up of the 12.4-keV ROI.

spectral width of the **Sc resonance™ but also immediately enable
importantapplicationsin extreme metrology and ultra-high-precision
coherent NFS spectroscopy, because the narrowness of the *Sc reso-
nanceis expected to surpass all currently accessible Mossbauer reso-
nances by orders of magnitude. An example could be an interferometric
measurement of gravitational red shift in the time domain, which could
potentially reduce the required height difference to the submillimetre
range (compared with 22.6 minthe historic Pound-Rebka experiment
using Fe*). Coherent NFS from **Sc could also be used for measuring
extremely weak couplings insolids that resultin energy shifts or split-
ting much below the currently accessible 1-MHz range.

The observation of “*Sc NFS will require extra steps such as cooling
thenuclear target to exclude the thermal line broadening, minimizing
or suppressing inhomogeneous broadening and maximizing the NFS
signal by increasing the target thickness (see section ‘Nuclear forward
scattering’).

We foresee the development of a *Sc-based nuclear clock in the
future. Achieving this goal will require a further increase in the reso-
nant spectral flux usingimproved narrow-band 12.4-keV X-ray sources
and frequency combs stretching up to this energy. There are two
possible routes to this end. The first route is based on using an X-ray
free-electron-laser oscillator (XFELO)*° and a hard X-ray comb gener-
ated by a nuclear-resonance-stabilized XFELO*. The realization of
such devices is presently in progress*>*. Specifications for the X-ray
source and for the nuclear clock procedure conceptually outlined in
ref. 41will become more explicit after the observation of *Sc NFS and
optimization of the **Sc target for maximum NFS signal strength and
the smallest linewidth of the actual *Sc resonance. The second route
istouseintracavity high harmonic generation (HHG) as the frequency
comb**, Recently, the cut-off photon energy in HHG has been pushed
intothekiloelectronvolt range, thatis, to 5.2 keV (ref. 45), and the intra-
cavity HHG was spread into the extreme ultraviolet light range*¢, with
an expected spectral width of each harmonic of the order of 0.1Hz
(refs. 47,48), which would perfectly match the spectral width of the
“Scresonance.
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Methods

Experimental challenges

Although the experimental approach seems simple, many challenges
had tobe overcome to use our measurement and detection scheme at
an XFEL facility, as explained below.

Spectral flux. An X-ray photon spectral flux of at least about 0.1 ph s™
,'~0.7x 10" phs™eVis required to detect the “Sc resonancein a
reasonable time. These spectral flux values are becoming possible with
the advent of narrow-band self-seeded hard X-ray FELs?***?>%*% operat-
ingatahighrepetitionrate, resultingin up to three orders of magnitude
higher average spectral flux compared with values at storage-ring-based
sources of hard X-rays®. The EuXFEL recently became the first to our
knowledge operational facility of this kind**.

The experiment was performed at the Materials Imaging and
Dynamics (MID) instrument® at the EuXFEL. Figure 2 shows the
schematic of the experiment. The EuUXFEL operated as a self-seeding
XFEL—that is, X-rays from the first half of the XFEL undulator were
used to seed the second half through adiamond-crystal-based (wake)
mOnOChrOmat0r13'22'25'55'58'59.

The EuXFEL generated 12.4-keV X-ray pulses with an average rate of
4 kHz, an average pulse energy of about 350 pJ, a spectral width of
around 1.3 eV (full width at half maximum), an average X-ray power of
about 1.4 W, a photon flux of about 7.0 x 10" ph s™ and a spectral flux
of about 5x 10" phs?eV?orabout 0.7 phs™'I,l. The actual spectral
flux transported to **Sc targets was £ ~ 0.31(6) ph's™rg! because
of attenuation on the way from the source to the target by a factor
of A=0.44(9).

Background suppression. The low signal strength estimated for this
experiment calls for adetector systemwith anoise floor not exceeding
107 phs™inthe presence of the huge incoming photon flux. This noise
floor requirement has been met by using temporal, energy, spatial
and polarization degrees of freedom to discriminate detector signals
against background counts.

The EuXFEL provides aunique time sequence of X-ray pulses, whichis
perfectly suited for the detection of the **Sc resonance witha very good
signal-to-noise ratio. X-rays arrive in submillisecond pulse trains hav-
ingaperiodicity of 100 ms (Fig. 2). In this experiment, each pulse train
consisted of 400 X-ray pulses spaced by 440 ns, with each pulse having
aduration of afewtens of femtoseconds. The resulting pulse-train dura-
tion of 176 s is much shorter than the natural lifetime 7, of “*Sc. This
pulse-train sequence is ideal for efficient excitation and detection of the
Scresonance, because it enables temporal discrimination of detector
signals against a huge incident flux during the excitation process: dur-
ing the dark time between the pulse trains, the millisecond-delayed “*Sc
resonance decay products can be detected in near-complete absence
of background signals.

Additional background reduction is achieved by using energy-
resolving Sisolid-state drift detectors (Amptek X123, labelled D, and D4
inFig.2) with anenergy resolution of150 eV in the X-ray regime below
15 keV. This detector choice facilitates sharp energy discrimination
of the 4-keV K, ; characteristic fluorescent photons against all other
X-ray energies.

Equally essential for background suppressionis the relation between
theirradiation position and the detection position. The detectors are
placed at around 12-mm offset from the incident beam, and the **Sc
target is shifted swiftly back and forth from the beam path to a posi-
tionbetweenthe detectors every 100 ms by adedicated linear motion
system (Fig. 2). The sample dwells at the irradiation position for around
10 ms and at the detector position for about 60 ms; the transit time
between positions is approximately 15 ms. The periodic motion is
synchronized with the arrival of the 12.4-keV X-ray pulse trains. The
detector offset is in the horizontal plane to suppress X-ray Thomson

scattering, because the electric vector of the incident photon polariza-
tionis also in the horizontal plane.

Asaresult of these measures, the total detector background count
rate in the experiment was as low asabout2 x10™* phs™.

The *5Sc target. The choice of the “Sc target was dictated by the neces-
sity of achieving high nuclear resonance optical thickness, low absorp-
tion of the nuclear decay products, resilience to radiation damage,
simplicityinfabrication andintegrationinto the motion and detection
system. Commercially available Sc-metal foil with athickness L = 25 pm
was chosen as atarget; the foil has anumber density N=3.98 x 102 cm™
of Sc nuclei and an area number density p = NL =1x10%* cm™. With
this choice, the nuclear resonance optical thickness had a substantial
value of g, p =1.87 (see Table 1for g,). The target thickness of 25 pm was
chosen to maximize the collection efficiency of the 4-keV photons asit
corresponds to one attenuation length (L ~ 23 pm) of 4-keV photons
in Sc metal.

Radiation damage. Every X-ray pulse train withan energy of about 65 mJ
heats the 25-pum thick Sc-metal target by an estimated temperature of
about 100 K. The heat conductivity of Sc metal is low—15.8 W m™ K™,
comparable tothat of stainless steel. Radiation damage to the target is
thusinevitable. Special measures were taken to avoid damage, includ-
ing water and air cooling, defocusing of the beam (the beam footprint
was about 2 mm?) and periodic replacement of the target. Two targets
had to be replaced in the course of the experiment because of partial
radiation damage.

Uncertainty of the resonance energy. Because of the +50 eV uncer-
tainty in the *Sc resonance energy before this experiment, the
EuXFEL photon energy had to be scanned over arather large energy
range around the anticipated 12.40-keV value while simultaneously
detecting the nuclear decay products (EuXFEL currently delivers
photonsin a self-seeding mode in the energy range of 6-14.4 keV).
Such scans require simultaneous and accurate measurement of the
energy of the incident photons. An SSS°°% installed in the endsta-
tion of MID (Fig. 2) measures the spectral distribution and its peak
photonenergy inrelative units (SSSscale). The peak value on the SSS
energy scaleisrelated to the absoluteincident photon energy scale £;
with an accuracy of $0.3 eV by measuring selected photon ener-
gies using a Bond-type spectrometer® (Fig. 2 and section ‘Absolute
resonance energy’).

Incoherent scattering count rates

The attenuation of monochromatic X-rays of aspectral flux F, propagat-
ingthrough atarget of thickness L consisting of resonant nuclei witha
number density N can be calculated as

F(E,L) = Fyexp[-a(E)NL-L/L,], 1

wherethe energy dependence of the total resonance cross-section o(E)
of both resonant elastic (radiative) scattering and inelastic (internal
conversion) scattering is given by the Breit-Wigner formula:
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Here g, is the total nuclear resonance cross-section; £, is the reso-
nanceenergy;l,=I,+I,=I,(1+a)isthetotalresonance width, which
comprises the elastic and inelastic widths I and I, respectively; ais
the internal conversion coefficient; k= Ey/hc; hiis Planck’s constant; ¢
is the speed of light in vacuum; and L, is the photoabsorption length



of the incident X-rays in the target. The standard expression for the
Breit-Wigner cross-section®*is modified here to take into account an
additional broadening Al"to the natural linewidth of the resonance.
For other notations, see Table 1.

Using equations (1)-(3), a total incoherent nuclear-resonant yield
Y,canbe calculated. Thisyield is arelative number reflecting the con-
tributions of all decay productsincoherently scattered into 4m by the
resonant nuclei in the target and normalized to resonant photon flux
F,I', (incident photon flux within I',). It can be calculated as

jdf o(E)NI dx F(E, x). @)

Ol-O

If we assume that the resonant absorption length L = [0, N(T/T)] ™!
becomes large compared with both L and L, because of a large degree
oflinebroadening (thatis, > I,), equation (4) can be approximated as

o= N6 NLo[1-exp(~L/Lo)]. ()

2
This equation, however, ignores the possible losses of the nuclear
decay productsin the target, which will be addressed later.
Apartial nuclear-resonance-assisted K-shell X-ray fluorescence yield
measured in this experiment can be calculated as

AWy
1+a’

Y=2o (6)

Here ay is a partial K-shell internal conversion coefficient
(a=ax+a +...)and wy is the K-shell X-ray fluorescence yield. In the
case of Sc atoms, wy = 0.19(1); that is, the fluorescence yield is much
smaller than the Auger yield*®.

In the particular case of the Sc-metal target of thickness L =25 um
used in the experiment with number density N = 3.98 x 10> cm™ of
*Sc nuclei in the Sc metal, L, = 60 um and with values of ¢, and
o /(1+a) ~ 0.75 (Table 1), we obtain 2 = 0.23 ph, /ph,. for the antici-
pated partial nuclear-resonance-assisted K- shell ﬂuorescence yield
perincident photon within the natural linewidth. The target thickness
Lwas choseninthe experiment tobe about one photoabsorptionlength
of K-shell fluorescent photons (L~ 23 pm) to maximize the
nuclear-resonance-assisted K-shell fluorescence yield.

However, fromthe experimental data, we obtainx$* = 0.44(10) ph/phy,
whichisafactor of1.9(4) larger than the theoretically predicted value.
The XZ® value was obtained from a raw experimental count rate
N¢=0.0162(17) ph, /ph, by correcting it for (1) X- ray beam attenuation
of A=0.44(9)along thebeam path at the MID beamline and (2) reduced
detection efficiency D= 0.084(7) in our experiment. The detection
efficiency was lower because of alimited solid angle of detection, limi-
ted dataacquisition time and absorption of K-shell fluorescent photons
inthe target and in the air.

Thelarge discrepancy indicates possible overvaluation of the mag-
nitudes of the internal conversion coefficients &« and & in equations (5)
and (6). One of the reasons for the overvaluation is that the value of

=0.144(4) applied inrefs. 51,53 to determine ay was substantially
smaller than the presently accepted value of w, = 0.19(1) (refs. 33,65).

Theinternal conversion theory (https://bricc.anu.edu.au/)*® provides
smaller values for theinternal conversion coefficients for the 12.4-keV
toground-state transitionin“Sc: a = 424, a, =363 and a, /(1 + a) = 0.854.
Using these valuesresultsin larger values of the resonant cross-section,
0,=1.9 x1072° cm? and of the partial nuclear-resonance-assisted K-shell
fluorescenceyield, £, = 0.39 ph,/ph, Thelattervaluelsmgood agree-
ment with the experimental value ofze"p 0.44(10) ph,/ph; .

Although the number of the detected nuclear decay ev%nts was
relatively small (N4~ 93), the number of **Sc nuclei excited in the
experiment was estimated to be much larger amounting to Ny(1+ a)/
(@ Degr) = 7 % 10°,

Nuclear forward scattering

The time dependence of NFS F(¢) in the limit of an optically thin
nuclear-resonant target irradiated with a broadband pulsed X-ray
source at £ =0 is given by'%¢

F(t)=F(0) exp(-Tgt/h), (7)

.
F(0) = 4F; & F?exp(—L/Lo): ®

where

§=0gNLf /4, Te=T+&l,, T=[,+Al, (9)

andf, is the Lamb-M®&ssbauer factor—the probability of recoil-free
elasticnuclear-resonant absorptionand emission (Mossbauer effect). In
Scmetal, itis rather high, withf;,, ~ 0.73 atroomtemperature 7~ 300K,
and even at T~ 1,000 Kitis substantial: f,,, ~ 0.35. These numbers are
calculated using the Debye model assuming a Debye temperature of
0,=355K for Sc metal®’.

To first order, the Mdssbauer effect leads to an unbroadened
nuclear resonance line despite atomic vibrationsin crystals. However,
the second-order Doppler effect can lead both to a temperature-
dependent red shift®®*® and to broadening’ of the nuclear reso-
nance line. Typically such thermal broadening is negligible for
standard Méssbauer resonances such as that of *’Fe. However, it is
not negligible for the *Sc resonance. According to the theory’, the
thermal broadening of the **Sc line should be AT, ~ 63l at T~ 20p;
ATy, ~27Tgat T~ 0Op/3; and Al'y, ~ 0.7y at T~ O/5. Only at T~ 0p/10
does the broadening become Al ~ 0.005 T, that is, much less than
the natural linewidth. In our experiment, the incident beam heats
the target to a temperature much higher than room temperature,
most probably resulting in Al > 50T ,. Many different mechanisms
could lead to resonance broadening; however, thermal broaden-
ing is unavoidable even in perfectly homogeneous targets, unless
they are cooled to T~ 0,/10, which corresponds to about 35K for a
Sc-metal target.

To determine whether NFS photons can be detected in resonance
excitation with an XFEL, we estimate the NFS peak count rate F(0) in
our experiment using equations (7)-(9). We assume that in equation (1)
the incident spectral flux density on the target is fr,~0.3 ph syl
(2) the target sample temperature is high, with T2 20,, resulting in
fim=~0.35 and a thermal resonance broadening Al';, > 50l y; (3) the
nuclear target thickness L = 25 pmand therefore the thickness param-
eter €= 0.16 (with g, =1.87 x 107° cm?; see Table 1); and (4) an attenua-
tionfactorinthenucleartargetexp(-L/L,) = 0.66 Asaresult, we obtain
for the peak NFS count rate a very small value of F(0) = 0.0004 phs™.
Wealso note that the NFS signal decays rapidly, with adecay time con-
stant of less than 7,/50.

If we repeat this calculation for a lower temperature T~ 0,/10, at
which AT, ~ 0 and f;, = 0.9, and choose a target thickness L =2L, =
120 pm optimized for NFS" yielding £=2.0 and exp(-L/L,) =0.14,
with these values we would obtaina peak count rate of F(0) =0.23 phs™
that is 600 times higher than for 7= 20, (assuming there is no other
broadening mechanism than the thermal broadening).

This analysis explains why NFS was not detected in our experiment,
whichwehad optimized for the observation of fluorescent photons fol-
lowing internal conversion. It also shows that in the case of negligible
inhomogeneous broadening, amarked improvementinthe NFS signal
is expected if the nuclear target is cooled to T~ 0,/10 and the target
thickness is optimized for NFS.

Arelatively smallinhomogeneous broadening Al < 5000, is crucial
for the observation of NFS. Theinhomogeneous broadening can be sup-
pressed by using solid-state magnetic nuclear resonance techniques” 7
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generalized for the nuclear gamma-resonance case’ 7

sal triggered by magnetic field inversion”.

orbytimerever-

Absolute resonance energy

Absolute values of the wavelengths A and energies £ = hc/A of X-ray pho-
tons are usually measured in terms of the accurately known Si crystal
lattice parameter ag; (refs. 78,79) in X-ray Bragg diffraction experiments
on high-purity flawless Sisingle crystals. In this study, we use the crystal
lattice parameter ag; = 543.101990(1) pm of Si at 22.5 °C and the linear
thermal expansion coefficienty=2.581(2) x 10 K (ref. 79). The A-to-ay;
relationship is established using Bragg’s law as

©b-1

2d,sinf=A(1+w,), wy=ws b (10)

where @is the glancing angle of incidence between the wavevector K,
of the incoming X-rays and the diffracting atomic planes with diffrac-
tion vector H= (h k[) and interplanar distance d,, = ag/~ h> + k*+ [*at
the Bragg reflection peak. Equation (10) is a generalized Bragg’s law®’.
It takes into account a small but potentially important refraction cor-
rectionw,inthe crystalinageneral case of ascattering geometry with
anonzero asymmetry angle n between the crystalnormal Zand H that
is characterized by the asymmetry factor b=—-sin(6+n)/sin(6-n)
(Extended DataFig.1). The value of w,,is determined throughits value
w'inthe symmetric scattering geometry with p = 0 (b =-1). To relate
Ato ag the angle 6 has to be accurately measured, which is often not
straightforward.

In the present study, we apply Bond’s method®, which suggests
a measurement of the small angle = §3, + 5, between two Bragg-
reflecting positions of the crystal instead of 6, where ;= 0, + n,— /2
(Extended Data Fig. 1). The smaller the 3, the higher the accuracy of
the method.

To this end, we choose two Bragg reflections H,=(8 0 0) and
H,=(080) from aSi crystal slab cut parallel to the (11 0) planes with
anaccuracy of A < 0.35 mrad. Inthis case, n=n, +n,=1/2,and n;~ /4
toanaccuracy of A/2.For the nominal photon energy E=12.40 keV, the
angle 8 ~47.5°, which results in a favourably small  ~ 5°.

Because A is small, the following parameters can be considered
equalforbothreflectionswith highaccuracy: b,,=-23.0(2), (b, - 1)/b,,=
1.043 and w, = 6.12 x107¢, assuming w' = 5.87 x10°® . Under these
assumptions, Bragg’s equation in our case reduces to

_hc _ ag

/l_?_4(1+wH)

sin(rr/4+/2). (11)

By measuring the angle S between the two Bragg-reflecting peak
positions of the Si crystal and using equation (11), we determine the
absolute peak values of the photon energy distributions delivered
by the XFEL and relate them to the corresponding relative energies
measured by the SSS. In this way, the relationship between the relative
and the absolute energy scales is established.

The spectral resolution AE; = /2 AG,D;, ~ 38 meV of the Bond spec-
trometer is defined mainly by the angular spread AG; ~ 2.4 prad of the
XFEL beam and the Bragg reflection DuMond tangent (dispersion)
D, =11.4 meV prad™. Contributions related to the intrinsic energy width
AE,,=7.7 meV and the angular width A6,,= 0.7 urad of each Bragg reflec-
tion are smaller.

Following this procedure, the energy of the **Sc nuclear transition
is determined as £;=12,389.59;0 342 eV. The uncertainties are
because of the following main contributions that are larger than the
spectrometer resolution AEg: (1) A crystal temperature uncertainty of
23.0 £0.5°C, arelative energy error and fit errors add together to a
statistical error of £150 meV. (2) Angular misalignment of the crystal
in the off-diffraction planes results in measuring smaller energies.
Crystal alignment errors of +0.12° yaw and +0.25° roll-rotation about

Zand y axes, respectively—result in an approximately +120 meV sys-
tematic error derived from numerical calculations using SHADOW®.,

Data analysis

To determine resonance energy and width, the experimental raw counts
intheincidentand detector energy ROIs (Fig.3b) were normalized using
an X-ray gas intensity monitor of MID, binned in incident energy and
subsequently fitted using a Gaussian line profile, taking into account
the Poisson uncertainty in the experimental count rate. We found that
the fit result depends on the bin size and the shift of the binning grid
relative to the candidate resonance energy. Therefore, we repeated
this analysis for bin sizes between 0.45 eV and 1.11 eV and bin shifts
within +(bin size)/2 around the resonance candidate. This analysis
resultsinadistribution of resonance energies, which we fitted using a
Gaussian function. The centre energy of this Gaussian fit is taken as the
*Sc resonance energy reported in the text, and the width (1 standard
deviation) asits uncertainty. Similarly, the initial fits with different bin
sizes and bin shifts resultinadistribution of *Sc resonance widths. An
analogous procedure was applied to this distribution to obtain the **Sc
resonance widthand its uncertainty reported in the text. We note that
theapparentsidebandsatE; - £,~-3.5eVandE, - E,~3 eV areartefacts
due to noise counts and binning procedure.

Data availability

Datarecorded for the experiment at the EuUXFEL are available at https://
in.xfel.eu/metadata/doi/10.22003/XFEL.EU-DATA-003159-00.

Code availability

The codesused to evaluate the dataare available from the correspond-
ing author upon request.
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Extended DataFig.1|Schematic of Bragg diffraction of X-rays with rotated by =, + B, between the angular positions of the (8 0 0) and the (0 8 0)
wavevector K, from atomic planes with diffraction vectors (a) H,=(8 0 0) Braggreflections. Crystal normal Z =- (11 0). The wavevector of the diffracted
and (b) H,=(0 8 0)fromaSicrystalintheBondspectrometer. Thecrystalis X-raysis K.
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