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Stroboscopic detection of nuclear forward-scattered synchrotron radiation is proposed and applied. Strobo-
scopic measurements provide energy-resolved spectra and relax the condition on the bunch mode. This concept
is applied to study the magnetism in CakRa@der high pressure.
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Nuclear resonant forward scattering of synchrotron radiamounted on a Mssbauer drive and scans the nuclear transi-
tion is a powerful technique to study hyperfine interactibns. tion frequencies in the sample. In between the arrival of the

It proved to be especially useful to study samples under exPrompt synchrotron pulses, delayed forward scattered radia-
treme conditions, for example, in high-pressuretion is recorded as a function of the velocity of the reference

experimentg.Contrary to a conventional radioactive source,samdpl_e' Inhprin%iple_, any burllch mo?‘e rils c(;)nvenient, gt tr?e
synchrotron radiation has, even after monochromatization, §ondition that the time resolution of the detector and the
bandwidth that is of the order of §@arger than the linewidth electronics is sufficient to isolate a time window with mainly

of most nuclear isomers. Consequently, synchrotron radiatioaelayed photons. Therefore, the technique is extremely fa-

) . ; . orable for the study of long-living M&sbauer isomers, e.g.,
is not energy selective for the different hyperfine levels, butlnga_ The key ingyredientg for gstroboscopic detectiong of

excites all these IeveI; coherently. Therefore, nuclear '®SQuclear forward-scattered synchrotron radiation are appropri-
nant scattering experiments are generally performed in g;, tuning and periodicity of the time window.
time-differential mode where the nuclear decay is investi- ggsential for stroboscopic measurements are a guantum
gated as a function of time after excitation by the synchroyeat with a variable frequency and a periodic time gating
tron pulse. The quantum beats that are revealed in thgith a fixed frequency equal to the bunch frequency or a
forward-scattered radiation are the fingerprints of the hypermultiple of it. The quantum beat with variable frequency is
fine interactions:* In some cases, however, it may be diffi- provided by the interference between scattering in the
cult to record the nuclear scattering as a function of timesample under investigation and scattering in the reference
e.g., when the lifetime of the nuclear excited state is muclsample. The tuning is established by changing the Doppler
longer than the synchrotron bunch interval. Alternative techvelocity of the reference sample. In the stroboscopic condi-
niques have been proposed, such as the synchrotr@s-Mo tion, the quantum beat frequency is equal to a multiple of the
bauer sourcefor the study of >’Fe samples, and, recently, fixed time-window frequency. A well-chosen time window
the nuclear lighthouse efféawvhich can be applied to a wide €ither selects the positive or the negative part of the quantum
range of isotopes. However, these techniques require that ttheat and a positive or negative resonance is created. If, on
sample is mounted on a sbauer drive or a rotor, respec- the other hand, the quantum beat is not in tune with the time
tively. In certain situations, this is technically difficult, e.g., Window, positive and negative contributions will cancel each

when the sample is embedded in a high-pressure diamo her. By recording the scattered intensity as a function of

anvil cell. the Doppler velocity of the reference sample, an energy spec-
In this Communication, we introduce and demonstrate arj '™ S obtalne'd, S|m|lar to a stbauer. spectrum. In the
llowing, we will explain the stroboscopic idea in more de-

alternative approach to record nuclear resonant scattered sy- ) _ ]
chrotron radiation. The technique is based on the principle%fiII and ;how_experlmental rgsults on three d|ﬁer§nt samples:
aFeQ in a high-pressure diamond anvil cell, stainless steel,

of stroboscopic acquisition and vyields easily interpretable
energy-resolved spectra. The new concept still takes advafit!
tage of the high brilliance, high degree of polarization, and
strong intensity of the synchrotron radiation. It benefits from

da-Fe.
The mathematical description of the stroboscopic reso-
nances is based on the periodicity of the time-window func-

the time structure of the synchrotron radiation to suppress the 4 Ve
detection of prompt nonresonantly scattered photons and to Si (511) _Si (975) <>
separate different stroboscopic resonances. The simplicity of {lAPD
the experimental setugFig. 1) allows us to investigate Si (111) sample Teference on
samples under extreme conditions, e.g., in a high-pressureumdulator inDAC M°§fl."’;““
diamond anvil cell. Similar to time-integrated synchrotron sres

radiation spectroscopy?® there are two absorbers: the premonochromator  1in Tesolution

sample under investigation and an additional single-line ab- fonochromarer

sorber acting as a reference sample. This reference sample is FIG. 1. Experimental setup.
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tion S(t). Thisfunc_tion equals 1.or0 if the data acquisition is | 9/s, is the expression for the spectrum if no time gating
on or off, respectively. Its period corresponds to a fre- were applied and with the baseline due to the prompt pho-
quencywt=2m/T. The periodicity of the functior§(t) al-  tons subtracted. The remaining baseline is the velocity-

lows

an

expansion in a Fourier seriesS(t) independent intensity of the photons that are scattered either

=31 _s,expinwt). Using this relation, the intensity as a by the first or by the second absorber:

function of the Doppler shif)\, integrated over the allowed

time window, can be calculated as

S +oo N >
IS(A)= 2, —:T doA(w,A)-A(w+nor,A). (1)

+

n=—o —®

S, [+ ~ .
|8:ﬁjl ‘ dw[lfs(a’_wi)Ain|2+|fr(w_wr)Aiﬂ|2]'
(6)

For n=0, the resonances consist of pure interference terms
I?m(A), given by Eq.(5), and additional terms in which the

A(w,A) is the amplitude for a forward-scattered photon in_radiative Coupli_ng of the ampli'guo_l@ast term of Eq.(2)_] is
frequency domain. In order to include the polarization de-involved. The sign of these radiative coupling terms is oppo-

pendenceA(w,A) must be described by a two-componentSite to the sign of the pure interference terlﬁ,$(A),1° and,

vector. The total scattering amplitu@e{w,A) contains three
parts expressing nuclear resonant scattering in the sam

therefore, the signal to baseline ratio will be redud@d(A)
r n#0 describes the stroboscopic resonances of ander
ese resonances are shifted dy=n(wt/w,)c with re-

under investigation f(.;,&in)J nuclear resonant scattering in gpect to the central spectruif(A). The larger the frequency
the reference samplef,A;,) and the radiative coupling w7 or, equivalently, the smaller the period of the time win-

(ff Aip):20

Alw,A)=[fw— )+ (0—w,~A)

+iw—w)f(0—w,—A)]A,.

dow, the larger the shift of the different order spectra. As the
terms 1j,,(A) contain no baseline or radiative coupling
terms, they establish a pure interference spectrum, super-
posed on the baseline of the central spectrum. Consequently,

(2)  the signal-to-baseline ratio in the stroboscopic resonances is
of the order of|s,|/s,.

A, is the amplitude of the incident broadband synchrotron In order to give an explicit expression fog(A) we will
photon, which can be considered as a constant. The resoensider the special case of thin single-line samples. If the
nance frequencies of the sample are givendyy with i effective thickness is much smaller than 1, the radiative cou-
—1,N andN the number of allowed transitions. The refer- pling terms inl°(A) can be neglected so that the spectrum is
ence frequency of the vibrating single-line sample is indi-completely characterized b and17,,(A). The scattering
cated by w,+A, with A=(v/c)w, the variable Doppler matrix f for a thin single-line sample can be replaced by a
shift. The nuclear resonant scattering factds in general Scalar scattering amplitude:

polarization dependent and givery la 2 by 2 scattering VI4

matrix® The scattering matrixg equals 0, except in the im- fsr(w—wq,)=il
mediate vicinity of the resonance frequencies If the in-

ooy, —1712)’

trinsic frequency of the time windowy, is larger than the
resonance frequency range, Ef) can be simplified. Then, Here, we introduced the effective thickneks- o(f ynd

for

each frequency w,

either the scattering matrix whereoy is the maximum resonance cross sectifyny, the

fs(w— w;) or the shifted scattering matrif(w— w;+nwy) Lamb-Massbauer facton the density of resonant nuclei, and
is O for n#0. The same holds for the matrices d the sample thicknessy is the inverse of the Mssbauer

ff(lo—w,—A) and f,(0—w,—A+nw7).

Consequently, lifetime. Using this expression for the scattering amplitude

when substituting the amplitude of E®) in Eq. (1), forn  We obtain
#0, all terms are canceled except for the pure interference V2
terms[I],(A) as defined beloy Using the relations_, lo=sq(L2+ L,Z)E|Ain|2, (7)

=s; , the intensity of Eq(1) can now be written as

with

Is<A>=|°<A>+n§0 I (A)

S oo o
|°<A>=§f dolA(w,A)[?

Sy [+ "
IPm<A>=zm(5 | dattito-w)A]

'[fr(w_wr_A'l'an)'&in])-

y+i(Q,—A)
Q= 8)2+ 2
whereQ),=w;— o, +Nwy.
Equation (8) shows that the shape of the stroboscopic
resonances is a combination of Lorentzians and dispersions.
4) However, if the time window is chosen symmetrically
aroundt,=IT, with t=0 being the arrival time of the prompt
photons and an integer, the coefficients, are real and the
Lorentzian-like resonances are obtained. Depending on the
sign of s,, there is a reduction or an enhancement of the
intensity. For thick absorbers, simulations have shown addi-
tional line broadening. Moreover, the radiative coupling
(5) terms can no longer be neglected so that the height of the
central peak decreases. Therefore, for samples of arbitrary
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thickness, it is more favorable to look for the stroboscopic
resonancesn# 0) where the radiative coupling does not oc-
cur.

For nuclei with hyperfine split energy levels each reso-
nance is replaced by a series of resonances according to the
different frequencieso; . Note that, for a specific order, the
relative position of these resonances is independent of the
fundamental frequency+ of the time window and, hence,
resembles a Mgsbauer spectrum. Remark that, if the fre-
guencywr of the time window is too small, different order
spectra overlap. However, a proper analysis of the spectrum,
which is based on Ed1), is still possible. Nevertheless, it is
more convenient to increase the time-window frequengy
resulting in a spectrum with a more straightforward interpre-
tation.

We applied the stroboscopic concept at the nuclear reso-
nant scattering beamline BLO9XU in SPring-8, Japamhe
photons were detected by an avalanche photodiede detector
with a time resolution of 0.3 ns and an efficiency of about
1%. The bunch interval was 23.6 ns. In the case of a reso-
nance energy of 14.4 keV a time window with the same
periodicity shifts the stroboscopic resonances by
v,=n(w7/w,)c=nX3.65 mm/s with respect to the central
resonances. By selecting a time window with the double fre-
guency, or equivalently, with a period df=11.8 ns, this
shift is doubled to 7.3 mm/s. To obtain resonances with @ F|G. 2. Experimental results with a periodic time windépe-
Lorentzian shape, a symmetric time window aroundriod T=11.8 ns) from 2.95 ns to 8.85 ns. The solid line is a fit to
t;=1x11.8 ns was selected. In a first approximation, thethe experimental data. The dotted lines indicate the different stro-
time window can be considered to be infinitely sharp so thaboscopic ordersia) Enriched stainless ste¢8S310 with effective
the Fourier coefficients can be calculated analytically:thicknessL,=15 and CaFe@with effective thickness (= 20, un-
sp=(—1)"sin(nh#Ty/T)/n7 with T, the duration of the time der a pressure of 42 GPa with an external magnetic field of 0.6 T
window. In order to suppress the second-order stroboscopieerpendicular to the polarization vector and to the propagation di-
resonancesl, was fixed asT,=T/2 so that the Fourier co- rection of the photon(b) Two identical natural stainless steel
efficients ares,=0.5, s;=—0.318, ands,=0. This corre- (SS310 samples with effective thicknesg=L,=4.7.(c) Enriched
sponds to a time window from 2.95 ns to 8.85 ns. stainless stedlSS310 with effective thicknes&, =15 and enriched

The technique will be demonstrated with an experiment“'Fe with eﬁectivg thicknesk =41 !n an external magnetic field
on the perovskite iron oxide CaFg@nder high pressure. At of Q.25 T per_pendlcular to the polarization vector and to the propa-
ambient pressure, the high valent state of Fén CaFeq  9ation direction of the photon.
shows a charge separation for temperatures below 290 K and
an antiferromagnetic ordering for temperatures below 134 K. The spectrum obtained after 24 h of acquisition is shown
Under high pressure, the charge state of Fe is uniform anth Fig. 2@@). In order to understand this spectrum, it is in-
the magnetic ordering temperature rises above 300 K. Hencefructive to look at the result of similar measurements on two
at room temperature a sextet is found in the sslmauer simpler and better known systems: stainless st8&310
spectrum-? However, from an experiment without external ande-Fe under ambient conditions, the latter being subjected
magnetic field, it is impossible to distinguish between a fer-to an external magnetic field in the same direction as for the
romagnetic or an antiferromagnetic ordering. We will showCaFeQ. The results of these two measurements are shown in
that a small external field is able to align the Fe spins whichFigs. 2b) and Zc), respectively. In the case of SS3flfig.
proves the ferromagnetic ordering. 2(b)] the spectrum nicely shows the stroboscopic resonances

The CaFe@was loaded in a diamond anvil céDAC) of ~ of zeroth and first order. Note that the signal-to-baseline ratio
the Basset typ&® The pressurg42 GPa was determined for the first-order resonances equig/s,=0.63. This is in
from the shift of the Ruby fluorescence linésAn external  agreement with Eqg(5) and (6) using the identityf =f, .
magnetic field of 0.6 T was applied in the direction perpen-This spectrum allows a calibration of the velocity scale.
dicular to the polarization vector and to the propagation di-Since the resonance energies for both samples coincide, the
rection of the photon, as indicated in Fig. 1. For the referenceeroth-order resonance appears at
sample we used enriched stainless st88310 with an ef- v=0 mm/s, while the first-order stroboscopic resonance
fective thicknesd.,=15. The count rate in the chosen time should be at 7.3 mm/s. Using this calibration, the spectra of
window was about 2.5 Hz. This low value can partly beFigs. 2a) and Zc) were analyzed. Figure(® shows the
attributed to the large absorption in the DAC and the lowspectrum ofa-Fe, obtained after an acquisition time of only
efficiency of the detector. 25 min. A comparison to the previous result reveals that each
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resonance of Fig. (®) is now replaced by two resonances, of isotopes and to various geometries and sample environ-
indicating that there are two allowed transitions. This is inments. The better the time resolution of the detector and the
agreement with a hyperfine field perpendicular to the polarelectronics the higher the time-window frequency and/or the
ization vector and to the propagation direction of the photorbunch frequency can be. An optimal time window has a fre-
so that only the twa\m=0 transitions are excitet:’ The  quency that is larger than the resonance frequency range in
separation of the resonances within each stroboscopic ord@ie sample. A properly tuned symmetric time window gives
is 6.0 mm/s that yields a total magnetic field value ofyise to Lorentzian-like resonances, which makes the spectra
32.07) T. The isomer shift ofa-Fe with respect to stainless reqgily interpretable. The interpretation of the stroboscopic
steel was found to be 0.08) mm/s. Both values are in agree- regonances is very similar to the interpretation of asho
ment with the values in the literatut2Note that the splitting  pa,er spectrum although their origin is quite different. Here,
is rather large so that the different order spectra are not compe resonances result from pure interference between two
pletely separated using the present time gating. Howevegcaitering paths that gives rise to a large signal-to-baseline
this did not affect the quality of the analysis. Note also thatatio. The stroboscopic detection was applied for the first
for the first-order resonances a signal-to-baseline ratio ofiye to CaFe@ under high pressure. The experimental re-

about 0.4 is observed while the signal-to-baseline ratio of thg s showed that this new technique is very useful to extract
central resonances is reduced due to the radiative couplinggjiaple hyperfine interaction parameters.

Returning to the CaFe{measuremerjfFig. 2(a)], we can
now readily interpret the result. The spectrum shows two R. Ca. and K. V. would like to thank the Belgian National
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