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Stroboscopic detection of nuclear forward-scattered synchrotron radiation
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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 CaFeO3 under high pressure.
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Nuclear resonant forward scattering of synchrotron rad
tion is a powerful technique to study hyperfine interaction1

It proved to be especially useful to study samples under
treme conditions, for example, in high-pressu
experiments.2 Contrary to a conventional radioactive sourc
synchrotron radiation has, even after monochromatizatio
bandwidth that is of the order of 106 larger than the linewidth
of most nuclear isomers. Consequently, synchrotron radia
is not energy selective for the different hyperfine levels,
excites all these levels coherently. Therefore, nuclear re
nant scattering experiments are generally performed i
time-differential mode where the nuclear decay is inve
gated as a function of time after excitation by the synch
tron pulse. The quantum beats that are revealed in
forward-scattered radiation are the fingerprints of the hyp
fine interactions.3,4 In some cases, however, it may be dif
cult to record the nuclear scattering as a function of tim
e.g., when the lifetime of the nuclear excited state is mu
longer than the synchrotron bunch interval. Alternative te
niques have been proposed, such as the synchrotron M¨ss-
bauer source5 for the study of 57Fe samples, and, recentl
the nuclear lighthouse effect6 which can be applied to a wid
range of isotopes. However, these techniques require tha
sample is mounted on a Mo¨ssbauer drive or a rotor, respe
tively. In certain situations, this is technically difficult, e.g
when the sample is embedded in a high-pressure diam
anvil cell.

In this Communication, we introduce and demonstrate
alternative approach to record nuclear resonant scattered
chrotron radiation. The technique is based on the princip
of stroboscopic acquisition and yields easily interpreta
energy-resolved spectra. The new concept still takes ad
tage of the high brilliance, high degree of polarization, a
strong intensity of the synchrotron radiation. It benefits fro
the time structure of the synchrotron radiation to suppress
detection of prompt nonresonantly scattered photons an
separate different stroboscopic resonances. The simplicit
the experimental setup~Fig. 1! allows us to investigate
samples under extreme conditions, e.g., in a high-pres
diamond anvil cell. Similar to time-integrated synchrotr
radiation spectroscopy,7–9 there are two absorbers: th
sample under investigation and an additional single-line
sorber acting as a reference sample. This reference sam
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mounted on a Mo¨ssbauer drive and scans the nuclear tran
tion frequencies in the sample. In between the arrival of
prompt synchrotron pulses, delayed forward scattered ra
tion is recorded as a function of the velocity of the referen
sample. In principle, any bunch mode is convenient, at
condition that the time resolution of the detector and
electronics is sufficient to isolate a time window with main
delayed photons. Therefore, the technique is extremely
vorable for the study of long-living Mo¨ssbauer isomers, e.g
181Ta. The key ingredients for stroboscopic detection
nuclear forward-scattered synchrotron radiation are appro
ate tuning and periodicity of the time window.

Essential for stroboscopic measurements are a quan
beat with a variable frequency and a periodic time gat
with a fixed frequency equal to the bunch frequency o
multiple of it. The quantum beat with variable frequency
provided by the interference between scattering in
sample under investigation and scattering in the refere
sample. The tuning is established by changing the Dop
velocity of the reference sample. In the stroboscopic con
tion, the quantum beat frequency is equal to a multiple of
fixed time-window frequency. A well-chosen time windo
either selects the positive or the negative part of the quan
beat and a positive or negative resonance is created. If
the other hand, the quantum beat is not in tune with the t
window, positive and negative contributions will cancel ea
other. By recording the scattered intensity as a function
the Doppler velocity of the reference sample, an energy sp
trum is obtained, similar to a Mo¨ssbauer spectrum. In th
following, we will explain the stroboscopic idea in more d
tail and show experimental results on three different samp
CaFeO3 in a high-pressure diamond anvil cell, stainless ste
anda-Fe.

The mathematical description of the stroboscopic re
nances is based on the periodicity of the time-window fu

FIG. 1. Experimental setup.
©2002 The American Physical Society04-1
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tion S(t). This function equals 1 or 0 if the data acquisition
on or off, respectively. Its periodT corresponds to a fre
quencyvT52p/T. The periodicity of the functionS(t) al-
lows an expansion in a Fourier series:S(t)
5(n52`

1` sn exp(invTt). Using this relation, the intensity as
function of the Doppler shiftD, integrated over the allowed
time window, can be calculated as

I S~D!5 (
n52`

1`
sn

2pE2`

1`

dvAW ~v,D!•AW ~v1nvT ,D!. ~1!

AW (v,D) is the amplitude for a forward-scattered photon
frequency domain. In order to include the polarization d
pendence,AW (v,D) must be described by a two-compone
vector. The total scattering amplitudeAW (v,D) contains three
parts expressing nuclear resonant scattering in the sam
under investigation (f sAW in), nuclear resonant scattering
the reference sample (f rAW in) and the radiative coupling
( f sf rAW in):10

AW ~v,D!5@ f s~v2v i !1 f r~v2v r2D!

1 f s~v2v i ! f r~v2v r2D!#AW in . ~2!

AW in is the amplitude of the incident broadband synchrotr
photon, which can be considered as a constant. The r
nance frequencies of the sample are given byv i , with i
51,N and N the number of allowed transitions. The refe
ence frequency of the vibrating single-line sample is in
cated by v r1D, with D5(v/c)v r the variable Doppler
shift. The nuclear resonant scattering factorf is in general
polarization dependent and given by a 2 by 2 scattering
matrix.9 The scattering matrixf s equals 0, except in the im
mediate vicinity of the resonance frequenciesv i . If the in-
trinsic frequency of the time window,vT , is larger than the
resonance frequency range, Eq.~1! can be simplified. Then
for each frequency v, either the scattering matrix
f s(v2v i) or the shifted scattering matrixf s(v2v i1nvT)
is 0 for nÞ0. The same holds for the matrice
f r(v2v r2D) and f r(v2v r2D1nvT). Consequently,
when substituting the amplitude of Eq.~2! in Eq. ~1!, for n
Þ0, all terms are canceled except for the pure interfere
terms @ I int

n (D) as defined below#. Using the relations2n

5sn* , the intensity of Eq.~1! can now be written as

I S~D!5I 0~D!1 (
nÞ0

I int
n ~D! ~3!

with

I 0~D!5
s0

2pE2`

1`

dvuAW ~v,D!u2, ~4!

I int
n ~D!52RS sn

2pE2`

1`

dv@ f s~v2v i !AW in#

•@ f r~v2v r2D1nvT!AW in# D . ~5!
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I 0/s0 is the expression for the spectrum if no time gati
were applied7 and with the baseline due to the prompt ph
tons subtracted. The remaining baseline is the veloc
independent intensity of the photons that are scattered e
by the first or by the second absorber:

I b
05

s0

2pE2`

1`

dv@ u f s~v2v i !AW inu21u f r~v2v r !AW inu2#.

~6!

For n50, the resonances consist of pure interference te
I int

0 (D), given by Eq.~5!, and additional terms in which the
radiative coupling of the amplitude@last term of Eq.~2!# is
involved. The sign of these radiative coupling terms is opp
site to the sign of the pure interference termsI int

0 (D),10 and,
therefore, the signal to baseline ratio will be reduced.I int

n (D)
for nÞ0 describes the stroboscopic resonances of orden.
These resonances are shifted byvn5n(vT /v r)c with re-
spect to the central spectrumI 0(D). The larger the frequency
vT or, equivalently, the smaller the period of the time wi
dow, the larger the shift of the different order spectra. As
terms I int

n (D) contain no baseline or radiative couplin
terms, they establish a pure interference spectrum, su
posed on the baseline of the central spectrum. Conseque
the signal-to-baseline ratio in the stroboscopic resonance
of the order ofusnu/s0.

In order to give an explicit expression forI S(D) we will
consider the special case of thin single-line samples. If
effective thickness is much smaller than 1, the radiative c
pling terms inI 0(D) can be neglected so that the spectrum
completely characterized byI b

0 and I int
n (D). The scattering

matrix f for a thin single-line sample can be replaced by
scalar scattering amplitude:

f s,r~v2v1,r !5 iL s,r

g/4

~v2v1,r2 ig/2!
.

.

Here, we introduced the effective thicknessL5s0f LMnd
wheres0 is the maximum resonance cross section,f LM the
Lamb-Mössbauer factor,n the density of resonant nuclei, an
d the sample thickness.g is the inverse of the Mo¨ssbauer
lifetime. Using this expression for the scattering amplitu
we obtain

I b
05s0~Ls

21Lr
2!

g2

16
uAW inu2, ~7!

I int
n ~D!52RS sn

g1 i ~Vn2D!

~Vn2D!21g2D LsLr

g2

16
uAW inu2, ~8!

whereVn5v12v r1nvT .
Equation ~8! shows that the shape of the strobosco

resonances is a combination of Lorentzians and dispersi
However, if the time window is chosen symmetrical
aroundt l5 lT, with t50 being the arrival time of the promp
photons andl an integer, the coefficientssn are real and the
Lorentzian-like resonances are obtained. Depending on
sign of sn , there is a reduction or an enhancement of
intensity. For thick absorbers, simulations have shown ad
tional line broadening. Moreover, the radiative coupli
terms can no longer be neglected so that the height of
central peak decreases. Therefore, for samples of arbit
4-2
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thickness, it is more favorable to look for the strobosco
resonances (nÞ0) where the radiative coupling does not o
cur.

For nuclei with hyperfine split energy levels each res
nance is replaced by a series of resonances according t
different frequenciesv i . Note that, for a specific order, th
relative position of these resonances is independent of
fundamental frequencyvT of the time window and, hence
resembles a Mo¨ssbauer spectrum. Remark that, if the fr
quencyvT of the time window is too small, different orde
spectra overlap. However, a proper analysis of the spectr
which is based on Eq.~1!, is still possible. Nevertheless, it i
more convenient to increase the time-window frequencyvT ,
resulting in a spectrum with a more straightforward interp
tation.

We applied the stroboscopic concept at the nuclear re
nant scattering beamline BL09XU in SPring-8, Japan.11 The
photons were detected by an avalanche photodiede det
with a time resolution of 0.3 ns and an efficiency of abo
1%. The bunch interval was 23.6 ns. In the case of a re
nance energy of 14.4 keV a time window with the sam
periodicity shifts the stroboscopic resonances
vn5n(vT /v r)c5n33.65 mm/s with respect to the centr
resonances. By selecting a time window with the double
quency, or equivalently, with a period ofT511.8 ns, this
shift is doubled to 7.3 mm/s. To obtain resonances wit
Lorentzian shape, a symmetric time window arou
t l5 l 311.8 ns was selected. In a first approximation,
time window can be considered to be infinitely sharp so t
the Fourier coefficients can be calculated analytica
sn5(21)nsin(npT0 /T)/np with T0 the duration of the time
window. In order to suppress the second-order strobosc
resonances,T0 was fixed asT05T/2 so that the Fourier co
efficients ares050.5, s1520.318, ands250. This corre-
sponds to a time window from 2.95 ns to 8.85 ns.

The technique will be demonstrated with an experim
on the perovskite iron oxide CaFeO3 under high pressure. A
ambient pressure, the high valent state of Fe41 in CaFeO3
shows a charge separation for temperatures below 290 K
an antiferromagnetic ordering for temperatures below 134
Under high pressure, the charge state of Fe is uniform
the magnetic ordering temperature rises above 300 K. He
at room temperature a sextet is found in the Mo¨ssbauer
spectrum.12 However, from an experiment without extern
magnetic field, it is impossible to distinguish between a f
romagnetic or an antiferromagnetic ordering. We will sho
that a small external field is able to align the Fe spins wh
proves the ferromagnetic ordering.

The CaFeO3 was loaded in a diamond anvil cell~DAC! of
the Basset type.13 The pressure~42 GPa! was determined
from the shift of the Ruby fluorescence lines.14 An external
magnetic field of 0.6 T was applied in the direction perpe
dicular to the polarization vector and to the propagation
rection of the photon, as indicated in Fig. 1. For the refere
sample we used enriched stainless steel~SS310! with an ef-
fective thicknessLr515. The count rate in the chosen tim
window was about 2.5 Hz. This low value can partly
attributed to the large absorption in the DAC and the l
efficiency of the detector.
18040
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The spectrum obtained after 24 h of acquisition is sho
in Fig. 2~a!. In order to understand this spectrum, it is i
structive to look at the result of similar measurements on t
simpler and better known systems: stainless steel~SS310!
anda-Fe under ambient conditions, the latter being subjec
to an external magnetic field in the same direction as for
CaFeO3. The results of these two measurements are show
Figs. 2~b! and 2~c!, respectively. In the case of SS310@Fig.
2~b!# the spectrum nicely shows the stroboscopic resonan
of zeroth and first order. Note that the signal-to-baseline ra
for the first-order resonances equalsus1u/s050.63. This is in
agreement with Eqs.~5! and ~6! using the identityf s5 f r .
This spectrum allows a calibration of the velocity sca
Since the resonance energies for both samples coincide
zeroth-order resonance appears
v50 mm/s, while the first-order stroboscopic resonan
should be at 7.3 mm/s. Using this calibration, the spectra
Figs. 2~a! and 2~c! were analyzed. Figure 2~c! shows the
spectrum ofa-Fe, obtained after an acquisition time of on
25 min. A comparison to the previous result reveals that e

FIG. 2. Experimental results with a periodic time window~pe-
riod T511.8 ns) from 2.95 ns to 8.85 ns. The solid line is a fit
the experimental data. The dotted lines indicate the different s
boscopic orders.~a! Enriched stainless steel~SS310! with effective
thicknessLr515 and CaFeO3 with effective thicknessLs520, un-
der a pressure of 42 GPa with an external magnetic field of 0.
perpendicular to the polarization vector and to the propagation
rection of the photon.~b! Two identical natural stainless stee
~SS310! samples with effective thicknessLs5Lr54.7. ~c! Enriched
stainless steel~SS310! with effective thicknessLr515 and enriched
a-Fe with effective thicknessLs541 in an external magnetic field
of 0.25 T perpendicular to the polarization vector and to the pro
gation direction of the photon.
4-3
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resonance of Fig. 2~b! is now replaced by two resonance
indicating that there are two allowed transitions. This is
agreement with a hyperfine field perpendicular to the po
ization vector and to the propagation direction of the pho
so that only the twoDm50 transitions are excited.9,10 The
separation of the resonances within each stroboscopic o
is 6.0 mm/s that yields a total magnetic field value
32.0~7! T. The isomer shift ofa-Fe with respect to stainles
steel was found to be 0.09~9! mm/s. Both values are in agre
ment with the values in the literature.15 Note that the splitting
is rather large so that the different order spectra are not c
pletely separated using the present time gating. Howe
this did not affect the quality of the analysis. Note also t
for the first-order resonances a signal-to-baseline ratio
about 0.4 is observed while the signal-to-baseline ratio of
central resonances is reduced due to the radiative coupl

Returning to the CaFeO3 measurement@Fig. 2~a!#, we can
now readily interpret the result. The spectrum shows
resonances in the first order~similar to the case ofa-Fe!
corresponding to theDm50 transitions. Hence, the sma
external magnetic field could align the spins and we c
clude a ferromagnetic ordering of the Fe in CaFeO3. A mag-
netic field value of 14.3~1.1! T and a shift of20.26~11!
mm/s with respect toa-Fe was found. Both values are
agreement with earlier results.12

In conclusion, we developed and applied the concep
stroboscopic detection of nuclear forward-scattered sync
tron radiation. The technique can be applied to a wide ra
A

v

lp
e
-
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of isotopes and to various geometries and sample env
ments. The better the time resolution of the detector and
electronics the higher the time-window frequency and/or
bunch frequency can be. An optimal time window has a
quency that is larger than the resonance frequency rang
the sample. A properly tuned symmetric time window giv
rise to Lorentzian-like resonances, which makes the spe
readily interpretable. The interpretation of the strobosco
resonances is very similar to the interpretation of a Mo¨ss-
bauer spectrum although their origin is quite different. He
the resonances result from pure interference between
scattering paths that gives rise to a large signal-to-base
ratio. The stroboscopic detection was applied for the
time to CaFeO3 under high pressure. The experimental
sults showed that this new technique is very useful to ext
reliable hyperfine interaction parameters.
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