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Synchrotron Mössbauer source
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Mössbauer radiation was generated by synchrotron x rays for use in Mo¨ssbauer absorption and scattering
spectroscopy. Like a conventional Mo¨ssbauer source, the synchrotron Mo¨ssbauer source~SMS! emits single-
line radiation of about natural linewidth, but in addition the emitted radiation is fully recoilless, highly directed,
and of pure linear polarization. First Mo¨ssbauer transmission spectra were measured with common resonance
absorbers including stainless steel, iron, and Invar. Applications of the SMS are discussed.
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I. INTRODUCTION

The idea to use synchrotron radiation~SR! for studying
nuclear resonances was introduced in Ref. 1. Originall
was intended to use SR in order to perform a measureme
nuclear resonance absorption or scattering in the energy
main, i.e., a Mo¨ssbauer measurement. However, a differ
method was developed first. The pulsed structure of pho
emitted by the electrons circulating in a storage ring provi
perfect conditions for time-resolved measurements of nuc
resonance scattering.2,3 Indeed such measurements provide
direct and efficient way to study nuclearg resonance4,5 and
its hyperfine structure.6–8 In the last years this method ha
developed rapidly~for recent reviews see, e.g., Refs. 9 a
10!.

Yet the time domain technique will probably not repla
the traditional Mo¨ssbauer spectroscopy: the two methods
complementary, having their own features and advantage
remains therefore a fascinating idea to filter the resonan
diation components from SR for carrying out Mo¨ssbauer
measurements also at a SR station. The special feature
SR ~high degree of polarization, extremely small divergen
small beam cross section! will allow new developments in
traditional Mössbauer spectroscopy. Moreover, it can be b
eficial to combine the two complementary approaches at
and the same experimental station.

In the following we describe a method to extract sing
line Mössbauer radiation out of broadband SR. A very stro
suppression of the overwhelming nonresonant part of the
must be provided by such a method, while the nuclear re
nant part of the radiation should be preserved. A promis
way to do this is to exploit an electronically forbidden b
nuclear allowed Bragg reflection, i.e., a so-called p
nuclear reflection.11,2

Pure nuclear reflections rely on hyperfine interaction, a
therefore they consist in general of several Mo¨ssbauer lines.
However, a particular case of pure nuclear reflection w
found in Ref. 12, which is well matched to the idea of e
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traction of a single-line nuclear component of SR. Pu
nuclear reflectivity within an energy band of about the na
ral width of the nuclear level was obtained when
57FeBO3 ~iron borate! single crystal was heated in an exte
nal magnetic field to the Ne´el temperature,TN .

In the immediate vicinity ofTN , the magnetic hyperfine
interaction nearly vanishes in the crystal while the quad
pole interaction stays constant. Since the magnetic hyper
field and the electric-field gradient stay at a right angle
iron borate, the nuclear excited substrates are strongly m
by spin projection. Due to destructive interference in th
complex transition regime the low-energy line of the qua
rupole doublet disappears in the nuclear Bragg reflec
spectrum while the other line stays and forms a nearly sin
line of almost natural linewidth.12,13These results were con
firmed by the time dependences of nuclear resonant Br
reflection of SR from iron borate in approachingTN ~Ref.
14! and in the immediate vicinity of this temperature.15

Thus an iron borate single crystal set for a pure nucl
reflection could serve as a single-line source of Mo¨ssbauer
radiation generated by SR. This synchrotron Mo¨ssbauer
source~SMS! would emit linearly polarized, highly directed
recoillessg radiation into a Bragg direction. Mo¨ssbauer mea-
surements can be carried out in steady-state mode by mo
an absorber or scatterer under study relative to the SMS
by recording the transmitted or scattered intensity in the
ditional way in function of the Doppler shift.

With the advent of the third-generation SR sources, wh
have an extreme spectral density in the range of many M¨ss-
bauer transitions, it became possible to realize these id
Therefore the aim of the present work was to generate sin
line Mössbauer radiation from SR and to test and dem
strate the properties of this new SMS.

II. EXPERIMENTAL SETUP

The experiment was performed at the Nuclear Resona
Beamline16 of the European Synchrotron Radiation Facili
5811 © 1997 The American Physical Society
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FIG. 1. Scheme of the experimental setup f
the generation of synchrotron single-line Mo¨ss-
bauer radiation. Monochromatization and pola
ization were provided by a double-crystal Si~111!
monochromator and a channel-cut Si~840! polar-
izer, respectively. The pure nuclear Bragg refle
tion was performed by the reflection~333! of a
57FeBO3 single crystal in an oven~see text!. The
absorber under study~A!, driven by a Mössbauer
transducer, and the APD detector~D! are
mounted along the diffracted beam.
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~ESRF!. The ESRF storage ring was operated in the hyb
mode where 1/3 of the ring is filled with 330 equally plac
bunches and an additional single bunch is centered in the
gap. In the multibunch section the spacing between the
jacent bunches is about 3 ns while the time interval betw
the single bunch and the multibunch section is 910 n16

Typical integral current was 130 mA with 5 mA for th
single bunch.

The layout of the experimental arrangement is displa
in Fig. 1. The undulator of the beamline was tuned to prov
14.413-keV radiation in the fundamental. A Si~111! double-
crystal monochromator reduced the bandwidth to 2.8 eV
the nuclear resonance energy. An asymmetric Si~840! Bragg
reflection was used as a polarizer and for further monoch
matization. This reflection has for 14.4-keV radiation a sc
tering angle of 2UB590.2°. Thep-polarized component o
the radiation was reduced by this reflection from a le
about 1%~SR is naturally well polarized in the plane of th
orbit! to less than 1024%. The~840! reflection also reduced
the bandwidth to;400 meV. Thus after the~840! reflection,
one has an x-ray beam centered at the nuclear reson
energy, of pure linear polarization, with divergence of ab
10335 mrad2 ~vertical3horizontal! and sizes of about 0.5
32.0 mm2. The flux in this beam was about 300 cps p
natural linewidth G0 (G054.731029 neV) at 130 mA
electron current.

This polarized multipulsed x-ray beam was incident on
single-crystal platelet of iron borate set for the Bragg refl
tion ~333! in a horizontal scattering geometry@the planes
~nnn! are parallel to the crystal surface#. The crystal was
mounted in an oven where it could be heated up to the N´el
temperature~75.35 °C!, and an external magnetic field
Hext, of about 10 mT was applied along the crystal to ma
netize it parallel to the vertical axis.~A simple oven was
designed for the Bragg reflection geometry having a plat
homogeneous heater and adjustable magnetic poles as
struction elements. The incident and reflected beams
through Be windows. The temperature is controlled by a
resistor sensor.! The hyperfine magnetic fields are normal
Hext and lie in the crystal plane. The nuclei in the targ
excited by the short SR radiation pulses respond with a d
which is characterized by the excited-state lifetime. The
ergy bandwidth of the reemitted radiation was given prim
rily by the width of the nuclear resonance in the crystal un
the conditions of dynamical diffraction.

The crucial question of the present experiment w
whether a single reflection of the iron borate crystal wo
be sufficient to suppress the nonresonant SR to such an
d
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tent that Mössbauer experiments can be performedwithout
any time gating.

III. MEASUREMENTS, RESULTS, AND DISCUSSION

The energy dependence of the reflectivity of the iron b
rate crystal was measured beforehand at a Mo¨ssbauer diffrac-
tometer in the Russian Research Center ‘‘Kurchatov In
tute.’’ In Fig. 2 the Mössbauer~333! reflection spectrum of
the crystal atTN and in a weak magnetic field is displaye
~spectrum B! together with a Mo¨ssbauer absorption spectru
taken for calibration using a thin standard absorber of
dium nitroprusside~spectrum A!. The Mössbauer source
linewidth was determined from the fit of the spectru
(A):Gs52.0 G0. Using this width the spectrum~B! was fit-
ted with a Lorentzian line of width 1.3G0. This value char-
acterizes the energy width of the nuclear reflection from
crystal in case of a noncollimated incident beam. Anoth
important characteristic provided by this measurement is
position of the resonance line. Figure 2 shows that it co
cides very well with one of the resonance lines in sodiu
nitroprusside.

FIG. 2. ~A! Mössbauer absorption spectrum of resona
g-radiation from a57Co ~Cr! source of a thin standard absorber
sodium nitroprusside. The solid line is a fit with the transmiss
integral.~B! Mössbauer diffraction spectrum of the same radiat
off a 57FeBO3 crystal at the Ne´el temperature@~333! Bragg reflec-
tion#. A magnetic field of 10 mT was applied along the crys
surface normal to the scattering plane. The solid line is a fit wit
Lorentzian line.
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In the adjustment of the iron borate crystal at the SR be
line it was important to get the highest suppression of
electronic scattering from the crystal. Although the~333! re-
flection in iron borate is electronically forbidden, there a
so-called Umweg reflections, where the combination of s
eral allowed reflections provides scattering into the direct
of a forbidden reflection. They appear at certain azimut
angular positions while turning the crystal platelet around
reciprocal-lattice vector of the reflection. The spectrum
these reflections was measured carefully. One of the inte
Umweg reflected beams was used to define the optical
downstream of the iron borate crystal. The Mo¨ssbauer driv-
ing unit with the absorber and the detector were adjusted
this axis. For the actual experiment an azimuthal angu
position was selected as far as possible from all Umw
reflections.

Using the single SR pulse opposite to the 1/3 fill we e
amined the time dependence of the~333! reflection from the
57FeBO3 single crystal. A fast operating avalanche photo
ode detector was employed.17 No time gating was applied
The time dependence showed a weak pulse of prompt ra
tion and an extended distribution of delayed radiation rela
to electronic and nuclear scattering, respectively. At ro
temperature the intensity of the prompt part was only f
percent of the delayed intensity. This contribution appea
to be dependent on the crystal temperature and drop
down to approximately 1% of the total reflected intens
while heating the crystal up toTN . Without discussing this
behavior further, we only mention that the Umweg reflecti
pattern was strongly dependent on temperature and
could be a reason for the intensity change of the prom
radiation. Another reason might be a weak, variable con
bution of magnetic x-ray scattering. At the Ne´el temperature,
finally, the electronic reflectivity of the~333! reflection of
iron borate reached the extremely low value of ab
10210.

For the Mössbauer-type measurements, the full curr
stored in the ring was used. Several temperature points
the Néel transition were tested for choosing the working
gime of the SMS. When the Ne´el temperature is approache
the initial four-line reflection spectrum collapses into a sin
pseudoline,12–15but at the same time the nuclear reflectiv
decreases. In a compromise between intensity and linew
that temperature was chosen where the resonance linew
was not decreasing any more. The linewidth was measu
with a 1-mm stainless-steel~SS! absorber enriched in57Fe to
95%. The reflected intensity at this temperature was ab
'100 cps with a 1% contribution due to electronic scatt
ing. The quantities are given for an integral electron curr
of 130 mA stored in the ring. It is worth noting that a simil
radiation flux into a solid angle of 10335 mrad2 would re-
quire a radioactive Mo¨ssbauer source of about 1000 Ci
57Co.
To illustrate the properties of the SMS we perform

measurements using common nuclear resonant absor
SS, iron, and an Invar alloy~all absorbers were enriched i
57Fe up to 95%!. Single-line spectra with a resonance effe
of «570 and 86%@«5100%(I`2I r)/I`# were observed
for SS foils of 1 and 10mm thicknesses, respectively, yield
ing a Lamb-Mössbauer factor of the SMS equal unity.

In order to demonstrate the high degree of polarization
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the SMS, Mössbauer spectra of a thin iron foil were me
sured ~see Fig. 3!. Spectrum~A! was taken with the foil
nonmagnetized. The characteristic pattern of six lines w
developed in this case. Spectra~B! and ~C! were measured
when the foil was magnetized in an external magnetic fi
of 60 mT atHext perpendicular and parallel to the magne
polarization vector of the radiation, respectively. Within t
statistics, only the four or two resonances related to
nuclearDm561 andDm50 transitions, respectively, wer
observed. This result is a clear evidence of the polariza
state of the source radiation: the radiation is of pure lin
polarization. A comparably high degree of polarization f
radiation from a Mo¨ssbauer source has been obtained o
very recently.18

The advantage of the high polarization was demonstra
by measuring a Mo¨ssbauer spectrum of an Invar allo
~Fe65Ni35). There is a complicated inhomogeneous distrib
tion of the magnetic hyperfine field strengths in su
alloys.19 By using polarized radiation, one is able to sele
either two or four lines of the six line spectrum and thus
simplify essentially the observation of the field distributio
In Fig. 4 the Mössbauer spectrum of a thin Invar foil mag
netized along the magnetic polarization vector of theg ra-
diation is shown~spectrumB! and compared with the analo
gous spectrum of the thin iron foil~spectrum A!. An
asymmetric distribution of the hyperfine magnetic fie
strengths is directly seen from the data. Note that with
unpolarized source, spectra of similar simplicity can only
obtained indirectly.20

Additional source parameters were obtained from the
with the transmission integral in case of the Mo¨ssbauer spec
trum of the magnetized iron; see Fig. 4, curveA. The fit
yields a source recoilless factor of unity~1% of nonresonant

FIG. 3. Mössbauer transmission spectra of an57Fe foil of 1.3
mm thickness measured with radiation from the SMS.~A! foil non-
magnetized;~B! foil magnetized:Hext'h1 andHext'k1; and ~C!
foil magnetized:Hextih1. The solid lines are fits using the transmi
sion integral with 100% linearly polarized and fully recoilless r
diation.
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background was taken into account! and a source linewidth
of 2.9G0. Thus the Mo¨ssbauer radiation filtered from SR ha
a linewidth almost twice broader than expected from the p
vious measurement of the reflection using Mo¨ssbauer radia-
tion, Fig. 2, curveB. The reason for this result is the colle
tive nature of the nuclear excitation in our source.4,21 The
resonance width in coherent nuclear resonance scatterin
determined by the number of nuclei contributing in phase
the Bragg reflection, and thus by the deviation from t
Bragg reflection condition.22,23 In the present case the dive
gence of the incident SR beam was comparable to the in
sic angular width of the Bragg reflection. Therefore the co
ditions for a proper phasing of a large nuclear ensemble
hence for a strong broadening of the resonance were fulfi
Note that a narrower source linewidth could be obtained
increasing the incident beam divergence or by shifting
direction of incidence slightly out of the exact Bragg po
tion.

IV. CONCLUSION

A source of coherent Mo¨ssbauer radiation from57Fe nu-
clei has been developed. It emits single-line radiation, wh
is highly directed, fully polarized and fully recoilless. Th
radiation is generated by the pure nuclear diffraction of
from a single crystal of iron borate at Ne´el temperature. The
single-line character of the source is due to the collapse
the nuclear Bragg reflection spectrum at Ne´el temperature in
the presence of a small magnetic field. High directiona
and polarization are defined by the undulator and the po
izer, respectively. Recoil-less emission is provided by
pure nuclear Bragg scattering, where an extremely high s
pression of the electronic scattering by a factor of ab
10210 was achieved. In the working regime the energy ba
width of the resonant radiation was about 15 neV, the be

FIG. 4. Mössbauer transmission spectra of thin foils of ir
metal and Invar alloy measured with radiation from the SMS.~A!
iron foil of 1.3mm thickness, magnetized:Hextih1; ~B! Invar foil of
1 mm thickness, magnetized:Hextih1. The solid lines are fits using
the transmission integral. The field strength distribution is simula
by three Lorentzians.
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intensity 100 s21, the beam divergence 10335 mrad2, and
the beam cross section 0.532.0 mm2 ~vertical3horizontal!.
Without changing the experimental optics, one could g
about a factor of 2 in intensity by using a more efficie
detector. Also, if the subsequent experiment could toler
about 1%–2% contamination of the other linear polarizati
another factor of 2 should be gained from the replacemen
the Si~840! polarizing crystal by a standard neste
monochromator.16

One aspect of greatest practical importance is that
proposed method allows one to use a SR storage ring
Mössbauer experiments in any fill mode. In this respect,
only alternative is a method employing crossed polarizers
the suppression of the prompt intensity.24,25 However, this
method will always yield a multiline source radiation spe
trum, and the suppression of the prompt radiation is less

There is still a problem with a possible Doppler shift
the SMS. For many Mo¨ssbauer experiments it is more co
venient or even required to move the source rather than
absorber or scatterer. One possibility would be to move
especially light oven containing the borate crystal in the w
presented in Ref. 26. Another possibility is to move an int
mediate nonresonant Bragg reflector.27,28

The combination of the special properties of the new SM
opens wide perspectives for its application both in transm
sion and diffraction Mo¨ssbauer experiments. The high d
gree of polarization can be employed for studies of all kin
of static distributions of magnetic moments in materials~see
the Invar example!, e.g., also of magnetic domain structur
in crystals, of moments in metal glasses or in magnetic ta
etc. It also gives the possibility to excite selectively a part
the nuclear target or a subsystem characterized by a par
lar hyperfine environment and to study the hyperfine inter
tion in this part. The ideal resonance purity of the sou
radiation ~100% recoilfree! allows one to measure directl
Lamb-Mössbauer factors. The directionality of the source
diation provides the possibility to investigate anisotropic d
fusion. Another group of experiments could benefit from t
very small beam cross section, which allows the use of sm
samples as required, e.g., for high-pressure studies or
investigation of small parts of the sample in case of sam
or temperature inhomogeneities.

Special applications are opened in the field of nucl
resonant dynamical diffraction ofg radiation, where the
extreme brilliance of the new source is of greatest imp
tance. A review of the phenomena in this field can be fou
for instance in Ref. 29. For diffraction studies it is of intere
that the new SMS has an extremely low divergence
both dimensions perpendicular to the beam, thus allow
for instance the study ofn-beam multiple resonan
diffraction.30
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