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Nuclear Resonance Beamline at ESRF 

Rudolf  Riiffer and Aleksandr I. Chumakov 

European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble Cedex, France 

The Nuclear Resonance Beamline at ESRF is dedicated to the excitation of nuclear levels 
by synchrotron radiation. The sources of radiation and optical elements are optimized to pro- 
vide an intense, highly monochromatic, collimated and stable X-ray beam of small cross-sec- 
tion at the M6ssbauer transition energies between 6 and 30 keV. The set-up of the beamline 
allows to perform studies in diffraction, small angle scattering, forward scattering and incoher- 
ent scattering. Equipment is available to maintain the sample at variable temperature and mag- 
netic field. Fast detectors and timing electronics serve to separate the delayed nuclear 
scattering from the "prompt" electronic scattering and to measure the time spectra of nuclear 
radiation with sub-nanosecond resolution. The general lay-out and the parameters of the beam- 
line are reported. Typical domains of applications are discussed and illustrated by first experi- 
mental results. 

1. In t roduc t ion  

In the last ten years experiments on the excitation of nuclear levels by synchro- 
tron radiation passed the way from pioneering observations [ 1 ] to the first applica- 
tions [2,3]. The superior spectral density of synchrotron radiation of the third 
generation sources allows us now to establish these experiments as a standard tech- 
nique ofhyperfine spectroscopy. The Nuclear Resonance Beamline at ESRF, com- 
ing in operation this year, is the first installation dedicated to these purposes. The 
main direction of the foreseen experiments is an investigation of hyperfine interac- 
tions by means of the analysis of the time spectra of resonant nuclear scattering. 
To meet the corresponding instrumental requirements, the beamline operates with 
high monochromatic (of about several millielectronvolt bandwidth) and ultrahigh 
monochromatic (in the order of nanoelectronvolt) beams of X-rays and exploits 
the time structure and the polarization of the synchrotron radiation. Furthermore, 
the beamline optics conserves the performance of the X-ray beam, such as high col- 
limation and small beamsize. These features allow extension of the field of applica- 
tion to other domains, like -r-optic, interferometry, crystallography, quasi-elastic 
and inelastic scattering. 

2. General  lay-out o f  the beaml ine  

The beamline lay-out is governed by the concept of supplying external users 
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with a stable beam of requested nuclear radiation and combining a rapid substitu- 
tion of experiments with optimal working conditions for each user. The beamline 
consists of two optics hutches, OH1 and OH2, and three experimental hutches, 
EH1-EH3 (fig. 1). The beamline optics are sub-divided between OH1 and OH2. 
The first optics hutch OH1 handles the "white" X-ray beam from the undulator 
and includes a high heat load monochromator, slit systems, attenuators and 
energy/intensity monitors. OH2 deals with the monochromatic beam and contains 
the high resolution monochromators (HRMs), nuclear monochromators and, in a 
later stage, the focusing elements. 

The prepared X-ray beam is supplied into three experimental hutches. EH1 is 
devoted to resonant nuclear diffraction and contains a standard four-circle dif- 
fractometer. EH2 is foreseen for nuclear forward scattering and is equipped with a 
cryomagnetic system. EH3 is currently reserved for experiments not requiring spe- 
cial equipment. An interlock system allows to carry out an experiment in any of 
these hutches, while keeping free access into two others. The beam inside these 
hutches is either transported in shielded vacuum tubes or blocked by the up-stream 
beam shutter. By this means the experiment in one hutch can be performed in paral- 
lel with the preparation work in others. Computers and electronics to run an experi- 
ment are located in three separated control cabins (CC1-CC3) next to the 
corresponding experimental hutches. 

To reduce an attenuation of the beam, to avoid small angle scattering and/ 
or inelastic scattering and to suppress the ozone contamination, most of the beam- 
line optics operates in vacuum chambers, consisting of a single vacuum line 
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Fig. 1. Schema t i c  l ay -ou t  o f  the  N u c l e a r  R e s o n a n c e  Beaml ine .  O H  1 - " w h i t e "  b e a m  first  opt ics  hu t ch ;  
O H 2  - s econd  opt ics  hu tch ;  E H 1 - E H 3  - expe r imen ta l  hu tches ;  C C 1 ~ 2 C 3  - con t ro l  cabins ;  U 2 3  
a n d  U 3 4  - 22.8 m m  a n d  34 m m  per iod  u n d u l a t o r s ;  S1 a n d  $2 - slit  sys tems;  AI  a n d  A 2  - a t t e n u a t o r s ;  
M1 - t i m i n g / i n t e n s i t y  mon i t o r ;  M 2 - M 4  - in tens i ty  mon i t o r s ;  P M  - doub le  c rys ta l  wa t e r - coo l ed  
f ixed-exi t  Si(111) m o n o c h r o m a t o r ;  E M  - energy  mon i t o r ;  B I - B 4  - b e a m  shu t t e r s ;  H R M  - h igh  

r e so lu t ion  m o n o c h r o m a t o r ;  D F -  4-circle d i f f rac tomete r ;  C R -  c r y o m a g n e t  sys tem.  



R. Rafter, A.I. Chumakov / Nuclear Resonance Beamline at ESRF 591 

(10 -7 Torr) with no windows in between. Presently the vacuum line covers the com- 
plete beam path from the source to the high resolution monochromator  in OH2 
and partly the way from OH2 to EH1. When all attenuators, intensity and energy 
monitors are open, only Be-windows (700 ~tm) are in the pass of the beam. 

3. R a d i a t i o n  s o u r c e  

3.1. ENERGY 

The beamline has two standard ESRF undulators [4] of  22.8 mm (U23) and 34 
mm period (U34), installed in a high-fl straight section (ID18). Both undulators 
operate at low-order harmonics. This design provides high flux of the required 
radiation, keeping the heat load on the monochromator  and the background essen- 
tially low. 

The undulator U23 is optimized for the 57Fe nuclear transition at 14.413 keV in 
the fundamental. The beam has an energy bandwidth of about 380 eV (FWHM, 
measured in a cone of 1 x 1 ~trad2), and contains no soft radiation. The total power 
is only about 50 W (here and below calculated at 100 mA electron current in the sto- 
rage ring), and the power in the central cone (80 x 80 larad 2) is about 10 W. 

The undulator U34 covers several M6ssbauer transitions. Adjustment of the 
undulator gap allows to tune the fundamental to the resonant energy of lSlTa 
(6.215 keV) and 169Tm (8.410 keV). The measured energy bandwidth of the radia- 
tion is about 180 eV (FWHM). The total power and the power in the central cone 
are calculated to be 280 and 50 W, respectively. Third harmonics of this undulator 
can be adjusted to the energies of nuclear transitions in 151Eu (21.5 keV), 1495m 
(22.5 keV), 119Sn (23.9 keV) and 161Dy (25.7 keV). 

3.2. TIME STRUCTURE 

Since the main scope of the foreseen experiments is time resolved nuclear 
spectroscopy, the timing properties of the X-ray beam are essential for the applica- 
tions. With a circumference of the storage ring of 844 m one turn of the electrons 
takes 2817 ns. The frequency of the ESRF radio frequency system is 352.2 MHz, 
which determines the 2.839 ns spacing between the adjacent buckets, and 992 buck- 
ets can be filled. 

So far there exist four modes of machine operation [5]. In multibunch mode, 

which is the default mode by now, about 1/3 of the ring circumference is filled. This 
leads to 352 radiation pulses (equally spaced in time) during 996 ns followed by a 
1821 ns gap without radiation. The nominal current is 150 mA with a lifetime of 
about 60 h. 

In hybrid mode a single bucket is filled with a current of  about 8 mA, and then 
1 / 3 of the ring circumference at the opposite side of the ring is filled with the total 
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current of  about 150 mA like in multibunch mode. Thus the time structure of  radia- 
tion is analogous to that of the multibunch mode with an additional short pulse in 
the center of 1821 ns gap. The lifetime of the additional bunch is about 15 h. 

In 16-bunch mode 16 equally spaced buckets are filled with a corresponding spa- 
cing of 176.06 ns. The current is limited to about 80 mA and the lifetime of the 
beam is about 35 h. 

Finally, there exists a single bunch mode where one bucket is filled with a current 
of about 15 mA, and a lifetime of  about 15 h. 

After the completed injection the cleaning process [5] is applied in single bunch, 
16-bunch and hybrid modes (in hybrid mode after the single bunch filling). This 
process eliminates the occasional population of spurious bunches down to 10 -1~ as 
relative to the main bunch. The typical bunch length is about 110 ps (FWHM) and 
about 65 ps measured in 16-bunch mode and multibunch mode, respectively [6]. 

3.3. X-RAY BEAM SIZE AND DIVERGENCE 

Due to the different parameters of machine operation, the emittance and conse- 
quently the electron and photon beam size and divergence depend on the mode. In 
16-bunch mode, which is the favorable mode for the timing applications, the 
machine is running with a horizontal emittance of Eri = 4 nm and an 1% coupling. 
From these values an electron beam size of 54 pm x 0.8 mm (FWHM, here and 
below given as vert. xhor.) and an electron beam divergence of 4 x 28 ~trad 2 may be 
derived. The divergence of the X-ray beam is 18 x 33 ~trad 2, resulting in the beam 
size of 0.45 x 2.0 mm 2 30 m down stream of the undulator [7]. 

3.4. POLARIZATION 

Another feature which is important for hyperfine spectroscopy is the intrinsic lin- 
ear polarization of synchrotron radiation. On axis the X-ray beam is 100% linear 
polarized in the horizontal plane. In the central cone (80 x 80 grad 2) the polariza- 
tion is still about 98%. For special applications a polarization up to really 100% 
(1-10 -7) can be achieved by means of special crystal optics. Furthermore a 
polarizer-analyzer system can be introduced. 

4. White beam optics 

The task of the optics in the OH1 is to handle the heat load of"whi te"  radiation, 
to define the beam size, to reduce the energy bandwidth of the radiation down to 
several electronvolts and to monitor the intensity, timing and energy of the beam 
before supplying it to the OH2. 

The high heat-load monochromator  is located 30 m downstream of the source 
and is designed as a double-crystal Si(111) monochromator with fixed exit. The 
optimization of undulators for low-order harmonics suppresses essentially the 
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power of the unwanted soft and hard X-rays. This allows to handle the heat load 
with simple water cooling and provides a long-term stability of crystal positions. In 
nuclear resonance scattering experiments the monochromator has to deliver over 
long periods (weeks) the same energy within the rocking curve width. For this pur- 
pose the stability of both crystals, especially of the second one, was carefully sought 
during the monochromator design. The rotation stage, driving the second crystal, 
is rigidly attached to the base plate and equipped with a high resolution angular 
encoder (resolution/accuracy 0.17 grad). Another rotation stage, carrying the first 
crystal, is moving parallel to the beam to provide fixed exit operation while chan- 
ging the energy. The crystals are rigidly glued to cooled holders by Wood alloy (pro- 
posed by A. Freund, ESRF). Horizontal and vertical positions of the crystals with 
respect to the beam are controlled by monitoring the footprint of the X-ray beam 
on the silicon crystal with a CCD camera. 

With an offset between entrance and exit beam of 50 mm, which is favorable to 
minimize the background in the successive experiments, the monochromator cov- 
ers the energy range from 3 to 30 keV. Alternatively, an offset of 25 mm allows to 
extend the energy range up to 60 keV. 

Commissioning showed the stable performance of the monochromator. At the 
energy of 14.413 keV the rocking curve width was measured as 30 grad (FWHM), 
which should be compared with the theoretical value of 26 grad. From this value 
the bandwidth of the supplied radiation can be derived as about 2.8 eV. The flux of 
14.413 keV radiation was measured as 3.6 x 1012 photons/s (at 140 mA). Once 
the monochromator is adjusted, there is no need to re-adjust the angles of both crys- 
tals during one week of continuous operation. 

The water-cooled slit system upstream the monochromator extracts the radia- 
tion of the central cone and reduces the heat load as well as the background. The slit 
system downstream defines the beamsize for the successive experimental set-up. 
Intensity monitors are inserted after each "active element" (fig. 1). To exclude win- 
dows along the X-ray beam, the permanent use of ion chambers is avoided. Instead 
of these, the intensity of the beam is monitored by scattering the radiation on remo- 
vable foils, inserted in the beam inside the vacuum line. Energy calibration is pro- 
vided by measurements of K- and L-edges of appropriate elements, and can be 
performed in transmission and/or scattering geometry. A fast detector system 
facing the "white" beam, based on an avalanche photodiode [8], serves as purity 
detector and timing control. Several attenuators allow to control the beam flux. 

5. Further monochromat izat ion  down to millielectronvolt and 
nanoelectronvolt  bandwidth 

5.1. HIGH RESOLUTION MONOCHROMATORS 

The high resolution monochromators (HRMs) are located in OH2 at 40 m down- 
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stream of the source. The very compact design is based on two "nested" channel- 
cut crystals according to an idea in ref. [9]. The HRM has to be tailored for each 
M6ssbauer transition in order to provide highest energy resolution, flux and/or 
degree of polarization. For 14.413 keV, the transition energy of 57Fe, two sets of 
HRMs are presently available. One of them operates with an asymmetric Si(4 2 2) 
and a symmetric Si(12 2 2) channel-cut crystal and delivers a flux of about 1.4 x 10 9 

photons/s (at 150 mA) in an energy bandpass of 5.8 meV. Another one is optimized 
to supply the radiation with 100% linear polarization and with an energy bandpass 
of about 7 meV. It contains two Si(8 4 0) channel-cut crystals, which has been 
proved to be favorable for this purpose. A suppression of the unwanted n-polarized 
component of radiation by seven orders of magnitude has been achieved [10] with 
this set-up. Other HRMs for the 57Fe transition as well as for other M6ssbauer iso- 
topes are under construction. 

In the experiments on resonant nuclear inelastic absorption or inelastic X-ray 
scattering the energy of radiation, supplied by HRMs, can be tuned within a wide 
range. A deviation of the energy from the resonance is controlled by angular enco- 
ders with resolution of about 0.2 meV (at 14.413 keV). An energy calibration of 
the HRMs may be carried out using the Bond method [1 1]. 

5.2. NUCLEAR MONOCHROMATORS 

Normally the degree of monochromatization achieved with HRMs is sufficient 
to avoid the overload of the detector due to the prompt non-resonant background 
and to carry out hyperfine spectroscopy. For other experiments, which need a bet- 
ter monochromatization, nuclear scattering has to be used. Resonant nuclear scat- 
tering proceeds within a very narrow energy width, so if by some means the non- 
resonant electronic scattering is suppressed, such nuclear monochromators pro- 
vide typically energy bandpasses down to neV. 

Depending on the application this nuclear monochromator has to be tailored 
very carefully. For ultra-high suppression of non-resonant background (10 -7) pure 
nuclear reflections are used [1]. Crystals of YIG, 57FeBO3 and 57Fe3BO 6 are  pre- 
sently available for this purpose. For moderate values of suppression (10 -3) multi- 
layers [12] and GIAR films [13] may be chosen. 

By default the nuclear monochromators supply a beam at fixed energy. On the 
other hand for inelastic scattering experiments the energy tunability is a precondi- 
tion. First approaches of a nuclear monochromator tunable in the microelectron- 
volt range are just reported [14]. 

6. Equipment of experimental stations 

6.1. DIFFRACTION EQUIPMENT 

The main equipment for diffraction experiments is placed in EH 1. A standard 
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four-circle diffractometer with an Eulerian cradle for horizontal scattering geom- 
etry is available. By default a resolution of 1.75 lxrad for the 0-circle and 17.45 ~trad 
for the other circles is provided. With improved electronics a tenfold better resolu- 
tion may be achieved. In a later stage the diffractometer will be upgraded to vertical 
as well as horizontal scattering geometry. 

6.2. CRYOGENIC EQUIPMENT 

EH2 is devoted to nuclear forward scattering [15] experiments. As in conven- 
tional M6ssbauer spectroscopy, the experimental set-up is designed for transmis- 
sion geometry. A cryomagnetic system provides an external magnetic field up to 
7 T in horizontal direction, either perpendicular or parallel to the X-ray beam. The 
variable temperature insert operates in the range from 1.5 to 500 K. The sample vol- 
ume is a sphere of 50 ram in diameter, which allows e.g. to accommodate high pres- 
sure cells. The windows are transparent for X-rays and visible light. The latter is 
thought e.g. to carry out optical pressure calibration when diamond anvil cells are 
used. A special feature is an exit window of 60 ~ in the vertical plane for scattering 
applications. 

The temperature range from 20 to 370 K is also accessible with another cryostat, 
which has a compact closed-cycle design. The cryostat fits to the Eulerian cradle 
of the four-circle diffractometer, allowing to perform low-temperature measure- 
ments under diffraction conditions. The sample chamber design allows to access 
the whole range of scattering angles. Another sample chamber allows to carry out 
temperature dependent measurements of inelastic nuclear absorption. A solid 
angle up to n is accessible for the detector. 

6.3. DETECTORS AND ELECTRONICS 

The detector systems are based on avalanche photodiodes, which are recently 
applied to X-rays [8,16]. The choice of the diode is determined by the required time 
resolution, size and efficiency. The time resolution ranges from 0.1 to 1.0 ns, the 
size from sub-millimeter diameter up to 16 rnm diameter, and the efficiency from 
several percent to about 50%. The fast timing electronics is based on standard fast 
NIM modules, including fast ADCs and MCAs. A reference timing signal from 
the radio frequency system of the machine provides a synchronization of electro- 
nics with the electron beam phase. 

7. Fields of  applications. Preliminary results 

The beamline is designed to provide an intense highly monochromatic, colli- 
mated and small X-ray beam at the M6ssbauer transition energies. Foreseen 
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experiments cover a wide field of applications, which are classified in table 1. The 
typical experiments are illustrated below by preliminary results. 

7.1. RESONANT NUCLEAR SCATTERING EXPERIMENTS 

Synchrotron hyperfine spectroscopy implies the measurements of the splitting 
or the shift of nuclear levels due to magnetic or electric interaction as well as the 
orientation of the hyperfine field vector and electric field gradient. Unlike in con- 
ventional Mrssbauer spectroscopy, the data are obtained by analysis of the time 
spectra of nuclear scattering. A typical example of the nuclear forward scattering 
experimental set-up is shown in fig. 2. Short pulses of synchrotron radiation passed 
through a 10 Ixm 57Fe foil and excited the 14.413 keV nuclear transition. After a 
prompt pulse of non-resonant radiation the delayed signal of nuclear scattering in 
forward direction was measured as a function of time. The time pattern arises from 
an interference of radiation components with different energies, corresponding to 
six magnetically splitted sub-levels of 57Fe. The quantum beat period is determined 
by the splitting, therefore by the hyperfine field. Furthermore, the spectra are sensi- 
tive to the direction of the magnetization. In the case of non-magnetized foil 

Table 1 
Field of applications. 

Resonant nuclear scattering 

Hyperfine spectroscopy 
�9 phase transitions 
�9 criticalphenomena 
�9 structure analysis 

Surface study 
�9 specular surface reflection 
�9 conversion electron spectroscopy 
�9 multilayers 

General "y-optics 
�9 basic features o f  nuclear resonant scattering 
�9 multi-beam nuclear diffraction 

Magnetic topography 
�9 structure o f  magnetic domains 

Resonant nuclear inelastic scattering 

�9 energy distribution o f  nuclear recoil, density o f  states 
�9 Lamb-M~ssbauerfactor  

High resolution X-ray scattering 

Quasi-elastic X-ray scattering, relaxation 
Inelastic X-ray scattering 
Crystallography 
Interferometry 
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i i i - , ,  ,, 

PM 

Fig. 2. Set-up for nuclear forward scattering experiment. U - undulator;  PM - double crystal water-  
cooled fixed-exit Si (111) monochromator ;  H R M  - high resolution monochromator ;  RS - resonant  

sample; A P D -  avalanche photodiode detector. 

(fig. 3a), where all six nuclear sub-levels are excited, the time spectrum is governed 
by an interference of all frequencies. When the foil is magnetized horizontally 
(fig. 3b), only the four Am = +1 transitions are excited, a different beat pattern 
shows up. Finally, when the foil is magnetized vertically (fig. 3c), the interference 
from the two excited Am = 0 transitions results in quantum beats with one fre- 
quency. The envelope over the quantum beats is determined by the effective thick- 
ness of the sample, allowing the precise measurement of the Lamb-Mrssbauer  
factor. 

Typical count rates of these measurements are about 103 photons/s,  with almost 
no background (10 -2 photons/s) in the time window shown. Therefore only a 
very short time (several minutes) is required for the measurement of a single spec- 
trum. This is especially important for the studies of phase transitions, where numer- 
ous spectra have to be taken as a function of temperature, external magnetic field 
or pressure. 

In particular high pressure applications are favorable to be carried out at the 
Nuclear Resonance Beamline due to the intrinsic small size and low divergence of 
the beam. As an example, the phase transformation of ferromagnetic a-Fe (bcc lat- 
tice) to non-magnetic E-Fe (hcp lattice) was studied [17]. A non-polarized iron foil 
of  2.5 ~tm thickness and about 200 pm diameter was placed in a diamond anvil cell. 
Spectra between ambient pressure and 34 GPa have been taken (fig. 4). When the 
pressure is relatively low, the quantum beats are well seen in the spectrum as an 
indication of iron ferromagnetism. With increasing pressure the contrast of  quan- 
tum beats becomes smaller and disappears at a pressure of about 21 GPa [18], dis- 
playing a transformation of the sample into the non-magnetic phase. Measuring 
times were less than one hour for one spectrum, which has to be compared with one 
day measuring time in conventional Mrssbauer spectroscopy. In later studies a 
polarization of the sample by an external magnetic field has been proved to be 
favorable for the data evaluation [19]. It serves to decrease the number of nuclear 
transitions involved and to reduce the direction distribution of the hyperfine field. 
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Fig. 3. Time spectra of nuclear forward scattering by 10 pan S7Fe foil under the different conditions 
of external magnetization: without external magnetic field (a); in horizontal (b) and vertical external 

magnetic field (c) of 0.1 T. 

An example in case of electric interaction, the quadrupole splitting of nuclear 
levels, is shown in fig. 5. The temperature induced high spin--low spin transition in 
[57Fe(bpp)2][BF412 was studied (the ligand bpp is 2,6-bis(pyrazol-3-yl)pyridine 
[20]). The sample was 3 rnm in diameter. The measurement of each spectrum took 
about 10 rain. At the temperature of about 172 K the sample undergoes an electro- 
nic structure transformation. As a result the electric field gradient on the nuclear 
sites varies, leading to the decrease of the quadrupole splitting with decreasing tem- 
perature. The temperature development of both the hyperfine parameters and the 
Lamb-M6ssbauer factor 0eLM) was derived from these measurements [21]. 

The above examples of nuclear forward scattering experiments were performed 
with 14.413 keV radiation of 57Fe. Furthermore the time spectra of nuclear forward 
scattering and of conversion electron emission were studied with 8.410 keV 
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Fig. 4. Time spectra of nuclear forward scattering by 2.5 lain 57Fe foil in a high pressure diamond anvil 
cell at different pressures. 

radiation of 169Tm in case of a TmF3 sample [22], and nuclear forward scattering 
of 6.215 keV radiation of 1 sl Ta in a metal Ta foil was observed. 

7.2. R E S O N A N T  N U C L E A R  INELASTIC S C A T T E R I N G  E X P E R I M E N T S  

A new field has been recently opened in nuclear scattering of synchrotron radia- 
tion, namely nuclear inelastic absorption [23]. Resonant nuclear elastic scattering 
by definition is not accompanied by lattice excitation. Therefore it may leave the 
nuclei in the sample untouched (i.e. the quantum state before and after the scatter- 
ing process is the same). In this case it is delocalized over many nuclei, proceeds 
coherently and is peaked in forward direction. The intensity of nuclear forward 
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Fig. 5. Time spectra of nuclear forward scattering by [57Fe(bpp)2][BF412 at different temperatures. 

scattering is determined by the recoilless factorfcM. In contrast, nuclear inelastic 
absorption normally involves the excitation of the lattice. Therefore it is localized 
on a particular nucleus and proceeds incoherently. This process leads mostly to 
absorption, not to re-scattering of 3,-quanta. The products of nuclear inelastic 
absorption (with dominating X-ray fluorescence resulting from the internal con- 
version) are emitted into 4n (incoherent scattering). This channel measures 
1 - - fLM-  

The continuous energy distribution of the synchrotron light and the superior 
spectral density of third-generation sources allows to excite the nuclei by radiation, 
with an energy several millielectronvolts apart of  the resonance. The difference is 
transferred to the phonon excitation of  the lattice, and an energy dependence of  this 
process gives the probability of nuclear recoil as a function of transfer energy. 
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ThUS it is possible, for example, to measure at the same time nuclear forward scat- 
tering (the part without recoil, "fLM") and the nuclear incoherent scattering (the 
part with recoil ,"  1 - fLM") i.e. to check the balance of the entire nuclear scattering 
process. 

As an example, the measurements of  nuclear inelastic absorption in a 57Fe foil 
and [57Fe(bpp)2][BF412 were performed in 18-300 K temperature range. The experi- 
mental set-up of  a nuclear inelastic absorption experiment is shown in fig. 6. In 
case of  the 57Fe foil (fig. 7) the increase of  the recoil probability with increasing tem- 
perature is nicely seen. The same holds of course for [57Fe(bpp)2][BF412 (fig. 8). 
But in addition this sample shows new features. The energy width of  the central 
peak shows a considerable broadening at room temperature [24]. At temperatures 
below the phase transformation, that is in the low spin state, a well localized peak 
of  recoil probability with the characteristic energy transfer of about 50 meV 
arises. 

7.3. HIGH-RESOLUTION X-RAY SCA'Iq'ERING EXPERIMENTS 

The Nuclear Resonance Beamline provides a very monochromatic beam of syn- 
chrotron radiation. Even after the high resolution monochromator  the degree of  
monochromatization (in case of 57Fe nuclear resonance) is A E / E  = 4.6 • 10 -7. 
Furthermore an application of a nuclear monochromator  allows to achieve a beam 
with monochromaticity of about A E / E  = 3 • 10 -11. It should be stressed that 
the intensity of this beam is essentially high. For example, the flux from a 57FeBO3 
nuclear monochromator  set to the (333) pure nuclear reflection was measured 
as 7• 104 photons/s  (at 100 mA). The longitudinal coherence length of  this beam 
is about  3 m. An application of  such a beam in interferometry may be quite 
attractive. 

The availability of such beams allows to establish nuclear radiation as a new 
standard of  wavelength in the hard X-ray region, giving a reliable reference for 
crystallography. Besides that, the stable energy of  nuclear levels and its narrow 

APD 
RS 

APD 

HRM 

PM 

U 
m N N I  mm NN 
NN mnn Ha m U 

Fig. 6. Set-up of resonant nuclear inelastic absorption experiment. U-  undulator; PM - double crystal 
water-cooled fixed-exit Si(l I l) monochromator; HRM - high resolution monochromator; RS - 

resonant sample; APD - avalanche photodiode detector. 
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Fig. 7. E n e r g y  s p e c t r a  o f  r e s o n a n t  n u c l e a r  ine las t i c  a b s o r p t i o n  in 20 Ima 57Fe fo i l  at  d i f f erent  

t e m p e r a t u r e s .  

widths provide a base to use nuclear levels for energy analysis, for example, of 
inelasticaly scattered X-rays. The corresponding studies are presently carried out 
at the Nuclear Resonance Beamline. 

8. Conclusion 

After the first few weeks of commissioning the Nuclear Resonance Beamline 
has already proved to be an excellent tool not only for hyperfine spectroscopy but 
also for a wide variety of connected applications. The outstanding properties of the 
X-ray beam will give new impetus to fields like high pressure, inelastic scattering, 
time resolved reactions, diffraction. Access to the facility is governed by means of 
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proposals�9 Twice a year, on 1 st March and 1 st September, proposals have to be sub- 
mitted and the available beamtime is allocated to the proposers by the recommen- 
dation of review committees #1. 
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