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Study of nuclear resonant Bragg scattering from

synthetic 2. 2% and 95% % Fe hematite single

crystals
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Abstract

As well known, there are two popularly used theories for dealing with the x-ray
scattering of crystals, the dynamical theory and the kinematical theory. The main
frames of these two theories were developed in 1920's and 1930's. Generally, they
are applicable to two extreme scattering processes, scattered by an ideal perfect
crystal and by an ideal imperfect crystal, respectively. As the actual crystals are
neither ideal perfect nor ideal imperfect, the theoretical estimation has to be
modified when analyzing the diffraction from real crystals. Since 1970's, some
theoretical tendencies have been done to bridge the kinematical and dynamical
theory. Trials of developing more general x-ray diffraction theory have been
extensively done, but not so successful yet until now. The experiment to verify
these developing theories has met serious problems in preparing proper samples, as
it seemed almost impossible to introduce defects in a crystal without inducing
influence to the perfection of the crystal lattice.

Activities in the study of nuclear-resonant Bragg scattering(NBS) of synchrotron
radiation(SR) have strongly increased since the theoretical prediction by Ruby in
1974 and the first experimental success in 1980. Similar to the concept of the x-ray
dynamical diffraction theory, the multiple scattering process is introduced in the
dynamical theory of NBS. If resonant nuclei in a crystal are highly concentrated,
the NBS process has a close analogy to the dynamical procedure in ordinary atomic
scattering of x-ray in a perfect single crystal. As NBS comes from the resonant
nuclei, the behavior of NBS depends on the concentration and distribution of
isotopes in a crystal. In an extreme case, the multiple scattering probability should
be negligible when the resonant nuclei are so rare. It seems possible to adjust the
NBS behavior from a dynamical scattering to a kinematical scattering by altering the
isotopical abundance in the case of a perfect arranged lattice. It is thought to be
basically different with the conventional method to adjust a diffraction process from
a dynamical process to a kinematical process, e.g., by making crystal slices thinner
or choosing a weak diffraction.

In order to verify the this idea, study of NBS from perfect single crystal with
various isotopic abundance are essentially important. In this research, 2 kinds of
hematite nearly perfect single crystals with resonant nuclei abundance of 95% and
2.2%-Fe were studied. During the experiment, both pure NBS and NBS
accompanied by electronic scattering were concerned.

Crystal perfectness was characterized by x-ray topography and rocking curve
measurement by using the laboratory x-ray generator. Nearly perfect sample



regions were selected from the measurement. The effective sample areas are about
Immx4mm(for 95%-5"Fe sample) and 1mmx10mm (for natural abundant sample).

Wavelength dependent integrated intensities of hematite single crystals were
studied by using the electronic scattering with the incident photon energy of 0.86A,
0.71A and 0.36A. It was found that the samples were nearly perfect. All of the
electronic scattering from 2 samples could be explained in the frame of the
dynamical diffraction theory.

Behaviors of nuclear-resonant Bragg scattering (NBS) from a natural abundant
(2.2%-5"Fe) and an isotopically enriched (95%-5"Fe) a-Fe;O3 single crystals have
been studied by adopting a time-resolved method using synchrotron radiation at the
beam line AR-NE3, National Laboratory for High Energy Physics (KEK). The
beam conditioner in the experiment included a water cooling double-crystal pre-
monochromator with Si 1,1,1 symmetric reflections in the (+,-) setting upstream in
the beam line, a narrow bandpass high resolution monochromator composed of two
channel-cut silicon blocks with asymmetric 4,2,2 reflections and symmetric 12,2,2
reflections arranged in the (+,+) setting. Monochromatic x-ray after this high
resolution monochromator has an energy bandwidth of about 6meV. It is a
significant factor in measurement to obtain the nuclear resonant delay signal when
the nuclear resonant scattering was accompanied by a strong electron scattering.
The high resolution monochromator effectively suppressed the electronic prompt to
an extent that the prompt had no significant influence to the delayed signal.

The time spectrum of a 7,7,7 pure NBS diffraction of an isotopically enriched
sample were measured when the angles of an incident beam were set at the exact
Bragg angle and the positions deviating from the Bragg condition. All of the time
decay profiles were found to be speeded up compared to the decay of isolated nuclei,
furthermore the decay were slowed down when the deviation from the Bragg
condition became larger.

The time spectrum of a 7,7,7 pure NBS diffraction of a natural abundant
hematite sample was first time measured when the incident angle was set at the exact
Bragg angle. A time decay profile with the life time of about 100 nsec was obtained
experimentally. Compared with the time spectrum from the isotopically enriched
sample, a drastic change of the time decay has been found when the isotopic
abundance became rare.

It is thus proved that the collective radiation phenomenon of nuclei from a
crystal can be studied not only by changing the Bragg condition but also by adjusting
the isotopical abundance.

The angular dependent integrated intensity from h,h,h reflections both of odd
orders which are pure nuclear-resonant scattering, and of even orders which are



accompanied by predominant electronic scattering were measured in the experiment.
On the contrary to the reflections from the isotopically enriched specimen in which
all of the nuclear resonant scattering behaved as dynamical scattering, the 7,7,7
diffraction of the natural abundant single crystal was proved as a kinematical
scattering. In order to explain the integrated intensity of the even order reflections
(h;6,8) of this 'sample,' accompanied electronic scattering has to been taken into
account. ' ‘

It has been found that the isotopic abundance is a controllable parameter to
regulate the pure NBS phenomenon in a perfect single crystal from a dynamical
scattering to a kinematical scattering. During this regulation, the collective
radiation could be changed drastically. An unique experimental method to justify
the statistical dynamical theory of diffraction has been first time proposed. |
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BRBEOBLHXOABTR (1) 2EEOBEOD ' FeXANRNY T -KEEDa-~
RAAPMEEZ2XBINRT ST 020900 h-7T LY BEENTEME2TFoE22 8
BLT (2) 2BEOBRED ' Fe AANYT7—HBE2dbDa-~T XA MEKEEFOEIF
BOBHOWELITo LI THD,

HRBEEOMARREREERTFOFTCHEAKOBIBRTFEAOBIVELLRVWEEOES
HOBRBNEER ERLDCEELSAFMEEENCRRE2E5A2EERMR 2 FH
Nod, "84 M EHER(a-Fe ,0:) 2MANRIUEBALEES. EATAREOBRTR
AR WEE, BEFHELOBEAILRAZZEOEVWERL VWA S, SDICZIOEBEZOR
BRERTHIF e CANAROBMAEBEATIL Fel  FeDbZHERIRVDT
EERNICEa-Fe, O:BEBOREHEIRENTVWEI LW, —HFEFRICLZHEHLR
HELzEZ22e. AFBREZRBEE " Fe0RBREOBERICREZTHAED, 2O 2FA
TEHELEREBTHICHAB I HENCEELUEESCEBERLEDIDICRZIDE2HANRS
BARFRICARS, BREERHRBEE " FeDBEECLIVZERED 20— EHEELIK
YTBeEL, TOMEZREBOZZIL2HNE LTHE2ITo2, EBIE2. 2%DX
REEDa-Fe ,O:BERL ISRV v FINEbDEHWE,

BEEERERNIC (1) XEMNRITS 740209 X0 T h-TOFREICLIIBEROF
fi (2) 2HEHABUIYVBHEERFALAI»OBVELELI 4., 4Ke VEABXE 2 a-
ANTAAL PERRBCBHAT DI ILICEI>TELNDIAANY 7 —EHRXBKROBE OBHE
(3) 95%° " Fek 2., 2% " Fe2&bBa-~vX A MEBERIIHLBEFHELEEL
BABBALEEOA T 22666 BLU888KHONN— LY MRHE - RHEES LV
RMORHEBREONE (4) BABHAREOAZI DT T TRHOA- LY FRHEER - K
HESLIUCROEAREOWNE (5) ThooEFREOKRELMLOBRE (6) ARAE
CEFREOKMEMCOBEOREZRIToE, TOHE., BIRBEEIZ666. 777X
P8BS RHDIARTEBHHUTHI LN TELLTRDOEILEEZRVWHLE, (1)
TT7TTREBEICEUTIEILG% ' FeDREEBIIEL, 2. 2% "Fe DRHEERRI
BEFHICEBNIE (2) 95% " Fed 77T TRHABEORFAEEHLEFRAEID
BRI ULTWKELBERELRYVERFORRICELARB3 2L (3) " Fex 2. 2%a8
Aa-~"NTRAA NEREFZD666RMHBEIRISUELTTTRHBED2X 10 2THB
(4)°"Fe% 2. 2%BLa-~"IYXALA b EHEOTTTRHABERXILSRELTTT
KABEDE6X 10 TtHd (5)° "Fek2. 2%&La-~TXAA hEHKEFEDS83
KEBERZIOIELTTTRHBEDSX 10 Thd, ULOMBHEEBEERRD &
DR EENE, (1) 2. 2% " FeDBEEDa-~T A NEFERZDISOHILBEH
HREORHMARI MILE2HATHDOTHALE, (2) 95% " Fehd 2., 2%°"F
eNEMDIZ L, ROULEHAERZEAD L EORBARI MV EBEOELZIBIRKD
BRIPOHBETE, EBOWENOBRTH 2, (3) 2BEOHETOEZRI»DIIHE
ES50%MBTOERBEICODVWVTORBLEDSDF I ZLBELY. (4) 95 %A%
MBEARKCOY., 2. 2%RREHENRELRRICOZLEITSOLIAFERERY,
(5) BELO%HATORFEKLODVWTORBLOPBZZLEHELY, LEXF->T (6)
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