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Exact Bragg backscattering of x rays

Yu. V. Shvyd’ko, E. Gerdau, J. Ja¨schke, O. Leupold, M. Lucht, and H. D. Ru¨ter
II. Institut für Experimentalphysik, Universita¨t Hamburg, D-22761 Hamburg, Germany

~Received 27 October 1997!

Exact 180° Bragg scattering of pulsed synchrotron radiation was observed by using a semitransparent
detector and a time-of-flight technique. The angular dependences of Bragg scattering of monochromatic 14.413
keV x rays with only 0.5meV bandwidth were studied by utilizing the (1 34 28) reflection of an Al2O3

crystal at different temperatures. By heating the crystal first the exact backscattering shows up achieving
maximum intensity and 1.7 mrad angular width at 372.40 K. By increasing the temperature it develops into the
usual Bragg reflection with much narrower angular profile. The measured dependences are in agreement with
the theory. The fit is sensitive to a 531029 Å variation of interplanar distance.@S0163-1829~98!08609-3#
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Bragg scattering of x rays with angles close to 180° i
well established experimental technique. It is successf
applied for monochromatization of hard x rays to meV a
sub-meV bandwidths.1–8 Despite this fact the properties o
backscattering remain experimentally not fully studied.
far, to our knowledge, in no experiment were x rays o
served which were reflected from a crystal exactly oppo
to the direction of the incident beam.9 It is due to this fact
that up to now applications involving exact backscatteri
e.g., Fabry-Perot10,11 and other types of x-ray backscatterin
interferometers are not realized. Our purpose was to obs
exact Bragg backscattering of x rays, to study its angular
energy dependences, to observe its transition to the u
Bragg scattering and to test the validity of the dynami
theory of x-ray diffraction under these extreme condition

Observation of scattering at exactly 180° has an obvi
experimental difficulty. The x-ray source or the detector
blocking the reflected or the incident x rays, respectively.
overcome this problem we have applied a semitranspa
detector with a good time resolution and made use of
pulsed structure of synchrotron radiation. The time-of-flig
t52L/c to the crystal and back to the detector separated
a distanceL was used to distinguish between the incide
and reflected radiation pulses, see Fig. 1.

Our experiment (L59.9 m andt566 ns! was performed
at the wiggler beam line BW4 at HASYLAB~Hamburg!.
The DORIS-III positron storage ring was operated in t
five-bunch mode producing radiation pulses from the wigg
every 192 ns (; 200 ps duration!. A double-crystal Si~111!
monochromator provided radiation with 3 eV bandwidth
the energy of the nuclear resonance in57Fe ~14.413 keV!.
The 57Fe nuclei in an iron foil of 10mm thickness enriched
in 57Fe to 95% were excited resonantly by the incident bea
They emit 14.413 keV photons predominantly in the forwa
direction12,5 within a narrow energy band of less than 0
meV width and with an average delay of; 40 ns. Only these
delayed resonant quanta are counted to make use of th
diation with 0.5meV bandwidth. As a semitransparent dete
tor served an avalanche photodiode with a 100mm thick
sensitive Si wafer.13 Its time resolution was 1 ns. This tim
resolution was thus used twice in the experiment. Firstly
distinguish between the incident and reflected radiat
570163-1829/98/57~9!/4968~4!/$15.00
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pulses and secondly to count only resonant photons in the
meV band. The beam divergence was 20mrad in the vertical
(z,x) and 80mrad in the horizontal (z,y) plane.

Sapphire single crystals, instead of Si or Ge which
standard in x-ray crystal optics, were used as backscatte
mirrors. Several reasons motivated this choice. Bragg’s
2dhkl sinuB5hc/E for x-rays with energyE scattered from
crystal planes (hkl) with interplanar distancedhkl reduces in
the case of backscattering (uB5p/2) to EB5hc/2dhkl . Ev-
ery reflection (hkl) has its Bragg energyEB . However, be-
cause of the cubic symmetry of Si and Ge many reflecti
have the samedhkl and thus the same Bragg energy. The
fore the number of matching energies is low: once per.
500–250 eV in the range 10–25 keV. Furthermore, pure
act backscattering in crystals with such a high symmetry
not possible due to multiple beam Bragg diffraction,10 and
the reflectivity for hard x rays withE.25 keV decreases
rapidly because of the relatively low Debye temperatures

By contrast crystals with lower symmetry like hexagon
Al 2O3 with high Debye temperature and low photoabso
tion suit much better for backscattering. Sapphire sin
crystals allow exact backscattering at least once per. 15 eV
in the range 10–25 keV and even more often for harde
rays. By heating or cooling Al2O3 for not more than 100 K
from room temperature one can fulfill the backscatter
condition for any x-ray energy above 10 keV. E.g., for t

FIG. 1. Scheme of the backscattering experiment; M is
Si~111! monochromator~shown rotated by 90° aboutz axis!; D is
the semitransparent x-ray detector; F is the 10mm 57Fe foil; V is
the 8 m vacuum tube; S is the Al2O3 single crystal in the oven;du
is the angle between the wave vectork of the incident radiation and
the scattering vectorH.
4968 © 1998 The American Physical Society
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14.413 keV 57Fe energy the (1 34 28) back reflection in
sapphire can be predicted at 380 K with angular accepta
of 1.3 mrad, energy bandwidth of 6.2 meV, and 88% refl
tivity ~the crystal data of Refs. 14,15 were used!.

In our experiments sapphire crystals in form of a disk
mm in diameter and 1 mm thick cut perpendicular to thec
axis were employed.16 The crystal was installed in an ove
on a four-circle diffractometer at the end of the vacuum tu
see Fig. 1. At first the crystalc axis was oriented parallel to
the incident beam by detecting the exact back reflec
~0 0 0 30! of x rays with an energyE514.315 keV. Then the
(1 3 4 28) planes were set perpendicular to the incid
beam by detecting the exact back reflection (1 34 28) of
the incident 14.413 keV x rays with the broad 3 eV ban
The angular position of the crystal at which it reflects thes
rays back into the detector with maximum intensity w
taken as the reference pointdu50 for the exact backscatter
ing, see Fig. 2. As a next step the temperature of the cry
was scanned to find the temperature region at which
14.413 keV resonant quanta in the 0.5meV band are re-
flected.

Figure 3 shows such temperature scans recorded at d
ent angular deviationsdu of x rays from normal incidence to
the (1 34 28) planes. The temperature in the oven was c
trolled with a relative accuracy of 1 mK. Atdu50.2 mrad
the maximum of reflectivity is achieved atTR5372.40
60.01 K. The width of the reflection curve is 100 mK co
responding to 10.0 meV energy width. This is more than
expected 6.2 meV. With increasingdu the temperature
where maximum reflectivity is reached increases prop
tional to du2. This square dependence which is observ
only for backscattering has a remarkable conseque
namely an extraordinarily large angular acceptance as d
onstrated below.

Figure 4 shows the angular dependences of Bragg sca
ing of 14.413 keV resonant radiation measured at differ
temperaturesT of the same Al2O3 crystal. Below the refer-
ence temperature atDT5T2TR,0 the Bragg scattering
scarcely takes place. ApproachingTR the Bragg scattering
builds up with the maximum atdu50 and reaches the max
mum angular width~full width at half maximum! of 1.7
mrad atDT50. With increase of the temperature aboveTR
the maximum reflectivity deviates fromdu50, the rocking
curve narrows and gradually develops into the conventio

FIG. 2. Angular dependence of the exact Bragg scattering of
14.413 keV x rays with 3 eV bandwidth from an Al2O3 crystal
measured at different angular deviationsdu from normal incidence
to the (1 3 4 28) reflecting planes. The detector was not mov
Therefore the width of the rocking curve is given by the angu
acceptance of the detector.
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Bragg reflection. Nevertheless the width of the Bragg refl
tion atdu52.78 mrad still has the large value of 0.24 mra

The reflectivity of 14.413 keV nuclear resonant radiati
was measured to be 64%, close to the theoretical value f
perfect crystal, at the exact 180° Bragg scattering condit

The angular dependences were fitted by using the dyna
cal theory of x-ray diffraction. The principles underlying th
theory ~see, e.g., Refs. 17,18! are valid for backscattering
too.1,19,20 The solution for the angular and energy depe
dences of Bragg scattering is expressed through the sca
ing amplitudesx0 , andxh , crystal thicknessl , asymmetry
parameterb and the parametera5(H212Hk)/k2 which is a
function of the energyE and the angle of incidence
u5p/22du of the x rays. The total reflectivity in a nonab
sorbing (x0,h9 50) and semi-infinite crystal occurs within th
interval (a1 ,a2) where

a6562uxhu/Aubu2x0~1/b21!. ~1!

We have found that the following presentation fora:

a5 4
EB

E S EB

E
2sin u D ~2!

can be used which is valid for any value of the ang
0<u<p. However, the theoretical approaches of Refs.
and 18 use the approximationa52(uB2u)sin 2uB which
fails in the backscattering region. As it was shown in Ref.
another approximation is applicable for backscatter
(uduu!1):

a52@du22 2~E2EB!/EB#. ~3!

Figure 5 is a kind of DuMond diagram modified for bac
scattering ~note the du2 dependence!, i.e., the spectral-
angular region of total reflection which is depicted accord
to Eqs.~1!, ~3! for the particular caseb521. The diagram
helps to see that our experimental results~Figs. 3,4! qualita-
tively agree with the main theoretical predictions of Re

e

.
r

FIG. 3. The temperature dependences of Bragg scatterin
resonant 14.413 keV photons with 0.5meV bandwidth from an
Al2O3 crystal measured at different deivationsdu from normal in-
cidence to the (1 34 28) reflecting planes. Solid lines are fits wit
Lorentzians. The width of the curve atdu50.2 mrad is 100 mK
~equivalent to 10.0 meV x-ray bandwidth!.
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4970 57BRIEF REPORTS
1,19,20. It also shows that the largest angular acceptanc
A2uxhu and simultaneously the highest relative energy re
lution uxhu are achievable in the exact backscattering geo
etry. The fits of Fig. 4 were performed by using the results
Refs. 17 and 18 but with the nonapproximated parametea
of Eq. ~2!.

We have made certain assumptions to take into acco
the observed broadening of the temperature profiles and
gular curves compared with the theoretical widths for
ideal crystal. It is supposed that the broadening is cause
a variation of the interplanar distancedhkl with crystal depth.
As the real distribution is not known, it is simply assum
that at some depth the atomic planes are shifted by ha
the radiation wavelength relative to the ideal undisturbed
sition. Accordingly the coherent response of the rest of
crystal does not contribute significantly to the scattering. T
crystal thus has a smaller effective thickness. We have as
tained that the angular and energy dependences calcu
for the crystal with a thicknessl 570 mm may describe
satisfactorily our experimental results as it is shown by so

FIG. 4. The angular dependences of Bragg scattering of mo
chromatic 14.413 keV x rays with 0.5meV bandwidth measured a
different temperaturesT of an Al2O3 crystal utilizing the
(1 3 4 28) reflection.du is the angular deviation from normal in
cidence of the x rays to the (1 34 28) reflecting planes.DT5T
2TR whereTR5372.40 K. Solid lines are the fits using the dynam
cal theory of Bragg scattering.
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lines in Fig. 4. By taking crystal defects more precisely in
account one could certainly describe better the wings of
angular distributions. It is remarkable that the fit turned o
to be sensitive to as small as a 531029 Å variation of the
average interplanar distance. The temperature depend
obtained from this fit isdhkl5dR(116.94431026 DT/K)
wheredR50.430 108 Å. By using this dependence one o
tains for the variation of the energy of backscattered x r
with crystal temperature a value ofdE/dT 5 0.100 eV/K.
The following data were used in the calculations:E
514.4132 keV, x05(278.3951 i0.289)31027, xh5
(24.0361 i0.129)31027.

In summary, exact 180° Bragg scattering of synchrotr
radiation was observed by using a semitransparent dete
and the time-of-flight technique. The angular dependen
of Bragg scattering of resonant 14.413 keV~0.5 meV
bandwidth! photons were studied at different temperatu
of Al2O3 crystals. It was observed that by heating t
crystal first the exact backscattering shows up with
extremely broad angular width. By increasing the tempe
ture it develops into the usual Bragg reflection with mu
narrower angular profile. The results are in a good agreem
with the dynamical theory of Bragg scattering. The
is sensitive to a 531029 Å variation of the interplanar
distance.

We have found by extended simulations that for x rays
any energy in the range 10–70 keV noncubic and hard sin
crystals like sapphire allow backscattering with significa
reflectivity at a temperature in the range of 200–450 K. T
may open a broader field of applications of Bragg ba
scattering in x ray optics with enhanced luminosity and h
energy resolution. Backscattering mirrors for x ray interfe
ometers and resonators would be possible. Especially at
tive is the fact that the longitudinal coherence length
nuclear resonant photons is in the order of meters. Also
any Mössbauer transition in the mentioned energy range
only one reflection can be found to be used for a meV
sub-meV energy-resolution backscattering monochroma
This will allow observation of new nuclear excitations an
promote further the Mo¨ssbauer spectroscopy in tim
domain21,5 as well as the phonon spectroscopy by means
inelastic nuclear scattering.22–24 Backscattering experiment
with sapphire crystals of better quality are in progress.

o-

FIG. 5. Spectral-angular region of total reflection of the Bra
backscattering. Note that the abscissa scales withdu2.
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