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Abstract

A new monochromator svstem has been constructed which provides an energy
resolution of 0.005 €V and an angular divergence of 0.4 arc seconds at an energy
of 14.413keV. In conjunction with a highly perfect crystal of isotopically en-
riched °"Fe,0j;. a beam of nuclear resonant photons was extracted from the
svnchrotron continuum with signal to noise ratio of 100:1, and an intensity of

>2 quanta/sec.
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1. Introduction

The work of Mdssbauer [1] showed that radiation having a very narrow energy

width was produced by the recoil-free decay of nuclear excited states in

n

solids. The nuclear excited states are produced as one product of a radioactive
decay, and so only those nuclear species which are the product of a suitable
decay scheme can be studied. The ready availability of highly intense x-ray
beams from svnchrotron sources in recent years has raised the possibility of
directly exciting the resonance by nuclear photoabsorption [2]. The probabil-
itv of absorption (and subsequent re-emission) is mnegligible except for photon
energies very close to the resonance energy, and in the case of STFe . this is at
14.413keV. in 2 bandwidth of about 10%V. The problem of detecting the small
number of photons within this bandwidth when using synchrotron radiation to

excite such resonarnces is thus essentially one of signal to noise ratic.
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reflections [3]. Even so, the signal to noise ratio achieved was only around unity.
The number of systems for which two perfect isotopically enriched crystals are
available is severelv limited. and details of the resulting photon beam, whilst
intrinsically interesting, are greatly complicated by the double nuclear scatter-
ing. We were thus prompted to try to develop an approach which might allow
observation of the nuclear scattering in cases other than the magnetic systems
used to date, in particular for situations where the electronic scattering is less

perfectly suppressed, and to extend the capabilities to nuclei other than iron.

2. High Resolution Monochromators.

2.1 Resolution

The choice of a basic design for a high-resolution x-ray monochromator
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extremely narrow wavelength bands from a synchrotron source has been the
subject of several investigations with the aim of observing inelastic x-ray
scattering from phonons and other sub-e\" excitations [4.5.6]. Those studies
were able to choose freelv the diffraction order utilized. since their choice of pho-
ton energyv was arbitrary. The experiment by Graeff and Materlik [4] demonstrat-
ed that resolutions of millivolt order could in fact be observed. Their apparatus
gave a resolution of 0.008 e\" at an energy of 15.8 ke\” using the silicon (8,8.8)
reflection. The studv of inelastic x-ray scattering. however. requires the collec-
tion of large solid angles of radiation due to the diffuse and extremely weak na-
ture of the scattering cross-sections. Consequently. a practical apparatus re-
quires the use of focussing optics. as ip the work of Dorner. Burkel and Peisl
[5]. and that of Siddons et al. [6]. The type of focussing optics used in those ex-
periments would not be beneficial to the present experiment. since they would

provide a divergent excitation beam. As pointed out above. only rays incident
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double-crystal arrangement. In its classic configuration [7] it is somewhat unwiel-
dy, since the monochromatic beam is deviated from the primary beam by four
times the Bragg angle. A system in which the output beam is fixed in space (or
at least in direction) is significantly easier to instrument. As pointed out by
Beaumont and Hart [8], the availability of highly perfect crystals of silicon in
large pieces makes possible the design of many-reflection systems with little cost
in efficiency. A realization of the dispersive double-crystal apparatus using a
pair of 2-reflection monoliths provides a fixed exit tunable beam of well-
controlled divergence. Its resolution is essentially independant of the source
characteristics. The highest order refiection available for diffraction at 14.413keV
by silicon is the (11.5.3). For practical reasons we chose not to use this. but
the (10.6.4). Not only is it easier to fabricate the two-reflection monoliths for
this reflection. but reflections of even order have a better peak reflectivity.

The bandwidth provided by this combination was .005e\. with an angular diver-
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the (10,6,4) reflection at 14.413 keV, such changes in d-spacing occur for
temperature differentials of roughly 0.2°K. With a power load of 8 Watts
incident on oné wafer of a 2-reflection monolith, it is quite difficult to main-
tain the temperature differential across the device to this level. Even though
such changes can be compensated by suitable crystal design, time variations in
the power load would render control unwieldy. It is also vital that the abso-
lute energy of the transmitted beam remain constant (i.e. on resonance). and
that is far more difficult to achieve if the temperature of the crystal elements
is poorly defined. In view of the above, a third monolithic double reflector was in-
serted upstream of the high-resolution elements whose sole purpose was to inter-
cept the bulk of the thermal load and prevent it from disturbing the thermal
equilibrium of the succeeding stages. It does not need to provide resolution. but
it should be efficient. A silicon (1.1.1) monolith was used. Its tolerance of thermal

loads is much greater than that of the (10.6.4) device. and on the scale of mil-
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trol over the three optical elements led to a design based on sine bars. Each
axis of the high resolution pair consisted of a precision spindle rigidly mounted
to the chamber which enclosed them, coupled to a lever of length 0.56 meters.
The free end of this lever was driven by a non-rotating micrometer head, which
was in turn driven by a stepper motor. The combination was such that one mo-
tor step produced a rotation of the spindle of 0.2 arc seconds. The upstream
monolith was mounted on a similar arrangement. but with a shorter lever arm
(0.3 meters). It was surrounded by a lead cave in order to control scatter from
the white beam incident on it. A moveable lead beamstop was arranged
between the crvstals of the high resolution pair. and moveable slits were si-
tuated just upstream and downstream of them (see figure 1). Thus any spuri-
ously scattered photons were forced to undergc several scattering events be-
fore exiting the monochromator. The background level was thus rendered very

low.

2.4 Alignment
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given by the extents of the small parallelogram enclosed by the two (10,6.4)
traces. This small area can be made to move anywhere in the figure by
suitable rotations of the two crystals (horizontal translation of the traces in
the figure). If ome of the (10,6,4) crystals is rotated. the rectangle
traverses the (1,1,1) reflectivity range. If the synchrotron beam intensity is uni-
form (in angle) over this range. then such a scan should map out the silicon
(1,1,1) Darwin-Prins curve. Figure 4 shows the result of just such a measure-
ment. The theoretical width of the reflectivity curve is 3.5 arc seconds,
whereas the width of the curve in figure 4 is around 7 arc seconds. Howev-
er. simple geometric arguments based on figure 3 can show that rotation
of omne ecrystal by an angle w causes the center of the parallelogram to

move in angle by w/2. as observed.

]
oy
-
on
7
by
2.
]
=
n
o
s
193}
+

The most direct algorithm for adjusting the monochromart:

the two {10.6.4)s are set 1o give the correct wavelength, This setting (1o first

e R +} - - - T T Tt Y + e i 4 crean

neyr o agngie With o anv o1 mTonel NED [ BRI G I - SR b I rer-
3 o . 5 - 3 ~ - - s 3 -~ v -
eTe 17 I W V SR B N i [8L5 A o) [ RS S

1 { s 1 Lo nl & M ~ — - 3 RS S S — Alens Yxve v -
to the (10.64Vs. The final ster is 1o rotate the whols monoonromatoer relalive 10

P - P

+ e o PR URR aT < - .+ ~ - 4 L Nt - -

the svnchirotror P27 S tnat 1he maximmun G VEert imrensiity prol

e perreres o The marslieloorar T e tara Py - AoremIT et T P

1 S . ) Lie Daraleiolng 1Tos hara Neres i Q [ a Il

s £t oy . SR S £ e e It e . N A

tages of using monolit! gouble-rehieciors I 1hLis sVeiel A osimiar svsien

R

[r\;“ 1 < orat s ™ TV L T £ rot AT W £ rg ket T ht

2 oI e I R R T - $i 8



3. Wavelength calibration

Since the resolution of this monochromator is very high, it becomes impor-
tant to devise a method of calibration of the wavelength scale to a level similar
to its resolution. Unfortunately, very few physical effects in the x-ray regime
are sufficiently sharp or well-determined to justify their use as a calibration
point. The Mossbauer line itself is such a feature, and would make an admir-

able wavelength standard: significantly better than the current x-ray

wavelength standard (as was pointed out by Bearden [9]). However, examina-
tion of the literature reveals a range of values quoted for the energy of this
line. Bearden [9] reported measurements made using calcite and quartz cry-
stals in a double-crystal spectrometer. The two values obtained differed by 0.2
eV, a factor of forty times the resolution of our monochromator! Gerdau et al [3]
quote & value which is 0.5 eV different from the mean of Bearden's values.

lthough it derives from the same measurements. The difierence must be dus
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thus breaking the circular relationship described above. It would appear sensible
to use this fact in calibration. The output of our monochromator was passed to a
two-circle diffractometer upon which was normally mounted our nuclear
resonant sample. This diffractometer (a Huber 424) was said to have an abso-
lute accuracy of less than 30 arc seconds. It was fitted with gear reducers and
stepping motors which gave it a step size of 0.9 arc seconds. Our experience
indicated that its reproducibility is much better than its accuracy, around #+1
arc second. The principle purpose of a wavelength determination using this in-
strument would therefore be as an internal calibration. For the purposes of
this calibration, the sample was replaced by a 0.5 m.m. thick silicon plate.
This plate was cut in such a way that the (16643 planes were parallel to its
major face. and the (1.1.1) planes were perpendicular to that face (see figure 5).
The Bragg angle for the (10.6.4) reflection at 14.413 keV is 77.5 degrees. For
the (1.1.1) reflection it is 7.9 degrees. Thus the crystal orientation for the

(10.6.4 reflection i Brage case is onlv 4.6 degrees from the orientation for the
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Mbssbauer resonance was 77.53350°, which corresponds to a wavelength of
0.860262A. Various systematic errors were unaccounted for in these initial meas-
urements. and so this value does mnot constitute an absolute determina-
tion of the wavelength of the Mossbauer line. Future measurements will take
proper account of these errors and an improved value for the wavelength will
result. Since the present level of knowledge of the line energy is around 0.2 eV,
a search was still necessary initially to locate the exact resonance energy. Once
it had been found. however, the above calibration scheme enabled us to return

to the correct energy within a very short time.
4. Measurements
As described above. the absolute value of the resonance wavelength is rather

pooriv  defined compared to the monochromator passband. It is therefore

gv for the pure nuclear Bragg refiection which
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Bragg-angle scale. This is different from the zero in the wavelength calibration
experiment since the crystal did not have a well-determined orientation rela-
tionship with the goniometer mount. The search for this peak .005¢\" and 3 arc
seconds wide in a parameter space 1eV and 20 arc seconds wide took a consider-
able time. Once found, the resonant sample was removed and the wavelength
determined as described above. Subsequent searches from this calibration point

usually took around thirty minutes.

Figure 8 shows two rocking curves of the Fe ,O 5 crystal at the resonance ener-
gv. The upper curve is a normal Bragg peak (the allowed (6.6.6) reflection).
whereas the lower is from the pure nuclear (7.7.7) reflection. The notable
feature is the reflection widths, in that thev are essentially the same. This im-
plies that the width is characteristic of the strains in the ecrystal sample. By
contrast. if we scan the same two reflections in wavelength, as in figure 9

(i.e. at fixed crvstal angle while changing wavelengih! we see the dramatic
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data of figure 8 removes that possibility. Multiple diffraction is more difficult to
discount, but several facts suggest strongly that our observation is not due to
this phenomenon. First, any diffraction phenomenon in our crystal will be
smeared to some extent by its grown-in strains, and this would be reflected in
similar ways in both angular and energy scans. Comparison of figures 8 and 9
show the marked difference between angle and energy dependance of the
pure nuclear reflection. Secondly, the occurrance of an accidental multiple
diffraction point at exactly the same energy (to within a few parts in 10°) as
the nuclear resonance is highly unlikely, and the added coincidence of a

similar peak observed at the pure nuclear (5,5,5) reflection is not reason-

able.

There are other features of the data which are interesting from the point of
view of resonant nuclear diffraction, but the reader is referred to reference 14

for & discussion of them.
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from a single pure nuclear reflection with a signal to noise ratio of 100:1. It is also
intriguing to consider the application of this monochromator system, coupled
with a similar dispersive double-cryvstal analvzer to inelastic x-ray scattering.
Such a system would be ideal for probing inelastic scattering in the region of very
small momentum transfer as well as the study of inelastic features which are

sharp in momentum (i.e. having widths similar to Bragg reflection widths).
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Figure captions.

1. Disposition of monochromator components and nuclear resonant sample

crystal, showing beam trajectory.

2. (a) Photograph of silicon monoliths used in the monochromator. (b) Pho-

tograph of perfect single crystal of >"Fe 50 3.

3. Modified DuMond diagram showing angular ranges of reflection of the cryv-
stals and divergence of the synchrotron radiation beam as a function of

wavelength.

4. Rocking curve produced by rotating one of the (10.6.4) crvstals with all the

other elements stationary. This is essentially the (1.1.1} Darwin-Prins curve with

s
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-

7. Intensity profiles for the three reflections used for wavelength determina-

tion. The data points are joined by straight lines to guide the eye.

8. Rocking curves of the normal (6,6,6) Bragg peak (i.e. due to electronic scatter-
ing) and of the (7,7,7) pure Nuclear Bragg reflection, on resonance. The two
curves have essentially the same shape which is dominated by the sample crystal

perfection.

9. Energv scans at constant Bragg angle for the (6.6.6) and (7.7.7)
reflections. The energy width of the (6.6.6) reflects the crystal perfection.
and is consistant with Bragg's law. whereas the energyv width of the (7.7.7) is

just the passband of the monochromator, and verifies the pure nuclear nature of

the reflection.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.



