instruments” (DE-FG02-96ER45599)

This report covers the period from the beginning of the pro
March 14, 2000 (end of a no-cost extension that started September 1%°€l999) To the previous
report of March 1999 four sections have been added (7-10) at little change of sections 1 to 6.

1. Test bench for neutron monochromators and neutron optics.

For most of the work on the project the three-axis instrument TRIAX at the University of
Missouri Research Reactor (MURR) was used as a test bench. The option of a bent silicon
monochromator with remote control of the curvature was installed on it. This greatly simplified
the testing of bent monochromators. With the flat mosaic monochromator of the old arrangement
an additional thin bent crystal had to be placed at the analyzer position to ensure, in a three-
crystal arrangement, the phase space matching that gives narrow rocking curves. In the new two-
crystal arrangement the matching was achieved by simply adjusting the curvature of the silicon
monochromator. Equipment for testing bent crystal units was fabricated and installed. Neutron
topography techniques were found useful for quick checks of the alignment of segmented units.

In the second year of the project matching funds were committed by the University of
Missouri-Columbia (UMC) and by MURR to build a permanent test bench from an old three-
axis instrument. The upgraded instrument, re-installed at a different beamport, was to be also a
focusing three-axis spectrometer with unique features: fully open beam in-pile with a sapphire
filter for suppression of fast neutrons, rotation of monochromator drum de-coupled from that of
sample arm (to allow double crystal monochromators), variable distance to detector (see section
6). A new monochromator drum, new monochromator and analyzer stages, and a new detector
arm were fabricated by using the UMC match ($55,000) along with part of the equipment funds
from the grant. However, the MURR match ($27,500 committed) has not materialized due to a
shift in priorities of the new management. The re-installment was put on hold. The work on the
project has continued on the TRIAX instrument as well as on an instrument at the HFIR reactor
at the Oak Ridge National Laboratory (ORNL). We count on the re-installment occurring soon.
This will allow to proceed with the work planned within the renewal of the gfant, if awarded.

2 Monochromators for high resolution powder diffraction.

Monochromators made of elastically bent silicon have been developed for high resolution
powder diffraction (Fig. 1). The devices have a choice of wavelengths at given take-off angle,
asymmetric reflection with beam condensation, and double focusing with adjustable horizontal
curvature and fixed vertical curvature (by segmentation). By gradual improvements they were
brought to the practical limit of what elastically bent silicon can give in general-purpose high
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resolution diffraction. Such monochromators make a perfect match to position sensitive detection
(PSD) and are also suitable for neutron diffraction stress profiling. '

So far we have fabricated and delivered to laboratories in the US and abroad eight
devices, six after the project started. Each device was an improvement over previous ones. We
found a company capable of obliquely slicing silicon ingots of large diameter into plates with
smooth surfaces and well calibrated thickness. This solved a longstanding fabrication problem.
The production process was streamlined. With the last device we have reached the steady state.
High precision machining was found to be essential for good performance: a thousandth of an
inch may make the difference between a so-so device and a perfect one. The monochromators
are fabricated in the machine shop of the UMC Department of Physics, famous in the US
communities of neutron scattering and synchrotron radiation for exquisite high precision work.
All devices have confirmed expectations, with intensity gains at better resolution and lower
background than the monochromators they replaced.

Our bent silicon monochromators perform better than the best monochromators for high
resolution powder diffraction available previously, of the Brookhaven type, with vertically
focusing stacks of flat mosaic plates of squashed germanium. At a lower integral reflectivity of
bent perfect silicon than mosaic germanium (one third to one half), count rates are nevertheless
higher at equivalent resolution with small samples because of spatial focusing with fully open
beams. The cost of our monochromators is much lower than of those of the Brookhaven type,
which are fabricated at Ris6 in Denmark and Ziirich in Switzerland for over $100,000 apiece.

As the focusing method in high-resolution diffraction was gaining popularity, at the
request of more than a dozen laboratories from all over the world we made analyses with our
computer codes for instrument design and optimization [1]. These resulted in requests for
building entire instruments at research reactors in several countries (Brazil, Thailand, Morocco
and Taiwan). Computations showed that our monochromator is also useful in conventional
arrangements with multiple Soller collimators and detectors. It gives equivalent resolution and
higher count rates at no in-pile Soller and 99% transparency for the incoming beam, allowing to
place several instruments in sequence on the same beamline. -

~ A description of our monochromator for high-resolution diffraction was published in
Journal of Neutron Research [2]. A discussion on its use in combination with PSD was presented
at the Ihtemational Conference on Neutron Scattering, Toronto, 1997 [3].

An award from the NRC COBASE program during the second year of the project has
allowed us to renew a collaboration with A. Stoica from Romania, together with whom the
theory of focusing neutron instruments was originally elaborated. The work of Stoica on the
project (supported with part of the student money) included Monte-Carlo simulations for going
into details of line shapes. These confirmed that well designed focusing arrangements give
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powder diffraction line shapes close to Gaussians, facilitating data analysis by profile fitting. A
paper on the subject was published in Journal of Applied Crystallography [4] (off-print attached).
3. Multilamella monochromators

Strong spatial focusing with bent single monochromators requires small radii of
curvature, at which the breakage of thick silicon plates becomes a problem. To solve the
problem, the use of packets of thin wafers has been explored. Because of the Liouville theorem,
strong focusing can be combined with good resolution in only a restricted range of detector
angles (steep minimum of the profile function for diffraction). However, this is still of interest
for stress profiling machines. A strongly focusing device using the symmetric (400) reflection
from a packet of 14 commercial silicon wafers of 8” diameter, finely segmented vertically, was
fabricated and bench-tested (Fig. 2). The device was designed as a second monochromator
option for the stress machine at MURR. It gives an intensity gain by a factor of X7 over the first
unit at lower resolution. It was tested in real life conditions on the stress machine at the HFIR
reactor at ORNL with results confirming expectations [29]. We received requests for multi-wafer
units from US centers (ORNL and National Institute of Standards and Technology, NIST), and
from abroad (various centers including the new FRM-2 reactor in Miinich).

The neutron optics of two-axis and three-axis spectrometers with monochromators made
of multilamella packets has been worked out and included in the design codes. For neutron
reflectivity a crude model first, then a more sophisticated model, have been elaborated.

The problem with wafer packets is that their overall reflectivity curve generally is sparse,
comb-like. Theoretical analysis has shown ways to get around the problem. In strongly focusing
units which employ wide angular divergences anyway the problem was found to be not serious.
Multi-wafer units with asymmetric reflection were found to be promising as first crystals in
microfocus bent double crystal pairs. More important, there exist situations when individual
reflectivity curves of all wafers can be put together. A major case is the three-axis spectrometry
with PSD (section 6). Another situation has been identified recently for neutron imaging (section
7). A closer examination of the optics of double reflection by bent crystals showed possibilities
with non-identical crystals and asymmetric'reﬂection that were not noticed before. To realize
these possibilities packets of non-standard wafers sliced obliquely from big ingots are needed.
The problem of the low reflecting power of silicon can be solved by simply increasing the
number of wafers in the packet. We intend to build on these ideas in the proposed grant renewal.
4. Plastic bending 7

We found that the high-temperature plastic bending of silicon can be achieved at lower
temperatures than thought initially, allowing the use of stainless steel dies. The mechanism of the
low-temperature deformation was identified as the creep of dislocations already existing in the
surface layer. The reflectivity curve stays narrow as the number of dislocations is kept low, but
the process is capricious and difficult to control. The final curvature is also difficult to control
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because of the relaxation on cooling. Soldering packets of silicon wafers with thin foils of tin
was also tried and showed a similar problem with the curvature relaxation.

Our neutron reflectivity measurements on plastically bent silicon appear to have solved a
longstanding puzzle of why the reflectivity of squashed crystals is lower than expected from the
mosaic model. At the center, near the neutral surface, there always remains a region that stays
deformed elastically and diffracts like a perfect crystal. A model describing the observations has
been worked out and a paper is in preparation.

Although we learned some facts about plastic bending at high temperatures, we decided
not to pursue it further, especially as we were also learning about multi-wafer devices. Curvature
control is essential for bent monochromators even in fixed-curvature applications. Control is
easier to achieve by mechanical adjustment. Multilamella packets are also a more convenient
solution for increasing thickness without breakage. Plastic bending at room temperature still
makes sense, though, with copper crystals for microfocus double crystal applications.

5. Bent crystal three-axis spectrometry

Measurements of neutron quasielastic scattering by focusing three-axis spectrometry
were made using standard silicon wafers as monochromator and analyzer. Commercial wafers
were found to make superb bent monochromators, ideally suited to high resolutions and cold
sources. Neutron energies at the peak of cold spectra correspond to energy transfer resolutions
around 10 peV. This closes the gap between back-scattering spectrometers (typical resolutions
below 1 peV) and three-axis spectrometers (typical resolutions above 100 peV) and opens new
opportunities in high-resolution neutron scattering.

With a conventional arrangement using pyrolytic graphite (PG) at 5 meV neutron energy
the measured vanadium linewidth was 272 peV with 80’ Sollers. With a focusing arrangement at
15 meV energy that linewidth was 95 peV, at a peak intensity three times higher. At 5 meV
energy a vanadium linewidth of 16 peV was observed at 2 gain in the figure of merit by a factor

- of 128 over the PG arrangement. At 10 meV energy the resolution was 60 peV, an arrangement
that was extensively used for studies of the kinetics of cement hydration.

In these measurements a vacuum bent monochromator and a mechanically bent analyzer
were used (Fig. 3). A monochromator with remote control of mechanical bending by a stepper
motor and stronger vertical focusing by segmentation was also fabricated (Fig. 4). The first tests
revealed mechanical problems that were eventually fixed: an extremely high accuracy of relative
alignment of the segments was found to be needed for resolutions in the peV range.

Results were presented at the March 1997 Meeting of the American Physical Society
[18], at the International Conference on Neutron Scattering in Toronto, 1997 [5], at the
International Workshop on Cold Neutron Utilization, Korea, 1997 [6] and in Journal of Neutron
Research [7]. An invited note appeared in Neutron News [20]. Results of cement studies were
presented in Cement and Concrete Research [8] and at the Toronto Conference [9].
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Effects of second-order aberrations and of curvature non-uniformity (inherent to vacuum
bending) were studied theoretically and experimentally with the participation of Stoica who
worked out the theory. By controlling second-order aberrations we reduced the vanadium
linewidth at 5 meV neutron energy to 8 peV from the previous record of 16 pueV. A paper was
published in Journal of Applied Crystallography [10] (off-print attached).

In the fall of 1999 a demonstration of the focusing method was performed at NIST on the
BT-9 three-axis spectrometer. Results confirmed expectations: at an incident neutron energy of
14.7 meV a vanadium linewidth of about 100 peV was measured “at great statistics.”

6. Three-axis spectrometry with PSD

The use of PSD in three-axis instruments is not a new idea. There exist instruments based
on it: RITA (and the old instrtument MARX) at Riso in Denmark, and SPINS at NIST in the US.
We have discovered that bent perfect crystals together with PSD allow a novel kind of focusing.
Under certain conditions of compensation the contribution to resolution of the analyzer thickness
vanishes. One can thus increase indefinitely the thickness of a bent analyzer, hence increasing
the intensity, without affecting the resolution. We called this “thickness focusing.”

The effect allows a great increase in the rate of data collection in three-axis spectrometry
through simultaneous (PSD) scans instead of sequential scans (with rotating crystals). Were it
not for this effect, at equivalent resolutions sequential and simultaneous scans would be roughly
equivalent. For increasing the analyzer thickness, packets of thin wafers are the realistic solution
because of the breakage problem with bent perfect crystals. The gain in the data collection rate
with PSD equals at least the number of wafers in the packet. The thickness focusing was
demonstrated with the 14-wafer unit of Fig. 2. An intensity gain of %26 over a single wafer was
measured [12] (more than the number of wafers because of vertical focusing) at almost no loss
of resolution. .

To account for PSD arrangements only minor modifications were needed in our program
for three-axis spectrometer arrangements [1]. These included reflectivity modeling for
multilamella units and additional options. The basic neutron optics was already there, we only
had to look in the right place for the new effects. This implied having theoretical guidance.

Theoretical examination [12] showed that PSD scans can be done along any given
direction in the scattering (h®,Q) plane. The direction is controlled by the curvature of the
~ analyzer crystal. The achievable resolution, expressed in angular terms, is of about 0.05° (the
same as in focusing arrangements with commercial wafers) meaning energy transfer resolutions
in the 10 to 100 peV range, depending on the neutron energy. However, to achieve such
resolutions, PSD at 0.5 mm spatial resolution and 0.2 mm pixel size is needed. The detector
position must be adjustable, which is one of the unique features of the upgraded three-axis

spectrometer mentioned in section 1.
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Presentations of results were done at the Centennial Meeting of the American Physical
Society in Atlanta, March 1999 [23] and at the SPIE Meeting in Denver, July 1999 [11] (off-
print attached). A detailed paper was published in the Journal of Applied Crystallography [12]
(off-print attached). High-resolution three-axis spectrometry with PSD and bent perfect crystals
- is a very promising concept. We intend to develop it within the renewal of the present project.

7. Imaging with multi-wafer monochromators

Thickness focusing puts together the contributions to scattering from all wafers so that a
thick assembly looks like a single wafer. Intensity adds from all wafers, though. This can be
done for any scattering law. Very recently the concept was further extended to real space
imaging. A demonstration experiment was done at the HFIR reactor of ORNL [30]. With the 14-
wafer assembly of Fig. 2 (1 cm thick) under appropriate conditions of thickness focusing the
image of a slit was found to be blurred by less than the thickness of one wafer (Fig. 5). A paper
on neutron imaging is almost ready for submittal to Journal of Applied Crystallography [13].

On further examination we found that thickness focusing in imaging can be conveniently
combined with focusing in powder diffraction. We will capitalize on this in an application to the
MURR stress machine. The idea is to replace the beam defining slit before the sample with the
image of a slit placed before the monochromator. The use of imaging will not only increase the
flux at sample through thickness focusing but will also greatly reduce the background: the further
upstream useless neutrons are thrown away, the lower the background is.

Similar to the case of three-axis spectrometry with PSD, no essential modifications were
needed to include the case of neutron imaging in our computer code for two-axis instruments [1].
The new effects were there, we only needed theoretical guidance on where to look for them.

8. Monochromators for high flux applications
There are situations when resolution is of no concern and the only requirement is the

highest possible neutron flux at sample. Examples are prompt gamma activation analysis and
diffraction by liquid crystals. In such cases medium grade PG composite monochromators with
double spatial focusing are the best solution. In bent-two-crystal small angle neutron scattering, a
‘technique we developed at MURR, a preQmonochromator is needed. Such a pre-monochromator,
optimal for neutrons on the peak of the thermal spectrum, was designed and fabricated (Fig. 6). It
makes use of inexpensive PG of ZYD grade to cover a total area of 8x4”. It is a fixed-curvature
low-cost alternative to “zoom” PG monochromators. ‘
9. Monochromators for epithermal neutrons )
Multilamella monochromators of bent perfect silicon are also suitable for extracting high
intensity epithermal (eV range) neutron beams. The shallow Bragg angles give long neutron
paths in the crystal and broad wavelength bands. At epithermal energies the neutron attenuation
in silicon is much weaker than in PG, allowing thicker crystals. A big (10x5’) multilamella
monochromator with two-dimensional focusing in real space was fabricated from commercial
6



silicon wafers of 12” diameter assembled into a packet 1 cm thick (Fig. 7). The small vertical
~ radius is optimal for an instrument to measure hydrogen content in materials by the “notched
spectrum” method with 1.25 ¢V neutrons (a method advanced by the Department of Nuclear
Engineering at UMC). A paper will be presented at the 8-th International Conference on Nuclear
Engineering, Baltimore, April 2000 [14] (typescript attached).
10. Other
10.1 Bent monochromators for synchrotron radiation

Neutron and synchrotron radiation (SR) Bragg optics are quite similar, the principal
difference being in the characteristics of the sources. Two-bent-crystal analyzers for high
resolution inelastic SR scattering were examined theoretically and computationally showing that
the flux at sample can be greatly increased by bending just one of the crystals. A paper was
presented at the SPIE Meeting in Denver, July 1999 [15] (off-print attached).
10.2 Measuring d-spacing spreads |

At take-off angles close to 180° the picture of the Bragg reflection is dominated by the
spread of d-spacings in the crystal. The knowledge of those spreads is thus important for back-
reflection analyzers. In bent perfect crystals the d-spacing spread is due to elastic strains and can
be calculated exactly. However, for PG mosaic crystals the origin of the d-spacing spread is not
well understood and the spread has to be determined experimentally. A method of determination
was worked out, valid for both bent perfect crystals and flat or bent mosaic crystals. It relies on
highly accurate measurements of line broadening in diffraction at moderate Bragg angles.

Observed values for bent perfect crystals were found to agree with expectations but for
PG were in disagreement with literature data. A systematic study was undertaken on PG samples
of various grades provided by the Advanced Ceramics Company. Experimental results were
presented at the European Conference on Neutron Scattering, Budapest, September 1999 [16]
(off-print attached). The observed peak reflectivities conflicted with the present theory of mosaic
crystals, which does not account for the existence of d-spacing spreads. An improved theory
explaining the observations is close to completion [33].
10.3 Invited talks T

Invited talks were given in the US at the Los Alamos National Laboratory [23], Ohio
State University [24] and University of Michigan [25] and abroad at the Institut Laue-Langevin
in Grenoble and Laboratoire Léon Brillouin in Saclay, France [17], Technische Universitit
Miinchen, Germany [17], Korea Atomic Energy Research Institute, Tacjon [7], Institute for
Nuclear Energy Research in Taiwan [26,27] and Institute for Energy Physics in Kjeller, Norway
[28]. An invited talk was also given at a Satellite Workshop of the International Conference on
Neutron Scattering in Toronto [19].

Vo p *
ihai Popovici, Prizcipal Investigator
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Fig. 1: Focusing monochromator made of bent perfect silicon. Multiple choice of wavelengths:
all reflections of <110> zone available, with (331), (511), (311) and (533) most useful (photo M.
Seewoster).
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Fig. 2: Multilamella assembly of 14 bent commercial [100] wafers with fine vertical
segmentation ensuring strong spatial focusing simultaneously with focusing in scattering,
of interest for neutron diffraction stress profiling, Si (400) symmetric reflection (photo M.
Seewoster). ’
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: Fig.3: Bent monochromator (right, vacuum bending) and analyzer (left, mechanical bending) for
 focusing three-axis spectrometry, made of commercial [111] silicon wafers (M. Seewoster
j photo). ' -
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Fig. 4: Monochromator for hlgh-resolutlon (ueV range) focusing three-axis spectrometry
with remote control of horizontal curvature (mechanical bending) and vertical focusing
~ by segmentation, Si (111) reflection (M. Seewoster photo).
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Fig. 5. Demonstration experiment: neutron imaging with the multi-wafer monochromator of Fig.
2 (of 1 cm over-all thickness). '

Neutron mask with three slits 2 mm wide each was placed in a monochromatic neutron beam.
. The initial structure (a) is blurred before monochromator (b) by the beam angular divergence.
After reflection on monochromator a sharp image forms at a certain distance. Two different
configurations were tested: (c) - reflection Si (400) with unit magnification and (d) - reflection Si
(511) with 1.5 magnification. , '
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Fig. 6: Composite PG monochromator with double focusing for maximal flux at sample on the
peak of thermal neutron spectrum. Makes use of PG of medium ZYD grade (1.2° effective
mosaic spread). Low-cost fixed-curvature alternative to expensive "zoom" units.
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Fig. 7: Multilamella double focusing Si (400) monochromator for epithermal neutrons (10"x5"
" area, optimized for 1.25 eV neutrons). Made from commercial wafers of 12" diameter.
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