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1. Introduction and Summary
For the first three decades following World War II, the U.S., which pioneered the fieid of
neutron scattering research, enjoyed uncontested leadership in the field. By the mid-1970's, other
countries, most notably through the West European consortium at Institut Laue-Langevin (ILL)
in Grenoble, France, had begun funding neutron scattering on a scale unmatched in this country.
By the early 1980's, observers charged with defining U.S. scientific priorities began to stress the
need for upgrading and expansion of U.S. research reactor facilities. The Brinlanan Report1
(1980) to DOE noted that the U.S. was falling behind in advanced research reactors and instrumentation of the existing facilities. Much the same conclusion was reached by the Rush
Committee2 (1984), which was commissioned by the National Research Council, and reiterated by
the extensive National Academy of Sciences' Study of Physics Through the 1990's one year later.
In carrying out their charge of setting priorities for major materials facilities, the Seitz-Eastman
Committee3 (1984) endorsed the above findings. Two of their highest priority recommendations
for funding of major DOE facilities were as follows:
1. To begin immediate planning for the design and construction of the world's best research
reactor, the Advanced Neutron Source (ANS), which would provide the major U.S.
capability in this field in the 21st century.
2. To effect a major upgrade at the High Flux Beam Reactor (HFBR) at Brookhaven
National Laboratory, a world-class source with aging 25-year-old research instrumentation.
The challenge of implementing the first recommendation was taken up by the ANS Project at
Oak Ridge National Laboratory (ORNL). The conceptual design of the ANS facility is now well
under way, and line-item funding for more advanced design is being sought for FY 1992. This
should lead to a construction request in FY 1994 and start-up in FY 1999, assuming an optimal
funding profile. A highly rated, peer-reviewed proposal for the HFBR Upgrade, which would
more than double the effectiveness of that facility, awaits DOE funding.
As the Seitz-Eastman Report recognized, these two projects are closely linked. While it may
be too early to finalize designs for instruments whose construction is nearly a decade removed, it
is imperative that we begin to develop the necessary concepts to ensure state-of-the-art instrumentation for the ANS. In fact, due to the low level of activity in this area over the past decade,
the needed infrastructure of scientists, engineers, and designers in the U.S. with the requisite
experience in reactor-based research instrumentation is subcritical. The HFBR upgrade will provide a much needed opportunity to stimulate these activities. In addition, it should prove possible

to design instruments for the HFBR that could be transferred wholly or partly to the ANS in the
future. Also, while the ANS represents the future of neutron scattering in the U.S., designed
expressly to put us back at the forefront, its very importance carries with it a scale, complexity,
and cost that are daunting. It is clear that a vigorous and growing neutron scattering community
is necessary to provide the momentum necessary to see it to completion. The HFBR Upgrade
would immediately bolster the U.S. neutron scattering effort on a meaningful scale.
It is in this context thct this Instrumentation Workshop vas planned. Such a workshop for
ANS had been recommended by its Steering Committee and seemed a logical step for the HFBR
Upgrade, where the plan calls for flexible substitution for a fraction of the instruments proposed,
as new ideas present themselves. The joint sponsorship seemed natural in view of the linkages
noted above. Thus, the subject was reactor instrumentation, and as such, was more specifically
focused than the Shelter Island Workshop of 1984, which considered both pulsed and steady-state
sources and instrumentation. Attendance at the workshop was by invitation, and the participants
included about forty individuals who have been most active in this field in recent years. It was
not accidental, in view of the preceding discussion, that a substantial fraction of the participants
(25%) came from foreign laboratories, and their input to the workshop was crucial to its successful outcome.
The workshop touched upon many ideas thjl must be considered for the ANS. The main
implications are
1.
2.
3.
4.
5.
6.

a hot source is definitely needed;
straight, rather than curved, cold guides should be used;
routine polarization analysis must be provided;
adequate laboratory space roust be provided;
R&D is particularly needed for monochromator and multidetector development; and
instruments must be designed for safe operation.

As anticipated, several of the discussions and findings were relevant to the planning of the
HFBR Upgrade. The main implications bearing upon this proposal are as follows:
1. The pressing need for a dedicated general purpose workstation for the testing of novel
concepts in neutron instrumentation. This should be situated on a cold neutron beamline,
since years of experience in Western European guide hall instrumentation must be
assimilated.
2. The need to consider the relative advantages of a hybrid crystal-chopper design relative to
the multi-chopper design currently proposed for the time-of-flight spectrometer.
3. Consideration of a Tanzboden" design and building polarized neutron capability into all
triple axis spectrometers by using nonmagnetic components and making provision for guide
fields.

4. The incorporation of a relaxed collimation option for the High Resolution Powder
Diffractometer.
5. Consideration of Czochralski grown Si monochromators with large Ad/d for use in the
backscattering spectrometer.
In addition, this report recognizes numerous opportunities for further breakthroughs on
neutron instrumentation in areas such as improved detection schemes (including better tailored
scintillation materials and image plates, and increased speed in both detection and data handling),
in-beam monitors, transmission white beam polarizers, multilayers and supermirrors, and more.
Finally, we wish to express our thanks to all the participants and particularly to the Session
Chairmen (Ray Child, Gian Felcher, Ralph Moon, Larry Passell, Dieter Schneider, Benno
Schoenborn, and Steve Shapiro) for their efforts in making this workshop successful. Special
thanks are due to Claude Zeyen, who gave us substantial written input while recovering from a
major accident. It is hoped that this report will provide some guidance to the increased activities
that must be nurtured in U.S. neutron instrumentation in the near future.

REFERENCES
1. W. Brinkman, Report of the Review Panel on Neutron Scattering, Ames Laboratory, IS4761/UC-25, 1980.
2. J. J. Rush, Current Status of Neutron Scattering Research and Facilities in the United States,
National Research Council Panel on Neutron Scattering, National Academy Press,
Washington, DC, 1984.
3. F. Seitz and D. Eastman, Major Facilities for Materials Research and Related Disciplines,
National Research Council Major Materials Facilities Committee, National Academy Press,
Washington, DC, 1984.
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2. Three-Axis Spectrometer (TAS)/Backscattering
Stephen M. Shapiro, Chairman (BNL)
Bert Alefeld (IFF/KFA, Germany)
Satoru Funahashi (JAERI, Japan)
Anton Heidemann (ILL, France)
Jeffrey W. Lynn (University of Maryland)
Robert M. Nicklow (ORNL)
Jerel L. Zarestky (ORNL)

The three-axis spectrometer (TAS) is about 30 years old and has been the instrument of
choice in measuring collective excitation in single crystals where the experimenter is interested in
studying in detail a specific region in Q and co-space. Its advantages are (1) it concentrates its
spectral resolution on a specific region of Q and u; (2) its resolution, as well as energy and
wavevector range can be easily varied; and (3) the data, as measured, are directly proportional to
S(Q,o).
The TAS is brilliant in its conception and has survived nearly intact since its invention by
Brockhouse over 30 years ago. The major improvements have been developments in monochromators (principally the use of pyrolytic graphite (PG) and beam focusing), PG filters, use of
air pads, and more sophisticated computer control. In the early days of ILL, new variations of the
triple-axis instrument were considered, and some abandoned, largely because of intensity limitations. An example would be that of controlling the resolution of the TAS by varying its spatial
geometry during a scan. With the increased flux of the ANS, some of these abandoned ideas
should be reconsidered since they may now be feasible.
The TAS is also inefficient in that only one point in (Q,o>) is measured at a time. There have
been attempts to use multi-arm instruments or position-sensitive detectors with large analyzers
(the MARX spectrometer of J. Kjems), but these have been abandoned because of their clumsiness and loss of "constant-Q" capabilities, respectively. It is worthwhile to take a second look at
their applicability. There have also been developments of new types of "constant-Q" instruments
for use at pulsed sources. These permit measurements along lines in reciprocal space and are
useful for mapping dispersion relations. According to the Shelter Island Report, 1 these same
instruments, termed High Symmetry Spectrometers, could be adapted to steady-state sources.
These ideas should be reconsidered.
In the currently proposed ANS experimental layout, there are only two 3-axis instruments on
thermal beams. This is not adequate and one or two more should be considered. At least one 3-
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axis instrument on the hot source should be available and about 3 or 4 should be adequate on the
cold source. It may also be worthwhile considering one instrument with less vertical divergence.
This would be needed for measuring excitations at small reduced wavevectors where vertical
resolution distorts the spectrum.
Below, we discuss various pieces of the TAS. All components of the instrument should be
built to be compatible with the use of polarized neutrons. Nonmagnetic components and built-in
guide Gelds should be considered. In addition, maximum flexibility in changing collimation,
monochromators, etc. should be maintained.

MONOCHROMATORS AND FILTERS
Monochromators fnonpolarizing)
The consensus of the 3-axis group is that a monochromator development program should
deGnitely be part of the ANS program. The materials to be used for monochromators are probably the same as currently used; e.g., graphite (PG), Cu, Si, Ge, and Be. However, a need exists
for having a range of mosaic spreads available, especially for PG and Be. At present, the best PG
mosaic is still only 0.4°, and while BE crystals with specific orientations are becoming available,
more work is needed to learn how to distort these to give specific mosaic spreads. In addition,
crystals with d-spacing gradients appear to be desirable for providing flexibility in tailoring resolution and intensity gains for certain types of experiments.
For lnonochromators and analyzers, we want both vertical and horizontal focusing capabilities
under computer control. In addition, a selection of crystal materials should be available on a
turret, which is rotated under computer control.

Monochromators (polarizing')
Techniques for polarizing neutrons can be divided into two basic groups, corresponding to
relatively low energy neutrons and high energies.
For cold neutrons, there are a number of successful techniques that have been developed.
There are a few crystals that are available, such as Heusler alloy (Cu2MnAI). For a reasonablysized beam, this gives an acceptable flipping ratio, but it is also very efficient at reflecting X/2
neutrons, and therefore proper filtering of the beam becomes very important. A procedure that
will likely be more fruitful is to employ multilayers and/or supermirrors to produce the polarization. These devices could be used in tandem with conventional unpolarized neutron monochromators, or could be used with a Drabkin flipper to monochromate and polarize. Presently,

the supermirror devices do not have as high an angular acceptance as desirable, but this is a
technical problem that should prove solvable if sufficient resources are made available.
Polarization techniques for higher energy neutrons are more restrictive. Co 92Fe og crystals can
be grown and pieced together to make a large monochromator, although magnetizing such an
array to provide a good polarization is not trivial. An isotcpic mixture of 57Fe-Si has also been
used successfully, but getting large crystals is difficult, and the crystals are probably prohibitively
expensive in large quantities. Another idea is to match the nuclear and magnetic scattering amplitudes in a material such as 160Gd. The temperature could be adjusted for different reflections to
obtain a highly polarized beam. This again would be very expensive, but there may be other
materials where the matching could be done. Heretofore, polarizing monochromators have been
restricted to materials where b and p coincidentally match at room temperature, but there is no
reason to restrict future development to ambient conditions.
There were two other potential techniques that could impact polarized neutron scattering and
hence should be explored. One is using nuclear polarization to preferentially absorb one spin
state and produce a polarized beam. Dynamically pumping 3 He gas at room temperature is one
possibility that should be pursued. Another possibility might be to dynamically pump the neutrons
directly, with a rotating rf field.

Filters (contamination-removing devices)
One of the most serious problems in 3-axis experiments is the identification and removal of
spurious signals coming from diffraction of k/n (n = 2,3 ...), in both the monochromator and
analyzer. In addition to the usual PG or Be filters, which are excellent for certain neutron
energies, a need exists for filters usable at other energies. Several ideas were proposed:
1. Use PG in a diffraction configuration to "diffract out" A./2. This may remove only -5080% of the contamination, but that may be good enough for some experiments. This
would add two more axes, making a 5-axis spectrometer.
2. An in-pile mechanical velocity selector would be very desirable if methods and materials
for high-speed rotation could be developed. This may only be useful on cold guides.
3. The possibility of using a Drabkin velocity selector for a filter should be studied. This will
work for polarized beams if the A./2 component is also polarized.
4. The J=0 to J = l transition in a liquid hydrogen filter will scatter neutrons above -15 meV.
Such a filter could be useful for transmitting neutron energies below 15 meV while
removing higher energy neutrons.
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5. The possibility of making artificial filters, analgous to PG, from materials like Si or Al
should be studied. For example, a cylinder of squashed Si having a particular hkl
orientation along the cylinder axis could be sliced and reassembled after rotating each slice
about the axis—making a PG-style filter. Some preliminary calculations have shown that
transmission "windows" exist for certain A, while the corresponding X/2 are diffracted by
"powder" rings.

COLLIMATORS
Seller slit collimators will certainly be needed on the triple-axis instruments. To be compatible with polarized beam capability, they should be made from nonmagnetic materials. One possibility t. to use the "stretched blade" or Rutherford design. For the in-pile and monochromator-tosample collimators, there may be a problem with radiation levels if Cd or Gd is used as an absorber. Therefore, boron, or perhaps 6Li, should be used. One may also want to employ conical
or converging collimators in some cases to improve the shielding/background. It may also pro'e
worthwhile to coat the tops and bottoms with mirrors/supermirrors to increase the intensity
somewhat.
Another possibility, which would be particularly useful for thermal and cold neutron instruments, is to make the blades of the collimators to serve as mirrors or supermirrors. Under ideal
conditions, where the angular divergence matches the critical angle, one could realize factor of
two improvement in transmission efficiency with no loss in angular resolution, for a total
(idealized) intensity improvement in the instrument of sixteen fold. Each blade would then be
two supermirrors, with an absorbing layer in the middle.
It would seem that if supermirrors were employed, then one would certainly not want to have
them generally accessible to the experimenter since they could be easily damaged. One might
then want to have a set of prepackaged collimators of various divergences. An alternative would
be to have an accordion-style mechanism whereby the coUimator divergence could be adjusted in
situ. This would give the experimenter an added flexibility in optimizing the instrumental
resolution/intensity, and quickly changing resolution and trying different experimental
configurations.

INSTRUMENT SHIELDING
With the increased flux of the ANS, adequate shielding of the instrument needs to be considered in order to keep the background and radiation levels to the lowest possible. The problem
is more severe for the instruments located on the thermal and hot sources. More systematic
studies of the shielding problem should be undertaken than are presently pursued in designs of
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instruments. Also, use of new materials and proper mixtures of neutron absorbing and neutron
moderating material should be tested at existing reactors, if possible.
Most of the time a sample smaller than the neutron beam is used and the large beam emerging from the reactor is unnecessary. Collimators are inside the monochromator shielding and
their size is constant It would be useful to be able to vary the size of the beam independent of
the size of the collimator. This is important in limiting background levels and keeping radiation
levels tolerable.
Having the detector on an independent support with adequate shielding is preferable over the
concept of having the detectc inside the analyzer shielding. For the latter case, the diameter of
the shielding becomes 'arge and the accessible scattering angles may be limited.

TANZBODEN
A Tanzboden," or "dance floor" spectrometer allows for the spectrometer modules to move
on air pads. These modules are commercially available and are used on nearly all modern spectrometers. Requirements for flatness of the floor can often be met by epoxy, or plastic-covered
steels. Marble, such as used at ILL, does not always seem necessary.
Concern is raised about the speed of this instrument, especially in doing elastic scans. With
the added flux of ANS, counting times may be very short, and the spectrometer should move as
rapidly as possible. To position the spectrometer takes time since it has to be raised, moved, and
lowered. One resolution of this problem could be that for the short times, the. spectrometer is
always elevated.
With increased intensities, the 3-axis instruments will operate more often in high resolution
modes. More accurate settings of spectrometers will be needed than are currently being used.

AUTOMATION OF TRIPLE-AXIS SPECTROMETERS
Historically, automation of triple-axis instruments has been accomplished using available
computers and electronics and adapting them to the problem. With the advent of a neutron
source as powerful as the ANS, electronics designed more specifically for our purposes must be
found or created because of the many-fold increase in the burden on the computer system. The
higher flux and, therefore higher background radiation, will require computer control of many of
the functions previously operated manually (i.e., aperture adjustment, monochromator, sample,
and analyzer goniometer adjustments, etc.). Also, the inclusion in the design of a flexible triple
axis of features such as changeable and variable focusing monoehromators and analyzers, polarization analysis, Drabltin spin flipping devices, and backscattering monochromators and analyzers,
will impose further demands on computer hardware and software requirements.
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Hardware
With the large amount of equipment under computer control on an ANS triple-axis spectrometer, some innovations in hardware must be implemented. An electronics group with experience in computer control and/or robotics should be assembled to provide solutions, possibly along
the lines of the thinking which went into creating the CAMAC crate hardware. The problem
here is how to con«rol all of the triple-axis functions from a remote computer system without
having an unmanageable number of cables between the computer and the instrument. Possible
solutions would include stepping motor drivers, encoder multiplexors, A-D converters, etc. at the
spectrometer with only power and detector signal cables, and one computer communication cable
having to be routed to the instrument. Control of equipment using an RF signal is common in
industry and may be useful in this situation also.

Software
As user instruments, these complex triple-axis spectrometers will require a large software
effort in order to Tiake operations user friendly. This will include integrating existing programs
and writing additional programs which will aid in the optimization of monochromator selection,
collimations, apertures, filters, focal lengths, axis separations, etc., for the desired Q, o, and
resolution desired. Also included must be easily accessed data analysis programs of conventional
as well as more novel nature, such as the maximum entropy technique.
Obviously, the above hardware and software requirements dictate the use of a computer or
computers of significant power and flexibility. Standardization of computer systems, including
operating system and programming language, among the many triple-axis spectrometers would be
essential.

BACKSCATTERING SPECTROMETERS
In the backscattering (BS) technique, single crystals are used to monochromatise the incident
neutron beam and to analyze the scattered beam as on triple-axis spectrometers but with the
requirement to use a Bragg angle 6 close to 90°. In this way, a very high energy resolution is
achieved [see eq. (1)].

AE/E = 4[(AT/T) + cotanB A6]

(1)
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AT/T is the width of the Darwin curve and determined by primary extinction. For perfect crystals
AT/T is of the order of 10"5.
As a consequence of the high eneigy resolutions, BS spectrometers have a low incident flux
on the sample, typically -104 neutrons/cm sec. at the ILL. Therefore, large solid angle, spherically curved analyzers are used, yielding instruments with rather crude Q resolution. Thus, these
instruments are normally used for the study of scattering laws that do not depend strongly on Q,
like incoherent scattering from single particle motions.
BS spectrometers can be conceived for cold and thermal neutrons. Typical values for the Q-a>
ranges are:
0.1 ueV < W < 30 ueV 1
>
0.5 nm 1 < Q < 20 nm 1 J
< *o> < 300 ueV
1

5 nm < Q < 55 nm

1

\
>
J

for cold (0.6 nm) neutrons

for thermal neutrons

BS spectrometers for cold neutrons have been proven to be very useful in condensed matter
research because they enable us to access an energy range which is not accessible by other S(Q,OJ)
measuring spectrometers like TOF or TAS instruments. However, similar, and even much
smaller, o values can be measured by Neutron Spin Echo (NSE), which works in the time domain.
Therefore, BS and NSE are complementary and both techniques should be applied at a high-flux
reactor.
BS with thermal neutrons allows one to access high momentum transfers with high energy
resolution. In contrast to cold neutrons, thermal neutrons create a lot of Bragg peaks or Debye
Scherrer circles. In order to be able to measure incoherent scattering between densely packed
Debye Scherrer circles from a polycrystalline sample, rather good Q resolution is necessary.
Therefore, for thermal BS spectrometers there is a problem of optimization between Q resolution
and count rate. On a reactor such as the ANS with a 10 times higher flux than that of the ILL,
the layout for a thermal BS spectrometer could be rather similar to that of the option which is
available at the Brookhaven reactor, namely BS inserts on a triple-axis spectrometer. The layout
is shown in Fig. 2.1.
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__„ Monochromator
Deflector -_

Deflector..
Analyzer
Detector.

Fig. 2.1. Backscattering additions to a 3-axis spectrometer.

Here, both TAS monochromators and analyzers are replaced by a double crystal arrangement,
namely a BS monochromator with a Bragg angle 90-e and a deflector (e * divergence, 8, of
beam). The BS monochromator is a nearly perfect crystal, the deflector a mosaic crystal (x\ - 6).
The energy scan is performed by "scanning11 the lattice parameter of the BS monochromator:

2EiPAT

(Temperature scan)

AE =

(2)
2Ej (Av/Vj)

(Doppler scan)

As can be seen from Eq. (2), two scan modes could be used:
1. Temperature Scan: p is the thermal expansion coefficient of the BS monochromator.
Typical values are
p = 2.5 • 10"5/°C
AT = 600 K
which yields
AE = 0.03 Ej
2. Doppler Scan. Av is the Doppler velocity. Typical values are Av <. 3 m/sec for thermal
neutrons (v; - 2000 m/sec) which yields AE = 0.003 E ; .

13
Therefore, the scan range for the Doppler mode is 10 times smaller than the temperature
scan mode under the condition that crystals with a large value of (J are used.
The instrument shown in Fig. 2.1 enables us to measure with very good energy resolution
(AE Ra - 10 ueV for 16 meV incident) and TAS-typical Q resolution. The limiting factors are
(1) intensity and (2) energy transfer (AE < 300 ueV). The option is useful for investigations of
quasielastic critical scatterings up to high momentum transfer and for the separation of thermal
diffuse scattering from elastic Bragg scattering. Using curved crystals (horizontally and vertically)
intensity can be pained at the expense of loss of Q resolution. Incoherent scattering (molecular
crystals, hydrogen in metals) could then be measured.
Cold neutron BS spectrometers today have an energy resolution of at best 0.3 jieV FWHM.
In principle, it is possible to use monochroroator materials like GaAs with very low primary
extinction, leading to values of AT/T close to 10"6 and resulting in energy resolution of the order
of 0.03 ueV = 30 neV. However, great care has to be taken to match AT/T with the geometry
term ctn8 A 9. This can be achieved in principle by the use of spherically curved crystals for both
the monochromator and analyzer, as shown in Fig. 2.2, and small values d/R where R is the radius
of curvature and d the source or sample size."

Detector

Fig. 2.2. Backscattering spectrometer with curved monochromator and analyzer.

In order to overcome severe intensity problems with a 30 neV spectrometer phase space
transformations with moving crystals or with converging guides can be used, both yielding in
principle intensity gain factors between 5 and 10.
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Si-Ge mixed crystals can be used to shift the energy window of a BS spectrometer for cold
neutrons continuously from 0 to 160 jieV.
As a general remark, we would like to state that the Q-resolution of a BS spectrometer with a
large solid angle analyzer can be improved significantly by the use of a cylindrically curved twodimensional multidetector which looks through the sample at the spherically curved analyzer. A
detector with 64 (horizontal) x 16 (vertical) detection elements with spatial resolution of 1 x 1 cm2
would be sufficient (see Fig. 23). BS spectrometers with polarized neutrons or polarization
analysis are not available until now, probably for two reasons: (1) intensity problem and (2)
difficulty to make a polarization analyzer with a large solid angle, typically 150° x 30°.
The use of a polarizing filter (polarized He 3 or protons) could help solve the second problem.
One obvious application would be the separation of spin flip and non-spin flip scattering, which is
successfully done with poor energy resolution on the instrument D7 at ILL.

Conical
/ Collimator

Analyzer-Sample

Area
Detector

Fig. 2.3. Backscattering spectrometer using a cylindrical multidetector.
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INTRODUCTION
It was initially agreed that since almost all of the time-of-flight spectroscopy currently done at
steady-state reactors involves energy transfers less than about 50 meV, our review should be
restricted to instrumentation for this energy transfer range.
Four basic questions were addressed:
1. Of the well-established time-of flight methods, which ones would continue to be used at
higher flux reactors?
2. What currently little-used t?me-of-flight techniques might, with further development, be of
value at higher flux reactors?
3. What new and as yet untested time-of-flight concepts appear to be promising enough to
justify a substantial research and development effort?
4. In what ways could time-of-flight spectroscopy beneCt from the development of new
components and from improvement of existing components?
Our views and recommendations follow.

CONVENTIONAL TIME-OF-FLIGHT SPECTROSCOPY
Multi-Rotor Spectrometers
The multi-rotor, time-of-flight spectrometer is widely employed for condensed matter investigations requiring good intensities, a moderate Q-range, and energy resolutions in the 10-500
microelectron volt regime. Instruments of this type with magnetically-suspended rotors, such as
the IN-5 spectrometer at the ILL reactor, require relatively little maintenance, are easy to use,
extremely versatile and nearly trouble free. Their triangular energy resolution function is also an
advantage in quasi-elastic scattering applications. Agreement was general that as far as time-offlight spectroscopy is concerned, the multi-rotor spectrometer using disk choppers has always been
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in great demand at steady state reactors and is unlikely to be displaced in the near future by any
new instrument now under development.
For the next generation of high flux reactors we believe it is reasonable to think beyond the
multi-rotor spectrometers now in use (or under construction) to a multi-rotor assembly equipped
with as many as 10 or 12 magnetically-suspended, phased disks. Such a device, if located on a
cold source neutron guide, would be capable of operating with wavelengths spanning the range
from about 0.2 to perhaps 1.5 to 2.0 run. Two, four-disk units at either end would monochromate
and time-shape the beam; the remaining disks would remove frame overlap and order contamination. Depending on the wavelength selected (and assuming lOMO4 n/s on the sample), it
should be possible with such an instrument to explore a Q-range as large as 40 or 50 nm'1 with an
energy resolution varying from about 2 to 500 microelectron volts. Higher scattered intensity
could easily be obtained (at the expense of energy resolution) by operating the rotors at less than
maximum angular velocity.
The four-disk monochromating and pulse shaping units we propose would each consist of two
disks rotating clockwise and two counterclockwise, all at the same angular frequency (see Fig.
3.1). With a Gxed phase relationship between co-rotating disks, the counter-rotating aspect of this
arrangement effectively doubles the maximum chopping speed and has the added feature that
several "slot packages" can be placed in each disk. [This concept- is employed in instruments
existing (or under construction) at the Saclay,1 Berlin,2 and NIST reactors.] Additionally, small
changes in the phase difference between disk pairs rotating in the same direction allow the experimenter to select any effective slot width for the pair equal to or less than slot widths in the
individual disks. Alternatively, some other arrangement of slots can be selected by grossly
modifying the phase relationship between disks: an example is Copley's closely-spaced, doubleslot arrangement3 which virtually doubles the intensity on the sample for a given instrumental
resolution.
Disks, drives, and housings for the spectrometer we have in mind would require a major research investment Substantial increases in intensity are possible if peripheral disk velocities can
be pushed beyond the current limit of about 600 m/s. This means primarily that better lightweight, high-strength materials will be needed. With regard to disk design, we note that it is
generally accepted that through-cut slots in disks are a more neutron-efficient way to define the
time structure of the beam than simply letting the neutrons pass through sections of the disks not
covered by absorbing coatings. In fact through-cut windows are the only real choice if the disk is
made of a materials with a significant neutron-absorption cross section. Experience also shows
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that when through-cut slots are used larger disks are better than smaller ones for a given peripheral velocity because the stress concentrations at the inner radii of the slots are lower. We also
note that pairs of co-rotating disks, as suggested here, are helpful in keeping disk-stress problems
within manageable limits because the effective slot widths can be varied continuously from fullyopen to fully-closed by simply varying the phase between disks. There is thus no need to resort to
very narrow slots which produce extremely high stress concentrations. We recognize that large
disks are heavier and have more kinetic energy and thus require larger and more expensive drive
motors and magnetic bearings. Nonetheless, we feel that the price is well worth paying.

Fig. 3.1. Schematic illustration of the proposed arrangement of two, four-disk chopper units to both
monochromate and pulse a beam of neutrons in a guide. Looking along the beam direction, the first pair
of disks would act, in effect, like a single disk with variable slot width, width changes being accomplished
by varying the phasing between the two disks. (For simplicity only one slot per disk is shown). The other
three pairs of disks would operate in the same way. Altogether, the system reduces to two sets of
adjustable-slit-width, counter-rotating choppers.
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Ideally, the disks in each of the four-disk units should be very close together. This poses a
design problem. One possible solution is the so-called butterfly arrangement where, for example,
the common axis of one pair of co-rotating disks might be above the other below the beam.
Another is to operate pairs of rotors on co-axial shafts.
Time-focusing, when applicable, can substantially increase the on-sample beam intensities of
time-of-Qight spectrometers without seriously degrading their energy resolution. In a four-rotor
instrument like IN-5, time-focusing can be introduced by replacing the single slots in the first and
last disks with a series of slots separated in angle by amounts 8f and 0, such that Sf/B, = D/O,,
where Df and D, are the distances from the two disks to the detectors. This condition applies to
elastic scattering. Changing the ratio D/D, shifts the time-focusing from zero to f;.ike energy
transfers. This is probably most easily done by moving the samp1*" ~ad detectors as a unit along
the line of the incident beam.
Only a few of the consequences ot introducing time-focusing into an instrument of this type
were explored during our discussions. It may be, for example, that time-focussing, at least in the
form proposed for the IN-5 spectrometer, is not compatible with an instrument employing
counter-rotating disks. And even if it is, additional disks and/or a velocity selector before the first
chopper might be needed to eliminate "cross-talk" problems. These and other related questions
clearly require further investigation.
Practical limitations on the sizes of slots in rapidly rotating disks make it unlikely that neutron
beams much larger than 10 cm high could be accommodated in a spectrometer of this type. To
maximize neutron intensity at the sample position, conventional or supermirror guides should be
installed wherever possible. Also, the idea of a converging supermirror section to focus the beam
on the sample needs to be given serious consideration. We recognize that some compromise in
the design of such a device would be necessary since the optimum taper angle depends on the
wavelength employed. Another possibility is a converging guide with an adjustable taper angle.
If the neutrons leaving the first rotor assembly are permitted to spread out over the width of
the downstream guide (particularly if the guide is wider than the slots in the disks) the neutron
economy of the spectrometer will be adversely affected. A high-transmission, multi-channel,
reflecting guide with very-thin, highly-parallel plates, installed between the first rotor assembly and
the sample, would alleviate this problem.3 Development of such a guide is suggested. Also it
cannot be overemphasized that the performance of this type of spectrometer, or, for that matter,
any of the existing or planned multi-rotor installations, would benefit in innumerable ways from
any improvements that can be made in supermirror coatings.
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Hybrid Spectrometers
Hybrid time-of-flight spectrometers combine crystal monochromators with rotating elements.
The IN-6 spectrometer at the ILL reactor is a prime example of a successful hybrid design. It
uses a series of crystals to define the incident neutron energy, a Fermi chopper to introduce time
structure snio the beam, and a multi-detector time-of-flight array to analyze the energies of the
scattered neutrons. The opposite arrangement, i.e., a time-of-flight, monochromator and pulse
shaper and a crystal analyzer can also be employed. However, crystal monochromators with timeof-flight analyzers are preferred because they lend themselves naturally to time-focused
operation—an extremely helpful technique in cases where high intensities are viewed as more
important than the best possible energy resolution. The arrangement is also well-matched to
pulsed sources where the source radiation is very much reduced between pulses.
Employing crystals as monochromators in hybrid spectrometers has, among other attractive
features, the advantage that the sample is located well off the line of the incident, broad-spectrum
neutron beam from the reactor. The monochromator itself can be either a doubly curved composite crystal or a series of vertical focussing crystals located one after the other in the incident
beam. In either case the objective is *o Bragg reflect a reasonably large slice out of the incident
spectrum and spatially focus it at the sample position. Because the energies of Bragg reflected
neutrons are correlated with the angles at which they are reflected, a Fermi-type choppercollimator rotating in the proper direction in the reflected beam will select first the lowest energy
neutrons and then, sequentially, neutrons of higher and higher energy thereby time-focussing the
beam and introducing into it the pulsed time-structure needed for time-of-flight analysis of the
scattered neutron energies. The combination of space and time focussing produces a spectrometer with a very high flux at the sample position but one with a Gaussian rather than triangular
energy resolution function. It is generally regarded as the instrument of choice for thermal
neutron time-of-flight spectroscopy because the sample need not be located in the primary beam.
Time focusing for the elastic scattering condition (where the resolution AE/E in a spectrometer of this type would typically be about 2%) will broaden the energy resolution at finite
energy transfers by factors of perhaps as much as three or four at the largest accessible energy
transfers. This is not an insoluble problem, however, because varying the chopper speed shifts the
time-focused position to finite energy transfers.
It is important to note that diaphragms can be introduced between the monochromating
crystals and the chopper in these instruments to control the incident energy spread. They do this
by restricting the angular acceptance of the chopper-collimator. Also it should be mentioned that
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the resolution of the time-of-Qight analyzer section can be matched to that of the monochromating section by an appropriate choice of the distance between sample and detectors.
The alternative hybrid arrangement, as earlier noted, is one in which an array of crystals and
detectors covering a large solid angle is used to select a fixed final energy and some type of
chopper before the sample both defines the incident energies and introduces time structure into
the beam. Instruments of this kind, which arc classified as fixed-final-energy, time-of-flight spectrometers, have the attractive feature that a broad range of incident neutron energies becomes
accessible. The analyzing sections are usually based on pyrolytic graphite crystals (because of
their high reflectivity) operated in a near-backscattering mode (E ( < 2 meV) to achieve high
energy resolution. But any value of Ef between about 1.9 and 14 meV can be selected, depending
on what compromise between energy resolution and accessible Q-range is viewed as best meeting
the needs of the experimental program. Matching the incident energy resolution to that of the
analyzer section is simply a matter of choosing an appropriate distance between the chopper and
the sample. The major drawback of employing time-of-Qight to define the incident neutron
energies is that the sample must then be positioned in the incident beam from the reactor.
Spectrometers of this type are therefore best located on neutron guides to minimize problems
with beam-related background.
We believe that the performance of hybrid time-of-flight spectrometers complements that of
multi-rotor instruments and that hybrids would be a valuable addition to any currentlycontemplated, reactor-based inelastic neutron scattering program.

CORRELATION SPECTROMETERS
Experimental situations where the instantaneous signal intensity is greater than the sum of the
background plus the time-averaged signal intensity are more the rule than the exception in neutron research. In such situations time-of-flight systems based on correlation techniques should, in
principle, perform signiGcantly better (in terms of counting statistics) than conventional time-offlight spectrometers. Nevertheless, they are not often encountered at contemporary neutron scattering facilities. The reason is not hard to find: there are as-yet-unresolved problems with
spurious structure in the cross-correlated output data produced by these instruments. This structure is known to arise partly from time-asymmetry in the individual neutron pulses of the pseudorandom input sequences and partly from imperfect duplication of the input sequences from one
cycle to another. Pulse asymmetry can be taken into account in the data analysis, although with
some loss in energy resolution, but imperfect input sequence duplication is another matter:
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although the spurious structure it introduces can, in principle, be eliminated; in practice, it is
neither easily identified nor easily removed from the data.
If exactly reproducible sequences of time-symmetric pulses could be generated, however,
correlation techniques would become attractive as alternatives to (or complements of) conventional approaches to time-of-flight spectroscopy. We believe that pulsing methods based on fastflipper, polarizing-supermirror technology have the potential to produce the kinds of time stable,
pseudo-random pulse sequences needed and that a modest investment in developing such a pulsing system could yield substantial returns in terms of more efficient data collecting capability.

ELECTRONIC BEAM MODULATION AND VELOCITY SELECTION
Looming on the horizon is a new approach to time-of-flight spectroscopy based on the development of efficient neutron polarizers and velocity-selective flippers. Both velocity selection and
the introduction of time structure into the beam would be done electronically in these devices:
no rotating components would be involved. As a result they could easily be configured in many
different ways; i.e., they could operate as simple Fermi choppers, or monochromating choppers, or
time-focussing choppers, or correlation choppers, etc. In addition, since they produce and operate
with polarized neutrons, they could provide a polarization analysis capability that would not be
easy to duplicate in more conventional time-of-flight instruments. The potential stability, ease of
reconfiguration, reliability and the comparatively modest cost of such devices would also be
attractive features.
Electronic beam modulating and velocity selecting time-of-flight spectrometers will utilize
some (or all) of the following components: (1) polarizing supermirrors and/or multilayers, (2)
velocity-selective and broad-band fast flippers, and (3) polarization-sensitive filters, such as the
polarized 3 He filter. All of these devices have been demonstrated in one form or another.
Appropriately combined they can serve as broad or narrow energy band polarizers and analyzers,
select energy bands of given widths from incident, broad-spectrum neutron beams, select different
energy neutrons at different times (i.e., time focus), and produce bursts of broad-spectrum or
monochromatic neutrons in either repetitive, random, or pseudo-random sequences. Pulse
frequency, time sequence, time-focusing and resolution/intensity would all be computer controlled.
As single components or combined into units, such devices could serve as pulsed monochromators
for direct-geometry spectrometers operated in either the conventional or time-focused mode, or
they could be used as the pulse-train-defining entities in correlation choppers. They could also be
added to conventional spectrometers (such as triple-axis spectrometers) to provide a polarization
analysis capability or to improve energy resolution or remove higher order beam contamination.
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We believe the promise of these devices is sufficient to justify a broadly-based program to
develop prototype spectrometers and explore their research applications. The single, most
important step needed to create working instruments is to improve the reflectivity, and particularly the polarizing efficiency and aDgular acceptance of polarizing supermirrors, multilayers,
benders, guides and other related devices based on films deposited on surfaces. This is because
the monochromating and time profiling units of time-of-flight spectrometers must have on/off
ratios of at least 10s to operate properly. Realizing such on/off ratios will require polarizers and
polarization analyzers with flipping ratios of the order of 100:1; i.e., at or near the limit currently
achievable.

COMPONENT DEVELOPMENT FOR TIME-OF-FLIGHT
SPECTROSCOPY
Detectors
Time-of-flight spectrometers require large detector arrays. Detector choice is therefore significant not only in terms of instrument perfonnance, but also because it can have a major impact on
the total cost of the facility. For the types of spectrometers discussed above, the primary need is
for detectors for neutrons with energies below roughly 80 meV. Gas proportional counters using
3

He as the active component have a proven record of reliability, stability, and discrimination

against gamma radiation and have been the popular choice for many years. But scintillation
detectors employing 6LiF-ZnS in plastic or 6Li2O in glass are now reaching a stage of development where they are beginning to look like attractive alternatives to gas counters. The faster
response time (of some scintillation detectors) is only part of their appeal. They are also thinner
and more uniform in sensitivity, and this means better energy resolution because the analyzer
flight path length is better defined. Working against them is their greater sensitivity to gamma
radiation. In our view further research on scintillation detectors should be encouraged because
they could significantly improve the performance of all types of time-of-flight spectrometers.
We also foresee a need for a time-of-flight detection capability in the 10'1 to 10"2 nm"1 Qrange for macromolecular dynamics studies. What will be needed is both good Q-resolution and
good time-resolution. The two-dimensional position-sensitive detectors used in small angle spectrometers would not be suitable for this application because they cover too small a Q-range and
lack adequate time resolution. Two possible ways of covring the small -Q range come to mind:
(1) small diameter (6 mm), short (25 mm) 3 He detectors in a concentric array or (2) onedimensional position-sensitive 3 He detectors in a radial arrangement. Both approaches would
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require determining position as well as Qight time and would add significantly to a data processing
load that would already be heavy because the small-Q scattering tends to be very intense. It may
well be necessary to develop both new software and hardware to deal with the extremely high
data rates that can be expected. Detectors are discussed further in Chapter 8.

Disks for Mechanical Choppers
Research leading to higher-strength, lighter-weight materials for chopper disks would substantially benefii multi-rotor time-of-flight spectroscopy as would the develops nt of motor drive
units and magnetic suspension systems to drive and support such rotors (see the above comments
on multi-rotor spectrometers for details).

Supermirrors. Multilayers. Guides, etc.
Better reflectors, guides, and spatial focusing elements would enhance the performance of
conventional time-of-flight instruments such as the multi-rotor and hybrid spectrometers. We feel
that these and other improvements in related components discussed above are absolutely essential
if (1) the correlation spectrometers are to come into their own and (2) electronic beam modulation and velocity selection techniques are to become the basis for a new generation of
polarization-sensitive time-of-flight spectrometers.

REFERENCES
1. S. Hautecler, E. Legrand, L. Vansteelandt, P. d'Hooghe, G. Rooms, A. Seeger, W. Schalt and
G. Gobert; Proceedings of the Conference on Neutron Scattering in the Nineties, Julich (1985),
p. 211, IAEA, Vienna, 1985.
2. R. E. Lechner, private communication, 1988.
3. J.R.D. Copley; NucL Instr. Meth. A273, 67 (1988); NIST Technical Note "NBS Reactor:
Summary of Activities July 1988 through June 1989," p. 207, NIST TN 1272, Gaithersburg,
MD, 1989.

25

4. Single Crystal Diffraction
John D. Axe, Chairman (BNL)
Benno Schoenbom, Chairman (BNL)
P. Jane Brown (ILL)
Joe W. Cable (ORNL)
Sax Mason (DLL)
Michael K. Wilkinson (ORNL)

Crystallographic techniques are used in many scientific fields, and, at first instance, all applications appear to use the same theory and instrumentation. However a closer look at the requirements posed by the different fields reveals that the strategies for both analysis and data collection
employ quite different approaches, based on widely different demands.
In the following sections we highlight the differences between the major usages of neutron
crystallography. From a perusal of the different requirements, it is clear that several different
instruments are required, some with overlapping characteristics. We do not specifically address
the number of instruments required in each category, but some comments on the total usage are
given in each section.

CHEMICAL CRYSTALLOGRAPHY
In chemical crystallography and in the structural study of small molecules, the unit cells are
small, about 0.3 to 2 nm. The requirements in direct space resolution for such studies dictate a
range of incident wavelength from 0.05 to about 0.2 nm. Position-sensitive detectors (PSDs) are
essential for the diffractometer. In many studies, there are closely spaced satellite reflections
arising from long-wavelength modulations in the scattering density, or perhaps there are closely
spaced peaks from twinned crystals such as those that occur in the high Tc superconductors.
Studies of such systems can best be made with small PSDs covering about 10° x 10° with good
spatial resolution. Studies of small molecules require the collection of perhaps 1,000 to 10,000
reflection intensities, so that larger PSDs are necessary. For these studies we suggest using area
detectors covering 60° x 30°, with a spatial resolution of about 3 mm or better.

PRECISION MEASUREMENTS OF STRUCTURE FACTORS
High precision measurements (e.g., Dcbye-Waller factor determination) require the accurate
subtraction of thermal diffuse scattering (TDS). The direct approach is to reject inelastic
(quasielastic) scattering. Energy band-pass widths of <^ 50 ueV can be obtained by a conventional
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3-axis spectrometer with a special backscattering attachment; this is sufficient to remove most
TDS, even in elastically soft materials. Low-resolution spin-echo spectrometers also can provide
the needed energy resolution.

MAGNETIC AND MODULATED SYSTEMS
The materials of interest have cell edges typically in the range of 0.3 to 2 run, although the
periodicity of structural or magnetic modulations may be much larger (up to 20 nm or more).
The integrated intensities of Bragg reflections must be measured with a precision of better than
1% over a dynamic range of l:106. For many magnetic studies, data needed up to sinG/A. = 0.7
and, in some cases (e.g., rare earths) to sinB/X = 1.0. For such experiments, incident wavelengths in the range of 0.08 to 0.15 nm are suitable. To resolve long-period modulations, a diffractometer with much longer wavelength (0.2-0.5 nm) is useful.
Experiments on magnetic and modulated structures require access to a very wide-range of
sample environments, with temperatures of 2.500 K - 10 mK, magnetic fields to 10T or more, and
pressure to 40 kbar or more. Installation of the sample environment may dictate the diffractometer's geometry. For bulky environments such as large magnets and dilution cryostats, normal
beam geometry may be the best solution in which the sample rotates about a single (vertical) axis
and the detector about a horizontal and a vertical axis; otherwise, 4-circle geometry is appropriate.
These diffractometers should be equipped with PSDs covering a solid angle of about 10° x 10°,
with a resolution of ~ 0.2° per pixel. Such a detector will allow accurate integration of single
reflections and rapid reciprocal space scans to locate incommensurate scattering.
Ideally, measurements of the polarization dependence of the intensities of Bragg reflections
would be made by including positions for polarization filters, spin flippers, and guide fields in both
the incident and diffracted beams of a normal beam diffractometer. Unless and until a good
polarizing filter is developed, a special diffractometer with a polarizing monochromator (Heusler
or other) is required. Polarization analysis is a valuable tool to resolve some magnetic structural
problems, but until polarization filters are available, these experiments are probably best done
using a triple-axis spectrometer.

MACROMOLECULAR STRUCTURES
Single Crystals
Table 4.1 shows the range of problems to be studied and also shows which of these problems
will be feasible. For most of these studies, a cold gas-flow low-temperature facility would be
useful. For the longer experiments, a combination of cold gas for fast cooling and a cryorefrigerator at the desired low temperature (e.g., 15 K) would be useful.
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The chief requirement, however, is for efficient PSDs of large solid-angle since all
experiments are limited by counting statistics. There is a long waiting list of important problems
which cannot be tackled at present because of lack of beam time at the three or four sites in the
world where measurements can be made. The accuracy required on intensity is about 2 to 5%
since errors inherent in structural models limit the accuracy on the calculated intensity to 5 to
10%.

Table 4.1 Range of neutron studies on macromolecular single crystals

Resolution
fd min. nm)

Unit Cell Edge
nm

Sample Size
(mm)

Reason

High

0.08 - 0.12

3 -5

1.0-4

Geometry;
exchange

Medium

0.15 - 0.25

3 - 15

0.4-4

Exchange;
solvent
interactions

Low

0.5 - 1.5

10 - 100

0.2- 1

Phasing; low
resolution

Crvstalline-Fibers
The most difficult experiments (e.g., on DNA fibers) are limited by counting statistics, and
they require PSDs similar to those used for protein crystals.

LAUE METHODS
Laue diffraction could be used for the following studies:
1. Fast measurement (hours to days) of small-macromolecular structures, for example, as a
function of temperature or other variable.
2. Extending protein diffraction studies to smaller samples. The clearest need is for a 10- to
100-fold increase in power, so that crystals of small or medium proteins of easily attainable
size, 0.3-1 mm on edge, can be studied to medium resolution.
Multilayer filters, guides, or supermirrors can be used to tailor the bk/k range to that needed,
for example, to attenuate short wavelength neutrons.
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DETECTOR REQUIREMENTS
Two-dimensional detectors will be required for all crystallographic applications like chemical
and protein crystallography, as well as for magnetic scattering. For fibre diffraction experiments
that require days of exposure at one sample position the use of an image plate type of detector
would be of advantage. Such "detectors" are now available for X-rays. However, there is no
reason why suitable converters cannot be used to convert these large, dynamic range detectors for
neutron studies. Scanners to read these image plates are still relatively primitive, but we expect
that scanners with large dynamic ranges will be developed. The detector requirements fall into
two categories:
1. Large 2-D detectors:
resolution - 1 mm
counting rate -10s counts/s
good dynamic range (better than 105)
good spatial and counting rate stability
efficiency of -80%, with a wavelength range of 0.05 to 0.4 nm
We expect that different detectors will be needed to cover this wavelength range. The
lower wavelength range (0.05 to 0.2 nm) is needed for magnetic and chemical structural
studies, with protein crystallography at the higher end with a wavelength region of 0.1 to
0.4 nm.
The size of the detector depends on the strategy of the experiment Typically, an area of
64 x 120° needs to be covered: this requirement can be met by an array of identical
detectors that can be moved over a limited range, or, in a fixed focal system, an expanded
"Banana-type" detector can be used.
2. Small 2-D detectors with high resolution:
For many applications, the use of a small two-dimensional detector covering one reflection
only is desirable. A detector with a resolution of 0 3 mm with an overall counting rate of
lOVs is required. New research and development is needed to reach some of these
parameters.
Present-day wire detectors are well suited for the large scale detector, and have a suitable
resolution of 1 mm with a counting rate reaching 106 and good positional and countingrate stability. The necessary increase in counting rate can be achieved by improved
paralleled read-out systems that have been developed for neutron and synchrotron
applications.
Neutron detectors with a resolution of 0.3 mm need to be developed, and will probably be
of the scintillation type.
Data acquisition systems for the detector read-out must accept the high counting rates by
providing parallel input channels with at least a rate of 106 c/s. Projected stroboscopic
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experiments for time-dependent studies need large "external" memory subsystems, with
storage capabilities up to gigabyte range. Such fast, specialized memory subsystems will be
managed by independent microprocessors and linked via DMA to the user's application
computer and graphics system. With a little effort in research and development, modern
electronics can provide all the capabilities to assemble such a data acquisition system.

COMPUTERS: GRAPHICS AND DATA REDUCTION
With the development of new high-performance diffractometers, an increase in the computer
power available for online data analysis at the instrument will be required that is at least proportional to the effective flux increase. Greater sophistication in the data analysis will probably
impose yet higher requirements. Problems may arise in long-term data storage since data may be
generated at rates of up to 100 MB/min. The problems may be resolved by the development of
fast, sophisticated online data reduction algorithms or by the availability of very high-density, fastaccess, bulk-storage devices.
It is essential that programs for rapid three-dimensional graphical display of the data are
developed to permit online control of the quality of the data, and to allow decisions on the future
course of the experiment to be made. New algorithms for Gtting models of the scattering process
to the total diffraction pattern also need to be developed.
We emphasize that these problems are common to all diffractometers using PSDs, and advantage should be taken of the developments being made for synchrotron-based diffractometers.

NEUTRON OPTICS
It seems unlikely that the needs for single-crystal diffraction will provide the most stringent
requirements for monochromator crystals. Be (002) with 0.3° mosaic in vertical focussing arrays
will be the optimum choice for many applications. Development of other monochromator crystals
wi'" a similar mosaic spread will be useful for instruments with fixed take-off angles.
Although there may be further improvements in polarizing crystal monochromators, it is probably desirable to develop polarizers independently of monochromators. Stacks of polarizing multilayers already seem on the verge of outperforming Heusler alloy monochromators as polarizers at
wavelengths > 0.15 run, but they will require more development (i.e., larger acceptance angles) at
shorter wavelengths.

MULTILAYER MONOCHROMATORS AND FILTERS
Multilayer monochromators can be adapted to provide efficient filters for harmonic wavelength components. They have reflectivities of better than 95%, with X/2 rejection of four orders
of magnitude. As filters, multilayers can be used as premonochromators for selecting the appropriate wavelength band followed by a narrow bandwidth monochromator (for example, Co or Ge).
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For geometrical reasons it might be better to use the multilayer in the transmission set for A/2
or A/3. To achieve this conflguration, multilayers on neutron transparent backing plates need to
be developed. For geometries requiring wide beams, Soller-slit type multilayers are needed.
Multilayers also might provide usetal devices to produce beams with a suitable 6 A. for the modified Laue technique. For this technique, a wavelength bandwidth of 10% might be used so that
whole reflections are "scanned" by the A. width, with the crystal remaining stationary. Compared
with the classical Laue method, this modified Laue technique reduces background considerably,
while giving maximum instantaneous peak counts. Data collection strategies for this type of
integration have to be developed.

SAMPLE ENVIRONMENTS
Efforts should be made to develop smaller, lighter furnaces, cryostats, and pressure cells
capable of all attitude operation for mounting on four-circle diffractometers. Specific areas of
interest are:
1. Focused radiation coupled furnaces for T s 3,000 K.
2. 3He and 3He-4He dilution refrigerators using absorbed rather than bulk superfluid coolants.
3. Large diamond high pressure cells for samples -0.3 mm or more.
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Ralph M. Moon, Chairman (ORNL)
Jaime A. Feraandez-Baca (ORNL)
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William Kamitakahara (DOE, BES)
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Powder diffraction has proven to be one of the most productive techniques within the full
array of neutron scattering experiments. The experiments are simple in concept, easy to perform,
and therefore, are suitable for large numbers of outside users. Data analysis is straightforward
and readily achieved with modern computers.
We have discussed the general architecture of six different instruments in an effort to cover
the full range of application of powder and liquid diffraction. For each case, we have tried to
identify those elements of the instrument for which additional R&D is needed. The selected
instruments are as follows:
High-resolution Powder Diffractometer (HRPD)
Structure Refinement Powder Diffractometer (SRPD)
Real-Time Powder Diffractometer (RTPD)
Texture Diffractometer (TXD)
Residual Stress Diffractometer (RSD)
Liquid Diffractometer (LD)
Design specifications for these instruments are given in Table 5.1. We realize that with a
limited total number of instruments at the ANS it may not be possible to build all on our list. In
particular, it may be necessary to seek a design combining the functions of the TXD and the RSD
into a single instrument.

HIGH-RESOLUTION POWDER DIFFRACTOMETER (HRPD)
The HRPD at the Oak Ridge ANS would be an advanced version of the ILL D2B1 and
Brookhaven HRPD diffractometers. The purpose would be to obtain powder patterns with the
highest possible resolution (Ad/d = 3 x 10"4), rivaling synchrotron machines, but with the traditional advantages of neutrons for light atom structures and magnetism. It would be used for the
study of subtle phase transitions, refinement of pseudo-symmetric structures, direct solution of
unknown structures, and all the usual applications of the ILL and Brookhaven diffractometers.
Like those machines, it would have 64 Soller collimators, as well as the primary collimator in front
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of 64 individual high pressure 3 He detectors. These collimators, as well as the primary collimator
in front of the 300-mm high, vertically-focussing monochromator, would be of 3' divergence. This
higher collimation would still permit run times of no more than 12 hours on the higher intensity
ANS. However, the primary collimator could be relaxed to 15' for quick exploratory runs at
higher intensity. Like the earlier machines, a 300 tnm-high focusing monochromator would be
used with a take-off angle of 135°.

Table 5.1 Design specifications for powderAiquid diffractometer

HRPD

SRPD

RTPD

TXD

RSD

AQ/Q

3 x 10"4

1 x 10"3

5 x 10 3

5 x 10"3

5 x 10-4

1 x 10"2

Q(nnTl)

1-120

2.5-150

2.5-150

20-50

20-50

1-350

A.(nm)

0.1-0.6

0.08-0.24

0.08-0.24

0.2-0.4

0.2-0.4

0.035-0.1

Experiment
time (hrs)

12

0.25

0.02

0.2

24
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Sample
size (cm3)

1-5

1

5-10

1

5 x 10^

1-5

LD

Special attention would be required to ensure the alignment of the individual elements of the
monochromator and the mechanical precision of the 28 movement. However, all aspects of the
machine are within current technological capabilities.

STRUCTURE REFINEMENT POWDER DIFFRACTION (SRPD)
Recent experience has shown that the dominant use of neutron powder diffraction is structure refinement by the Rietveld technique. It is expected that this trend will continue, and
probably even grow, over the next decade as a result of improvements in instrumentation and
software and a greater awareness of these capabilities on the part of the scientific community.
The Structure Refinement Powder Diffractometer (SRPD) is designed as workhorse instrument
to fill this need.
The resolution of the SRPD is chosen to be AQ/Q = Ad/d = 1 x 10"3 in order to provide
sufficient resolution of the refinement of rather complex structures while avoiding the difficult
peak-broadening problems resulting from particle size, strain, and chemical inhomogeneity, which
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would become dominant if higher resolution were attempted. This choice is based on experience
with current diffractometers, such as the High Resolution Powder Diffractometer at ISIS or D2B
at ILL, which offer higher resolution (~ 5 x 10^) but have not proven as effective as anticipated
for most structural refinement problems because few samples exhibit an intrinsic peak width sharp
enough to utilize the high resolution.
With the high flux of the ANS, the SRPD will, obviously, achieve a very high data rate, perhaps 10 minutes for a full pattern from a 1 cm3 sample. This high data rate is consistent with the
current trend to study a sample over a range of temperatures or compositions. For example, with
the high data rate of the SRPD, temperature-dependent data could be taken by slowly and continuously ramping the temperature while collecting sequential data sets. By this method, a series
of data sets from room temperature to 10 K in 2 K increments (-150 data sets) would take about
24 hours. Techniques for the automated, sequential Rietveld analysis of such data are already
being developed. Such analysis would yield, for example, a nearly continuous curve of structural
parameters (i.e., bond length, rotation angles, order parameters, etc.) versus temperature.
The SRPD would operate best on a thermal source in order to achieve the desired Q range.
A focused monochromator, achieving a large vertical angular divergence, would be used to produce a high flux at the sample position. A large detector area (-0.2 steradians) is achieved by the
use of a curved, one-dimensional position sensitive detector. The desired detector should cover a
160° (20) range with horizontal angular resolution of about 0.1° and a vertical acceptance angle
of about 6°. The radius of curvature is determined by the desired sample size, since a detector
resolution element should roughly match the sample diameter. The design goal is a sample 0.5cm diam x 5-cm high, leading to a scattered neutron flight path of about 3 m. Such a detector
could currently be assembled from discrete, cylindrical proportional counters, or could be the goal
of a new position-sensitive-detector R&D effort. Limited angular motion of the detector is
required for calibration and is probably desirable for data collection in order to achieve welldefined peak profiles and to minimize small systematic errors by averaging over several detector
elements.
With the unusually high data rate of the SRPD, a high degree of automation of the data
collection process is mandatory. Such equipment should be developed as an integral part of the
instrument. For example, the instrument should incorporate an automatic sample changer for collecting data from samples at room temperature and should provide capability for inserting a
sample directly into a controlled-temperature environment for temperatures from 4-500 K.
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It is straightforward to provide a lower resolution mode of operation on the SRPD which will
achieve extremely high data rates (10-60 s per pattern) for time-dependent studies. This is done
by relaxing the incident divergence, using a larger sample (perhaps 5 cm3) and summing detector
resolution elements to match the larger sample size. Such an approach can also be used for the
study of small samples.

REAL-TIME POWDER DIFFRACTOMETER (RTPD)
This instrument will allow the acquisition of a full refinable powder diffraction pattern in
about one minute. This high data collection rate will make possible the time-resolved study of the
kinetics of nonequilibrium phenomena (i.e., the kinetics of phase transformations, crystallization,
chemical reactions, grain growth, etc.). The study of reversible phenomena that occur in time
scales smaller than one minute can be achieved by "time slicing" measurements that involve repetitive measurements of suitable periodically induced transients.
The architecture of this instrument is conceptually similar to that of the "Structure Refinement Powder Diffractometer," with the difference that the AQ/Q resolution will be degraded to
5 x 10"3 by the use of larger samples (-5-10 cm3) and relaxed collimations. This instrument will
offer the Qexibiiity of being used with the variety of sample environment devices needed for the
time-resolved studies (rapid quench furnaces, variable magnetic fields, inert and reactive
atmospheres). While this instrument is very similar to the SRPD, it is our judgement that the
demand for routine structure refinements and real-time diffraction experiments will be so high
that both instruments can be justified.

TEXTURE DIFFRACTOMETER (TXD)
Many samples of interest to materials science or of engineering importance are neither ideal
polycrystals nor single crystals. Instead, they have a distribution of crystal grain orientations that
lies between these two extremes. This phenomenon of "texture" is of fundamental importance in
determining many other properties of the sample. Measurement of the texture (usually displayed
in the form of pole figures) and the subsequent calculation from such data of the grain orientation distribution function is thus of critical importance for materials science.
The essential data required is the intensity distribution of a set of specified Bragg reflections
as a function of sample orientation. Conventionally, this data is obtained by setting a detector at
the scattering angle appropriate to the chosen Bragg reflection and measuring the intensity for
each orientation as the sample is turned through all possible independent orientations consistent
with the crystal symmetry. However, if tb° incident wavelength is chosen to make the scattering
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angle equal to 90° C, the corresponding Debye-Scherrer cone becomes a circle in the vertical
plane containing the sample. A curved, position-sensitive detector can then be positioned along a
quadrant of this circle and the intensity measured simultaneously for all specimen orientations
specified by the angular position along the quadrant. By reorienting the sample, the complete
pole figure for the chosen Bragg reflection can be obtained. The angular resolution along the
curved detector is not high, typically 3-5°. Thus, the time required to measure a complete pole
figure is -20 less than that using the conventional technique. Other Bragg reflections with
scattering angles different from 90° may be measured sequentially in the same manner by
adjusting the incident wavelength to make their scattering angles equal to 90° in turn.
If a position-sensitive detector of variable curvature existed, then by adjusting the curvature to
match the Debye-Scherrer cone for a scattering angle different from 90°, a second pole figure
could be measured simultaneously, provided the scattering angle is not too different from 90°.
Such detectors are not presently available, although one could be fabricated using an array of
short, straight one-dimensional detectors. The full realization of these ideas would be a machine
with three counter arms, each carrying a two-dimensional detector so that pole figures could be
obtained simultaneously on three different reflections, not necessarily restricted to scattering
angles close to 90°.

RESIDUAL STRESS DIFFRACTOMETER (RSD)
The small attenuation of neutrons in most structural materials has led to a growing application of neutron diffraction in the study of residual stress. The main advantage over X-ray
diffraction is the ability with neutrons to measure strain well below the surface of the sample. It
is possible to make detailed three-dimensional maps in a nondestructive manner of residual stress
resulting from materials processing or fabrication procedures.
The basic experiment is a measurement of the Bragg angle, and hence the d spacing, of a
selected reflection from a very small sample volume (-0.5 mm3). The sample volume is defined
by apertures in the incident and diffracted beams that restrict these beam sizes to less than
1 mm2. The measurement can be made as a function of position within a large sample by mounting the sample on appropriate translation stages and as a function of orientation by including
appropriate rotation devices in the sample support system.
We have specified a resolution in AQ/Q of 5 x 10"* to give good precision in peak positions
and peak shapes. We propose a fixed diffraction angle of 90° to give the minimum sample
volume for a fixed beam width. The wavelength must be variable to bring the selected Bragg
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peak to a 28 value of 90°. The small sample volume and wavelength range of 0.2-0.4 nm are
consistent with a vertically focussing monochromator on a cold neutron guide. Horizontal
focusing may also be useful to maximize the intensity. A rather short linear position sensitive
detector with a vertical acceptable of about 6° would be required. As indicated above, a rather
elaborate sample mounting system is required, allowing accurate translations and rotations of
samples which may be much larger than conventional neutron scattering samples. This instrument
could be constructed with existing technology.

LIQUID DIFFRACTOMETER (LD)
The basic requirement is for a high Q, low resolution instrument with a detector covering a
large solid angle. For a reactor installation, a hot source is needed to enable the use of short
wavelengths in order to reach high Q values. We envision the use of wavelengths down to 0.035 nm.
The detector should be a curved, one-dimensional PSD covering 160° with horizontal resolution
of about 1° and vertical acceptance of about 6°. Counting efficiency at short wavelengths must
be a particular design objective. Difference patterns obtained with isolopic substitutions are
common in liquid studies, so that mechanical and electronic stability are important

COMMENTS ON POLARIZED NEUTRONS
We believe that a dedicated polarized beam instrument for powder diffraction is not justified.
However, an add-on polarizer for at least one medium resolution diffractometer is highly desirable
for studies of magnetic materials. The development of a transmission polarizer covering 160°
would greatly enhance the value of this machine by adding a polarizing analysis capability for
magnetic structure determinations. Even more challenging is the task of providing polarization
analysis capability for the liquid diffractometer, because this must operate at very short wavelengths. The reward would be the ability to separate the coherent scattering from nuclear spin
incoherent scattering, thus, measuring separately the pair-correlation function and the self-correlation function.

SUMMARY
We have identified three areas where development efforts are needed prior to construction of
the instruments under consideration:
1. Detectors. Curved, one-dimensional position sensitive detectors with angular ranges of
160° and vertical acceptable of 6° are needed. The HRPD requires angular resolution of
0.1° and the LD requires angular resolution of only 1° but with high efficiency at
X=0.035 nm.
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2. Monochromators. Large, vertically focussing monochromators aie needed with heights up
to 300 mm. A group devoted to monochromator development and production must be
established as a part of the ANS well in advance of initial operation. We note and
encourage the current BNL efforts to produce a monochromator for their HRPD based
on thin Ge slices.
3. Transmission polarizers. The value of most powder and liquid diffractometers would be
greatly enhanced if add-on polarization analysis capability, without disturbing the
instrument resolution, was available. This implies the development of transmission
polarizers.
Finally, we recommend to BNL that they include in the HRPD now being constructed a
means to easily change the 5 min coUimator before the monochromator to some lower collimation
in the 10-15 min range so that higher intensities can be readily obtained in cases where the high
resolution is not required.

REFERENCES
1. D2B. A new high-resolution neutron powder diffractometer at ILL, Grenoble. A W. Hewat,
Materials Science Forum 9, 69-80, 1986.
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DESIGN GOALS
The requirements of the more complex current neutron small-angle programs define the
design goals for a new spectrometer. Among these benchmark experiments are investigations in
molecular biology, physical chemistry, metallurgy, and polymer science. These selected applications utilize careful management of scattering contrast, for instance by applying deuterochemistry or genetic engineering, and seek optimal exploitation of signal-lo-noise margins.

SIZE AND RESOLUTION REQUIREMENTS
The characteristic size of a vast majority of complexes investigated by small-angle techniques
is about 0.5 to 100 nm. Approximate resolution requirements are grouped in Table 6.1 by fields
of application.

DOUBLE CRYSTAL SPECTROMETER
We note that the highest resolution smallest-angle scattering is now best done on the specialized
double-crystal spectrometers or by using reflectometry. The double crystal method suffers from the
problems of slit smearing and uses a large sample area. Furthermore, position-sensitive detectors
offer no especial advantage in data collection. Nevertheless, it is clear that no other neutron
scattering method can conveniently reach minimum Q's of much less than 0.01 nm 1 . There are
several materials science areas of applications. Generally, any coarsening process such as creepcavity formation or solution decomposition becomes interesting at about the size scale where
conventional SANS methods run out of resolution. The double crystal method is nicely matched
to studies of composite fiber structures, flux line lattices, and fractal aggregations where neutron
scattering usefully overlaps the light scattering regime.
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Table 6.1. Approximate resolution requirements

Field of Application
Materials Science
Metals, alloys, precipitates
Ceramics, glasses
High-Tc superconductors
Polymers in the bulk
Polymers in solution
Materials under P, T
Materials under shear,
stretch, magnetic, or
electric fields
Chemistry
Colloids
Surfactants
Microemulsions
Liquid crystals
Biology
Macromolecular complexes
Oriented fibres
Membranes
Single crystals

Q-min

Qm»x
[nm'1]

Small-angle
scattering

Bragg
Scattering

10- 3

+
+
+
+
+
+

+
+
+

lO- 2
lO- 2

20
20
20
3
3
5

lO- 2

5

+

A

10"2

3
3
3
3

+
+
+
+

I
I
I
I, A

3
7
10
7

+
+
+
+

[nm 1 ]

io-

3

10-2
10"2

10"2
lO- 2
lO- 2

5-10" 3
10-

2

5-10-2

10 1

+

+
+
+

Isotropic
Anisotropic

I

I
I, A
I, A
I
I

I
A
A
A

DIVERSITY OF INSTRUMENTS
The scientific domains in which neutron small-angle scattering plays an important role are
extremely diverse and range from materials science through polymer and colloid science to structural molec ar biology, to mention just a few. In this report, we consider low-Q scattering in its
widest sense and include both "classical" small-angle scattering and Bragg diffraction from very
large scale systems. Indeed some of the most interesting scientific systems provide simultaneously
both continuous and Bragg scattering. In addition to these distinctions, the scattering may be
either isotropic or anisotropic, having a profound effect upon measuring times.
In view of this diversity, which is exemplified in Table 6.1, we believe that several instruments
are necessary to meet efficiently the needs of the various communities. A single instrument adapted
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to all possible needs would in fact meet none efficiently. We would suggest a minimum of three
types of machine defined broadly as follows:
1. An instrument for "classical" small-angle scattering covering the Q-range 10"2 - 7 nm"1 with
a medium AQ/Q resolution. This instrument would cover in one experiment the maximum
Q-value consistent with the collimation and flux distribution in the incident beam. Note
that for small-angle scattering alone, very low and high Q (10 3 and 10"1) are often
incompatible.
2. An instrument where both low Q and high Q scattering may be measured at the same
time. A typical case would be in studies of crystal growth where particle growth is
monitored at low Q, whereas the Bragg scattering is monitored at high Q. Even in this
instrument, high and low Q must compromise on AQ/Q resolution. Such an instrument is
optimized for solid samples where a cylindrical geometry may be obtained. It would also
allow a good measurement of the high Q background.
3. An instrument for the study of large crystalline or partially crystalline materials. These
may be single crystals of biological macromolecules with unit cell dimensions of up to
100 nm, membrane-like structures or diffracting fibres. Here, AQ/Q resolution is more
constrained than in the previous cases but, at least in the case of single crystals, samples
are limited in volume to -1 mm3 and a small (and therefore cheap) instrument could be
envisaged.
The three categories of instruments outlined above are designed to overlap, i.e., if large fiber
samples can be prepared they could be investigated on instrument two rather than three. A
similar overlap exists between instruments one and two. The aim of this division is to define
instruments on which, if possible, a large Q-range may be investigated for one system rather than
design a single instrument which may accommodate all types of samples.

COLD SOURCE
The neutron source must be a cold source to provide adequate flux at long wavelengths to at
least 1.5 nm. On the other hand, the investigation of non-isometric molecular complexes make it
necessary to follow scattering to high angles, where the molecular transform vanishes into the
background that we aim to record simultaneously. The first-order resolution of wide angle
patterns may be compromised in order to gain flux. We, therefore, recommend that the lower
spectral limit should reach 0.2-0.3 nm.

NEUTRON TRANSPORT
The neutron transport from cold source to monochromator should be long in order to remove
the detector to an area of very low background. The proposed straight guides (without filters) at
Saclay, NBS, and ANS are promising development which should lead to higher flux and a wider
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wavelength range. However, to date, most small-angle and reflection experiments have been
undertaken on curved guides. The development of straight guides and the results of future
comparative beam studies need to be monitored, particularly with regard to the ANS. A single
length-of-sight guide might offer an acceptable compromise between the requirements for low
background and transparency for short wavelength neutrons.
The cross section of the white beam at the monochromator should be in the range of 4-20
cm2. There is a need to further study possible benefits of special coatings of the transport guides.

MONOCHROMATORS
The monochromator should be contained in a minimum-length cavity. Two monochromator
types are sought for alternative use: a velocity selector for the production of constant AX/Xbeams over its full spectral range, and a double multilayer monochromator for the short wavelength regime, for the variation ot me wavelength spread, and for the production of polarized
beams.
High-transmission velocity selector? with compact rotors featuring carbon-fiber composite fins
are currently under development at ILL and at the Technical University of Braunschweig in
collaboration with Doraier. The expected transmission of about 90%, combined with increased
maximal spin rates and short overall length (50 cm) make these selectors ideal for wavelengths
down to 0.4 and perhaps even 0.3 nm. The alternative double multilayer monochromator—
excelling at long wavelengths—is sought to manipulate the wavelength spread from about 6 to
12% by selecting plates of the appropriate multilayer spacing, and to retain the option of beam
polarization from magnetized FeGe multilayers.
When incorporated on a single beamline, the dual monochromator cavity has two exit windows for the alternatively used parallel beam paths: one selector-line that coincides with the
white beam center-line and one multilayer-line that is laterally displaced by at least one beam
width. This design will also make it possible to feed the white beam towards the sample on the
selector-line, or to use double crystals in place of the multilayers to obtain a highly monochromatic beam.
Three development efforts are indicated here to support the dual monochromator scheme:
(1) Development of new multilayers that allow an increase of angular acceptance is highly
desirable, (2) the surface figure and coating of multilayer pairs must be optimized to ensure best
recovery of the divergent beam from the guideless monochromator gap, and (3) fabrication and
control of high-speed selectors, which will require careful engineering.
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COLLIMATION
The well defined and clean beams of several currently successful instruments are collimated by
delivering, by means of neutron guides, the monochromatic apparent source to the appropriate
distance before the sample. This collimation by free flight path offers great experimental flexibility in the control of beam divergence and it needs little refinement. In a dual monochromator
spectrometer, the collimation guide sections would be laterally moveable between the selector-line
and the multilayer-line. Their role as in-beam or out-of-beam reverses with the use of either
monochromator. Collimator enclosures should be constructed of non-ferrous materials, and be
equipped with the vertical guide fields for the maintenance of the optional polarized beam.
Guard slits should be inserted at all guide junctions.

FOCUSING OPTICS
An alternative collimator is offered by replacing straight sections by focusing guides that take
advantage of the entire apparent source. The method would have particular advantage for a
beam converging on the detector. The reduced beam size would facilitate intensity measurements
to smaller angles. Difficulties arise in the construction of such a device with minimal aberrations
and free from parasitic sources. It would further be difficult to modify the geometry of a converging collimator such as to match it to various sample sizes, collimations, and sample-to-detector
distances. Provided an optically converging collimator could be realized on an economical scale, it
should be applied on a special purpose instrument rather than a general, versatile machine.
Developments in focusing neutron optics should be followed, particularly the installation of a linefocusing mirror on one of the new small-angle machines at NBS.

SECONDARY FLIGHT PATH
The secondary flight path is enclosed by a large diameter vacuum vessel containing on tracks
a two-dimensional detector and—moving independently—a backstop carriage. The beam entrance
section of the enclosure should be manufactured from non-ferrous materials. The tunnel is wide
enough to allow for translation of the detector such that the primary beam can be positioned near
one edge of the sensitive area. Optionally, the tank can be connected to sample enclosures with
the use of interfering windows. On its closest approach, the detector can be fully illuminated.

TWO-DIMENSIONAL DETECTOR
For the past 15 years, two-dimensional proportional wire chambers have been the mainstay of
neutron detection systems. Because these have electronic readout limiting rates of 104 to lOY1
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that are well below the count rate limitations of proportional chambers of about 106 s"1, saturation
problems will become acute for higher flux sources such as the ANS. Furthermore, the sensitive
areas of the order of 0.5 by 0.5 m2 of current detectors is often limiting quantity and quality of the
information collected. A vigorous detector development program is urgently needed to improve
on these limits of proportional counters, as well as to consider detectors developed on new
principles. In particular, new development of "image plate" technologies and readers should be
followed closely. Methods of converting neutron images for the "image plate" should be
investigated.

ABSOLUTE SCALE, IN-BEAM MONITORING
The amount of information available in small-angle experiments is low compared to crystallographic techniques. It is therefore imperative to make full use of the available information by
performing experiments on an absolute scale. Careful evaluation of the instrumental resolution
functions is also needed to ensure that the structural parameters derived in a given experiment
can actually be resolved in that instrumental configuration. One way to achieve continuous
absolute scaling is the development of in-beam monitors that would also serve as transmission
counters and beamstops.

POLARIZED BEAM
Few polarized beam small-angle experiments have been carried out to date, mostly because of
a lack of suitable experimental facilities. A doubls FeGe-multilayer monochromator, as mentioned above, offers the unique opportunity to produce highly polarized beams of high intensity.
Only modest guide-fields are required to prevent beam depolarization in the collimator, which
should be fabricated from non-magnetic materials. We anticipate the rapid development to
maturity of new polarization analysis techniques suitable for use in a small-angle machine. Both
the optically pumped cryogenic 3 He analyzer and the dynamically polarized proton spin filter—both
recently tested at LANSCE—promise to provide the large cross sectional areas (few cm) that
would match the diameter of the "diffraction cone" immediately after the sample. Supermirror
analyzers are particularly attractive devices because their expected characteristics are presumably
less wavelength dependent.

SAMPLE A. ? £A
The sample environment must be easily accessible to experimenters, and there must be space
for bulky auxiliary equipment. Careful engineering will be required to provide adaptable and
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manageable vacuum connection building blocks to link collimator, sample, and detector tank using
a minimal number of thin windows. Sample mountings range in size and weight from small
goniometer heads, through spectroscopy cells, to bulky dilution refrigerators. Planning of the
sample area should further take into account the anticipated development of polarization
analyzers, as mentioned above. A full complement of the standard laboratory infrastructure must
be within reach, including ample electric supplies, compressed air and gas (He, Nj, etc.), cooling
water and returns, and roughing vacuum. Several serial lines to the experiment control computer
should be available for the control of auxiliary equipment in synchronization with data collection
and for the readout of experimental parameters.
The dedicated auxiliary equipment will include a goniometer stage and a temperature controlled sample changer, as well as adapters for the mounting of auxiliary devices from an instrument pool. Among those are cryostats, dilution refrigerators, magnets, furnaces, mechanical
deformation devices, shear cells, etc.
It is further imperative to have a well equipped wet laboratory nearby. Final preparation
steps of biological specimens and chemical samples often have to be completed on the spot, and
diagnostic and control measurements are needed throughout the course of an experiment.

COMPUTING REQUIREMENTS
The computing for SANS instruments should take advantage of recent evolution in hardware
and software and aim to have compatibility with other centers. An important question will be the
choice of operating system (e.g., VMS or UNIX) and the extent of online, real-time data
treatment.
Data evaluation at the instrument should be as near continuous with the experiment and as
user friendly as possible. A good example of both (and the extent and limit to which one would
at present wish to go) is the PC-based SANS data program suite at ORNL. Absolute scaling
from prerun standards and readily available analysis and model building programs are necessities.
The quality of many biological and physico-chemical samples is best evaluated from the scattering
profile (poor samples should quickly be rejected by comparing scattering with easily-generated
preconceived models) at the data station.
Data logging of the whole run should be comprehensive. For example, in running variable
temperature experiments, there should not only be computer interrupts when temperature strays
beyond set limits, but also logging of data and temperature in a total data-set file for inspection
and deliberate rejection. A good system of experiment logging has been developed =>t the ISIS
pulsed source.
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Provisions should be made for time gating and time slicing to allow (a) time-of-flight experiments (analysis of inelastic corrections), (b) spin-flip/non-spin-flip scattering collections in
polarization analysis, and (c) kinetics experiments.

REFLECTOMETRY
Neutron reflectometry for surface studies is less than 15 years old: a number of instruments
are being commissioned, based on quite different designs. Only in the next few years will the
community agree on the best way to reflect neutrons.
Basically, the instrument is used to measure the Fresnel reflectivity from samples with a flat
surface; the momentum transfer perpendicular to this surface, q^ ranges from zero (total reflection) to 2 nm 1 (which corresponds to a reflectivity of 10"6 - 10"7, depending on the sample). The
reflectivity is correlated with the chemical density profile from the surface down; if the material is
magnetized and the neutron beam polarized, the spin dependent reflectivity gives a measure of
the magnetic depth profile. The technique has been employed for studying a growing number of
problems associated with the behavior of polymers (surface enrichment of solutions and melts;
interdiffusion), crystalline and magnetic superlattices, and superconductors. Basically, the only
difficulty of the technique is to attain beams of the proper angular resolution (0.02°) to impinge
at grazing incidence (-1°) on relatively small surfaces (1-50 cm2). Since relatively cold neutrons
are used (0.2-1.6 nm) there is little problem in collimating, detecting and polarizing them.
The spanning of the desired qz-range has been obtained in two ways: either pulsing a white
beam and then measuring the reflectivity at fixed angle in time-of-flight, or monochromating the
beam. The pulsed technique has several advantages: the sample stays fixed, the illuminated area
is constant, and a large region of ^ is detected at the same time. However, this region of ^ is
necessarily limited, because the intensity of the neutron spectrum drops practically to zero at short
and long wavelengths. In contrast, if the reflectivity is measured as a function of the angle of
incidence at constant wavelength, this could be chosen at the maximum of the neutron spectrum.
In reflectometry, the signal is geometrically well defined, because it is simply the specular
image of the incident beam. When this is narrow and weil-collimated, the reflected beam appears
also as such in a high resolution position-sensitive detector. However, outside of the reflected
beam, scattered intensity might result from the in-plane density fluctuations of the sample
("roughness"). While this effect has been repeatedly observed, a systematic interpretation cf the
scattering in the reflection geometry has still to be achieved.
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If the sample is "smooth," it is possible to increase the region of the observed q2 by sending a
convergent beam (or a set of discretely convergent beams) onto the sample, and distinguishing the
reflected beams by their position on the area detector. Having at one's disposal measurements
over an adequate range of q^ it is possible to narrow down the plausible models of density
profiles to a reasonable uniqueness. Reflectivities down to 10"7 should be achievable in the next
decade.
A more direct method of analysis, by optically transforming the reflectivity data into a density
profile, is possible in principle and hopefully will be tried in the near future.
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INTRODUCTION
The techniques considered by this working group fall mainly into three areas: neutron
interferometry, neutron spin echo, and methods involving very cold or ultracold neutrons.
However, a variety of other ideas that fell outside the scope of the other groups were also
considered; these were either new techniques, or previously unused old ideas which were
reassessed in terms of the high flux which will become available when the Advanced Neutron
Source (ANS) comes online.

NEUTRON INTERFEROMETRY
The perfect crystal Bonse-Hart neutron interferometers have provided the means for the
observation of quantum mechanical interference phenomena on a macroscopic scale. Observation
of gravitationally-induced quantum interference, the neutron Sagnac effect, the superposition of
spin-states ("Wigner phenomenon"), spinor rotation experiments, and the Aharonov-Casher
effect1 are examples. The currently available interferometers are sensitive to very small potentials,
or order 10"12 eV. There is now considerable interest in scaling up the size and sensitivity of
these devices to look for much smaller and more subtle effects, such as the coupling of the neutron spin to the local curvature of space-time due to the presence of the Earth, or performing a
neutron (i.e., matter wave) version of the Michelson-Morley experiment.
However, this type of experiment requires an experimental environment which is considerably
less "hostile" in terms of temperature stability, vibration isolation, and acoustic noise than is
commonly found around reactors. This aspect is particularly important in current efforts to
develop large scale neutron interferometers, in which the individual reflecting crystals are no
longer part of a monolith, but ?re spatially separated; in these devices, the crystals would be
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separately, and perhaps dynamically, positioned to <1 pm and oriented to a few nrad (1 nrad 0.2 milli-arc seconds). In order to obtain this quiet, friendly environment, a vibration isolation pier
structure at the experimental station should be designed into the building (guide hall) at the
experimental station at the outset. Stability of the neutron beam intensity must also be
considered. In general, intensity fluctuations may be averaged out (for example, by fast, cyclical
on/off sequences), provided the Quctuation spectrum is known, so that accidental lock-in to, say,
the reactor control-rod frequency does not occur.
A diagram of a Mach-Zehnder type interferometer, constructed from two long, perfect Si
crystals about 1 m apart, is shown in Fig. 7.1. Each pair of reflecting crystal faces in this
interferometer is machined out of one of the single crystal monoliths, in the same way as was used
for fabrication of Bonse-Hart systems. Each of the monoliths must then be oriented with respect
to the other to within about 50 nrad in rocking angle and in tilt angle. This alignment may be
performed in situ, using the Moire fringes generated by slight misalignment to find the correct
orientation, but the angular stability must be about 5 nrad. The positional stability required would
be of order 1 pm. Acoustic noise isolation down to frequencies around 10"* Hz is desirable.

1m

Perfect Si Crystal

Fig. 7.1. A Mach-Zehnder interferometer using separated crystal pairs.
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If area detectors of overall size 10 mm x 10 mm, with pixel size of order 5 um x 5 urn or
better, become available, phase-contrast microtomography with thermal neutron interferometers
would become feasible, using the geometry shown in Fig. 7.2. A rough estimate of intensity,
based upon an extrapolation of MURR interferometer counting rates to those expected at ANS
(a factor of 100), indicates a countrate of about 15 hr"1-pixel1 with good signal to noise. This
new technique would provide the capability for direct observation of density fluctuations on the
scale of a few um, with all of the advantages of phase-contrast sensitivity available for studying
systems with low amplitude contrast; 25 um of Al, for example, provide effectively no amplitude
contrast, but correspond to 2rc phase shift. The extensive software developed for medical imaging
in recent years would be applicable to 3-D image reconstruction from such tomographic data.

Position Sensitive
Detector A
Pixel Size
5/im

Fig. 7.2. A possible arrangement for phase-contrast microtomography.

Neutron interferometry using VCN's (see next section) has recently been achieved at the ILL
using precision ruled gratings (d - 2um) as the optical elements. This type of device potentially
provides quite long beam paths, and therefore enhanced sensitivity (compared with thermal
neutron interferometers) for certain experiments.
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VERY COLD AND ULTRACOLD NEUTRONS
The ANS is currently considering providing facilities for both very cold (VCN) and ultracold
(UCN) neutron experiments. The main Gelds of application, as we see them today, are
1. investigation of fundamental properties of the neutron, such as the lifetime or the electric
and gravitational dipole moments;
2. neutron wave optics at very long wavelengths [hypercold neutrons (HCN)], as well as VCN
(X - 10 nm) studies of diffraction and interference phenomena induced by macroscopic
structures;
3. surface physics at extreme resolutions in Q and w (e.g., critical surface phenomena);
4. neutron microscopy using UCN and reflecting mirror techniques; and
5. a Cavendish-type gravity experiment using a sensitive UCN imaging system.

The source concept currently used at ILL is judged to provide the best basis for a new design.
In this concept, which produces UCN by a two-stage process, the primary reactor facility includes
an efficient cold spectrum generator, such as a liquid D 2 cold source. A VCN beam (\z 10 nm)
is extracted directly from the interior of this source via a vertical or inclined metal guide; the
latter may be fabricated from non-magnetic nickel-molybdenum alloy, using standard replication
techniques to copy a glass master. Clearly, this will provide a direct source of very cold neutrons
at a distant experimental station, For UCN, however, the losses in a guide of any reasonable
length become untenable. It is preferable to transport a more easily handled VCN beam to the
experimental area and then to convert it to a UCN beam, using an appropriate spectral
transformation method, such as Doppler shift by total reflection from mirrors mounted on a
rapidly rotating turbine. Supermirrors may also be used, but it is not clear at present that they
provide any advantage, because of the many reflections (typically 10) each neutron experiences on
passing through the turbine. Taking a typical reflectivity of 0.99 for a normal mirror, the through
put after 10 reflections would be 0.99'° = 0.90; replacing the mirrors by a supermirror with twice
the critical angle, but 0.90 reflectivity, reduces the throughput to 0.905 = 0.59, while essentially
nothing is gained from the fourfold reduction in the number of mirrors. However, there would be
an advantage if supermirror reflectivities could be raised above 0.98. The turbine and associated
experiments share the same vacuum space, so that there is no need to transport the UCN over
long distances, nor to pass them through (lossy) windows.
If desired, the VCN beam may be split into two sections, with one being used directly and the
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other converted to a UCN source. An attractive feature of the ANS two-cold-source design,
however, is that each type of beam may be optimally produced on a different cold source. The
two cold source installations would be identical (important for engineering and safety design),
with the exit guide actually penetrating into the liquid D,, so as to maximize solid angle and to
minimize beam losses. The primary guides transporting the beams out-of-pile, however, will now
be separately optimized to suit the specific requirements; optimization requires rather subtle
modifications, which will not impact the supporting engineering structures. In particular, the
guide tube feeding the UCN turbine should ideally be trumpet-shaped, starting at the cold source
with a cross-section of, say, 30 x 70 mm2 and diverging gradually to 30 x 140 mm2 at the exit.
This geometry trades spatial beam density for improved collimation, enhancing the turbine
efficiency. The curvature of the guide (R - 10m) should lie in the plane containing the wide
dimension (70 to 140 mm) of the guide if a horizontal turbine is chosen, as at ILL. For the VCN
guide, a cross-section "as large as possible" should be chosen, subject to the limitations imposed by
the maximum tolerable flux coupling to other users of the cold source, as well as by n-y radiation
considerations.
For the VCN beam station, experimental floor space of at least 15 x 8 m2 should be foreseen.
The UCN experiments can be arranged in a 120° sector around the turbine, extending over a
radius of 10 m. The instruments can be supplied with UCN from various (4 or 5) exit ports of
the turbine. It should be noted that typical UCN equipment (turbine, gravity spectrometer) is
much larger than the more usual neutron spectrometers, and a clear 8-m height should be provided between the overhead crane hook and the floor.
Since precision optical experiments are expected to form the basis of many uses of the UCN
and VCN beam stations, acoustic noise and (low-frequency) vibrations must be reduced to a
minimum, for reasons similar to those encountered in interferometry; the requirements here are
not as stringent, however, by virtue of the considerably longer wavelengths involved.

NEUTRON SPIN-ECHO
While neutron spin-echo (NSE) remains the highest resolution technique available for measuring Q-dependent relaxation processes, there are now many interesting questions which will
remain unanswered until the resolution provided by the current best NSE spectrometer (INll) is
improved still further. One approach to this problem is simply to operate at much longer wavelength, as proposed for the new IN15 spectrometer at ILL.
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The effective resolving power of NSE varies as EJN, where Eo is the incident energy, and N
is the number of precessions in the guide field, Ho (see Fig. 7.3). Since N depends on the time
spent in the field, ii varies as A,1, and so the resolution theoretically varies as A."3. In a practical
magnet, however, N cannot be increased arbitrarily, since dephasing effects due to magnetic
inhomogenities will eventually destroy ihe signal. There is thus a practical upper limit beyond
which N must be kept fixed, and for longer wavelengths the resolution will only scale with Eo (i.e.,
with X'2\ For studying simple diffusive processes, in which the linewidth scales with Q2 («A,2),
this approach allows measurements to be made at lower Q while matching the resolution to the
linewidth being measured. More complicated systems, such as polymer solutions or melts, for
example, exhibit relaxation processes whose widths scale as Q3 or Q4, and in these cases the linewidth diminishes much more quickly than the resolution if longer wavelength is used to go to
lower Q. Measurement of the scaling laws in the reptation regime in polymer melts, for example,
requires data to be taken about a factor of 3 lower in Q than is achievable on INI 1, but with
nearly two orders of magnitude better, or about 100 peV, resolution! There is thus also a need to
improve the inherent spectrometer energy resolution at a given wavelength, and this must be
achieved by reducing the inhomogeneities in the field integrals along the neutron trajectories.

Polarization
Analyzer
Monochromator
and Polarizer

Detector

Sample
Fig. 7.3. Neutron sp'n-echo spectrometer.
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New design techniques currently being developed by C. M. E. Zeyen at ILL promise to yield
an order of magnitude improvement in Geld integral homogeneity. The optimal field shape
composite solenoids and (in-beam) correction elements may be constructed either as conventional
or superconducting magnets; the latter offer interesting possibilities of reducing the spectrometer
size. A further important consequence of this ability to design compact magnets with small fringe
fields should be the long-awaited realization of NSE 3-axis spectroscopy. Detailed theoretical
studies of this option were made by Pynn and by Mezei. Later, unpublished, work showed that
the best method of achieving the desired correlation between precession angle and divergence
angle is to use solenoidal fields and (in-beam) current sheets. The latter are placed perpendicular
*o the neutron beam at the entrance and exit of each solenoid. To obtain the necessary field
integrals, high current densities are required in the current sheets, implying substantial amounts of
material in the beam unless superconducting technology is employed; in the latter case, Meissner
effect spin-turn devices would also be feasible.
There are several reasons why 3-axis NSE has not been implemented to date: (a) the difficulty of generating magnetic fields of sufficient uniformity over well-defined spatial regions, (b)
present magnet regulation techniques may not allow sufficiently precise relative control of the
numbers of precessions in the incident and scattered beams, and (c) the lack of suitable calibration procedures. The latter poses a particularly thorny problem. In flat-branch measurements
(such as the quasielastic processes typically studied on IN11), a standard elastic scatterer may be
used, although even this is not altogether trivial, since there must be no spin-flip in the scattering;
at small-angles, a solid H-D polymer matrix provides a suitable coherent (and hence non-spin-flip)
standard. However, the problem of generating 6-function reference scattering at an arbitrary
point in Q-o> space remains unsolved (and is probably unsolvable). The only foreseeable technique is to have such inherently good resolution that measured reference corrections become
unnecessary. This is the point addressed by the new design techniques, and we await the
forthcoming tests at ILL with great interest.
None of the above problems apply to the use of NSE to suppress thermal diffuse scattering
(TDS) in crystallographic measurements, and we would expect this to be a routine provision on
any instrument which already offers polarization analysis. We note that application of this
method of TDS suppression may be of considerable interest in polarized-beam reflectometry.
Finally, we mention the so-called zero-field (oi rotating frame) NSE method suggested by Golub
and Gaehler. (Zero field means zero inhomogeneity.) This technique has been demonstrated
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successfully by Dubbers, but it is not yet clear whether it will finally offer higher resolution than
the more conventional approach.

GENERAL POLARIZED NEUTRON TECHNIQUES
The addition of polarization analysis to specific instrument types has been considered by
several of the working groups, and we only consider a few general points here. At the flux foreseen on the ANS, in particular, generalized polarization analysis could be used. In this technique,
which was pioneered by Rekveldt in Delft and Drabkin in Leningrad, cross-sections are measured
for spin rotations between initial and final neutron spin directions. The technique has been
implemented in Grenoble by F. Tasset, who is now able to control the neutron spin to within 1°
in a small field-free space (using Meissner-effect shielding) around the scattering sample; minor
improvements are still required if the method is to be useful for larger (several cm3) samples.
The technique is only relevant for systems which have a natural magnetic anisotrophy, such as a
helical spin arrangement, and it is not yet clear whether or not these types of situations are
sufficiently widespread to warrant routine provision of the method.
There is still a need for polarizers and analyzers which can handle 30' or 40* divergence at
thermal wavelengths. In the graphite filter region (A. - 0.25 nm), the stacked-silicon multiple
supermirror transmission analyzer developed at ORNL (see Fig. 7.4) seems likely to provide a
satisfactory alternative solution to Heusler alloy crystals, which have proved exceedingly difficult
to grow with the desired mosaic. The prototype ORNL device produces >95% polarization with
about 65% transmission efficiency in 3-axis measurements at 0.234 nm, and several design refinements currently being studied should further improve this. Another technique which looks
steadily more promising each year is the use of (optically pumped) polarized 3 He. Experiments at
LANSCE have demonstrated that neutron beams of small cross-section can be partially polarized
by this method, and it is likely to be a generally useful technique by the time the ANS comes
online. This method has the virtue of working over a wide wavelength range, particularly at short
wavelengths, where no really satisfactory polarizer currently exists. It can also accommodate large
solid angles. A particularly interesting application would be polarized 3He detectors, which would
directly detect only one spin-state. (The ultimate extension of this idea would be a SQUID
detector, but current SQUID technology is still several orders of magnitude from the sensitivity
needed to detect a single neutron.) New superconducting technology may make Meissner-effect
shields and spin-turn devices more routine, together with magnetic (hexapolar) focussing of
polarized beams.
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Silicon Slice

Supermirror

Unpolarized
Beam In
Polarized
Beam(s) Out
Fig. 7.4. Stacked silicon transmi ision polarizer.

IMPROVED SILICON MONOCHROMATORS
Recent work by Schneider and his collaborators2 has demonstrated that Czochralski-grown Si
may have hitherto unrecognized advantages as a monochromator material. Samples containing
oxygen atoms at a concentration of about 1024 m3 which were annealed for 8 hrs at 1200° C have
been examined both by X-ray diffraction and neutron backscattering. Apparently, the oxygen
tends to form platelets of SiO2 (typically 50-nm diameter by 5 nm thick) during annealing. These
impurities strain the lattice over a few hundred nm in such a way that diffuse intensity is observed
around the dynamical Bragg peaks and, in fact, constitutes the most intense source of scattering.
The diffuse scattering is, at least around the (111) reflection, in the form of a "cigar" which is
aligned along the (111) reciprocal lattice vector. Tbus, the material behaves as a crystal with a
variable d-spacing, with A did - 5 x 10^. Since the integrated reflectivity of the crystals is high,
they may be extremely useful either as analyzers for back-scattering spectrometers, or as crystal
elements in a 3-axis spectrometer. The advantages for backscattering would accrue from having
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smaller wings in the resolution function than are obtained with conventional unpolished silicon
crystals, and from the ability to tune Ad/d. In a 3-axis, lattice gradient crystals would change the
focussing properties of the spectrometer and provide additional flexibility. Furthermore, such
crystals may be more suitable for use in a horizontally curved monochromator than are their
mosaic counterparts. (It may also be possible to introduce mosaicity separately by squashing, if
desired.) Obvious additional advantages of Si include lack of second-order Bragg scattering and
pnce. An extension of this idea may be the use of chemical-vapor deposition techniques to
produce graded crystals in which the lattice systematically changes from Si to Ge.

SAFETY
It is currently not uncommon at reactor sources to perform manual adjustments around
samples on neutron spectrometers with the beam on; at the sample position in a 3-axis beam, this
means working for short periods around radiation fields of up to 100 mR.hr"1 on contact. This
practice (which is to be discouraged in any case) will not be acceptable at all on ANS beams,
which will have more than an order of magnitude higher flux than current reactor beams, with
corresponding radiation levels at windows of about 1 R.hr*1. Thus, there is a need to automate all
spectrometer adjustments on future instruments, a goal which is straightforward (if expensive) to
achieve. There will, however, still be a genuine need to approach spectrometers during experiments (to Fill cryostats with He, for example), and the experiment must be safe from this point of
view. The usual approach at accelerators has been to surround the entire experiment with a
"hutch," and to provide a series of beam interlocks which close the beam unless the hutch is
empty, We do not believe that a hutch is necessarily the best way to meet this goal for neutron
beam experiments. The essential point is that the beam which passes through the instrument is
off (or attenuated to a safe level by added collimation, for example) whenever someone is in the
vicinity, and there are ways to achieve this without using physical barriers that impede movement
of equipment and people. One possible method would be to use pressure-sensitive matting on
the floor to define the radiation-zone limits, with automatic beam attenuation and suspension of
the data collection whenever anyone walked into the zone; appropriate fail-safe requirements
would need to be met, possibly by simply using multiple independent sensing techniques.
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The following is a summary of the discussions of the detector group roundtable discussions at
the workshop.

INSTRUMENT REQUIREMENTS
Neutron Counters for Powder and Liquid Diffraction
Existing counting technologies seem adequate for this application. However, some improvements in resolution, count-rate capability, and endurance of existing gas counters will be required
in the future.
The specifications for an "ideal" counter for powder diffraction are as follows: positionsensitive, 1-D gas counter, curved, 160° coverage by 20-cm high, 0.2° (FWHM) resolution, >50%
efficiency for >0.2-nm wavelength, 5-mm sample size, 3 x 107 counts-per-second overall countrate capability with slO5 counts-per-second per pixel.
The specification for an "ideal" counter for liquid diffractometers is similar to that for powder
diffraction but >50% efficient at 0.03 nm would be desirable at the expense of spatial resolution.
In addition to the above specifications, it would be desirable to provide moveable, curved
counters covering 90° in the vertical direction to measure distributions within 3 to 5 diffraction
peaks for checking for preferred orientation in the powder.

Scintillators
Compared to gas detectors, the advantages of scintillators include high efficiency in thin layers
(reducing parallax), good localization of charged-particle tracks (for good position resolution), fast
intrinsic recovery time (high count rate capability), and relative ruggedness. The most frequently
used scintillator, 6Li-loaded Ce-activated glass, has the severe disadvantage of y- ra y sensitivity.
This glass has therefore been most successfully applied in instruments with high foreground count
rates to provide adequate signal-to-noise ratio.
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Two methods of position encoding currently being used in neutron scattering instruments are
the Davidson-Wroe fiber optic method (in use at the Rutherford-Appleton Laboratory in England
and at the National Laboratory for High-Energy Physics in Japan), and the Anger Camera
(Argonne National Laboratory, RAL, Keraforschungsanlage Julich, and Los Alamos). Another
system being tested at KFA is placing the scintillator directly on a position-sensitive
photoraultiplier.
The Davidson-Wroe method uses discrete pieces of scintillator, with a great deal of geometric
freedom. For instance, chips of various sizes are arranged to fill sectors of a circle. The supporting structure need not be flat, but may be cylindrical or spherical; however, there is some dead
area between the individual elements, and uniformity of response is not guaranteed. This detector is also labor intensive to build, because of the large number of optical fibers connecting
scintillator elements to specific photomultipliers.
Anger cameras have been built using the original Anger weighting scheme (finding the
centroid of signals over the whole array), or else by first determining in which area of the detector
an event occurred and then interpolating in that area. The latter method is much faster because
of use of parallel electronics and because the precision needed for interpolation in one field is
less than for averaging over the entire width of the detector. KFA reports a count rate of 500
kHz for a 2-D detector and 1 MHz for a 1-D version. The theoretical resolution for the 2-D
detector is 1.5 x 1.5 mm2 (rms); the KFA detector is listed with full-width at half-maximum of
7 mm, which is 2 mm rms.
Work is currently in progress at RAL and elsewhere to test other scintillators. A mixture of
ZnS(Ag) and 6 LiF powders is already being used at RAL. Individual sheets must be less than 0.5
mm thick in order to get light out of the opaque mixture; these may be sandwiched with light
guides for increased efficiency. Other possibilities are 10B or 6Li either dispersed in or chemically
bound to plastic scintillators.

2D Gas Detector. With Parallel Electronic Readout
Present 2D gas detectors, covering areas of up to 50 x 50 cm2, can yield position resolution in
the range 1-2 mm with several atmospheres pressure of 3 He, plus a suitable quench/stopping gas
such as CF4 or CjH8. Important characteristics of the device are a small anode avalanche to
minimize space charge problems and to prevent the formation of anode deposits. Most detector
configurations to date use some form of charge division position encoding along each of the x and
y axes, so that for each neutron detector, the complete electronic system is dead during the usec
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or so time the conversion position is being evaluated. Thus, counting rate is limited to the order
of 105 sec 1 over the complete detector, and dead-time losses become significant.
In one form of charge division readout, each readout axis is subdivided into groups, wires or
strips with each group being interconnected by a chain of resistors. Preamplifiers are connect at
the boundary of each group, forming fiducial points, the outputs of these being switched sequentially into a time variant filter. Position interpolation takes place within each group, and the
preamplifier fiducial points provide excellent absolute position stability.
A development of the above system is to create a series of pads underneath each anode wire
(instead of strips across the anode wires) and read out each row of pads with the above mentioned centroid finding system. Position information along each anode wire is thus obtained
independently on each anode wire. Count rate capability is therefore increased by a factor equal
to the number of anode wires, which is typically 100 to 200. The complete detector count rate is
therefore increased to a few x 107 sec"1, while maintaining a resolution in the range 1-2 mm.
This development relies upon the advances being made in electronic circuit miniaturization,
through monolithic electronics. Much of the needed effort in this respect is made in other fields
such as high energy physics and synchrotron radiation physics.

SANS
For SANS applications, the following requirements were requested:
1. Large area i m x 1 m (200 x 200 pixel) resulting in 5 mm resolution.
2. High count-rate capability of 106 cps over face of detector.
3. Efficiency of 80% at A. > 0.4 nm.
4. Low gamma and background sensitivity.
These requirements cannot be met presently with the technology available for gaseous PSDs.
The count-rate capability for gaseous detectors is presently at 105 cps maximum. However, the
technology is available to electronically achieve the count rates requested.
See the extensive ORNL report by S.A. McElhaney on the present state of SANS detectors
in use or planned around the world.1

One-Dimensional Gas Detectors
Linear position sensitive proportional counters have long been used for neutron scattering
application. Using delay time or charge division position encoding, these detectors can be
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fabricated in lengths between 10 cm and 2 E

Position resolutions of -1-2 mm can be routinely

4

achieved. Detector count rates of ~ 5 x 10 - 1 x 105 appear to offer no particular difficulty.
The detector efficiency, controlled by the gas fill, can be close to 100%.
Curved multianode/multicathode "Banana" detectors covering up to 120° with -1 m radius
and up to 8000 position cells have been in routine use for many years.
Significant improvements to the position resolution and count rate characteristics of these
detectors are not expected.

Special Applications
This comprises a series of techniques encompassing neutron phases, neutron interferometers
and a neutron microscopy among others. The principal requirement is for a "phase contrast
microtomography" detector. It should have the following general characteristics:
• 1-5 um resolution
• high efficiency -80%
• low gamma sensitivil,

Single Crystal Diffraction
There are three distinctly different requirements identified for single crystal diffraction:
1. High resolution, small size for "small" unit cells:
10 c/sec concentrated onto a few detector cells..
2. Medium resolution, large size detector for protein crystallography:
1 mm resolution, 107 c/sec over entire detector.
3. High resolution "modular" detector for Laue applications
-20 x 20 cm2
-0.1 mm2 resolution
Modular units may be grouped to fabricate large-scale assemblies (e.g., 20 m2)
Thus, it is generally realized that the single crystal detector applications represent the most
serious challenges to detector design.

Requirements for Triple-Axis/Backscattering
The two most important requirements requested were:
1) Energy Sensitivity
2) Polarization Sensitivity
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In general, there is no significant demand for position sensitivity, although in some cases,
coarse resolution on the 1-2 cm scale would be helpful for sample position and alignment sensing.

Energy Sensitivity
The method we have discussed consists of using two SQUID devices to nondestructively
detect the passage of the neutron at two known locations. Energy is then determined from
calculation of its velocity. In general, the signal size from a SQUID is not large enough to make
this practical at the present time, but advances in electronics may make this method possible.

Polarization Sensitivity
Again, this is not realistically possible at the moment. A polarized liquid 3 He detector should
be possible in principle but there remain many practical problems which would have to be solved.

Time-of-Flight Spectrometer
The detector requirements for the time-of-flight (TOF) spectrometer are similar to other
instruments which cover large solid angles, with the additional specification of time resolution.
Angular resolution, expressed as a linear resolution on the detector, should be 5 mm (full-widthhalf-maximum) in the scattering plane, but is not critical in the azimuthal direction. To meet
timing and parallax requirements, the active volume of the detector should be less than 1 cm
thick.

RESEARCH EFFORTS
TV and Related Systems
TV-based systems like Anger cameras are scintillation detectors. Typical conversion layers are
°LiF-ZnS and Li glass. Screen sizes up to -300 mm are feasible. Resolution usually depends on
the screen size and thickness. The camera tube or CCD can have up to 2000 x 2000 pixels.
Resolution of -1 mm for a 300 mm screen is practical. Small detectors (-25 mm) can have
resolutions of 50 microns or better.
CCD's are now generally preferable to cameras tubes since the pixel geometry is fixed.
(Analog focussing and deflection Fields in camera tubes can drift.)
There are two possible modes of operating TV-based detectors: counting and integrating. At
maximum intensifier gain single events can be detected. However, counting rates are limited to
lOc/sec/pixel (105 overall) using standard TV-based scanning rates (30 frames/sec). At reduced
gain the counting rate can be much higher (-10 7 overall). The camera tube on the CCD
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integrates the events and produces an analog video signal proportional to the intensity. The
dynamic range is typically 100-300 except for cooled CCD's which can have dynamic range of
> 104 as light detectors in an integrating mode. It is possible to selectively scan certain camera
tubes to prevent saturation in hot spots while allowing weak signals to build up, thus improving
the dynamic range.
Miciochannel-plate-based intensifiers with light gains of 50,000 or more are required to bring
the single neutron scintillation event to a detectable level. These tubes have been highly developed for military nightvision. Their extended red response (and low blue response) is a
limitation although quantity production makes their price attractive. More expensive tubes with
blue response better matched to the phosphor light are available. Common sizes are usually
18-40 mm in diameter. An 80 mm tube is available with a fiber optic faceplate to which a scintillator can be applied directly.
The wide availability of "frame-grabber" cards for personal computers makes digitizing and
storing images quite easy. Eight bit digitization is standard. Some units offer 12 or 16 bit
memory depth, which allows for summing of images. With modifications, these can be used for
summing single events in low intensity experiments where long runs are necessary.
A related recent development in X-ray detection which may have application to neutrons is
the so-called image plate. This is a solid state sheet which stores trapped electrons on bombardment with X-rays. Irradiation with an infrared laser untraps the electrons and causes visible light
to be emitted. The light intensity is proportional to X-ray dose over several orders of magnitude.
The laser is usually scanned in a raster or by a line scan. With a suitable neutron converter this
reusable plate has interesting possibilities, particularly for large area detectors.

Semiconductors
The use of semiconductor detectors for neutron scattering is still in the early stages of
development They have shown promise with their excellent spatial resolution capabilities and
short decay time for increased count rates. The major difficulties associated with semiconductors
are y-sensitivity, susceptibility to radiation changes, and high cost.
One detector being actively pursued by John Dabbs and John Walters of IntraSpec is a
mosaic detection system with parallel readout. The detector under current development consists
of 7 x 7 array of 5 mm x 5 mm 6Li-coated semiconductors. Each element has its own preamplifier, amplifier, sealer, etc., integrated on the chip, eliminating cross-talk. Preliminary tests
conduct d under Phase I of an SBIR award showed good efficiency and count rate capabilities.
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In addition, the development of a full-scale production model of a 1-D position sensitive
neutron multidetector system is underway at ORDELA, Inc., Oak Ridge. This counter will apply
the results obtained from a previous study of charge-centroid measurement to produce an ultrafast and durable detector system. It would have integral electronic components consisting of
preamp, amplifier, and sealer for each element coupled to the centroid measuring electronics. It
should be capable of operating at a count-rate of 105 neutrons/sec per pixel and 107 neutrons/sec
overall using only 10 fC of charge per detected neuron. A 160° range of scattering angle will be
covered by $00 pixels at a counter radius of 120 cm. The detector is to be built along with the
hybrid charge-centroid measurement circuits, a full-scale memory and display system, and then will
be tested at the High Flux Isotope Reactor (HFIR) at ORNL. This prototype operating at 3 kV
will have detection efficiency >50% for 0.2 nm neutrons and a height of 20 cm using 1 atm. of
3

He-CF4 gas mixture.

Scintillators
Funding is required to support investigations of alternate scintillators. We have been unable
to take full advantage of the inherent high efficiencies and high count rates of the scintillation
process because of limitations of the 6Li-loaded glass which has been available. The glass is too
Y -sensitive, is made in pieces only 15 cm square, and is only made flat. Single-crystal 6LiI has also
been used; it has higher light output, but a much longer decay time than the glass. Composites of
6

LiF and ZnS (Ag activated) are being used in England. A problem with this material is that it is

opaque to its own light and hence cannot be used in sheets more than 0.5 mm thick.
An ideal solution would appear to be development of a plastic (or liquid) scintillator containl0

ing B or sLi, either dispersed or chemically bound in the molecules. A moderate research effort
(of the order $200K) should produce useful results. Such plastics should be inexpensive to
manufacture, could be cast in any shape, would be extremely fast, and could be tailored in
efficiency either by 10B or 6Li content or by choice of thickness. As with glass, however, y-rays
will require strong discrimination.

Anger Camera
The original 2-D encoding scheme developed by Anger is to find the centroid of the x and y
position of a scintillation event by weighted sums of the signals from all the photomultipliers in
the cameras. This must be done with great precision if the full potential resolution of the camera
is to be attained. A much faster scheme is to treat the camera as a collection of overlapping
fields of either 7 (hexagonal) or 9 (square) photomultipliers, provided with parallel electronics.
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Engineering and development work is required to optimize this idea. The Los Alamos prototype
encodes an event in 400 ns. This time can be further reduced to 200 ns by developing preamplifier, analog-to-digital converter, and logic circuitry at the single photomultiplier level—the
maximum possible use of parallel electronics.
These developments require a commitment of funds and manpower. A large portion of the
electronics will be generally applicable to all scintillator/photomultiplier systems.
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