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The use of cold neutrons as a research tool has expanded greatly, especially with the
development of large facilities at laboratories around the world. The scientific justification for cold
neutrons has been extensively discussed in the proceedings of several workshops, the most recent
being Oak Ridge in 1996. NIST in a description of its facilities includes such diverse areas as:
studies of the structure and excitations of magnetic and superconducting materials, thin films and
multilayers, crystallographic analysis of the atomic and molecular arrangements in catalysts,
ceramics, and superconductors; diffraction analysis of residual stress and texture in alloy, ceramic
and composite structures and components; neutron reflectrometry and small angle scattering (SANS)
of macromolecular and microstructures; inelastic neutron scattering studies of molecular bonding
states and dynamic processes; and studies of biomolecular structure and dynamics in proteins, lipid
bilayers and membranes. The NIST cold neutron facility, shown in Figure 1 is an example of the
current state of the art in reactor based cold neutron sources with neutron fluxes available at the ends
of the guides, several tens of meters from the source, of more than 109n/cm2/s.
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Figure 1. NIST Cold Neutron Facility
For some applications, it may not be necessary to have the power of NIST-like faculties and
other factors may influence the choice of instruments and sources. Just as the availability of
synchrotron sources has not eliminated the use of x-ray tubes for many studies, small neutron
sources could be used by individual researchers with the convenience of an adequate local facility.
Although these sources would produce lower fluxes than the national facilities, for selected
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applications, the convenience and availability may overcome the limitations on source strength.
Such sources might also be useful for preliminary testing of ideas before going to a larger facility.
Recent developments in small high current pulsed accelerators makes possible such a local source
for pulsed cold neutrons.
In order to evaluate the choice of accelerator, we first do a rough estimate of what sort of
performance might be useful. More is always better, but the goal is to concentrate on accelerators
which have been built and, preferably are commercial products. The overall strategy is for the fast
neutron production target to be closely coupled to the cold moderator with a collimated beam to the
sample target, followed by a position sensitive detector. No enhancements such as mirrors or guides
have been assumed although they would improve the flux.
The design of the moderator, particularly its time response plays an important part in system
performance. If the time response of the moderator can be reduced, then the overall beam line can
also be reduced with an increase in performance. For design purposes, a 100 ps pulse width has
been assumed.
Assume neutrons with 1.5 A < X < 12 A which gives a velocity range of .33 x 103 < v <
2.67 x 103m/s. The fractional error in Q is given by:
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and if we want AQ/Q to be .05, then we need A 777 and A 0/0 to be ~ .035 each assuming that both
error sources contribute equally in quadrature. Assuming a moderated neutron pulse width of 0.1
ms, this gives for the minimum time-of-flight (TOF) of 2.83 ms, which, combined with the
maximum velocity gives a minimum flight path of 7.5 m. From this flight path and the minimum
velocity, we obtain for the maximum TOF 22.5 ms and thus a maximum pulse rate of 44 Hz. These
parameters set the pulse characteristics of an accelerator: a pulse width of < 100 ps and a repetition
rate of < 44 Hz.
The next piece of information we need is the required source strength. This can be done by
working back from a total detected number of events. If we require 5 x 105 events over a two hour
experiment, then the detected event rate is 70 n/s which, with a detection efficiency of 90%, is 77 n/s
scattered from the sample. For typical samples and cross-sections, this is approximately 20% of the
incident beam and thus the beam incident on a typical 1 cm diameter target is 400 n/s. For source to
sample distance of 5 m, the 1 cm diameter target subtends a fractional solid angle of 2.5 x 10'7.
Combining these factors, the cold neutron source strength is 1.6 x 109n/s. The required fast neutron
strength will depend on the thermalization factor for the moderator which depends in turn on the
energy of the fast neutrons. If we have a thermalization factor of 60, then the source strength
required is ~ 1011n/s. Obviously there are many uncertainties in this estimate, but this give an idea
of what would be required from a small accelerator.
Another possible use for a small system is chemical spectroscopy of bulk samples, which
takes about 6 hours on IPNS at present. Improvements in the number of detectors on the instrument
are expected to bring the time down to around 12 - 15 minutes, a factor of thirty reduction. Such an
instrument would be usable on a small source. In the past useful spectroscopy measurements were
made at the ZING-P prototype facility at ANL (~1012 n/s) with relatively crude instrumentation, so
this should also be possible with a small source. Similarly, powder diffraction at IPNS is now done
in ~ 0.5 hr at high resolution but relaxing the resolution requirements would bring this into the range
of small sources. [1]
What kind of accelerator would be practical and at what energy should it operate? Other
issues would include the time structure of the beam and the neutron spectrum produced by the beam.
The ideal machine would have a time structure compatible with 30 Hz operation and a pulse width
below 100 ps. It should also be commercially available and compact. Recent developments in
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accelerator technology provide many choices: If we are restricted to low energies, then one might
be a radio frequency quadrupole (RFQ) ion accelerator which can accelerate protons or deuterons to
energies of up to about 4 MeV. At higher energies, machines such as cyclotrons or synchrotrons can
be used. Some examples of these higher energy machines are the 12 MeV superconducting
cyclotrons manufactured by Oxford Instruments [2] and the cyclotrons made by IBA. [3] Figure 2
shows neutron production rates for various beams [4] and targets typical of low energy ion
accelerators and Figure 3 shows this extended to higher energies for proton interactions. [4]

Figure 2. Neutron production rates for low energy charged beams
The Oxford machine shown in Figure 4 produces 100 gA of 12 MeV protons and 4 x 1012n/s
in a machine with a 2.3 x 2.8 m footprint. Unfortunately, this is a CW machine and the peak current
may be close to the average current so that its use for pulsed sources is less attractive. Similarly, the
IBA cyclotrons are also CW machines, but their higher neutron yield may make it possible to operate
in a pulsed mode and still have sufficient output. [5, 6]
RFQ ion accelerators are compact devices which are characterized by high peak currents and
operation in pulsed mode, two important requirements for this application. An example, shown in
Figure 5, is a 3 MeV D+ RFQ with a Be target.[7] The overall length of this machine is
approximately 2 m. At this energy, the neutron production rate is 2 x 109 n/gC. These machines are
capable of peak beam currents as high as 50 mA and typically operate at duty factors of 2%.
Operating at a duty factor of 0.3% (30 PPS with 100 gs width), the average current is 150 gA and the
resulting source strength is 3 x 1011n/s.
An alternate strategy is to use an electron LINAC as a photoneutron source. The electron
beam produces bremmstrahlung followed by a target for the photoneutron reaction. Figure 6 shows
neutron production using a typical LINAC tungsten target (thickness of ~ .5 of the electron range)
and subsequent photoneutron production. [8] Note that there is not any efficiency gain above
10 MeV, so this is a reasonable energy LINAC to use. For a CD4 target, the production rate is
estimated at 3 x 103 n/e. At 1 gA (6.25 x 1012 e/s), this yields 2 x 1010 n/s/gA (2 x 1010 n/gC). An
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advantage of using CD4 would be the possibility of using it as the cold moderator as well although
this has not yet been investigated. Figure 7 shows the neutron energy spectrum for photoneutrons
produced using a Be converter after a 10 MeV LINAC. Average neutron energies are about 1
MeV. [8]
Commercially available LINACs at this energy will deliver average currents of 100 pA,
typically with a 0.1% duty factor (5 ps pulses at 200 Hz). Running at 30 Hz, the average current
would be 15 pA, yielding again 3 x 1011 n/s. The pulse width can be increased to 33 ps (by using
long pulse klystrons), increasing average current to 100 pA and the yield to 2 x 1012 n/s.
Photoneutron sources will also be accompanied by intense bremmstrahlung radiation which will
require additional shielding.
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Figure 3. Neutron production rates for high energy beams

Figure 4. 12 MeV superconducting cyclotron
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Figure 5. 3 MeV D+RFQ accelerator
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Figure 6. Neutron production efficiency for electron beams
By using higher frequency RF sources, the physical size of newer accelerators has decreased.
The physical impact of these new designs can be seen in Figure 8 which shows a 6 MeV, 50 pA
average current (50 mA peak) LINAC which we have in our laboratory at MIT. This machine,
powered by an X-band (9.3 GHz) magnetron is approximately 0.75 m long. The designer of the
machine has made improvements in the system and energies of 9 MeV with powers of 1-1.5 kW
(100 to 150 pA average current) should be possible in a similar sized package. [9]
The additional major components to assemble a system are also available. Detectors are
commercial products and refrigerators are available capable of about 2 - 3 W at 20° K. This would
be a starting point to examine the feasibility of a compact cold source.
Our conclusion is that small accelerator-based pulsed cold neutron sources could be
developed using commercial accelerators and that they could be used by researchers outside of
national laboratory sites. These would be particularly suitable for location at a university where they
could be used as an additional tool to support science programs in chemistry, materials science, and
biology as well as a tool for training accelerator scientists, nuclear engineers, and neutron scattering
scientists.
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Figure 7. Neutron energy spectrum for photoproduction from Be with 10 MeV LINAC

Figure 8. Compact 6 MeV electron LINAC
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