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INSTRUMENTATION USING COLD NEUTRONS AT PULSED NEUTRON 
SOURCES 

R. K. CRAWFORD 
Intense Pulsed Neutron Source, Argonne National Laboratory, Argonne, IL 60439, USA 

This paper discusses some basic aspects of instrumentation for cold neutrons, with emphasis 
on conditions peculiar to pulsed sources. It also indicates the conditions under which pulsed- 
source instruments can be most effective for cold neutron research, and presents a brief report 
on the status of cold neutron instrumentation at pulsed sources. 

1 Introduction 

In the early history of pulsed neutron sources it was thought that such sources would 
not be effective for studies involving cold neutrons, so emphasis was placed on 
instrumenting these sources for research involving thermal and epithermal neutrons. 
However, over the years people began to recognize that pulsed sources are actually 
very good for certain types of cold neutron studies, and instrumentation was 
developed to exploit these advantages. Today such instrumentation has reached a 
level of maturity, and cold neutron research now makes up a large fraction of the 
research carried out at pulsed neutron sources. 

This paper discusses instrumentation for cold neutron scattering, with emphasis 
on pulsed-source instrumentation. It explores the new problems that must be 
addressed by such pulsed source-instrumentation, and describes a framework for 
estimating the effectiveness of instrumentation at pulsed neutron sources. It also 
provides a brief survey of the current status of cold neutron instrumentation at 
pulsed neutron sources and the challenges faced in improving this instrumentation. 

2 What is Different about Instrumentation for Cold Neutron Scattering? 

2. I Innovative Optics 

Cold neutrons have an index of refraction n that differs significantly from one, and 
this index of refraction gives rise to a relatively large critical angle 0, for total 
external reflection. Both I-n and 8, increase linearly with increasing wavelength A. 
The naturally occurring material having the largest value of 8, is Ni, for which 

(1) - = 0.1operA, 
A 

and the use of supermirrors can now effectively enhance 8, by as much as a factor of 
four over this value. The large values for I-n and 8, make possible the use of 
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innovative neutron optical elements that are not readily available to instrumentation 
utilizing shorter wavelengths. These include neutron guides, neutron funnels or 
converging guides, and a variety of mirrors and lenses. In addition, 0, for 
magnetized materials depends on the direction of the neutron spin, making possible 
simple reflection techniques for polarization of cold neutron beams. 

2.2 Cold Neutrons are Slow 

The neutron speed v is inversely proportional to wavelength. The relationship is 
3955 

y = -  a 
where v is in m / s  and R is in A. The low speed of the cold neutrons helps improve 
the timing resolution for time-of-flight measurements, but it can also lead to fkame- 
overlap problems as discussed in the next section. 

3 

The nature of pulsed sources leads to neutron scattering instrumentation that is 
significantly different fiom that at steady-state sources. Foremost among these 
differences is the fact that time-of-flight (TOF) techniques must be used in order to 
make the most effective use of the neutrons produced at pulsed sources. This 
restriction to TOF instrumentation has several consequences. 

What is Different about Pulsed-Source Instrumentation? 

3. I Large Angular Coverage 

TOF techniques decouple angular and wavelength resolution, so a large solid angle 
can be covered with detectors to enhance the efficiency of most TOF instruments. 
Examples of this are the high Q resolution obtained with large detector solid angles 
on backscattering TOF powder difiactometers and the constant energy resolution 
obtained at each angle in a TOF chopper spectrometer. 

3.2 Frame Overlap 

One of the most serious problems for TOF instrumentation is the problem of fiame 
overlap, which introduces an ambiguity in the determination of the wavelengths of 
the detected neutrons. This is illustrated in Fig. 1. To remove this ambiguity, the 
wavelength band must be limited to remove neutrons with overlapping arrival times 
before they reach the detector. Long wavelength neutrons can be removed with a 
mirror chosen so that the critical angle for reflection is achieved at . A more 
general method is the use of bandwidth-limiting choppers, which can also provide 
flexibility in the selection of the wavelength band reaching the detectors. Frame- 
overlap conditions can seriously restrict the bandwidth that can be used in a 
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Figure 1: Timing diagram illustrating the concept of frame overlap. Neutrons with wavelengths 
longer than A,- arrive at the detector at the same time as the short-wavelength neutrons from the 

following pulse, so the wavelength of the detected neutrons is ambiguous. 

particular instrument. Table 1 indicates the usable bandwidth at different pulsing 
frequencies for an instrument with a typical 20 m source-detector distance. 

Table 1: Maximum wavelength band permitted by frame overlap 

Distance (m) Source Freq (Hz) Bandwidth (A) 
20 60 3.3 
20 30 6.7 

3.3 Constraints on Components 

The use of TOF techniques also places serious constraints on detectors. TOF 
instruments cannot use integrating detectors such as film, CCDs, image plates, etc., 
because of the need to obtain TOF information with a resolution of a few p, Also, 
TOF instruments typically utilize a large wavelength band, so the detectors must be 
able to handle a large dynamic range of intensities. Figure 2 shows a spectrum from 
one of the cold moderators at IPNS. The IPNS small-angle difiactometers utilize 
wavelengths from 1-14 A, and over this range this incident spectrum varies by 
roughly three orders of magnitude. At long wavelengths the flux is relatively low, so 
the detectors must have a very low dark count. However, the instantaneous count 
rate can become very high at short wavelengths, so the detector and its electronics 
must also be able to handle high count rates and must recover from any overload 
before the neutron wavelengths of interest arrive. 
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Figure 2: Neutron spectrum from one of the cold moderators at IPNS. 

TOF techniques also place constraints on other instrument components. These 
components must be able to operate over a wide wavelength band. Also, 
components in the direct beam must be resistant to fast neutron damage, and 
collimation and shielding must be designed to minimize fast neutron background. 

3.4 Optimizing the Moderator 

One of the unique features of pulsed sources is that they have several small 
moderators, each of which serves a relatively small number of instruments and can 
be optimized to provide either high intensity or short pulse widths. Thus it is 
essential to consider the moderator as part of the instrument and to optimize both for 
best instrument performance. For example, the use of poisoning and decoupling 
materials in the moderator can result in significantly shorter pubes, but at the 
expense of total intensity from the moderator. Variations of at least an order of 
magnitude in intensity and pulse width are possible by such tradeoffs. 

It should be noted that in the best pulsed source designs to date fewer than 1% 
of the neutrons produced in the target end up having a useful energy and leaving a 
moderator face directed toward an instrument. Thus there is a lot of room for 
improvement in the performance of the target-moderator-reflector system. 

4 

It is useful to have a general framework in which to consider how effective pulsed 
sources are and what makes them effective. As a starting point consider the time- 
averaged fluxes from a steady-state source and a pulsed source. If a steady-state 
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instrument were moved from the steady-state to the pulsed source, then the relative 
data rate would be given by the ratio of the time-averaged fluxes of the two sources. 
The pulsed source spectrum shown in Fig. 2 can be thought of as having a 
Maxwellian or thermalized part at longer wavelengths, joined to an epithermal part 
at short wavelengths. The corresponding spectrum from a steady state source would 
consist of just the Maxwellian part. In this discussion only Olh , the integral over the 
Maxwellian part of the spectrum, is considered in each case. 

Table 2 compares Olh for both ambient and cold moderators at the ILL steady- 
state source to that for different moderator conditions at a 1 MW pulsed spallation 
neutron source. (1 MW is the power level for several recent proposals for new 
pulsed sources.) For time-averaged ambient flux the 1 MW pulsed source falls a 
factor of 10 to 100 below the current best steady-state source, but only a factor of 4 
to 20 below when cold flux is considered. Thus pulsed sources are quite effective 
sources of cold neutrons, even if only the time-averaged flux is considered. 

Table 2: Comparison of Maxwellian flux from representative steady-state and pulsed sources 
Ambient Moderator 

I 4x eauivalent flux 1 

Cold Moderator 

I 4x equivalent flux i 

The use of a steady-state instrument at a pulsed source does not make much 
sense in most cases, because this instrument has not been designed to take advantage 
of the information provided by the source time structure. The steady-state instrument 
selects a narrow band of wavelengths 61 fiom the incident spectrum in order to 
determine the wavelength of the measurement with the desired resolution SA. All of 
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the other wavelengths are discarded. A pulsed-source instrument utilizes the source 
timing information to determine the wavelength by TOF, and so can make use of a 
much broader wavelength band. The TOF gain in useful data rate is determined by 
how large a band M is useful for a given experiment. The TOF gain G is the ratio 
N&, which is also the number of resolution elements spanned in a single 
measurement on the pulsed-source instrument. The band M cannot be arbitrarily 
large, since fiame-overlap intrudes to limit the useful wavelength band to M,,,, on 
the pulsed-source instrument. The full expression for the TOF gain is thus 

Ail G = -  
ail 

Ail e A k a  (3) 

M 2 A h a  (4) 
G = z  T 

where 6s is the pulse width and Tis the period of the pulsed source. 
Equations (3) and (4) can be combined to produce the graph shown in Fig. 3. 

Also indicated on this graph are rough ranges in which different type of instruments 
typically operate. In the regime in which Eq. (4) applies, the pulsed-source 
instrument can be said to be utilizing the peak flux of the pulsed source. This is 
often viewed as being the best that such an instrument can do. However, any 
instrument operating in this regime is by definition throwing away some of the 
neutrons that would otherwise be useful. 
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Figure 3: TOF gain as a function of the number of resolution elements measured concurrently. 
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This simple idea of effectiveness as a product of the time-averaged flux and a 
TOF gain factor provides a very simple and useful framework within which to think 
about the effectiveness of pulsed-source instruments. However, this framework 
cannot be expected to provide accurate quantitative comparisons because of the 
many approximations that have been made in deriving the expression for TOF gain. 

5 Status and Challenges for Cold Neutron Instrumentation at  Pulsed Sources 

There are now four pulsed spallation neutron sources operating worldwide. This 
section provides a brief summary of the current status of instrumentation at these 
sources in three areas of cold neutron research: SANS, reflectometry, and 
spectroscopy; and also indicates some of the challenges to be faced if this 
instrumentation is to be improved. 

5. I 

Each of the pulsed sources has a first-generation SANS instrument operating, and a 
second generation instrument has recently been commissioned at IPNS. Accurate 
absolute calibrations are now available for both intensity and Q scale, so that 
quantitative results are comparable to those at steady-state instruments. Pulsed- 
source SANS instruments are competitive with steady-state instruments for 
experiments requiring a wide Q range. 

The proposed next-generation pulsed sources operate at frequencies of 50-60 
Hz. SANS instruments need to operate effectively at these frequencies in order to 
take advantage of the full power of these new sources. Also, at present none of the 
pulsed-source SANS instruments can utilize Q values as low as those accessible on 
the steady-state instruments. To improve this it will be necessary to develop 
detectors with better resolution and to develop improved focusing techniques such 
as the use of toroidal mirrors. There is at present no pulsed-source equivalent of the 
Borne-Hart double-crystal technique for reaching very low Q values, so innovative 
thinking is called for in this area. Other areas for improvement include the addition 
of polarization capabilities, the improvement of data rates, and increased flexibility 
to accommodate a wide variety of experiments. 

Status and Challenges for SANS at Pulsed Sources 

5.2 

The first reflectometer was built at a pulsed source, and a second generation 
instrument is now operating at ISIS. Instrumentation for reflectometry has developed 
at roughly the same rate at steady-state and pulsed sources, so pulsed-source 
reflectometers are still competitive with those at steady-state sources. 

As in the case of SANS instrumentation, pulsed-source reflectometers need to 
be optimized for operation at higher frequency sources. Improved data rates and 

Reflectometry Status and Challenges at Pulsed Sources 
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lower backgrounds are needed to improve the signallnoise ratio and extend the 
dynamic range in reflectivity. Higher data rates are also needed to extend the range 
of possibilities for real-time experiments and for inelastic measurements. 

5.3 Status and Challenges for Cold Neutron Spectroscopy at Pulsed Sources 

Crystal analyzer spectrometers with 5-1 5 peV quasielastic resolution are operating 
or being built at most pulsed sources. These instruments generally have a larger 
energy range than comparable steady-state instruments. Crystal analyzer instruments 
with 50-100 peV quasielastic resolution are operating at some pulsed sources. These 
instruments can span a very large energy range, making them very effective for 
chemical spectroscopy. Some second-generation crystal-analyzer instruments are 
now being built. To date, the chopper spectrometers on most pulsed sources do not 
view cold moderators. However, those that do have demonstrated that they can be 
quite useful for spectroscopy with cold neutrons. 

Challenges include the development of spectrometers having useful data rates at 
a resolution of -1 peV. Both the energy and Q ranges of these instruments need to 
be increased, as do the energy and Q ranges of the 5-15 peV spectrometers. Chopper 
spectrometers optimized for cold neutrons need to be developed. Spectrometers and 
software optimized for efficient study of excitations in single crystals also need to be 
explored. All of these types of instruments need ways of incorporating polarization 
capabilities. Finally, no pulsed-source spin-echo instrument is yet being built or 
operating, and this needs to be rectified. 

6 Summary 

Pulsed sources can be very effective in the production and use of cold neutrons. The 
properties of cold neutrons make possible innovative instrumentation techniques not 
yet fully explored at pulsed sources. Some first-generation pulsed-source cold- 
neutron instruments are now fairly mature, but the field is young and significant 
improvements can still be expected. 

So far, pulsed-source instrumentation has largely been aimed at providing 
capabilities similar to those already available at steady-state sources, and has been 
relatively successful at meeting, and in some cases extending, these capabilities. 
However, the time structure and other features make pulsed sources quite different 
from steady-state sources, and it should be possible to invent some completely 
different instrumentation ideas that make use of these unique features. This may be 
the most important activity for expanding the already promising future of cold 
neutron research at pulsed neutron sources. 
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