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Abstract 

A number of tools are used in the design of scattering instruments for pulsed neutron sources. 
Initial design is based largely on simple analytical calculations. More complicated analytical 
calculations and Monte Carlo simulations come into play as the design is optimized to maximize 
the data rate and to improve the data quality. Examples are used to illustrate the relative roles of 
these different computational tools. Areas are also identified where appropriate computational 
tools are currently lacking. 

DESIGN ISSUES 

An instrument is designed to do a certain kind of science. Before beginning the design, one must 
be clear about what is to be measured. 

0 

e 

Is this a diffractometer or an inelastic instrument (how many wavelength analyses are 

What are the desired energy and momentum transfer ranges? 
What are the desired resolutions? 
Is polarization to be used? 

required)? 

Once these questions have been answered, the next step is to form a concept of an instrument that 
can perform these measurements to the desired specifications. One must decide how to perform 
the necessary wavelength analyses. A totally new idea of how to make these measurements is 
always welcome, but this is exceedingly rare. Most methods currently used for wavelength 
analyses are just extensions of the basic techniques developed in the 1940s, namely time-of-flight 
(TOF'), velocity selector, Bragg reflection, or transmission through a filter. Once the method is 
selected, it remains to define the geometry of the instrument and to specify the components in 
detail. The design then needs to be evaluated and optimized, and perhaps compared with 
alternative designs meeting the same specifications. External constraints, including spatial 
conflicts with neighboring instruments, conflicting requirements for shared moderators, etc., 
must be considered in selecting and optimizing the design. 

In assessing instrument performance, one needs to look at actual resolutions and data rates, and 
possible trade-offs between these. Data quality is also extremely important. This can include 
statistical errors (related to data rate), calibration procedures to minimize systematic errors, 
instrument background, sample-dependent background, container scattering, multiple scattering 
* Work supported by U.S. department of Energy, BES. contract No. W-31-109-ENG-38. 



in the sample or sample and surroundings, etc. One needs appropriate tools to assess each of 
these quantities, in order to fully evaluate a particular design. 

Ideally, some of these tools may also prove useful once the instrument is built. Possible uses 
include the design and planning of experiments and the analysis of the data and evaluation of 
sources of problems in the data. Finally, many of these tools also have potential as training 
devices for the non-expert. 

For pulsed sources the instrument designers must also consider questions relating to the 
target-moderator-reflector system, including the width and shape of the pulse from the 
moderator, the intensity spectrum, the source repetition rate, and the background between pulses. 
The background from high energy neutrons is a major concern in the design of instruments for 
pulsed sources. Frame overlap (related to the source repetition rate) needs to be considered in 
determining the instrument geometry. Finally, at least one of the wavelength analyses must be 
made using TOF in order to make effective use of the pulsed nature of the source. 

The design tools available include simple analytical calculations, more sophisticated analytical 
calculations, Monte Carlo simulations, and measurements using a prototype. 

SIMPLE ANALYTICAL CALCULATIONS 

Simple analytical formulas are used to fix the geometry and scale of the instrument. Use of such 
formulas has frequently been referred to as “back-of-the-envelope” calculations. However, 
anyone who has ever dined with a group of scientists knows that a table napkin is really the 
preferred medium for such calculations. Thus we will refer to these as “napkin” calculations. 

To indicate the process and the level of accuracy that can be expected, we will work through 
such calculations for one particular example - a crystal-analyzer quasielastic spectrometer similar 
to the QENS instrument at PNS. The crystal-analyzer geometry is shown schematically in 
Fig. 1. This instrument is to use the 002 planes of a graphite analyzer (002 d-spacing = 3.348 A) 
to select a particular scattered energy E, = 3.6 meV, chosen to allow use of a beryllium filter to 
remove the higher order reflections from the graphite. The analyzer crystals select the 
wavelength X, given by 

A,, = 2d,,, sine,, 

and the scattered energy is related by 

20.45 - - 
2 1’ ( B r a g  sin e Bngg ) 

E,, = E(  h 
2 2md,,,, sineBmg 

€or $rage in A and E, in meV. For this 3.6 meV final energy, e,, = 45.4”. 
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Figure 1. Basic geometry for a crystal-analyzer spectrometer. 

The sample-analyzer-detector flight time t, is given by 

m - hsc Lsc 
tsc = p s c  Lsc - 3955.4 

and the incident energy is determined by TOF time t according to 

2 2 

Eiac = =[&) 2 t-t, = 5 . 2 3 ~ 1 0 - ~  [2) 

(3) 

(4) 

for E& in meV, L, and Li, in my and t and t, in s. The variable of interest is the energy transfer, 
given by 

E=E,-E, 

The scattered flight path sample-analyzer-detector is short, say L, = 1 m, to maximize the solid 
angle sampled by the analyzers while minimizing the required crystal and detector area. The 
instrument views a 10 cm x 10 cm poisoned solid methane moderator at a 30 Hz source. We 
want to design the instrument to have a quasielastic resolution 6E I 70 peV. 

The resolution requirements determine the instrument geometry. The energy resolution is 
determined from the variation in the energy transfer E, given by 

aE aE aE 
6L,, + -6L, + - wl, aE 6E = -atp + - 

at aLinc 3LSC ae,, 
Assuming SL, and 60, are uncorrelated so the resolution contributions can be added in 
quadrature gives 
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For quasielastic scattering, A, = A,. The measured fwhm source pulse width for a poisoned solid 
methane moderator at Ai, = A, = 4.77 8, is 6tp = 50 p. 

For a fwhm resolution 6E = 70 p V  with equal L, 0, and t resolution contributions we need 

I 0.011 
26t 1 6E - - -- - 
t-tsc A Einc 

which requires 

3955.4 (t - tsc) 
2 7 5 m  - Line - 

As, 

For equal L, 8, and t resolution contributions we also need 

= 0.011 
1 6E - -- 2 1+- ( z) "Bragg - A Einc 

(9) 

Figure 2. Sample-analyzer-detector geometry showing the natural collimation for a single 
analyzer crystal. 
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Using the natural collimation provided by the geometry shown 
fwhm variation in the Bragg angle is 

0.7 (W& + W:,)”’ 
%agg = 

which requires 

Wsm = W,, 5 0.5 cm 

For equal L, 8, and t resolution contributions we also must have 

n Fig. 2, we can show that the 

(11) 

2 1 6E - {(6LinJ2 + (6Lsc)2}1’2 c- - - 45 E. Inc = O.O1l Linc 

which is satisfied for 

This is rather large, so this resolution condition does not impose an immediate constraint. 

The quasielastic spectrometer QENS at IPNS is an instrument of this type, having L, = 8 m and 
L, = 1.1 m. QENS uses the 002 planes of graphite analyzers with 6,- = 4 5 O ,  has 0.625 cm 
diameter sample and detectors, and views a 10 cm x 10 cm poisoned solid methane. The 
measured quasielastic resolution of this instrument is 6E = 70 pV. Thus this exercise essentially 
reproduces the parameters for the quasielastic spectrometer QENS using only very simple 
resolution calculations. This is a typical result, that a simple analytical resolution estimate is 
adequate to fix the instrument scale and geometry. 

MORE SOPHISTICATED ANALYTICAL CALCULATIONS 

Neutrons are very expensive to produce, so we want to design the instrument to make maximum 
use of them. Thus a major part of the effort in designing neutron scattering instruments is 
involved with optimizing the geometry to increase the data rate without spoiling the resolution. 
Typically, this is done after the basic instrument parameters are defined by simple calculations as 
indicated above. 

The data rate in a given TOF channel for a detector at a given scattering angle 26 and energy 
transfer E on a crystal-analyzer spectrometer is given by 
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where cp(E,,) is the flux on sample per unit energy, N is the number of scattering centers in the 
sample, (d20/d&2dE) is the differential scattering cross-section of the sample, &(E,) is the detector 
efficiency, AL2 is the scattering solid angle used, fi, is the range of scattered energies accepted 
by the analyzer system, and mi, is the energy width of the incident energy TOF bin. Inspection 
of this formula indicates several potential methods for increasing the data rate: 

Increase the flux on sample 
Increase the sample size 
Improve the detector efficiency 
Increase the scattering solid angle sampled 
Increase the range of accepted scattered energies 

Which of these can we do without compromising the desired resolution? 

We return to the quasielastic spectrometer example considered above, and consider as an 
example the effects of increasing the scattering angle sampled. For a flat crystal, increasing the 
crystal horizontal dimension increases &e,,, which is not allowed by resolution constraints. Can 
we increase the crystal horizontal dimension without increasing 68,,? 

cr- ys t al s cr- ys t a I s 

moderator 

sa 

moderator 

c- 
OEraggi/ \ 

sample 
\ 

Figure 3. Constant o,, focusing of a crystal-analyzer array. 

A “tablecloth” analytical calculation (more extensive than a napkin calculation) leads us to the 
concept of constant e,, focusing, shown schematically in Fig. 3. To achieve such focusing, the 
centers of the analyzer crystals must lie on a circle passing through the sample and detector, 
while the reflecting planes must be inclined by varying amounts relative to the circle tangent, as 
shown in the figure. With this geometry, different paths will have different L,, and this will 
constrain the size of the crystal array. 

6 



MONTE CARLO SIMULATIONS 

The spectra measured in a neutron scattering instrument result from a probability-weighted 
integration over the various possible neutron paths from moderator to sample to detector. The 
Monte Carlo technique uses a suitable set of randomly-selected neutron paths to simulate these 
integrals. Quantities to integrate over include the source spectrum, the surface of moderator, the 
volume of the sample, the volume of the crystal array and the volume of the detector. 

To perform these integrals we can use probability-weighted paths, where at each interaction point 
the various possible paths of interest are assigned an appropriate probability and these weighted 
paths of interest are then followed on through the instrument. An extreme version of this is the 
use of “forcing techniques”, where only paths with vertices in the necessary volumes are 
considered. Alternatively, we can use probability-terminated paths, where probabilities are used 
to select only one possible outcome at each interaction point, and the resulting path is followed 
through the instrument. The former approach is usually computationally more efficient. 
Furthermore, we can choose to treat general case, or we can include only the interactions of 
interest. We will refer to the latter approach as “ad hoc Monte Carlo”. 

Figure 4. Geometry for an ad hoc Monte Carlo simulation of the performance of a 
crystal-analyzer array. Two of the many alternate neutron paths from sample to analyzer 

array to detectors are shown. 

As an example of an ad hoc Monte Carlo simulation, suppose we want to calculate the resolution 
contribution from the scattering flight path in the quasielastic spectrometer considered above, 
this time including 3-dimensional effects. The geometry is shown in Fig. 4. Monte Carlo will 
allow us to explore the effects of increasing the crystal or detector vertical dimension and the 
effects of vertical curvature of the crystal array. These are conditions that are difficult to explore 
with analytical calculations. For these simulations the incident beam is irrelevant, so we can 
consider only the effects of the scattering paths. We use random positions within the sample, 
random positions on the surface of the crystal array (assuming the crystals are thin) weighted to 
scale to random directions from sample, and random positions within the volume of the detector 
array, weighted according to detection probability and crystal mosaic distribution. The calculated 
distribution of $, for this weighted distribution of paths then gives E, and SE,. 
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The use of a general Monte Carlo program to simulate the full 3-dimensional performance of the 
complete instrument is most useful after the instrument design is complete or nearly complete. 
This general Monte Carlo simulation tracks neutron paths through the entire instrument, and can 
indicate whether the instrument is performing as you believe it should and whether there are any 
“surprises” that need to be accounted for in the design. If this simulation provides a sufficiently 
accurate representation of the instrument, it can also be useful in designing experiments and in 
analyzing data once the instrument is built. 

THE USE OF PROTOTYPES 

Despite the extensive array of calculational tools available, there are still a number of questions 
that these tools are inadequate to answer. Foremost among these are the questions relating to data 
quality, including effects of imperfections in the beam optics and the magnitude of the 
background for various choices of beam geometry. If answers to these questions are essential to 
the instrument design, there is no choice but to make measurements on a prototype of the 
instrument or instrument component. Prototype measurements also serve as useful benchmarks 
against which to test the calculational tools. 

DISCUSSION OF DESIGN TOOLS 

In this paper we have tried to indicate the relative roles played by simple analytical calculations, 
more sophisticated analytical calculations, ad hoc Monte Carlo simulations, general Monte Carlo 
simulations, and prototype measurements. All of these have their uses, but there are still some 
problems that cannot be handled adequately by any of the calculational tools, and it frequently is 
not practical to use prototypes. Thus there are still some areas in which improvement is needed. 

Most of these problem areas are related to low-probability events, to complex geometries, or to 
inadequate modeling of physical processes. Among these are problems associated with tailoring 
the incident beam. Questions here include the geometry and choice of materials for collimators 
and apertures. These can involve issues such as the correct modeling of surface scattering and the 
treatment of the stopping or scattering and thermalization of fast neutrons in some of the more 
massive collimator elements. In all cases, very low probability events must be considered in 
order to assure that the beam definition meets the requirements for sharpness at the edges. 

Another large class of problems that are not well treated by any calculational techniques are 
those associated with instrument and sample-dependent background. Issues include treatment of 
multiple scattering in the sample and other components, and thermalization of fast neutrons in 
the instrument components and in various parts of the shielding must be considered in many 
cases. Proper modeling of scattering from the interior surfaces of the instrument can also be an 
issue. The shielding geometries are usually very complicated and a composite of different types 
of materials are used to thermalize and then stop the neutrons in the shielding. Also, it is usually 
difficult to determine appropriate source terms to use in such a calculation. 
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Finally, it would be desirable to extend the use of some of these computational techniques, 
particularly the general Monte Carlo simulations, into other areas, such as the diagnosis and 
analysis of experimental design and/or problems in data, and to instrument simulations that could 
be used as teaching aids. Such applications will require detailed modeling of most of the 
instrument components, some detailed cross-section information for the samples, and a 
user-friendly, fast, reliable general Monte Carlo code. 

CONCLUSION 

In this paper we have attempted to indicate a typical path through the instrument design process, 
and to show where the available tools are or are not adequate for the job. The simple analytical 
calculations are the natural starting point to define the overall instrument geometry. More 
sophisticated analytical calculations can then lend considerable insight to the optimization of 
instrument performance, including the recognition of potential focusing geometries. Ad hoc 
Monte Carlo simulations are extremely useful for analyzing particular instrument components 
and optimizing their performance. Finally, general Monte Carlo simulations of entire instruments 
serve as a useful check for processes that may have been overlooked in the design. 

One of the most important tools, however, is not strictly calculational. Probably the most 
important of the design tools is the thought process of the instrument designer. Clearly some 
thinking is required in the beginning, in order to define the instrument requirements and a general 
concept for the instrument. However, all too often thinking stops when computing starts, and it is 
important to avoid this trap. The designer should stop and think at every stage of the process, 
asking such questions as “Do these results make sense?’ or “Are the results indicating that a 
different design concept might be appropriate?”. Frequent use of simple analytical calculations to 
check the results of more complicated analytical calculations or Monte Carlo simulations can 
eliminate many problems. 

The stages in a typical instrument design process are summarized here. 
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THINK - define concept and requirements 
Simple analytical calculations 
THINK - what do these calculations imply 
More complicated analytical calculations 
THINK - is a better way to do the measurement indicated by the analysis 
Ad hoc Monte Carlo for various components 
THINK - has an optimum condition been found and do the results make sense 
Prototype ? 
THINK - what are the implications of the measurements 
Detailed conceptual design 
General Monte Carlo for design verification ? 
THINK - are there any surprises 

Improvements in any of the available tools can help this process 
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