Nuclear Instruments and Methods in Physics Research A 1059 (2024) 168973

ELSEVIER

Contents lists available at ScienceDirect
Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

NUCLEAR
INSTRUMENTS
&METHODS

IN
PHYSICS
RESEARCH

Check for

Methods to maximize detector count rates on small-angle neutron e
scattering diffractometers at reactor sources: II. Optimizing sample, source

and detector sizes

J.G. Barker

NIST Center for Neutron Research, National Institute of Standards and Technology, 100 Bureau Dr, Gaithersburg, MD 20899, USA

ARTICLE INFO ABSTRACT

Keywords:

Neutron scattering
Small-angle scattering
Pinhole collimation
Diffractometer optimization
Diffractometer resolution
Detector layout

Nuclear reactor

Methods for maximizing the detector count rate for the same scattering angle range and resolution are related to
choosing the optimum pinhole collimation parameters which include the source and sample aperture sizes and
collimation lengths on small-angle neutron scattering diffractometers located at reactor neutron sources. Cal-
culations and experimental measurements are presented that show enhancements in count rate with the same g-
resolution can be achieved by combining both longer flight paths with larger source and sample apertures and
beam stop sizes. To be able to both accommodate the larger beam sizes at the detector and to maintain the same
range in scattering angle, existing and new detector placement strategies are presented that extend the scattering

angle range beyond what is capable with a single 2-D detector.

1. Introduction

Small-angle neutron scattering (SANS) diffractometers using pinhole
collimation [1] typically have the source and sample apertures sepa-
rated by a collimation distance L; and a detector located a distance Ly
after the sample aperture. To simplify the expressions, the sample is
assumed to be located at the sample aperture. Typically, one
two-dimensional (2-D) detector is placed on rails within a vacuum
chamber to allow for ease in changing distance Ly and is usually square
having a pixel size AP. The beam is blocked by a beam stop slightly
larger than the diameter of the beam Dg placed just before the detector.
The entire path must be in vacuum to mitigate the background caused by
air scattering. The collimation is shown schematically in Fig. 1. The
collimation distance between the source and sample apertures Lj is
usually changed in discrete steps by neutron guide insertions after the
helical neutron velocity selector (NVS) which chooses the mean neutron
wavelength A. In the first paper [2] we described the count rate opti-
mization as related to the choice of wavelength 1. This second paper
describes methods to maximize detector count rate as related to choices
of both the source and sample aperture diameters D; and D, and the
related beam path-lengths L; and L. The optimization methods for beam
collimation used here are also described in Refs. [3-6].

The 2-D detector data is radially averaged where all centers of pixels
having distance R in the range R; — AR/2 < R < R; + AR/2 are binned
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together in the same ith bin. The momentum transfer q corresponding to
this bin is

4r . 1 . 27mR;
gi == sin <tan [R‘/Lz] /2) =L [1]
The detector count rate Cp collected in the ith bin is
dT
)= TAQ—
CD(l]x) Ipd, T 0 (q,) [2]

where d; and T are the sample thickness and transmission, respectively,
Ip is the beam current incident on the sample, A£; is the solid angle of the
detector annulus and dX/dQ(q) is the macroscopic scattering cross-
section of the sample. To minimize statistical errors from the number
of counts on the detector, our goal is to maximize the detector count rate
Cp collected over the same q range q; — 4q/2 < q < g; + Aq/2. The width
of the annulus AR is typically chosen to be the pixel size AP when
reducing the data: AR = AP. In our optimization calculations of detector
count rate, we choose the annulus width AR; such as to keep Agqi/q;
constant. Then the solid angle collected within the ith annulus is 4Q2; =
27R; ARy/1% = 1%Aqiqi/(27). Under these constraints and with fixed
wavelength 4, the detector count rate is simply proportional to the beam
current: Cp o Ip, with all other sample dependent parameters in Eq. (2)
being fixed.

The beam brightness P(4) from the neutron moderator, has a strong
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Fig. 1. Schematic of a pinhole SANS diffractometer’s beam collimation.

dependence upon wavelength 4, but is nearly constant over area and the
small divergence angle typically illuminated within the beam collima-
tion. The beam current Ig on the sample follows the relation

. % DD}

I = 3 = To(l) AP (e

2 2
TG(LIL)ZDIDZ 3]
1
where A2 is the wavelength band passed by the velocity selector, and the
parameter Tg(L1) accounts for guide losses occurring during transport of
the beam. The contribution to T from a single guide cut can be calcu-
lated using acceptance diagrams as presented in Fig. 9 from Ref. [7].
Measurements show that the correction T is close to unity, 0.8 < Tg <
1.0, and is dominated by upstream gaps or cuts in the guide for the
VSANS instrument used in this study [2,8].
In the next section we will add constraints such that the collimation
parameters D;, Dy, L;, and L can be chosen optimally.

2. Beam collimation optimization

For a SANS measurement, we need to measure over a g-range: q; < q
< qu where the subscripts L and U represent lower and upper limits,
respectively. When optimizing the choice of possible instrument con-
figurations, both the lower limit g; or the g-resolution are possible
constraints which we shall show produce very similar results. For g-
resolution we use the variance V4(q), which is the square of the standard
deviation oé( Q.

The lowest momentum transfer g, is obtained from the radius of the
smallest useable annulus R which must lie outside the beam stop and an
additional distance to exclude any pixel partially obscured by the beam
stop. The radius can be related to instrument parameters to be optimized
by

L 27R, T

= ~ —[yDg+AR/2+AD /2 4
qL L iLg[y s+AR /2+AD /2] [4]

where y = Bg/Dp is the ratio of the beam stop diameter Bg to the
maximum beam diameter Dg. It typically ranges around 1.1 to 1.2 and
functions here as an enlargement factor to allow for beam stop
misalignment. When choosing the minimum annulus radius R;, the
second and third terms, respectively, exclude any pixels partially
shadowed by the beam stop by the annulus width AR and the detector
spatial resolution full-width at half-maximum (fwhm) AD. For tube de-
tectors, the detector spatial resolution is constrained to be within the
tube diameter, and the stopping gas pressure is typically chosen so that
along the tube axis the resolution AD approximates the tube diameter so
that AR = AD =~ AP. With other types of detectors, the pixel size can be
significantly smaller than the spatial resolution, AP « AD. For example, at
the NIST Center for Neutron Research (NCNR), the VSANS [8] diffrac-
tometer’s high resolution scintillation detector has a pixel size AP =
0.080 mm, which is an order of magnitude smaller than the spatial
resolution AD = 0.85 mm.

The beam size at the detector depends upon the collimation pa-
rameters as [5,9].
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[5]

Gravity additionally expands the size of the beam profile only in the
vertical direction and is often quite small. At the NCNR we use slightly
oval shaped beam stops that have a vertical dimension 10 mm larger
than the width, and thus block the vertically gravity-stretched beam
profile while keeping the width unaffected.

For optimization purposes, the calculation can be greatly simplified
by making some approximations. Typically, the contributions from
gravity, the detector pixel size and spatial resolution are small and can
be ignored. Then Eq. (3) can be rewritten substituting the fixed lower
momentum vector constraint as Bs = yDg and q, « Bs/L2 in Eq. (4) simply
as

2
(DY) giloyi (1Y)’

I «
zl+x)  ra+x)?

[6]

where Y = Dg;/(Dp; + Dp2) and X = Ly/L;. Note the above relation is
maximized with Y = 0.5, where the shape of the beam profile is similar
to a cone and Dg; = Dpy.

Alternatively, g-resolution, expressed as the variance V, in scalar q,
can be used as the optimization constraint in place of the lower limit gz,
and is approximated as the sum of the variance in scattering angle V, and
the variance in wavelength 4 called V, as [3,5]

Vo Vi
2

Vo=¢' [?+— [7]
By using the variance in angle Vj, as the constraint it can be shown
that
V2LV (1Y)
oo LU=}
(1+X)*(1 —2y+2y?)

[8]

The parameters X, Y and Vy in Eq. (8) are used to constrain D1, D,
and L;. Note that Egs. (6) and (8) are very similar simply by exchanging
q? with V;. Both expressions are proportional to L3. But to rescale the
distance Ly and keep all the other parameters fixed requires the simul-
taneous rescaling of D;, Dy, and Lj, by the same factor. For example,
doubling all four instrument parameters will cause the detector count
rate to go up by a factor four through L3, while X, Y, and Vj all remain
constant. The typical SANS diffractometer already takes advantage of
this performance gain by having long flight paths and large aperture
sizes when compared to pinhole SAXS diffractometers. Practical limi-
tations on the source, sample and detector sizes guide the choices made
in instrument design. Experimental measurements in the next section
will test whether further gains can be achieved on the VSANS diffrac-
tometer at the NCNR by further enlarging collimation parameters.

The above expression is also proportional to 1/(1 + X)2. Decreasing X
thus also increases the detector count rate as shown both by calculation
and measurement by Falcao [10]. To decrease X requires simultaneously
increasing both the source size D; and the source-to-sample distance L;
when comparing instrument configurations. Note that if the total flight
path, L; + Ly = constant is used as an additional constraint, the revised
optimization obtains the further constraint L; = Ly [3]. This implies
when designing a SANS instrument with constraints on the total flight
path length, the maximum collimation distance L; and the maximum
detector distance L2 should be set to be equal. But for g-ranges where the
detector is brought closer to the sample to reach larger scattering angles,
then L; > L can still be used, combined with larger source aperture D; to
enhance the count rate.

Egs. (6) and (8) differ slightly in terms of the Y parameter depen-
dence and are plotted in Fig. 2. Both expressions predict maximum
performance when Y = 0.5 where the source and sample apertures
contributions to the beam size are equal. When Y is changed either
smaller or larger than 0.5, the flat plateau or umbra region at the top of
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Fig. 2. Source and sample aperture contributions to Egs. (6) and (8).

the beam profile grows in size. In practice constraints on available
choices of sample and source sizes, and collimation and detector dis-
tances constrain the Y parameter to be either source size deficient with
Y < 0.5 or sample size deficient with Y > 0.5.

Note the methods used here to derive Eq. (8) are the same as used by
May [4] and Glinka [6], who both used the cone rule, which fixes Y =
0.5, to further constrain the final solution and thereby achieve a simpler
expression. If we fix both X and Y in Eq. (8), it can be shown that Ly o< L;
« D7 « Dy and Cp « Iy « V3L3, which is equivalent to May’s [4] Eq. (8)
and Glinka’s [6] Eq. (6). Both papers also use X to optimize the rela-
tionship between path lengths L; and L,. The advantage of the current
relations is the inclusion of the dependence of deviations from the cone
rule provided by Y.

In practice we find that SANS diffractometers are configured
routinely with Y significantly far from the ideal Y = 0.5, usually because
the sample size is too small. Table 1 shows the instrument parameters for
three instrument configurations that are commonly used together to
cover a wide g-range from q; = 3.4 x 102 A'to qu=0.6 A~!on both
30m-SANS diffractometers at the NCNR [6] using a source aperture size
D; = 50 mm and wavelength 1 = 6 A. The table also shows the impact of
making the source size smaller (D; = 25 mm) or larger (D; = 100 mm).
By simply adjusting D; and L; only, we can keep the g-range the same.
Shrinking the available source size from 50 mm to 25 mm causes the
count rate to be 0.69 times that of the original for all three

Table 1
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configurations. The count rate losses are mitigated by adjustments in
other parameters all within available ranges for the instrument and as
calculated by Eq. (6). Expanding the available source size from 50 mm to
100 mm causes the count rate to be 1.23 times that of the original for all
three configurations. But for the lowest g-range measurement, both the
necessary flight path of L; = 26.12 m extends beyond the instrument’s
range, and the gravity term can no longer be safely ignored.

Increasing the instrument total length must be incorporated into the
instrument design at an early stage and will significantly increase the
instrument’s cost. The maximum value is often limited by the size of the
guide hall. The D11 diffractometer at the Institut Laue-Langevin (ILL)
[11] has the longest total path length of L; + Lz = 80 m for any currently
operating SANS pinhole diffractometer. The strength of the gravity term
quickly gains significance at the longest instrument setting and at longer
wavelengths and should be included in any final optimization deter-
mination. With more common instrument lengths of 20 m-40 m and
shorter typical wavelengths 1 < 6 A, the gravity term remains small in
comparison to the dominant aperture terms. For an existing instrument
having fixed total length in this range, very significant gains in count
rate can be obtained when replacing current instrument configurations
at an intermediate g-scale which utilize less than the full path-length of
the instrument with configurations where all the size parameters can
now be increased simultaneously.

The maximum sample aperture size is usually quite easy to expand
on most diffractometers. But increasing the sample size and accompa-
nying ancillary sample environments beyond current typical sizes of
10-20 mm can be more difficult and costly. If the sample thickness is
kept constant, the volume of sample required will scale as DZ. The cost to
experimenters can be considerable for some deuterated materials. Some
magnetic single crystals cannot be grown as large as even the current
optimal size. Significantly increasing sample volume may also be costly
in time or money for samples requiring extensive laboratory prepara-
tions particularly for biological systems. Most of the sample environ-
ments used on SANS diffractometers, such as rheometers [12], cryostats,
or magnets are designed with a maximum sample size consideration.
Some neutron instruments are designed to use much larger sample sizes,
particularly for temperature-controlled liquid samples. Fig. 3 shows four
types of demountable sample cells available at the NCNR designed to
hold liquid, having fill diameters of 19 mm, 28 mm, 40 mm, and a
rectangular geometry having a 38 mm by 76 mm area. The 40 mm
diameter cell is used on the Neutron spin echo (NSE) at the NCNR, and
the largest rectangular cell is used to cover 18 converging beam option
on the VSANS instrument [8]. The cells fit into temperature control
blocks that cover the temperature range from —10 C to 250 C.

The maximum source size is usually limited to the dimensions of the
rectangular neutron guide connecting the instrument to the neutron
source. The guide size in principle is only limited by the size of the cold
moderator, but in practice is also limited by sharing the viewing area

The first three rows are collimation parameters for the three configurations most used together to cover an extended g-range on both 30m-SANS diffractometers at the
NCNR using source aperture size D; = 50.8 mm, wavelength 1 = 6 A and detector pixel size AP = AD = AR = 5.08 mm. Also included are hypothetical configurations
using both smaller (D; = 25 mm), in rows 4-6, and larger (D; = 100 mm), in rows 7-9, source apertures and where L; is adjusted to match the beam size. The column
labeled # corresponds to the instrument configuration with subscript corresponding to size of D;. The last column is proportional to the beam current Iz. Configurations
covering the same g-range produce a loss of —31 % with smaller source aperture D; = 25 mm while a gain of +22 % is achieved if source aperture size is increased to D;

= 100 mm when compared to equivalent configurations having D; = 50.8 mm.

# q A Ly(m) IL;(m) D;(mm) Dp(mm)  Bs(mm)  Dp;(mm)  Dp(mm)  Dp(mm) y X Y D3D3/LF (mm?)
1s1 3.40 x 1073 14.72 12.50 50.8 12.7 76.2 43.1 23.5 66.6 1.14 0.849 0.648 1.92 x 1072
251 7.31 x 1073 8.52 4.00 50.8 12.7 50.8 23.9 18.7 42.5 1.20 0.469 0.561 5.73 x 1073
351 2.20 x 1072 3.87 1.33 50.8 12.7 50.8 17.5 17.1 34.5 1.47 0.344 0.506 2.78 x 1072
1os 3.40 x 1073 8.73 12.50 25 12.7 76.2 35.8 30.9 66.6 1.14 1.432 0.537 1.32 x 1073
255 7.31 x 1073 5.06 4.00 25 12.7 50.8 19.8 22.7 42.5 1.20 0.791 0.465 3.94 x 1072
325 2.20 x 1072 2.30 1.33 25 12.7 50.8 14.5 20.0 34.5 1.47 0.578 0.419 1.91 x 102
1100 3.40 x 1072 26.12 12.50 100 12.7 76.2 47.9 18.8 66.6 1.14 0.479 0.718 2.36 x 1072
2100 7.31 x 1073 15.11 4.00 100 12.7 50.8 26.5 16.1 42.5 1.20 0.265 0.622 7.06 x 1073
3100 2.20 x 1072 6.87 1.33 100 12.7 50.8 19.4 15.2 34.5 1.47 0.194 0.561 3.42 x 1072




J.G. Barker

Nuclear Inst. and Methods in Physics Research, A 1059 (2024) 168973

Fig. 3. Different size cells for liquid samples available at the NCNR with diameter of fill volume indicated.

with neighboring rectangular guides with different incident viewing
angles. At the NCNR the moderator is viewed through an elliptical
window having a width of 150 mm and height of 200 mm, allowing the
rather large 60 mm wide x 150 mm tall NG-3 guide for the VSANS
diffractometer. The guide width could in principle be increased further
to 100 mm, but produces other engineering challenges for the redesign
of other instrument components such as enlargement of NVS, polarizing
cavities, etc.

The above optimization can also be applied to SANS diffractometers
that utilize time-of-flight (TOF) for wavelength determination. But the
pulse frequency is fixed by the pulsed spallation source, which con-
strains the overall instrument length from source to detector to avoid
frame overlap, which can limit the accessible wavelength range. For TOF
diffractometers located at reactor sources [13,14] the pulse frequency is
independently controlled by the disk choppers and thus do not have the
additional frame overlap restrictions on instrument length.

To reiterate, a significant gain in count rate can be achieved utilizing
either of the above optimization constraints Eq. (6) or 8 by enlarging
simultaneously 2-D detector size, both apertures, beam stop, and both
path lengths: Ry, D;, Da, Bs, L; and Ly. Currently the most difficult
parameter to enlarge is the maximum annulus radius, Ry which is
typically limited by the maximum size of the 2-D detector. Alternatively,
additional detectors can be placed closer to the sample to expand the
angular range covered. Current and proposed detector layouts to extend
the effective limitation on detector size are discussed in the fourth
section.

3. VSANS performance test using large samples

SANS measurements were made on the VSANS diffractometer to test
the calculated gains in instrument performance. The instrument has
three detector carriages that can be placed at variable distances. The
rear carriage with the high-resolution detector was not used. The middle
and front carriages each contain four detector panels, with each panel

Table 2

having an adjustable distance from the beam center. The gap between
the left and right panels on the middle carriage was minimized to make a
single detection region 0.8 m wide by 1.0 m tall. Front carriage openings
between the panels were adjusted to allow passage of the scattered beam
to the middle carriage. Three instrument configurations were chosen
such that the g-range was identical, but the sample aperture size Dg,
distances L;, Lz and beam stop size Bs were varied as listed in Table 2.
For the measurements, a 100 mm x 100 mm sheet of PTFE or cheese
were used. By placing the front carriage at fixed distance Ly = 3.78 m
and panel opening of 150 mm wide x 180 mm tall, the same maximum
qu = 0.15 A~! was measured for all three configurations. Fig. 4a plots
the background corrected and absolutely scaled scattering cross-section,
by the method described by Kline [15]. By comparing the sum of the
detector count rates from all detector panels, the gain in performance
was estimated. Doubling the sample aperture size from D; = 11 mm-22
mm, increased the calculated count rate by a factor of 3.0. Increasing the
sample aperture size further to 38.1 mm produced a total gain in de-
tector count rate of 5.7. The observed gains in count rate are listed in
Table 3, and most closely match the calculated values according to Eq.
3).

The lower ¢ limit is nominally the same for all three configurations if
the effect of the detector spatial resolution is ignored. Table 2 calculates
that the smallest beam stop has a g limit corresponding to only 16 %
larger than the largest beam stop. But inspection of the scattering curves
in Fig. 4a shows that the downturn caused by the smallest beam stop
begins at significantly higher g than that calculated in the table. Possibly
the contribution of the detector spatial resolution is underestimated. The
smallest sample and beam stop sizes correspond to typical use of the
instrument. Thus, the largest sample produced both a gain in count rate
of 5.7 and a smaller g-limit over the typical case.

Note the three instrument configurations as chosen in this mea-
surement do not all maximize the g-range covered. As shown in Fig. 4b,
the front carriage’s detector panels partially block the middle carriage’s
detector panels’ view. The g-range for the Bs = 5 cm and 10 cm cases

Collimation parameters for three configurations of the rear detector carriage used on the VSANS instrument to test the performance using larger sample and beam stop
sizes. The minimum momentum transfer g;, is calculated using 1 = 8 A and detector pixel size Ap = 8.0 mm. The gain G in beam current is calculated using Eq. (3) with

respect to the first instrument configuration.

qL (10\’1) L; (m) Ly (m) D; (mm) D, (mm) Bs (mm) Dg; (mm) Dgy (mm) Dg (mm) % X Y G
3.77 x 1072 13.59 6.95 60 11.1 50.8 30.7 16.8 47.4 1.072 0.511 0.648 1.0
3.40 x 1073 15.60 13.61 60 22.2 102 52.3 41.6 93.9 1.082 0.872 0.557 3.04
3.26 x 1072 19.54 20.28 60 38.1 152 62.3 77.4 139.9 1.089 1.038 0.445 5.70
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Fig. 4. Panel a) Scattering cross-section from poly (tetrafluoroethylene) (PTFE) measured on the VSANS instrument over the same g-range but with different size
sample apertures and beam stops as given in Table 2. Panel b) Middle carriage 2-D detectors’ images from PTFE sample from the three instrument configurations.
Panel c) Front carriage 2-D detectors’ image.
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Table 3

The observed ratio in detector count rates between the second, Bs = 102 mm,
and third, Bs = 152 mm, instrument configurations with respect to the first
configuration, Bs = 51 mm, as observed for the two different samples and on the
two different detector carriages. The configurations’ details are listed in Table 2.

Sample Bs (mm) Front Middle
PTFE 102 2.99 3.12
Cheese 102 2.98 2.83
PTFE 152 6.38 8.60
Cheese 152 6.22 6.06

could have been extended to larger g by moving the front carriage closer
to the sample. If there was not a second detector, which is the case at
most facilities, the g-range would also be largest with the smallest beam
stop Bs = 5 cm. Alternative detector designs are presented in section 4
that allow an extension of the g-range to mitigate this affect.

4. Alternate detector designs to extend g-range

This section will explore detector geometries that can most
economically cover a larger scattering angle range with nearly full
azimuthal coverage. SANS measurements usually require data to be
collected over as wide of a g-range as possible. TOF measurements
allowing a large wavelength range 1;, < 4 < Ay as commonly done at
Spallation neutron sources [16-20] and at reactors using disk choppers
[13,14] already extend the g-range by the ratio Ay/A;. Since we wish to
increase 0y, we need to find alternative methods to either increase Ry or
decrease L.

The types of detector geometries that can extend scattering angle
range can be broken down into three general categories: i) increasing the
size of the 2-D detector placed on the rear carriage, ii) placing additional
2-D detectors at a few intermediate distances or iii) a new concept of
using fixed 1-D tubes spaced along the flight path to provide full solid
angle coverage. Each category will be discussed separately. Each de-
tector will be constructed from 1-D detector tubes filled with *He gas.

Factors that typically affect the detector performance are count rate
capability, background per unit of solid angle, spatial resolution AD and
pixel size AP. The total cost often scales linearly with detector area when
using the same components. But the cost can be mitigated by increasing
the size of some detector components as a function of the scattering
angle. The count rate per solid angle is usually several orders of
magnitude higher at the smallest versus the highest angle of a mea-
surement. For this reason, the detector components at small angle need
higher count rate capability but may tolerate higher detector back-
ground when both are scaled by solid angle. Improving the spatial res-
olution usually also increases the cost per unit area by increasing the
number of electrical components among other technological factors. The
maximum count rate per tube should be kept below some value to avoid
spatial distortions, which is found to be 10,000 s~! for the VSANS in-
strument [8]. If the expected count rate will exceed this value, strategies
that either increase the number of tubes or use other detector technol-
ogies that can handle higher count rates should be considered.

4.1. Larger rear 2-D detector

Larger 2-D detectors can be built to compensate for the larger beam
stop or otherwise extend the #-range. Current trends in SANS diffrac-
tometer design have produced somewhat larger detectors of 1 m x 1 m
area than earlier designs using 1 m long and 8 mm diameter tubes filled
with *He [21,22]. The largest current rear detector on a SANS diffrac-
tometer is on TAIKAN at Japan Proton Accelerator Research complex
(J-PARC) [171, which uses 8 mm diameter tubes to produce a detection
area of 2.1 m x 2.1 m.

Both the spatial resolution and pixel size normally needs to be
smaller at smaller angles to improve g-resolution. If spatial resolution

Nuclear Inst. and Methods in Physics Research, A 1059 (2024) 168973

and pixel size nearly match, AD =~ AP, then to keep the detector
contribution to the variance smaller than 1/4 of the beam contribution
requires AD < Dg/4 near the beam stop. Thus, we choose our minimum
beam stop size to be B > 5 x AD.

At the outer regions of the detector the wavelength contribution
dominates, which allows us to use a larger size in this region: AD < (Ry/
2)AA/A. This constraint allows us to use larger diameter tubes when
adding additional detector coverage beyond the central detector, and
thus reduce the total number of tubes and subsequently cost. At reactor
sources where wavelength selection is obtained using a NVS with rather
broad wavelength spread having 10 % < AA/A < 20 %, even larger area
detectors can be created using larger diameter tubes for the outer re-
gions without a reduction in g-resolution. This will reduce the number of
tubes needed considerably and thus lower the cost. For example, the LET
instrument at the ISIS Neutron and Muon Source uses >He filled tubes of
25 mm diameter that are 4 m long having AD = 25 mm [23]. There will
be a significant additional cost for a larger diameter vacuum chamber
needed to house the much larger rear detector.

4.2. Second detector carriage

If the rear detector distance can be adjusted by use of rails, the
addition of 2-D detectors at intermediate distance also need to be placed
on rails. The D33 TOF SANS diffractometer at the ILL [13], the BILBY
SANS diffractometer at the Australian Nuclear Science and Technology
Organization (ANSTO) [14], and the VSANS diffractometer at the NCNR
[8] use four 2-D detectors mounted on a second carriage on rails. This
detector bank is placed closer to the sample and individual lateral po-
sitions are adjustable to form a rectangular opening of adjustable size.
This combination of two detector carriages provides an adjustable
method to choose the angular range. Full coverage of the scattering solid
angle between the scattering angle limits 67, < 6 < 0y is achievable in this
arrangement. By altering the opening size and carriage distance, these
instruments have added flexibility in the range of scattering angle
covered. SANS diffractometers at spallation neutron sources have often
used fixed detectors placed at intermediate distances to cover the entire
angle range without need for any position adjustment [17-19]. A second
2-D detector is sometimes placed at a closer distance and shifted later-
ally to one-side to reach higher angles with partial azimuthal angle
coverage [21].

A significant disadvantage of placing the detector closer to the
sample is the increase in the sample contribution to the angular reso-
lution. This may limit the maximum angular range that can be achieved.
For intermediate angular range the wavelength contribution normally
dominates the angular component. The example calculation in section
4.4 will show the angular dependence for a magnification of five.

4.3. Spaced tubes lining detector vessel

Another new approach to reduce the detector area is to space the
tubes along the length of the vessel. The general layout is similar to an
early design proposed for LOKI at the European Spallation Source (ESS)
[24]. Four tubes are placed in a square group arrangement as shown in
Fig. 5. Pairs of vertically oriented 1-D tube detectors lie on the left and
the right side, each placed one tube diameter closer to the sample than
the top and bottom tubes. Each subsequent detector group is positioned
a distance closer to the sample that allows an unobscured view of
sample. The spacing between groups steadily decreases as the scattering
angle increases. Thus, any four-tube group at a given distance provides
full 2n azimuthal coverage, and all the groups together provide full solid
angle coverage within the covered scattering angle range. This approach
has several advantages. The tube coverage can be extended to cover a
larger scattering angle range, removing the need to move any 2-D de-
tectors along rails or laterally. The rear 2-D detector can remain fixed at
the maximum distance. A larger tube diameter can be chosen such that
the resolution is still always limited by the wavelength term, reducing
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Fig. 5. Schematic of one group of four 40 mm diameter and 1 m long 1-D
detector tubes used to construct the spaced tube lining detector. Three-sided
neutron shield is removed for clarity.

the number of tubes needed. The growth in the sample term of Vj is also
mitigated by the larger overall distance from the sample for many of the
tube groups when compared to intermediate distance 2-D detectors. By
wrapping the tubes in a three-sided neutron shield that is only viewed
from the sample, the background from backscattering from the tube
shell can be shielded from all the other detector groups. In this way, any
backscattering from the vessel lining should be eliminated. Such back-
scattered background has recently been observed on both the 30m-SANS
and VSANS diffractometers at the NCNR [25].

Placing tube detectors inside a vacuum presents some design chal-
lenges. The electronics’ performance and long-term survival depends
upon maintaining temperature within an acceptable range without
overheating. We plan on using filtered air flow through periodically
placed air boxes inside the vessel that contain the electronics for cooling.
The high voltage applied to the tube end connections must also be either
kept in air inside hermetically sealed tubing [21] or in vacuum with
pressure less than 0.1 Pa [8] to prevent Corona discharges from
destroying the electronics.

4.4. Resolution calculation comparing detector layouts

Four different practical detector concepts to extend the g-range a
factor of five beyond the range obtained using a 1 m x 1 m rear detector
is presented. The detectors utilize only >He tube 1-D detectors of
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different diameters and lengths. All four concepts utilize the same rear
detector to cover the angular range 0 Rad < 6 < 0.025 Rad (1.43°)
placed at L, = 20 m having 112 tubes each having 8 mm diameter and
1.0 m active length to make a 1.0 m x 1.0 m detection region, like several
existing SANS detectors [21,22]. The spatial distribution of the different
detector concepts is presented in Fig. 6. If 7 is the expansion in the angle
covered, the extended detector areas A,y scale as Concept 1) larger area
detector: A./Ar « 1°-1, Concept 2) intermediate distance arrays:
Aex/AR x (5?-1) (L2p/L2g)? or Concept 3) spaced tubes: Ag/Ag 2 x In
(), where subscripts R and F refer to rear or front detectors,
respectively.

For the Concept 1, a single carriage is used to hold a much larger area
detector, with the inner 1 m x 1 m region being as described above, and
with an added outer detection region of 5 m x 5 m surrounding the
central detector at L, = 20 m. In terms of cost, this option is the least
practical, but has a small advantage in having better angular resolution.
On each side are placed 100 tubes having 40 mm diameter and 2.5 m
length, with two tubes placed in line to cover a total 5 m length, and
above and below are placed 50 tubes having 1.0 m length placed hori-
zontally to fill the gaps between the left and right panels. Note that both
ends of a tube have a dead space where neutrons are not detected, and
additional space is needed for an electrical connector. Thus, a small
detector dead area will exist between the two vertically aligned tubes.

For Concept 2, to extend the g-range this uses a front carriage having
four 2-D panels as used on the VSANS diffractometer located at Lyr = 4.0
m. The panels have a separation of 85 mm between left and right panels
and top and bottom panels to allow the lower angle scattering to pass
unimpeded to the rear detector.

For Concept 3, there are forty groups of four tubes spaced in distance
from the detector 0.96 m < Ly < 20 m. The tubes have 1.08 m length and
40 mm diameter with the tube axis placed 0.52 m from the optic line of
sight created by the two apertures. Concept 4 is like Concept 3 except
that the tube diameter is reduced from 40 mm to 8 mm to improve
detector spatial resolution. This requires the number of group positions
needed for complete coverage to increase from 40 to 200 for a total of
800 detectors.

The angular range covered by the first two concepts extends a factor
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Fig. 6. Horizontal section at beam height showing right half of three types of
extended angle detectors: 1) Large 5 m x 5 m detector at L, = 20 m (green), 2)
VSANS right panel on front detector at L, = 4 m (blue), and 3) spaced tube
detector using 40 mm diameter tubes (red). Angles between dashed lines show
angle range covered by 1) and 2).
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of five farther than the 1 m x 1 m rear detector, from 0.025 Rad (1.43°)
< 6 < 0.124 Rad (7.13°), while the third and fourth concepts extend a
factor of twenty farther, from 0.025 Rad (1.43°) < 6 < 0.124 Rad
(28.4°). Concept 2 can be extended to cover the full angular range gain
of twenty by adding a third carriage with similar four detector panels
with distance L, = 1.0 m. With the addition of a third array of detectors,
the positions could be fixed like some spallation source SANS diffrac-
tometers. Expanding the angular range of concept 1 to a factor of 20 is
not feasible.

To achieve the same detector efficiency, 40 mm diameter tubes are
filled with a pressure of 3He of 0.16 MPa (1.6 bar), which is 1/5 the
pressure of 0.8 MPa (8 bar) needed for the 8 mm diameter tubes. Sub-
sequently, the amount of *He gas needed simply scales with the total
detection area. Table 4 lists the size and number of each type of tubes,
and the detection areas for each concept. The total number of tubes for
the first three concepts are similar. But the detection area differs sharply,
with the smallest area needed for concept 2.

The variance of the g-resolution as a function of q is plotted in Fig. 7,
for two different collimation settings available on the VSANS at the
NCNR as described in Table 5. The dashed lines in the three panels
correspond to only the wavelength contribution to the variance, each
corresponding to a different monochromator (highly-oriented pyrolytic-
graphite (HOPG): 44/4 = 1 %; NVS: AA/A = 12.5 %,; and deflector: A1/4
= 44 %). The symbols represent the sum of the angular and wavelength
contributions to the variance for every tenth tube. For the best overall g-
resolution obtained using HOPG wavelength selector and the tightest
collimation option, the spaced tubes Concept 4 with 8 mm diameter
tubes is the most appropriate choice. Since the sample aperture
component to the resolution Vy, is weighted by (L1+L2)2/L§, the two-
carriage Concept 2 generally has the poorest angular resolution per-
formance. But wavelength resolution is still the dominant contribution
for all four concepts whenever using the deflector (44/4 = 44 %), and for
all except a small g-range of the two carriage Concept 2 when using the
NVS (41/2 = 12.5 %).

The four presented detector concepts were developed to be practical
to build. Concept 2 using two carriages is the version built at the VSANS
at the NCNR. It was chosen to reduce the cost, and the ability to simply
add a third carriage containing a higher resolution detector for higher
resolution measurements. Concept 4 using spaced tubes with 8 mm
diameter was briefly considered at an early stage of design for the
VSANS because it provided the necessary angular resolution when using
HOPG, but was deemed too costly, especially considering the high price
of ®He at the time. A proposed upgrade to one of the 30m-SANS in-
struments that uses a NVS will utilize Concept 3. The ability to cover a
wider angular range without moving detectors is seen as a key advan-
tage of Concept 3 over 2. Concept 1 using a larger single carriage de-
tector can be built based on similarities to the LET detector at ISIS [23]
which uses 384 1-D ®He tube detectors having 25 mm diameter and 4 m
length, with area coverage of 38.4 m2. The larger number of tubes and
3He gas, combined with the larger vacuum vessel makes this the most

Table 4
Parameters used to describe the four detector concepts for extended q coverage.
Parameter 1) 2) VSANS 3) 4)
5mx5m Second Spaced Spaced
Rear Carriage Tubes Tubes
Detector 40 mm dia. 8 mm dia.
Angular 0.025-0.124 0.025-0.124 0.025-0.50 0.025-0.50
Range: 0;- Rad Rad Rad Rad
Ou
Tube 40 mm 8 mm 40 mm 8 mm
Detectors diameter diameter diameter diameter
L, = length Ly;=25m Ly;=10m Li=10m L=10m
N, = Ny = 200 Ny =96 N, = 160 N, = 800
number Lz=10m Liz=0.5m,
Nz = 100 Ny = 96
Detector area 24 m? 1.15 m? 6.4 m> 6.4 m?
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expensive option with similar resolution to Concept 3.
5. Discussion

The previous sections have shown that the detector count rate can be
increased by enlarging different length scales of the instrument. This
section will discuss other details that may affect the decisions to use such
features, both involving the final data accuracy and practicality.

Signal-to-noise (S/N): Our goal can be defined as measuring the
scattering curve on an absolute scale over a set g-range and g-resolution
to a set accuracy in the minimum amount of time. By increasing the
count rate, we can measure the same signal in less time. But we must also
consider the effect on the S/N ratio which also affects the accuracy.
When making this comparison, both the signal and the noise should be
scaled by the same solid angle on the detector [8]. The signal will then
scale directly with beam current on sample. The noise can scale differ-
ently depending on the detector configuration, for example.

The background or noise for SANS measurements typically are
measured in two separate background measurements: a blank sample,
that can be either an empty, solvent or other sample holder and a
blocking material that stops the beam at the sample position. The
background can be typically broken into several components: i) a dark
current that comes from sources independent from the beam on sample,
ii) parasitic halo around the beam stop that originates from the beam
collimation and iii) background scattering originating from the blank
sample, holder and surrounding environment. Both ii) and iii) scale
directly with beam current while i) is largely independent of beam
current on sample. In most cases ii) and iii) are dominant keeping the S/
N constant when comparing changes in instrument configuration
affecting beam current. With constant S/N, the counting time needed for
constant data accuracy scales inversely with the detector count rate.
Thus, if the count rate doubles the counting time needed is halved.

But in cases where the dark current i) is dominant, the noise is in-
dependent of the signal. The dark current is largely proportional to
detector area, and originates from either nearby instruments, or is from
cosmic rays, that all penetrate the shielding around the vessel to reach
the detector. Measurements of the dark current on the detectors at the
NCNR SANS diffractometers is found to remain roughly constant
regardless of the distance from the sample. Thus, more compact or
shorter instruments with smaller detector areas will lower this noise
component as N « L3. This may occur when iii) has been successfully
minimized, such as using high g-resolution which lowers the beam
current, using vacuum to eliminate air scattering, and samples having
low intrinsic background such as being hydrogen free.

Lens Focusing: In the case of a perfect lens optical device that does
not have aberrations in the image, the sample aperture term is elimi-
nated, Dgy = 0, allowing any sample size to be used without impact on g-
resolution or g-range. If the sample size is constrained, a lens can
enhance the beam current by four for the same g; and two for the same
04 [26]. Much higher gains can be achieved by allowing the sample size
to be increased. For example, using a lens to focus the high-resolution
configuration in Table 5 allows the source size D; to be increased from
15 mm to 30 mm to maintain g; and the sample size D, increased from
6.4 mm to 30 mm, the changes combined increase the beam current by a
factor of 88. Generally, a focusing lens allows higher resolution with a
shorter instrument when combined with a smaller but higher resolution
2-D detector, which can be inserted in front of the large rear 2-D [27].

To focus the beam, stacks of biconcave refractive spherical lenses are
currently in use at multiple facilities [28]. Since the lens focal length f «
1/42, the chromatic aberration is quite large thus limiting the maximum
gain. The individual biconcave lens made from MgF, single crystal is
inexpensive and easy to obtain. Ellipsoidal shaped reflective mirrors
eliminate the chromatic aberration thus allowing larger gains and
higher g-resolution, as used on the KWS-3 SANS diffractometer [29]. If
aligned to reflect vertically, aberration from gravity is also largely
eliminated. But the mirror is considerably more expensive and difficult




J.G. Barker Nuclear Inst. and Methods in Physics Research, A 1059 (2024) 168973

10™ grem ——rrr T 3 10 prem ——r -
E [Dersior Type E E MDetecor Type
L |v RearIimx1m - [| v Rearimx1m
F |®m: ) LargeSmx5m h Pl m:1)Large5mx5m
L ' ([aees i
& 5 5 aced Tubes, 40 mm
10 E @ 4) Spaced Tubes, 8 mm .5 10 E|lo 4 §§acedTubes,8nm 3
“,‘A . 3 b o B 1
oL 107E ] o 10°E ; :
> | ] = ] :
> : > 3 / o
107 3 E 107 E / \ F
. F o — T, av=125%
-8 -In L MEEERTTI [T AR ETT PR T -8 r
10 ks x 1o 2 rran L L 1078 Lasdua Pl T MR T PR
0.001 8.01 0.1 *goot © * %Bo1 * " %%a °
-1 -1
q (A q (A
a b

10 T

)
o

L] -6
o< 10 3 T 1ype H F
hnd v RearImx1m E
o B 1)LargeSmx5m L
> ® 2) VSANS Front Carriage | ]
A 3) Spaced Tubes, 40 mm b

| #..4).Spaced Tubss, 8 mm.

MA = 44%

68
0.001

6 8 2 4 6 8 2
0.01 0.1

q (A7)

Fig. 7. Plot of variance of the momentum transfer V, versus q with separate panels for the three different wavelength selection options on the VSANS instrument with
a) HOPG A1/4 = 1.0 %, b) NVS A4/4 = 12.5 %, and c) deflector AA/A = 44 %. The plot combines the four detector options with both a loose and tight collimation. The
dashed lines represent only the wavelength component. The total variance is represented by a line and a symbol for every one of ten annuli to avoid clutter, and each
annuli being one tube diameter in width. The two collimation choices are described in Table 5 and have beam stop sizes Bs = 27 mm (close symbols), and 2) Bs = 126
mm (open symbols). Points behind the beam stop are masked. Calculation includes contribution from gravity at 1 = 9 A.

Table 5
Collimation parameters used to simulate the g-resolution from the different extended-q detector concepts as shown in Fig. 7 using A = 9 A and AD = 8 mm for rear
detector.

@@ Ly (m) Ly (m) D; (mm) D3 (mm) Bg (mm) Dp; (mm) Dpz (mm) Dp (mm) Y X Y
7.42 x 107* 24.2 20.0 15 6.4 26.5 12.4 11.7 24.1 1.1 0.83 0.52
2.47 x 1073 21.4 20.0 60 30 125.7 56.2 58.1 114.3 1.1 0.94 0.49

to obtain and maintain within performance specifications minimizing
both figure error and surface roughness. Similar gains in intensity can be
obtained with converging beam collimation [8].

Spallation Sources: The size optimization can also be applied to SANS
diffractometers located at spallation neutron sources with some addi-
tional considerations. The wavelength band collected using TOF is
inversely proportional to the distance from source-to-detector. This re-
straint provides an additional incentive for shorter instruments at
spallation sources. The instrument length or the wavelength bandwidth

can be increased by having a lower pulse frequency. Thus, there is an
advantage for locating SANS diffractometers at lower pulse frequency
sources such as both second target stations at ISIS [30] and Spallation
Neutron Source (SNS) [19] and ESS. Choppers are sometimes used to
skip every other pulse to half the frequency. Compact moderators at
spallation sources can also increase the source brightness. Limiting the
source size to 3 cm can increase the brightness by a factor of two at the
ESS [31]. The large wavelength band used on TOF SANS diffractometers
regardless of the source causes unacceptably large chromatic aberration
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using refractive optics. A lens using a reflective mirror should be
practical.

Short, or compact instruments, particularly suited for spallation
sources, are also better optimized for smaller samples. Biological sam-
ples are often prohibitively expensive to make in large volumes. Robotic
or autonomous activities may also benefit from a smaller sample size
[32]. Such an optimized compact instrument for small samples was
proposed for the ESS [33], a very bright source which can counter a
lower count rate from smaller samples. Whereas this paper has
emphasized the gain in count rate from larger samples and instrument
components, the same calculations can be used to determine the
necessary tradeoffs in performance needed to also shrink the
components.

Large Sample Applicability: Both pinhole collimation and lens optics
need a larger sample size among other changes to produce an increase in
beam current, especially when compared to current instrument design
and use. In cases where the increase in sample size can be accommo-
dated and the increase count rate will allow an expansion in the number
of samples or sample state variables, such as temperature or pressure,
where there are several state conditions to be run, there is incentive for
such implementation. Experiments that are particularly suited are ex-
periments that have much lower count rates, make several measure-
ments on the same sample under different state variable conditions, or
fast kinetic measurements where individual short time slices have
insufficient number of counts. Larger sample sizes are typically currently
used on neutron spin echo inelastic scattering instruments, where the
same sample must be measured at several solenoid magnetic fields to
scan the time variable.

Weak scattering from thin polymer films spin-coated onto large
diameter silicon wafers have been measured [34,35]. To enhance the
signal, identical films on substrates are stacked together. The back-
ground is minimized using vacuum and removing sample area windows.
The maximum diameter of the sample is only limited by the available
silicon wafer substrates. Kinetic measurements of diffusion in micro-
emulsions have been made, where the signal decays during the diffusion
process [36,37]. Faster decay caused by faster diffusion requires higher
count rates.

6. Conclusions

Calculations used to optimize the geometry of pinhole SANS dif-
fractometers to maximize detector count rate is revisited, with addi-
tional details presented on the penalty paid for using under-sized source
or sample apertures. Increasing all instrument component dimensions,
which include both source and sample apertures, both path lengths
before and after the sample, the beam stop and detector size, produce a
gain in detector count rate which scales with the square of all the
component’s sizes, while maintaining similar g-resolution. The effect of
gravity on the g-resolution does grow rapidly with increasing size, but
still has a minor influence with current instrument sizes. The perfor-
mance gain obtained by using larger samples was demonstrated using
SANS measurements on the VSANS diffractometer. The versatile detec-
tor system, using eight 2-D detector panels mounted on two carriages on
rails, allowed the measurements to cover the same g-range, with an
observed gain of six in count rate over the typically used sample size.

There are several practical limitations to be able achieve this in-
tensity gain on existing or future SANS diffractometers, with the most
difficult being able to maintain or expand the g-range covered in a single
measurement. Adding additional detectors closer to the sample with
different proposed layouts are shown to be the most practical and cost-
effective manner. Sample size availability is another critical factor. To
accommodate smaller samples suggest shrinking several instrument di-
mensions with resulting count rate reduction. Instruments that are
flexible in changing size may be the best compromise to handle both
small and large samples.
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