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Abstract

We present both analytic and Monte Carlo calculations of ¢selution of VISION,
which is a crystal-analyzer spectrometer based on the TOSG@nderhe analyzer
crystal in VISION is configured to focus in time, radial, arahsverse directions (“triple
focused”). Previously published analytical results have two sefles in the handling
of the statistics, which gave misleading results. Firstus&an distributions were
assumed for all resolution components, so that full-width-half-maxirmould be used.
Not only is this a very poor approximation for most terms, italso completely
unnecessarypecause standard deviations can be combined in quadrataeyfshape
distribution (except Lorentzian). The second flaw was the choicar@bles that araot
independent, so that significant correlations were ignored. Ammraof the effect of
including correlations is that the mosaic spread of the agralgeystals doesot
contribute to the resolution in first order. Monte Carlo sinoats not limited to first
order, and we find a mild optimum value for mosaic spread. A coeglet of six
independent variables is: neutron emission time, incident ftigti- variation (due to
moderator tilt), sample thickness, mean path in the analyzetddualtiple reflections),
sample-to-detector radial distance, and detector thickna&® treat separately the
resolution contributions from histogramming and rebinning during dagaisition and
reduction, and describe a scheme for VISION that minimizesffieet on resolution.
We compare the contributions of the six variables to théregalution, both analytically
and by Monte Carlo simulations of a complete VISION model usireg Neutron
Instrument Simulation Package (NISP).

Keywords: Neutron scattering, Resolution, Crystal Analyzer, Monte Car&R NI

*Corresponding author. Tel: +1 505 6627163
E-mail: http://PASeeger.com
URL: PASeeger@losalamos.com

Nuclear Instruments and Methods A 604 (2009) 719-728.
DOI: 10.1016/}.nima.2009.03.204



1. Parameters of a high® crystal-analyzer spectrometer

We wish to develop a statistically precise analytic form for tiezgy resolution of VISION, a TOSCA
style crystal-analyzer spectrometer [1], for a better undersiguadithe simulations made with the
Neutron Instrument Simulation Package (NISP) [2]. Some of the NISP rgudtardao contradict
“common knowledge” [3-5]. The problem is simplified compared to [3] becawsené information is
not required. We avoid the unjustified approximation that all distributionGamssian.

The analysis is also simplified compared to the more general focusivigmr{6,7] because the TOSCA
geometry assumes the special case of co-planar sample and detectoalaidhpalyzer. We will attain
“triple focusing” by manipulating the shape of the analyzer crystal.

The principal variables for a crystal-analyzer spectrometer ogtthiicr high@ vibrational studies are
shown in Fig. 1. The final neutron energy is a selected by the analyzer, arud-fiigt is used to
determine the initial energy. In general, subscript 1 refers to¢igdent beam (moderator to sample),
and the subscript 2 refers to the path of scattered neutrons (sampédyer to detector). Subscript O is
reserved for scale factors and derived factors involving both patls.imdlicated in the figure are typical
shapes of the six independent distributions tleatribute to the resolution of the instrument.
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Fig. 1. Layout of a TOSCA style crystal-analyzgestrometer, showing instrument parameters and the
statistically independent sources of resoluticoadeninc For time focusing, the sample and detector aptacar

The two measured quantities for each detected neutron are

R, = nominal distance of a detector element from the center of the sample
t = total time of flight
Given that the sample and detector are coplanar, four parameterg gpeaistrument geometry:
L, = nominal incident flight path, center of moderator face to sample
Z, = nominal axial displacement from sample (and detector) to analyz&alcrys
g = nominal angle of incidence at the analyzer
d =  crystal plane spacing = 3.348 A for PG002

The probability distributions that (may) contribute to the uncer&gmif the measured energies are



= convolution of proton pulse width and emission time distribution as measured o
simulated at the moderator surface; may also include recordetitimgeth
dL, = variation ofL; due to tilt of moderator surface; O if beam line is perpendicular
= depth in sample, affects bdthandZ,
dB = effective depth in crystal, affecfs twice; may be greater than the crystal thickness
because of multiple reflections (random walk) in the crystal
dR, = convolution of detector element width and sample width, with second-ordebatotrs
from detector and sample heights
dC = depth in detector, affects
df, dy = orientation angles in the analyzer crystal, affed®@hgndg, shown to be second order
and hence negligible

Scale factors used in the analytic equations:

2 2
h— i = 1.8247 meV
2m 2d

Vo= (h/2md) = 590.8 m/s = normal component of final velocity

0

2. Energy relationships

The final energye; is selected by Bragg scattering in the analyzer. Estigndtem the detector location
R, (assuming symmetry, but see section 3), and apply the Bragg condition:

tang=2,/(R,/2) 1)

/,=2dsing=2d2,/z2+(R,/2) )

v, =(h/m)//; =v, cscg 3)

E, = E, csCq = Eo(1+ (R./2 Zz)z) 4)
Note thatt, = 2Z,/vy is independent of angle (time focusing). Subtract totfinahd solve foE;

tp = t—t, = t—2Z,Vp (5)

E,=$mv; = E [Ll/VO(t - '[2)]2 (6)

We see thal, is a function ot but notR,, andE,; is a function oR; but nott. The neutron energy loss
(sample excitation) as a functiontandR; is found by subtracting Eq. (4) from Eg. (6):

2 2
L R
w=E-E, =, ——2—~ =-1- —2

Volt-t,) 27, 0

Compared to Eqg. (9.3) of Ref. [4], the significant difference is that th@émdient variables are the
measured quantitigsandR,, not sing which is derived fronR,. Each detector element has a slightly
different value ofQ, but for studying undispersed modes all may be summed.

3. Mosaic spread in the analyzer crystal

The effect of variations of orientation angles in the analyzeratrgrebsaic spread) must be examined.
In section 2 we assumed a perfect crystal with reflecting planes pardle surface. For convenience
consider an analyzer in the horizontal scattering plane. Now supposettif®paint of reflection there is
a variation of orientation with a counterclockwise fil{in the scattering plane) and an upward slppe
(out-of-plane). For a neutron to arrive at the same detector point, thapeimth the reflection
occurred must be offset from the nominal positionxiflyorizontal) andz (vertical). To first order if
andy,



|z, si’glf,  z=-2z,y 8)

As long as the anglg is not too small, the deviation is of the same order &s In all casex is of the
same order ag (both deviations scale wi#p). The denominator in Eg. (1) assumes the sample-to-
analyzer and the analyzer-to-detector distances (respedtjyahdLg) are equal and have no vertical
component. Applying the offsets, the squares of the two distances are

L2=22+(R,/2+x) +2? =[222 +(R, /2)2] +Rx+x%+22,

9)
L2=22+(R,/2- x)* +2% = [Z,f +(R, /2)2] - Rx+x%+22
Expanding the square roots,
La»yZ5 +(Ry/2)° +(R2X+X2 +ZZ) 2423 +(R,/2)*, (10)

Lg » 25 +(R,/2)? +(‘ Rpx +x° +Zz) 2425 +(R,/2)?

The only first-order corrections are equal and opposite. Thus thewdiiist-order correction to the total
secondary path length = La+Lg.

Consider also the actual Bragg angle. The angle from the sample dlettt@orepoint isg +7 and the
angle from the detector ig- f. Keeping second-order terms, with )%/ and cos()=1-  %/2,

sin@ + ) =sin@g) [L- 72/2)+ £ cosg) =2, /L,

(11)
sin@ - £)=sin@) (L- £2/2)-  cosq)=Z, /Ly
Summing these two equations gives
2
sm(q)——2 R (1+f2/2)=L 1+ (222 +(R2/2)2)()(2 +22) (12)
2 ba b Zi+(Ref2f 2

Again, the first-order terms cancel and there are only second-order iomsdotEq. (1). Since our

analytic resolution function will be first-order, we neglect the ihstionsd/ anddy. However, when
multiple reflections are allowed in the analyzer crystals (@e&i3), and when the area of the analyzer is
large, then neutrons arrive at a detector point by many different pathtbeam@re strong correlations

with mosaicity. NISP does not suffer from the first-order limitatiothefanalytic form, but rather
includesall orders of correctiongnd correlations, and is arguably more complete than any other general
Monte Carlo code [7,8]. In particular, only NISP includes multiple s@agt@nd penetration depth in the
analyzer crystal, and only NISP includes incoherent scatter [9]. inrsé&c8 we demonstrate both the
first-order independence and the correlations that become sighficcaocking curves greater than

about 3° fwhm.

4. Energy resolution

The complete statistical probability distribution ofw is found by multiplying partial derivatives of
Eq. (7) by the corresponding distributions. This isahly way to account for correlations.

2y 217
VLY (L+ A)m(t t,)-

Note from Fig. 1 that the variation bf depends on botti_; anddA. Althought, is a constant because of
time focusing, it does have a probability distribution through its dependengewhich in turn depends
on sample, analyzer, and detector thickness distributions. Averagedample-analyzer and analyzer-
detector distances,

R+ 7, (13)

(1) =EK 223

R
2z2



Z,=1( A+2 B+ C)
t,= (2/v,) Z, = Wv,)( A+2 B+ C)
In terms of thestatistically independerttistributions illustrated in Fig. 1, Eq. (13) becomes

(14)

2
( W): ZEO i _Li_ t + i+i+l A+ i+l (2 B+ C) - EOCth Rza (15)

Z, L t-t L Z, % Zy 2, Z,
where
Zy = v (t-t,) (16)
2
1 RZ
T == 229 =1lcot’g(z,/L,) 17
8 7,1, 5 q( o/ 1) (17)

To visualize the resolution function or to take the limits for small argklenergy transfers it is

convenient to express egs. (7), (16) and (17) as functionspf) instead off; R,). The leading factor
can also be simplified using Eq. (6). Then

E, = w+E,cscq (18)
Zy = LiJE/E (19)
T = icot’q(E,/E,) (20)
_ L it 1. 1. 7T 17T E, cotg
(w) =28 —- t —t——+t——- A+t —+——- (2B+C) -——F R (2]
L L Z, 4, Zy, 4, Z,

This is the statistically correct solution for the energy régmluexpressed as a convolution of the six
independent probability distributions. Note again that the crystal mdsasnot contribute, except as it
affectsdB. Nor is there a term multiplied ty, as there is in Eq. (9.13) of [4]; inste&d occurs only in
denominators. ThdR, term replaces the analyzer angle tdbap,. All terms have angular dependence,
and the operation of averaging over the detector may increase theearizare must be taken in the
data acquisition and reduction to achieve the resolution implied by Eg. (21lisauesithe additional
terms in section 6.

To express the asymptotic behavior for low or high energy transfervavate Eq. (21) ay=45°, the

nominal angle of incidence for the center element of the VISION tdetéblote thaty is aparameter
and not avariablein this formalism.)

L 2 + R
<<y (wmag, Y2y W21 2L R
L L L, 4z, L, 4z, 2R,
E
w>>E,, (—M”//) =L£[ L+y WIE, (A+2 B+ C-vp te,)] - R, (23)
1 2

Thus at very low energy transfers (or elastic scattering) théuddsesolution is a constant, while at
moderate to high energies the relative resolution has terms ttedsaas the square root of the energy.
We must also take note that the time distributdbnyaries with energy. For most sources the pulse shape
is relatively constant belo® » 5 meV; we will refer to this part of the spectrum as the “thermalse

shape. Abov& » 300 meV, the slowing-down or “epithermal” regindescales Witl/VE so its

contribution to the relative uncertainty becomes constant; however theofitlite proton pulse may then
become relevant.



5. Evaluation of variance terms

The terms in the above resolution expressionstatestically independenso they can be combined in
guadrature, witlno need to assume that the distributions are noriilaé variance of the convolution is
always the sum of the variances of the terms. No other width staisti@speciallpot the fwhm, can
be combined in this way unless the distributions are all normal. Ref. [4¢idyphakes that
assumption, but it is neither necessary nor accurate.

The standard deviation (square root of the varianagtiby itself an adequate statistic to describe the
width of a distribution with an exponential tail because it is tooitbemso the tail. (The fwhm also fails,
by ignoring the tail altogether!) For experimental or simulated datapm@romise by using the Gini
mean-difference (see section 6.1 below). The only “true” measure vdldeermine the distribution
itself, by integrating the convolution of the terms using NISP.

In the following sections we look at the individual resolution terms. For nameamples, we consider
the VISION spectrometer positionedlat 15 m from the SNS bottom-upstream water moderator
(poison depth 25 mm) on flight path 16B (11° off normal). The sample is 40x40%2 Amalyzer
parameters arg, = 260 mm,g = 45°, triple-focused PG002 crystal made up from 12x12x2 tites,

and 20 detector elements with 470 mR,< 570 mm, each detector being 5 mm wide and 50 mm high.

5.1 Moderator surface distancedL ;

We look first atdL,, the distribution of distances from the moderator surface to the noramples
position. If the beamline is perpendicular to the moderator, this termois Eer a rectangular moderator
of width Wy = 100 mm and tilt angléy, = 11°, the distribution is square and the variance is

V[Ly] = (Wy sinfy)?/ 12 ~ (5.4 mn) (24)
5.2 Source pulse shapek
We look next atlt, the time distribution of neutrons at the moderator surface. Thddigin varies
slowly with E;, and we choosg, = w + 2E, (center of detectoy= 45°). Most moderators approach

thermal equilibrium for long wavelengths, and the limiting thermal st#pds independent of. In all
cases the limitingpithermaldistribution depends aw, d,(t//). With no theoretical model, and in the
absence of experimental data, we use simulated pulses from MCNP idegtowthe SNS [10]. The
limiting means and standard deviations for the SNS bottom-upstream (25 aen)moderator are

epithermal: m = 10.8ns/A, S, =10.8ms/A

thermal: m = 30.5ns, s, =20.3n% (25)

After multiplying s(t;/) by v, to scale the units to mm, the limiting variances for this moderedor a
V[Votlepitnermar= /% (6.4 mm/A¥,  / <0.6 A

V[VOt]thermalz (120 mma, />5A
These values are rather large because of the 25-mm poison depth of thiganodera

(26)

In the very important intermediate region, the two distributions overlapthE@malytic approach, we
use tabulated values of the variance. Since the two limiting distritsutéire added and not convoluted,
the resulting distribution has a bimodal character, and the variaimcedased by a contribution from the
separation of the two mean values. The pulse shape is the largest teemndsolution over most of the
range. Thelt contribution from binning in the data acquisition is considered in section 6.

For the Monte Carlo simulations, a wavelength is first selected froerigrgy distribution. If the
wavelength is in the intermediate regime, one or the other timédisin is chosen by comparing a
random number to a switch function. Since that process applies only to thdisimua omit the
details, which are given in the NISP documentation [11].



5.3 Sample and detector thicknessedA and dC

The penetration distributions for the sample and the detector ardyatrtuzrated exponentials, but
within the precision of this analysis can be taken to be uniform. takexlA anddC to be square
distributions respectively 2 mm and 3 mm thick, then the variances are

V[A] = (4/12) mni, V[C] = (9/12) mnd (27)
5.4 Analyzer effective thicknessgB

In a mosaic crystal, any neutron that satisfies the Bragg condition w /
enough to refleabncehas a high probability aghultiple reflections.
Thus any neutrons that do not escape from the crystal after a single Ve
reflection may be “trapped” for a very long time, till they eithelapsc ’
via random walk, are absorbed, scatter incoherently, or reachi¢iee /
of the crystal. As shown in Fig. 2, the effective ddpthnot limited L,
by the thickness of the crystaf(Fig. 9.6 of [4]). Since all reflection e
angles are equal (within the mosaic spread), the total path length wi ¢
the crystal is B/sing. The time spent in the crystal i82v,, so if we
look at the simulated time we can determine the effe&ive .

0]
.4

In the absence of experimental data on the time distribution of the .
crystal analyzer, we again turn to simulation to estimate the earian .
dB (see section 6.3). For the range of mosaic spreads considered, i N
typical mean value d is 0.4 mm, and the variance is

V[B] = (0.7 mmj . (28) \

The shape is extremely asymmetric, as illustrated in the inset in, Fig;ig’L_ 2. Random walk in the analyzer
making the first-order analysis dubious. The effect of the tail (later crystal. The effective dep® may be
time of detection) is in the same direction as the tait.of much larger than the crystal thickness

5.5 Detector offsetdR,
The variance of the nominal detector element offsdtas contributions from both widtiXY and height
(Y) of the detector element (D) and of the sample (S), and is found by setting

R’ = (Xo —Xg)* + (Yo - Yo (29)
For convenience we consider the horizontal scattering plane, but in géam@dY represent radial and
tangential directions, respectively. We find the variand®ofrom the variances of? andY?, and the
variance ofRR; by differentiation.

VIR = V[R, /(4 R?) = (V[X] + V[Y])/(4 R?) (30)

The differenceXp — Xs is a trapezoidal distribution centered at the nominal sepabétioimtegrating the
2" and 4" moments o over the distribution to find the variance)5t

V[XT = E[XT] - (E[XY)?
=Xo? (DXp? + DXA)/3 + DXp* + 5 DXp? DX& + DXsh) /180 (31)
whereDXp andDXs are the full widths of the detector element and the sample. A diffgrence from
previous treatments of this term results from integrating oeetréipezoidal distribution instead of

ignoring cross terms. In this case the correlatinagasethe effect on the resolution. The varianc& of
is similar, but the first term is missing becaiyse 0.

V[Y’] = (DYp" + 5DYp’ DYs” + DYs") /180 (32)

SettingXo? = R, for the center of a detector element, and applying Eq. (30), omitting all Hatglst of
the second-order terms,




V[Ry] = (DXp* + DXs?)/12 +DYp"/(720R,?) (33)

The most significant term is the widths of detector and sample. Thedsertsr term becomes
significant for the proposed tall detectors of TOSCA [1], which walve hadDYp = 250 mm, and

V[RZ]TOSCA= (133 mm§ (34)

V[R]vision = (11.6 mmj (35)
These values assume the sample widXis= 40 mm. Resolution improves for narrower samples.

6. Analytic and Monte Carlo results.

Since the six terms in Eq. (21) atatistically independenthe variance of the resolution function is the
sum of the six variances. However this is only a first-order result.al€alate the resolution completely
requires integration of the convolution of all the distributions, which isdmee by a Monte Carlo
simulation. We use the complete model of the VISION instrument in theddduastrument Simulation
Package (NISP) to determine the resolution for a sample havidduhttion energy transfers from 0 to
368 meV. Fig. 3is a “virtual reality” view generated by NISP. The Be fdtased to remove higher-
order reflections from the crystal, and does not affect the resolution.

The width of the data acquisition time channels has not been included expii&iti. (21) because it can
be made small compared to Eq. (25). “Time focusing” means that the secorgtdrjrfiet, is the same
for all neutrons, even though the energy of the neutron varies acrosssitterd&q. (7) shows how to
combine data from different detector elements (that is, diff€tgnnto energy bins. For highest
precision when rebinning, the recorded time scale should be logarithrhietif), that is, a logarithmic
time scale starting at a delaytgfifter the proton pulse. In the NISP simulation we recorded 5310 time
bins with relative widthdt/t = 0.0005, odE,/E; = 0.0010. For the reduced data after summing over the

Detector

Sample

Triple-Focused (X,Y,t)

Analyzer Incident

Beam

Fig. 3. View of one analyzer bank in the VISIONdgb Triple focusing irX, Y, andt is accomplished by dividing the
analyzer into conical zones with independent radd slopes. The virtual reality file is producgdNiSP.
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Fig. 4. Histogram of simulated data for the VISI@Ntrument, summed over one analyzer/detector Hanknosaicity
0.007. Since the scattering kernel consisted af-fiihctions, the peak shapes are the complete tésolof the instrument,
including data acquisition. The asymmetry of tegofution is due to the tail of the source emissime and from multiple
reflections in the analyzer. The background betwbe peaks is mostly due to incoherent scatten fiee analyzer.

entire detector we usedvbins that are linear below 10 meV (width 0.02 meV), and logarithmic above
10 meV (width 0.2%). Fig. 4 is a typical result of the data reductionreTre from 5 to 10 bins over the
half-width of each energy, so we can state that the data acquisitiotivadiahieme does not impact the
experimental resolution. (For the comparisons in section 6.2, we will use twitangs wbins.)

6.1 The Gini mean-difference statistic

Because the distributions are skew and have both backgrounds and stagstiss,the Gini mean-
difference [12] instead of rms values to estimate the standardidevimm the data. Since the Gini
statistic depends only on first powers, it is more robust. For a disés&ibudion, the definition is

2 n i-1
X - X; (36)
n(n-1) i, j=1‘ J‘
An important computational simplification occurs if the data are eddby value. Then the double sum
can be replaced by a single pass through the data:

g:

2 "
= 2i-n-1)x, CE X, 37
9= 0D i:l( )%, % EX. (37)
For a histogram, we treat data as being uniformly distributed within eachhan.
2 n i 1 1 n
g9=— Y (% + %) Yj - §Yi (2% +x.) - N Y (% + %) (38)
N® 4 =1 i=1

[When the data bins are logarithmic, it is more appropriate to us¢) limgtead ofk; as the bin
boundaries. The result would be Igg] Finally, g is normalized to standard deviation by multiplying by

\//7/2. Eq. (38) is easier to program than it looks. Here is a Fortran code friaignoempute the mean,
g, ands, assuming that limiting values for the bin numbers have been determined.

SUMY =0.d0
SUM1 =0.d0
SUM2 =0.d0
DO i=il,i2
XX = X(i)+X(i+1)
SUMY = SUMY + Y(i)
SUM1 = SUM1 + Y(i)*X
SUM2 = SUM2 + Y(i)*(XX*SUMY - Y(i)*(XX + X(i))/3. 0)
END DO
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mean = 0.5*SUM1/SUMY
g =(2.0*SUM2/SUMY — SUM1)/SUMY
sigma = 0.886227*g

For an exponential, the normalized Gini is 89% of the standard devitiansquare distribution, 104%.
6.2 Analytic/simulation comparison for a single analyzer tile

The solid lines in Fig. 5 are the six analytic terms and their quadratic Bhensalient features are that
the R, term (width of sample and detector element) dominates at low energyredron emission time)

dominates at high energy transfer. The next contribution is the thi efffective thickness of the
analyzer crystald3. Though not apparent in the first-order analytic treatmenB teem may become

significant at very large mosaic spread.

012 71T T T 7T 71T T 77 T T — T T T 0.012
: Analytic :
® Simulation
0.10 r O Minimum i 0.010
r Sum 7
0.08 — 0.008
3 | 18
E [ 1k
0.06 [ = \.//o— 0.006 g
g i . €
€ , e 40
5 L ° b 4
0.04 t — 0.004
i o R ]
L ® Q B 7
0.02 B 0.002
L C m
A _
= (e) b O
0.00 MI L1 | | ! 0.000
0 5 10 30 100 300
fio  (meV)

Fig. 5. Analytic and simulated resolution termsdasingle 12x12 mfanalyzer tile. Simulations of individual termslat

energies are shown f&, t, BandC. The “Minimum” simulation is discussed in thetteXhet term is segmented because
it is found by linear interpolation in a table, ahe high values at intermediate energies resuth fihe bimodal character of
the pulse shape (section. 5.2).

The symbols in Fig. 5 are the simulated resolutions (Gini statietithé 11 energy transfers shown in
Fig. 4. The primary output of NISP is always detector histograms. WIslpdssible to use a post-
processor program to extract information that cannot be directly measerédye/chosen to modify
parameters to suppress contributions to the resolution. In NISP (as inltventida we cannot reduce
resolution to zero without the intensity also going to zero; for instangegtector element has no width,
it can never be hit. The modifications we made were

dL; = 0 by setting the moderator perpendicular to the beam

dt = 0 by editing the source table, or by defining a fixed wavelength source

dA, thickness 0.1 mm instead of 2 mm, and scattering cross section increased metfecsa

dB can not be reduced smaller than 0.2 mm without affecting the algorithm fofl@ivity
dC = 0 by setting the efficiency at 1 A to 100% (normally 30% at 1 A, 81% at 4.7 A)
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dR,, reduced sample size to 1 mm and detector element to 3 mm
whbins reduced to 0.01 meV below 10 meV, 0.1% above (twice as many bins)

Since the size of the analyzer is not present in the analyticssiqme, the simulation used a single
12x12 mnitile. With all these changes made, there is still a “minimum” résaluindicated by the
open circles in Fig. 5. The individual terms were activated separgiteng the respective solid circles.
TheA andL, terms are too small to measure compared to the “minimum.” The agreeitwezripe
analytic and simulated is generally excellent, but there is araiaticthat theB-dependence at high
energies is not as strong as expected from the analytic approximation.

6.3 Mosaicity dependence

In the monochromator algorithm in NISP, mosaic spread is represented zmnkeirand vertical
Gaussian distributions of the orientations of microcrystals. NISRgm@eutrons by multiple steps,
selecting an orientation and solving the Darwin transport equationsctostsp [9]. To relate the
“microscopic” mosaicity parameters to rocking curves, we simulatedasurement [13] using 2-A
neutrons. (This is also a practical X-ray wavelength for testingysfats.) Fig. 6 shows simulations

10 T | I T T | T T T | T T T | I T T [ T
- ~\0.0020 i
- AT ]
#7EN ]
o8 7T E TN _
e f N IERN .
2 r R B RN R
506l o AT .
T i ! | i \ ]
3 0 i CE L |\ 00250 -
B o4 S |\ -
0] - / : : \ \ ]
O - / I : \ \- -
L [ A o i
021 A NE \ \ ]
/ : =. \
i ;o AT N ]
~ t . A A i N N g
U.U
4 2 0 2 4

Rocking Angle (°)
Fig. 6. Simulated rocking curves for eight mosgigilues from 0.0020 to 0.025, as listed in TalaledL
Fig. 7. The “measurement” was made with a higblimated beam of 2.01 A neutrons, with a fixed
takeoff angle of 35° and a large detector.

Table 1. Mosaicity effects on resolution and intensity

Mosaicity ~ Rocking Curve Effective Resolution Relative Figure of Relative
s@.y) (rad) fwhm (°) s (B) (mm) s( W w Intensity Merit S/IN

0.002( 0.7C 0.62 0.009: 0.7t 0.91 13
0.003¢ 1.1¢ 0.6t 0.008t¢ 1.21 1€ 21
0.005( 1.5¢ 0.67 0.009: 1.61 1.¢ 24
0.007( 2.1: 0.6¢ 0.008: 2.1C 2.8 24
0.010( 2.6 0.71 0.010: 2.7 2.4 27
0.014( 3.8 0.74 0.012¢ 3.3 2.1 24
0.019( 5.C 0.7¢ 0.014( 3.t 1.8 22

0.025( 6.3 0.8C 0.015:¢ 3.€ 1.t 18
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with incident beam collimation of rms 0.01° and perfect wavelength selattd01 A, for which the
takeoff angle is 35°. The fwhm values are given in Table 1. Since thécityoaHects the distribution
of times spent in the crystal due to multiple reflectiarissection 5.4), we also simulated 90° takeoff to
find dB. Even though fractions from 46% to 24% reflect on their very first interaati the front surface,
the distributions have extremely long tails, leading to the effes(Bgvalues shown in Table 1 in units
of mm. In Fig. 7 we show the effect of mosaicity on the simulated resoluttthswiFor a single
analyzer crystal (bottom set of points), the effect of mosai@dpsenegligible, even for a 6° rocking
curve. Mosaicity becomes important when the full analyzer thicknessreadre considered. The
correlation between multiple reflections and the focusing conditions alldtipia secondary paths to
arrive at the same detector point, so the first-order canoakafibund above in section 3 are no longer
exact. The upper set of points in Fig. 7 show a mosaicity dependencesthager, but still less than
first-order.

7/

0.02 0.002
P - - B = 0.2 mm, one X'tal —

0.00 | IR T B B B 1 1 1 1 Lo | 1 1 0.000
0 5 10 30 100 300

fio (meV)

Fig. 7. Simulated term at 11 energy transfers, for 8 values of tbheaitity. The lower set of curves shows that tiere
no first-order dependence of resolution on mosaicilyhen the thickness of the crystal is increasethf®.2 mm to 2.0
mm (cf. Fig. 5, blue dots), there is an increase of ab0b because of the effective depth. However wheriull triple-
focused analyzer is used instead of a singlethikre are very significant correlations that degrd high-energy
resolution as roughly the 0.4 power of the mosg.

6.4 Full triple-focused analyzer simulations

The NISP model for one full analyzer bank (Fig. 3) has 17 conical zones of artajystals, with a total
area of about 400 ¢ Since mosaic spread broadens the area used on the detector, an appeapriate s
was determined for each of the eight mosaicities. In every case thodetas divided into 20 vertical
segments, which were recorded separately. The inelastic scattering sasplt-function levels from
elastic to 368 meV. (The simulations for Fig. 5 were made with separetéor each energy, and very
narrow wavelength bands. This simulation includes all wavelengths, andsgimesndication of
background as seen in Fig. 4.) The observed shape at each energy tramifecisraeasure of the
instrumental resolution. Fig. 8 shows the results. To represent the resoluti@migle number, the
relative standard deviations at 62.4, 113.9, and 205.5 meV have been averaged, shown by attymbol a
right edge of the plot and listed in Table 1. The first four mosaiciteesssentially equal, and then the
resolution increases as the 0.4 power.
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Fig. 8. Resolutions simulated with the complete IS model, for eight values of the mosaicity anshaple including 11
d-function resonances. The diamonds, Mosaic 0.68Tespond to the data of Fig. 4.

Since these runs all use the same source function, intensitiedlsacde @aompared. Table 1 lists the sum
of the 11 energies, and also a figure of merit (FOM) defined as inteingiiyd by the square of the
standard deviation. The simulations show that the general backgrowss(as Fig. 4) increases with
mosaicity because larger detector areas are needed. We defativa segynal-to-noise (S/N) ratio as
intensity divided by detector area, and show this as the final column iea Tabhe FOM peaks at
mosaicity 0.007, and the S/N at 0.010. The final recommendation is mosaibidy rarige, or a neutron
rocking curve between 2° and 3° fwhm.

6.5 Comparison to TOSCA resolution estimates

Since our Eq. (21) i®rmally so different from Eq. (9.13) of [4], we may ask how risultsdiffer. One
complication is the use of fwhm instead of standard deviation, but sefcg4Rhas already made the

assumption that everything is Gaussian, we can dividestlealatedfwhm by ,/8In(2) . However we

know that theexperimentapulse shape has a tail. At energies above 100 meV, the shape is well

represented by the Ikeda-Carpenter form [14], whictc&6) distribution, (1/4)/2)% 2, for which the
mean is 6 and the variance 12. Solving numerically for the half-height pbmfsyhim is 1.966. We

use that ratio to convert measured fwhm to standard deviation.

Fig. 9 shows analytic resolution curves for TOSCA. Curve 1 is the peabligisolution (rescaled) [5],

and curve 2 is calculated by Eq.(21) with identical instrument param@dtkespulse width is

proportional to wavelengtis, = (7.0 ps/AJ, combined with a time-channel width of 2.0 ps. Since the
parameters are identical, curves 1 and 2 are a direct comparisortwb thremalisms. The spurious
increase of curve 1 at high energy is the result of a serious sttistior: Eq. (3.14) combines terms that
are notindependent, since they admittedly depend on the same thickness terngs.3181 of [5], the
common dependence Bf,, andL;,y IS apparent. We have dealt with the same correlation. In Eq. (7),
E; has a dependence BnandE; has a dependence @) but in Eq. (14) we see thatandZ, are each
proportional to the same thickness contributiaiAs+ 2dB + dC. It isessentiato separate the
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Fig. 9. Analytic and measured resolution at TOSC/escaled from Fig. 3.21 of Ref. [5]. 2) complfm eq.(21) with
the same parameters, including pulse width promoatito wavelength. 3) eq.(21), using tabulatedguwidths from a
detailed model of the target/moderator system §t] assuming negligible contribution from histogtainming. Points are
from a measurement widthsof narrow vibrational modes 2,t-diiodothiophene [5]
independent terms, as in Eq. (21), before combining in quadrature. The camrfbat the thicknesses

is reduced by the correlation betwderandE,.

At low energy transfer, Eq. (22), the largest contribution is the deteffset term, (Ey/R,)dR,, which
replaces the collimation term in Ref. [4] and is determined by sample arudadetizes. Since onby
depends oIR,, this term could be included in tBg., term in [5]; it is omitted from Eq. (3.15), causing
curve 1 to be lower than curve 2. As can be seen in Fig. B, teem is insignificant at high energy.

Finally, to facilitate comparison with the VISION model (Fig. 5), wedupulse shapes computed from
MCNP simulations made at ISIS [15], curve 3 (dash-dot). The MCNP epithpafsal width is smaller
than aboves, = (4.9 us/A}J, presumably because the poison depth in the moderator is only 15 mm.
Curve 3 also illustrates the increased broadenirl af intermediate energies due to the bimodal
distribution (see section 5.2). Another minor difference between curves 2 ame amtyzer depth
term,dB. Curve 3, which has no adjustable parameters, represents our best astatyaite ef the
resolution that might be achieved at TOSCA.

The data points in Fig. 9 are measurements of selected vibrational modesiaidhghiophene that have
relatively small intrinsic width [5]. Considering the experimentatertainties, the agreement with curve
3 is satisfactory.

The agreement between Eq. (21) and the resolution analysis of then§tAiMent at KENS [16] is quite
good, but there are small differences. First, they totikbe identically constant, instead of a
distributionwith constant mean, so a part of the thickness dependence was omitted. Secamdplie
thickness occurs in two terms without accounting for correlation. The emhyghown in Fig. 5 of [16]

with which we disagree is thens time bin, which seems to have used the fwhm in place of the standard

deviation, and is thus too large by a factor@®. We note that thBE; term is practically identical to
ourR, term, as it should be. This term is quite large at low energiesdeettaICAT detectors are
horizontal. Itis also of interest to note that although the mosaic spesaitieluded as a direct
component of the resolution, it was subsequently set to O for agreement wiitn @arlo simulations.
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7. Conclusions

In terms of the experimentally measuteahdR;, the energy transfer is given by Eq. (7). By taking
partial derivatives with respect to each instrument parametenrive at the linearized analytic
resolution given in Eg. (21). We find both analytically and by simulation that theicreyread of the
analyzer crystals is not a major contributor to the resolution ofeafticused crystal-analyzer
spectrometer (for rocking curves less than 3° wide). As shown in Fig. 5, ahkrgy transfer thig,

term given in Eq. (33) completely dominates the resolution, while at highejienthe major component
is the pulsed-source time distribution. The difference of thegligdiom previous work stems from
using a proper set statistically independentariables and by combinirggandard deviationswvithout

the inaccurate assumption that the distributions are Gaussian. A ecodgtieacquisition and reduction
scheme for VISION is included to minimize contributions from histogram binnling first-order
analytic approximation now fully supports the more detailed NISP sironafFig. 5).
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