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ABSTRACT
A calibration is presented for the Harwell linac mark II total scattering spectrometer based on
nickel powder diffraction data. It is found that the initial delay is wavelength (A) dependent and may
be expressed as a power series in A. Two sets of calibration constants are given appropriate to the
truncation of this series respectively at the linear and quadratic terms. In the case of the linear fit

the overall accuracy of the momentum transfer scale is better than ~0.5%.
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1. Introduction

In recent years, there has been considerable activity in the development of time of flight diffraction
methods using pulsed neutron sources. This technique has a number of advantages over reactor methods,
particularly for amorphous materials, where the increased real space resolution is of great importance.
The present report describes the calibration of the improved version of the total scattering spectrometer
on the Harwell electron linear accelerator (linac). Details of the earlier instrgment and some experiments
performed on it can be found in a paper by Sinclair et al.(l) The current spectrometer is also designed
specifically for the study of amorphous materials and its layout is shown schematically in Figure 1.

The linear accelerator is used to inject short pulses of 45 MeV electrons into a water-cooled
uranium target where fast neutrons are generated by (y,n) and (y,f) reactions. The neutrons are moder-
ated by a slab of polyethylene and pass on through a tapered collimator in the shielding wall. The new
spectrometer has a six position sample changer and six fixed counter angles ix} place of the previous
four. Collimation is provided by the sample size and a slit in the boron carbide loaded shielding in
front of each of the lower angle detectors. The backward angle (150°) detector (detector 1) consists of
a bank of six counters arranged so aé to lie on a time focussing locus.(z) In order to increase the count
rate for the lower angle detectors, counters are placed symmetrically on each side of the beam line, the
scattering angles being matched to within 0.1 of a resolution width. Both the incident and downstream
neutron beams are monitored by fission chambers.

For elastic neutron scattering, the magnitude of the scattering vector Q is given by

4msind
Q = e ¢))

where A is the neutron wavelength and 29 the scattering angle. If the neutron time of flight over a path

length L, from moderator to detector, is r, then it follows that

417111n L sinf

Q=——""F—"" 2

m, being the neutron mass.

The time of flight is measured by means of a multishot time of flight system. Each detector pulse

is tested with a low level discriminator and subsequently fed to a time of flight scaler linked to a Digital



Equipment Corporation GT40 computer display system. The scaler is started by a delayed signal from the
linac and the data from each detector is stored as a 2048 x 2 us channel time of flight spectrum. Thus if

a neutron is recorded in a channel n, the time in us from the start of the time of flight scaler to the

channel centre is given by

t =2n-1 3)

The ébsolhte time of flight 7 is simply related to t by
7T =t+D (4)

where D is the initial delay. The main part of the initial delay is electronic but there is also a smaller
contribﬁtion from the time spent by the neutron in traveréing the moderator. Hence in order to calculate a
Q scale for each detector, it is necessary to know the values of L sinf and D. These quantities were
determined by calibration using a standard nickel powder sample and a piece of hafnium foil in the flight
path, the resonance of which can be used és an energy marker at short time of flight.
2. Calibration

The nickel powder sample used was contained in a thin walled aluminium can. The resulting
diffraction patterns were corrected for background and divided by the scattering from a vanadium

standard to approximately remove the effect of the incident spectrum, and are shown in Fig. 2. From

Bragg’s law

47m L sinf
n

P
= FE D) )

iy

which for the (hk¢) reflection from a cubic material of lattice parameter a becomes

4rrmn L sind 2 .h2 R k2 R 2 ZﬂNhM‘

and on rearranging
2m_a L sinf
t = Nl n - -D (6)
hk¢



The observed time of flight is thus a linear function of the reciprocal of Nhk ) from which the product
L sind and the initial delay can be determined. It is not possible to directly separate L and sinf. L has
to be calculated from the product using the nominal value of 20 taken from the design specifications of the
s'pectrometer. This value of L together with the position of the hafnium resonance tR can be used to cal-
culate another value for the initial delay DR and hence check for consistency at short time (t ~90 us)

where the Bragg reflections are continuous.

) .
n
D:L’ﬁ-t )

The powder patterns were indexed and only distinct or adequately resolved peaks were chosen for
the calibration. The Maxwellian component in the incident neutron spectrum gives rise to asymmetric
peak profiles, particularly for the higher angle detectors. ‘The centre of the peak at half area t A is
therefore probably a better criterion for the median than the centre of the peak width at half height tye
Unfortunately, as a result of overlap, the half areas of only a few of the peaks could be determined for
each detector. Where possible, the half area positions of the hand smoothed peaks were obtained by
continuous summation using Simpson’s rule. The shift to higher times 5t, relative to the centre of the
peak width at half height, is small, amounting to a maximum of about 1 channel (2 ps) for detector 1 and
progressively less for those at lower angles. The results are shown in Table 1. Within the error, 8t is

a constant for each detector and will thus appear as a systematic error in D when formula (6) is used with

tw values.

A linear least squares fit of the form

tw_.—é--C ®)

- Ny

was performed for detector 1, the results of which are shown in Tables 2 and 4. The parameter C repre-

sents the least squares estimate of the initial delay D. L sinf can be simply obtained from A

L sing = 24 )
. 2mna

It can be seen that the agreement between C and DR is poor. Also the distribution of the difference

values tw (obs - cal) is not random, suggesting that additional terms dependent upon l/Nhk ’ would

-5-



improve the fit. In the derivation of formula (6) it was assumed that the initial delay was a constant over
the time of flight scale. This however, is an approximation, since it is known that the moderator part of

the initial delay is wavelength dependent.(3) A better expression for the observed time would therefore be

1 2mll a L sinf
t=§ — |-P® (10)
hke

D()) is a slowly varying function and can be satisfactorily expanded as a polynomial in A

D) = Dy +DjA+ Dz)t2 ..... + Dn/\n 11
For the Bragg reflections
A = 2; sind 12)
hk¢

Substituting for A and taking D (A) to the second order term gives

13)

2m_a L sind 2D.asind 4D.a’ sin’6
1 n D - 1 2
[o]

t = -
N h N 2
hke hk¢ Nhkz

On further rearrangement, the constant D1 can be incorporated into an effective flight path length L".

1 2amn L’ sinf 1
t =g - [4D_a2 sin%9] - D 14
hkt h N 2 2 o
hke
Dlh
n
A similar treatment for energy gives
m Dzh2 .
t =L |=—=_-D . —
2E ~ Do~ 2Bm_ (16)

For energies close to the Hf resonance, the second term in (16) amounts to less than 0.05 s and so can



be neglected in the calculation of Do’ There is marked improvement when a fit of the form

ty = f— -——=-C %)

is used. In both the linear and quadratic least squares fits, the observations were given unit weight.
Quadratic fits were obtained for detectors 1 to 3. Only three reflections could be used for the detectors
4 and 5 and so it was necessary to resort to a linear fit. Since B is a function of sin20, its value will
decrease rapidly with decreasing 26 and the effect on the low angle counters should be small. The
difference distribution for detector 4 suggests that there is still a small quadratic component present.
The linear fit to detector 5 is excellent but the small errors are probably fortuitous. The resolution of
detector 6 is so poor that no peaks could be used for calibration. In this case averages of the initial
delays and flight path lengths for detectors 2 to 5 are probably the best values to use. The positions of
the hafnium resonances have been quoted in Table 2 for detectors 2 and 3. The resonance profiles how-
ever, were distorted by interference with peaks and the values of DR are not reliable.

The parameters for detector 1, although self consistent, show a significant difference from the others.
This is not ;zery surprising in view of the special nature of this detector and also the fact that the output
passes through a different chain of electronics.

The inclusion of the second order term in (14) modifies formula (2) from which Q is calculated. Re-

expressing (14) in terms of Q

4mn11 L’ sin6

1 1 .2
t Q| % — —-—2[16172132 sin (9]—D0 (18)
Q
If the absolute time of flight is 70 where
TO = t+ DO (19)

then
47m_ L’ sind
1o |__1 .2
o = Q l: h Q2 [16772D2 sin“9]
and



47zm_ L’ sind
TOQ2 -Q [_E]_“_h_.]+ 16772])2 Sin20 =0 (20)

For positive solutions of equation (20)

. 2
47m_ L’ sinf
n .2
477mn L’ sinf »/[——_h ] - 64772D2 sin 6r0

+
2hro 270

Q =

4rm L” sing |

Q - 2hr @n
o

Since the term involving 7 inside the square root in equation (21) is very small, the root can be expanded

by the binomial theorem to first order with good approximation.

)

4D r h2 2D,r h2
1- 2| x-S 22)
m 2 sz m 2 L'z
n n
substituting in (21) gives

4rm, L’ sinf 47th2 sinf

Q& —f—— - —= (23)

o My

In terms of the least squares parameters equations (22) and (23) become

7A 4B(t + C)
Q = Yo |:l+ 1- ——;2———] (24

and

n _ 2mA 27B
Q> 570~ 2A (25)

The approximate formulae above have a maximum error at low Q but even there this is very small. At the

lowest value of Q for detector 1, for example, the error is only 0.003%.

-8 -



3.  Optimisation to a Linear Relationship

In data analysis, it is much more convenient to use a formula which assumes a linear initial delay.

41rmn L’ sinf
Qe —F— (26)
o

Parameters must thus be found to optimise this formula over the observed Q scale. Fixing D as the

quadratic least squares value in order to ensure accuracy at high Q.

47rmn L’ sinf

Qps = Bty + O 27
27N,
hke
Qcal =7 a (28)

The optimisation can be performed to suit two different conditions. Accurate positions on the Q scale
may be needed or more usually, after Fourier inversion, the precision is required in the bond length
determination. In order to deal with those two situations, values of L*’ sinf were found such that for

n observations, the functions

G = > Q) - Q) (29)
j=1
n[@Q Q. .12
Z obs i ‘cal’j (30)
J=l Cal)

are a minimum. The weighting in the latter condition follows from the fact that §Q/Q is a direct measure

of the percentage bond length error. The minima are satisfied by

1 (Nhk,)
Z [(tw) + C]
=1

n

1
2mna z————[( ) +C]2
j=1 - W;

(31)

(L ~sin0)G =

and



n
1
h
>l ¢2)

(L 51m9)M = —

1
2m g
n E: 2 2
o1 M)y [ty + €

The results for each detector are shown in Tables 5-7. (L** sin0)G and (L sinG)M are optimum rather
than physical parameters and so it is not meaningful to quote errors for them. The error in Qobs isa

combination of a systematic error 7 resulting from using a linear initial delay and a random error ¢ caused

by the uncertainty in t. Thus
Qobs = Qeal = 8Q = 7+ (33)

Over most of the Q scale n >>'e. The systematic error can be assessed by taking the difference between

the optimum linear and quadratic expressions.

4nmn (L sin0)G 41rm]1 L’ sinf

G hr0 2hr0

16/Q = (35)
L’ sinf
Using approximation (23)
4rm (L sind)g  4nmy, L”sind 47hD, sing
g = hr - hr * m L’
o 0 n
’ s 47hD, sinf
L’ sinf 2
16(Qbs) = bs [1 - T sin())G] e (36)
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( vQ Qobs !

U x o

6Qbs . l: L st ]_ 47hD,, sind
obs | (L” sin@)G l?ln L’

(37N

The expressions for Ty e similar. Curves for  and 7/Q against Qob S have been computed using
formulae (34) and (35) and are shown in Figs 3 -6 with 5Q for the nickel reflections plotted on the same
scale. The close agreement of the approximate expressions for n and 7/Q to the computed curves,
particularly the straight line form of equation (36), can be readily appreciated.

Some idea of the distribution of the random errors ¢ can be obtained from the Q differences for the
quadratic or linear fit parameters in the case of the low angle detectors. Assuming a normal distribution, .
sample standard deviations can be computed and are given in Table 8.

The width AQobs and resolution AQobs/Qcal of the nickel peaks are shown in Table 9 for optimi-
sation condition G. The parameters in Table 5 can be taken as the best values for the Q scale. An
initial delay corrected for the shift to half area, 5t, has also been included. As a final check on the
calibration, Q scales were computed for the complete nickel powder patterns for each detector. These
are shown in Fig. 7 for condition G only, since on this scale no difference can be discerned between

the two optimisations.

4. Conclusion

The most interesting feature to arise out of the calibration is the wavelength dependence of the
initial delay. For the purposes of this calibration, it was found adequate to truncate a polynomial
expansion of the delay at the second order. Reasonable agreement was thus obtained between the values
of D o calculated from the nickel reflections and DR from the hafnium energy marker. The accuracy of
D0 is very dependent on the minimum time of flight to which the position of discrete nickel reflections

can be found. Several improvements could be made in this direction in any future calibration of time of

flight spectrometers.
If a nickel powder sample is used, it should be contained in a nickel can which eliminates over-

lapping aluminium peaks. The use of a calibrant with more systematic absences such as germanium has

some advantages, but unfortunately valuable reflections are also lost at long time of flight. The problem
of not being able to calculate independent values for L and DR can be overcome by using an additional

energy marker such as the beryllium long wavelength cutoff.

-11 -



In spite of possible improvements, the quality of the overall calibration is good and can be judged
from the composite Q plot in Fig. 7. At first sight detector 6 does not seem to agree with the others.
This is due however to a combination of the overlapping hafnium resonance and poor resolution giving

rise to false features. Using the quoted parameters, bond lengths should be accurate to better than 0.5%.

5. Calibration Constants

Mass of neutron m = 1.674920(11) x 10'27 Kg
Plancks constant h = 6.626196(50) x 10'34 Js
Electron volt leV = 1.6021917(70) x 1077

3.52387(8) x 1010 m

Cell dimension of nickel a

- 1.0964(15) eV*

Hafnium resonance ER
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TABLE 8

Standard deviations for the random error

in Qgps
Detector Angle 0Qobs
1 150° 0.0019
2 90° 0.0006
3 58° 0.0028
4 350 0.0035
5 20° 0.0002
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AERE - R 8925 Fig. 1
Experimental layout of the mark |l total scattering spectrometer.
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