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THE BRAGG LINESHAPES IN TIME-OF-FLIGHT NEUTRON POWDER SPECTROSCOPY
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A four-parameter function is proposed to describe the position, shape and integrated intensity of the Bragg peaks in a powder
neutron time-of-flight diffraction spectrum. The wavelength dependence of the parameters is discussed in terms of geometry and time
uncertainties. The proposed function and the variation of its parameters along the time scale are compared with experimental results.

1. Introduction

The use of pulsed neutron sources has proved to be a
valuable tool in neutron diffraction studies of con-
densed matter, It has been pointed out that one of the
more prominent features of an accelerator based pulsed
source lies in its ability to produce a significant flux of
epithermal neutrons, thus allowing powder diffraction
measurements to be extended into the range of high
values of the scattering vector (Q ~25 A~ "), which in
turn renders possible a greater accuracy in the de-
termination of thermal and structural parameters.

The analysis of scattering spectra taken on powders
using time of flight (TOF) techniques requires the
knowledge of the shape of individual Bragg peaks. Their
overlapping increases with Q, that is to say, at shorter
times of flight. The base-line also increases with Q and
has to be determined simultaneously with the coherent
elastic spectrum. The ability to separate both compo-
nents largely determines the upper Q limit which can be
reached in the analysis and furthermore, the shape of
the peaks in that region has to be extrapolated from the
low Q region, where no overlap exists.

A precise description of the lineshapes is also rele-
vant in the case where the powder spectrum is used for
the calibration of the elastic Q scale in scattering experi-
ments on liquid or amorphous materials.

It is well known that the peaks are asymmetrical. and
several empirical models have been used by different
authors to fit them:

a) two Gaussians joined at the top {1},

b) the convolution of a “triangular function™ with
the product of an exponential times a step function [2],

c) the convolution of a Gaussian with a two-ex-
ponentials composed function {3),
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d) the joining of two Gaussians and an exponential
tail {4].

The convolution-based models reflect the separation
of the detection time “error” into a geometrical function
and a source emission-time function. The drawback in
those models was the large evaluation time required.

This work presents an alternative approach to the
problem of peak shape description. The convolution
method is employed using two different models to rep-
resent the emission-time distribution; the resulting in-
tegrals are solved in terms of analytical functions which
require four parameters to describe the position, shape
and integrated intensity of a Bragg peak. The depen-
dence of these parameters on the neutron wavelength is
illustrated through the analysis of scattering data taken
on polycrystalline molybdenum.

2. Experimental

The scattering experiment was performed using a 25
MeV eclectron LINAC with a lead target as a pulsed
neutron source.

The sandwich-type moderator was disk-shaped poly-
propylene, 152 mm in diameter and 25 mm thick with a
0.6 mm Cd sheet 6 mm beneath the viewed surface. The
sample-source distance was 490 cm and the sample-de-
tectors distance approximately 40 cm. The mean angle
of the detectors was 161°.

Eight *He detectors (10 atm pressure, 1” diameter,
6" active length) were placed in pairs forming a square.
Each symmetrical pair was placed in a configuration
that simulated a surface of
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where ¢ is the neutron TOF, Q. is the elastic scattering
vector, m, is the neutron mass, 4 is Planck’s constant, /

! sin 8 = constant, )
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Fig. 1. The recorded time of flight scattering spectrum from polycrystalline molybdenum. For the sake of clarity, Milter indices for

only some of the peaks are indicated.

is the total flight distance. and 240 is the scattering angle.
This is called a time focussed detector configuration {5].

Scattering data from polycrystalline molybdenum
were collected during 72 h, with a LINAC repetition
rate of 100 pulses per second. The observed TOF spec-
trum is shown in fig. 1.

3. The peak shape

The experience gained in neutron scattering using
steady state neutron beams clearly indicates that geome-
try cffects distort the Bragg lines into Gaussians [6]. To
describe the source emission-time distribution in TOF
experiments, we tried two different functions:

Hily=
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(1) = -———————1 2y 3
O =¥ 55 (3)
where Y(t) is the step function.

Eq. (2) is suggested by the behaviour corresponding
to the one-collission model, whereas eq. (3) is the
asymptotic form (infinite energy source) of the time
distribution for an infinite moderator in the slowing
down energy region.

Provided the geometrical effects are negligible, the

time distribution function should be reproduced at the
detector with a delay equal to the time of flight ¢, for
the wavelength considered. For example eq. (2) becomes

o)=Y~ ’())";_(’IX‘)’ e Ui ey, (4)

The combined effect of geometry and emission time
distributions is represented by the convolution of eq. (4)
with the Gaussian

I 1 (1=t} /20(R)? 5
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that is
L) =f(1)xg(1)

__2‘; =0 /20 o= Valoran | 4 Exf(u)], (6)
where

and
Erf(u) =

—\—%—j;lle“yldy.

In a similar way but starting with eq. (3) we arrive at
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Egs. (2)~(7) are normalised to unit area.

Thus. the three parameters 74, o and a (or #y. o and
a) characterize the shape and position of a single peak.
and an additional scale factor 4 gives its integrated
intensity.

Our formulae (6) and (7) indicate that the peak
leading edge (on the short TOF side) has basically a
Gaussian behaviour, while the trailing edge is controlled
by the source exponential decay.

It is worth emphasizing that the direct association of
geometric uncertainties with a Gaussian distribution
and the neutron source emission with the distribution
defined by eq. (2) [or eq. (3)] represents an oversimplifi-
cation of the actual situation. Indeed. any symmetrical
effect will contribute to the parameter o (as does the
electron time distribution in each LINAC pulse).
whereas nonsymmetrical effects will affect « or « (like
the spatial uncertainty of the detection point inside the
*He tube). This topic is further discussed in section 4.

The solid angle covered by our detectors is small,
and it is therefore possible to choose a mean value of
sin 8 1o relate Q and A. The use of eq. (6) or (7) as they
are. without any integration over the A window, is a very
good approximation in the present case. The extension
to wider solid angles is discussed later.

Individual least-squares fits to eighteen isolated peaks
starting with the (211) and ending with the (732) can
readily be performed on the measured Mo spectrum

since the base-line can easily be subtracted. In all cases

the least squares function is smaller with eq. (6) than
with eq. (7). but the difference is small. In fig. 2 the two
curves are shown together with the experimental points
for the peak (321). Both fits are indeed indistinguishable
in the linear scale of fig.3, where the broken lines
represent the emission-time distributions for the two
models.

For all the wavelengths considered the Cd sheet in
the sandwich moderator is a black shielding, therefore
the time distribution of the emission of neutrons with a
given A is only controlled by the 6 mm thick moderator
disk. A short 2h run was done subsequently with the
same sample, but with the Cd sheet removed from the
source. thus leaving the full 25 mm thick moderator. It
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Fig. 2. The (312) peak of Mo. The closed circles show the
observed intensity when the 6 mm thick moderator was used.
The full line shows the computed profile from eq. (6). whereas
the dotted line is that from eq. (7).
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Fig. 3. The (312) peak of Mo. The closed circles show the
experimental data and the full line is the fitted lineshape, The
broken-line curves correspond to the two models used to de-
scribe the source emission-time distribution,
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Fig. 4. Same notation as in fig. 2, but with the 25 mm thick
neutron source.

was expected that the thicker source would show more
significant discrepancies between both models. This did
happen. but the best it agamn favoured the simple
exponential model against the infinite moderator model.
Fig. 4 shows this fact for the same (321) peak.

4. Variation of the parameters

As stated before. the usefuiness of the knowledge of
the peak shapes lies in the possibility of extrapolation
towards the high Q region. In order to do that, the
ohserved vartations of the parameters should be corre-
lated to the physical reasons that induce such variations
along the TOF scale.

4.1. Variation of t,,
Eq, (1) gives ¢+ = ¢/Q. and 1aking mto account the
effect of an electronic delay:

fy=c/Q+ 1. (%)
Fig. 5 shows this dependence for the measured peaks.
where £, is the best it and @ i1s deternmined from Bragg's
law, the Miller indices and the cell parameter {7].
We obtained the values
c= (16724.0=35) us/A.
to = {14.8 £0.4) ps.

for the present experiment.

4.2, Geometric effects

Let us consider the uncertaintivs in the spatial coor-
dinates of the three events: cmission, scattering and
detection, The axial symmetry inherent in the powder
sample experiment and the relatively small values of the
peak widths allow the problem to be linearized in terms
of the angle # and the length {1 that is, to consider the
effect as caused by two tndependent errors in 8 and /.
We will consider a single detector in this analysis: the
addition of more detectors should not significantly
modify the peak broadening in a time focussed config-

uration.

4.2.1. Influence of A8
Let A6 be the total angular uncertainty in the scatter-
ing process which is due to the linite dimensions of the
emitting surface and detector. The different moving
Debye-Scherrer cones * do cross the fixed detector one
after the other, cach having the same angular broaden-
ing when crossing. Both the time width of the peak and
its integrated inteasity are proportional to the time of
overlap of cone and detector. and this time is inversely
proportional 1o the sweeping “angular velocity” d6/d1.
From the Bragg condition and the expression of the
wavelength A in terms of the neutron TOF over a
distance /, the velocity is caleulated to be
d¢ h | el
a= () 5
and therefore
Af ( mn/) A8
(@6sd1y  \ h

The same kind of dependence on A holds for the
integrated intensity, and this is the ultimate reason for
the extra A factor multiplying the ¢cross section in a TOF
peak ntensity calculation.

The experimental arrangement in our case was such
that most of the error in the path length determination
results from the uncertainty in the scattering place
inside the sample.

* In a steady state powder diffraction experiment. Bragg's law
dictates that particles of a given wavelength are scattered
into cones. each one corresponding to reciprocal lattice vec-
tors of modulus 7. This concept Joses much of its meaning in
neatron TOF diffraction experiments, as neutrons of differ-
ent wavelengths are scattered by the same family of planes 7
into surfaces which ¢volve in time according to the equation

tr={dam Sh) sind,

However, we can reconcile this picture with that of Debye-
Scherrer cones if we think of them as moving cones.
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Fig. 5. Variation of the parameter 1, of eq. (6) with the inverse
of scattering vector (J.

If the neutron beam is not severely attenuated in the
sample then all volume elements are likely fo produce
the same number of scattered neutrons. The uncertainty
in time will be inversely proportional to the neutron
velocity. and thercfore
Ay tampte = A

To be consistent with the one-collision model. which
is favoured in the shape analysis of indrvidual peaks, we
should also assume that the probability of emission is a
constant as a function of depth mside the 6 mm thick
maderator. Again

A’l.}/suurcc ~A.

The equivalent effect in the detector is not symmet-
ric. The distribution in time of the detected neutrons is
an exponential independent of X as long as the absorp-
tion cross section of *He behaves as 1 /e. The exponen-
tial is cut down at the detector edge, that is at a time
L7v. where L 15 the detector thickness. The mean
detection time

L,v

(where x =vr; 6 = ¢/v), will be proportional to X for
small efficiencies (short wavelengths) and constant for
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high efficiencies (long wavelengths).
A rough caleulation performed by convoluting this
symmetrical time effect with the emission-time effect
shows that the measurable slope of the trailing edge will
only be that of the moderator emission-time. The con-
tribution of this effect (considered as symmetric) to the
Gaussian amounts o only about 10% of the measured a
value, and any deviation from the 47~ X will hardly be
detevted.

A similar asynunetrical time effect would be pro-
duced by a strong abhsorbing sample and the discussion
would then follow the same line as that for the detection
time.

We can therefore expect that the combined effect of
geometric uncertainties will produce a Gaussian width

proportonal to the neutron wavelength
o{ A} =0yt HA, (9)
where the constant has been added to account for
additional small effects such as the width of the clectron
LINAC pulse. Fig. 6 shows o(X) derived from the peaks
under consideration. clearly supporting the parameteri-
zation of eg. (9).

We obtained for our experiment the values
o, (018 - 0.25) ps,

hoes (455 5 0018) ps AL

G /s
!

X /A

Fig. 6. Varitation of the lineshape parameter o with neutron
waveiengih.
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4.2.3. Variation of «

The one-collison model included in eg. (6) was
favoured by the shape anlysis as stated before. The least
squares fit performed using this model yielded one «
value for each peak. The results are shown in fig. 7. The
straight 1 /v line below 1 A corsesponds to the mean
crission-time calculated for our moderator material
using slowing down theory [8):

afps] =451 [A]

According to the experimental results a constant
limit is reached at long wavelengths showing a thermali-
zation-like behaviour. However. this should not be due
1o the attainment of an equilibrium situation but caused
by neutron leakage in our large buckling moderator.

5. Discussion

The description of the Bragg peak shape through an
analytical function dependent on few parameters sim-
plifies the analysis of a TOF scattering spectrum.

The elastic Q scale can be completely known in
terms of the measured time channel number by using a
polycrystailine sample as a calibration standard. The
cell parameter of a standard could probably be known
with five significant digits, much more accuracy than
that given by the measurements of flight distances and
scattering angles.

Each different set of planes gives an input function
to the spectrometer which can be considered a §-func-
uon in . The resolution function, which is the response
of the spectrameter 1o such input. is the observed Bragg
peak. In general

Yoeasl 7} 7 Resolution s b,
ot oo
= TRG Yea(1) dr”

The exact dependence of Q on 7 as given by eq. (1) is
replaced in the calibration procedure by an empirical
relation Q(r”) obtained by arbitrarily assigning a zero
to the t axis of the response function. The deconvolu-
tion of the calibration spectrum gives a set of §'s
sttuated at points 1" which are dependent on the choice
of the zeros and are the calibration points for Q(1”).
Useful points to take as zeros are:

1) t5 in our model of eq. (6),

2) the maximum of the peak,

3) its centre of mass.

Once an expression is found and a zero is chosen {or
R(#), any meuasured spectrum can be deconvoluted to
obtain the true one. The true specirum obtained in this
wav is of course independent of the particular calibra-
tion Q(r"').

if only a first approximation is to be used in the
deconvolution process, namely to suppose R to be a
S-function. then it 1s convenient to choose the centre of
mass of the calibration peak as the zero for R(r). In this
case the measured spectrum can be taken as the real
one. A procedure like this will usually give satisfactory
results in those cases where the TOF diffraction pattern
consists of a slowly varying function (i.e. liquid or
amorphous samples) and all that is required is a proper
calibration of the elastic Q scale.

Any mathematical description of the diffraction lin-
eshape should be equally valid as far as the extraction
of the true spectrum is concerned (in the elastic Q
scale). Nevertheless, it 15 always useful to extract in-
formation from outside the range in which the equation
can be tested. The extrapolation towards higher ¢ is
more reliable if the description is based on physical
grounds, as our eq. (6). which proved to reproduce
satisfactorily the Bragg peaks for both the thick and
thin moderators. In practice. we did obtain 7, and o
from the four parameter least squares fit performed on
the 18 considered peaks. and afterwards, by virtue of
their well defined wavelength dependence, we per-
formed a second minimization considering only the
non-linear « and 4 parameters as variables. The errors
assigned to the quoted a values could be slightly un-
derestimated.

In order to increase the counting rate without signifi-
cantly changing the resolution. the solid angle can be
increased by adding more detectors situated on the
Qe = const. surface. The peak shape could then be
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caleulated by integration of eq. (6) over the solid angle,
or mare precisely over the corresponding range of neu-
tron wavelengths, and weighted with the A-dependent
cross section, incident spectrum and detector efficiency.
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