









































esses where the neutron velocity remains
unchanged. For inelastic scattering, when
the neutron energy changes at the
sample, an additional and independent
velocity determination must be done
either before or after the sample.

From the measured flight time tr and
the known flight path length L, the
velocity of the neutrons, which is the
main parameter in time-of-flight exper-

iments, is calculated by the simple
formula
L
v — —
tr

From the velocity v, the energy E and
the wave-length A of the neutrons can
be calculated by the relations:

h

m-v

E=E—v2andl =
2

where m is the mass of the neutron and
h Planck’s constant.

The fact that the neutrons of a-reactor
pulse start within a certain time interval
At introduces an uncertainty into the
velocity measurement
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VEAV=——— = — lﬂ:ﬁ
tr 4 At tr tr
The ratio
At Y
R= =48t

is called the resolution and is an impor-
tant characteristic of a time-of-flight
facility. The resolution of a time-of-
flight facility improves with a longer
flight path. A limit to the length of the
flight path is the loss of neutron intensity,
which is in theory inversely proportional
to the square of the flight path length.
The loss of intensity can be appreciably
reduced by using neutron guide tubes
as flight path. These guide tubes have
the property of reflecting neutrons,
which impinge under certain angles on
the walls, in the flight direction.

Another important consideration is
the overlap of the most rapid neutrons
of a reactor pulse with the slowest
neutrons of the preceeding pulse. In
order to avoid this overlap, the difference
of the flight time between the slowest
and most rapid neutrons in a pulse must
not be longer than the time interval
between two successive pulses, the
period T:

L
Vmux - len

Eliminating the flight path length from
this relation with the help of the formula
for the resolution and using the relation
between the velocity and the wave-length
one obtains:

)\'min t

P = ——

A\ T
where R, is the resolution for the
neutrons with the minimum wave-

length or maximum velocity in the beam.
This formula relates the design param-
eters of the time-of-flight facilities,
the minimum wave-length Amin, the
wave-length band A\ of the beam and
the resolution R, at the minimum wave-
length to the operating parameters of
the reactor or the moderators, namely
to the period T and the widths At of the
neutron pulse.

Fig. 10 illustrate the above explana-
tions for elastic scattering. Fig. 10 gives
the distance of the neutrons with a
velocity v within the velocity band
Vmin, Vmax from the source as function
of the time elapsed since the start of a
period. L indicates the distance source-
sample. If the minimum velocity is chosen
too small there is an overlap between
neutrons of two consecutive pulses. By
increasing the minimum velocity, i.e.
reducing the width of the velocity band,
the overlap disappears.

Fig. 11 represents the inelastic scat-
tering. Neutrons with the energy V, are
scattered by the sample and gain energy
from the sample, i.e. becoming faster,
or lose energy to the sample, i.e. becom-
ing slower. At this velocity the neutrons
fly over the distance sample-detector
unit. Again, in planning an experiment
the overlap of neutrons from two
successive pulses has to be avoided.

General Description of the Experimental
Facilities

The common features of the time-of-
flight facilities are:
— an incident beam system;
— the primary flight path;

the sample system;

the secondary flight path;
the detector unit, and
the data system.

The incident beam system consists
mainly of two or more choppers and
defines the velocity band of the neutrons
in the incident beam. The primary

flight path is a distance between the
reactor and the sample which consists
of an evacuated tube and (especially for
long flight path distances) a neutron
guide tube, which guides the neutrons to
the sample. The length of the flight path
is inversely proportional to the resolution.

The sample system depends almost
entirely on the intended experiment.
Generally it allows the orientation of
the sample with respect to the incident
beam. In addition it may, by special
means, make it possible to keep the
sample at low or high temperature,
maintain it under pressure or in a mag-
netic field.

The secondary flight path is the
distance between the sample and the
neutron detector.

The detector unit combined with the
data system counts the number of
neutrons that are scattered by the sample
in a certain angular range with reference
to the direction of the incident beam,
measures the arrival time and perhaps
analyses the energy of the scattered
neutrons and their state of polarization.
The data are stored in the data system
until transfer for further evaluation.

In addition to the above-mentioned
systems the facilities for work with polar-
ized neutrons include the following:

— a polarizing system in the incident
beam, and

— an analysing system in the secondary
flight path.

A polarizer and analyzer exhibit a
high transmission for neutrons with one
spin orientation and a low transmission
for neutrons with the opposite spin
orientation.

The Neutron Diffraction Facilities

The generally used method for neutron
diffraction is similar to that of X-ray
diffraction. A monochromatic neutron
beam impinges continuously on a sample
and the diffracted intensity is measured
as function of the scattering angle. The
spectral distribution of wave-lengths in
a neutron beam with thermal energies
has led to the development of time-of-
flight neutron diffraction. In this method
polychromatic neutron pulses impinge
periodically on the sample and the
distribution of the intensity neutron
flight time is measured by one or several
detectors at fixed scattering angles as
function of the flight time.
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Fig. 14: Diugram showing the lay-out of a
time-of-flight powder diffractometer with a
detector unit consisting of seven detector
rings (POCRY-160).

SP: source of pulsed neutrons; Ch Syst:
system of several choppers, defining the wave-
length band; DU: detector unit. The inserts
(1) and (2) show schematically the neutron
spectrum in front of and behind the chop-
per system.

The geometrical dimensions of the
detector unit of ten detectors cover at 1 m
distance an angular region of 43° > 11.7°.

The Inelastic Scattering Facilities

The methods of inelastic scattering of
neutrons which became possible after the
development of research reactors opened
new research fields in the physics of
solids and liquids. In reactors with
continuous flux the time-of-flight method
is used as well as the more common
method which produces the incident
monochromatic beam and analyses the
energy distribution of the scattered beam
by crystals. Fig. 17 shows a time-of-flight
spectrum of an anthracene sample,
which has been obtained by using one
of the first time-of-flight methods devel-
oped, the Be-filter method, in the reactor
ISPRA-I. In the region (1) the time-of-
flight distribution of the practically
monochromatic beam is seen and in
region (2) the spectrum of the scattered
neutrons. The scattered neutrons have a
shorter flight time, i.e. they have gained
energy during the scattering process.

Parallel to the technical work on the
SORA project the existing time-of-flight
methods have been critically reviewed
with the aim of proposing new and better
time-of-flight methods for SORA which
has a peak flux that corresponds to
the neutron fluxes of high flux reactors
and is an order of magnitude higher than
the fluxes of the generally available
research reactors.

Nine spectrometers:

— 4 time-of-flight/crystal analyser spec-
trometers: ToF/MX and ToF/MA for
each one a medium and high resolution
spectrometer,

— 2 monoenergetic correlation spectro-
meters: COR/XC and COR/XM,

— 2 double time-of-flight spectrometers:
PC-ToF and STADOC,

— 1 time-of-flight spectrometer for polar-
ized neutrons: TPN-facility,

have been studied for inelastic scattering.
The main characteristics of these spectro-
meters are summarized in Table 1V,

The time-of-flight/crystal analyzer spec-
trometers use as incident spectrum all
neutrons within a wave-length band
which is defined by a special rotor system.
The energy determination of the incident
neutrons is made by measuring the time-
of-flight over a guided path. Scattered
neutrons are analyzed by three movable
single crystals or by a system of four
multi-angle reflecting crystals. In this
system the neutrons are counted by four
parallel position-sensitive  detectors,
which allow the simultaneous measure-
ment of neutrons within an extended
range of scattering angles. Two of these
spectrometers are medium resolution
spectrometers and two high resolution
spectrometers with a neutron guide tube
with a flight path of 180 m.

The correlation spectrometers use the
correlation technique in order to improve
the resolution which is otherwise limited
by the inherent long reactor pulse. The
polychromatic neutron pulse coming
from the reactor is monochromatized by
a system of monochromators and chop-
ped statistically. The chopped pulsed
beams are then scattered by samples and
velocity-analysed by time-of-flight mea-
surements. Theadvantages of the ““pulsed”
correlation method enable these spectro-
meters to be used for high-resolution
experiments to investigate small details
of density of states curves or of molecular
spectra.

The PC-ToF and the STADOC-
spectrometers are double time-of-flight
spectrometers. Both the incident and the
scattered neutrons are selected and/or
analyzed by measuring the flight times
over certain distances using periodic or
statistical disk choppers to define the
time-of-arrival of the incident neutrons.

The TPN-Facility polarizes the incident
neutrons by a polarizing system which
consists of a polarizer and a device
termed a ‘‘spin rotator”. With this
device the neutron polarization vector
can be reversed and oriented in various
directions, according to the requirements
of each experiment. The polarization of
scattered neutrons is analysed by an
analysing system consisting of a second
spin rotator followed by an analyser.

This spin rotator can be used for analysis
of the polarization vector components of
scattered neutrons, or simply as a
polarization inverter. The analysing
system can be positioned at different
scattering angles by rotating it around
an axis coinciding with the sample
position. A magnetic mirror system is
used as polarizer and as analyser. The
magnetic mirrors are highly polished
plates of a Co—Fe alloy and are main-
tained in a permanent magnetic field.
These plates have the property of
reflecting neutrons of one spin state
almost completely and of being trans-
parent for neutrons in the other spin
state. Only the reflected neutrons form
the neutron beam which impinges on
the sample.

The Nuclear Physics and Neutron Data
Measurement Facilities

The time-of-flight method makes it
possible to study a number of phenomena
(e.g., the fission process, capture gamma
rays) with the energy of neutrons as
parameter. The range of possible exper-
iments is extended to spin-dependent
effects polarizing the white neutron beam
by the use of the recently developed
highly polarized neutron target. In
addition to these more fundamental
investigations in the field of low energy
nuclear physics it is possible to measure
neutron data that are useful for reactor
physics calculations.

Three different facilities:
— the Data Measurement Facility (DMF),

— the Nuclear Physics Facility (NPF)
and

— the Epithermal Polarized Neutron

Facility (EPN)
have been studied.

The main parameters of the facilities
are summarized in Table V. The general
lay-out of each of the facilities corre-
sponds closely to the description given in
a former chapter. Each of the facilities
has along its flight path two or more
measuring stations with detector units
at different distances from the reactor.

The Epithermal Polarized Neutron
Facility has, in the same way as described
in the preceding chapter for the TPN-
Facility, a polarizing system in the
incident beam and an analysing system
in the scattered beam. As polarizer and
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