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INTRODUCT ION

At the meeting of the Neutron Beam Research Committee held on 2 September 1971
the Neutron Beam Research Unit was asked to conduct a 'state of the art'
survey of position sensitive detectors and multi-counter arrays. The present
memorandum is a result of this survey. In order to correlate the many aspects
of position sensitive detectors (PSD) and multi-counter arrays to the require-
ments imposed by thermal neutron scattering studies it has been necessary to
extend the report to include some of the more fundamental aspects of neutron

detection.

A position sensitive detector is one that enables the position of a detected
particle to be defined over an extended area. Such devices may be used in
thermal neutron studies to measure the scattering from a sample in either one
or two dimensions. There is in principle no difference between a high density

multi-counter array and a PSD; the multi-counter array effectively being a
digital PSD,

The obvious advantage of a PSD or large multi-counter array is that it can

count simultaneously over a large solid angle. There are, however, three

main disadvantages:

(i) The background intensity is integrated over the area

of the detector requiring higher counting rates to
be handled,

(ii) Collimation cannot be placed in front of large area
detectors to reduce background and to extend the useful

sample size for a given resolution.

(iit) In general PSD's require the use of a small on-line computer
to calculate and store the positional information for

each detected particle.




In many instances these disadvantages can be outweighed by the large saving
in counting time that may be achieved by using a PSD as opposed to single

stepping detectors,

PSD systems have been extensively used over the past 10 years for measuring
the co-ordinates of high energy particles. Here the energies involved

are many orders of magnitude greater than those associated with thermal
neutrons and the majority of devices have been used with charged particles.
Until 1967 no position sensitive detectors had been developed for the
detection of slow neutrons. Since this date linear one dimensional PSD's

(1,2,3)

have been constructed and commissioned for thermal neutron detection.
Recent advances in France have enabled two dimensional detectors(h’5’6)

be made for special applications; however these will not always be applicable
to every requirement. In this survey we have endeavoured to review the fields
in which thermal neutrons are at present used, the means by which these low
energy uncharged particles may be effectively detected, current and possible
PSD systems and their application to specific neutron scattering problems,
outlining their advantages and disadvantages. Inevitably in a report of

this nature personal preferences tend to emerge. We have tried to minimise
these by consultations with others who have given valuable information con-

cerning individual instruments and their requirements.

The Neutron Beam Research Committee operate a rental agreement between the
SRC and the UKAEA for the provision of neutron facilities for University
scientists on the HERALD, DIDO and PLUTO reactors and the Harwell LINAC.
Appendix 1l shows the current detector systems in use on these facilities
and demonstrates how little work has been done on PSD's in this country.
We hope that this memorandum will assist towards future development of

position sensitive detectors for thermal neutron scattering in the UK.

THERMAL NEUTRON SCATTERING

Thermal neutrons of energy 0.4 - 10_4 eV which have the associated wave-

lengths shown in Fig. | are extensively used for the study of condensed

matter(7'8’9’lo"l’|2). The two methods used for the production of thermal

neutrons are reactor fission and pulsed high energy electron bombardment of

a high atomic number target (LINAC). In this latter case y rays are produced



which are then absorbed, often in the same. target, to give (y,n) reactions.
The fast neutrons emitted in each case are moderated, and channelled to

the experimental apparatus along beam tubes which can contain filters and
fine collimators. The resulting spectrum obtained at the experiment is
characteristic of the moderator temperature at the source end of the beam
tube. For an ambient moderator the spectrum obtained from a reactor and
linac are shown in Fig. 2. Due to the incomplete thermalisation in the case
of the linac moderator the flux is relatively higher for shorter wave lengths
than in the case of the reactor where thermalisation is virtually complete.
Thus the linac system is more suited for those studies requiring higher

incident energies.

A higher energy spectrum may also be produced in a reactor by heating the
small portion of the moderator viewed by the beam tube. This 'hot source'
increases the effective neutron temperature within the source and so shifts
the spectrum emerging from the beam hole to higher energies. For experiments
requiring a higher flux at lower energies a cold source is used. This cools
a portion of the moderator, typically to ZOOK, which moves the spectrum

peak to approx. 4 R.

Many of the calculations in this report have been made at IR as this is
approximately a mean peak wavelength in thermal neutron studies. In general
the effect of working with longer wavelengths will result in an increase

in the detection efficiency but accompanying this will be an increase in the

neutron absorption by the walls of any containment vessel. Conversely at
shorter wavelengths than 1R the efficiency will generally be lower but the
wall absorption will also be less. As most windows are thin this absorption

effect is generally not significant when compared to the changes that occur

in detection efficiency as the wavelength is altered.

The uses of thermal neutrons span many topic:s.(7 - 12) By observing both
or either the energy and momentum exchanges that occur upon scattering
information is gained concerning the distribution and dynamics of both
nuclei and unpaired electronic spins in condensed matter. In this report

the current topics under study are grouped into three categories.




a. Structural Studies(7’]0']')

Which includes both magnetic and glass structures as

well as the conventional studies of nuclear distribution.

b. Inelastic Studles(8’9’]0’]2)

Concerning such topics as magnon and phonon dispersions

and molecular motion in liquids.

c. Diffuse Scattering Studies(9'loﬁ'3»]h)

As well as the study of point defect agglomerates this
also includes the study of non-stoichiometry, alloy

phases, and magnetic moment distribution determination.

A more detailed description of these subjects is given in Appendix |.

Samples used for these studies are either single crystals, where scattering
is discreet or randomly orientated materials, such as powders, polycrystals,
liquids, glasses etc. where the scattering is averaged over all orientations.
The scattering measured from a single crystal specimen, whether it be elastic
coherent, inelastic or diffusive will always require a specification of an
azimuthal angle. The specimen orientation will have to be rigorously defined
in relation to the incident and scattered beams, Fig. 3. A randomly orien-
tated scatterer will have the scattering distributed evenly around the
incident beam subject to certain geometric considerations concerning the
incident beam divergence and specimen shape. Thus for orientated scattering
centre studies any extended detector system must provide information on both
the scattering angle 28 and azimuthal angle. For randomly orientated
scatterers the scattering angle 28 only is of consequence and detectors set
around each scattering cone may be series coupled. Thus in general a PSD
system for single crystal studies will be two-dimensional whereas for random

scattering centre studies it will be one-dimensional.

The studies outlined in this section may be performed on existing neutron
scattering instruments., The characteristics of these instruments are used
as a guide for PSD requirements in relationship to counting rate and
resolution. Table | in conjunction with Appendix | shows typical parameters
of these instruments. From Table | it can be seen that the positional
resolutions around the scattering arc are grouped about two extremes. The

high momentum (K) resolution such as for powder diffraction requires arc



TABLE I TYPICAL INSTRUMENTAL PARAMETERS
Incident Range of ire;ent Present
Energy scattering aximumn Flight path
tastrment R vector Arc (26) resolution
ange resolution
meV g 1 mm /metre %

Powder 12 - 106 0.2 - 12.0 1.5 Not applicable
diffractometer
Single crystal 3 B .
diffractometer 12 150 0.2 16.0 2.0 Not applicable
Inelastic
time—of-£1ight 1 32 0.5 8.0 Lo 1.0
Inelastic
erystal 8 - 100 0.5 - 8.0 5 Not applicable
spectrometer
Diffuse
time-of-f1ight & 5 0.04 - 2.0 50 3.0
Diffuse .
i —. L = 5 0.0k - 2.0 50 Not applicable
Small angle g
scattering . > 0.005 0.3 2.5 Not applicable
Total 0SS— :

Cross 0:2 = 5 0.6 =~ 2.5 < 2.0 Not applicable

section




resolution of 0.15 to 0.2 cms/metre flight path. Whereas for lower K
resolution this figure lies between 3.0 and 5.0 cms/metre flight path.

At this point it must be stressed that certain experiments performed on
high resolution instruments do not necessarily need such high resolution.
For instance powder diffractometers are frequently used for amorphous
studies where such high K resolution is not required. In certain other
cases the use of large samples will be the limiting factor in angular
resolution which will mean that the figures given in Table | are an over-
estimate. The flight path uncertainty for a time-of-flight instrument
must, in general, be better than 1%. Thus the thickness of the neutron
detection medium for such machines must be less than 1.0 cms/metre flight

path. These results may be summarised as follows in Table I1.

TABLE |1 GENERAL PSD SPECIFICATIONS
REQU I REMENT LOW K RESOLUTION HIGH K RESOLUTION COMMENT
Co-ordinates | and 2 I and 2
Positional
1.5 - 10.0 cms 0.1 - 0.5 cms Sample - Counter

Resolution
distance 0.5 -

2.0 metres

Thickness |

Time-of- < 1.0 cms < 1.0 cms
Flight E

Thickness

Continuous No restriction No restriction
Beam J




3 NEUTRON DETECTION

3.1 Reactions

Primary ionisation by neutrons is a negligible effect and detection

of thermal neutrons can only be made indirectly by using a few

induced nuclear reactions. These reactions give rise to energetic
charged particles which may subsequently be detected by gas ionisation,
scintillation effects or electron hole production in semi-conductors.

A neutron detector must therefore consist of a neutron converter and

a charged particle detector. In some cases it is possible to find a
material which combines both properties. In other cases two materials
are used either in physically separate states or in an intimate mix.
Reactions that are commonly employed for thermal neutron detection

are:

(i) IOB + ]n +—7Li* + hHe + 0.48 MeV vy ray + 7Li + I‘He + 2.3 MeV (93%)

i+ hHe + 2.79 MeV ( 7%)

(ii) 3He + ‘n - 3H + Ip + 0.77 MeV

G1i) Ot + "o 30 + YHe + 4.79 Mev

(iv) Gd + ]n + Gd* > y ray spectrum - conversion electron spectrum
(up to 170 KeV)

(v) 235 4 ]n + fission fragments + -~ 80 MeV

(vi) 239, + 'n + fission fragments + ~ 80 MeV

The cross-sections and individual particle energies for these

reactions are shown in Table |11,

All the reactions other than (iv) have reaction cross-sections that
are inversely proportional to neutron velocity for low energies. The
departure from a e dependence is very marked in the case of Gadolinium,
Total cross-sections for (i) - (iv) are shown in Figure 4. Because of
the sharp fall in cross-section at higher energies Gadolinium is
relatively less sensitive to high energy background neutrons than is

a %—neutron converter. However the conversion electrons produced by

the gamma spectrum from the Gadolinium have rather small energies,

< 20Q KeV.




TABLE 111 CAPTURE REACTION PARAMETERS

Cross-Section
REACT ION for 1 R PARTICLE ENERGIES
Barns HeV

10 .

B(n,a)7L| 2100 a 1.47 R 0.83 (93%)
3He(n,p)3ﬂ 3000 p 0.57 34 0.20
8Li(n,a)3H 520 & 2.05 3 2,74
nat .

Gd(n,y) 17000 Conversion electrons: 0.07 -+ 0.172
]57Gd(n,y) 71'000 1 3] 3]
235U fission 320 ~ 80
239Pu fission 410 ~ 80

Ignoring the effect of any non-ionising absorption (e.g. detector
wall absorption) the efficiency of detection of neutrons can be
expressed by the equation

e = £&(1- e'NGat)

where the efficiency € is given in terms of the capture of (1 - e-Ncat)

neutrons. N is the number of converter nuclei, o, is the absorption
cross-section for the process and is generally energy dependent and

t 1Is the thickness of the detector. Of the neutrons captured a
fraction £ results in an output pulse from the detector. This may
arise from poor detector geometry, other competing capturing processes
for the charged particles or from a low efficiency for the neutron/

charged particle conversion.

Gas Detection

For gas ionisation detectors the value of £ is near unity. The gas

counters in present operation use reactions (i) and (ii) for thermal



3.3

neutron detection with gases of BF3 (enriched in ‘OB) and 3He. In
both cases the gas fulfills the function of converter and detector.

The operating pressures vary between 0.5 and 10.0 atmospheres for

3

the capture gas. The efficiencies of IOBF3 and “He are shown in

Flg: 5 Both '°B and °

linearly with wavelength within the thermal region. The percentage

He have capture cross-sections that vary
efficiencies are thus shown as a function of x which is given by
X = gas pressure (atm) x thickness (cm) x wavelength (®)

No account has been taken of the detector geometry. Appendix |II
shows that an ideal detector has an efficiency of either 100% or
50 - 90% according to the signal/background ratio. A 70% efficiency

would require a value of 16 atm cm R for 3He and 23 atm cm R for

loBF3. Typical detector diameters are in the range 1.0 - 5.0 cm

which means a resulting pressure for | R neutron detection of 16.0 -

3

3.0 atmospheres for
lOB

He and 23.0 - 4.6 atmospheres respectively for
F,. Thus to obtain an optimum efficiency with a gas detector less

3

than 5.0 cms thick a high pressure device is required.

Foil Detection

In this method the converter is in the form of a foil which is placed
in close contact with a charged particle detector. The geometry of
the foil must be such that the charged particles created by neutron
capture or fission can escape from the foil into the adjacent detector.
With the exception of (ii) all the reactions mentioned can be used for
this method.

The use of IOB foil is first considered. Neutron capture in IOB
results in a 1.47 MeV a particle and a 0.83 MeV 7Li ion., The
detection is made by measurement of the a particle emitted in the
reaction. In pure ]OB this has an average range of 3.8 x IO-‘+ cm
and is emitted isotropically. |If the geometry in Fig. 6 is used
(i.e. the a particles are detected on the remote side from neutron
incidence) then for a foil thickness greater than the a range

(3.8 x IO_A cm) only the last part of the foil will emit a particles

that can be detected in the charged particle detector.

For an o particle range r the efficiency € of such a detector for a
foll thickness t is given below. I is the neutron absorption

; | .
coefficient in cm = and is equal to

_9-




where N is the number of atoms c:rn-3 and Gy is the absorption cross-

section at the wavelength of incidence for the (n,a) reaction

-Tt ] t
e = (1 -e ") + E;J = tsr
g = be e o P o= i tyr
10

The efficiency of a "B foil as a function of thickness is shown in
Fig. 7 for » = 1R, The maximum efficiency of such a detector is very
low. However, this geometry is the worst possible. The maximum
efficiency for a (n,a) foll occurs when the thickness is equal to the
]OB 10.5% of 1 ) nedtrons are absorbed. This

represents the maximum possible efficiency with a single IOB foll.

o range. When t = r for

The efficiency of a 6Li foil is even lower. The optimum thickness
(t = r) in this case is 10.9 x IO—A cm with an associated efficiency
of ~1% for the Fig. 6 geometry. The maximum efficiency i.e. the

total percentage of neutrons stopped by this thickness of foil is 3%
at 18,

The low fission cross-sections for reactions (v) and (vi) give lower
efficlencies. Detectors using these reactions are often used as
beam monitors as their efficiency is lower and they only remove a

small fraction of the beam.

The foil with the highest cross-section is Gadolinium. The nuclear

reaction in this instance is a capture y reaction. The low energy y

spectrum('S) results in a large number of conversion electrons. The

ratio of captured neutrons to conversion electrons is just less than
y 16

unsty.( )

Using the geometry of Fig.6 the efficiency of the detector foil Is
given by

e = 2szE B e_(z - a)t)/(Z - a)

where ¢ = Noa, t is the foil thickness and s is the number of
conversion electrons formed for each capture neutron, o is the extra

screening coefficient averaged over 2w steradians and over orientation

(16)

for an infinite foil. Following Rauch et al a value of



3.4

3.5

3

a = 2,07 x 10 e’ ! is used.

For natural Gadolinium the efficiency is shown in Fig. 7 and is a

0 1
factor of just greater than three better than ! B. |If 57Gd

with a cross-section of 74,000 barns at | R the resulting efficiency

is used

is much increased (Fig. 7).

The detection of neutrons by foils must be made with multiple foils
if a high efficiency is to be obtained. By the careful positioning
of foils and charged particle detectors it is possible to achieve

(16,17) have shown that for]57Gd foil

high efficiencies. Rauch et al
an efficiency of over 70% may be obtained with a particular converter/

foil geometry.

Scintillation Detection

Scintillation detectors have been widely used for thermal neutron
detection. These have generally been made by mixing the neutron
converter intimately with the phosphor. Such systems are 6Li(ZnS)

IOB(ZnS), where the recoiling particles give rise to scintilla-

and
tions in the ZnS. The difficulty in obtaining a high efficiency
lies in the self absorption of light in the scintillation medium.
Experimental ly the maximum efficiencies obtained for these mixes
within the thermal region are less than 50%: This restriction might
be avoided by the use of some of the more standard transparent
scintillators in a Gadolinium foil sandwich. All scintillation

detectors have the disadvantage of being fairly sensitive to vy

radiation.

Background

A high thermal neutron detection efficiency is not the only criterion
for an ideal detector. The detector must also be insensitive to the
background radiation which is usually experienced in thermal neutron

studies. The main sources of background are fast neutrons and y rays.

To be insensitive to fast neutrons the neutron converter must have a

low cross-section for the higher energy neutrons. This is realised




in the case of absorption cross-sections that have a 1/v dependence.
The fast neutron response is even further reduced in the case of Gd
where the cross-section falls more rapidly with increasing energy.
Fig. 8 shows that in cases where the measured fast neutron background
is insignificant the ideal detector is 100% efficient whereas for a
significant background the ideal efficiency lies between 50% and

90%. (See Appendix 111.)

y-ray intensities around thermal neutron scattering instruments on

a reactor face are typically of the order of 102 2 IOA photons
s_lcm-z. The effect of this background can be reduced by shielding
the detector, but the amount of material required is considerable
e.g. tens of centimetres of lead around the whole detector. It is
preferable to minimise the recorded counts from y-rays by careful
detector design and electronic discrimination. For a gas counter
operating in the ionisation or proportional mode the amount of
ionisation produced is dependent on the total energy dissipated in
the detector. |In a well designed detector the whole of the energy
of the charged particles resulting from the (n,a) and (n,p) reactions
is dissipated within the sensitive region, (i.e. detector dimensions
> range of charged particles). |In general for gases the energy lost
by electrons from +y-capture is small compared with the energy
dissipated from the proton or o particle and separation between the
neutron and y-ray pulses can be made by pulse height analysis. The
difficulty of neutron-y separation is accentuated in the case of a
solid detector due to the higher densities involved. Any solid
detector must therefore be kept thin to reduce y-capture and energy

(18)

dissipation from resulting electrons. Wraight et al have demon-
strated that some discrimination against y-radiation can be obtained
by pulse shape analysis, although this can result in the loss of true
neutron counts. The y-radiation problem, although considerable in
present reactor environments, can be of negligible proportions if

detectors are mounted on guide tubes or very long flight tubes.

Positional Resolution

The ultimate positional resolution of a PSD is proportional to the
charged particle range in the neutron converter. For solid converters

in the form of foils or an intimate scintillator/converter mixture



this range is typically of the order of 10“1+ = 10-3 cms. As this
figure is much lower than the present positional resolution required

solid converters have no inherent resolution limitation.

In the case of gas detectors the charged particle range is a real
restriction on the positional resolution and is in fact the limiting

factor in the resolution obtained with gas devices. When neutrons

3

He or IOBF the two resulting charged particles are

3

emitted isotropically and collinearly from the compound nucleus. The

interact with

positional resolution is not identically equal to the total range of
the charged particles but is given by the centre of gravity of the
total ionisation produced i.e. the ionisation centroid. This centroid
describes a sphere around the position of neutron capture and the
positional resolution will be equal to the projection of this sphere
onto the electrode plane. Figure 9 shows a plot of the ionisation

as a function of distance for one aEmo?phere of IOBFB, calculated

19

using the cross-sections of Whaling The position of the centroid

is also shown. Thus for one atmosphere of IOBF3 the ultimate posi-

tional resolution is + 0.28 cm.

The dependence of centroid on pressure for 3He and IOBF3 is shown in
Fig. 10. The use of pure 3He gives poor positional resolution and

to reduce the centroid range a stopping gas has to be employed. The
stopping gas is generally a heavy gas which does not detract from the

3

ionisation effect of the “He. A common stopping gas to use in this
instance is Krypton. The addition of a second gas will reduce the
Helium content for a given total gas pressure and hence will reduce
the detection efficiency. This effect is shown In Fig. 11, where
the efficiency is plotted against centroid radius for different total
pressures. The corresponding points for IOBF are also shown for

3
comparison. As may be seen a | atm. total pressure detector of 3He
has both poor efficiency and positional resolution at | B for a 10 cm
length of gas. IOBF3 on the other hand has approximately the same

efficiency as the maximum for 3He but has a much lower centroid radius.

The addition of a stopping gas such as Kr to a 3He detector whilst
reducing the centroid radius also increases the sensitivity to y-
radiation. The maximum energy that the y induced electrons can

dissipate by travelling over the longest possible path length in the




detector must be substantially lower than the energy dissipated by
the charged particles created in the 3l-le (n,p)%f process. Kjems(z)
has shown that for a 50 cms long cylindrical detector the maximum
stopping gas pressure of Kr that may be added to 2 atm 3He is

0.8 atm. This limitation can only be calculated for a given counter

geometry and must be considered when using Fig. 1.
P S D SYSTEMS FOR THERMAL NEUTRON SCATTERING

To date position sensitive detection systems have been developed using gas
counters, scintillation arrays, barrier counters and other devices. Most
of these have been associated with charged particles but a few have been
extended to enable the positional detection of thermal neutrons. In this
section we shall review PSD systems with special regard to the detection
of thermal neutrons. All PSD's fall into one of two groups; either
digital or analogue devices. The former consist of individual elements
which give a quantised position of the detected particle. The analogue
devices rely on the ratioing of a measured quantity such as charge, and

require a degree of normalisation to give the particle position.

4.1 Gas Counters (Genera])

Gas counters consist essentially of a single wire anode with a

coaxial cylindrical cathode (Fig. 12) and fall into four classes
dictated by the main characteristics of the voltage/current curve

(Fig. 12). Below the Geiger region (V) detectors are usually operated
along either the ionisation plateau or in the proportional region.

In each of these modes the output pulses, measured with a suitable
output time constant and impedance, are proportional to the energy
dissipated in the initial ifonisation. |In the ionisation mode the
initial ions alone give rise to the pulse which is generally small

for gas reactions involving neutron capture. In the proportional

mode the primary electrons are accelerated to such an energy that
avalanches are produced which multiply the original ionisation.

Because of the dependence on the initial lonising energy both modes

are favourable for thermal neutron work as they enable a good
discrimination against y-radiation to be made (Section 3.5). Simple
gas counters utilising reactions (i) and (ii) section 3.1 are in

common use in thermal neutron scattering experiments. The gas fillings
are BF3 (enriched in IOB) and >

Due to the lower energy of the ionisation products in 3He (0.76 MeV)

He at pressures of 1 - 10 atmospheres.

- 14 -



4.2

3

this gas can only be used in the proportional mode. He is chemically

less reactive than BF, but costs proportionately more. The choice

3

of gas filling will depend on individual requirements.

lonisation and Proportional Detectors

Position sensitive neutron detectors have been made operating in both

the ionisation and proportional modes,

(4,5)

BF, ionisation chambers and both one and two-dimensional detectors

3

are being built for use at the Institut Max Von Laue-Paul Langevin,

Allemand and Jacobe have pioneered the use of multiple electrode

Grenoble. The principle is indicated in Fig. 13. |In their latest
devices, the electrodes are made from copper vacuum deposited on
glass and the electrode geometry can easily be varied to give
cartesian or polar coordinates matched to the requirements of the
experiment. The efficiency of a prototype one-dimensional detector
was quoted as 10% at 1.2 R with a positional resolution of 5.2 mm
(private communication). The development version has an increased
thickness of gas along the neutron direction which should result in
efficiencies of approx. 50%. The two-dimensional detector is
expected to have an overall efficiency of approx. 20% at 1.2 R and a
positional resolution of 10 mm. The logic circuitry sets an upper

count limit of 2 - 5 x 10“ counts/second.

Analogue linear proportional PSD's are used at present on the MARC-

(2)

type inelastic spectrometers (Kjems The linear (one-dimensional)

detector consists of a normal cylindrical 3He or BF, counter with the

3

anode wire replaced by a resistive wire with a readout from each end.
For wire resistances in the region of 40 to 2000 ©/cm positional
information is obtained by the charge ratio. For higher resistance

wires, > 400 kQ/cm, the position is obtained by delay line techniques;

measuring the time dependence of the signal to each end.(zo’ZI)

The best positional resolution for a resistive wire neutron detector

has been cbtained with central anode wires of quartz coated with

3

aquadag. Resolutions of 8 mm for 2 atm “He + 0.8 atm Kr have been

(2)

reported by Kjems using wires of resistance 2.5 kQ/cm.




A prototype multiwire resistive proportional counter is being
constructed by Harwell Counter Group for use at the PLUTO and DIDO
reactors. The device uses the charge sharing technique and will have
30 wires with a sensitive area of 60 x 15 cmz. This work arises

from a proposal of Egelstaff and Forsyth.(zz)

Multiwire proportional counters are used widely in high energy
physics experiments for measuring the positions of charged particles.
The development of these counters is due to Charpak at CERN.(23)
The coordinates of the detected particles are usually measured
separately by two planes of counters with the wire anodes orientated

at right-angles or at some other stereo angle. Such trajectory
sampling techniques are impossible with neutrons where both coordinates
have to be measured in the same detector. The most common method of
reading out data from Charpak chambers Is to treat each wire as a
separate channel with its own preamplifier, delay and gating circuit.
The pulses are stored in registers before being processed. Con-
siderable efforts are being made to produce a cheap integrated

circuit element to reduce the cost and size of the electronics

required for each wire.

(24)

read-out from individual wires by using a delay line technique

An alternative approach due to Perez-Mendez avoids the use of
(Fig. 14). A delay line lies at right angles across the plane of
anode wires and the position of the struck wire is calculated by
timing the arrival of pulses at each end of the delay line. This
system clearly has advantages over the one wire per channel technique
but with large area detectors there is likely to be a problem of

pile-up of pulses in the delay line.

We have been unable to find any reference in the literature to the
use of Charpak chambers for the detection of neutrons. |In principle
there seems no reason why this should not be done with gases of BF3
of 3He. Both position coordinates would have to be read from a
single gas volume either by using the induced pulse from a cathode
grid or by sharing the electrons between two crossed anode grids.
It should also be possible to use converter foils of say Gd inside

conventional Charpak chambers.
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4.4

Geiger-Muller Counters

Gas detectors are not used in the Geiger region for thermal neutron
scattering due to their sensitivity to y-rays. The signal is much
larger due to the complete ionisation of the gas but is independent
of the energy of the ionising radiation making discrimination against
y-radiation impossible. The complete breakdown of the gas results in
a longer recovery time than for ionisation and proportional operation
which results in a lower maximum count rate. De Lima and Pullman(ZS)
have however developed a position sensitive Geiger Counter for use

with charged particles.

Spark Chambers

The spark chamber is a development of the older detector known as a
spark counter. The spark counter in its simplest form consists of a
pair of parallel plates (typical separation | cm) in a gas atmosphere
with a high potential between them. The counter is used in the same
way as a G M counter and suffers from the same disadvantages. When

a pulsed high potential is used with this counter it becomes a spark
chamber; an important device used extensively in high energy physics.
The gas fillings usually involve helium, neon or argon and the
principle is indicated in Fig. 15. A high voltage pulse (typically
10 - 20 kV cm-]) is applied when the scintillation counters indicate
that a charged particle has transversed the chamber. The pulse causes
a preferential breakdown along the trail of ions left behind by the
charged particle and the resulting spark lies close to the trajectory
of the particle. The spark can be photographed from two or more

positions and the coordinates of the particle in any gap calculated.

Many other methods of recording the spark position have been developed
with the aim of making spark chambers into on-line devices. The most
important of these are sonic, magnetostrictive, core and capacitive
readout systems which have all been used to give on-line data usually

(26:27s28’29)

in conjunction with computers. The maximum counting
rate is determined by different considerations in the various types of
readout but in general is less than 103 counts/sec over the whole

detector.
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Spark chambers could be used as position sensitive neutron detectors
rovided that BF3 or 3He are compatible with spark chamber operations.
He has been widely used in spark chambers so 3He should be a

suitable filling. Alternatively a converter screen such as Gd can

be used inside a conventional chamber. A prototype spark chamber

containing a boron converter has been built and tested on the HERALD

reactor (private communication). For neutron work the high voltage
trigger pulse (obtained from the scintillation counters when using
charged particles) would in general have to be derived internally
from the spark chamber. For some experiments e.g. time-of-flight,

this trigger pulse could be derived from other places such as a

chopper, (Appendix ). For charged particles spatial resolutions of

much better than | mm have been obtained with spark chambers. The
sphere of uncertainty associated with the range of the decay products
involved in neutron detection is likely to prevent this being achieved

with neutrons.

Hybrid Chamber

(29)

The hybrid chamber proposed by Fischer and Shibata combines
multiwire proportional counters with conventional spark chambers,

Fig. 16. This device was developed to avoid the expensive cost per
wire of electronics for proportional multiwire counters. The hybrid
chamber consists essentially of a proportional wire chamber gap

which is read out by a narrow gap pulsed spark chamber and a magneto-
strictive line. The electron drift space between the proportional
gap and pulsed spark gap is required in high energy physics experiments
to compensate for delays in associated counters and logic circuits.
The electrons from a charged particle in the proportional region
drift to the high field region around the anode wires and form
avalanches. Some of these electrons drift through the delay region
towards the spark chamber gap. |If this gap is pulsed while the
avalanche electrons are in it, a spark is formed which is read out in
two dimensions by conventional magnetostrictive means. The high
voltage pulse and its duration are controlled so that sparks form
only from electron clouds and not from the few electrons that might
occur in the spark gap from a background particle. The recovery time
after a spark is shorter than in conventional spark chambers due to

the narrower gap which allows more rapid clearing of the ions left
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by the spark. Fischer and Shibata claim that the hybrid chamber is
about ten times faster than ordinary spark chambers. This implies

that counting rates of approximately th sec-] should be possible.

As in conventional spark chambers 3He would be a good filling gas in
hybrid chambers used for neutron detection. The triggering pulse to
switch the high voltage onto the spark chamber gap could be derived

from the proportional plane.

Scintillation Systems

Charged radiation excitation of certain molecular and atomic systems
which subsequently decay with the emission of light pulses, provide
valuable methods of radiation detection. For neutrons the neutron/
‘charged particle converter may be mixed intimately with the phosphor
or be mounted as a separate screen before it. The light pulses are

usually detected by means of a photomultiplier tube.

Both solid and liquid scintillators are available. For charged
particles crossed strips of scintillators are commonly used to give
particle positions using coincidence techniques between X and Y
planes, (Fig. 17). The resolution is determined by the scintillator
widths and the number of channels which can be afforded. Two-
dimensional neutron position sensitive detectors must obtain both
coordinates from the same plane of scintillator. A similar problem
exists when measuring the position of low energy particles. An

(30)

analogue technique used extensively in hospital physics involves
viewing a single piece of scintillator with an array of photomulti-
plier tubes. These are coupled to the scintillator either by fibre
optics or by an optical coupling compound. The position of each
scintillation is calculated from the relative sizes of photomulti-

plier signals.

A neutron detector using this method has been built at AWRE

(31)

Aldermaston using a 6Li (ZnS) scintillator screen. The charged

particles resulting from the 6Li cause the ZnS to scintillate.




The scintillator is coupled to 23 x 5 cm diameter photomultipliers.
Each scintillation is viewed by several phototubes and a mixing
technique involving the signals from nearby phototubes enables a
positional resolution better than the diameter of one phototube to
be achieved, (0.6 cms). No development work concerning the thickness
of the optical coupling, phototube separation or scintillator thick-
ness has been done. It may therefore be possible to improve the

resolution figure of 0.6 cms.

Measurements of the positions of very fast neutrons along a strip of
scintillator have been made by timing the light from the scintillation

(32) The scintillator

to photomultipliers at either end of the strip.
used had no neutron/charged particle converter deliberately added

and relied on a fraction of the high-energy neutrons producing knock-on
protons from the hydrogenous component. This timing method is not
usable for slow neutrons as present converter/scintillator mixtures

are opaque over distances of more than a few millimetres.

Scintillator arrays to give one-dimensional information for slow
neutrons are in common use.(33) A possibility that might be

developed is the use of annular rings of liquid scintillator for studies
involving randomly orientated samples, (Fig. 18). |If a solid
transparent converter/scintillator mixture becomes available, it would

be relatively easy to make such a device.

The scintillator technique could become very important for PSD work
when coupled with a new device known as a channel plate(Bh’35’36).
This extension of the older channel multiplier consists of a section
(approx. &' thick) cut from a bundle of fine glass tubes typically
4o uym in diameter. The glass is loaded with an oxide and chemically
treated to produce a very thin layer of metal on the surface of the
tubes. With the appropriate electric field across the plate (Fig. 19)
electrons from a nearby photo-cathode can be drawn through the plate
creating further electrons by secondary emission from the internal
surfaces of the tubes. Due to the short length of the plate the
secondary electrons preserve the original spatial information

contained in the light falling on the photo-cathode. |If sufficient

..20..
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amplification is available and if the collector plate is made

position sensitive, the spatial information can be read out.

Several possibilities exist for the collector plate. A group at
the Mullard Space Science Laboratory at Dorking, Surrey are develop-
ing a resistive plane which has four point probes and employs a
pulse timing technique between pairs of probes to give the position

(37)

of charged particles falling on the plane. Preliminary tests
indicate that the position over areas of 30 - 50 cm2 can be read off

to better than + 1 mm. A less accurate, but still acceptable collector
for neutron detectors, could be made from etched copper clad circuit
board with individual collectors of say 3 x 3 cm2 or more simply still

by using point electrodes on a matrix of known pitch.

For neutron work the channel plate could be used with a photo-
cathode to view either a loaded scintillator or a converter foil/
scintillator. The photo-cathode may be eliminated by using a Gd
foil directly in front of the channel plate. Under the influence of
an electric field the Gd conversion electrons would pass into the

plate and produce secondary electrons directly.

Channel plates have already been used for X-ray detection with areas
of approx. 1 cmz. (38,39,40) Larger areas are required for neutron
scattering experiments but plates of 5'" diameter have already been
produced. These devices have a high development potential for a

neutron PSD but they may be costly.

Semiconductor Devices

Surface barrier detectors have been used for thermal neutron detection

(16)

with the aid of a Gd foil converter. Neutron detection is made by
the measurement of conversion electrons produced by prompt neutron
capture y-rays in Gd. The surface barrier detectors are used for the
detection of the conversion electrons. A detection efficiency of up
to 70% (at a 2 R) is claimed and each detector can be made very small,.
The positional information is obtained by covering an area with a
large number of such detectors. A particular detector being considered
would have a total area of 10 x 40 cms with elements 1 x 1| cm2.
Although the foil is thin (0.03 cm) the gamma sensitivity is fairly

high. Easy discrimination is therefore not possible, although it

is much better than with scintillators. The cost of covering a large

_2|_
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area with this type of digital PSD would be very high and in many
cases would offer no advantage over a gas detector, as the positional

resolutions are comparable.

Commercially made semiconductor devices are available which give

the linear position of a charged particle entering the detector.(QI)
These devices are silicon surface barrier detectors and the position
detection is made by using a resistive layer on the back of the
depleted region of the detector. A signal is derived from each end
of the detector which acts as a simple voltage or charge divider

to give the position of the particle. |In principle neutron position
sensitive devices could be made by using these detectors behind a
converter foil but the maximum detector areas available are currently
10 x 50 mm2 at a cost of approx. £500 each. Their high cost makes

this method unattractive.

In general, the small detection areas available with current semi-
conductor devices limit the use of such devices for neutron position
sensitive detectors. The possibility of developing larger detection
areas, cheaper detectors, or some method of loading the semiconductor
directly with neutron converter, will be discussed with workers in

the semiconductor field.

Bubble Chambers

Bubble chambers are three-dimensional detectors that are used for
showing the tracks of charged particles in high energy physics
experiments. The collection of ions resulting from the passage of
an ionising particle through the detector can act as nucleating
centres for boiling in a super-heated liquid. The usual liquid is
hydrogen which also acts as a target material in many experiments,
The magnified train of bubbles along the tracks are photographed
stereoscopically and the geometry of the track reconstructed from
measurements made on the film. These detectors are very bulky and

data handling via filmand measuring machines is very cumbersome.
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L.1o

The use of liquid hydrogen would not be acceptable for thermal
neutron detection, although 3He would seem to be a suitable

filling in this respect. The complexity of such devices and the
associated cryogenic systems would prohibit their general use around
reactors even if some method of automatically measuring and reading

out the track positions could be developed.

Qualitative Position Sensitive Devices

So far in this section only devices which would give quantitative
information have been considered. Several systems which give a

visual scattering pattern have been devised. These usually involve
the use of a scintillator sheet viewed directly (or indirectly through
an image intensifier tube) by a vidicon camera with the information
being displayed on a television monitor screen. Such devices have

an obvious use in the early stages of an investigation when a cursory
look at the scattering patterns is desirable. It may be possible to
develop means of obtaining quantitative information from such devices
as methods for digitising the output from vidicon cameras viewing

(42) The problem of

optical spark chambers have been developed.
viewing sparks is clearly easier than that of viewing single
scintillations and it seems unlikely that this method could be

developed to provide absolute counting rates for neutrons.

Summary of PSD Systems

The characteristics of the devices discussed in this section are

summarised in Table V.
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TABLE IV - SUMMARY OF CHARACTERISTICS COF KNOWN AND POTENTIAL NEUTRON POSITION SENSITIVE DETECTORS: A - GASEQUS

; % . Digital

AP Dimensions € Resolution Max. Rate Co-ord- No. of
Type B lling (cm) at 18 (cm) (pulses/sec) |inates |°F Elements ShEse
Analogue
Tonisation
Chamber
L

1 1 Atmos.BF3 1.5 gap x 210 8% 0.52 ~2 x 10 X D 400 Working detector
length (on 150 -~ Allemand (4,¥%). Res-
radius) x 6 olution determined by
high. electrode geometry.

2 1 Atmos.BF3 11 depth x 210 L5% " " X D " Under construction -
length (on 150 Allemand (k4,*). Reso-
radius) x 2.5 lution determined by
high. electrode geometry.

3 1.2 Atmos. Double 1.5 gap 20% 1.0, 1.0 5 x 10l+ X,y D 6L x 6L~ i

BF, x 6L x 6L 4096
4 " Double 1.5 gap . 1.0, ~10° A r,8 D 32 x 36> L
x 64 diameter 1152
Proportional
Chamber
i . .
1 2 Atmos.He3 5 diameter x 55% 0.9 (average) ~10 X A Single re- [Working detector -
+ 0.8 atmos. |50 long sistive Kjems (2) (similar
Kr. wire detector - Abend(1))

2 10 Atmos. 2.5 diameter 80% < 1.0 ~th p's A Single re- |Prototype under test
He3 + 1 x 50 long sistive - AERE Counter Group
atmos. Kr. wire (*)

3 1 atmos. BF 2.5 gap x 60 15% <£1.0,0.5 “th = 105 X,y A 30 resis-— Under construction -

3 high x 15 tive wires |AERE Counter Group(¥)
length )y
L(a) 1 stmos. He> Say 1.5 gap ~10% k.o -10° direct X,y D,A few x 10 )Possible development
(or BF.) x 100x100 (0.3 1if lOBF3 read-out ,~10 )(with delay line -
3 used) : indirect )read-out, if gas is
d-out 1
() 5 atmos. Heo " ~40% 0.5 read-ou " D,A " Jpressurized
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TABLE IV continued

Dimensions ElX Resolution Mex. Rate Co-ord- gigltal No. of State
Type Filling (cm) at (cm) (pulses/sec) [inates fglozne Elements
Spark
Chamber
X Boron Foil 1.0 gap x 16.5 5% 0.3 -103 X,y D,A 64 x 64 Prototype magneto-
in conven- x 16.5 L4096 strictive and Ferrite
tional core readout, Rodgers
chamber AWRE (*)
2 1 Atmos. He3 Say 1.5 x ~10% 4.0 “103 X,¥ A fey x Possible development
100 x 100 10 (with magnetostric-—
tive read-out but low
resolution, efficiency
and counting rate)
Hyobrid 1 Atmos. He3 Say 1.0 x ~6% L.o ~th X,¥ A fey x Possible development
Chember N0 x 100 10 (with magnetostrictive

read-out but low reso-
lution and efficiency)

_25_
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TABLE IV = SUMMARY OF CHARACTERISTICS OF KNOWN AND POTENTIAL NEUTRON POSITION SENSTITIVE DETECTORS: B - SOLID STATE
Dimensions € Resolution Max. Rate Co~ord- Bigltal No. of
& t 1
Type omponents (cm) at 1 (cm) (pulses/sec) |inates Aneingus Elements State
Scintillatorsw
1 Scint. + 23 diameter ~50% 0.6 ~1O3 X, A 1(+ 23 Working detector -
Photomult1-~ phototubes)| Holland and Pain(31)
plier (rate 1limit is in the
data handling system)
: : ; 6 .
2 Faoll + Scint. |Either annular ~20% Would depend ~10 0.,%, D Few for Possible development,
+ FPhoto- rings up to on dimensions 8, x Y background may be a
multiplier 100 diameter but typically many for problem.
or elements of >1.0 XY
few square cms.
3 Foil + Areas in units -20% | 0.1 - 0.2 not known XY D,A 1 per )
channel of 5" diam. channel )
1 lat ;
plate p0551bi.e at plate ; Possible
present. ) developments
i Foil and v ~20% ! " X,y D,A " )
Scint.+ chan-
nel plate
Semi-
conductors
1 Foil + 10 x %o ~-40% 1.0 ~106 X,y D 400 Proposed detector -
surface looks promising for
barrier medium resolution
detector and small areas.
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5

DISCUSSION

5.2

General

The detectors oulined in Table IV fall into the two broad classes;
digital and analogue discussed in Section 4. The former class has

the obvious disadvantage that for large sensitive areas and high
resolutions a large number of elements would be required. It does
however have a considerable advantage over the latter class in that

any instability or drift in the associated electronics cannot distort
the positional information over the whole detection area. This is

not true of analogue devices which ratio or compute the positions from
other information, and in general rely on balanced circuits. This is

a potential weakness of such devices; any detector destined for

regular use on a neutron scattering device should have long term
stability and be relatively simple to use and maintain. The
efficiencies of discrete channels can be quickly checked by scattering
neutrons from a standard sample and individually correcting faulty
channels. To check that a ratioing device as a whole is not distorting
the scattered neutron pattern over part or all of its sensitive area is
more difficult and any corrective action would, in general, require a

time consuming and tedious operation to rebalance the circuits.

Detecters

(a) Gaseous Detectors

Only two gases are useful as detector media, 3He and BF3.
Figures 10 and 11 show that 3He cannot be used for high resolu-
tion devices unless pressures of the order of 5 atmospheres

can be tolerated. This situation can be improved by the
addition of a heavier stopping gas such as krypton, but even
then pressures of around 2 - 3 atmospheres would be required

to achieve resolutions comparable with those obtainable with

This is an unfortunate result as BF

3

1 atmosphere of BF3.

while less expensive than

3

He is a corrosive and hazardous gas
to handle. Figure 5 shows that both gases must either present
approximately 10 cms of path length to the scattered neutrons at
1 atmosphere or be pressurized in order to obtain reasonable

efficiencies at 1 R.
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Pressures up to 10 atmospheres are easily accommodated in

the simple cylindrical shapes used with single wire propor-
tional counters. When multiwire neutron detectors with areas
of say | square metre are considered, the design of the
containing vessel presents problems, especially if tallored
to the experimental geometry. A pressurised neutron detector
would clearly be bulky and unless diaphragms were inserted
and buffer zones of an inert gas used, the total volume of
detector gas required would be significantly greater than
that required for the multiwire structure alone. With 3He
costing approx. £100/1itre this factor is clearly important,
High pressure gaseous devices require higher EHT voltages for
operation, with the attendant problems of breakdown and back-

3

ground noise. The operating voltages of “He are lower than for
BF3 due to the lower lonisation potential of F?e former and high
pressure proportional counters usually employ He for this

reason.

The types of gaseous detectors available are ionisation,
proportional, spark, and hybrid chambers. For two-dimensional
Information the efficiency is unacceptably small at one
atmosphere unless a longer neutron path length is formed by
stacking planes of detectors. Figures 10 and 11 show that
for a one atmosphere gaseous device resolutions of < + 5 mm

can only be obtained with BF Electro-negative ions are known

to produce problems in spark3chamber operation and consequently
BF3 can be expected to prove difficult to use in this mode.
None of the gaseous devices seem to offer any possibility for

a one atmosphere, two-dimensional, high resolution, large

area detector with reasopable efficiency.

In general, Geiger counters and spark chambers are unacceptable
due to their inherently low maximum counting rate. |If
pressurized devices are tolerable, ionisation and proportional
techniques, particularly Charpak chambers, could be used to
give good resolution and reasonable efficiencies for two-

dimensional detectors.
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(b)

For one-dimensional information the problem of efficiency is
reduced as the detector can in general be made thick with
respect to the beam direction. Allemand et al have used this
technique very effectively with their one-dimensional multi-
ionisation chamber array (Fig. 13). Proportional detectors

could also be used. Again BF, is the only choice at one

3

atmosphere if positional resolutions of < + 5 mm are required.

Scintillation and Semiconductor Devices

Scintillators can either be loaded with a neutron converter

or used with a converter foil, whilst semiconductors can only

be used with the latter. Due to the higher densities involved
and the consequent reduction of the charged particle ranges
these devices do not suffer from the resolution problems inherent
with unpressurised gases. Scintillators can be used with photo-
multipliers or channel plates and in either case the PSD can be
digital or analogue. Scintillation counters are digital when
isolated photomultipliers are used to view individual scintil=
lators (multi-counter arrays). These become analogue devices
when overlap occurs between adjacent photomultiplier signals
(Scinti-camera). For channel plates the geometry of the
collector plate (Fig. 19) will determine whether the PSD is
digital or analogue. High resolution digital devices say

<+ 5 mm, will be limited to small detection areas otherwise
the number of channels becomes unmanageable (e.g. 4 x th for

a metre square detector with + 2.5 mm) . Coarser resolutions
necessarily imply less channels. The resolution of analogue

devices is to a large extent dependent on the electronics used.

In general the efficiency of all these devices is less than 50%
and is very dependent on the geometry and type of converter used.
A problem that can be expected with this type of device is
associated with gamma ray sensitivity, the higher densities
involved give higher gamma conversion probabilities and the
overall background problem is consequently greater than with
gases. This effect can be reduced by keeping the detector
volumes to a minimum. In this respect the semiconductor
detectors (depletion layers approximately 50 um)are clearly
superior to liquid and solid scintillators where 1 mm is

probably the least thickness which can be used.
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5.3

Of the devices discussed in 5.2(b) only loaded scintillators

have been extensively developed for thermal neutron detection

(33) (16) and
(17)

neutron detectors. Recent developments

detection. With the exception of Rauch et al

Feigl et al very little work has been done on semiconductor

(38,39,40) have shown
that channel plates can be used for x-ray detection. We
suggest that converter foils, semiconductor detectors and
channel plates are all potentially useful for neutron position

sensitive detectors and should be further investigated.

Instruments

The matching of individual PSD systems to particular instruments will
require a more detailed study, (including consideration of cost and
readout facilities), than can be given in this report. However
certain of the more important features can be discussed at this stage
and these are summarised in Table V. The designations A, B and C
denote our assessment of relative merits. The A category is used for
the combination of PSD and instrument which would be worth developing;
the B category for combinations that have some potential if further
development work is performed on the PSD and/or the instrument. The

C category denotes unsuitability for use or development. The alloca-
tion of these categories to each type of instrument will be discussed
in the following sections. Special emphasis is given to powder
diffraction requirements since these pose the most exacting conditions
on a PSD system with regard to the positional determination of neutron

capture, see Tables | and || for reference.

(a) Powder Diffraction

Present powder diffractometers retain a high degree of
resolution by the use of suitable Soller slit collimators
before and after the monochromator and before the detector.

These are designated a, o and o, respectively, (Fig. Al

2 3
Appendix | ). Soller slits cannot be effectively used in
front of position sensitive detectors. The og collimator in

a conventional machine enables an extended sample to be used

whilst retaining a high degree of resolution; the sample size
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TABLE V

VE MERITS OF PSD FOR VARIOUS TECHNIQUES

Powdex Single Amorphous Inelastic Inelestic Diffuse Mono- Small
PSD |— 4 Crystal ; Time of Crystal Time of | chromatic Angle
Diffractio i " Mat ; ¥ . L ‘
e " | Diffraction ey ialy Flight Spectrometer Flight Diffuse Scattering
(MARC)
Multi- Iomi 101
o 1 conisation A A B o 2 5 B &
Chamber
Multi-Proporti
Au¢ul‘-*0p“rtLOD&l A ik B - A 3 3 A
Chamber
Fesistive Wire
Proportional C B B 3 A c C B
Chamber
Spark Chamber @ C G e & & C C
[Hybrid Chamber C c C C C B C C
Scintillators
a) Scinti-camers B B B C B c o B
) Channel Plate B A C C B & C A
Semi-Conductor
(with converter B A B C_» B B C C A
foil). P
P MLt
§1mple Multa c c A A c A A C
Counter Array

s = single crystal studies;

p = random scatterers.




in this instance does not contribute to the resolution.

However with the removal of the o collimator the "after
sample'" resolution is heavily dependent on sample size.

The effective angular divergence is given by: (Sample radius +
counter uncertainty)/f where f is the flight path from sample
to detector. We consider a gas detector, as the inherent

counter uncertainty is greatest with this system. For IOBF

at one atmosphere the counter uncertainty is approx. 0.3 cmz.

Thus for a flight path of one metre the effective collimation

before the detector is 0.&50, 0.7o and 1.3° for 1, 2 and 4 cm

diameter samples respectively. Typically, o collimators have
divergence angles of 0.1° to 0.50. This 1limits a PSD detector
to operation with & 2 cm diameter samples for an equivalent

resolution.

The signal to background for a PSD detector is likely to be
higher for sample independent background and equal to a con-
ventional device for sample dependent background. By counting
over all the angular range simultaneously the gain over a
single counter instrument is in the region of 200 whilst the
loss due to sample volume will be between 4 and 16. This
assumes that sufficient sample is available to enable a con-
ventional machine to utilise a full 4 cm diameter sample, thus
gains in the time between 10 and 50 may be experienced compared

to a single detector instrument.

0f the PSD systems considered, those best suited to powder
diffraction measurements are the ionisation and proportional
chambers. Due to the high resolution required the measurement
of the scattering cones is usually performed in the equatorial
plane (Fig. 3). Resolutions of the order of 0.3 - 0.5 cms

are required which are possible by using multi-electrode gas
detectors filled with one atmosphere BF3 and spanning a total
scattering angle of 100°. To obtain an efficiency > 40%

the detector would have to be of the order of > 10 cms thick.
However as no movement of the detector is needed this does

not pose a structural problem. To span such an arc (1 metre

radius) and match the required resolution using scintillators
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(b)

or semiconductor detectors would be prohibitively expensive.
The low count rate that can be realised with spark and hybrid

chambers eliminates them for such measurements.

A simple multi-counter which consists of a series of annular
counters each at different scattering angles and each following
a Debye cone (Figs. 3, 18) would give an enhanced count rate

at each position but the density to which such a system can be
grouped is likely to be too low to provide the high resolution
needed for powder diffraction. |If there is sufficient demand
for a fast general powder diffractometer with medium resolution
then in our opinion such an instrument should incorporate a
PSD. A gas detector system operating in either the ionisation
or proportional mode is the most suitable PSD provided the gas
filling is such that the centroid radius lies between 0.3 -

0.5 cms. The multi-ionisation chamber developed by Allemand

(4) (43)

et al is now commercially available in a form compatible

with powder diffractometry.

Single Crystal Diffraction

Large samples are not generally used for single crystal

studies as apart from the low availability of large single
crystals the extinction in these is too high. The diffraction
from a single crystal is also much less divergent than from
powder specimens. These points result in a PSD system for
single crystal studies being of greater value in most instances

(22) have shown

than for powder studies. Egelstaff and Forsyth
that for single crystal studies a gain of 30 may confidently

be realised with a large PSD device. Further gains may be
realised if the materials under study contain larger unit cells,
A good example of the potential of PSD for single crystal
diffraction can be seen in the development of an automatic
x-ray diffractometer capable of measuring 12,000 reflections

(4h)

per hour from large chain molecules. Position sensitive
detectors for neutron single crystal diffraction may be con-
sidered in one of two ways. A large stationary detector

covering the major part of the scattering plane and capable of

_33_




(c)

azimuthal angle measurement has the advantage of covering a very
large number of reflections simultaneously. Physically such
an instrument is not easy to design and the number of read out
channels for such a device will be very large if angular
resolutionsof < 1° (= 1.8 cm/metre) are to be obtained. The
alternative detector consists of a smaller PSD mounted on the
conventional counter arm. This could be moved to measure
different reflections in the conventional manner. For many
biological specimens measured with incident wavelengths of

0.9 - 2.0 R, resolution limits the measurements to < 50° (28);
hence a smaller PSD would be preferable. The small prototype
two-dimensional PSD (Section 4.2d) at present under design at
AERE Harwell will be installed on a single crystal diffracto-
meter and should give valuable information concerning the use

of PSD systems in general for thermal neutron scattering.

We cannot envisage the use of spark or hybrid chambers in this
instance as their low counting efficiencies and their pulsed
requirements make them less attractive than other methods.
Further development is needed if a small detector light enough
to be mounted on a counter arm and with good efficiency is to
be produced. Gas detection is sufficiently advanced to be
immediately applicable whereas semiconductor and scintillators
with channel plate detectors appear to have considerable

potential in this field, but require further development.

Amorphous Materials Scattering

The structure study of amorphous materials requires a different
resolution from either of the cases so far discussed. To
perform these studies instruments are needed which are capable
of going to large scattering vectors, but the overall angular
resolution required is not high when compared to powder
diffraction measurements. For amorphous systems the scattering
is isotropic around each scattering cone. Maximum intensity
may be realised if at each scattering position, i.e. each
measured 20 value, the maximum possible azimuthal arc is
covered. As the resolution required is not so high as for

the powder diffraction case single detectors may be placed at
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(d)

individual counter positions and be made such that the array
follows the scattering cone. To perform these measurements
we favour a single multi-counter array as being most likely

to produce the highest gains in measured intensity. A smaller
gain may be made by replacing a single stepped detector on an
existing instrument by a position sensitive system mounted in

the equatorial plane.

It is worth noting that the present Harwell LINAC total
scattering spectrometer, used for amorphous studies, has

a very short sample to detector distance which would allow
the major part of the scattering sphere to be covered with a
reasonable size PSD. However this would no longer be possible
if a current suggestion to extend this distance to several

metres is adopted,

Inelastic Time-of-Flight Scattering

Much of the previous discussion concerning amorphous materials
is equally applicable to the study of molecular dynamics and
other inelastic studies not involving single crystals. These
studies also do not in general require a high momentum
resolution. Thus the scattering as a function of 26 may be
investigated by detectors well spread in angle which can have
quite a coarse positional resolution around the 26 arc. As

the scattering is isotropic around the scattering cone the
highest count rate gain is obtained by single detector positions
which follow the scattering cone but which require no positional
information around the azimuthal arc, (simple multi-counter

array).

For single crystal studies typical counter separations of 3°
with an angular resolution of 0.8° are adequate for the
majority of current measurements. In our opinion the current
practice of using individual element detectors provides the
best system. For flight paths of greater than a metre

3

elliptical high pressure “He proportional detectors (as on

the 7HIR twin chopper spectrometer, Harwell) are to be
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(e)

recommended as their efficiency and background discrimination
characteristics are better than for present scintillation

detectors.

Development of converter foil detectors which are inherently
thinner would enable shorter flight paths to be used while
preserving the present flight path resolution of < + 1%. This
resolution may be easily achieved for 50 cm flight paths by
utilising Gadolinium foil converters backed by semiconductor

devices or channel plates.

Inelastic Crystal Spectrometry

We consider that the standard triple axis instrument has no
requirement for a PSD. On such a machine energy analysis is
performed by rotating the analyser crystal and detector in a
1:2 ratio (8 - 26 scan).( 8) The replacement of the existing
counter assembly with a PSD would remove the need for rotating
the detector about the analyser crystal axis. The analyser
crystal would still have to be rotated to measure the energy
spectrum and the required information would appear at a discrete
position in the PSD. Consequently only a small part of this
detector would be used at each analyser setting. The
advantage of saving one mechanical axis would be outweighed by
the disadvantages of having to provide larger shjelding, a
higher count rate due to integrating the background over the
whole PSD and possibly calibration problems if the efficiency
varied across the detector.

(2,45)

Kjems and Reynolds have extended the normal triple axis
machine to enable the simultaneous collection of neutrons
within a range of scattering angles from the analyser. This
Multi Angle Reflecting Crystal Spectrometer (MARC) consists

of a large analysing crystal very near the sample and a linear
resistive wire PSD. Although at the present time only
resistive wire PSD's have been used we consider that comparable
resolutions and efficiencies may be obtained using multi-

ionisation chambers which have the distinct advantage of being

digital devices.
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Crystal spectrometers using filter techniques for analysis
utilise the largest area of scattered beam as possible. As
no momentum resolution is imposed on the detector angle, a
single detector with as large an acceptance angle as possible

is needed.

(f) Diffuse Time-of-Flight Scattering

Both single and powder (or polycrystalline) samples are measured
on this type of instrument. For samples that have randomly
orientated scattering centres the highest gain in measured
intensity may be made using a simple multi-counter array with
individual detectors that span the azimuthal arc. This is

illustrated in Figure 18 for a scintillation detector.

The scattering from single crystal specimens has in general an
azimuthal angle dependence. Information out of the equatorial
plane is only of value if a large proportion of the scattering
arc is covered. As the resolutions involved are coarse and the
areas large, approx. 1.5 mz, this requirement is best met by

a two-dimensional multi counter array of pressurised gas
detectors. This comment is also relevant for random scatterers

if signals from detectors around each azimuthal arc are coupled.

(g) Monochromatic Diffuse Scattering

The use of a non pulsed monochromatic beam of neutrons for
diffuse studies removes the constraints on detector thickness.
However as with the time-of-flight system the highest gain to be
achieved with randomly orientated scatterers is by covering as
large a proportion of the azimuthal arc as possible. Single
proportional detectors may be used or with the further develop-
ment of liquid scintillators a series of curved annuli would be

suitable (Fig. 18).

For single crystal measurements a multi-counter array is most
suitable. Since the detector thickness is not a restriction
cheaper low pressure gas counters can be used end on to the

scattered beam.
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5.4

(h) Small Angle Scattering

As the total range measured is small, typically less than 10°
(26), the size of a PSD for such measurements can be quite

small even though sample to detector distances are very large
(typically > 2 metres). With a 40 cm square detector with
2-dimensional positional resolution of + | cm a scattering
vector range of up to 0.3 R-I can be measured with a 2 metre
flight path and wavelengths between 4 and 10 R. Any development
of a small angle scattering apparatus should include the
investigation of PSD systems as these look to be particularly

useful in this field.

Most of the two-dimensional PSD's that have been considered are
applicable to these studies, especially the multi-ionisation

and proportional chambers.

Scintillator devices although susceptible to high background
may be exploited if SAS instruments are mounted on guide tubes
where the low y-background enables the scintillation technique

to be used with advantage.
Conclusions

The fields most immediately amenable to PSD systems are single
crystal diffraction, powder diffraction and small angle scattering
experiments. Amorphous studies and time-of-flight measurements

with both short and long wavelength neutrons are, in general, better
served by multi-counter arrays. The variation of the triple-axis
spectrometer known as the MARC inherently requires a PSD. The
conventional triple axis spectrometer, filter spectrometer, and

polarized neutron diffractometers are best used with single detectors.

With our preference towards digital devices we consider the following

to be the most promising of the PSD's considered:-

(a) Multi-electrode ionisation and proportional chambers (e.g.

Allemand et al(h)) for both one and two-dimensional detectors.
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(b) Converter foil/scintillators or converter foils directly

with semiconductors or channel plate detectors.

There is clearly no PSD which can be universally used in thermal
neutron scattering. The multi-electrode ionisation and proportional
chambers come nearest to meeting this criterion. One-dimensional
detectors of this type (Fig. 13) are very suitable for powder
diffraction and MARC spectrometry and could be made to approximate
to multi-counter arrays by varying the effective resolution. We

can envisage a PSD connected to a small computer where the individual
input channels may be soft-ware grouped to give variable resolutions
and hence count rates for the angular divisions required. Two-
dimensional multi-electrode chambers are suitable for single crystal
diffraction and small angle scattering experiments but have the

disadvantage of low efficiencies.

Since Allemand et al are well advanced with the development of
multi-electrode chambers we suggest that the type of PSD outlined
in (b) above should be developed. If this can be done successfully,

one and two dimensional high resolution digital devices, thin but

with reasonable efficiencies, will become available without the
complication of pressurised gaseous fillings.
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APPENDIX |

THERMAL NEUTRON STUDIES

In section 2 we divided the studies performed with thermal neutrons into three
main categories. This appendix indicates the requirements made by these studies
in connection with the development of PSD and multi-counter arrays. A general
outline of the fields of study is also given together with details of the

instruments involved in the measurements.

Al. 1 Structural Studies

The neutron spectrum emanating from a research reactor has a peak
typically at a wavelength of 1 R. These wavelengths are of the order

of crystal spacings with the result that such neutrons undergo
diffraction obeying the Bragg criterion 2d Sin 6 = X. The placing of

a single crystal of sufficient dimensions and at the correct orientation
in the 'white' reactor beam enables a monochromatic beam of neutrons

to be selected.

The scattering of a monochromatic beam by a single crystal specimen
yields discrete maxima in three dimensions. The separation of the
maxima is inversely proportional to the lattice spacing. Thus for
very large unit cell materials, such as those of biological interest,

a great number of reflections simultaneously satisfy the Bragg condition.

The scattering of monochromatic neutrons by a powder or a polycrystalline
material again gives rise to maxima - Debye rings - but in this case

the orientational dependence of the sample has been Jost and the
scattering is symmetric about the central beam. Thus only the scattering
angle (26) has to be defined. Although pure diffraction is absent in

a glass or a liquid the scattering maxima, corresponding to the distances
of closest approach in the radial distribution function, follow Debye

like rings having symmetry about the incident beam direction.



So far the discussion has only concerned the scattering of neutrons by

the nucleus which for an isolated scattering centre is isotropic.

However, the neutron possesses a magnetic moment of 1.9 nuclear

magnetons which results in interactions with atomic magnetic moments.(7']0)
The scattering by a single magnetic ion is angularly dependent and has
a form factor fall-off. Neutron diffraction may thus be used for the
study of magnetic structure as well as nuclear and very large advances

have been made using this technique.

Instruments have been developed for the structural study of single
crystals, powders, liquids and glasses. The instruments used for powder
studies use relatively large samples and so require collimation before
and after the sample. These Soller slit collimators enable extended
samples to be used without a high loss in angular resolution. To
improve the angular resolution the counters of powder diffractometers
are typically placed at up to 100 cms from the sample centre. With
these dimensions resolutions of 0.2° (26) can be achieved. Machines
that are used for the study of amorphous materials are very similar to
those in use for powder studies except that a higher scattered intensity
is obtained by relaxing the resolution, which is no longer required for

this type of work.

Single crystal machines on the other hand do not require the use of
Soller slits and long sample-detector distances as the diffraction peaks
are very narrow. Thus a typical monochromatic single crystal diffracto-
meter will have a sample-detector distance of less than 50 cms. ''White
beam'" methods (Laue) can be used with neutrons. However in the UK this
technique has only been used for specimen orientation alignment using
scintillator detection coupled with a photographic film, but proposals
for the ILL, Grenoble include modified Laue techniques using both

photographic and counter detection.

Diagrams of both powder and monochromatic single crystal diffractometers
are shown in Fig. Al. It will be noted that the single crystal instru-
ment has a goniometer mounted on it to enable three degrees of freedom
for the specimen which are needed to place any reflection within the

detector.

(ii)



Al,

Inelastic Scattering

The energies of thermal neutrons (1.0 - 200 meV) are of the same order
as those of lattice vibrations and many molecular modes of oscillation
and vibration. For the study of lattice vibrations the momentum
changes associated with the inelastic interactions are also within the
range measurable with the neutron technique. By conducting high
resolution coherent scattering experiments the dispersion relations
associated with phonon and magnon modes and their interactions may be
studied. Molecular systems and diffusive motions of light atoms may
be investigated by incoherent inelastic scattering. These measurements
do not in general require such a stringent resolution with respect

to the momentum transfers and hence scattering angles do not need to

be so well defined.

Single crystal inelastic studies, like those of elastic phenomena, are
discretely distributed in three dimensions requiring the accurate
alignment of the specimen with respect to the incident and scattered
beams. Randomly orientated specimens on the other hand such as powders,
polycrystals, liquids and glasses have the azimuthal angle dependence
averaged over all orientations; with the result that the scattering
pattern is of a form analogous to the Debye cones for elastic powder

diffraction. Only the single scattering angle 26 has then to be defined.

The experimental requirements for inelastic scattering are twofold.

Both energy and momentum are conserved on scattering. This requires

both the incident and scattered energies and momenta to be specified

in order to gain the maximum information concerning the scattering centre.
The momentum requirement is, of course, eased in the case of molecular

and diffusive systems.

Many instruments have been developed to investigate inelastic scattering.
These have included devices relying on pulsed beams to measure the
energy exchange. Pulsing is produced by a pulsed source or by a beam
pulsing device, (a chopper). Unpulsed technigues have also been used
relying on crystal diffraction for energy analysis. Filter methods

can be used to measure the scattered energy and to produce incident
energies within a given range. However the two main categories of
time-of-flight (a) and crystal spectrometers (b) represent most of the

requirements that will be made on the detection system.
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(a)

A diagram of a 'twin chopper' time-of-flight machine is shown in

Fig. A2. A white neutron beam is incident on the first chopper

which then pulses the beam. Because of the relative phasing of

the second chopper to the first only a narrow velocity band of
neutrons may pass the second chopper. Thus an essentially mono-
energetic beam of neutrons is incident on the specimen. Interaction
with phonons etc., within the specimen result in neutrons being
scattered with different energies at different angles. The energy
separation relies on the fact that the different energy neutrons

will take a different time to traverse a distance of several metres
to the detectors. The scattered flux is collected at up to 30 angles
and into an array of up to 1000 time channels defining the velocities
of neutrons leaving the sample. In order to obtain a sufficient
spread in the velocity components of the scattered beam a flight

path of typically 100 - 300 cms must be used,

Repeated pulsing of the incident beam builds up a time-of-flight

or energy spectrum at each detector position.

Incident energies for time-of-flight investigations range from

1.5 to 150 meV. At these energies flight path resolutions of 1%

are adequate which means that at a typical flight path of 1.5 metres
detectors with an effective thickness along the beam direction of
1.5 cms may be used. The momentum resolution resulting from the
detector area may range from approx. 1% to 10% with a detector width

of 5.0 cms at a 1.5 metre flight path.

This apparatus uses crystal reflections to monochromate and analyse
the incident and scattered beams respectively. As in a normal
diffractometer a reactor 'white' beam is incident on a monochro-
mating crystal (Fig. A2) which is set to reflect a particular
wavelength of neutrons. This monoenergetic beam is incident on

the sample where it undergoes energy and momentum exchange. The
scattered beam is then energy analysed by detecting the scattered
beam through a second crystal - the analyser. The incident and
scattered momenta are defined by the beam directions before and

after the sample.
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(2,45)

Kjems and Reynolds have developed the triple axis machine

to extend the data collection rate. By replacing the conventional
analyser crystal and its collimator by a large analysing crystal
set very near the sample, the scattering from several angles may
be measured simultaneously. The detection over the angular range
covered by the extended analyser is performed by a linear position

sensitive detector, Fig. A2.

By using crystal techniques for monochromating and analysing, both
the energy and momentum resolution are greatly improved over

mechanical systems,

Both techniques outlined above are used to advantage for the study
of inelastic phenomena. The study of phonons and magnons in
single crystals gives rise to discrete maxima in scattered neutron
intensity which are usually well separated in space. When using
the time-of-flight instrument for these measurements the phonon or
magnon peaks measured at any one time, will not necessarily be all
from the same symmetry direction; a requirement often needed in a
dispersion study. Thus a large amount of data is collected, all
energy channels at all angles, but only a fraction can contain
vital information. The use of a crystal spectrometer for these
single crystal studies does have certain advantages. This
instrument has a low background, as a well shielded detector is
used away from the main beam. The instrument also looks at
discrete regions of energy-momentum space and can be automated to
step along any chosen direction. Thus measurements can be made at
regular intervals along directions of high symmetry. The energy
and, more important, the momentum resolution can be made much
higher than the equivalent time-of-flight machine. However, in
instances when a maximum amount of information is required at

many momentum transfers and over a range of energies the time-of-

flight instrument has a definite advantage.

The use of powder, polycrystalline or amorphous samples where
scattering is only characterised by the single scattering angle

is best suited to the time-of-flight technique. Best use can be
made of the instrument in this instance by relaxing the resolution
around the azimuthal angle; and at each 26 scattering angle

covering as large an amount of the scattering cone as possible.

(v)



Al.

Diffuse Scattering

The effects of irradiation and heat treatment on condensed systems can
result in the formation of defect clusters. These may range from point

(46) to small
(47)

defect clusters produced by fast neutron irradiation
precipitates of solute atoms in a heat treated allowy. Such defects
will cause lattice strain which in certain cases is very extensive.

Other defective systems can be caused by doping a stoichiometric material
with a small percentage impurity to produce non-stoichiometric defects.(hs)
These again may give rise to associated lattice strain, which together
with the original defect can produce pronounced diffuse scattering.
Magnetic systems may also be defective. Here an originally pure magnetic
material such as ferromagnetic iron or nickel may be perturbed magneti-
cally by the introduction of a small fraction of non-magnetic ions.

The original moment distribution will be perturbed, and this effect may

(13)

be measured by observing the diffuse magnetic scattering.

The technique may also be used to look at non-defective systems such as
the study of covalency. The measurement of the magnetic scattering from

a paramagnetic material yields a form factor for the magnetic ions. The
shape of this form factor may be used to determine the degree of covalency

in the nominally ionic material.

Diffuse scattering occurs away from the main Bragg diffraction maxima.
However other competing effects such as multiple Bragg diffraction can
occur in this region. A convenient method for removing these effects
is to perform the experiments with neutrons of an incident wavelength

greater than Xc where

A = 2d

c max
and dmax is the maximum interplanar spacing of the crystal lattice.
For these longer wavelengths only the (000) reflection occurs from the
host lattice. Several methods for the measurement of elastic diffuse

scattering have been developed based on this criterion:



(c)

Differential measurements (monoenergetic beam)
Differential measurements (time-of-flight)
Small angle scattering.

Total cross-section technique.

A diagram of the typical apparatus is shown in Fig. A3. A
monoenergetic beam of neutrons between 5 R and 20 R is

selected by means of a mechanical velocity selector. The
scattered neutrons are collected at a number of detector
positions. The counter widths are typically 5.0 cms and the
sample-detector radius is approx. 100 cms. The sample in

this instance may have to be cooled to remove the inelastically
up-scattered neutrons which will also be contributing to the
measured intensity. An alternative method of inelastic

removal is by pulsing the monoenergetic beam by a single
chopper. This then enables only elastically scattered neutrons

to be measured using a time-of-flight separation.

A similar method to that described in (a) has been developed for
the study of magnetic defect systems(So), and is shown in

Fig. A3. A chopped beam is incident on the sample which is
usually cooled. The elastic scattering may be measured by
time-of-flight (using one time channel) at a series of angles.
Wavelengths used are from 5 R to 10 R with a resulting
scattering vector range of 0.04 R_‘ to 1.7 R_]. Angular
resolution is like (a), of the order of + j B2,

In order to study larger defect and alloy phenomena than those
accessible by the former two types of instrument a technique
analogous to small angle x-ray scattering has been developed.(SI)
This is shown in a typical form of Fig. Ah. The incident
wavelength can be as large as 10 R and measurements at as low
a scattering angle of 2° can be made. The angular resolution

requirement of such an instrument is greater than that of (a)

and (b) and is of the order of 0.2°.
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Diffuse scattering may also be measured as a function of
wavelength by measuring the transmission of a beam of
monoenergetic neutrons, Fig. A4. A beam in the range 5 - 20 R
is incident on a specimen with a resolution of approx. 5% in
wavelength. The transmission of the cooled sample is measured
with a detector in the straight through beam position.
Alternatively the transmission of an ambient defective sample
may be compared to a non-defective standard specimen. This
technique enables much smaller defect concentrations to be
measured as a larger sample can be placed in the beam than with

(a) and (b). Typical sample sizes are 2.5 - 10 cms in thickness

in the beam direction.

(viii)



APPENDIX II

NEUTRON BEAM INSTRUMENTS IN THE UK A E A

Instrument Reactor/ NRgoELLY Detector System
Source Measurement
DELILAH HERALD Powder Diff. Movable single, 5 cm diameter,
amorphous 1 atm., BF3 end on to beam.
studies

VANESSA* HERALD Powder Diff. Moveable bank of 9, 5 cm
diameter, 1 atm. BF3 counters,
end on.

FIONA HERALD T-0-F Diff. Fixed bank of 8, 5 cm diameter

from powders LiF/ZnS scintillators.

BADGER I DIDO ) Powder Diff. )Moveble single 2.5 cm

) and general Jdiameter, 1 atm. BF3 end on

BADGER II DIDO ) purpose )to beam.

) diffracto- )
metry )

CURRAN DIDO Powder Diff. Movable bank of 5, 5 cm
diameter, 1 atm. BE3 counters
end on to beam.

PANDA* PLUTO Powder Diff. Moveble single, 5 cm diameter
1l atm. BF3, end on to beam.

TH2R GUIDE* PLUTO Long wave- Movable single, 2.5 cm

TUBE length diffra- diameter, 1 atm. BF3, end on

ction bias to scattered beam.
towards biolo-
gical materials

LIQUIDS* DIDO Amorphous Movable single, 5.0 cm dia-

SPECTROMETER studies meter 2 atm., SHe, end on.

TOTAL SCATTER- HARWELL Amorphous Fixed bank of U groups of

ING LINAC studies 2.5 cm diameter, L atm. 3He,
side on to beam.

MARK VI (1) DIDO ) Single crystal Moveble single, 2.5 cm dia-

) diffraction meter, 1 atm. BF3, end on to

MARK VI (2) DIDO ) beam.

LAUE PLUTO Single crystal Li/ZnS scintillator with

alignment photographic plate.

FERRANTI (1) PLUTO )

) . . ;
Single crystal Movable single, 2.5 cm, dia-
FERRANIT (2) ELUEO ; diffraction meter, 1 atm. BF3, end on to
FERRANTT (3) PLUTO ) besth.




APPENDIX II continued

. Reuctor/ Majority
Instrument sctor S
. e Source Measurement e
POLARIZED
BEAM (1) PLUTO ) Magnetic Movable single, 2.5 cm, dia-
) single crystal meter, 1 atm. BF3 end on to

POLARIZED ) diffraction beam.

BEAM (2) PLUTO )

SINGLE HERALD Molecular and Fixed bank of 8 groups of 2,

CHOPPER quasi-elastic 2.5 cm. diameter, 4 atm. SHe,

SPECTROMETER inelastic side on to beam.
scattering

ROTATING HERALD Inelastic Moveble bank of LU groups of 2,

CRYSTAL scattering, b atm. 2.5 cm. diameter, 3He,

SPECTROMETER coherent and side on to beam.
quasi-elastic

EDNA HERALD Inelastic Fixed bank of 1 group of k4,
quasi-elestic 2.5 cm. diameter, 4 atm. SHe,
molecular side on to beam.
modes

COLD SOURCE DIDO Inelastic Fixed bank of 13 groups of

INSTRUMENT Molecular 2 atm. 2.5 cm. diameter, BF
studies side on to beam covering la;ge

proportion of arc.
Phonon studies Fixed bank of 24 groups of
6Li/ZnS scintillators.

LONG DIDO Molecular Fixed bank of 9 groups of

WAVELENGTH studies 2 gtm. 2.5 cm. diameter BF

SPECTROMETER side on to beam covering lgrge

proportion of arec.

TWIN PLUTO Inelastic Fixed bank of 30 6 atm,

CHOPPER coherent elliptical 5 x 2.5 x 5 cm.,
scattering 3He detectors.

THREE AXIS* DIDO Inelastic Movable single 5.0 cm diam,
coherent 2 atm. SHe end on to beam.
scattering

THREE AXIS PLUTO Inelastic Movable single 5.0 cm diam.
coheruvnt 1 atm. BF3 end on to beam.
scattering
Used as Be Movable bank of 3 pairs 5.0 cm
filter spec- diameter 1 atm. side on
trometer to beam series couBled

DEFECT HERALD Nuclear Fixed bank of 16,5 cm.

APPARATUS diffuse diameter 2 atm. BF3 side on

(cold source) scattering to beam.

TRANEMISSION HERALD Nuclear Single 2.5 cm. diameter 1 atm.

APPARATUS diffuse BF3 along the beam.
scattering
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APPENDIX II continued

scattering
from large
centres

Instrument Reactor/ ME) oruy Detector System
Source Measurement

GLOMMETER* PLUTO Nuclear Fixed bank of 13 groups of
diffuse 9 detectors, 2.5 cm. diameter,
scattering 1 atm. BF3. side on to bean.

GLOPPER* PLUTO Nuclear and Movable bank of 5 groups of
magnetic 9 detectors, 2.5 cm. diameter,
diffuse 1 atm. BF3, side on to beam.
scattering

CURRAN* PLUTO Small angle Movable single 2.5 cm.

end on.

diameter, 1 atm. BF3,

* Indicates that the

instrument 1s at present under review or development (May 1972).
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APPENDIX 111

OPTIMUM DETECTOR EFFICIENCY

The fractional error associated with the statistical measurement of (sample and

background) count and background count in a normal experiment is given by

where ES is the statistical error in measuring the sample count rate S and B

" . .
tS+B and tB are the times for measuring the

(sample + background) count rate (generally called the sample count) and the

is the background count rate,
background count rate respectively.

For a given total measuring time T

divided in the ratio R between the measurement on the sample and its background

and the background alone.

S+B° B

. E
the fractional error s

wn

is given by

g 1% (R + 1)
S

= — S+ B (R+1) ... (1)
R ST

w

By minimising expression (1) with respect to the ratio R; the ratio of the

counting times to give the least statistical error for a total counting time T is:

S+ B :

B



In this instance the fractional error is

k=
LVIER]

= = —— | (S + B)2 + B 3 s §2)
S 5T

For many detectors the background count rate is mainly determined by the fast
neutron flux as the y background is usually removed by electronic discrimination.

In this instance

w
]
~
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I
w
'
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and B

where 1t and @ are the absolute thermal and fast neutron fluxes at the detector.
9, and O are the thermal and fast neutron capture cross-sections for the detector
whilst N and x are the atomic density and detector thickness respectively. By

rewriting (2) we obtain:

3 2
Ei ) [(r+1)2%+1]
S STr
.
]2 [(r+ 12+ 1]
Ty fFF =Nog x
S F {1 - g7
-No . x)
t
where r = (_l__e__ x + = 3
(0 e-chx) 1) B
£ 2
The quantity t |[=| T is an effective error and is directly proportional to
S

the fractional error on S. Tt represents the total number of thermal neutrons
incident on the detector during the experiment and of course has no efficiency

dependence.



For /8 = 1 and using values of th and No_ appropriate to ]OBF as an example

f_‘
we obtain S/B > 50 in the efficiency range 0% to 100%; i.e. (1 - e Notx)

lies
between 0 and 1. The curve of the effective error against efficiency is plotted
in Fig. 8 for S/B > 50. The minimum error is obtained for a detector of 100%
efficiency.

3 S/B ratios for IOBF lie between 0,025 and 0.2 for the whole

3

efficiency range. The «curve for S/B < 0.2 is also plotted in Fig. 8 and shows that

When T/ = 10

a minimum error occurs at 71.6%. The error lies within 15% of this minimum value
for 50% - 90% efficiencies. The conclusion is that for high measured signal to
background ratios the ideal detector is 100% efficient for thermal neutrons
whereas for low measured signal to fast neutron background ratios the detector
efficiency should be between 50% and 90%. |In general this means that ideally
counters used for structural studies should be 100% efficient while those used

for inelastic and diffuse scattering studies should be in the range 50% - 90%.
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Figure No.
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Relationship between energy and wavelength for thermal neutrons.
Spectra from thermal neutron sources.

Scattering geometry and conventional symbbls for thermal neutron
scattering.

Total cross-section versus neutron energy for natural G4, 3He,
108 ana 6Li.

; 5 0
Detection efficiency at BOOOK for 3He and 1 BF_ versus x (gas

pressure x neutron path x wavelength). 3
Detection geometry used with converter foils.

Efficiency of converter foil versus foil thickness.

Dependence of fractional error on sample count versus efficiency
of the counter.

Rate of loss of energy versus distance of charged particles
resulting from neutron capture in 1 atmosphere of OBFB.

Radii of charge centroid versus pressure for lOBF3 and He.

Efficiency versus resolution for 10 cms. He/Kr mixture with
different total pressures.

(a) Ionisation curve for a gas.
(b) A simple gas counter.

Multi-electrode ionisation chambers

(1) One dimensional detector.
(ii) Two dimensional detector.

Principle of delay line read out for proportional chambers.
Principle of spark chamber.

Principle of hybrid chamber.

Scintillation counter hodoscope.

Annular rings of liquid scintillator for random scattering
centre studies.

Principle of channel plate detector.

(i)
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Al

Schematic diagrams of:

(a) Powder diffractometer.

(b) Single crystsl diffractometer.

Schematic diagrams of:

(a) Time-of-flight (inelastic) instrument.
(b) Three axis instruments.
(1) standard

(11) MARC
Schematic diagrams of:

(a) Monoenergetic diffuse scattering apparatus.

(b) Time-of-flight diffuse scattering apparatus.
Schematic diagrams of:

(a) Transmission apparatus (diffuse scattering).

(b) Small angle scattering apparatus.
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