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INTRO DUCTION 

At t he meeting of the Neutron Beam Research Committee held on 2 Sep t ember 1971 

t he Neu t ron Beam Research Uni t was asked to cond uc t a Is tate of t he art 
l 

survey of position sensItive de te c tors and mu l ti-counter ar rays . The present 

memo randum i s a result of t h i s s urvey. In order t o co r relate the many aspects 

of position sensitive detec t ors (PSD) and multi-counter ar rays to the require­

ments imposed by thermal neutron s catteri ng stud i es it has been necessary to 

extend the report to include some of th e mo re f undamen t al aspects of neutron 

detection. 

A position sensitive detec t or is one tha t enab l es t he posit i on of a de tected 

particl e to be defined over an extended area . Such devices may be used in 

t hermal neutron studies to measure t he scatte ri ng f rom a sample in either one 

or two d imens ions. There is in prin c ipl e no differen ce between a high dens ity 

multi-counter arr ay and a PSD; the mul t i-counter array ef fectively being a 

digi t al PSD. 

The obvious advantage of a PSD or large mult i- counte r array is that it can 

coun t simultaneously over a large solid an gle. The r e are, however , three 

main disadvantages: 

(i) 	 The background inte nsity is integ rated over the area 

of the detector requi r ing higher counting rates to 

be hand l ed. 

( I i) 	 Collima tion cann ot be pl aced In fro nt of large area 

de tectors t o reduce background and to extend t he usef ul 

sampl e size for a g iven resolution. 

( I j I ) 	 In gen e ral PS O' s requ i re the use of a smal l on-li ne computer 

t o calculate and s tore the positional in format ion for 

each de te cted pa rticle . 
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In many instances these disadvantages can be outweighed by the large saving 

in cou nting time that may be achieved by using a PSD as opposed to single 
stepping detectors. 

PSD sys t ems have been extensively used over the pas t 10 years for measuring 

the co-ordinates of high energy par t icles. Here t he ene rgies Involved 

a re many orders of magnitude greater than those associated with thermal 

ne utrons and the majority of devices have been used with charged particles. 

Unt il 1967 no position sensitive detectors had been de ve loped for the 

detec t ion of s low neutrons . Since this date linear one dimensional PSD's 

have been constructed(1.2.3) and commissioned for therma l neutron detection. 

Re cen t adv ances In France have enabled two dimensional det ectors(4,5,6) to 

be made for special applications; however these will not always be applicable 

t o every requirement. In this survey we have endeavou red t o review the fields 

in whi ch t hermal neutrons are at present used, the means by which these low 

energy uncharged particles may be effectively detected, cu r re nt and possible 

PSD systems and their application to specific neutron sca ttering problems, 

out l i ning their advantages and disadvantages. Inevi tably in a report of 

this nat ure personal preferences tend to emerge. We have tr ied to minimise 

these by consultations with others who have given valuable info rmation con­

cern i ng individual instruments and their requirement s . 

The Neut ron Beam Research Committee operate a rental agreemen t between the 

SRC and t he UKAEA for the provision of neutron f ac ilit ies fo r University 

scientists on the HERALD, DIDO and PLUTO reactors and th e Ha rwell LINAC. 

Appendix I I shows the current detector systems i n us e on these facilities 

and demonst rates how little work has been done on PS D' s in this country. 

We hope that this memorandum will assist towards future development of 

posit ion se nsitive detecto r s for thermal neutron s catteri ng in the UK. 

THERMAL NEUTRON SCATTERING 

4Thermal neut rons of energy 0.4 - 10- eV which have the associated wave­

leng th s shown In Fig. I are extensively use d for the study of condensed 

matter (7 ,8,9, 10,11 ,12). The two methods used fo r t he production of thermal 

neutrons are reacto r fis sion and pulsed high e nergy e lectron bombardment of 

a hi gh atom ic number t arge t (LINAC). In th is latter cas e y rays are produced 

- 2 ­



which are then absorbed, oft e n in the same target, to give (y,n) reac t ions. 

The fast neutrons emitted in ach case are moderated, and channe lled to 

the experimental apparatus along beam tubes which can cont ai n f ilters and 

fine collimators. The res ult ing spectrum obtained at the expe ri ment is 

characteristic of the moderator temperature at the sou rce e nd of the be am 

tube. For an ambient mod e rator the spectrum ob ta ined from a reactor and 

linac are shown in Fig. 2. Due to the incomplete thermali satlon in the case 

of the linac mode ra tor the flux is relatively higher for s horte r wavel e ngths 

than in the case of the reactor where t he rmalis a t ion is virt ually compl ete. 

Thus the linac system is more suited for those studies requiri ng highe r 

incident energies. 

A higher energy spec tr um may also be produ ced in a reactor by heati ng 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 hi gher energie s . For experi men t s 

requiring a higher flux at lower energ ies a cold source Is us ed . Th is cool s 

a portion of the moderator, typica ll y to 20
0

K, which moves the spe c trum 

peak to approx. 4 g. 

Many of the calculations in this report have been made at I~ as th i s is 

approximately a mean peak wavelength i n thermal neutron s t ud ies . In ge neral 

the effect of working with longer wave le ngths will res ult in an increas e 

in the detection efficiency but accompanying this will be an i nc re ase i n the 

neutron absorption by the wal Is of any containment ves s el. Conversely at 

shorter wavelengths than I~ the efficiency wi II generally be lower but the 

wall absorption will also be less. As most windows a r e t h i n t hi s absorpt ion 

effect is generally not significant when compared to the cha nges t hat occur 

in detection efficiency as the wavel ength i s a lte red. 

The uses of thermal neutrons span many topi cs. (7 - 12) By observ ing both 

or either the energy and momentum e xchanges that occu~ upon scat t ering 

information is gained conce rning th e distribution and dy namics of bo th 

nuclei and unpai re d e lectronic s pins in co ndensed mat t e r. In this repo r t 

the current topi cs under study a re gr oupe d into th ree c ategories. 
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a. Structural Studies(7.IO,II ) 

Which includes both magne t i c and g lass structures as 

well as the convent ional studies of nuclear distribution. 

b. Inelastic Studl es(8,9,I O,12) 

Concerning s uch topics as magnon and phonon dispersions • 
and molecular motion in liquids. 

c. Dif fus e Scattering Studies(9,IO , 13 ,1 4) 

As well as the s tudy of po in t defect agglomerates this 

a lso Includes the study of non-s t o ichiometry, alloy 

phases, and magnetIc moment di s tributi on determination. 

A more detail ed description of t hese subject s is g iven in Appendix I. 

Samples used f or these studies are either single crystals, where scattering 

is discreet or randomly orientated material s, s uch as powders, polycrystals, 

liquids, glasses etc. where the scattering is ave raged over all orientations. 

The scatte ri ng measured from a s i ngle crystal speci men, whether it be elastic 

coherent, ine l astic or d iffusive will alway s require a specification of an 

azimuthal ang le. The specimen orIentat ion wi l l have to be ri gorously defined 

in relation to the inci de nt and scattered beams, Fig. 3. A randomly orien­

tated scatte rer wi II have the scattering dis tri bu ted evenly around the 

incident beam subject to certa in geometric cons ide rations concerning the 

incident beam divergence and specimen shape. Thus for orientated scattering 

centre stud ie s any extended detector sys tem must provide information on both 

the scatter i ng ang le 28 and az imu t hal angle . Fo r ran dom ly orientated 

scatterers t he s cattering angle 28 only is of consequence and detectors set 

around each sca ttering cone may be series cou pled. Thus in general a PSD 

system for single crystal s t udies will be two-dimensional whereas for random 

scattering cen tre studies It wi II be one-di mens iona l. 

The studies out lined in this sect ion may be per fo rmed on existing neutron 

scattering inst ruments. The characteris t ics of t hese instruments are used 

as a guide for PSD requi rements in relationshi p to counting rate and 

resolution. Tabl e I in conjunction with Appendix 1 shows typical parameters 

of these inst ruments . From Table it can be seen that the positional 

resolutions a round the scattering a rc are grouped about two extremes. The 

high momentum (K) res o lu t ion such as for powder diffraction requires arc 
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TABLE I TYPICAL INSTRUMENTAL PARAMETERS 


Pre s entIncident Range of PresentMaximumEnergy scattering Flight pathInstrument Arc ( 2 8)vector resolutionRange resolution 

~ -1meV rom/metre % 

Powder 
diffractometer 

Single crystal 
diffractometer 

Inelastic 
time-of-flight 

Inelastic 
crystal 
spectrometer 

Diffuse 
time-of-flight 

Diffuse 
monochromatic 

Small angle 
scattering 

Total cross-
section 

12 - 106 

12 - 150 

1 - 32 

8 - 100 

1 - 5 

1 - 5 

1 - 5 

0. 2 - 5 

0 .2 - 12.0 

0 .2 - 16. 0 

0.5 - 8.0 

0.5 - 8.0 

0.04 - 2.0 

0.04 - 2.0 

0.005 - 0.3 

0 .6 - 2.5 

! 
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1.5 

2 .0 

40 

5 

50 

50 

2.5 

<0 2 .0 

Not applicable 

Not applicable 

1.0 

Not applicable 

3.0 

Not applicable 

Not applicable 

Not applicable 



resolution of 0. 15 to 0.2 ems /metre flight path. Whereas for lower K 

resolution this fi gure lies between 3.0 and 5.0 ems/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 dlffractometers are frequently used for amorphous 

studies where such h igh ~ res olu t ion is not required. In certain other 

cases the use of large samples will be the limi t i ng factor in angular 

resolution wh ich wi 11 me an t hat the fi gures given in Table I are an over­

estimate. The flight path uncertainty for a time-of-fl ight instrument 

must, in genera l. be bet ter than 1%. Thus the thickness of the neutron 

detection me dium for such machines must be less than 1.0 cms/metre flight 

path. These res ul t s may be summarised as follows in Table I I. 

TABLE I I GENERAL PSD SPECIFICATIONS 

REQUIREMENT LOW K RESOLUTION HIGH K RESOLUTION COMMENT--

Co-ordinates 1 and 2 1 and 2 

Positional 
Sample - Countero. I - 0 .5 cms1. 5 - 10. 0 cmsResolution 
distance 0.5 ­

2.0 metres 

Thickness 

Time-of­ < 1.0 cms< 1.0 cms]
FI ight 

Thi ckne" ] 
Continuous No restriction 

Beam 

No restriction 
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3 NEUTRON DETECT ION 

3.1 Reactions 

Prima ry ioni sa tion by neutrons is a neglig ible effect and detection 

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

induced nu clea r reactions . These reactions give rise to energe t ic 

charged pa rtIcl es which may subsequently be detected by gas ionis at ion, 

scinti llat ion e ffect s o r electron hole production in semi-conduc tors. 

A neutron de tector must t herefore consist of a neutron converter and 

a charged par t icl e detector. In some cases It is possible to find a 

materi al which combines both properties. In other cases two ma t erial s 

are used e i t her in physically separate states or in an inti mate mix. 

Reactions that are commonly employed for thermal neutron detection 

are: 

( i ) lOB + 1 n + 7Li * + 4He + 0.48 MeV y ray + 7Li + 
4He + 2.3 MeV (93 %) 

7Li + 4He + 2.79 MeV ( 7%) 

+( i i ) 3He 1 n + 3H + I p + 0.77 MeV 

I( i v) Gd + n + Gd* + y ray spectrum + conversion electron spectrum 


(up to 170 KeV) 


(v) 235U + In + f i s sion fragments + - 80 MeV 

239 pu 
I(v i ) + n + fi s sion fragments + - 80 MeV 

The cross- sect ions and individual particle energies for these 

reactions are s hown in Table II I. 

All the react Ions o the r t han (Iv) have reaction cross-sections tha t 

are inversely proportional to neu tron velocity for low e nergi es. The 
1

depart ure from a - dependen ce is very marked in the case of Gado li n ium. 
v 

Total cross-sections for ( i) - (iv) are shown in Figure 4. Because of 

the sharp fall in cross-sectIon at higher energies Gadolini um is 

relatively less sensi t ive to high energy background neut rons than is 
1 a - neutron convert e r. However the conve rsion electrons produced by
v 

the gamma s pect rum from the Gadolinium have ra t her small e nergi es, 

-<: 200 KeV. 
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TABLE I II CAPTURE REACTION PARAMETERS 


Cross-Section 

REACTION for 1 ~ PARTICLE ENERGIES 

Barns MeV 

10B(n,a)7Li 2100 ct 1.47 7L1 0.83 (93%) 

3He (n,p)3H 3000 p 0.57 3H 0.20 

6U (n,a)3H 520 a 2.05 3H 2.74 

natGd(n,y) 17000 Conversion electrons : 0.07 -+ o. 172 

157Gd (n,y) 74000 II II .. 
235U f'ISS .Ion 320 - 80 

239 pu f' .I5S Ion 410 - 80 

Ig noring the effect of any non-ionising absorption (e.g. detector 

wall absorption) the efficiency of detection of neu trons can be 

expressed by the equation 

E 

-No t 
where the efficiency £ Is given i n terms of the cap ture of (1 - e a) 

neutrons. N is the number of converter nuclei , 0 i s the absorption
a 

c ros s -section for the process and is generally ene r gy dependent and 

t i s the thickness of the detector. Of the neutrons captured a 

frac tion s results in an output pulse from t he de te ctor. This may 

a ri se from poor detector geometry. other competing capturing processes 

for t he charged particles or from a low effici en cy for the neutron/ 

cha rged particle conversion. 

3.2 Gas Detection 

For gas ionisation detectors the value of s is nea r unity. The gas 

counters in present operation use reactions (i) and (ii) for thermal 
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neu t ron detection with gases of BF3 (enriched in lOB) and 3He . In 

bo th cases the gas fulfills the function of converter and detec t or. 

The operating pressures vary between 0.5 and 10.0 atmospheres for 

th e capture gas. The efficiencies of IOSF and 3He are shown in
3 

Fig. 5. Soth lOa and 3He have capture cross-sections that vary 

l i near ly with wavelength within the thermal region. The percentage 

efficiencies are thus shown as a function of X which is given by 

gas pressure (atm) x thickness (cm) x wavelength (~)x 

No account has been taken of the detector geometry. Appendix I II 

shows that an ideal detector has an efficiency of either 100% or 

50 - 90% according to the signal/background ratio. A 70% effici ency 

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

IOaF . Typical detector diameters are in the range 1.0 - 5.0 cm
3

wh ich means a resulting pressure for 1 ~ neutron detection of 16.0 ­

3. 0 a t mospheres for 3He and 23.0 - 4.6 atmospheres respectively for 
10 BF

3
. Thus to obtain an optimum efficiency with a gas detector les s 

t han 5.0 cms thick a high pressure device is required. 

3. 3 Foil Detection 

In t h i s method the converter is In the form of a fo1 I which Is placed 

In close contact with a charged particle detector . The geometry of 

th e foil must be such that the charged particles created by neutron 

capture or fission can escape from the foil into the adjacent detector. 

Wi th the exception of (II) all the reactions mentioned can be used f or 

this method. 

The use of lOB fal l is first considered. Neutron capture in IDS 

results in a 1.47 MeV a particle and a 0.83 MeV 7Li ion. The 

de t ec tion Is made by measurement of the a particle emitted in the 
10 -4react ion. In pure B this has an average r ange of 3.8 x 10 cm 

a nd is emitted isotropically . If the geometry in Fig. 6 is used 

( I.e. the a particles are detected on the remote side from neutron 

inci de nce) then for a foil thickness greater than the a range 

(3.8 x 10- 4 cm) only the last part of the f oil will emit a particles 

that can be detected in the charged particle detector. 

For an a particle range r the efficiency £ of such a detector f or a 

fall t hickness t is given below. L is the neutron absorption 
lcoe f ficient in cm- and is equal to 
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L No 
a 

-3wh e re N Is the number of atoms cm and 0 Is the ab so r ption cross­a 
sect I on at the wavelength of Incidence for the (n, a) reaction 

E t ~ .­

:; 1 -Et( Er 
E ~ e e - Er - 1) I Er t ) r 

The e f ficiency of a lOa foi 1 as a function of th icknes s is shown in 
Fig. 7 f or ,\ = I ~. The maximum effl ci ency of su ch a detector is very 

low. However, this geometry is the worst pos s ible. The max imum 

eff ici ency f or a (n,a) fo i I occurs when the t hi cknes s is equa l to the 
10 0 a range. When t = r for B 10.5% of 1 A neu t rons are abs o rbed. This 

rep resents the maximum possible efficiency with a single 10 B fol I. 

The efficiency of a 6Li foi l is even lower . The opti mum t h ickness 
4( t = r) in this case is 10.9 x 10- cm with an as sociated e f f iciency 

of ~I % for the Fig. 6 geometry. The maxi mum efficiency i.e. t he 

tota l percentage of neutrons stopped by this thickness of f oi l is 3% 

at I~. 

The low fis s ion cross-sections for reactions (v) and (vi) give lower 

eff Ic iencies. Detectors using these reactions are often us ed as 

beam monitors as their efficiency is lower and they onl y remove a 

smal l f raction of the beam. 

The f o il with the highest cross-section is Gadoli nium. The nuclear 

react ion in this Instance is a capture y reaction. The l ow energy y 

spec t r um (15) results in a large number of conversion elec t rons. The 

ra t io of captured neutrons to conversion electrons is Jus t l e ss than 
' t ( 16) un I y. 

Using the geometry of Fig.6 the efficiency of the de t ec t or foil Is 

given by • 

E 

where E = No , t is the fall thickness and s is the number of 
a 

convers ion electrons formed for each capture neu t ron. a is the extra 

screen ing coefficient averaged over 2~ steradians and over or ientation 

for an i nfini te foi I. Fol lowing Rauch et al (16) a val ue of 
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C'J. 2. 07 x 103 cm 
-1 is used . 

For natural Gadolinium the ef fi ciency is shown in Fi g. 7 and is a 

factor of just greater than three be t ter than lO B. If IS7Gd is used 

with a cross-secti on of 74,000 barns at I ~ the resulting efficiency 

is much increased (Fi g. 7). 

The detec t ion of neutron s by foils must be made wit h multi p l e foi Is 

if a high efficiency is to be ob tained. By the careful positioning 

of fo i l s an d charged particle detectors it is possib le to achieve 

high efficien c ies. Rauch et al (16,17) have shown that for l 57Gd fo il 

an efficiency of over 70 % may be ob tai ned with a pa rt icular converter/ 

foil geomet r y. 

3.4 Scinti I la t ion Dete c t ion 

Scinti llation detec t ors have been widely us e d for thermal neutron 

detection. These have ge ner a lly bee n made by mixi ng the ne u tron 

converter in timate ly wi t h the phos phor. Such sys tems are 6Li (lnS) 
and 10B(lnS), where the reco i lIng par t icles gi ve rise to sc i ntilla­

tions in the lnS. The di ff iculty in obta ining a hi gh effic i ency 

lies in the self a bs o r pti on of light in the scint i ll at i on medium. 

Experimenta l ly the maximum e f ficiencie s ob ta i ned for th ese mixes 

within the the rmal reg ion a re less t han 50% : Th is rest riction might 

be avoided by the use of some of t he mo re s t andard t rans parent 

scintillators in a Gadoli ni um fo i l sandwich. All scint i l l a t i on 

detectors have t he dis advantage of being f a i rly sensi tive to y 

radiation. 

3.5 Background 

A high thermal neutron detection eff ic ie ncy is no t the on ly criterion 

for an ideal detector. The de tector must also be i nsensitive to the 

background radi at ion wh i ch is usuall y expe rienced in t he rmal neutron 

studies . The ma i n sources o f background are f ast neutrons and y rays. 

To be insensitive to f ast neutrons the neutron converter must have a 

low cross-sec ti on for the higher e nergy ne utrons. This is rea l ised 
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in the case of absorption cross-sect ions that have a I/ v dependence. 

The f ast neutron response is even further reduced in the case of Gd 

where the cross-section falls more rapi d l y with increasing energy. 

Fig. 8 shows that In cases where t he meas ure d fast neutron background • 

is insignificant the Ideal detector is 100% effi c ient whereas for a 

significant background the ideal efficiency li es between 50% and 

90%. (See Appendix I II. ) 

y- r ay intensi t ies around thermal neutron scat te r i ng instruments on 
2 a reactor face are typically of the order of 10 - 10 4 photons 

S -
l cm- 2 The e ff ect 0 f t h·IS background can be reduced by shielding 

the detector, but the amount of material requ i red is considerable 

e .g. tens of centimetres of lead around t he wh o l e detector. It is 

preferable to minimise the recorded count s from y-rays by careful 

de t ector design and electronic discrimination. For a gas counter 

ope rating in the ionisation or proportional mode the amount of 

ion isation produced is dependent on the tota l e nergy dissipated in 

the detector. In a well designed detec t or the who le of the energy 

of the charged particles resulting from the (n, a) an d (n,p) reactions 

i s dissipated within the sensitive region , (i.e. det ec tor dimensions 

> ra nge of charged particles). In general for gases t he energy lost 

by e lectrons from y-capture is smal I compared wit h the energy 

dis sipated from the proton or a particle and separation between the 

neut ron and y-ray pulses can be made by pulse height analysis. The 

diff iculty of neutron-y separation is accent uated in the case of a 

sol i d detector due to the higher densi t ies invo lved . Any solid 

detector mus t therefore be kept thin to reduce y- ca pture and energy 

diss ipation from resulting electrons. Wr alght et al (18) have demon­

stra ted that some discrimination agai nst y-radiat ion can be obtained 

by pulse shape analysis, although t his can res u l t in the loss of true 

neutron counts. The y-radlation probl em, althoug h considerable in 

present reactor environment s, can be of negligi ble proportions if 

de t ec t ors are mounted on guide t ubes or very l ong fl ight tubes. 

3.6 Pos itional Resolution 

The ul timate positional resolution of a PS D is proportional to the 

charged particle range In the neutron converter. For solid converters 

in the form of foi Is or an intimate scintillator/converter mixture 
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-4 -3this range is typically of the order of 10 - 10 cms. As th i s 

figure is much lower than the present positional resolution requ ired 

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 ne u trons 

intera~t with 3He or IOBF the two resulting charged particles are 
3 

emitted isotropically and col linearly from the compound nuc l eus. The 

positional resolution is not ident ical l y 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 ioni sation centro id. This centroid 

describes a sphere around the pos iti on o f neutro n capture and the 

positional resolution wi 11 be equal to the projection of thi s sp here 

onto the electrode plane. Figure 9 shows a p lot of the ionisation 

as a function of distance for one atmos phere of IOBF , ca lcu lated 
3 

using the cross-sections of Whal i ng ( 19) . The posit ion of t he centro id 

is also shown. Thus for one atmosphere of 10BF the ulti mate posi ­
3 

tional resolution is + 0.28 cm. 

3 10The dependence of cen troid on pressu re for He and BF3 is shown in 

Fig. 10. The use of pure 3He gives poor posi tion al resol ut ion an d 

to reduce the centroid range a s topp i ng gas has to be emp loyed. The 

stopping gas is generally a heavy gas which does not de t rac t from t he 

ionisation effect of the 3He . A common stopping gas to us e In this 

instance is Krypton. The addi t i on of a se cond gas wi II red uce the 

Hel ium content for a given total gas pressure and hen ce wi I I red uce 

the detection efficiency. Thi s ef fe c t is shown In Fi g. II, wh e re 

the efficiency is plotted agains t cent roi d rad i us f o r diff e ren t to tal 
10 

pressures . The corresponding point s for BF3 are also shown for 

comparison. As may be seen a I atm. total pressu re detector of 3He 

has both poor efficiency and positional resolution at I ~ for a 10 cm 
10length of gas. BF3 on the other hand has app rox imately the same 

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

The addition of a stopping gas such as Kr t o a 3He detector whilst 

reducing the centroid radius also in cre ases the sensitivi ty to y­

radiation. The maximum energy that the y i nd uce d electrons can 

dissipate by travel li ng over the longest possible path lengt h i n the 
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detector must be substantially lower than the energy dissipated by 

the charged particles created in the 3He (n,p)~ proces s. Kjems(2) 

has shown that for a 50 cms long cylind r i cal de tector the maximum 

stopping gas pressure of Kr that may be added to 2 atm 3He is 

0.8 a tm. This limitation can only be ca l cu late d for a given counter 

geome try and must be considered when us ing Fig. 11 . 

P S D SYSTEMS FOR THERMAL NEUTRON SCATTERING 

To date pos ition sensitive detection systems have bee n deve loped using gas 

counters, scintillation arrays, barrier counters an d other devices. Most 

of these have been associated with charged particles but a few have been 

extended to enable the positional detection of thermal neutron s. In this 

section we shall review PSD systems with s pecial r egard to the detection 

of thermal neutrons. All PSD' s fal I into one of two g roups ; either 

digital or analogue devices. The former consis t of Indivi dual elements 

which give a quantlsed position of the detec t ed particl e. The analogue 

devices rely on the r a tioing of a mea s ured quantity s uch as charge, and 

require a degree of normalisation to gi ve the particl e posit ion. 

4. I Gas Co unters (General) 

Gas cou nt ers consist e s s entially of a single wIre anode with a 

coaxial cylindrical cathode (Fig. 12 ) and fal I into four clas ses 

dictat ed by the main cha racteristics of the volt age/current curve 

(F ig . 12). Below the Geiger region (V) detectors a re usually operated 

along either the ionisation plateau or In the proport ional region. 

In each of these modes the outpu t pulses, measured with a suitable 

output t ime constant and impedance, are proportiona l t o t he ene rgy 

diss ipated in the ini t ial ioni s a tion. In t he ionisation mode the 

init ial ions alone give rise to the pu ls e whi ch is generally small 

for gas reactions involving neutron capture. In t he proportional 

mode the primary electron s are accelera ted t o such an energy that 

ava l a nches are produced which multiply the origi nal ionisation. 

Because of t he dependence on t he Initi al Ioni sing ene rgy both modes 

are f avourable for thermal neu t r on wo rk as they e nab le a good 

discr imination against y-rad i ation to be made (Sect ion 3.5). Simple 

gas counters uti lising reactions (1) and ( ii ) sec tion 3. I are in 

common use i n thermal neutron scattering experiments. The gas fi Ilings 

are SF (enriched In lO B) and 3He at pressures of I - 10 atmospheres.
3 

Due to t he lower energy of the ioni s ation produc t s in 3He (0.76 MeV) 
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this gas ca n on ly be used In the proportional mode. 3He Is chemically 

less r eactive than BF3 but costs proportionately more. The choice 

of gas fi 11ing wil I depend on individual requirements. 

4 .2 Ioni s ation and Proportional Detectors 

Pos i tion sensitive neutron detectors have been made operating in bot h 

the ionisation and proportional modes. 

Allemand and Jacobe(4,5) have pioneered the use of multiple electrode 

BF3 ionisation chambers and both one and two-dimensional detectors 

are be i ng buil t for use at the Institut Max Von Laue-Paul Langevin, 

Gr enoble. The principle is indicated in Fig. 13. In their latest 

devi ces, the electrodes are made from copper vacuum deposited on 

gl ass and the electrode geometry can easi ly be varied to give 

ca r tes ian or polar coordinates matched to the requirements of the 

expe riment. The efficiency of a prototype one-dimensional detector 

was quoted as 10% at 1.2 ~ with a positional resolution of 5.2 mm 

(p r ivate communication). The development version has an increased 

th ickness of gas along the neutron di rection which should result in 

ef f iciencies of approx. 50%. The two-dimensional detector is 

expected to have an overall efficiency of approx. 20% at 1.2 ~ and a 

pos i tional resolution of 10 mm. The logic circuitry sets an upper 

count limit of 2 - 5 x 104 counts/second. 

Anal ogue linear proportional PSD's are used at present on the MARC­

ty pe inelas tic spectrometers (Kjems(2»). The linear (one-di mensional ) 

de t e c t or cons ists of a normal cylindrical 3He or SF counter with the
3 

anode wi re replaced by a resistive wire with a readout from each end. 

For wire resistances in the region of 40 to 2000 Q/cm positional 

Informa t ion is obtained by the charge ratio. For higher resistance 

wi res, > 400 kQ/cm, the position Is obtained by delay line techniques; 

measur ing the time dependence of the signal to each end. (20,21) 

The best positional resolution for a resistive wire neutron detector 

has been obtained with central anode wires of quartz coated with 

aquadag. Resolutions of 8 mm for 2 atm 3He + 0.8 atm Kr have been 

re po rted by Kjems (2) using wires of resistance 2.5 k~/cm. 
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A prototype multlwire resistive proportional counter Is be ing 

constructed by Harwell Counter Group for use at the PLUTO an d DIDO 

reactors. The device uses the charge sh aring t echnique and wi ll have 
230 wires with a sensitive area of 60 x 15 cm . This wo r k ari ses 

from a proposal of Egelstaff and Forsyth. (22 ) 

Multiwire proportional counters are used widely in high energy 

physics experiments for measuring the positions of charged pa rt ic l es. 

The development of these counters is due to Charpak a t CERN. (23 ) 

The coordinates of the detected particles are usua lly measured 

separately by two planes of counters with the wire anodes orientated 

at right-angles or at some ot her stereo ang le. Such t raj e ct ory 

sampling techniques are ImpossIble wIth neutrons where bo t h coo rdinates 

have to be measured In the same detector. The mos t common method of 

reading out data from Charpak chambers Is to treat each wIre as a 

separate channel with its own preamplifIer, delay and gati ng ci rcuit. 

The pulses are stored in registers before being processed. Con ­

siderable effor t s are being made to produce a cheap Integrated 

circui t element to reduce the cos t and s ize of the electron ics 

r eq uired for each wire. 

An a lternative approach due to Perez-Mendez( 24) avoids the use of 

read-out from individual wires by using a delay line t e ch n ique 

(Fig. 14) . A delay line lies at righ t ang l es across the p lane of 

anode wires and the positi on of the st ruck wi re Is calcul ated by 

tim ing the arrival of pul s es a t each end of t he delay line. Th is 

sys tem c lea r ly has advantages over the one wire pe r channe l te chn i que 

but with large area detectors there is likely to be a problem of 

pi Ie-up of pulses in the delay line. 

We have been unable to f ind any re fe ren ce i n the literat ure to the 

use of Charpak chambers for the detection of neu trons . In principle 

the re seems no reason wh y this should not be done with gases of BF3 

of 3He . Both position coordinates wou ld have t o be read from a 

s ingl e gas vol ume either by using the Induced pu ls e from a cathode 

grid or by sharing t he elect rons between two c rossed anode grids. 

It s hou ld also be possible to use conv e rter f o ils of say Gd inside 

conventional Charpak chambers. 
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4.3 Gei ger-Muller Counters 

Gas detectors are not used in the Geiger region for thermal neutron 

sca t tering due to their sensitivity to y-rays . The signal is much 

la rger due to the complete ionisation of the gas but i s independent 

of t he 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(2S) 

have however developed a position sensitive Geiger Counter for use 

with charged partIcles. 

4.4 Spark Chambers 

The spark chamber is a development of the older detector known as a 

spa rk counter . The spark counter in its s implest form consists of a 

pair of parallel plates (typical separation I cm) in a gas atmosphere 

wit h 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 

ch amber; an important device used extensively in high energy physics . 

The gas fi Ilings usually Involve helium, neon or argon and the 

principle is indicated in Fig. 15. A high voltage pulse (typically 
I10 - 20 kV cm- ) is applied when the scinti Ilation counters indicate 

t hat a charged particle has transversed the chamber. The pulse causes 

a pre ferential breakdown along the tra! I of ions left behind by the 

ch a rged particle and the resulting spark lies close to the trajectory 

of the particle. The spark can be photographed from two or more 

pos i tions and the coordinates of the particle in any gap calculated. 

Many o t her methods of recording the spark position have been developed 

wi t h 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 al I been used to give on-line data usually 
. . . . h ( 26 .27 .28 , 29) Th' .In conjunction Wit computers. e maximum counting 

rat e Is determined by different considerations in the various types of 

readout but in general is less than 103 counts/sec over the whole 

detec tor. 
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Spark chambers could be used as position sensitive neutron de tectors 

4rovi ded that BF3 or 3He are compatible with spark chamber opera t ions. 

He has been widely used in spark chambe r s so 3He should be a 

sui t ab le filling. Alternat ively a converter s creen such as Gd can 

be used inside a conventional chamber. A prototype spark chamber 

containing a boron converter has been buj It and tested on t he HE RALD 

reactor (private communication). For neu tron work the high voltage 

t rigger pulse (obtained from the sc in t il lat ion counters when using 

charged particles) would in general have to be derived internal ly 

f rom the spark chamber. For some experiments e.g. ti me-of- f li ght, 

t h is trigger pulse could be derived from other places such as a 

chopper, (Appendi x I). For charged particles spatial resolutions of 

much better than I mm have been obtained with spark chambers. The 

s phere of uncertainty associated with the range o f the decay produc ts 

Involved in neutron detection is likely to prevent this being achieve d 

with neutrons. 

4. 5 Hybr i d Chamber 

The hybr i d ch amber proposed by Fischer and Shiba t a (29) comb ines 

multiwi re proportional counters with conventional spa rk chambers , 

Fig. 16. This device was developed to avoid the expe nsive cost per 

wire of electronics for proportional mu ltlwire counters . The hybr id 

chambe r consists essentially of a propo r t Ional wire chambe r gap 

which i s read out by a narrow gap pulsed spark chamber and a magne to­

st ri c ti ve 1ine. The elec tron drift s pace between the proportiona l 

gap and pulsed spark gap i s required i n high energy phys i cs expe riments 

t o compens ate for delays in associated counters and logic c i rcuit s. 

The electrons from a charged particle in the proport i on a l reg ion 

drift to t he high field region around the anode wire s and form 

ava lan ches . Some of these electrons drift through t he delay region 

towards the spark chamber gap. If thi s gap is pulsed whi Ie the 

avalanche e l ectrons are in it, a spark i s formed which i s read out in 

two dimensions by conventional magne tost ricti ve means. The high 

voltage pulse and it s duration are contro lled so t hat spa rks form 

only from electron clouds and not from th e few e lectrons that might 

occur in the spark gap from a background particle. The recovery time 

after a spark is shorter t han in conventional s park chambers due to 

the narrower gap which allows more rapi d cl ea ring of the ion s le ft 
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by the spa rk . Fischer and Shiba t a clai m t ha t the hybrid chamber is 

about ten t imes faster than ordinary spark chambers. This Implies 
4 -I

that counting rates of approxi mate ly 10 sec should be possi b le. 

As In conve nt ional spark chambers 3He woul d be a good filling gas In 

hybrid ch ambe rs used for neutron detection. The triggering pul se to 

switch t he high voltage onto the spark chamber gap could be derived 

from the proportional plane. 

4.6 Scinti Ila t ioo Systems 

Charged radi a t ion excitation of certain molecular and atomic systems 

which subsequently decay with the emission of l ight pulses, provide 

valuable methods of radiation detection. For neutrons the neutron/ 

charged pa r t i cle converter may be mixed intimately with the phosphor 

or be mo unted as a separate screen before it. The light pulses are 

usually detected by means of a photomultiplier tube. 

Bo th so lid and liquid scintillators are available. For charged 

particles cros sed s trips of sclntillators are commonly used t o give 

particle positi ons using coincidence techniques between X and Y 

planes, (Fig. 17). The resolu t ion is determined by the scintillator 

widths an d the number of channels which can be afforded. Two­

dimensi ona l neut ron position sensitive detectors must obtain both 

coordina tes f rom the same plane of scintillator. A similar problem 

exists when mea s uri ng t he position of low energy parti c les. An 

analogue t e chnique used extensively in hospi t al phySlcs(30) Involves 

viewing a s ingle piece of scintillator wit h an array of photomul t i­

plier tu bes. These are coupled to the scintillator either by f ibre 

optics or by an optical coupling compound . The position of each 

scintilla t ion is calculated f rom the re lative sizes of pho t omulti­

plier s ignal s. 

A neutron dete c tor using this method has been bui It at AWRE 

Aldermaston us ing a 6Li (ZnS) sclntil1a t or screen. (31) The charged 

particles re sul t ing from the 6Li cause the ZnS to scin t il l a t e. 
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The scintillator Is coupled to 2) x 5 cm diameter photomultipliers. 

Each scintillation 15 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 ems). 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 ems. 

Measurements of the positions of very fast neutrons along a strip of 

scintillator have been made by timing the light from the scintillati on 

to photomultipliers at either end of the strip. (32) The scintillat o r 

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 mlllimetres . 

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 s tudi es 

Involving randomly orientated samples, (Fig. 18). If a solid 

transparent converter/scintillator mixture becomes available, it woul d 

be relatively easy to make such a device. 

The scinti Ilator technique could become very important for PSD work 

when coupled with a new device known as a channel plate(34,35,36). 

This extension of the older channel multiplier consists of a secti on 

(approx. all thick) cut from a bundle of fine glass tubes typicall y 

40 ~m In diameter . The glass is loaded with an oxide and chemi cal ly 

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 pl a t e 

creating further electrons by secondary emission from the intern a l 

surfaces of the tubes. Due to the short length of the plate the 

secondary electrons preserve the original spatial Information 

contained In the lIght faIling on the photo-cathode. If sufficien t 
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ampl ifi ca tion is available and if the collector plate is made 

pos iti on sen si tive, the spatial information can be read out . 

Several possibili t ies exis t for the collector plate. A group at 

t he Mul lard Space Science Laboratory at Dorking, Surrey are develop­

i ng a re s i sti ve plane which has four point probes and employs a 

pu l s e t iming technique between pairs of probes to give the position 

of charged particles falling on the plane. (37) Preliminary tests 

indicate th at the position over areas of 30 - 50 em 2 can be read off 

to be t ter than + 1 mm . A less accurate, but sti II acceptable collector 

f o r ne utron detectors, could be made from etched copper clad circuit 
2board with individual col lectors of say ~ x ~ cm or more simply stili 

by us ing poin t electrodes on a matrix of known pitch. 

Fo r neutron work the channel plate could be used with a photo­

ca thode t o view either a loaded scinti 1lator or a converter foi 1/ 

scinti Ilator. The photo-cathode may be el iminated by using a Gd 

foi 1 directly in front of the channel plate . Under the influence of 

an e lec t ric field the Gd conversion electrons would pass into the 

pla te and produce secondary electrons directly. 

Chan nel plates have already been used for X-ray detection with areas 
2 . (38.39,40) Lid f tof approx . I cm arger areas are requ re or neu ron 

sca t te ring experiments but plates of 5" diameter have already been 

prod uced. These devices have a high development potential for a 

neut ron PSD but they may be costly . 

4.7 Sem i conduc to r Devices 

Surface barr ier detectors have been used for thermal neutron detection 

wit h the a id of a Gd foil converter. (16) Neutron detection is made by 

the meas uremen t of conve rs ion electrons produced by prompt neutron 

captu re y-rays in Gd. The surface barr ier detector~ are used for the 

detec tion of the onversion e lectrons. A detection efficiency of up 

t o 70 % (at a 2 ~) i s c laimed and each detector can be made very smal l. 

The pos itional information is obtained by covering an area with a 

large numbe r of s uch detectors . A particular detector being considered 
2 

wou ld have a total area of 10 x 40 cms with e lements J x I cm . 

Al though th e foil is thin (0.03 cm) the gamma sensitivity is fairl y 

h i gh. Easy di scrimination is therefore not possible, although it 

is muc h better than with scinti Ilators. The cost of covering a large 
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area with thi s type of digit al PSD would be very high and in many 


cases would offer no advantage over a gas de t ector, as the positional 


resolutions are comparab le. 
 • 

Commercially made semiconductor devi ces are avai lable which give 


the linear position of a charged part ic le en t e r ing the detector. (41) 


These devices are silicon surface barrier de t ectors and the position 


detection is made by us i ng a resistive layer on t he back of the 


depleted region of the de tector. A signa l i s der ived from each end 


of the detector which ac ts as a simple vo l t age or charge divider 


to give the posi t ion of the par t i Cl e. In pr incipl e neutron position 


sensitive devices could be made by usi ng these detecto rs behind a 


converter foil but the maximum detector areas availab le a r e currently 

210 x 50 mm at a cost of approx. £500 each . The ir high cost makes 

this method unat tractive . 

In general, the smal l de t ection areas available wi th current semi­


conductor devices li mit the use of such dev i ces f or neutron position 


sensitive detecto rs. The pos s ibi l i ty of develop ing larger detection 


areas, cheaper de tectors, or some method of loading the semiconductor 


directly with neutron conve r t e r, wi II be d iscus sed with workers in 


the semIconductor field. 


4.8 Bubble Chambers 

Bubble chambers are t h ree-dimensional detectors th at are used for 

showing the tracks of cha rged particles in high e ne rgy physics 

experiments . The coll e ction of ions res ul t ing f r om the passage of 

an ion is i ng particle th rou gh the detector can ac t as nucleating 

centres for boiling i n a super-hea t ed liquid. The usual liquid is 

hydrogen which a lso ac ts as a t arget mater i a l in many experiments. 

The magnifI ed t r aIn of bubbles a l ong t he tr acks are photographed 

stereoscopically and the geomet ry of the track reconstructed from 

measurements ma de on t he fj 1m. These detectors are very bulky and 

data handling v Ia film and measu r ing machines is very cumbersome. 
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The us e of l iquid hydrogen would no t be accep t able for t hermal 

neutron detec t ion, although 3He would seem to be a sui t able 

f il ling i n t hi s respect . The complexity of such devices an d the 

assoc iated c ryogenic systems would prohibi t their gene ral use around 

rea ctors e ven I f some method of automa t ically measur ing and reading 

out t he track positions could be developed. 

4.9 Qu ali tative Position Sensitive Devices 

So fa r in this section only devices wh ich would give quan t itat ive 

in fo rmation have been considered. Severa l systems which give a 

v i sua l s cattering pattern have been devised. These usually invol ve 

the use o f a scintillator sheet viewed directly (or indirectly through 

an ima ge intensifier tube) by a v idicon camera with the Informati on 

being displayed on a t e levision monitor screen. Such devices have 

an obv ious use in the early s t ages uf an investigation when a curso ry 

look at the scattering patterns is desirable. It may be possibl e to 

devel op means of obtaining quanti t ative informatIon from such dev ices 

as methods for dlgitising the output from vidicon cameras viewi ng 

optica l spa rk chambers have been developed. (42) The p roblem of 

view i ng sp a rks i s clearly easi er than t hat of v iewing singl e 

scinti I la t ions and it seems unlikely t ha t t h i s method could be 

deve l oped to provide absolute counting rates for neutrons. 

4.10 Summary of PSD Systems 

The character istics of the devices discussed in this section are 

summar is ed in Table IV . 
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TABLE IV Sill-1MARY OF CHARACTERISTICS OF KNOWN AND POTENTIAL NEUI'RON POSITION SENSITIVE DETECTORS : A - GASEOUS 

Type Filling Di mensions 
{em} at 

E 

~ 
Resolution 

{em} 
Max. Rate 
{pulses /sec} 

Co-ord­
inates 

Digital 
or 
Analogue 

No. of 
Elements State 

Ionisation 
Chamber 

1 1 Atmos .BF 3 1. 5 gap x 210 8% 0.52 -2 x 
410 x D 400 Working detector 

length {on 150 - Allemand (4,*). Res­
radius} x 6 olution determined by 
high. electrode geometry. 

2 1 Atmos.BF
3 

11 depth x 210 
length {on 150 

45% " " x D " Under construction -
Allemand (4,*). Reso­

radi us} x 2. 5 lution determined by 
high. electrode geometry. 

3 1. 2 Atmos. Double 1. 5 gap 20% 1.0, 1.0 5 x 104 x,y D 64 x 64+ " 
BF3 x 64 x 64 4096 

4 " Double 1.5 gap " 1. 0, o-10 " r,e D 32 x 36+ " 
x 64 diameter 1152 

Proportional 
Chamber 

1 2 Atmos.He 3 5 diameter x 55% 0.9 (average) _104 
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 _104 
x A Single re­ Prototype under test 

He 3 + 1 x 50 long sistive - AERE Counter Group 
atmos. Kr. Wlre (*) 

3 1 atmos. BF3 2.5 gap x 
high x 15 

60 15% ~1.0,0. 5 -104 - 105 x,y A 30 resis­
tive wires 

Under construction -
AERE Counter Group{*) 

length 

4{a) 1 atmos. 
(or BF

3
) 

3He Say 1. 5 gap 
x 100xlOO 

-10% 4.0 
(0.3 if 10BF 
used) 3 

5 .-10 direct4
read-out ,-10 
indirect 

x,y D,A few x 
4

10 )Possible development 
)(with delay line 
)read-out, if gas is 

(b) 5 atmos. 3He " -40% 0.5 
read-out 

11 
11 D,A 11 lpressurized 
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TABLE IV continued 

Type Fi lling 
Dimensions 

( em) 
E 

at Ii 
Resolut i on 

( em) 
Max. Rate 
(pulses/sec) 

Co-ord­
i nates 

Digital 
o r 
An alogue 

No. of 
Elements State 

Spark 
Chamber 

1 Boron Foil 
in conven­
ti onal 
chamber 

1.0 gap 
x 16. 5 

x 16.5 5% 0.3 _10 3 x,y D,A 64 x 
4096 

64 Prototype magneto­
stricti ve and Ferrite 
core readout , Rodgers 
AWRE (*) 

2 1 Atmos. He3 Say 1. 5 x 
100 x 100 

-10% 4. 0 -103 x ,y A fer x 
10 

Pos s ible devel opment 
(with magn et ostric­
tive read-out but low 
resolution, efficiency 
and count ing rate) 

Hybri d 
Chamber 

1 Atmos. He 3 Say 1.0 x 
I nO x 100 

-6% 4.0 _10 4 x ,y A feu 
10 

I 

x Possible development 
(with magnet ostri ctive 
r ead-out but l ow reso­
lut ion and effici en cy ) 

* Private communication. 
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TABLE IV SUMMARY OF CHARACTERISTICS OF KNOWN AND POTENTIAL NEUTRON POSITION SENSTITIVE DETECTORS: B - SOLID STATE 


Type Components 
Dimensions 

( cm) at 
£ 

1 ~ 
Resolution 

( cm) 
Max. Rate 
(pulses/sec) 

Co-ord­
inates 

Digital 
or 
Analogue 

No. o f 
Elements State 

Scintillators 

1 Scinto + 
Photomulti ­
plier 

23 diameter -50% 0.6 -10 3 x,y A l( + 23 
phototubes) 

Working detector -
Holland and Paint 31) 

(rate limit is in the 
data handling system) 

2 lFoil + Scint. 
+ Photo­
multiplier 

Either annular 
rings up to 
100 diameter 
or elements of 
few square cms. 

-20% Would depend 
on dimensions 
but typically 

>1.0 

_106 e,x, 
xy 

D Few for 
e, x 

many for 
x,y 

Possible development, 
Y background may be a 
problem. 

3 Foil + 
channel 
plate 

Areas in units 
of 5" diam. 
possible at 
present. 

-20% 0.1 - 0.2 not known x,.y D,A 1 per 
channel 
plate 

) 
) 

) Possiblej developments 

4 Foil and 
Scinto + chan­
nel plate 

11 -20% , " " x,y D,A " ) 

Semi­
conductors 

1 Foil + 
surface 
barrier 
detector 

10 x 40 -40% 1.0 _106 x,y D 400 Proposed detector -
looks promising for 
medium resolution 
and small areas. 
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5 DISCUSSION 

5. I General 

The detectors ouline d in Table IV f all into the two broad classes; 

digital and ana l og ue d iscussed in Sect ion 4 . The former class has 

the obvious di sadvantage th a t for large sensit i ve areas and high 

resolutions a large number of el eme nts woul d be r equired. It does 

however have a considerable a dvantage ove r the latter class in that 

any instab ility or drif t in t he associ a t ed el ectronics cannot distort 

the posit i onal informat ion over t he wh o le de tect ion area. This is 

not true of analogue devices which rati o or compute the positions from 

other info rmation, and in gene ral rel y on bal anced ci rcuits. This is 

a potential weakness of such de vices; any detecto r dest i ned for 

regular use on a ne utron scattering dev ice shou ld have long term 

stabil ity and be rel a tively s imple to use an d ma intain. The 

efficiencies of discrete channels can be qu ickly checked by scattering 

neutrons from a st andard sample a nd Individually cor rec t ing faulty 

channels. To che ck that a r a tioing device as a who le is not distorting 

the scattered ne utron pattern over part or all of its sensitive area is 

more difficult and any corrective action wou l d , in general, require a 

time consumin g a nd ted ious opera tion to re bal a nce the c ir cuits. 

5.2 Detectors 

(a) Gaseous Detec to rs 

Only two gase s are useful as detector me dia, 3He and BF .
3

Figures 10 an d 11 show t hat 3He cannot be used for high resolu­

tion devices unl ess pressures of the order of 5 atmospheres 

can be t o lera ted. Thi s s i t uation can be imp roved by the 

add i t ion of a hea vie r s t opping gas s uch as krypton, but even 

then pressures of arou nd 2 - 3 a tmospheres would be required 

to achi e ve r eso lution s compa rab le with those obtainable with 

I atmosphere of BF
3

. This is an unfort una te result as BF3 

whil e l ess expe ns ive than 3He is a corros ive and hazardous gas 

to handle. Figure 5 sh ows that both gase s must either present 

app rox imately 10 cms of path l e ngth to the scattered neutrons at 

I atmosphe re or be press urize d in order to obtain reasonable 

eff i c iencies at I ~. 
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Pressures up to 10 atmospheres are easil y accommodated in 

the s imple cylindrical s hapes used with s ingle wi re propor­

t Ional counters . When multiwlre neutron de t ec to r s with areas 

of say 1 square metre are considered , the design of the • 
cont a i n i ng ves sel p resents prob lems, espec ia lly if tailored 

to the experimental geometry. A pressurlsed neu tron detector 

would c lear l y be bUlky and unless diaphragms we r e inserted 

and buffer zones of an inert gas used, the tot al volume of 

dete ct or gas requ i red would be sign i f ican t ly g reater than 

t ha t requi re d f or the mul ti wlre structure a l one. With 3He 

cos t i ng approx. tl OO/ lltre t h i s factor Is clea rly important. 

High pressu re ga seous dev ices require higher EHT voltages for 

opera t ion , wi t h the attendant prob lems of brea kdown and back­

ground no i se. The ope r a t ing vo ltages of 3He are lower than for 

BF3 due to the lower Ionisa t ion po t ent i al of t he fo rmer and high 
3 

press u re propor t ional counters usua l ly employ He for this 

reas on. 

The ty pes of gas eous detectors available are i onisat i on , 

propo rt iona l , sp ark, and hybrid chambers. For t wo-dimensional 

Info rma t ion the efficiency Is unacceptably smal l at one 

atmos phere unle s s a longer neutron path leng th is formed by 

stack ing planes of detectors. Figures 10 and 11 show that 

for a one a t mosphere gaseous device resolution s of < ~ 5 mm 

can on ly be obtained with BF . Electro-negat ive ions are known 
3 

to produce probl ems in s park chamber ope rati on and consequently 

BF3 can be expected to prove difficult to use in t h is mode. 

None of t he gaseous devices seem to offer any poss ibl !I ty for 

a one atmosphere , two-dimensional, high resolu t ion, l arge 

area detector wit h reasonable efficiency. 

In ge neral, Geiger counters and spark chamber s are unacceptable 

due t o t he i r i nhe re n t I y low max Imum count.1 n9 r a te. If 

pressurizeq devices are to lerable , Ionisation and proportional 

techn iques, particularly Charpak chambers, coul d be us e d to 

gi ve good resolu t ion and reasonable ef f icienci e s for two­

d imensional detectors. 
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For one-dimensional information the problem of efficiency is 

red uce d as the detector can in general be made thick with 

respect to the beam direction. Allemand et al have used thi s 

techn i que ve ry effectively with their one-dimensional multi­

ionisation chamber array (Fig. 13) . Proportional detectors 

could a lso be used. Again SF is the only choice at one
3 

atmos phere if positional resolutions of < + 5 mm are req ui red. 

(b) Sc int illation and Semiconductor Devices 

Scint i Ilators can either be loaded with a neu tron conver te r 

or us ed wi th a converter foil . whilst semiconductors can only 

be us ed with the latter. Due to the higher densitie s involved 

and the consequent reduction of the charged particle ranges 

thes e devices do not suffer from the resolution problems inherent 

wi th un pressurlsed gases. Scinti llators can be used with pho to­

mult i pli e rs or channel plates and in either case the PSD can be 

dig i t al or analogue. Scintillation counters are d igi t al when 

isol a ted photomultipl iers are used to view individual scintll­

lators (mu lti-counter arrays). These become analogue devices 

when overlap occurs between adjacent photomultiplier signals 

(S ci nt i-camera). For channel plates the geometry of the 

co l l ec t or plate (F ig. 19) wi 11 determine whether the PSD is 

dig ital or analogue. High resolution digital devices say 

< + 5 mm, wil l be I imited to small detection areas otherwi se 
- 4 

the number of channels becomes unmanageable (e.g. 4 x 10 for 

a met re s quare detector with ~ 2.5 mm) . Coarser resolut ions 

necess a ril y imply less channel s. The re solution of an a logue 

dev ices is to a large exte~ dependent on the electronics used. 

In gene ral the ef f iciency of all these devices is less than 50% 

and i s very dependent on the geometry an d typ e of converter used. 

A prob lem that can be expected with th is t ype of device is 

as soci a t ed with gamma ray sensitivity, t he higher dens iti es 

invo lved give higher gamma conversion probabilities and the 

overal l background problem i s consequently greater than wi th 

gases. Thi s effect can be reduced by kee pi ng the detec tor 

volume s t o a minimum. In this respect the semicond uc t or 

detec tor s (deple tion layers approximately 50 ~~ are clearly 

superi o r to liquid and sol id scintillators where I mm i s 

probab ly the le ast th ickness which can be used . 
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Of the devi ces discussed in 5.2(b) only loaded scinti llators 

ha ve been ex t ensively developed for the rmal neutron detection 

detec tion. (33) Wi t h the excep ti on of Rauch e t al (16) and 

Fel g l et al (17) very little work has been done on semiconductor 

neutron detectors . Recent developments (38,39, 40) ha ve shown 

that channe l plates can be used f or x-ray dete c tion. We 

suggest that converter foils, semiconductor detec t ors and 

ch annel plates are a ll poten tially use ful for neut ron position 

sensitive detec t ors and sh ould be further investigated. 

5.3 Instruments 

The match ing of in d i vidua l PSD systems to particular instruments will 

require a more detailed study , (incl uding considera t ion of cost and 

readout facilities), th an can be given in this repor t. However 

cer t a i n of the more import ant features can be d iscussed at this stage 

and thes e are summa r i se d in Tabl e V. The designation s A, Band C 

denote our assessmen t of rel ative meri ts. The A category is used for 

the combi nation of PS D and Ins trument whi ch would be wo r th developing; 

the B category f or comb inations that have some poten t ial if further 

development wo rk is per formed on the PSD and / or the instrument. The 

C catego ry de notes unsuitab i llty f o r us e or development. The alloca­

tion of these categor i es to each ty pe of instr ument wil l be discussed 

in the followi ng sect ions. Special emphasis is gi ven to powder 

di ff raction requi rements s i nce th ese pose the most exacting conditions 

on a PS D system with r eg a rd to the positi ona l determination of neutron 

cap t ure, s ee Tables I an d I I for ref e rence. 

(a) Powder Di ff raction 

Present powde r di f fractometers re ta in a hi gh degree of 

resoluti on by t he use of sui tab le Sol ler slit collimators 

before and after the monochromato r and befo re the detector. 

The se a re designated ° 1 , 02 and 03 re s pec t ively, (Fig. Al 

Appendix I ). Soller sl i ts cannot be e ff ec t ive ly used in 

fron t of posi t ion sensi tive de t ec to rs. The 03 collimator in 

a conv en t ion a l machine enab le s an e xt en ded sample to be used 

whi 1st retaining a h i gh degree of res ol ut ion ; the sample size 
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TABLE V ASSESSMENT OF RELATIVE MERITS OF PSD FOR VARI OUS 


PSD 

Multi- I oni s at ion 
Chamber 

~t i -ProportioDal 
Chamb er 

!Resis t i ve Wi re 
Pr oport ional 
Chamber 

Spark Chamber 

\".; !Hybr i d Chamber 

Scintillators 
a ) Scinti-camera 
~) Channel Plate 

Semi-Conductor 
(wi t h converter 
f oil ) . 

Si mple Multi 
Count er Array
L ­

Powder 


Di ffraction 


A 


A 


C 


C 


C 

B 
B 

B 

C 

Si ngl e 

Cryst al 


Di f f r action 

A 

A 

B 

C 

C 

B 
A 

A 

C 

JlJ!lorphous 


Materi als 


B 

B 

B 

C 

C 

B 
C 

B 

A 

s = single crys t al studies; p = random scatterers. 

TECHN I QUES 

I nelastic 
Time of 
Fli ght 

C 

C 

C 

C 

C 


C 

C 


C Bp' s 

A 

Inel a.st ic 

Cryst al 


Spe ct romet er 
(MAPe ) 

A 


A 


A 

C 

C 

B 

B 


B 


C 

Diffuse 

J:'i me of 

Fli ght 


B 

B 

C 

C 

B 

C 
C 

C 

A 

Mono­
chr omatic 


Di f' f use 


B 

B 

C 


C 


C 


C 

C 


C 

A 

Small 
Angle 

Scattering 

A 

A 

B 

C 


C 


B 

A 


A 


C 



• 


in this Instance does not contribute to the resoluti on. 

However wi th the removal of the Ct collimator the "af ter
3 

s amp le" resolution is heavily dependent on sample si ze. 

The effec t ive angular divergence is given by: (S ample radius + 

counter uncertalnty)/f where f is the flight path from sample 

to detector. We consider a gas detector, as the inherent 
10counter uncertainty is greatest with t h i s system. For BF3 

at on e atmosphere the counter uncertainty Is approx . 0.3 cms. 

Thus for a flight path of one metre the effective collimation 

bef ore the detector is 0.450 
, 0.70 and 1. 30 for I, 2 and 4 cm 

diameter samples respectively. Typically, Ct col l imators have 
o 0 3 

divergence angles of O. I to 0.5. Thi s l imits a PSD detector 

to operation with ~ 2 cm diameter samples for an equiva le nt 

resolution. 

The s ignal to background for a PSD detector Is l i ke ly to be 

h igher 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 wh i 1st the 

los s due to sample volume will be between 4 and 16. Th is 

assumes that sufficient sample Is available to enab l e a con­

ventional machine to utilise a full 4 cm diameter sample, thus 

gains i n the time between 10 and 50 may be experie nced compared 

to a single de tector instrument . 

Of the PSD s ys tems consi dered , those best su i ted to powder 

di ffrac t ion measurement s are the i on isa t ion and proportional 

chambers. Due to the high resolution required t he measur ement 

of the scattering cones is usually performed i n the equatorial 

plane (Fig. 3). Resolutions of the order of 0.3 - 0.5 cms 

are required wh ich a re possi b le by using mul t i-electrode gas 

detectors fi lIed with one a tmosphere BF3 and spanning a total 

scatte ring ang le of 1000 
. To obta in an effici e ncy > 40% 

the detector would have to be of the order of > 10 cms thick. 

However as no movement of t he detec tor is needed this does 

not pose a s t ructural problem. To span such an a r c (I metre 

radius) an d mat ch t he required resoluti on usi ng scinti I lators 
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or sem iconduc t o r detectors would be prohibitively expensive. 

The low cou nt ra t e that can be realised with spark and hybrid 

chambe rs elim inat es them for such measurements. 

A s i mpl e mul t i- count er which consists of a series of annular 

cou nt ers each at dif ferent scattering angles and each following 

a Debye cone ~igs. 3, 18) would give an enhanced count rate 

at each positi on but the density to which such a system can be 

grouped is l ike ly to be too low to provide the high resolution 

needed f or powder diffraction. If there is sufficient demand 

f or a fast ge nera l powder diffractometer with medium resolut ion 

then in our op i nion such an instrument should incorporate a 

PSD. A gas dete c t or s ystem operat i ng in either the i oni sation 

or propor ti onal mode is the most suitable PSD prov i ded the gas 

f i l1 i ng is such th a t the centroid radius lies between 0.3 ­

0. 5 cms. The mult i- i on is ation chamber developed by Allemand 

et a l (4 ) is now commercially avai lable(4 3) in a form compatible 

with powde r d i f f r actometry. 

(b) Singl e Crys t al Dif f r action 

Large samples are not ge nera l ly used f o r si ng le crys tal 

s tudies as apa rt f rom t he low ava i l abi l i t y of large s ingl e 

cry s tals t he e xt i nc t ion in these is too high. The di ff r ac t ion 

f rom a s ingl e cry s t a l i s a l so much less dive rgent tha n from 

powder spe cimens . The se po i nts result in a PSD system for 

single crys tal stud i e s be i ng of greater va l ue in mos t in s tances 

t han f or powder s t udies. Egelstaff and For sy t h (22) have shown 

that f or s in g le c rystal studies a gain of 30 may confi dent l y 

be realised wi th a l a rge PSD device. Further gains may be 

reali sed if the mater i a l s under study contain la rger un i t cel l s. 

A good e xamp le of the potenti al of PSD for s ing l e c rystal 

di f fraction can be seen in the development of an automatic 

x-ray d if f ractome t er capable of measuring 12,000 reflec t ion s 

per hour f rom la rge chain mol ecules. (44) Pos i tion sensitive 

detec t ors for ne u t ron s i ng le c rystal diff ra ction may be con­

side red in one of t wo ways . A large stati onary detect o r 

cove r ing t he ma j o r part of the scattering ~lane ~nd cap ab le of 
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azimuthal angle measurement has the advantage of covering a very 


large number of reflections s imultaneously. Phys i ca l ly such 


an instrument is not easy to design and the numbe r of read out 


channels for such a device wi 11 be very large if ang u lar 


1
0

resolutlonsof < (= 1.8 cm/metre) are to be obtained. The 

alternative de t ector consists of a smaller PSD mounted on the 
•conventional counter arm. This could be moved to measure 


different reflections in the conventional manner. Fo r many 


bi o logical specimens measured with incident wave le ngths of 


5000.9 - 2.0 ~, resolution limits the measurements to < (28); 


hence a smaller PSD would be preferabl e . The sma1 I prototype 


two-dimensional PSD (Secti on 4.2d) at present under design at 


AERE Harwell wil l be installed on a si ngle crystal diffracto­


meter and should give valuable informa t ion concerning the use 


of PSD systems in genera l for thermal neutron scat t e r i ng. 


We cannot envisage the use of spa rk or hybrid chambers in this 


instance as their low counting ef f iciencies and their pulsed 


requirements make them less attractive than other meth ods. 


Further development is needed if a sma ll detector I ight enough 


to be mounted on a counter arm and with good efficiency is to 


be produced. Gas detection is suffi c iently advance d to be 


immediately applicable whereas semiconductor and s cintil la tors 


with channel plate detectors appear to have cons iderable 

poten t ial in this fiel d , but req u ire furt her deve lopment. 

(c) Amorphous Materials Scattering 

The s tructure study of amorphous materials requires a d if ferent 


resolution from either of the cases so f a r discussed. To 


perform these studies inst ru ment s are needed which are capable 

of going to large sca t ter i ng vectors , but the over a l l angular 


resolution requ i red i s not h igh wh en compare d t o powder 


di f fraction measurements. For amor phous sys tems the scattering 


Is isotropic around each scattering cone. Max imum inte nsity 


may be realise d if at each scattering pos i t ion , i.e. each 

measured 28 value, the maximum pos s ible az imut hal arc is 

covered. As the resolution requ i red is not so hi gh as for 

the powde r dif f raction case s ing le detectors may be placed at 
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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 like ly 

to produce the highest gains in measured intensity. A smaller 

gain may be made by replacing a singl e s t epped detec t o r on an 

existing instrument by a position sensi tive system mounted in 

the equatorial plane. 

It is worth noting t hat the present Harwe ll LINAC total 

scattering spectrometer, used for amorphous studies, ha s 

a very short sample to de t ector di st ance wh ich woul d al low 

the major part of the scattering sphere to be covered with a 

re as onab le size PSD. Howe ve r this would no longer be possible 

i f a current s uggestion to exte nd this di s tance t o seve ra l 

metres is adopted. 

(d) Inelastic Time- of-Flight Scattering 

Much of the previous discussion conce rn ing amorpho us mate r i a l s 

is equally applicable to the study of molecular dynam i cs and 

other inelastic studies not involvi ng si ng le crystal s . These 

studies also do not In general requ ire a hi gh momen t um 

resolution. Thus the scattering as a f unction of 26 ma y be 

Investigated by detectors wel l s pread in ang le which can have 

quite a coarse positional re solution around t he 28 arc. As 

the scatte ring is isotropi c around the scattering cone the 

highest count rate gain is obta ined by single detec t or positi ons 

which f o llow the scattering cone but wh ich require no pos itional 

Information around the azimuthal are, (s imp le multi- coun ter 

array ) . 

For single crystal studies t ypica l cou nter separa t ions of 30 

wi t h an angular resol ution of O.So are adequat e fo r the 

majority of current meas urement s. In our opinion t he cur rent 

practice of usi ng individual element detectors p rov i des the 

best sys tem. For fl ight paths of greater th an a me tre 

ell iptical high pres s ure 3He propo r t ional detec to rs (as on 

t he 7HI R twin chopper spectrometer, Harwe ll ) are to be 
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recommended as their efficiency and background discrimination 

ch arac teristics are better than for present scinti llation 

de tectors . 

Deve lopment of converter foil detectors which are inherently 

t h in ne r would e nable shorter flight paths to be used while 

preserv ing the present flight path resolution of < + 1%. This 

re solution may be easily achieved for 50 cm flight paths by 

uti l isi ng Gadolinium foil conve rters backed by semiconductor 

de v i ces o r ch annel plates. 

(e) 	 Inelast ic Crystal Spectrometry 

We conside r that the standard triple axis instrument has no 

requirement fo r a PSD. On such a machine energy analysis is 

performed by rota ti ng the analyser crystal and detector in a 

1:2 ratio (8 - 28 scan). (8) The replacement of the existing 

coun te r assemb l y with a PSD would remove the need for rotating 

t he dete c tor about the analyser crystal axis. The analyser 

cry s t a l would sti II have to be rotated to measure the energy 

s pect rum an d the required information would appear at a discrete 

position i n t he PSD. Consequently only a small part of this 

detec to r 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 shielding, a 

highe r count rate due to integrating the background over the 

whole PS D and possibly cal ibration problems if the efficiency 

varied across the detector. 

. 	 (2 45)KJems and Reynolds' have extended the normal triple axis 

machine to enab le the simultaneous collection of neutrons 

wi th in a range of scattering angles from the analyser. This 

Multi An g le Reflecting Crystal Spectrometer (MARC) consists 

of a l arge analysing crystal very near the sample and a linear 

re s isti ve wire PSD. Although at the present time only 

resis t ive wire PSD's have been used we consider that comparable 

re solut ions and efficiencies may be obtained using multi ­

i oni sat i on chambers which have the distinct advantage of being 

di git a l devi ces. 
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Cr ystal spect rometers using fi Iter te chni ques for analysis 

ut ilise the largest area of scattered beam as possible. As 

no momentum re soluti on is imposed on the detector angle, a 

single detector with as large an acceptance angle as possible 

is needed. 

(f) Dif fu se Time-of -F light Scat tering 

Both single and powder (or polycrystalline) samples are measured 

on this t ype of i nstrument. For samples that have randomly 

o rie ntated scatter ing centres the h i ghest gain in measured 

Intensity may be made us ing a simp le multi-counter array with 

i nd ividual detectors tha t span the azimu t hal arc. This is 

i ll ust r at ed i n Figure 18 for a sc i nt il lation detector. 

The scattering f rom single cryst a l specime ns has in general an 

az imuthal angl e dependence. Information out of the equatorial 

plane i s on ly of val ue if a l arge proportion of the scattering 

arc is cove re d . As the resolu t ions involved are coarse and the 
2 areas l arge , approx. 1.5 m , th is requ irement is best met by 

a two-dimensional mu lt i counte r a rray of pressur ise d gas 

detec tors. Thi s comment Is also relevant for r andom scatterers 

if s ign a l s f rom dete ctors around each az imuth al arc are coupled. 

(g) Monochromatic Diffuse Sca t t e ri ng 

The use of a non pulsed monochromatic beam of neutrons for 

diffuse studies removes the constrai nts on de tector thickness. 

However as with the time-of-fligh t system the highest gain to be 

achieved with random ly orien ta te d scatterers is by covering as 

large a proportion of the azi muthal arc as possible. Single 

proportiona l detectors may be used or with the further develop­

ment of liquid scinti llators a series of curved annuli would be 

suitable (Fi g. 18). 

For single crystal meas urements a mul ti-counter array is most 

suitable. Since the detect or thicknes s is not a restriction 

cheaper low pressure gas co unters can be used end on to the 

scattered beam. 
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(h) Small Angle Scattering 

100As the total range measure d is sma ll, typica l ly less than 

(z e), the s ize of a PS D for s uch measurements can be quite 

small even though s ampl e to dete ctor distances are very large 

(typically > Z metres ). With a 40 cm square detector with 

2-dimensional posit ional resolution of + I cm a scattering 
0-1 ­

vector range of up to 0.3 A can be measured with a 2 metre 

flight path and wavel e ngt hs be tween 4 and 10~. Any development 

of a small ang le s catteri ng appa ratus s hould include the 

inves t igation of PS D sys t ems as these look to be particularly 

useful in thi s field. 

Most of the two-dimens ional PSD's that have been considered are 

applicable to these s tudies , especially the multi-ionisation 

and proportional ch amb e rs. 

Scintillator device s although s us cep t ible to high background 

may be exploi t ed if SAS i ns t r uments are mounted on guide tubes 

where the low y- backg round enables the scintillatIon technique 

to be used with advan tage. 

5.~ 	 Conclusions 

The fields most immediately amenab le to PSD systems are single 

crystal diffraction, powder di f fraction and small angle scattering 

experiments . Amorphous studi e s and time-oF-flight measurement s 

with both short and long wave length neutrons are, in general, better 

served 	by multi-coun ter arrays. The va ria t ion of the t riple-axis 

spectrometer known as the MARC In he rent ly reqUires a PSD. The 

conventional triple ax is s pectrometer, f ilter spectrometer, and 

polarized neutron diffractometers are bes t used with single detectors. 

With our preference towards d i gi t al devi ces we consider the following 

to be the most promising of the PSD ' s consldered :­

(a) 	 Multi-electrode ion i sa t i on and propor t iona l chambers (e.g. 

Allemand et al(4» for bo th one and two- d imensional detectors. 
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(b) 	 Converter f oi l/sc l nti 1lators or converter foi Is directly 

with semicond uc tors or ch annel plate detecto rs. 

There is clearly no PSD which can be universally used in thermal 

neutron scattering . The mul ti -ele c trode ionisation and proportional 

chambers come nearest to me e t in g th is criter ion. One-dimensional 

detectors of t h is type (F ig . 13) are very suit ab le for powder 

diffrac ti on and MARC spec tromet ry and could be made to approximate 

to mul ti -counter a rrays by vary ing the effective resolution. We 

can envis age a PS D connected to a sma l l computer where the individual 

in pu t cha nne ls may be soft-ware grouped to give va r i able resolutions 

and hence cou nt rates f o r t he angular d ivisions req u ire d. Two­

dimension a l mul t i-elec trode chambe rs a re suitable for single crystal 

d i f f ract ion and s mall a ngl e scattering experi me nts but have the 

disadvantage of low e f ficie nc ies. 

Since 	Allemand et al are well advanced with the de velopment of 

multi-electrode ch ambers we suggest that the type o f PSD outlined 

in (b ) above shou ld be deve l oped. If t hi s can be done successfully, 

one and two di mensional h igh resolution di g i t al de v ice s , thin but 

with reasonable effi ciencies, wi I I become av a ilab le without the 

compl ica ti on of pressurised gase ous f i Illngs. 
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APPEN DI X I 

THERMAL NEUTRON STUDIES 

In section 2 we di vided the studies performed wi t h thermal neutrons into three 

main categories. This appendix indicates the requirements made by these studies 

in connection with the development of PSD a nd mu lti-counter arrays. A general 

outl ine of the fi elds of study is also give n toge ther with details of the 

instruments involved in the measurements. 

Al.l Structural Stud ies 

The neutron spec t rum emanating from a re search reactor has a peak 

typically at a wavelength of ~. The se wavele ng ths are of the order 

of crystal spacings with the result t hat such neutrons undergo 

diffraction obeying the Bragg criterion 2d Sin 8 = A. The placing of 

a single crystal of sufficient dimensions and at the correct orientation 

in the 'white' reactor beam enab le s a monochromatic beam of neutrons 

to be selected. 

The scattering of a monochromatic be am by a single crystal specimen 

yields discrete maxima in three dimensi ons . The separation of the 

maxima is inversely proportional to the lattice spacing. Thus for 

very large unit cell materials, s uch as those of biological interest, 

a great number of reflections simu ltaneously satisfy the Bragg condition. 

The scattering of monochromatic ne ut r ons by a powder or a polycrystal line 

material again gives ri se to max ima - Debye rings - but in this case 

the orientational dependence of the sample has been l ost and the 

scattering is symmetric about the central beam. Thus only the scattering 

angle (28) has to be def i ned. Al though pure diffraction is absent in 

a glass or a I iquid the scatter i ng ma xi ma, corresponding to the distances 

of closest approach in the radial d is t ri bution function, follow Debye 

l ike rings having symmetry ab out the i ncident beam direction. 



So far t he 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 magneti c moments. (7.10) 

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 wel l as nuclear and very large advances 

have been made using this technique. 

Instruments have been developed f or 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 s lit 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. 20 (2 8) 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 resol ution, 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

me t er will have a sample-detector distance of less than 50 ems. "White 

beam" methods (Laue) can be used with neutrons. However in the UK this 

technique has only been used for s pecimen 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 dlffractometers 

are shown In Fig. AI. It ~I I I 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. 

( i i ) 



AI. 2 Inel as t ic Scattering 

The ene rgies of the rma l neutrons (1.0 - 200 meV) are of the same order 


as those of lat t ice vibrations and many molecular modes of os cillation 


and v ib rati on. Fo r t he study of lat t i ce vibrations th e momentum 


changes associate d wi t h the inelastic interactions a re a l s o within the 


range mea s urable with t he ne ut ron te chnique . By conducting hi gh 


reso lution coherent s catteri ng experiments the dispersion r e l ations 


ass ociated with phonon and ma gnon modes and their interactions may be 


stud ied. Mo lecul a r systems and d iffusive motions of light atoms may 


be investi gated by incohe ren t i nel ast ic scattering. These meas u rements 


do not in general require such a stringent resoluti on with respect 


to the mome nt um transfers and hence scat t ering ang les do not need to 


be so weI I defined. 


Sing le crystal inelastic st udies, like those of elastic phenomena, are 


di s c re t ely dis t ributed in three d imensions requiring the accura te 


a li gnment o f t he spe cimen wi t h respect to the inciden t and sca tte red 


beams . Randomly orie ntated s pecimens on the other ha nd such as powders, 


polycrystals, li quids and glasses have t he azimuthal angle depe ndence 


averaged ove r al I orientations; wi t h t he result t hat the sca t t ering 


pa t tern is of a form analogou s to the Oebye cones for el as tic powder 


d if fr ac t ion. On ly the s ingl e sca t tering angle 26 has t hen to be defined. 


The expe r imental req u irements for inelasti c scatte r ing are twofold. 


Both ene rgy and momen tum are conserved on scattering. Th is requires 


both th e incident an d scattered ene rgies and momen ta t o be speci fied 


in orde r t o ga i n the maximum i nformation concerning the scatte ring centre. 


The momentum requireme nt 15, of course, eased in the cas e of molecular 


and diffu s ive systems. 


Many instruments have been developed to investigate inelastic scattering. 


These have i ncluded devices rely i ng on pul s ed beams to measure the 


energy exch ange. Pulsing is produced by a pul s ed source o r by a beam 


pUlsing device , (a ch opper ). Unpul sed techni que s have also been used 


re lyi ng on crys ta l di ff raction fo r e nergy anal ysis. Filte r methods 


can be used to meas ure the s cattered energy and to produce incident 


energ ie s with in a g ive n r ange. However the two main categories of 


time- of-f l i g ~ (a) and crys tal s pectrometers (b) represent most of the 


requirements that wi 11 be made on t he detec t ion system. 


( ii i) 



(a) 	 A diagram of a 'twin chopper' time-of-f l i ght 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., wit h i n the specimen result i n neutrons being 

scattered with different energies at different angles. The energy 

separation reI ies on the fact that t he different energy neutrons 

wi 1 1 take a different time to traverse a distance of several metres 

to the de tectors. The scattered f lux i s collected at up to 30 angles 

and int o an array of up to 1000 time channe ls defin ing the veloc it ies 

of neutrons leaving the samp l e. In o r der to ob ta in a s uffic ient 

spread in t he velocity components of the scattered beam a fl igh t 

path of typically 100 - 300 cms must be used. 

Repeated pulsing of the incident beam builds up a time-of -fl ight 


or energy spectrum at each detector position. 


Incident e ne r g ies for time-of - f light i nvesti ga tions range from 

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


are adequate which means that at a typical f li ght path of Iw 5 met r es 


detectors with an effective thickness along the beam direction of 


1.5 cms may be used. The momentum resolution resulting from the 


detector a r ea may range from approx. 1% to 10% with a detec tor wi dth 


of 5.0 cms at a 1.5 metre flight path. 


(b) 	 This apparatus uses crystal reflections to monochromate and an al yse 

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 T 

the sample where it undergoes energy and momentum exchange. The 

scatt ered 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. 

(iv) 



Kjems an d Reynolds(2, 45) have developed the triple axis machi ne 

to extend the da ta collection rate. By replacing the conventional 

anal yse r crystal and its collimator by a large analy s in g crystal 

set very nea r the sample, the scattering from several ang le s may 

be measured s imultaneously . The detection over the angula r range 

covered by t he ex t ended analyser is performed by a linea r position 

sens itive detector, Fig. A2. 

By us i ng crystal techniques for monochromating and ana ly s i ng , both 

the e ne r gy and momentum resolution are greatl y improved over 

mechanica l systems. 

Both te chniques outlined above are used to advantage for t he study 

of inelastic phenomena. The study of phonons and magnons in 

singl e crys t als gives rise to discrete maxi ma in scattered neutron 

inten s i t y wh ich a re usually well separated in spa ce. When using 

t he ti me- of-f ligh t inst rument for these measurements the ph onon or 

mag non pe ak s meas ured at anyone time, wi II not necessari Iy be al I 

from t he same symmetry direction; a requirement often needed in a 

dispers i on st udy. Thus a large amount of data is collec ted, all 

energy chan nel s at all angles, but only a fraction can contain 

v ita l i nformation. The use of a crystal spectromete r for t hese 

sing l e cry s tal s t udies does have certai n advantages . Thi s 

instrumen t has a low background, as a well shielded detecto r is 

used away from the mai n beam. The ins tr ument al so looks at 

discrete regi ons of energy-momentum s pace and can be au tomated to 

step a l ong any chosen d irection . Th us measurements can be made at 

regul ar inte rvals along directions of high symmetry. The energy 

and, more importan t, t he momentum resolution can be made much 

h i gher tha n th e equival e nt time-of-fl ight machine. However , in 

instances whe n a maxi mum amount of information is required at 

many moment um trans f ers and over a range of energies the time-of­

flight instrument has a definite advantage. 

The use of powder , po lycrys tal line or amorphous s ample s where 

scatter ing i s onl y characterised by the s ingle s ca ttering angle 

i s best suited to the time-of-flight technique. Best use can be 

made of the i ns t rume nt in this instance by relaxing t he reso l ut i on 

around the azi muth al angl e ; and at each 28 sca ttering angle 

cover i ng as l ar ge an amount of the scattering cone as pos s ib le. 

(v) 



AI.3 Di f f use Scatterln~ 

The ef fect s of irradiation an d heat trea tment on conde nsed s ystems can 

resu lt in th e forma ti on of defect clu~ters . These may range from poi nt 

def ect c lu sters produ ced by fas t neutron irradiation ( ~6 ) t o smal l 

prec i pitates of solute atoms in a heat t reated al lowy. (47 ) Such de f ects 

wi II caus e lattice strain wh ich i n certain case s is very exte ns ive . 

Other de f ective systems can be caused by doping a s toichiome tric mater ial 
. h II . . d . h ' . d f ( 48) WIt a sma percentage ImpurIty to pro uce non- sto Ic l ome trlc e ec ts. 

These again may give r i s e to associated lattice s t ra in, which toge ther 

wi t h t he original defect can produce pronounced dif fu se scatteri ng. 

Magnetic systems may also be defective . Here an originall y pure ma gne t i c 

mate r ial such as ferromagnetic iron or nickel may be perturbed magne t i­

cally by the introducti on o f a small f raction of non- magneti c ions. 

The original moment d i stribution will be perturbed, and t his e f f ect may 

be meas u red by obse r v i ng the dif f use magne t I c scatte ri ng. ( 13 ) 

The technique may also be used to look at non-de fective s ys tems such as 

the study of covalency . The measu rement of the magnetic sca t tering from 

a paramagnetic material yi e l ds a form factor f or the magneti c ions. The 

sh ape of t hi s form f actor may be used to determine the deg re e of covalency 

in the nom inally ion ic ma te rial. 

Diffuse scattering occurs away f r om t he main Bragg d i ffrac t i on maxi ma. 

However other compe tin g effec ts s uch as multi p le Bragg di f fra ction can 

occu r in t h i s region . A conven ien t me t hod for removi ng these effect s 

is to per form the e xpe riments wi t h ne utrons of an incide nt wav el ength 

greater than A wh ere 
c 

A = 2 d c max 

an d d is the max i mum inte rplanar spaci ng of the c ryst al lattice. 
max 

f o r t he se longer wavele ngths only the (000) reflect ion occurs from the 

host l a tt ice. Seve ral me t hods for the measuremen t of elas tic d i ffuse 

scat ter ing have been deve loped based on th i s c r iterion: 

(v j ) 



(a) 	 Differential meas urements (mo noenergeti c beam) 

(b) 	 0 i ffe ren t i a I meas uremen ts (t ime-o f- f Ii gh t ) 

(c) 	 Small angle sca ttering. 

(d) 	 Total cross- s e c t ion te chnI que. 

(a) 	 A diagram of the ty p ical appara t us is shown in Fi g. A3. A 

monoenerget ic be am of neutrons be t ween 5 ~ and 20 ~ is 

selected by means of a mechan i cal ve loc ity se l e c t or . The 

scattered neutrons are collecte d at a number of detector 

positions. The counter widths are typically 5.0 cms and the 

sample-de te ctor r adi us is approx. 100 cms. The samp le in 

this i nst ance may have to be cooled to r emove t he inelastically 

up-scat t e red ne ut rons which wi II also be cont ributin g to the 

measured inte nsi ty. An al t ernative method of inelastic 

removal is by pu l s ing the monoenergeti c beam by a single 

chopper. This then enables only el astically scatte red neutrons 

to be measured us ing a ti me-oF-Flight separa t ion. 

(b) 	 A si mi l ar method to th a t des cribed in (a ) has been deve loped for 

the study of magne ti c defect systems (50 } , and is shown in 

Fig. A3. A chopped beam is inciden t on the sample which is 

usual ly cooled. Th e elas tic scattering may be meas ure d by 

time-of- fl ight (us in g one time channel ) at a s e ries of angles. 

Wavelengths used a re from 5 ~ to 10 ~ wi th a res u l ti ng 
0-1 0- 1

scattering ve c tor ra nge of 0 .04 A t o 1.7 A . Angular 
o

resolution i s like (a), of the order of + 1.5 . 

(c) 	 In order to study l arger de f ect an d al l oy ph enomena than thos e 

accessible by the former two types of In strument a technique 

analogous to smal I an gl e x-r ay s cat teri ng has be en de ve loped. (51) 

This is shown in a ty pical for m of Fig. A4. The i nc ident 

wavelength can be as large as 10 ~ and me as urements at as low 

a scatt e ring angl e of 2° can be made. The a ng u l ar resoluti on 

re qui r ement of such a n in s t rume nt is greater than that of (a) 

and (b) and i s of the order of 0 .2° . 

(v i i ) 



Di ffuse scattering may also be measured as a function of 

wave l e ngth by measur ing t he t r ansmiss i on o f a beam of 

monoene rgeti c neutrons, Fig. A4. A beam In the range 5 - 20 ~ 

is inci de nt on a spec imen with a resolution of approx. 5% in 

wave le ngth. The transmission of the cooled sample is measured 

wi t h a detector in the stra i ght through beam position. 

Alternative ly the transmission of an ambient defective sample 

may be compared to a non-de fec t ive standard specimen. This 

technique enables much smal le r defect concentrations to be 

meas ured as a larger sample can be placed in the beam than with 

(a) an d (b). Typi cal sample si zes are 2.5 - 10 cms in thickness 

i n the bea m di recti on. 

(v iii) 



APPENDIX II NEUTRON BEAM INSTRUMENTS IN THE U K A E A 

Instrument 

DELILAH 

VANESSA* 

FIONA 

BADGER I 

BADGER II 

CURRAN 

PANDA* 

7H2R GUIDE* 
TUBE 

LIQUIDS* 
SPECTROMETER 

TOTAL SCATTER­
ING 

MARK VI 

MARK VI 

LAUE 

FERRANTI 

FERRANTI 

FERRANTI 

(1) 

( 2 ) 

(1) 

( 2 ) 

(3 ) 

Reactor / 
Source 

HERALD 

HERALD 

HERALD 

DIDO ) 
) 

DIDO ) 
) 

DIDO 

PLUTO 

PLUTO 

DIDO 

HARWELL 
LINAC 

DIDO ) 
) 

DIDO ) 

PLUTO 

PLUTO ) 
) 

PLUTO ) 
) 

PLUTO) 

Majority 
Measurement 

Powder Diff. 
amorphous 
studies 

Powder Diff. 

T-O-F Diff. 
from powders 

Powder Diff. 
and general 
purpose 
diffracto­
metry 

Powder Diff. 

Pm,der Diff. 

Long wave­
length diffra­
ction bias 
towards biolo­
gical materials 

Amorphous 
studies 

Amorphous 
studies 

Single crystal 
di ffract ion 

Single crystal 
alignment 

Single crystal 
diffraction 

Detector System 

Movable single, 5 cm diameter, 
1 atm., BF3 end on to beam. 

Movable bank of 9, 5 cm 
diameter, 1 atm. BF3 counters, 
end on. 

Fixed bank of 8, 5 cm diameter 
LiF/ZnS sc intillators. 

)Movable single 2.5 cm 
)diameter, 1 atm. BF3 end on 
)to beam. 
) 
) 

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

Movable single, 5 cm diameter 
1 atm. BF

3
, end on to beam. 

Movable single, 2 .5 cm 
diameter, 1 atm. BF

3
, end on 

to scattered beam. 

Movable single, 5.0 cm dia­
meter 2 atm., 3He, end on. 

Fixed bank of 4 groups of 
2.5 cm diameter, 4 atm. 3He, 
side on to beam. 

Movable single, 2 .5 cm dia­
meter, 1 atm. BF

3 
, end on to 

beam. 

Li/ZnS scintillator with 
photographic plate. 

Movable single, 2.5 cm , dia­
meter, 1 atm. BF

3 
, end on to 

beam. 



APPENDIX II continued 

Inst r ument 

POLARI ZED 
BEAM (1) 

POLARIZED 
BEAM (2) 

SI NGLE 
CHOPPER 
SPECTROMETER 

ROTATI NG 
CRYSTAL 
SPECTROMETER 

EDNA 

COLD SOURCE 
INSTRUMENT 

LONG 
WAVELENGTH 
SPECTROMET}~R 

TWIN 
CHOPPER 

THREE AXIS* 

THREE AXIS 

DEFECT 
APPARATUS 
(cold source) 

TRANSMISS ION 
APPARAT US 

RC.J.ctor/ 
Source 

PLUl'O ) 
) 
) 

PLUTO ) 

HERALD 

HERALD 

HERALD 

DIDO 

DIDO 

PLUTO 

DIDO 

PLUTO 

HERALD 

HERALD 

Majority 

Me asurement 


Magn tic 
single crystal 
diffr action 

Molecular and 
quasi-elastic 
inelastic 
scatterin g 

Inelastic 
s cattering. 
cohe r ent and 
quasi - e l as t i c 

Ine l a s t i c 
quasi-elestic 
molecular 
modes 

Inelastic 
Molecular 
studie s 

Phonon studies 

Mol ecular 
s t udies 

Inelastic 
coherent 
scattering 

Inelas tic 
coherent 
scattering 

Ine lastic 
coherl,nt 
scattering 

Used as Be 
filter spec­
t r Ollleter 

Nucl ear 
diffuse 
scatt ering 

Nuclear 
diffus e 
scattering 

- ~l ­

Dete ctor System 

Movable single, 2.5 cm, dia­
met er, 1 atm. BF3 end on to 
be am. 

Fixed bank of 8 groups of 2, 
2 . 5 cm. di ameter , 4 atm. 3He, 
si de on to beam. 

Movable bank of 4 groups of 2, 
4 atm. 2.5 cm. di amet e r, 3He , 
s ide on to beam. 

Fixed bank of 1 group of 4, 
2.5 cm. diameter , 4 atm. 3He, 
si de on to be am . 

Fi xe d bank of 13 groups of 
2 atm. 2 . 5 cm. di ameter, BF 
si de on to beam covering latge 
p roportion of arc. 

Fixed bank of 24 groups of 
6Li/ZnS scintillators . 

Fi xed bank of 9 groups of 
2 atm . 2 . 5 cm. diameter BF 
side on to be am covering l~rge 
proportion of arc. 

Fixe d bank of 30 6 atm. 
e l l iptical 5 x 2.5 x 5 cm. 
3He detectors. 

Movab l e s i ngl e 5. 0 cm di am . 
2 atm. 3He end on to be am . 

Movable single 5.0 cm diam. 
1 atm. BF3 end on to beam. 

Movable bank of 3 pai rs 5. 0 cm 
diameter 1 ~tm. BF3 si de on 
to beam ser l es c oupl~d. 

Fixed b ank of 16 ,5 cm. 
diameter 2 atm. BF3 si de on 
to beam. 

Single 2.5 cm. di ameter 1 atm. 
BF3 along the beam . 



APPENDIX II continued 

Instrument 
Reactor/ 
Source 

Majority 
Me as urement 

Detector System 

GLOMMETER* 

GLOPPER* 

PLUTO 

PLUTO 

Nuclear 
diffuse 
scattering 

Nuclear and 
magnetic 
diffuse 
scattering 

Fixed bank of 13 groups of 
9 detectors, 2.5 cm. diameter, 
1 atm. BF

3 
· side on to beam. 

Movable bank of 5 groups of 

9 detectors, 2.5 cm. diameter, 
1 atm. BF

3
, side on to beam. 

CURRAN * PLUTO Small angle 
scattering 
from large 
centres 

Movable single 2.5 cm. 
diameter , 1 atm. BF

3 
, end on. 

* Indicates that the instrument lS at present under reVlew or development (May 1912). 
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APPEN DIX I I I 

OPT IMUM DETECTOR EFFICIENCY 

The fra c tional error associated with the statistical measurement of (sample and 

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

+ 

whe re E is the statistical error in measuring the sample count rate Sand B 
s 

is the backgroun d count rate, tS+B and tB are he times for measuring the 

(sample + background) count rate (generally cal led the sample count) and the 

background count rate respectively. 

For a given total measuring time T 

di vided in the ratio R between the measurement on the sample and its background 

an d the background alone. 

R 

Ethe fractional error s 
S 

is give n by 

... ( I ) 

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

count i ng times to give the least statistical error for a total counting time Tis: 

- 1 ­



In this instance the f ractional error is 

= • .. (2 ) 


For many detectors the background count rate is mainly determined by the fas t 

neutron flux as t he y background is usu a lly removed by electronic discrimination. 

In this instance 

s 

and B = 

where T and 0 are the absol ute the rmal and f ast neutron fluxes at the detector. 

cr t and cr are the thermal and fast neutron captu re cross-sections for the de tecto r f 
whi 1st N and x are the atomic density and de t ecto r t h ickness respectively. By 

rewri t ing (2) we obtain: 

S T r 

[ (r + J) ~ + IJ2 

T r ( I - e - Ncrt x) [:'f T 

T S 
;::where r X - = 

o B 

The quantity T [:.rT I. an e ffect I ve eeeor an d ; 5 d ; rect 1y pro port I ona 1 to 

the fr actional error on S. TT represent s the to t al number of the rmal neut rons 

incident on the detector during t he experi me nt and of course has no efficiency 

dependence. 

- i i ­



F 1rJ. 1 d· 1 f N d N . 1°B F 1or T . ~ an uSing va ues 0 0t an of appropriate to 3 as an examp e 

we obtain SiB> 50 in the efficiency range 0% to 100%; i.e. (1 - e- No tx ) lies 

between 0 and 1. The curve of the effective error against efficiency is plotted 

in Fig. 8 for SIB> 50. The minimum error is obtained for a detector of 100% 

eff i c i ency. 

Whe n T/ 0 = 10- 3 SIB ratios for IOBF lie between 0,025 and 0.2 for the whole 
3 

ef ficiency range. The curve for SIB < 0.2 is also plotted in Fig. 8 and shows that 

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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