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ABSTRACT 

I n  an attempt t o  increase the  efficien.cy, a proton r e c o i l  neutron 

spectrometer has been b u i l t  i.n which t h e  proton detecti-on crystal .  i s  

i n  the shape of t h e  sur face  formed by the  r o t a t i o n  of t he  cos 0 curve 

about t he  0 = 0 ax i s  where 0 is  the  angle between t h e  d i r ec t ion  of 

t r a v e l  of t he  Incident neutron and the  d i r ec t ion  of t r a v e l  of t he  

r e c o i l  proton. Such a construction makes the  de t ec to r  c r y s t a l  conform 

'io t'ne range envelope of the protons r e c o i l i n g  from a neutron beIun of 

s u f f i c i e n t l y  high energy i n t o  a gas i n  which the  proton range i s  

propor t iona l  t o  the 312 power of t he  proton energy. 

thalliu-11 activa-Led cesium iodide were assembled as a mosaic arranged 

j.n t h e  cos 0 shape s o  tha-L -the maximum 0 was 30" .  Calculations show 

t h a t  25% of  the  protons reooj.1 within 30". The PoBe and PoB spec t r a  

were measured with t h e  instrument usi.ng xenon i n  the  chamber. The 

r e so lu t ion  of t h e  spec t r a  obtained vas low due t o  nonuniform pulse 

he ight  respomc of t he  C s I  c r y s t a l  sec t ions  and excessive gama-r&y 

response even .t'nough an anthracene proton r a d i a t o r  was used i n  a 

coincidence scheme designed t o  minimize gamma-ray background. The 

instrument d i d .  no t  exh ib i t  the  added e f f i c i ency  which w a s  being sought 

i n  the design. The neeessi-Ly of s ing le  charinel operati-on f u r t h e r  

1 . t m i t s  i t s  usefulness.  
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I. INTRODUCTION 

%ne two major problems i n  neutron spectroscopy a r e  the detect ion 

of Lhe neutron and measurements of i t s  energy. Many d i f f e ren t  neutron 

spectrometers ha-ve been designed, most of which may be placed in to  one 

of four  general  g o u p s  : 

2) s c i n t i l l a t i o n  neutron spectrometers; 

spectrometers, and 4) proton r e c o i l  neutron spectrometers. 

1) vel-ocity se l ec t ion  neutron spectrometers; 

3) nuclear reac t ion  neuixon 

Because neutrons cause essential . ly no d i r e c t  ionizat ion,  t'ney must 

be detected by observing Some ionizing p a r t i c l e  resu . l t ing  from a 

reac t ion  with tlie neutron. Wj.th the  exception of the ve loc i ty  se l ec to r s ,  

neu-tron spectrometers d i f f e r  mainly i n  the reac-Lion used t o  produce a 

charged p a r t i c l e .  Proton r e c o i l  neutron spectrometers u t i l i z e  the  

e l a s t i c  co l l i s l .on  between the  inc ident  neutron arid a proton i n  some 

hydrogenous mater ta l .  

and easy t o  dekeet. 

The r e s u l t i n g  r e c o i l  proton i s  heavi ly  ionizing 

A simple proton recoil .  neutron spectrometer cons i s t s  of a ga~seous, 

l i qu id ,  or so1i.d proton radi-ator and a counter to detec t  the  r e c o i l  

proton and measixe i t s  energy. Pie energy of ,the r e c o i l  proton is  

r e l a t e d  t o  t'ne energy of the incident  neutron by Yne square of the 

cosine of  t he  angle between t h e  d i r ec t ion  of . t rave l  of the  incident  

neutron and the  d i r ec t ion  of t r a v e l  of the  r e c o i l  proton. To obtain an 
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unambigy.ous r e l a t ionsh ip  between proton energy and neutron energy the  

incident  neutron bcaiii has t o  be coll imated, and t h e  counter must be 

designed t o  rne3.s~n-e tiie protons given off in Some known d i rec t ion .  

Because the  energy r e l a t ionsh ip  depeds iipon the  cosine of t he  

angle, it i s  general ly  bes t  t o  study only those protons corning fyom the  

r ad ia to r  w i t h  'che same d i rec t ion  of travel.  as the incideiit iieutrons for 

thcy have the same energy as the  incid.ent neutron. 

Most sources of neutrons have la rge  amount,s of associabed gamma- 

rays s o  t'nat the  simple spect:cometer described would have a higher 

garma-:cay count than proton count due -to the r e l a t i v e l y  s m a l l -  cross 

sec t ion  f o r  tiie proton r e c o i l  reaction. The most successfil l  means of 

overcoming 'ihe d i f f i c u l t i e s  of a high gamma-ray backgro1xi.d is  by the  

addi-tion of coincidence techniques t o  the  simple spectrometer. 

The flirs-t pro ton  r e c o i l  neutron spectrometers developed were used 

i n  s tud ies  made i.ndcpendent1.y by- Watt' and 1 I i l l 2  o f  the  neutron spectrum 

from the  f i s s i o n  of U . They obtained their filial results by d7.f - 

f e r e n t i a t i n g  t h e  curve o f  coj.ncidence count versus absorber thi.ckness 

produced when absorbers of varying thickxess were placed be-tween the  

235 

.___. 

Watt, R. E . ,  Phys. Rev. 81, 1037 ( lgS2) .  
H i l l ,  D. I,., Phys. Rev. 87, 1034 (1952). 

-L 
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prot,on racliator and a bank of proport ional  counters operating i n  coin-  

cidence. 

absorbers of varying thickness were pl-aced between t'ne r ad ia to r  and 

three  proport ional  counters operating i n  coincidence. To k s u r e  

max imurn  e f f ic iency  they a l so  used rad ia tors  of varying thickness.  The 

b i a s  of the counters was s e t  t o  count only the  protons whose range ended 

i n  -the f i n a l  count;er; %hus the  spectrometer responded t o  a l imi ted  

energy region f o r  each r ad ia to r  -absorber combiination. Cochran and 

Henry placed. the radiator-absorber combinations on a wheel so  t h a t  

they could be changed e a s i l y  wheii a wide range of energies 'c.7a.s t o  be 

studied.  Absorber -type spectrome-ters have low ef f ic iency  because they 

a re  eif;her integral-  b ias  o r  s ing le  channel u n i t s .  In addition, it is  

possible  f o r  them t o  have large e r ro r s  due -Lo large angle multiple 

s c a t k r i n g  wtthiiz t'ne absorber .) 

Cochrai and Henry3 a t  ORNL b u i l t  a more advanced mi-t i n  which 

lrne next proton r e c o i l  spectrometers devel-oped determined the  

en .e rgy  of  the  r e c o i l  proton f rofa  the  spec i f i c  ionizat ion o r  from the  

range of the  proton, which allowed multichannel operation wi.t'nin a 

4 limited range of energies.  Reid construebed a spectrometer wliich 

measured the energy loss  of a pro-ton as it traversed a t r i p l e  coin-  

cidence counter. To increase -the energy 

absorber w a s  placed between the r ad ia to r  

loss a t  high energies a.n 

and the  counter. T h i s  

Cochran, R .  G . ,  xnd Henry, K. M., Rev. 

R e i d ,  C .  C . ,  Proc. Phys. SOC. (Loadon) 4 
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l imi ted  the range of t he  u n i t  by introducing a low-energy cu t -of f .  

Such a l imi t a t ion  w a s  no t  t oo  ser ious as  -the m.axi.mucm e f f i c i ency  o€ the 

r a d i a t o r  covered a l imi ted  range a l so .  Holt and Li ther land at, Liver- 

pool. ?milt, a spectrometer which measired the  range of the  r e c o i l  proton 

i n  argon by determining the time required. for the  proton t o  cross  the 

chamber t o  a col. lector p l a t e .  To scan the energy region o f  5 to 25 

Mev, pressures  up t o  h00 p s i  were required.  

w a s  qu i te  slow, due t o  t'he long electro-fi t r a n s i t  t i m e ,  it did have good 

reso lu t ion .  

5 

Although t h i s  instrumen-t 

Most niul-tichannel spectrometers u t i l i z e  a coincidence circui-i; 

which gates  an analyzer t o  accept the pulse  from a de tec tor  which i s  

designed t o  absorb the  e n t i r e  energy of the rtic0j.l proton. Except for 

rflinor energy losses  i n  the  coincidence counters  the  amplitude o f  t h i s  

pulse  is direcLly rela'ied t o  the  energy of t he  p r o t m .  'BE first 

6 spectrometers of t h i s  type used gas counters.  Nereson and Darden used 

a double coincidence u n i t  i.n which a t h i n  f i r s t  counter was s e t  t o  

operate the  gate  s o  t h a t  the  analyzei- would see t'ne pul.se produced i n  

a long Frisch g r i d  chamber. A t h i r d  counter w a s  s e t  i n  anticoincidence 

a f te r  t'ne Fri.sch chamber s o  tha-t only protons whose range ended. i n  the 

long counter would be measured. The di.ffi.culties caused by 'irying t o  

' Holt, J. X. ,  and Litherland, A.  E . ,  Rev. S e i .  I n s t r .  23, 298 (2.954). 
6 

- 
Nereson, N . ,  a d  Darder, S., Phys. .Rev. 89, 775 (1-953). - 
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construct, two simi1.ar counters of considerably d i f f e ren t  s i z e  was over- 

come by the  Lntroduction of a s o l i d  s c i n t i l l a t o r  as the final detector .  

This w a s  done simultaneously, around 1954, i n  t h r e e  d i f f e r e n t  l.abora- 

t o r i e s  7 -9 

A different;  type of proton r e c o i l  spectrometer i s  one i n  which 

one of the counters i s  the  proton r ad ia to r .  A spectrometer using the  

gas of the  f i rs t  counter as the  r ad ia to r  was introduced by Schmidt- 

Rohr’’ who used hydrogen, and l a t e r  developed ’uy Perlow” Tirho used 

1.2 methane. Mozely and Shoemaker introduced a counter wllich u t i l i z e d  

one an-Lhracene c r y s t a l  as the rad . ia tor  and another anthracene c r y s t a l  

a s  t he  f i n a l  comites. By using si.mi1a.r r ad ia to r  and detector  c rys t a l s  

it w a s  f a i r l y  easy t o  obtain the  energy of the  proton by summing the 

pulses el-ectronical ly .  

u r n i t  which u t i l i z e d  an anthracene r ad ia to r  and a NaI (TI) det,> Letor  

c r y s t a l .  The pulse energj-es had t o  be added by hxnd, bu t  t he  mit 

benefi ted by the grea te r  l igl i t  ou-kput and b e t t e r  reso lu t ion  of ’‘he NaI 

Calvert ,  .Jaffe and MaslinI3 bui.1.t 8 siiii.l.ar 

8 

9 

10 

11 

12 

13 

Ribe, F. L.,  and Seagave ,  J. D., Phys. Rev. 94, - 931+ (195b). 
Johnson, C . W., m d  Tratl,  C . C . , Rev. Sei .  I n s t r .  2‘7, - 468 (1956). 
Risser,  J. R., Pr ice ,  J., and Class, C .  M., Phys. Rev. 98, I_) 1183-A 

Sc’midt -Bohr, U., 2. Naturforscli. 8a, - )+TO (1953) . 
Perlow, G. J., Rev. Se i .  I n s t r .  27, - 460 (1956). 
Mozely, R.  F., and Snoeraaker, F. C . ,  Rev. Sci.. I n s t r .  a 569 (1932) e 
Calvert ,  J. M., Saffe ,  A .  A., and blaslin, E. E. ,  Proc. Pliys. Soc. 

(1955) 

(London) A-68, 1017 (1933). 



c r y s t a l .  These t h i c k  r ad ia to r  spectrometers have hi&er e f f i c i ency  

than thin r ad ia to r  spectrometers although how much higher canno'c be 

exac t ly  mea.su_red due t o  the e f f ec t  o f  t he  mult iple  s c a t t e r i n g  o-f the  

proton before it leaves the  r ad ia to r .  

Tile ii?ajar disadvantage of a l l  t he  spectrometers descri.bed i s  the  

necess i ty  of u t i l i z i n g  the proton r e c o i l s  i n  only a small region around 

some p a r t i c u l a r  ang1.e i n  order t o  co r re l a t e  the  e n e r a  of the  protons 

w i t h  the  energy of the  iQci.den-t muti 'ons.  This reduces the  o v e r a l l  

e f f i c i ency  of ' h e  spectrometer by l imi t ing  the  number of proton 

r e c o i l s  which can be s tudied.  

The a h  of the  present  study has been t o  d.esi.gn and cons t ruc t  a 

proton recoi l .  fast  neutron spectrometer to overcome t h i s  l imi t a t ion .  

The cosine-cubed fas t  neutron spec'morne-ter uses a Eiin c r y s t a l  de tec tor  

b u i l t  t o  u t i l i z e  the  recoi.1. protons which come from the r a d i a t o r  i n  a 

la rge  s o l i d  angle. The spectrometer measures the  energy o f  t he  protoris 

from t h e i r  range which i s  determined by varying the  gas pressure within 

the chamber of the  spectrometer. 

Studi.es have a l s o  been made using a th i ck  anthracene scinti.3.lator 

as the proton r ad ia to r  i n  which the  pulse  caused by a r e c o i l  proton i n  

the  r a d i a t o r  i s  used t o  provide the  gate  s imal  t o  a coincidence c i r -  

cui-t designed t o  overcome gamma-ray background d i f f i cu - l t i e s  . 



11. THEDRY 

The uniqueness of the cosine-cubed neutron spectrometer l i e s  i n  

the  shape of t he  c r y s t a l  used t o  de tec t  the  r e c o i l  protons.  Tlis 

c r y s t a l  i s  i n  the  shape of the sur face  formed by the  revolut ion of the  

3 curve y = cos 0 about the  0 = 0' a x i s .  

upon the  range-energy r e l a t ionsh ip  of protons i n  a gas and upon the  

This configurat ion is  based 

mechanics of the  proton r e c o i l  neutron reac t ion .  

The e l a s t i c  c o l l i s i o n  betveen a neutron and a proton is  mechanically 

similar t o  t h e  c o l l i s i o n  of t w o  b i l l i a r d  balls and may be t r e a t e d  fo r  

n o n - r e l a t i v i s t i c  neutrons with simple Newtonian mechanics e The reac t ion  

may be shown diagrarnatically i n  the laboratory frame of reference as: 

where N i s  the neutron, and P is the  proton. Znne momentum of the  neu- 

t ron  p r i o r  t o  the c o l l i s i o n  is (mv) while i t s  momentum a.fter t he  c o l -  

l i s i o n  is  shown as (mv2). 

reac t ion ,  when it i s  assumed a t  r e s t ,  i s  zero.  After  the c o l l i s i o n ,  

the proton has gained t h e  lnomeiitum (m v ) .  The angle 8 i s  the  angle 

between the  d i r ec t ion  of t r a v e l  of the  inc ident  neutron and the  d i r ec -  

t i o n  of t r a v e l  of t he  r e c o i l  proton. 

T l x  momentm of the  proton before the  

1 1  

Simi la r i ly ,  $ is the angle between 

7 



t he  d i rec t ions  of t r a v e l  of iiie neutron beyore and after t he  c o l l i s i o n .  

For an e l a s t i c  c o l l i s i o n ,  conservation o f  k ine t i c  energy and conserva- 

t i o n  of momentum can be expressed by the equations: 

(1-1 mv = m v cos 6 + mv c o s  JI 1 1. 2 

0 = m v sin 8 -1- mv s i n  $ ( 2 )  1 1  2 

From these equations the  vel-ocity of  the recoil proton w i t h  respec t  t o  

the  ve loc i ty  of t he  incident  neutron is foimd t o  be 

a m  cos 0 1 := (mt- v (4) 

From Equation (4), t he  dependence o f  t he  energy of tile proton (E ) 

r e c o i l i n g  a t  any angle 8 on tile energy of the iiicident neutron (E ) i.s: 

8 

0 

2 4m m 1 cos e E . - 

2 0 % - (111 -t m) 1 
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If the proton and neutron ,we assumed t o  have equal m a s s ,  

Equation ( 5 )  becomes : 

2 .  se = cos e s 
0 

From the  r e c o i l  reac t ion  i n  the center  of inass system, 

it is  possible t o  derive an expression f o r  t'ne angular d i s t r thu t ion  of 

t'ne r e c o i l  pr0ton.s.  Here 0 ind ica tes  the  same angle as previously, 

while 4 i s  the  angle by which the  incident, neutron and r e c o i l  proton 

a r e  def lected i n  t h e  center  of mass system. The number of r eco i l s  

projected between the  angles 0 and 8 + [IO i n  the  laboratory system by 

N incident  neutrons i s  dN and the  number of s ca t t e r ing  protons per  

u n i t  a r ea  i s  7 .  The d i f f e r e n t i a l  c ros s  sec t ion  for the  reac t ion  per 

u n i t  s o l i d  angle i n  the  center  of mass system may be denoted by (r ( 4 ) .  

Tine r e l a t i o n  between these quan t i t i e s  is: 

0 

C 

For e l a s t i c ,  non- re l a t iv i s t i c  react ions such as those under considera- 

t ion :  
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s o  t h a t  

s i n  Q, = s i n  2e . 
For t h t s  case Equation (7) becomes: 

(93 

and t'ne t o t a l  number of  proton r e c o i l s  def lec ted  between 0 and 8 degrees 

is  given by the in tegra ted  expr2ssion: 

This equation 1.ndi.cates t he  advantage of having a detecbor  which would 

u t i l i z e  the  protons sca t t e red  wi.thin a la rge  angle t o  the  forward d i r ec -  

t ion .  

To maintain energy cor re l a t ion  between incident  neutrons and 

r e c o i l  protons the  proton de tec tor  i n  t h e  cosi.ne -cubed neuLrol.1 spec t ro-  

meter i s  shaped t o  f i t  the range envelope of the  r e c o i l  prol~ons.  When 

t h i s  is done, neutrons of a given energy will produce r e c o i l  protons 

which, for a p a r t i c u l a r  gas pi-esswre within the spectrometer chamber, 

wj.11. j u s t  reach t'ne de tec tor  regardless  of t h e i r  r e c o i l  angle.  
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I n  general, the  range of a proton i n  a gas can be expressed as a 

funct ion of the  proton energy by the  r e l a t ion :  

i n  which R is  the  range of t he  proton, k i s  a constant whose value de- 

pends upon the  gas and the uni.ts i n  which pressure, energy and range 

a re  expressed, the  value of n depends upon the gas and upon the  energy 

of  -the proton, E, and P is  t’ne pressure of t he  gas. If one follows the  

arguments of H u r s t ,  e t .  al.’”, an expression f o r  the  range of the  r e c o i l  

proton as a function of the energy of the  incident  neutron may be 

found by subs t i t u t ing  the expresston f o r  the r e c o i l  proton energy 

(Equation 6) i n t o  Equation (12).  

e quat Ton : 

Such a subs t i t u t ion  r e s u l t s  i n  the  

n 2n k Eo cos 0 
R =  

P 

The exact value of n may be found by the  appl icat ion of Geiger’s Law 

t o  the  range-energy re la t ionships  f o r  protons i n  gases calculated by 

Hirschfeider and Magee15 whose work i s  an extension of Bethe’s’’‘ work 

on stopping powers. 

H u r s t ,  G. S., e t  al., ORNL-2049, Oak Ridge National Laboratory, Oak 14 
Ridge, Tennessee, (1956) p. >“. ’’ Birschfclder,  J. O.,  and Magee, J. L., Phys. Rev. 73 -7 20‘( (1948). 

Bethc, €I., HANUBEI1 DER PHYSIK (Springer-Verlag, Berlin,  1933) 16 
Volume 24-, Par t  I, page 521. 
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I n  Bethe’s semi-empirical. method of determing the  range, the 

e f f e c t i v e  ionizat,ion p o t e n t i a l  for the  e lec t rons  i n  the ouLemost s h e l l  

is adjusted t o  f i t  an experimental value of alpha p a r t i c l e  range while 

t h e  remainder of -the constants  i n  the  func t iona l  equxtions a re  dete-mij.ned 

from t h e o r e t t c a l  considerat ions.  Tine r e s u l t i n g  form of Lhe range -energy 

re la t ionships  i s  va l id  f o r  proton energies g rea t e r  than 0 . 1  Mev.” 

For protons,  the  equation: 

represents  t h e  change i n  energy, E(Mev) , with r e s i d u a l  range, R(cm)  . 
Here M/m is  the  r a - t i o  of the mass of the proton t o  the mass of the e l ec -  

t ron,  e i s  the e l ec t ron ic  charge, and N i s  the number of atoms per  cubblc 

centimeter a The dimensionless quant i ty  B i s  the  stopping number which 

i s  c lose ly  r e l a t e d  t o  the  atomic stopping cross sec t ion  CT (e lec t ron  

v o l t s  c m  ): 2 

B 
0 X 1015 = 0.3292 

i n  which CJ is  defi-ned s o  t h a t  



The range of a proton in a substance may be ca lcu la ted  by the numerical 

i n t zg ra t ion  of 

0 

where 

- 39.25 - - _3_- 

15 a x 1 0  

A t  low energies the range i s  roughly proport ional  t o  El/=! but  the  expo- 

nent increases  with energy u n t i l  a t  high proton energies:  

k E  3/2 
R =  

P 

That is ,  n approximates 3/2 f o r  proton energies g rea t e r  t h m  300 Kev. 

When t h i s  value of n i s  used i n  Equation (13) the ra lat ior iship 

between r e c o i l  proton range and incident  neutron energy becomes: 

U R =  
P 

Therefore, for a given neutron energy E 

P, the range envelope of the  r e c o i l  protons is  the  sinface formed by 

r o t a t i n g  a cos 9 c u r v e  about t he  0 = 0 axis, provided the  e n e r a  of the 

inciden-t neutron is s u f f i c i e n t l y  high s o  t h a t  n = 3/2 for the  r e c o i l  

protoris. 

and with a given gas pressure 
0 

3 



17 Thp range -energy r e l a t ionsh ip  derived by Hirschfelder  and Magee 

i s  a funct ion of the  atomic stopping cross  sec t ion  0, which is  dependent 

upon the  atomic number of the  absorbing mater ia l ,  s o  t h a t  n approaches 

the  value 3 /2  a t  a lower energy for an absorbing gas with a high Z. 

Tne gas used, xenon, has a r e l a t i v e l y  high Z, s o  t he  value oL" n i s  very 

c lose  to 312 foi" proton energies as low as 500 Kev. The cos 8 shaped 

c r y s t a l  of  'die instrument had a m a x i m u m  8 of 30" so  t h a t  t he  inc ideni  

neutrons had t o  have an energy of approximately 617 Kev t o  insili-e t h a t  

a l l  tine r e c o i l  proLons would have s u f f i c i e n t  energy t o  sa'iisfy the 

requirement t i iat  n = 3/2.  

3 

l7 Hirschfelder,  J. O . ,  and Magee, J. L., op. c i t .  



A .  The Basic Cosine-Cubed Neutron Spectrometer 

Figure (1) is  a drawing of the  cosine-cubed neutron spec-Lrometer 

as i t  was o r i g i n a l l y  desi<;ned. ?"ne items are numbered t o  aid i n  the  

explanation of the  construct ion.  

Bas ica l ly  the  spectrometer cons i s t s  of a mild s t e e l  cyZind.er with 

provisions for mounting the  proton r ad ia to r  arid the  cos3 crysta.1.. 

device was designed t o  util-j.ze the  protons r eco i l ing  at angles up t o  

8 := 30" f o r  which the  r e s u l t i n g  c r y s t a l  was c lose  t o  the  maximum s i z e  

t h a t  could be used w i t h  a single photo-mu.ltiplier tube.  An auxi l la ry ,  

thin-walled, mild s-tee1 tube is added t o  enclose and act as a magnetic 

s h i e l d  for the  photo-multiplier tube. 

Tne 

The tube (1) enter ing  the  base of the  chamber is Lhe gas inlet , .  

A removable plug (2)  was deslgned t o  hold .the proton r a d i a t o r  and was 

provided with means of holding a col l imator  ( 5 )  for t he  protons. 

lengths of col l imators ,  as indicated by (?), (6), and (7), 1,7ere 

constructed t o  provide varying amounts of col l imat ion.  

i s  made of m i l d  s t e e l  and has an outside diameter of roughly f i v e  and 

one -quarter inches and 3;n ins ide  diameter of four inches.  

Three 

The chamber (4) 

The sc in t i l - l a t ion  c r y s t a l  (8) i s  made of s ix teen  pieces  of ~/16'' 

t h i c k  cesium iodri.de pieced together  i n  the  shape of the surface of a 



16 

. 
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cos3 curve of  revolution. 

(10) wh-ich is held i n  the  chamber by a r e t a i n e r  r i n g  (11). 

sea l s  ( 3  and 3) a re  used t o  provide a pressure-vacuum seal f o r  the  

chamber. 

The c r y s t a l  i s  mounted on a 1-ucite l i g h t  pipe 

"0" r i n g  

The photo-multiplier tube (12) i s  a f ive- inch Dumont, 6364 which is  

held against  the  l u c i t e  l i g h t  pipe by a. spring-loaded socket assembly. 

The socket assembly fas tens  t o  -?;he mild s t e e l  tube with s e t  screws. Tne  

only e lec t ronics  contained within the  uni t  i s  the  divider  network f o r  

the  photo-multiplier tube.  The high voltage and s igna l  terminals are  

type BNC-1pc: no. 27,000, and a re  fastened t o  t he  end cover which is 

held i n  place by a f r i c t i o n  f i t .  A l i g h t - t i g h t  seal. i s  assured by 

app1.ication of opaque tape around the junction of the mild s t e e l  tube 

and the  chamber and over the  end cover j o i n t .  

S c i n t i l l a t i o n s  from the  c r y s t a l  a r e  t ransmit ted tkwgb the l u c i t e  

l i g h t  pipe t o  the photo-multiplier tube. An o p t i c a l  coupling i s  main- 

ta ined between the  l i g h t  pipe and the  photo-tube by using a c l e a r  

s i l i c o n  f l u i d  Dow-Corning 200, a t  the  in t e r f ace .  Fluid with 500,000 

cent is toke viscosity was used i n  the  exploratory s tages  of the  work 

and 1,000,000 cent is toke f l u i d  was used i n  obtaining s p e c t r a l  data .  

The cosine -cubed neutron spectrometer measures neutron energy by 

measuring the  range of the r e c o i l  protom produced by e l a s t i c  co l l i s ions  

of the neutrons with the  hydrogen atom nucle i  of a hydrogenous r ad ia to r .  

, 
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The spectrometer i s  designed s o  t h a t  the  a c t u a l  range used remains 

constant  while t h e  srnolliit of absorber between the  proton r ad ia to r  

and the  de tec tor  c r y s t a l  i s  changed by changing the  pressure of the 

gas i n  'il~c. chamber. If the  proton j u s t  reaches the  c r y s t a l  and pro- 

duces only a s m a l l -  pulse ,  the distance .From r a d i a t o r  t o  c r y s t a l  approxi-- 

mates the  range for protons of 'that energy. Protons of lower energy 

wil.1. lack the  necessary energy t o  penetrate  Lhe gas and w i L I  not  reach 

the  c r y s t a l .  A pro-i;on of higher energy w i l l  produce a l a rge r  pulse  

than t h a t  caused by the  proton which j u s t  reaches the  c r y s t a l ,  so  t h a t  

t h e  pulse can be Te jec ted  e l ec t ron ica l ly  by a s ing le  -channel d i f fe ren t ia l .  

pulse  height  analyzer se t  s o  t h a t  only the  smal-lest pulses detectab1.e 

above noise  are r eg i s t e red .  In a c t u a l  p rac t i ce  a proton cannot be 

exac t ly  a t  the  end oP i t s  range when it s t r i k e s  the  c r y s t a l  or it 

wou1.d not  prodince a pulse  i n  the  c r y s t a l  large enough t o  overcome the 

noise o f  the e lec t ronics .  Some correctrion -to the apparent energy must 

be i n  any spectrim t o  compensate for tiiis. 

The e1ectroni.c equipment used w a s  sti-ai-gbt forward and a l l  of the  

iterris used. were r e a d i l y  ava i lab le .  The Dumont 6364, f ive- inch photo- 

mul.ti-pl.-i.er tube  w a s  set up with a ai-vider network whose t o t a l  res i s tance  

w a s  near 5 megohms. The voltage applied across the  divider  was approxi- 

rnateZ.y 1.,3LO v o l t s  which was supplied by an ORNL super-s table  high 

vol tage power suppl..ji-. Tne output from the  photo-multiplier is  f e d  

i n t o  a staridard AlA pre-amplifier which i.n t,uI"n feeds a s tandard AI. 

. 



l i n e a r  amplif ier .  The output from the  l i n e a r  amplif ier  i s  fed t o  a d i f -  

f e r e n t i a l  pulse lielgnt analyzer.  The signal from the  analyzer  was then 

fed  i n t o  a standard binary s c a l e r .  

as  a block diagram i n  Figure (2). 

This set-up i s  shown diagra;matically 

The gas system is  qui te  simple and cons is t s  of a manl.foSd w i t h  the  

necessary connections for the  spectrometer chamber, the d i f f e r e n t i a l  

pressure gauge and the vacuum pump. Connections were provided so  t h a t  

two gas cyl inders  could be used simultaneously. A valve was i n s t a l l e d  

so t h a t  the  device could be vented. t o  t he  atmosphere when desired.  A 

diagram of the  system is presented as Figure (3).  

The d i f f e r e n t i a l  pressure gauge has a connection t o  t'ne case o r  

outs ide chamber and another t o  a smaller, sens i t i ve  volume. The gauge 

reads 1 3  c m  of H g  with the case pressure as the  reference.  

RlYnough three  d i f f e ren t  gases, nitrogen, argon, xenon, were 

used i n  the  chmber  during t he  c o ~ l r s e  of t he  experiment, only tim con- 

nections were provided f o r  gas cyl inders  because no more them two gases 

were used a t  an.y one time. 

When the spectrometer was t o  be used, the  cyl inder  Val-ves and the  

valve t o  -the atmosphere were closed 'and the  reLgulators and valves t o  the 

cyl inders ,  the  chamber valve, both gauge val.ves and .the valve t o  the  

vacuum pump were opened. %nen the  system vas pumped down over night,. 

To put the  spectrometer i n  use, t he  valves t o  the  gas cylinders,  the  

vacuun pump and the  case s ide  of  the  gauge were closed. 'Bien the proper 
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gas cy l inder  was opened., and the amount of gas necessary t o  produce 

the  des i red  pressure i n  the  chamber w a s  put i n t o  the  system. 

I n  the  preliminary s tudies ,  when ni t rogen or  argon vas used a.s :,he 

gas i n  the chamber, no attempt was made to  save the  gas, and. when the  

study was completed the  gas was vented t o  -the atmosphere. Recovery 

w a s  made o f  the  desi.@ gas, xenon, due t o  the d i f f i c u l t y  of obtaining 

pure xenon. A simple means of recovering the gas w a s  u-sed which con- 

s i s t e d  of p lac ing  the  small xenon cy l inder  i n  a ba th  of 1iquf.d ni t rogen 

when recovery w a s  desired.  Tlie temperature of the  l i q u i d  ni-trogen >7as 

l o w  enough t o  condense the  xenon remaining i n  Lhe cyl inder ,  which r e -  

duced the  pressure i.n the cyl inder  so  t h a t  the remainder of the gas i n  

the  system wa.s drawn back in to  the  cy l inder .  This system could not  

r e s u l t  i n  pe r fec t  recovery, but  i f  a lone enough condensing perrod w a s  

used only a small porti-on o f  the xenon w a s  l e f t  i n  the  sys.tern. This 

method worked very wel l  i n  a c t u a l  p rac t i ce .  

It w a s  found by a l t e r n a t e l y  using lead o r  pa ra f f in  sh ie ld ing  t h a t  

t he  sLrflp1.e spectrometer t h a t  h a s  been described here d id  not  possess 

s u f f i c i e n t  neutron-to-gamma r a y  d i sc r i a ina t ion  s o  t h a t  coincidence 

techniques were necessary t o  reduce the  gamma-ray background before 

neutron spec t ra  could be observed. 



23 

B. The Cosine-Cubed Neutron Spectrometer with Coincidence Added 

The only change which had t o  be made on the  basic cosine-cubed 

neutron spectrometer t o  use coincidence techniques involved replac i.ng 

the  plug designed to hold the proton r ad ia to r  and collirnator with a 

plug designed t o  hold a photo-multiplier tube <and a d i f f e ren t  pro-Lon 

r ad ia to r .  

coinci.d.ence couating. Two new end plugs were fabricated--one to 

accornodat,e a 3/4" tube, t he  other d e s i p e d  f o r  a 1-1./4" tube.  

Figure (4) shows the  design of (;he end plug used f o r  

An anthracene s c i n t i l l a t i o n  c r y s t a l  w a s  used as t he  proton 

r ad ia to r  with t h i s  arrangement s o  t h a t  t he  r e c o i l  proton would produce 

a pulse as it ].eft t h e  r ad ia to r .  Zke e lec t ronic  equipment used with the  

spectrometer were then rev ised  t o  require  a coincidence between the 

pulse i n  the  anthracene c r y s t a l  and the  cesium iodide crystal .  before a 

count would be reg is te red .  %ne proton could s a t i s f y  t h i s  condition 

with higher e f f i c i ency  than a gamma ray, which would not  general ly  

cause a s c i n t i l l a t i o n  i n  both c r y s t a l s .  

An anthracene c rys t a l ,  1/8" t h i ck  by 1" i n  diameter, w a s  mounted 

t o  the  surface of a Dwnont 6467, 1-1/4" photo-multiplier tube with 

s i l i cone  stop-cock grease. The krease was s t i f f  enough t o  hold the 

c r y s t a l  i n  place during handling and as the  spectrometer was used i n  

an upright pos i t ion  no d i f f i c u l t i e s  were encountered due to the  anthra-  

cene c r y s t a l  s l ipp ing  off the photo-mul-Liplier tube. 

tube was wrapped i n  opaque -tape t o  prevent unwanted l i g h t  from s t r i k h g  

Tlie photo -multir,lier 
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the cathode. The r a the r  la rge  diameter of the proton radia-tor would, 

of course, decrease the reso lu t ion  of the spectrometer. The 3/4" photo- 

multiiplier tube used with a l/2" diameter c r y s t a l  was planned t o  irriprove 

the  s i t u a t i o n .  

A brace w a s  designed which €astened. the  photo-tube holder t o  the 

pho-to-tube socket t o  prevent the  photo-tube from being blown out of the 

holder when the  gas pressme i n  the  chamber w a s  increased above atmos- 

pheric pressure.  

There a re  severa l  f ac to r s  which must be taken in to  account when 

the s c i n t i l l a t o r  c r y s t a l  i s  t o  be used as the  proton r ad ia to r .  The 

primary problem i s  t h a t  of placing the  r ad ia t ing  surface at  the  apex of 

the  cosine -cubed curve accurately.  Any inaccuracy i n  t h i s  s e t t i n g  w i l l  

cause a decrease i n  the reso lu t ion  of tile spectrometer. For p r a c t i c a l  

use a posi t ioning device is  necessary. I n  these s tud ies  it w a s  f e l t  

t h a t  i n  comparison with other  possible  e r rors ,  the reso lu t ion  e r ro r s  

due t o  the inexact placing of the  proton r ad ia to r  would not contr ibute  

s i g n i f i c a n t l y  Lo t he  l o s s  i n  o v e r a l l  reso lu t ion .  

While 'Lhe meclianical changes necessary i n  the cosine -cubed co inc i -  

dence spectrometer were qui te  simple, the  changes made necessary a 

considerably more complicated e lec t ronic  system. 

block diagram of the e lec t ronic  system used. 

Figure ( 5 )  is  a 
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The 1-1/4" photo-multiplier -Lube had a 3 Megohm div ider  network 

similar t o  t h a t  used with the  5" photo-tube. 

each tube was provided from separate  ORNL super stable high voltage 

power supplies. 

The 1310 v o l t  supply for 

The output from the  small pho-to-multiplier tube fed  a standard 

ALA pre-amplifier which i n  turn  f ed  a standard A1 l i n e a r  amplifier. A s  

with the  c i r c u i t  used for the  l a r g e r  photo-multiplier tube, the d i s c r i -  

minator i n  -tile amplif ier  w a s  not used.; instead,  t he  amplif ier  output 

w a s  fed i n t o  a s ing le  channel d i f f e r e n t i a l  pulse height, analyzer.  

outputs from the  s ing le  channel analyzers f ed  separate  standard sca le  

of 64- binary sca l e r s  used f o r  monitoring purposes. 

The 

Normally, i n  a r e c o i l  prot,on fast  neutron spectrometer, the th ick-  

ness of the  proton r ad ia to r  i s  of grea t  importance t o  the  e f f ic iency  

of t he  spectrometer. A -i;hin r ad ia to r  w i l l  not have many neutron-proton 

c o l l i s i o n s  within it, but any recoi l .  protons vhich are produced will lose  

only a small mount of energy escaping from the r ad ia to r .  

a t h i ck  r ad ia to r  w i l l  produce more r e c o i l  protons but  the energy 

reso lu t ion  of the  spectrometer w i l l  be poorer due t o  the energy l o s t  

by the  protons as they leave the  r ad ia to r .  In  t h i s  spectrometer, a 

th i ck  anthracene c r y s t a l  w a s  used. as the  proton r ad ia to r .  However, the 

s ing le  chanriel m-al.yzer for t he  anthracene c r y s t a l  w a s  s e t  so .th& only 

small pulses j u s t  a'oove noise would be seen. 'Phis guaranteed tha t  the  

coincidence gate  was open only when a proton l o s t  a small  mount of 

Conversely, 



energy i n  leaving the anthracene c r y s t a l  and produced a s m a l . 1  s c i n t i l -  

l a t i o n .  

crystal .  o r  t h a t  went through the  crystal .  with an angular pa th  w a s  

r e j e c t e d  e l ec t ron ica l ly .  A correc-Lion f o r  t he  amount of  energy l o s t  

by t h e  proton i n  leaving the  anthracene crystal-proton r ad ia to r  cou1.d 

be e a s i l y  made because any proton, regardless  of i t s  i n i t i a l  energy, had 

t o  lose  t'ne same amount of energy ia leavi.ng the  c r y s t a l  o r  it was not  

counted. The wri.ndow width, &, used on t'ni.s anal.yzer w a s  0.5 v t o  

i.nsure a small- energy 1.0~s in the r ad ia to r .  

Therefore, any proton that w a s  produced near t he  back of the 

The output pul-ses from the  s ing le  channel. d i f f e ren t i a l -  pulse  

height  analyzer used witln the  anthracene c r y s t a l  were f ed  i n t o  a var iab le  

delay l i n e .  

time of  t he  protons i n  the  chamber because the chanber wax s m a l l  enough 

s o  . that  t he  output pulses  of the  s ing le  chan-nel analyzers were longer 

.than the  -transit time. The delay l i n e  w a s  needed t o  compensate f o r  'ihe 

difference i n  decay time f o r  t he  organic a;nthracene c r y s t a l  and the  

non-organic C s I  c r y s t a l .  Eeca,u.se the  discr iminators  of the  si-ngle 

channel analyzers funct ion on tile back slope of  t he  amplified pulse,  

they  would f i r e  f i rs t  f o r  the  sho r t e r  pulse  from the anthracene c r y s t a l .  

Therefore, a s l i g h t  delay was needed t o  get; t he  analyzer pulses iato 

coincidence f o r  coincidence pulses .  

The delay l i n e  w a s  not  necessary t o  co r rec t  f o r  the  t r ans i - i  

The output of the  s ing le  channel analyzer i n  the  cosine-cubed 

c r y s t a l  chain and tile output of t he  delay l i n e  are fed in-to a co inc i -  

dence c i r c u i t  developed o r i g i n a l l y  by Marshall a t  the  I n s t i t u t e  of 



18 Nuclear Science of the  Universi-by of Chicago . The c i r u l t  u t i l i z e s  a 

6BNh gated beam tube a s  the  coincidence ga te .  The hBN6 has two con t ro l  

gr ids  so  tha'c :<hen both 8 r i d . s  are biased beyond cu tof f ,  p l a t e  cur ren t  

w i l l  flow only when both gr ids  receive a pos i t i ve  pulse a t  the  same 

time. The p l a t e  impedance i s  made high to lengthen output pulses t o  

about one micro-second. The c i r c u i t  should be cap&ble of a resolving 

tirue o r  3 x 10-l' sec,  however leakage of s i n g l e  e lec t rons  causes a 

skewed curve when the  outpiit voltage is  plotbed against  t he  delay 

between the  appl ied input pulses .  Marshall s t a t e d  t h a t  t he  pulse height 

d i s t r i b u t i o n  of t'ne source a f fec t ed  the  r e l a t i o n  between true coinc i - 
dence counts and the  resolving time. One hundred percent of the  pulses 

can be counted without counting any of the background if t he  input 

pulses  a r e  2 X lo-' sec .  

neutron spectrometer were 3 X lom7 see i n  duration but  were a l l  of 

unifnmn s i z e  because .they came from the  discr iminators  of s ing le  

channel pulse  height  analyzers.  

The pulses  encountered with the  cosine-cubed 

The output from t he  coincidence network w a s  f ed  i n t o  a glow t r a n s -  

f e r  .Lube, decade scaler- t imer .  The count of t h i s  scaler provided tine 

des ired information about the neutron spectrum being s tudied .  

Marshall, J., Nucleonics - 10, 38 (1952). 



The only unusual instrurneiit used f o r  the  coincidence set-up of  

the cosine -cii'oed neutron spectrometer was t he  coincidence c i r c u i t  

i t s e l f ,  which w a s  a very s i m p l e  c i r c u i t .  411 of 'die remaining 

components were r e a d i l y  ava i lab le  items which added t o  the s irnplic i t y  

of  the  construeti-on of the  spectrometer. 

All l lO-vol t ,  6 0 - C ~ C I . ~  power used i n  the  power suppl ies ,  

amplif iers ,  analyzers,  and. coincidence c i r c u i t  was  obtained from constant 

voltage transformers.  The power for tine s c a l e r s  w a s  takcn d i reckly  

from the  AC l i n e .  



IY. PRELIMTNMT. STUTIJES OF 'l2E CRYSTAL 

A. Re s o I-u.t ri on 

Each sec t ion  of the  mosaic C s l  cosine -cubed c r y s t a l  'was s tudied  

separa,tely to determine 1;he resoluti.on of the c r y s t a l .  The c r y s t a l  vas 

cumt ruc ted  of s ix t een  pieces  of 1/1-6" thick C s I  which m r e  arranged i n  

the p a t t e r n  shom i n  Pigiwe (6)? .where the  pro jec t ion  of the  crystal 

onto the plane of the photo-niu.l.t~.pLier tube ca'c'n0d.e is shown. For 

ident i f ica t i .on  purposes the  sect ions were numbered as on the diagram. 

Tc3e s ing le  sec t ion  i n  the  center  r i n g  idn.ose edges were completely within 

the  edges of an outer  s ec t ion  served as the reference poin t  i n  the n m -  

beri-n.g. 

A well-coll imated Pu239 alpha source was used t o  stur iy  the  resolu-  

ti.on. The alpha source xms i n  the shape of a small, t'nlin disc  1/8" in 

dicunetc3r w11.i.ch was moimted a t  the end of  a l u e i t e  rod 1" long and 7./2" 

in d.-iarne-ier. 

wYiLc11 served as t%le col l imator  fr3r the  alpha psr t , i c les .  

The r o d  had a l/8" hole d r i l l e d  lengthwise through it 

The col l imator  

mounted on xn.o'cher l u c i t e  rod long encugh t o  place the col l imator  as 

c lose  t o  the c r y s t a l  a.s possi-bl-e. The long rod was fastened t o  a 

special end p3.i~g. The col l imator  was connected t o  the s u ~ : ~ p o r t  rod 

wilih a connector wliich allowed t i l t i . n g  t h e  col l imator  at an aLigle wri.th 

the  center l i n e  of the  chamber s o  t h a t  the alpha source could be 

poi.nted a t  any one of  t he  c r y s t a l  sec t ions .  Figure ( ' 7 )  i s  a dr,.*-wi.ng 
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of t'ne spectrometer chamber with t he  col-limated alpha source i n  place 

and poin.l;ed a t  t he  center  r i n g  of c r y s t a l  sec t ions .  

'The e k c t r o n i c  equipment used for these experiments consis ted of a 

simple, siagle-channel,  d j - f f e ren t i a l  pulse height  analyzer.  A block 

diagram of t he  arrangement used is  shown i -n Figure (8) .  

The high-voltage supply w a s  operated a t  a set-Ling of  2050 v o l t s .  

The power supply had a b u i l t - i n  5 Megohm s e r i e s  resis'ioi- which formed 

8 voltage divider  with the  5 Megohm photo-multipl.ier tube divider  n e t -  

work so  t h a t  only half  of the  power supply voltage w a s  on t h e  tube.  A 

s tandard A l A  pre-amplif ier  was used t o  feed an Al. l i n e a r  amplifier whi.ch 

provided a signal. f o r  t he  d i f f e r e n t i a l  pulse hei.gbt analyzer.  The out-  

put of t he  analyzer w a s  fed  t o  a. standard sca l e  of 6J-L s c a l e r .  The high 

col l imat ion used r e su l t ed  i n  a 1-ow counting ra te  which made t en  mi.nute 

counting periods necessary t o  obtain one per  cent  s t a t i s t i c s .  

Typical. data obtained f o r  t he  energy peak of t he  coll imated alpha 

source a re  p l o t t e d  i n  Figu-re ( 9 ) .  

sec t ion  number 1 of the  c r y s t a l ,  the  I-arge cen-ier s ec t ton .  Similar  

plots were obtained f o r  each of t he  s ix teen  crys-La1 sec t ions .  

A s  i s  noted, these are the  data f o r  

From the p lo t t ed  data  i~i i s  possible  t o  ca lcu lh te  the  :ce:;olution 

of t he  crystal .  sec t ions  f o r  5 MeV alpha pa.r t ic les .  The method used f o r  

ca l cu la t ing  r e so lu t ion  ii? thi.s case was t o  divide t h e  width of the  peak 

a t  ha l f  height by the  pulse height  a t  the  peak. 
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A -tabulation of the resolut ions obtained by t h i s  method €or each 

of the  s ix teen  c r y s t a l  sect ions is given i.a Table I. The resolut ions 

obtained by t h i s  method far the  c r y s t a l  sect ions all range around 10%. 

The p r inc ipa l  reason f o r  the  f i n i t e  reso lu t ion  of a s c i n t i l l a t i o n  

detector  i s  t h e  s t a t i s t i . c a l  spread i n  the  number of photoelectrons 

produced i n  the  photocathode by s imi la r  incident  photons. The spread 

of the number of e lec t rons  produced, coupled with the  poorer s t a t i s t i c s  

of photon production f o r  low-energy p a r t i c l e s  i n  the  s c i n t i l l a t o r ,  

produced poorer reso lu t ion  Tor the  c r y s t a l  sect ions when the  spectro-  

meter 7*>7as i n  m e  than was obtained. with alpha p a r t i c l e s .  

In  operation there  i s  a loss  of  reso lu t ion  due .to sca t t e r ing  of 

t he  incoming neutrons arid sca- t te r ing  of t h e  protons wi.thi:n the  chamber. 

The protons a re  more ap t  t o  be sca t t e red  when high energy neutrons are 

being s tudied  and. higher pressures of xenon are  used i n  the chamber. 

The reso lu t ion  of t he  spectrometer i s  a l s o  impaired by other  more 

fundainental reasons. If the c rys t a l s  were not exac t ly  the  r i g h t  shape, 

i f  the  3/2 r e l a t i o n  between range and energy d id  no-L hold accurately,  

and. i I ^  the  separate  sect ions of tlne c r y s t a l  produce d-ifferent pulse 

heights  f o r  l identical  pax-ticLes, lower reso lu t ion  would be expected. 

B. Pulse Height Comparisons 

Bceause the  detector  c r y s t a l  i s  ac tua l ly  s ix teen  d i f f e ren t  crystals, 

any difference i n  the  pulse height response or the  e f f ic iency  of 1312 



TABLE I. Resolution of the Crystal. See-tions 
.._-. 

S e c t  ion % Resolu t ion  

1 

2 

3 

4 

T 

6 

7 

8 

9 

1.0 

11 

12 

1 3  

14 

15 

16 

10.5 

9.9 

3.3 

6.2 

3.8 

10.0 

8.1 

7.2 

8.7 

'1.4 

6.4 

-I  . 6 
6.8 

8.7 

6.6 

6.9 
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individual  sec t ions  would adversly a f f e c t  the  reso lu t ion  of the c r y s t a l  

as a whole. The pulse height response of the sect ions w a s  compared by 

recording the  locatj-on of PuP3' alpha peak on ,the pulse height s ca l e  of 

a d i f f e r e n t i a l  pulse height analyzer for each sect ion.  The ef f ic iency  

of -the c r y s t a l  sect ions w a s  measured by placing the same s o u x e ,  under 

s - i rn i l c tY .  conditions of dis tance an& gas pressme,  i n  f ron t  of each sec-  

t i o n  of the  c r y s t a l  and .  comparing the count r a t e s  obtained. With the  

well-collimated alpha source used, it w a s  possible  t o  check each c r y s t a l  

s ec t ion  f o r  pulse height  and count r a t e  a t  the  sane time. 

The data  used for t h i s  study of the  c r y s t a l  a r e  the  same as  t h a t  

used f o r  detenni.ning reso lu t ion .  Table I1 a l so  shows count r a t e  data  

obtained at  the  same t , i m e  f o r  each c r y s t a l  sec t ion .  Also given i n  the 

table  i s  the  angular pos:ition of each of the  c r y s t a l  sec t ions .  

Table I1 shows t h a t  there  i s  some co r re l a t ion  betlween angular 

pos i t ion  and c r y s t a l  response. In  other  words, one s ide  of l;he c r y s t a l  

does not respond as  wel l  as the other  s ide .  Attempts t o  cor rec t  t h i s  

were made, cons is t ing  c h i e f l y  of trying t o  improve the  o p t i c a l  contact 

between the  l u c i t e  l i g h t  pipe and t'ne photo-mult-iplier tube. Af-ter 

redoing the  optic.n.1. contact ,  a quick examination showed no change i n  

the  angular co r re l a t ion  of the differences i n  .the c r y s t a l .  mere fo re ,  

it was f e l t  t h a t  the  defects  must be e i t h e r  i n  the c r y s t a l ,  i.n the 

l i g h t  pipe, o r  in t he  contac-L between 'cine c r y s t a l  and the  l i g h t  pipe.  
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T'Al3LE 11. Pulse Height and Court  Rate D a t a  ~- l_____l____.._.. .._ __II_- 
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The d i f fe rences  i n  pulse height  contr ibuted t o  lowering the overall 

reso lu t ion  of t he  spectrometer.  Differences i n  e f f i c i ency  would not 

have as great an e f f e c t  upoil the  reso lu t ion  but  do e f f e c t  the e f f ic iency  

of the  spectrometer.  

. 



A. - Response of the  Basic Spectrometer Using Argon 

Although no r ea l  data were obtained using the  spectrometer wi'ihout 

t he  coincidence c i rcu i t , ,  some quick preliminary t e s t s  were made. These 

t e s t s  ind ica ted  that; it would be f u t i l e  'io try t o  ge t  any neutron da ta  

with t h e  simple spectrometer due to the  efficri.ency of t he  la rge  CsI 

c r y s t a l  for gamma rays .  

The spectrometer e lec t ronic  equipment w a s  adjusted with a narrow 

window set, j u s t  above noise  on the  d i f fe ren t i -a1  pulse  height  analyzer.  

The pressure w a s  var ied  by placing asgoa i n  b h e  chamber t o  a pressure 

of two atriiospheres and then let;-Ling the  gas sl.owI..y escape t o  the  

atmosphere. An autornati.c recording o f  t he  count ra te  w a s  taken on a 

Brown recorder a s  the  chamber p re s s i r e  was decreasing. The record of 

the  count r a t e  versus pressure curve thus obtained had no varia-Lions 

other  khan s t a t i s t i c a l  varialtions i n  the  count ra-Le. 

Lead and pa ra f f in  sh i e lds  were t r i e d .  The lead was used fLrst t o  

decrease the  g m a - r a y  background and a second quick run o€ the  spectrum 

was made. F ina l ly  a pa ra f f in  s h i e l d  was t r i e d  to see i f  any of the  

observed ac- t iv i ty  was due t o  neutrons.  No change i n  the count rake v3s 

observed . 

42 



Even -wit;'n a. t h i n  c r y s t a l ,  t he  spectrometer as o r ig ina l ly  designed, 

without a coincidence set-up, does not exclude the  gamma rays well  

enough for t he  neutron spectrum t o  be observed. It was for t h i s  reason 

t h a t  no attempts w e r e  made a t  obtaining da ta  with t h e  simple spectro-  

meter arid the  coincidence set-up was d e s i e e d  and. instal . led in the 

spectrometer. 

B. Response o f  the  Coincidence Spectrometer Usi .ng  Argon 

After  the coincFdence u n i t  had been in s t a l l ed ,  the  cos ine -cubed 

neutron spectrometer was operated f - i r s t  wi-Ui argon i n  the chamber. 

Argon was used i n  the  prelirninary t e s t s  because it was more aliundant 

than the  xenon f o r  which the  spectrometer had been designed. 

range-energy re la t ionship  i n  argon does not reach a 3/2 exponent until .  

the  proton energy i s  grea te r  than 3 Mev. This would a f f e c t  t he  resolu- 

t i o n  at, lower energies but  would not  make the  spectrometer inoperable. 

The 

Before any neutron da ta  were taken, the proper se t t i r ig  of  the 

delay l i n e  had. t o  be determined. 

t i n g  the  argon pressure i n  the  chamber a t  100 ern of HI?; which ~#7as calcu-  

l a t e d  as being repi-esen-Lative of  the pressures t o  be used. Then counts 

of about one-half hour duration were taken a t  varying delay s e t t i n g s  

w i t h  t he  spectrometer exposed t o  a PoBe neutron source. 

s e t t i n g  which gave the  l a r g e s t  nwnber of coincidence counts under these 

conditions w a s  chosen as the optimum s e t t i n g .  Thls procedure resulted. 

i n  a delay l i n e  s e t t i n g  of 0.1 microseconds. 

The procedure used consis ted of s e t -  

Tle delay 
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A rough ca3-culation w a s  made using the  known chamber Length of 

16 cm as the  range and the  da ta  of Hirscbfelder and MageeL9 t o  f i n d  the 

approximate pos i t ion  of the peaks of the PoBe neutron spectrum. 

energy values for the  peaks were taken from values fclilnd by Cochran and. 

Henry2'. 

which could be used, only the region i n  which ca lcu la t ion  had shown the  

peaks should lie w a s  s tudied.  The upper energy l i m i t  w a s  set, by the  

leaking of the large  crystal.'^ "0" r i n g  s e a l  a t  chamber pressures above 

two atmospheres. 

The 

AS coun~s of approximately th i r ty -  minutes were tile minimum 

To obtai-n the  neutron spectrum of tlne PoBe source, it w a s  placed 

i n  the center  of a pa ra f f in  sphere 20 c m  i n  diameter. A hole f rom the  

center  of t he  sphere with a diameter of about 2 em ended ahout 8 c m  

from the  proton r ad ia to r .  The neu-tron bea-m, a f t e r  leaving t'ne col l imator ,  

had "LO t r a v e l  through the  sraa.11 photo-multiplier tube and i t s  base before 

it reached the proton r ad ia to r .  %ne neutron source had a f l u x  of 

4.6 X 10 neutr.ons/cm see .  6 2 

The study w a s  s t a r t e d  wi.th 66 em of Hg press ice ,  a n d  counts were 

made a-t 1 em of Rg pressure i-ntervals up t o  a pressure of 171 em of Hg. 

A counting time of 100,000 cycles  of 60 c.p.s. l i n e  voltage w a s  used. 

A l a t e r  ca lcu la t ion  showed t h a t  the  pressure increment used w a s  

equivalent t o  energy increments of approximately 60 Kev. Because t h i s  

. 

Hirschfelder,  J .  O . ,  and Magee, J. L., op. c i t .  

Cochran, R .  G. , and Henry, K. M. , op. ci . t .  20 
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e n e r a  increment tqas considerably l e s s  than the  possible  resol-ution of 

t he  spectrometer, data  points  were averaged i n  groups of four  p r i o r  t o  

p l o t t i n g .  The averaging prrjcess also improved t'ne s t a t i s t i c s  by a 

f a c t o r  of  two. The r e su l t i ng  data from t he  Po-Be run using argon i n  

the  chamber are shom i n  Figure (10). 

the  energy range over which the  points  was averaged and the v e r t i c a l  

spread i s  the  s t a t i s t i c a l  var ia t ion  f o r  the average. 'The s o l i d  l i n e  

indicates  t he  neu-Lron spectrum as  ca lcu la ted  by Hess" for the  energy 

range observed. 

The hor izonta l  spread ind ica tes  

It was f e l t  t h a t  there  va,s s u f f i c i e n t  agreement between the 

22 experimental values and tne  data  of Cochran and Henry t o  make 

continued s tudies  using xenon i n  the  spectrometer charrher worthwhile. 

C .  Response of Coincidence Spectrometer using Xenon 

Data from a PoB and a PoBe neutron source were taken with xenon 

i n  the  spectrometer chamber. Due t o  i t s  grea-ter atomic number, lower 

pressures of xejzon and 8 smaller pressure va r i a t ion  were required than 

wi-th argon. The pressure range f o r  the  PoBe source vas from 31 to 

83 em of I-Ig. 'Bmt f o r  t'ne Pol3 source was f r o m  'j t o  80 c m  of Hg. 

Hess, W. N. ,  Ann. Phys. 5 115 (1939). 
Cochran, R .  G. ,  and Henry, K. M . ,  op. c i t .  

21  
22 
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The data  frorri bobh of these t r i a l s  were t r e a t e d  i n  the same manner 

t h a t  t he  previous neutron data  were t r ea t ed .  The experimental values 

were averaged i n  groups of four arid the  r e s u l t s  p lo t t ed .  The hor izonta l  

spread ind ica tes  t'ne energy range over which the average was taken Land 

the  v e r t i c a l  spread i s  the  s t a t - i s t i e a l  variati-on of the  average. The 

s o l i d  l i n e s  represent  t h e  neutron spectruni i n  the  region of  interest ,  as  

ca lcu la ted  by  res^^^. 
Pol3 data a re  shown i n  Figure (12).  

The PoBe data  a re  shown i n  Figure (11) and the 

6 mie PoBe s o w c e  had a flux of 4.6 X 10 neutrons/cm2 see and was 

27 c m  Y r o m  the  proton r ad ia to r .  

1.0 neutrons/cm 

with vi . r tual ly  no col.l.imation. 

The PoB source had a flux of 9.86 X 
6 2 

see arid was located. only 9 c m  from the proton r ad ia to r  

T'ne PoB data  suffered because it w a s  necessary t o  mount the  source 

nearer  the  r ad ia to r  thus providing poorer co1I.imation of the  neutron 

beam and a higher gamma-ray background. The higher gmaa-ray background 

increased the  chance gama coincidences s u f f i c i e n t l y  t o  o b l i t e r a t e  the 

d e t a i l s  of the  neutron spectrimi. 

None of the  data  obtained. compare favorably with the  t h e o r e t i c a l  

curves o r  with the  r e s u l t s  of previous experimenters. However, tinere 

i s  f a i r  i n t e r n a l  consistency between the  da ta  obtained using -tine PoBe 

source with argon i n  the chamber and the data  obtained from the  same 

source with xenon i n  the chamber. 

'' Hess, W. N . ,  op. c i t .  
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VI . C ONCLUSIONS 

The cosine -cubed neutron spectrome.I;er w a s  desi@ed i n  an attempt 

t o  achieve a higher  e f f i c i ency  than had been exhibi ted by previous proton- 

recoi.1- neutron spectrometers. The da ta  indi-cate t h a t  no improvement was 

noted i n  e f f ic iency ,  and WL the  reso lu t ion  of the  ins.triment w a s  qu i t e  

poor. Cer ta in  chaages i n  the apparatus t o  improve the  reso lu t ion  became 

apparent during the  course of t he  inves t iga t ion  and w i l l .  be siurmuized 

b r i e f l y .  

Neutrons which do not s t r i k e  the  r a d i a t o r  a t  a r i g h t  angle cause 

an amb-iguity i n  Lhe angle-energy r e l a t ionsh ip  o f  the  r eco i l ing  protons.  

This ambiguity would be exhibi ted as a widening of t he  spectral .  l ines  

obtained with the spectrometer. A col l imator  such as Ynat used f o r  the 

PoBe measurements would have a sirni-l.ar e f f e c t  upon the measwed spectrum 

due 'GO the s c a t t e r i n g  i n  t'ne st i-aight t h roa t  w a l l s  of t he  col l imator .  

Much of t h i s  diff icul . ty  could be overcome by the use o f  a col l imator  

with a conica l  t h roa t .  N o  attempts were made t o  improve the  neutron 

col l imat ion because it w a s  f e l t  t h a t  the  spectrum broadening caused 

by f a u l t y  col l imat ion w a s  considerably less than that caused by other  

d i f f i c u l t i e s .  

A major f a c t o r  i n  the  I.oss of reso lu t ion  was the  large gamma-ray 

response experienced even when coincidence techniques were beinig 

u t i l i z e d .  T'nerefore, any m e a s  of rediucing the  chance gama-ray count 



51 

would r e s u l t  i n  an improvement of the reso lu t ion .  The cosine -cubed 

shaped detector  c rys ta l .  was 1/16" th ick .  

max imurn  thickness necessary t o  completely stop a l l  protons iil the  energy 

range of i n t e r e s t  would be about 1 m i l .  Probably some phosphor such as 

ZilS would- have t o  be used t o  produce a detector  t h a t  t h i n .  A reduc-Lion 

i n  c r y s t a l  thickness would r e s u l t  i n  a considerable reduction i n  gamma- 

r ay  s e n s i t i v i t y  of the  large c r y s t a l .  Similar ly ,  tlie anthracene radiat,i;r 

c rys- ta l  should. be i n  the  range of 30 t o  1tO m L l s  t h i ck  f o r  maximum 

ef f ic iency  ins tead  of  the  l/8" thickness used. 

would a l s o  provide a reduced gamma-ray senr3it;ivity. 

Calculations show Ynat the  

The thinner r ad ia to r  

A larger neutron f lux  would also be bene f i c i a l  i.n t w o  ways. F t r s t ,  

the  grea te r  flux would improve the  counting s t a t i s t i c s  and second., it, 

would- permit using a r ad ia to r  c r y s t a l  of  smaller d ime- te r  with a sub- 

sequently b e t t e r  approximation of the  poin t  r ad ia to r  upon which tlie 

cosine-cubed c w v e  assumption is  based.. Removal of low Z material. such 

as t;he base and socket of th(3 m a l l  photo-multiplier tube from the  

neutron benrn would increase the number of neutrons reaching the  proton 

r ad ia to r .  

unwanted background i n  the  la rge  c r y s t a l .  

A non-hydrogenoucJ l i g h t  pipe might also help by cutt i-ng clom 

Further study of Geiger's Law indica tes  t'nal; the  Geiger function 

g vhTich is the  exponent i n  the  range-ener&g re1ationshi.p does not 

become constant, iout remains a slowly varying funct ion of enerbT even a t  

high energies .  Calculations of g i n  the  proton energy range I r m a  1 t o  



6 Mev show t h a t  i . t  v a r i e s  about a value o f  3.1 r a t h e r  than 3 for xenm. 

Add-itioiial ca lcu la t ions  on various gases show thai; g i s  the most 

constant  f o r  xenon. This basj-c def ic iency i n  -the theory of the  cosine-  

cubed neutron spectrometer would cause a decrease i n  r e s o h t i o n  of  the 

device. 

Even i f  correct ions f o r  a l l  these deficiencies could be made, it 

i s  doubtful j.f thris spectrometer would have any real advantage over 

previously designed proton-recoi l  neutron spectrometers. While this 

instrument should have had art e f f i c i ency  of 10 protons per  neirtron, 

ca lcu la t ions  f rom the  experimental r e s u l t s  ind ica te  an e f f i c i ency  of 

1.0 Ah e f f i c i ency  of lo-' protons per  neutron is 

comparable t o  f2ia.i; obtained from earlier pro ton- recoi l  neutron spectro-  

meters.  Even i f  -the maximum effic-iency had been observed t h i s  s ing le  

channel device would i lo t  have been more advantageous ti1a.n a less 

e f f i c i e n t  spectrometer capable of multichannel operation. 

-4 

-5 
protons per neutron. 
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