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CHAPTER I 

DJTRODUCT ION 

Evidence f o r  the existence of f i ss ion  w a s  f i rs t  established by 

radiochemical methods by Hahn and Strassman’’ i n  1939. Traditionally 

much of the succeeding work i n  f iss ion,  par t icu lar ly  the  investigations 

on the mass dist r ibut ion,  has been done i n  r a d i o c h e m i ~ t r y ~ , ~  and mass- 

P35, and Pu 239 , ~ p e c t r o g r a p h y . ~  Mass yields from the f i ss ion  of > 

investigated by radiochemical and mass-spectrometric methods, have been 

recently summarized by Katcoff,6 who tabulated ”best values” obtained by 

these methods. 

Early measurements of the kinet ic  parameters, par t icu lar ly  the  

kinet ic  e n e r a ,  of the  f i ss ion  fragments were done w i t h  ionization 

7 chambers. 7,829 f i i s c h  f i rs t  confirmed the large energy release accom- 

panying f i ss ion  by recording the large pulses of ionization produced i n  

a gas chamber by f i ss ion  fragments.” 

energy measurements performed calorimetrically by Henderson,” and l a t e r  

by Leachman and Schafer. 

Brunton and Hanna, 

These measurements were followed by 
1 

12 

a and Brunton and Th~mpson,~ using double ioni-  

zation chambers, were able i n  pr inciple  t o  make correlated energy measure- 

ments from which a fragment mass dis t r ibut ion could be determined, and 

obtained other correlations of kinet ic  parameters of the f i ss ion  process. 

Unfortunately, s ignif icant  discrepancies occurred between the 

resu l t s  reported fo r  these various experiments. One such discrepancy i s  

the lower average kinet ic  energy of t he  fragments reported by the ioniza- 

t i on  chamber method than by the calorimetric method. Another discrepancy 
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occurs i n  the  comparison between the  mass dis t r ibut ions obtained radio- 

chemically and those obtained by the  ionization chamber method. 

ionization chamber method shows t h a t  the f i s s ion  fragment mass d is t r ibu-  

t i on  peaks are wider and further separated than those determined radio- 

chemically, i n  each instance by more than the  experimental uncertainties.  13 

In an e f f o r t  t o  reconcile these discrepancies, Leachman introduced 

The 

14 

the time-of-flight method i n  order t o  obtain a d i r ec t ly  measured d is t r ibu-  

t i on  of f i s s ion  fragment veloci t ies .  

f o r  t o t a l  k ine t ic  energy i n  agreement with the calorimetric resu l t s .  

From these data, he obtained values 

He 

a l so  showed t h a t  the f i s s ion  fragment veloci ty  dis t r ibut ions calculated 

from the enerQy data obtained w i t h  ionization chambers were i n  disagree- 

ment w i t h  h i s  r e su l t s  by evaluating the  displacement i n  veloci ty  between 

the peaks i n  the  two dis t r ibut ions i n  terms of the  energy-ionization r a t io s  

of f i ss ion  fragments. 

time-of-flight method, and applied as a correction t o  the ionization chamber 

From the energy-ionization r a t io s  determined by the  

data, he w a s  able t o  show good agreement between the  data obtained w i t h  the 

calorimetric and the ionization chamber methodsfor the average t o t a l  k ine t ic  

energy of  the f i ss ion  fragments. The ionization chambers i n  the ea r ly  ex- 

periments were i n i t i a l l y  cal ibrated w i t h  alpha par t ic les  of known energy 

and then used t o  measure the r e l a t ive  ionization produced by the f i s s ion  

fragments. 

resu l t s  between the  radiochemical method and the ionization chamber method 

Knipp and Ling15 had suggested t h a t  the discrepancy i n  the 

lay  i n  an "ionization defect." Indeed such a defect was experimentally 

established by Schmitt and I,eachman,l6 and Leachman and Schmitt,17 who 

showed tha t  f i ss ion  fragments stopped i n  a gas expend la rger  averages of 
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energy per ion pa i r  formed than alpha par t ic les  stopped i n  the same gas; 

hence,the ionization defect. 

A natural  extension t o  the time-of-flight method w a s  t o  measure the 

velocity of both fragments i n  a double drift- tube apparatus 18j19 analogous 

t o  the  double, o r  back-to-back, ionization chamber apparatus. Thus, corre- 

la ted  veloci ty  measurements could now be made. Such measurements are more 

sa t i s fac tory  and straightforward because they are characterized by lower 

dispersions than energy measurements and because the ionization de fec t . i s  

absent. Furthermore, since the time-of-flight measurements permit the  mass 

r a t i o  of the  fragments t o  be determined from a velocity r a t i o  rather than 

from an energy ra t io ,  the inherent dispersion due t o  neutron emission i n  

the  mass r a t i o  determined from time-of-flight experiments i s  one-half the  

corresponding dispersion by the  ion chamber method. Specifically, i n  the  

case of velocity measurements, the  conservation equations yield: 

* *  * *  - yvl - %?2; 

< + <  = A + 1 ,  

where : = pre-prompt neutron emission f i ss ion  fragment 

mss , 
pre -prompt neutron emission f i s  s ion fragment 

velocity,  

* 
v = 

1 9 2  

A = mass number of f iss i le  nucleus, 

1 = i n  am, the increase i n  mass number of A due 

t o  absorption of one thermal neutron. 
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* * 
For a given mass s p l i t ,  and a given value of v and v the f i n a l  1 2’ 

average veloci ty  of t he  fragment is:  

< V i >  = v ’  i =  1,2.  
* 
i’  (3) 

Here, the average i s  formed over a l l  emitted neutron direct ions and 

energies based on the  assumption tha t  the neutrons a re  emitted isokrop- 

i c a l l y  i n  the center-of-mass coordinate system attached t o  each fragment. 
* 

Equations (1) and (2) yield, f o r  M,: 

o r  - A + 1  
- I C _  

v2 
1 + v- 

1 

From L e  uncertaint-5s i n  the veloc-ty measurements, the uncertainty 

i n  the  masses described by Equations (4)  and (5 )  i s  about one and one-half 

am. 

For the case of correlated energy measurements, the conservation 

equations yield : 

* *  * *  
m E = m2E2, 1 1  

* *  
2 where: El, E are the pre-prompt neutron emission f i ss ion  

fragment k ine t ic  energies. 

In analogy w i t h  Equation (3), 

. 

* 
1 

Therefore, for  any event, the  determination of m. depends spec i f ica l ly  on 

the number of neutrons emitted fo r  a given mass s p l i t  and k ine t ic  energy 
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* 
division. 

required de ta i l ;  hence, the  estimated accuracy i n  measuring m from the 

energy-correlated experiments is about f 2 amu, and the dispersion due t o  

neutron emission i s  about another one and one-half amu. 

This fbnction, expressed as 7(mi, Ei) is not known i n  a l l  the 
* 
i 

More recently, Milton and Fraser2' and others2' have reported more 

refined data obtained with elaborate time-of - f l igh t  apparatus on 333, 
835, Pu239, and Cfe5'. 

which again are energy measuring devices, s ignif icant  discrepancies have 

reappeared between time-of-fl ight and energy correlated data. 

However, with the advent of sol id-s ta te  detectors, 

Time-of-flight methods not only yield information on veloci ty  de- 

terminations and mass dis t r ibut ion,  but a l so  can be prof i tably extended t o  

include magnetic analysis,  wherein the  mass-to-charge r a t io s  of the f i ss ion  

fragments lead t o  smaller errors  i n  mass determinations and t o  possible 

correlations between pre- and post-neutron emission masses. 

tensions of these methods can correlate  veloci ty  and energy measurements, 

leading t o  detailed examination of the  k ine t ic  parameters of the f i ss ion  

process, The f e a s i b i l i t y  of these extensions provided a strong motivation 

t o  pursue t ime-of-fl ight measurements a t  the Oak Ridge National Laboratory 

based on the existence of a research reactor capable of producing su f f i -  

c ient  f lux t o  make such advanced experiments possible. 

Further ex- 

To th i s  end, a double time-of-flight apparatus f o r  f i ss ion  fragments 

has been assembled a t  the Oak Ridge Research Reactor. In the  course of  

assembling and t e s t ing  t h i s  apparatus, a number of measurement problems 

of a fundamental nature have appeared. Detailed investigations of these 

problems have proved necessary fo r  t he  determination of the accuracy and 
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. 

precision of the  measurements and fo r  t he  development of sa t i s fac tory  

techniques, a t  each s t e p  i n  the experiment, f o r  performing the measure- 

ment. 

precision w i t h  which the correlated fl ight times of the  f i s s ion  fragments 

can be measured w i t h  t h i s  specif ic  apparatus, t o  es tabl ish qua l i ta t ive ly  

and quant i ta t ively the l imitat ions of the  apparatus, and t o  investigate 

and analyze i n  as much d e t a i l  as possible the fundamental physical e f f ec t s  

which are important i n  these measurements. 

It is the  purpose of t h i s  research, therefore,  t o  establish the 
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THEORY 

Basically, the  time-of-flight measurement is  a velocity determina- 

In the  present case, the ve loc i t ies  of f i s s ion  fragment pa i r s  t ion.  

formed by thermal neutron induced f i s s ion  a re  derived from a measurement 

of t h e i r  correlated flight times over known path lengths. 

Because the fragment f l i g h t  times a r e  in the hundreds of nano- 

seconds 

t ronical ly ,  they a re  f i r s t  transformed in to  voltage pulses whose ampli- 

tudes are proportional t o  flight times. 

quently transformed back t o  the psec time domain via  a pulse-height-to- 

time converter u t i l i z i n g  the standard lengthener, ramp generator, com- 

parator, and o s c i l l a t o r  court-down technique. 

sec = 1 nsec) time domain and d i f f i c u l t  t o  process e lec-  

The voltage pulses a re  subse- 

28 

A m i n i m  of three signals must be employed for  the measurement of 

correlated f l i g h t  times; viz., a zero-time s ignal  which heralds a specif ic  

f i ss ion  event, and two remote signals which announce the a r r i v a l  of the  

s i s t e r  fragments at  the ends of t h e i r  respective f l i g h t  paths. The zero- 

time s ignal  is delayed f o r  a time s l i g h t l y  longer than the longest f l ight  

time expected, so what is  r e a l l y  measured a re  the supplements of the f l igh t  

times, labeled appropriately, the  measured times. 

To insure that the signals heralding the zero of time and the end- 

of - f l igh t  times a r e  legitimate, a constraint  i n  the form of a t r i p l e  coin- 

cidence i s  placed upon the timing s ignals .  The timing signals a r e  derived 

from the anodes of fourteen-stage photomultipliers; whereas, the  signals 
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f o r  the t r i p l e  coincidence constraint  are derived from t he  ten th  dynodes 

of the same photomultipliers. 

I 
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c H A m  I11 

APPARATUS 

A. Physical Description 

1. Flight Tubes 

The time-of-flight apparatus consists of two cyl indrical  2s 

aluminum tubes, one-eighth inch thick,  diametrically opposed and con- 

nected t o  the  zero-time detector box. 

ve r t i ca l ly  w i t h  respect t o  the Oak Ridge Research Reactor thermal neutron 

beam hole, HB1 (See Figure 1). The f l i g h t  path extending from the  source 

of fissionable material i n  the zero box t o  the uppermost of #2 detector 

i s  labeled 0-2; whereas, the  fl ight path extending downward t o  the  #1 

detector i s  labeled 0-1. The 0-1 fl ight tube attached t o  the bottom of 

the zero box has an inner diameter of six inches; the 0-2 flight tube 

attached t o  the top of the zero box varies i n  diameter over three sec- 

The en t i r e  assembly i s  oriented 

t ions.  The f irst  section, adjacent t o  the zero box, i s  six inches I.D., 

the  next section i s  ten  inches I.D., and the t h i r d  section fur thest  from 

the zero box i s  twelve inches I.D. This design feature made it possible 

t o  detect  and account fo r  the f i ss ion  fragments rendered non-colinear by 

recoi l  from prompt-neutron emission. 

k 0.08 cm long; the 0-1 fl ight path, 301.15 ? 0.08 cm long. 

2. Vacuum Systems 

The 0-2 fl ight path i s  343.84 

The assembly of f l i g h t  tubes and zero box i s  evacuated t o  a 

-6 nominal pressure of 2 x 10 

remote detector.  

m Hg via  vacuum ports  located near each 

Two nominally independent dynamic vacuum systems a re  
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used t o  evacuate the  assembly (See Figure 2 ) .  

b ly  i s  large and d i r ec t ly  couples both vacuum pumping systems, elaborately 

instrumented pumping s ta t ions  were devised t o  protect against  cracking the 

diffusion pump o i l  and/or inadvertently exposing the cold t r a p  t o  pressures 

Because the  vacuum assem- 

greater than loe3 mm Hg (See Figure 3). 

B. Electronic Systems 

1. Basic Description 

Figure 4 i s  a block diagram of the electronic  components used i n  

timing the  flights of the  f i ss ion  fragments and i n  e f fec t ing  the t r i p l e  

coincidence constraint .  The normal sequence of events starts when a 

thermal neutron from the  ORR induces f i ss ion  i n  the  source located a t  

-6 
zero. 

in.  thick onto which i s  evaporated f i s s i l e  material  t o  a thickness of 

about 100 x 10 It i s  oriented so t h a t  t he  f i s s i l e  material  

faces detector #l. 

for detector #1 proceeds unhindered i n  i t s  f l i g h t  while i t s  sister frag-  

ment must pass through two nickel f o i l s .  The f i rs t  f o i l  i s  the  source 

backing; the second, located f ive  and one-half inches above, and pa ra l l e l  

The source i tself  consists of a nickel f o i l  nominally 3 x 10 

-6 2 
gm/cm . 

With such an arrangement, a f i ss ion  fragment headed 

to ,  the  source, serves as a source of  de l t a  rays - ejected by the  sister 

fragment as it passes through the  f o i l  while enroute t o  detector @. The 

de l t a  rays a re  e l ec t ros t a t i ca l ly  focused onto a th in  p l a s t i c  phosphor, o r  

s c in t i l l a to r ,  0.0005 in .  thick which i s  opt ica l ly  coupled t o  a l i g h t  pipe 
* 

* 
NE102 purchased from Nuclear %terpr ises  Ltd., Winnepeg, Manitoba. 

. 
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and a 6810-~ photomultiplier tube. TWO output signals a r e  extracted from 

. I  t h i s  tube: a negative one from the  anode which serves a s  the zero-of- 

time signal, and a posi t ive one from the tenth dynode which serves as one 

of the  three.necessary coincidence signals.  The negative s ignal  i s  

delayed 633.95 f 0.025 nsec which i s  a time about 100 nsec longer than 

the  longest fragment f l i g h t  time anticipated.  
,---------_-________-------------------------------------------------------- -8 
I 
I 
I I 
I I 

I 

A f t e r  passing through the  f o i l s ,  the  fragment continues up the 0-2 I 
( 

1 p l a s t i c  s c i n t i l l a t o r  0.001 in .  thick coupled t o  a 6810-A photomultiplier j 
through a two inch diameter, one-fourth inch quartz light pipe. The 

s c i n t i l l a t o r  i s  bonded t o  the quartz with a bonding agent, The comple- 

d r i f t  tube a t  the  end of which it is detected by a two inch diameter t h i n  

- _ _ _ _ _ _ _ _ _ - -  - 

* 

mentary fragment proceeds down the  0-1 f l i g h t  tube a t  the end of which it 

encounters a s imilar ly  constructed detector.  Both remote detectors provide 

timing and coincidence signals comparable with those of the zero detector.  

The timing signals,  which a re  fast pulses, a r e  introduced d i r ec t ly  

in to  the time-to-pulse-height converter v ia  50 ohm accurately time-cali- 

brated cables, In contrast, the  slow, or time-coincident, signals a r e  

f irst  amplified by standard linear-amplifier pre-amplifiers modified w i t h  

White cathode-follower output c i r cu i t s  (See Figure 5 ) .  These slow signals 

a r e  fur ther  amplified by standard A-1 l i nea r  amplifiers whose pulse-height 

selector  output c i r cu i t ry  has been redesigned t o  produce negative, 

* 
R823, R.A. Biggs Company. 

** 
Andrews Heliax HO cable, 

A t t .  = 1.6 db/lOOO f t  a t  lo9 cps. 
manufactured by the Andrews Cable 
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variable t i m e  duration, fixed-amplitude rectangular pulses. It i s  these 

rectangular pulses which serve as t r iggers  t o  the  coincidence c i r cu i t ry  

(See Figure 6 ) .  

Meanwhile, the  outputs of the  time-to-pulse-height converter a r e  

amplified by pre-amplifiers Ident ical to  the one described above,and then 

fur ther  amplified by standard A-1 amplifiers. 

output pulses of uniform shape whose amplitudes a re  proportional t o  the  

measured -t i m e  intervals .  

The A-1  amplifiers produce 

Figure 7 i s  a graphical analysis of the  pulse sequence used t o  

measure the f l i g h t  times of the  f i ss ion  fragments and how t h e i r  va l id i ty  

i s  established via  the  coincidence constraint .  

C. Detectors 

1. Zero Time Detector 

Figure 8 shows the detai led arrangement of the  zero time detector.  

22 The basic  design for  t h i s  detector w a s  developed by Stein and Leachman. 

In t h i s  experiment, both the  f i s s i l e  source and de l t a  ray N i  f o i l s  are 

criented a t  45' t o  the  d r i f t  tube ax is  but  pa ra l l e l  t o  each other. 

f o i l s  a r e  0.068 mg/cm 

beam attenuation through the  aluminum source holder, a wedge-shaped 

adaptor p la te  w a s  inserted between the  source holder and lens structure: 

In t h i s  way, the  f i s s i l e  source i s  exposed d i r ec t ly  t o  the  neutron beam 

with a negligible change i n  angle with respect t o  the  de l ta  ray f o i l .  

Because a f i ss ion  fragment is  a highly charged pa r t i c l e  (of t he  order of 

20 electron charges ),23 de l t a  rays a re  promptly emitted from both surfaces 

of a f o i l  as the  fragment t raverses  it. 

Both 
2 o r  3 pin. thick.  In order t o  reduce the  neutron 

The number of de l t a  pa r t i c l e s  



24 formed varies a t  the  square of the  charge of the traversing fragment; 

they escape from depths of no more than a few micrograms per square 

centimeter i n  the  f o i l .  

of nickel, aluminum, copper, s i lver ,  and gold is  70 within 10% f o r  frag- 

ments emerging from the  f o i l s .  Further measurements by Stein and 

Leachman showed: (1) the  efficiency for detecting 835 f i ss ion  fragments 

by t h i s  method i s  greater than 95%, with a 95% confidence l i m i t  and (2)  

the velocity l o s s  through 0.1 mg/cm2 nickel f o i l s  w a s  l e s s  than 1%. It 

i s  safe therefore t o  state t h a t  the  velocity loss through the f o i l s  of 

t h i s  experiment f o r  

negligible changes i n  direction of the  detected fragments resulted. 

44 The number of electrons ejected from f o i l s  

22 

f i ss ion  fragments i s  a l so  l e s s  than 1%; hence, 
\ 

MeasurementsP2 with a 4.8 mev alpha source showed t h a t  the  average 

number of electrons emitted w a s  approximately two. Similar measurements 

i n  t h i s  experiment indicated an upper l i m i t  of two consistent with these 

resu l t s ;  thus, t h i s  type of detector exhibits excellent alpha par t ic le  

re ject ion a b i l i t y .  

fragments, the r e l a t ive  response t o  alpha par t ic les  w a s  estimated a t  

between one and two electrons.  

Based on a known pulse height response t o  f i ss ion  

The NE102 s c i n t i l l a t o r  used as the transducer in  the zero detector 
2 was covered with a similar 0.068 mg/cm nickel f o i l  which served as a 

l i g h t  re f lec tor  and as a zero-potential equipotential  surface. This 

equipotential surface kept the  e l e c t r i c  f i e l d  generated by the applied 

lens voltage from diverging i n  the region of the sc in t i l l a to r ,  and thus 

improved the focusing properties of the  einzel  lens .  
i 

. 
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2 .  Foil  Preparation 

. 

The f i s s i l e  material  backing and de l t a  ray source are t h i n  metall ic 
* 

f o i l s  of nickel 3 pin. thick.  The nickel  i s  i n i t i a l l y  evaporated onto 

a r e l a t ive ly  thicker and stronger copper f o i l .  This procedure renders the  

composite f o i l s  t rac tab le  u n t i l  t he  nickel  f o i l  i t s e l f  is  needed. To t h i s  

end, the  copper portion of the composite f o i l  i s  removed chemically. A 

machine especial ly  designed and constructed f o r  handling the  f o i l s  during 

the processing i s  shown i n  Figure 9. A t  a l l  times, the  nickel  f o i l s  a r e  

moved slowly and oriented such tha t  the  normal t o  the f o i l  surface is  a t  

a right angle w i t h  respect t o  the direct ion of motion. 

%The composite f o i l s  a r e  f i r s t  cemented, copper s ide free ,  w i t h  a 

.to an aluminum holder one inch by one inch 

A locat ing pin i s  fashioned t o  

It serves a second purpose i n  preventing the  

)cx 

d i lu t e  solution of glyptal  

w i t h  a three-fourth inch diameter hole. 

one corner of the holder. 

f o i l s  from lying f la t  (as they a re  placed in  storage p r io r  t o  use)  when 

a i r  entrained beneath them can cause them t o  burst .  Care i s  exercised 

i n  applying the glyptal  so that none of it extends beyond the holder onto 

the f ree  surface of the nickel.  

between the glyptal  and nickel can r e su l t  i n  tear ing  the f o i l  while it 

i s  drying a f t e r  processing. 

The d i f fe ren t  expansion coeff ic ients  

* 
Purchased from the Chromium Corporation of America, Waterbury, 

Conn . 
)cx 

Purchased from the  General Electr ic  Corp., #7815. 
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The chemical used t o  dissolve the copper from the  nickel selec- 

t i v e l y  i s  a chromic acid solution. 

saturated solution of chromium tr ioxide ( C r O  ) i n  d i s t i l l e d  water and 

then adding 15 cc of concentrated sulphuric acid per 1000 cc of solution. 

It i s  prepared by first making a 

3 

The aluminum holderwith the  composite f o i l  cemented t o  it is 

attached t o  arms "A" of the  Foil  Processor with set screws. 

beakers 

the  holders, and motor "M" i s  energized through switch "S" placed i n  the 

"Insert" posit ion.  The holders are driven a t  the  r a t e  of approximately 

one-half in.  per minute in to  the  chromic acid u n t i l  they are completely 

immersed. The motor drive i s  then stopped by l i m i t  switch "L.S. I." No 

fur ther  inser t ion is  possible. A f t e r  being immersed i n  the chromic acid 

fo r  t h i r t y  minutes the  copper i s  usually dissolved leaving the 3 pin. 

nickel f o i l  on the holder. 

position, motor "M" i s  again energized but drives i n  the  reverse direct ion 

u n t i l  l i m i t  switch "L.S.W." i s  reached. Withdraw motion ceases and both 

nickel f o i l s  a re  c lear  of the  chromic acid beakers. These beakers a re  

then removed and replaced by two s i m i l a r  beakers now f i l l e d  with a 25% 

solution of d i s t i l l e d  w a t e r  and 180 proof e thyl  alcohol. 

driven into and out of t h i s  solution where they are rinsed clean of any 

residual chromic acid. They a re  removed from arms "A" immediately a f t e r  

the withdraw l i m i t  switch is  reached and are d i r ec t ly  placed i n  compart- 

mentalized p l a s t i c  boxes t o  dry i n  a reasonably dust-free atmosphere. 

Dust par t ic les  s e t t l i n g  on w e t  f o i l s  resulted i n  t h e i r  drying unevenly 

and produced wrinkles on t h e i r  surfaces. 

source deposit uniformity as well  as the delta ray source thickness 

Two 450 m l  

containing the  chromic acid are placed in to  posit ion beneath 

With switch "S" placed i n  the  withdraw 

The f o i l s  are 

Such wrinkling affected the  
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resu l t ing  in  a variable energy loss as  the  fragments passed through. 

a l so  affected the ult imate strength and l i f e  of the  f o i l s  due t o  the  pro- 

It 

duction of high in te rna l  s t resses  i n  the wrinkles. 

3. Transducers 

NE102, a phosphor impregnated p l a s t i c  furnished by t h e  Nuclear 

Ehterprises Ltd., Winnepeg, Manitoba, served as the  basic  transducer i n  

a l l  detectors.  

seconds with a s c i n t i l l a t i o n  response t o  electrons 60% that of an anthra- 

cene c rys t a l  of the  same weight. Two thicknesses of NE102 were used: the  

zero detector used a 0.0005 in.  thickness; the  #2 and #1 detectors,  a 

0.001 in. thickness. 

reducing the gamma ray background i n  a l l  three detectors .  %e zero detec- 

tor i s  located i n  a par t icu lar ly  h o s t i l e  environment since it is  located 

almost d i r ec t ly  i n  the  reactor  beam. 

The manufacturer l i s ts  the decay constant a t  4 x 

The motivation f o r  using th in  s c i n t i l l a t o r s  l ay  i n  

Obviously, the  s c i n t i l l a t o r s  a r e  not self-supporting, pa r t i cu la r ly  

against  a d i f f e r e n t i a l  pressure equal t o  atmospheric across them; hence, 

the need fo r  l ight pipers.  

t e n s i l e  strength of the piper material .  

l imited by the  material  l i g h t  absorption charac te r i s t ics .  

the piper material  selected was quartz, one-fourth i n .  thick,  and one and 

three-fourths in .  i n  diameter. 

The minimum piper thickness was s e t  by the  

The m a x i m  piper thickness w a s  

To t h i s  end, 

The NE102 was bonded t o  the  quartz with the R.A. Biggs Co. bonding 

agent ~ 8 2 3 .  

and a t h i n  coating of the  solution applied t o  the  quartz with a brush. 

The solution remained untouched on the quartz f o r  about f ive  minutes. 

During t h i s  time, air  bubbles entrained in  the solution worked t h e i r  way 

The bonding agent was di luted with the  recommended hardener 



out under the influence of gravity. Next, the NE102 w a s  l a i d  on the 

bonding solution, and the a i r  trapped between the bonding solution and 

s c i n t i l l a t o r  w a s  rol led out with an aluminum roll ing-pin three-fourth 

i n ,  i n  diameter. A twenty-four hour curing period a t  room temperature 

then followed, after which the excess NE102 and cured bonding agent were 

cut away from the  quartz with an Exacto knife. 

4. Remote Detectors 

The detectors signaling the end-of-flight of the fragments a re  

labeled #! and #I (See Figure 4). Each detector consists of a primary 

transducer -- the  NE102 s c i n t i l l a t o r  described under Transducers -- 
bonded t o  a two in. diameter, one-quarter in. thick quartz l ight  pipe 

coupled w i t h  vacuum grease t o  an RCA 6810-~ fourteen stage photomultiplier 

(See Figure 10). A peripheral  "0" r ing  vacuum sea ls  the quartz l ight 

pipe against  t he  aluminum structure  of the  f l ight tubes. The photomul- 

t i p l i e r  i t se l f  presses against  the vacuum grease and quartz through the 

action of spacer springs compressed by wing nuts, WN. The photomultiplier 

l ight  shield anchors each detector t o  the fl ight tubes a t  i t s  respective 

locat  ion. 

It was found that phenolic photomultiplier tube bases contained 
* 

radioactive material and w e r e  characterized by e l e c t r i c a l  leakages be- 

tween pins when voltage w a s  applied t o  the  photomultiplier tube. This 

condition contributed great ly  t o  the background noise of the detector. 

To combat t h i s  noise problem, the  photomultiplier tube bases were machined 

from Teflon and the voltage divider networks were soldered pin-to-pin. 

*P.R. Bell, private  cormnunication, 1963. 

. 
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Figure 11 represents the detector voltage divider  network. Since 

the  detectors were t o  be used i n  a very low l i g h t  level ,  low noise, high- 

gain service, t h e  r e s i s t o r  values shown i n  Figure 11were selected i n  

accordance w i t h  the manufacturer's recomendations. 
* 

Furthermore, because 

regenerative phenomena contribute t o  the  noise a t  higher voltages, t he  

maximum voltage applied t o  the divider s t r i n g  w a s  2.1 ki lovol ts .  The 

optimum value of voltage w a s  determined experimentally; conjointly, the  

focusing and accelerat ing electrode voltages were varied and set  a t  the  

values corresponding t o  the m a x i m u m  output s ignal .  

A serious l imitat ion t o  the r e l i a b i l i t y  of the detector systems 

l ay  i n  the  coupling capacitors C10 and C l 3 .  Originally these were glass 
= 

enclosed, o i l  f i l l e d  capacitors. It w a s  necessary t o  use these capac- 

i t o r s  because of the poten t ia l  gradients developed across them. 

the leads of these capacitors did not seal the  d i e l ec t r i c  f l u i d  within 

However, 

the glass envelope re l iab ly ;  consequently, the f lu id  would leak out a t  

the junction of the lead and capacitor envelope. Although the d i e l ec t r i c  

loss played havoc w i t h  the tube base by insulat ing the base pins from the  

photomultiplier pins, the  more important e f f ec t  w a s  that the loss of d i -  

e l e c t r i c  f lu id  w a s  accompanied by the  admission of water vapor in to  the  

envelope. The water vapor did not a f f e c t  t he  capacity values par t icu lar ly  

but  w a s  responsible f o r  an appreciable noise build-up. Since t h i s  ac t ion  

w a s  slow i n  time, t he  noise build-up was insidious. Rather than study the  

* 
RCA Electron Tube Division, 

** 
Dearborn Elec t r ic  Company, 

Data Sheet 6810-~ 11-58. 

Type GTL 37Ll03. 
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e f fec t  i n  de t a i l ,  it w a s  more expedient simply t o  clean the base pins 

w i t h  a solvent (Metriclene ) and replace the capacitors. 

any of the  detectors f o r  a run, a systematic check of the noise back- 

ground w a s  mad5 referenced t o  the  noise leve l  of the detector when it 

w a s  first ins ta l led  (and the  noise l eve l  minimal). 

capacitors were replaced by a comparable uni t ,  hermetically sealed and 

completely covered w i t h  an Epoxy resin.  

* 
Before using 

Later, the Dearborn 

Jwc 

D. Signal Processing 

1. Bs t  Timing Signals 

The fast s ignals  derived from the  anodes of the 6810-~ photomul- 

p l i e r  tubes a r e  transmitted t o  the time-toLpulse-height converter v ia  

appropriate lengths of the  Andrews Heliax Type HO coaxial cable. The 

nominal charac te r i s t ic  impedance of the  cable is  f i f t y  ohms. Its 

attenuation factor  is  l i s t e d  a t  1.6 db per 1000 fee t  at 1000 megacycles. 

Its dispersion w i l l  be discussed i n  the following section i n  which the  

cable time delay cal ibrat ion i s  presented. 

character is t ics ,  the cable is pressurized w i t h  dry nitrogen a t  greater  

than 10 p s i  gauge. 

To a id  i n  s t ab i l i z ing  i ts  

Two lengths of HO cable each twenty-five f e e t  long coupled the 

remote detector s ignals  t o  the  "Start" inputs of the time-to-pulse-height 

converter. 

w a s  delayed through 540 f ee t  of t h i s  same type cable. 

The "Stop" s ignal  derived from the zero detector fast output 

Since the primary 

. 

* 
Metriclene purchased from the J.B. Moore Company. 

Jwc 
Sprague ELectric Company. 
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timing information is  contained in the difference in  times of arrival of 

the S ta r t  and Stop pulses, the  time delays introduced by the  cables must 

be known t o  an accuracy of t e t t e r  than O.l$. The reason f o r  t h i s  demand 

w i l l  be discussed under Cable Calibration. 

2. Cable Calibration 

Several considerations a r i s e  i n  measuring the  time delays of t he  

ty-pe HO cables as well  as the cables used f o r  ca l ibra t ing  the  apparatus. 

One cansideration centers about the  type of ca l ibra t ing  s igna l  used. W i l l  

cables ca l i t r a t ed  with continuous s ine  waves yield r e s u l t s  consonant with 

r e su l t s  derived from pulsed ca l ibra t ing  s ignals?  Or should the cal ibra-  

t i n g  s ignals  be comparable w i t h  the  s ignals  derived from the  detectors?  

These considerations a r e  burning questions in  the  nanosecond region 

because the  wavelengths associated w i t h  these frequencies a r e  small 

compared w i t h  the  c i r c u i t  dimensions. Actually cable dispersion d i s t o r t s  

the shape of the  ca l ibra t ing  pulses;  hence, it is imperative t h a t  the  

cables be cal ibrated w i t h  pulses exactly as those delivered by the 

detectors.  In the  extreme, the  ca l ibra t ing  pulses should a t  l e a s t  have 

the same r i s e  t i m e  as the detector s ignals .  

that i f  a length of cable having delay "r" i s  not matched a t  both ends, 

but has a t o t a l  re f lec t ion  coeff ic ient  p = p1p2, where p 

re f lec t ion  coeff ic ients  a t  the  two ends, it gives an output pulse whose 

G a t t i  and S v e l t ~ ~ ~  show 

and p2 a r e  the  1 

centroid is  delayed 

- - 
t c t , d  

with respect t o  the  

by: 

r 1 + p ,  
1 - P  

input centroid. 

. 
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For the pr incipal  mode transmission along coaxial cables, Maxwell’s 

equations yield : 

- z  
‘A + ‘0 ’ 

- - ’A o 
PA 

= voltage re f lec t ion  coeff ic ient ,  PA 

zO 

where : 

ZA = impedance connected across an end of the l i n e ,  

= charac te r i s t ic  impedance of the l i ne .  

For the case ZA = Zo, pA = 0, there  i s  no ref lected wave and a l l  

the power is absorbed i n  the pure resis tance Z . 
be matched. 

Such a l i n e  i s  said t o  
0 

For the case Z A =  0, corresponding t o  a short  c i r cu i t ,  pA = -1. 

The ref lected voltage wave is  of the same amplitude as the incident one 

but opposite i n  sign. 

see what is meant by Equation (‘7 ); e.g., consider the case ZA = nZ where 

n f 0 .  

For any other case, however, it i s  d i f f i c u l t  t o  

0 

o r  

then, n - 1 2  - - -1, 
P = PIP2 (n + 1 

and 
= r becomes: 

t c t  .d - P  



22 

- 1 2  1 + ("-) 

1 - ( n i )  

ct .d = n + l  t 
r n - 1 2 ,  

which s t a t e s  that  f o r  large and small values of n there  are large delays 

i n  the pulse centroid. 

The va l id i ty  of Equation '(10) w a s  investigated experimentally 

during the  cal ibrat ing procedure described i n  the  next paragraph. Within 

the  l i m i t s  o f  the experimental uncertainty of t he  cal ibrat ion procedure 

( 8  < O . 5 $ ) ,  no such sh i f t s  i n  pulse centroids were observed. 

In any event, the two extreme termination cases and the  consid- 

erations bearing on the phase d is tor t ion  and amplitude attenuation of 

the cal ibrat ing pulses led t o  $he following technique f o r  ca l ibra t ing  the  

delay l ines .  A continuous ser ies  of regular, constant amplitude, f i ve  

nsec rise-time square wave pulses were sent down a given delay cable. n e  

far end of t he  cable w a s  short  c i rcui ted.  The incident pulses were re- 

f lected but reversed i n  sign and returned t o  the driven end of the cable. 

The frequency of the pulses w a s  varied u n t i l  a ref lected pulse and a sub- 

sequent incident pulse overlapped and cancelled each other. 

t a c i t l y  assumed that the pulse duration is  much shorter  than the cable 

delay t i m e . )  

equal t o  the  reciprocal of twice the  cable delay time; i.e.,  the  round 

t r i p  time of t h e  pulses. 

frequencies; however, it w a s  a simple matter t o  determine the fundamental 

frequency by s t a r t i n g  a t  a very low frequency and sweeping t o  higher ones, 

The f i rs t  interference pat tern ident i f ied i tself  readily.  

(It is 

When t h i s  condition accrued, the  frequency of t he  pulses w a s  

Note that a cancellation can occur a t  harmonic 

. 
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The measurement is  executed i n  the manner shown i n  Figure 12. 

The Tektronix Type lo5 square wdve genesator w a s  used as the  source 

of ca l ibra t ing  pulses. 

nsec with the  generator s e t  t o  i t s  1 Mc/sec range. 

are generated by a f l ip - f lop  and a r e  subject t o  the "walk" and d r i f t  

inherent i n  such c i rcu i t ry ,  it w a s  necessary t o  set the square wave 

generator near the correct frequency and t o  synchronize it with a sine 

wave (General Radio Company Model 1211B) osc i l l a to r .  The output of the  

square wave generator i s  terminated w i t h  the  manufacturer's "L" pad. 

The cable t o  be cal ibrated is  connected t o  one arm of the  "T" f i t t i n g  on 

the output s ide of the  termination. 

i s  connected t o  the  other arm of the "T" and serves as the  visual  indicator 

f o r  the condition of cancellation. 

achieved as viewed by the  oscilloscope, the frequency of the  pulses i s  

d i g i t a l l y  counted by a Beckman/Berkeley Model 7175 frequency counter. 

The accuracy of th i s  device i s  plus o r  minus one cycle i n  100 megacycles. 

To minimize a l l  problems of loading the cable system under measurement, 

the synchronized output of the square w a v e  generator is utilized for two 

purposes: (1) t o  synchronize the oscilloscope and (2) t o  drive the f r e -  

quency counter, A t  the  condition of optimum cancellation a t  the driven 

end of t he  cable, there  i s  barely enough residual  voltage t o  energize 

the oscilloscope l e t  alone t o  drive the  frequency counter. 

The r i s e  time of these pulses w a s  l e s s  than 20 

Because the pulses 

A Tektronix Model 517 oscilloscope 

When the optimum cancellation is  

It i s  observed t h a t  the ref lected pulse d i f f e r s  from the incident 

pulse i n  tha t :  

1) the r i s e  time of the re f lec ted  pulse i s  longer than t h a t  of 

the incident pulse. 
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2 )  the  amplitude of the re f lec ted  pulse is smaller than t h a t  of 

the incident pulse. 

the  time duration of the  re f lec ted  pulse is s l i g h t l y  longer 

than that of the  incident pulse. 

the  incident pulse sharper r i s e  time generates some small 

ringing. 

Observations (1) and (3) are accounted for by a t t r i b u t i n g  disper- 

3) 

4) 

s ive  properties t o  the  l i ne ;  (2) t o  the  l i n e  attenuation and (4)  t o  the  

f ac t  tha t  the  l i n e  is  shock excited by the  incident pulse. 

Note tha t  Gatti's cr i ter ion,  Equation (7), is of l i t t l e  consequence 

w i t h  t h i s  technique,for the  far end of the  l i n e  is terminated with a zero 

impedance while the  driven end i s  terminated i n  i t s  charac te r i s t ic  

impedance. 

The question of terminating impedance always a r i s e s  with t rans-  

mission l i n e s  and par t icu lar ly  so i n  the  nanosecond region where the  wave- 

length of the  transmitted electromagnetic radiat ion i s  of the  order of the 

. 

c i r c u i t  and transmission l i n e  dimensions. A length of wire considered as 

a wire -over -ground transmiss ion l i n e  represents about 3.3 nh/cm of induc - 
tance and l / 3  pf/cm of capacitance w i t h  a charac te r i s t ic  impedance some- 

where between 50 and 200 ohms -- these values being the l i m i t s  of impedance 

physically real izable .  26,27 Assuming a value of 100 ohms f o r  the t rans-  

mission l i n e  impedance, a 50 ohm coaxial cable terminated with a 50 ohm 

L 
R r e s i s t o r  with 2 cm leads has an - t ine constant o f  50 psec. 

100 ohm loop impedance i n  the cable. ) 

the  correct termination be established t o  1$ i n  0.5 nsec, there  are 20 

time constants avai lable  t o  reach 99% of steady state. 

(There is  a 

If the  c r i t e r ion  t o  be met i s  that 
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To insure t h a t  even t h i s  slight deviation in  termination be mini- 

mized i n  ca l ibra t ing  the  zero-time delay cable, the  argument presented 

in  the  preceding paragraph w a s  carr ied t o  the  l i m i t  by reducing the 

charac te r i s t ic  impedance of the "short c i rcu i t . "  This reduction is  

accomplished by para l le l ing  the sh i r t - c i r cu i t i ng  wire indefini te ly;  

the l i m i t  i s  a d isc  type r e s i s t o r  of zero ohms. 

s t ructed disc  short  is  shown i n  Mgure 13. 

A conveniently con- 

Figure 14-a shows a graphical study of the  oscilloscope patterns 

expected i n  e f fec t ing  the optimum cancellation of the  ca l ibra t ing  pulses. 

Figure 14b is  a sequence of photographs showing the ac tua l  oscilloscope 

pat terns  obtained. 

Table I lists the  experimental values of the frequencies measured 

Five d i f fe ren t  observers were 

They consis- 

in ca l ibra t ing  the zero-time delay cable. 

used in se t t i ng  the  frequency by oscilloscope observation. 

t e n t l y  agreed t o  within l e s s  than k 0.3 Kc i n  788.7 Kc. 

deviations a r e  normally dis t r ibuted,  the value assigned t o  the zero-time 

delay cable i s  TD = 633.95 k 0.025 nsec. 

Assuming the  

The measured values and precisions of the  time delays of  the 2-FS 

and 1-FS cables are:  

2-FS = 25.62 k 0.035 nsec; 

1-FS = 25.46 f. 0.035 nsec. 

E. Time -To -Pulse-Height Converter 

1. Description 

The hear t  of the time-of-flight apparatus is  the time-to-pulse- 

height converter, hereaf ter  referred t o  a6 the  TPHC. It i s  through th i s  
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instrument t h a t  the  t r ans fe r  from the  nanosecond time domain t o  pulse 

height takes place (See Figure 15);  these pulse heights a r e  then t rans-  

formed back t o  the  microsecond region v i a  a pulse-height-to-time con- 

ver te r  u t i l i z i n g  the  standard lengthener, ramp generator, comparator, 

and o s c i l l a t o r  countdown technique. 
28 

The par t icu lar  instrument t o  be described is  comparable with a 

29 c i r c u i t  reported by Beghian, based on an or ig ina l  design by J.H. Neiler. 

It d i f f e r s  from Beghian's i n  t h a t  a s ingle  Stop pulse i s  used t o  define 

the  end-of-range t i m e  f o r  two separate but correlated S t a r t  pulses. For 

purposes of discussion, consider a s ingle  s ide  of the TPHC consis t ing of 

but one remote detector and the zero-time detector.  

2. Description of Operation 

A Start pulse generated a t  a remote detector  anode is  applied t o  

V l  i s  a 404A the  gr id  of V l  v ia  the  twenty-five f e e t  of type HO cable. 

pentode, a vacuum tube whose gr id  is gold-plated t o  reduce secondary 

emission and i s  located very close t o  the  cathode t o  provide high 

(12,500 p mhos) tmnsconductance. 

the s ignal  from the  remote detector cuts of f  tube V l  i n  a time e s sen t i a l ly  

shorter  than tha t  of the  t h i r t y  nanosecond shorted delay l i n e  located i n  

The fast r i s e  time (-2 x lo" sec)  of 

the  p l a t e  c i r c u i t  of V l .  This impulse charges the s t r ay  capacitance 

the  gr id  of 1% via  diode D1. The voltage s tep  remains trapped u n t i l  

negative Stop pulse from the anode of the zero-time detector a r r ives  

a t  

a 

a t  

the gr id  of V3 v i a  the  zero-time delay cable. The Stop pulse i s  inverted 

by V3 and del ivers  a posi t ive pulse t o  the  gr id  of V 2  whose p l a t e  current 

discharges the  simal trapped between diodes D1 and M .  If no Stop pulse 

. 



27 

appears, the trapped s ignal  leaks of f  through the reverse resistance of 

the trapping diodes, 

A diode, Ih, holds the cathode of V4 essent ia l ly  at ground poten- 

t i a l .  As the  grid of V4 i s  driven posi t ive via  the posi t ive trapped 

signal, i t s  cathode poten t ia l  r i s e s  s l i gh t ly ,  cuts off  diode D4, and 

d iver t s  the diode current through V4. 

A t  the  same time, the tube current i s  held constant by the  large 

cathode resis tance t i e d  t o  the 150 vol t s  negative supply, and capacitor 

C2 i s  discharged l i nea r ly  a t  a constant r a t e ;  thus: 

t'=t t'=t 
J I d t ' .  - 1  - -  

t '=o s dVc c2 t ' = O  

A t  I = constant, 

- 1  V c ( t )  - vc(o) - 7 t .  

Let: V c ( t )  - v(0) = 

I AVc = (- )t. Then, 
co 
L 

Both the capacitor 

voltage change across the 

AVc . 

value and current are constant; hence, the 

capacitor is  l i nea r  w i t h  t i m e  and d i r ec t ly  pro- 

p o r t i o n a l t o  it. 

between the a r r i v a l  of the S t a r t  and Stop pulses, the poten t ia l  developed 

across it is  a measure of t h i s  time in te rva l .  

3. Adjustment Procedure 

Since the capacitor has been charged during the in te rva l  

There a re  three  major controls i n  the TPHC. 

(Figure 15) controls the b i a s  of the dump tube V3. 

controls the  b i a s  of t he  constant current tube V4, while potentiometer R5 

Potentiometer Rl 

Potentiometer R3 
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l i m i t s  the  current through V4 and hence determines the  slope of the  d i s -  

charge voltage across C2 [See Equation (4)]. 

With too l i t t l e  b i a s  on V3, the diode-stretcher i s  discharged by 

the quiescent current of V3 i n  a time shorter  than the maximum fragment 

fl ight-t ime; consequently, the  diode-stretcher voltage pulse duration w i l l  

not be a measure of fragment fl ight-t ime. %e diode-stretcher voltage 

corresponding t o  t h i s  condition i s  shown i n  Figure 16. 

With too large a b ias  on V3, the  Stop pulses inverted by VO and 

applied t o  the gr id  of V3 a r e  incapable of driving V3 in to  conduction; 

again, t he  diode-stretcher voltage pulse duration w i l l  not be a measure 

of fragment fl ight-t ime. The diode-stretcher voltage p e r s i s t s  f o r  times 

dependent on the reverse diode resis tance and diode-stretcher capacitance. 

These times a re  a fac tor  of 40-50 longer than the  maximum fragment-flight- 

times. 

The optimum b ia s  s e t t i n g  on V3 corresponds t o  the s i t ua t ion  where 

the  decrease in  the  diode-stretcher voltage i s  e s sen t i a l ly  zero over 

633.95 nsec which is s l i g h t l y  greater  than the  maximum ant ic ipated fragment 

fl ight-t ime and i s  equal t o  the Stop pulse cable delay time. 

The optimum b ia s  se t t i ng  of V4 occurs when V4 is j u s t  cut o f f .  Then 

fo r  any posi t ive voltage on the  diode-stretcher, V4 begins t o  conduct, t he  

poten t ia l  a t  the  cathode of V4 r i s e s  and quickly cuts  of f  diode a. 
t h i s  mode of operation, the  p l a t e  current of V4 is  r e l a t i v e l y  constant and 

i ts  value dependent on R, %, and % (See Appendix I). 

current of V4 determines the  slope of the  discharge voltage developed 

across C [See Equation (4)], it follows that t h i s  slope i s  dependent on 

the s e t t i n g  of R which exceeds the values of '(% i- 5)  by a fac tor  of 10 

In 

Since the  p l a t e  

2 

. 
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and i s  therefore the dominant res is tance factor .  

The TPHC i s  i n i t i a l l y  cal ibrated with delay cables, themselves 

previously calibrated by the technique described under Cable Calibration. 

A mercury pulser furnishes f a s t  r ise-t ime pulses each of which is  divided 

and transmitted through lengths of delay-cable whose time delay differences 

simulate f i ss ion  fragment f l i g h t  times. 

4. Procedural Limitations with Delay Cables 

Elec t r ica l  and electronic e f f ec t s  which a r e  generally negligible 

i n  the microsecond time domain become l imitat ions i n  the  nanosecond time 

domain because the wavelengths of the  electromagnetic phenomena associated 

with the nanosecond time domain a r e  of  the same s i z e  as the c i r cu i t  dimen- 

sions. 

wave pulses in microsecond c i r cu i t ry  but  can render timing errors  when 

such pulses a r e  used t o  define time intervals  i n  the nanosecond time 

domain. Therefore, several  l imitat ions t o  ca l ibra t ing  the  T??HC w i t h  

external delay cables and a mercury pulser must be considered. 

Pulses withr ise  times of a few nanoseconds a re  t rea ted  a s  square- 

The mercury pulser signals a r e  unequally attenuated by the d i f -  

ferent  lengths of delay cables used i n  forming the t i m e  differences. This 

unequal attenuation produces a walk i n  the time a t  which the  TPHC input 

tubes a r e  cut o f f .  The assumption i s  made here t h a t  the  pulse amplitude 

i s  suf f ic ien t  t o  cut off  these tubes. 

attenuation is so great that the input c i r c u i t s  are not completely cut 

off ,  it is evident that the  variance i n  the  a r r i v a l  times of the centroids 

of the  pulser signals and consequently i n  the "machine time" i s  greater  

than i n  the former case. Here "machine t i m e "  is defined as the time 

For the case where the pulse 
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during which V4, the  constant current tube of the  TPHC, conducts and 

thereby defines the  simulated f l i g h t  time. 

absolute niagnitude of the  pulser signals and whether the  TPHC input 

This e f f ec t  depends on the 

c i r cu i t ry  i s  sens i t ive  t o  the  centroid of t he  used f rac t ion  of pulser 

signal o r  t o  the centroid of the  t o t a l  i n t eg ra l  of the pulser signal. 30 

The second l imitat ion of t h i s  ca l ibra t ion  l i e s  i n  the  ca l ibra t ing  

signals.  

degradation i n  r i s e  time as they a r e  attenuated. 

These signals a re  derived from a mercury pulser but  suf fe r  

The react ive components 

i n  res i s tors ,  switches, and associated wiring of the  mercury pulser  are 

not negligible a t  the  very high frequencies corresponding t o  pulse r i s e  

times of one or two nanoseconds; hence var ia t ions i n  the rise times of 

the  ca l ibra t ing  s ignals  introduce timing er rors  due t o  "walk.. It  

"he two aforementioned l imitat ions conibine t o  accentuate a second- 

order e f fec t ,  viz. ,  a walk e r ro r  based on diode-stretcher voltage-ampli- 

tude var ia t ions.  Even soI the  timing resolut ion is  s t i l l  l e s s  than 1.5 

nsec, FWHM. 

5 .  Procedural Limitations with Detectors 

. 

Basically, the  same l imitat ions associated w i t h  ca l ibra t ing  the  

TPRC w i t h  t he  mercury pulser a r e  s t i l l  present when the detectors  are 

subst i tuted f o r  the  pulser but w i t h  three addttions.  

F i r s t ,  because the  number of excited s t a t e s  formed i n  the  s c i n t i l -  

l a t o r  depends upon the  mass and the  energy of the  spec i f ic  f i s s ion  frag-  

ment, t he  number of photons accompanying the decay of these excited s t a t e s  

and the  subsequent emission of photoelectrons from the  photocathode of the 

photomultiplier tube a l so  strongly depend upon the  par t icu lar  incident 
1~ 

fragment. On the  average, the amplitude of the output pulses from the  
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. 

photomultiplier ranges over a fac tor  of approximately two t o  one f o r  

f i s s ion  fragments incident on the  same spot of the  s c i n t i l l a t o r .  

Secondly, photoelectrons ejected from the center of the  photo- 

cathode produce output pulses whose amplitudes With respect t o  those 

produced by photoelectrons ejected from the  edge of the photocathode by 

the same incident pa r t i c l e  a re  greater  by 3 / 2 .  

utable  t o  the  non-uniform col lect ion eff ic iency of the photoelectrons by 

the  first dynode, and is  dependent on the  e l ec t ros t a t i c  arrangement 

between the photocathode and f i rs t  dynode. 

e r ro r  i n  machine-time since the ejected photoelectrons must t r a v e l  

varying distances t o  the  f i r s t  dynode of the mult ipl ier  s t ructure .  Machine 

time is  fur ther  influenced by photomultiplier t r a n s i t  t i m e  variance due 

to :  

This ef fec t  is a t t r i b -  

There is  an addi t ional  timing 

1) Different i n i t i a l  ve loc i t ies  of the photoelectrons, both i n  

angle and magnitude. 

Different electron paths and d i f fe ren t  secondary emission 

electron ve loc i t ies .  

Variance in the  secondary electron multiplication. 

2 )  

3) 

The aforementioned e f f ec t s  combine t o  vary both the r i s e  times and 

amplitudes of the f iduc ia l  signals a t  the  input t o  the  TPHC. 

type HO cable (500 = Zo) the  amplitude spectrum of these f iduc ia l  signals 

ranges fromthree-fourthsto two vol t s ;  consequently, the operation of the 

With the 

TPHC ranges between the  centroid non-linear and the b a l l i s t i c  l inear  

30 modes. 

Fortunately some of these e f fec ts  can be cal ibrated out o r  ac- 

counted for i n  the  f a s t  timing system composed of the detectors and TPHC. 



Consider first the  Fast Timing System as an electronic  black box. With 

the mercury pulser furnishing parent signals and a fixed t i m e  delay be- 

tween the  S ta r t  and Stop inputs of the  TPHC, the electronic  resolution 

of the Nst Timing System w a s  1.25 nsec FWHM f o r  the 0-2 s ide and 1.3 nsec 

FMHM f o r  the 0-1 side.  

However, because the  photomultipliers provide s ignals  with an 

amplitude spectrum, a straightforward measurement of the Fast Timing 

System resolution w i t h  the detectors w a s  not possible. 

single-sided time-of -fl ight spectrum of Pu239 w a s  obtained by the  usual 

Instead a 0-2 

method. Then an accurately calibrated delay l i n e  w a s  introduced in to  

the  #2 input of the  TPHC. 

moved t o  lower channels of the multichannel analyzer. 

A s  a resu l t ,  the  en t i r e  time-of-flight spectrum 
* 

Assuming tha t  a l l  

of the detector pulses suf fer  the same attenuation i n  transmission through 

the  delay l ine ,  the number of channels sh i f ted  should be the  same f o r  each 
I 

point of the  spectrum. 

shown in Figure l7a. 

This w a s  not t he  case. The reference spectrum is 

Figure 17b shows the  spectrum obtained w i t h  a 100.9 

nsec delay line i n  line 2-FS of  the TPHC. 

obtained w i t h  a 204.7 nsec delay l i n e  introduced i n  l i n e  2-FS. 

Figure l7c shows the  spectrum 

The 

d i g i t a l  readout of these photographed spectra were plot ted as seen i n  

Figure 19. From these data, it i s  apparent that the machine-time i s  

dependent on the  absolute amplitude of the input s ignals  t o  t h e  TPHC. 

Since the  e f fec ts  of s ignal  amplitude and rise t i m e  are involved here, 

the  combined e f f ec t  is  cal led the  Amplitude - R i s e  Time (ART) e f fec t .  

To es tab l i sh  the  va l id i ty  of the ART ef fec t ,  consider Figures l7a, b, 

. 

%-130 - 512 Channel Analyzer. 
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and c. 

resented i n  Figure 18. 

For convenience, these figures have been combined and a r e  rep- 

The t i m e  delay between spectra (a) and (b) w a s  

established v ia  a 100.9 nsec delay cable; while the  time delay between 

spectra (b) and ( c )  w a s  established via  an addi t ional  103.8 nsec cable. 

The assumption i s  now made t h a t  the cable attenuation is independent of 

the amplitude of the  input s i aa l s  over the amplitude range available.  

Because the  time delays between the  spectra a r e  not exactly equal, it 

w a s  necessary t o  weight the time per  channel f o r  the  two cases in  order 

t o  account f o r  the d i f f e r e n t i a l  nonlinearity of the TPHC. The following 

analysis shows how the  weighting was  performed. 

Given a d i f f e r e n t i a l  l i n e a r i t y  curve as shown: 

- X  

x = channel number 
t2t; 

where the primed and unprimed symbols r e fe r  t o  the heavy and l ight  f rag-  

ment peaks respectively, and subscripts 1 and 2 r e fe r  t o  the delayed and 

undelayed spectra 

channel 

channel 

c h a k e l  

channel 

mowing N (x 

respectively, then 

#195 =--7 ti 

versus x as  in  Fiaure 19. 
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$294 #994 
TL CY. 1 N(x) CY. t205; 294 1 N ( X )  = 25,635 counts. 

x=#205 x=#05 
- 
TH = the  apparent time measured by the  apparatus f o r  a known cable delay; 

viz.,lOO.g nsec, corresponding t o  f iduc ia l  signals produced by the  heavy 

f i ss ion  fragment. TL t he  apparent t i m e  measured by the  apparatus f o r  

an additional known 103.8 nsec ( t o t a l  delay = 204.7 nsec) cable delay 

- 

corresponding t o  f iduc ia l  signals produced by the  l i g h t  f i s s ion  fragment. 

For no ART e f fec t ,  the  r a t io s  of apparent times t o  known delay t i m e s  

would be equal; however, f o r  t h e  present cases: 

3',3'5 counts = 1.22 counts/nsec 100.9 nsec 

257635 counts - 0.972 counts/nsec 103.8 nsec 

The difference between these two values i s  22.8% indicating the importance 

of the  ART ef fec t .  

One fur ther  analysis of i n t e re s t  can be performed with respect t o  

the  ART defect based on the  data available i n  Figure 19. 

considers the  ART defect formed by the  difference i n  time between the  

This analysis 

. 

l i gh t  mass fragment peaks delayed by a known 100.9 nsec, and the  t i m e  

difference between the  l i g h t  and heavy mass fragment peaks of t h e  r e fe r -  

ence spectrum. The la t te r  t i m e  difference i s  obtained from the  data of 

Milton and Fraser2' and compared with the  present r e su l t s  from these 

tests;  thus: 

time difference between delayed light-fragment, peaks = 100.9 nsec; 
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correction due t o  d i f f e r e n t i a l  nonlinearity = 3.6% ; 

time difference between delayed l i g h t  fragment peaks 

= 100.9(1 - 0.036) nsec, 

= 97.27 nsec; 

time difference between l i g h t  and heavy fragment peaks 

= 96.48 nsec . 
This last f igure i s  obtained from the corrected and b e s t - f i t  data 

20 of Milton and Fraser. 

Then (97.27 - 96.48) nsec = 0.79 nsec = time difference be- 

tween the time intervals  corresponding t o  the l i g h t  fragment peaks and 

t o  the l i g h t  and heavy fragment peaks of the reference spectrum. This 

time difference amounts t o  a timing difference of -1%. 

The conclusion which i s  drawn from t h i s  experiment i s  t h a t  the 

ART e f f ec t  is  r ea l ,  especially f o r  the heavy fragment. 

ex i s t  i n  the reference spectrum but t o  what extent is  not known. Com- 

parison with the  data of Milton and Eraser2' indicates t h a t  the perform- 

ance of t h i s  apparatus is  comparable with t h e i r s  (-1%). 

6. Different ia l  Linearity 

It may a lso  

Generally, the  term "d i f fe ren t ia l  l i nea r i ty"  a r i s e s  i n  describing 

the  charac te r i s t ic  curve of a multichannel analyzer. It is a measure of 

the uniformity of channel widths over the range of channels avai lable;  

e.g., a d i f f e r e n t i a l  l i n e a r i t y  of 2% means t h a t  no channel departs by 

more than 2% i n  width from the average channel width over the en t i r e  

range of avai lable  channels. 

With the TPHC, the  d i f f e r e n t i a l  l i n e a r i t y  is  s t i l l  a measure of 

the charac te r i s t ic  curve of the instrument but i n  the form of a 



dis t r ibu t ion  function of the l i m i t  of the  width of the  t i m e  in te rva ls  per 

un i t  time in t e rna l  over the  e n t i r e  time range of i n t e r e s t  as the  time 

in te rva l  goes t o  zero. It is  a much more sens i t ive  evaluation of the 

instrumental performance than is  the in tegra l  l i nea r i ty .  

in tegra l  l i n e a r i t y  may be defined as tue r a t i o  of the maximum time 

departure a t  any time-point t o  the t r u e  value of tha t  time point ex- 

pressed as a percentage of full scale  time. 

l imitat ion t o  the  use of the  in t eg ra l  l i n e a r i t y  is  the  f a c t  that the  

percentage e r r o r  of time expressed as the r a t i o  of the  ac tua l  timing 

e r ro r  t o  the correct time may be huge at small values of t i m e  while the 

in tegra l  l i n e a r i t y  as defined above may be excellent.  

d i f f e r e n t i a l  l i n e a r i t y  percentage means t h a t  the same percentage e r ro r  

ex i s t s  over the e n t i r e  time range of i n t e r e s t .  

Here, t he  

Obviously, the  pr inc ipa l  

In contrast ,  a 

The d i f f e r e n t i a l  l i n e a r i t y  of a system bears e s sen t i a l ly  no s i g -  

nificance on a measurement provided: 

1) 

2 )  it remains constant. 

it is measurable and known. 

Within these two l imitat ions,  any d i f f e r e n t i a l  nonlinearity can be ac-  

counted fo r  by proper cal ibrat ion.  

The d i f f e r e n t i a l  l i n e a r i t y  i s  measured by obtaining a spectrum of 

random time in te rva ls  introduced in to  the TPHC. Because the time i n t e r -  

vals  are random and span the t i m e  range of i n t e re s t ,  an equal number of 

counts should be stored in  each channel of the analyzer if the TpHC 

charac te r i s t ic  curve is  per fec t ly  f la t .  

surement l i e s  i n  the generation of random t i m e  in te rva ls .  

fixed frequency generator is used t o  furnish Start pulses t o  the TPHC 

One d i f f i c u l t y  with t h i s  m e a -  

Generally a 
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while random Stop pulses are provided by a detector generating signals 

corresponding t o  the decay of a radioactive source. 

act ive decay is  random i n  t i m e ,  it i s  usually t a c i t l y  assumed that the  

t i m e  in tervals  between the  regular Start and random Stop s ignals  are 

random. 

t i m e  interval d is t r ibu t ion  i s  expressed as: 

Since the radio- 

This is not the case (See Appendh 11). It is  seen tha t  the 

= probabili ty of a t  l e a s t  1 count appearing 

i n  a channel weighted w i t h  probabili ty P( i ) ,  

where: r = random counting rate a t  Stop input, 

To = t i m e  range of in te res t ,  
- 
n = average number of  counts stored i n  a channel. 

Notice, however, t h a t  for 'To small, the  exponential can be ex- 

panded i n  a series: 
- 

(en - 1) e'rTo = (en - 1)(1 - rTo -t ....), 
- 

= (en - 1)(1) f o r  "To C< 1). 

Thus, fo r  low counting rates and a short  t i m e  range of in te res t ,  

the d is t r ibu t ion  of t i m e  in tervals  is  essent ia l ly  random, i.e., f l a t .  

Figure 20 shows the  d i f f e ren t i a l  nonlinearity of t he  0-2 side of 

the TPHC (Side 0-1 i s  bas ica l ly  the same ) . 
the  average counting rate of the  random source were: 

The time range "Tof' and "r" 

To = 633.95 nsec ,  

r = 3000 counts/sec. 

From these data, rTo = 1.9 x and the correction t o  the  slope 

of the d is t r ibu t ion  of Figure 20 is  negligible.  
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Although the slope of the  random time d is t r ibu t ion  is  -300 counts 

per channel and in r e a l i t y  v io la tes  the c r i t e r i a  of an idea l ly  v e r s a t i l e  

time a n a l y ~ e r ? ~  nevertheless measurements made a t  widely varying t i m e s  

under the  same biasing conditions on the TPHC yielded the  same slope 

w i t h i n  -f. 5%. 

24 hours, the d i f f e r e n t i a l  l i n e a r i t y  can be assumed constant and known. 

Therefore, f o r  a single-sided spec t ra l  r u n  on, Fu239 l a s t i n g  
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CHAPTER I V  

TIME-TO-PULSE-mIGHT C O I W X I E R  SIGNAL PROCESSING 

A. Signal Characterist ics 

The shortest  fragment-time-of -flight expected is  about 180 nsec. 

"he maximum voltage change developed across C2 i n  the  TWC output follows 

from Equation (12) : 

- I - - M. 
AvC c2 

For the case: 

(a) I = 100 pamps, 

(b) Cg = 2200 pfds, 

(c) At = (633.8 - 180) nsec,, 

= 453.8 nsec, 

-6 
x 453.8 nsec, - 100 x 10 

AvC 2200 x 10-l2 

= 20.6 mi l l i vo l t s .  

Similarly, the minimum voltage change corresponding t o  a 500 nsec f l igh t  

time is: 

AVc = 6 mi l l ivo l t s .  (23) 

The time constant of the TPHC integrator  RC2 is (2200 x 10-12)(105) 

= 2200 x loe7 sec o r  220 psec. 

Equation (21c) i s  453.8 nsec; a fac tor  of l / 5 O O  of the integrator  time 

constant; hence, the l i n e a r i t y  of the  integrator  c i r c u i t  is  ensured. 

Furthermore, the slope of the l i nea r  discharge curve is, from Equation (ll), 

The maximum measured time in te rva l  from 
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3 -6 
= 45 x 10 amps/fd. - 100 x 10 

2200 x 
- 

Summarizing, the  output s ignal  from the  TPHC,has these properties:  

1) Voltage range: 6 mv < AV < 21 mv, c -  - 
3 2 )  Slope: 45 x 10 amps/fd and l inear ,  

3) Time constant: 220 psec. 

This output s ignal  i s  fed in to  a preamplifier shown schematically 

i n  Figure 5. The input t i m e  constant of t he  preamplifier is: 

RC = (100 x 106)(1000 x 10-l2), (25 1 
= 10,000 psec . 

Thus, t he  preamplifier input c i r c u i t  is  an integrator  and follows 

The rest of the  preamplifier is of con- the  TPHC output s ignal  closely.  

ventional design except fo r  incorporating a White cathode follower output 

stage. 

of RG62/U coaxial cables so t h a t  much of the  apparatus could be operated 

a t  remote locations.  

This design feature w a s  introduced t o  drive lengths of 100 feet 

The preamplifier gain i s  nominally 15; thus the  s igna l  amplitude 

available a t  the  preamplifier output ranges from 90 mv t o  215 mv. 

This signal  i s  i n  turn  fed in to  a standard A-1 amplifier s e t  a t  

a 0.5 Mc bandwidth. It i s  i n  the  A - 1  amplifier t h a t  the  s igna l  is d i f -  

ferent ia ted and pulse shaped. 

t i a t ed ,  the  d ispar i ty  i n  the t i m e  constants between the  T W C  output and 

preamplifier input does not lead t o  any D.C. l eve l  s h i f t s  due t o  pulse 

pileup f o r  count rates up t o  1000 counts/sec. 

Because the  input signals are differen-  

The output s ignals  of the  
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A-1 amplifiers were s e t  by the gain adjustment t o  range between 25 vol t s  

and 85 vol t s .  Outside t h i s  range, slight nonl inear i t ies  basic t o  the 

A-1  amplifier manifest themselves. 

B. Drift and Gain S tab i l i t y  

Several t e s t s  were run t o  es tabl ish the gain s t a b i l i t y  and d r i f t  

f igures of the mst Timing Systems consisting of the TPHC, preamplifier, 

A-1 amplifier and multichannel analyzer. 

formed each employing an ORNL Q-1212 mercury pulser furnishing pulses 

which w i t h  su i tab le  delay cables formed two fixed time intervals ;  viz. ,  

a 100.9 nsec in te rva l  and a 204.7 nsec in te rva l .  %e first t e s t  con- 

s i s t ed  of noting the channel number in  which the  fixed time intervals  

were i n i t i a l l y  regis tered and checking each hour whether o r  not the 

* 
Two s e t s  of t e s t s  were per- 

channel numbers changed. Over a normal twelve hour working day, no 

single hour check revealed a s h i f t  of more than one half channel i n  

e i the r  channel number. Although it is extremely d i f f i c u l t  t o  discern 

whether the shifts  were due t o  gain o r  b ias  changes, the f ac t  tha t  the  

shifts were small indicated tha t  they could be balanced by a gain change 

i n  the A-1 amplifier.  Indeed t h i s  w a s  the  case. 

The second t e s t  consisted of an uninterrupted sixteen hour run 

w i t h  the same setup as in  the  f i rs t  t e s t .  

a four Farenheit degree temperature change and showed a four channel 

s h i f t ,  equivalent t o  about a 5 nsec change, 

This t e s t  w a s  accompanied by 

* 
Nuclear Data Corporation, 512 channel analyzer model ND130. 
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Prom these t e s t s  it was concluded that a run could be reasonably 

f ree  of d r i f t s  i f  the apparatus were checked a t  l e a s t  once every two hours 

w i t h  the  pulser technique. 

the d r i f t s  i n  the Fast Timing System exclusive of the  detectors .  It 

should be noted fur ther  that it i s  not only the detector s ignal  amplitude 

and r i s e  time which were responsible f o r  the TPHC response but  a l so  the 

detector signal-to-background r a t i o  as well  as the  absolute value of the 

s ignal  and background. The fac t  t h a t  s t a t i s t i c a l l y  s ignif icant ,  and 

legit imate spectra can be obtained with t h i s  apparatus i s  due t o  the  high 

l eve l  of reproducibi l i ty  inherent i n  it fo r  operating times consonant 

w i t h  su f f i c i en t ly  long counting times. 

Note, however, tha t  t h i s  method simply checks 
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CHAPTER v 

SLOW CHANNEL 

A. Signal Characterist ics 

. 

The slow o r  coincidence channel consists of the  signals derived 

from the  tenth dynodes of a l l  three detectors.  These signals a r e  char- 

acterized by somewhat longer r ise  t i m e s  (-5 nsec) and smaller but posi- 

t i v e  amplitudes. Deriving these signals from the  tenth dynodes of the  

detectors providing the  timing signals yields a measure of va l id i ty  t o  

both signals.  The ten th  dynode o r  "slow" signals are amplified by a 

preamplifier-amplifier chain ident ica l  t o  the one described under Signal 

Processing; however, the  output s ignal  from the f i n a l  A - 1  amplifier i s  

processed different ly .  

B. Coincidence Constraints and Character i s  t ics  

Instead of using the  normal pulse-shaped output of the A-1 ampli- 

fier, the PHS (Pulse Height Selected) output (a discriminator c i r c u i t )  is 

used t o  t r igger  a double coincidence c i r cu i t  f o r  s ingle  sided spectra o r  

a t r i p l e  coincidence c i r c u i t  f o r  correlated spectra. However, the  normal 

PHS output s ignal  is  a 25 vol t s  negative pulse, one-half psec wide at  i ts  

base and i s  obtained by d i f fe ren t ia t ing  a s ignal  d i r ec t ly  proportional t o  

the  main s ignal  of t he  amplifier. Since the  coincidence c i r cu i t  requires 

a s ignal  about 15 vol t s  negative, the  normal PHS pulse a t  15 vol t s  ampli- 

tude is  only 325 nsec wide. 

nsec, it i s  obvious t h a t  many t rue  coincidences corresponding t o  the  

With f l i g h t  times ranging from 180 t o  500 
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f l i g h t  times of the  heavy fragments w i l l  be l o s t  and the resu l tan t  spec- 

trum biased i n  favor of the lighter, f a s t e r  fragments. To t h i s  end, the 

c i r c u i t  shown schematically i n  Figure 6 w a s  devised. It is a s ingle  shot 

univibrator which produces f k e d  amplitude (20 vo l t s  ) negative pulses of 

adjustable t i m e  duration. 

7-45 pfd capacitor. Figure 7 shows the optimum pulse durations employed 

in establ ishing the  coincidence constraint .  The A-1 output pulses reach 

t h e i r  maximum amplitude i n  one and one-half psec; a s  a consequence, a 

time delay is  introduced in to  the coincidence constraint .  

tiometer is  used t o  discriminate against  i l l eg i t imate  pulses which con- 

t r i b u t e  t o  the  accidental  coincidence counting rate; however, at  a given 

PHs bias se t t ing ,  an A-1  pulse must have an amplitude suf f ic ien t  t o  over- 

come th i s  bias. With a one and one-half psec time-rise response, an A-1 

pulse is  delayed f o r  a spec i f ic  portion of th i s  time rise before the PHS 

output c i r c u i t  can be tripped. 

that  both A-1  amplifiers associated w i t h  the  remote detectors  were s e t  

a t  the  usual s e t t i n g  of 5OO/lOOO u n i t s  with fixed gains. This s e t t i n g  

corresponds t o  a t i m e  delay of about one psec before the univibrator could 

be tripped. 

slowest and fastest fragment flight t i m e s .  Since a l l  constraints  are 

s a t i s f i e d  f o r  t h i s  l i m i t ,  it follows t h a t  the constraints  are satisfied 

f o r  a l l  intermediate cases. It is t h i s  t i m e  delay which accounts f o r  

the use of external  one psec delay l i n e s  a t  the  output of t he  A-1 ampli- 

fiers of t he  Fast Timing Systems. 

analyzed would appear a t  the  input t o  the  analyzer before the  coincidence 

The time duration i s  controlled by the variable 

The PHS poten- 

Figure 7 w a s  drawn with the condition 

Furthermore Figure 7 corresponds t o  the s i tua t ion  f o r  the 

Without them, the  s ignals  t o  be 
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constraint  w a s  s a t i s f i ed ;  thus, the  analyzer would record erroneous 

signals or none at  a l l .  

The multichannel analyzer used f o r  recording, storing, and d i s -  

playing the  spectra of the f i s s ion  fragments' time-of-flight is the  

ND130. 
* 

It has 512 channels with choice of 127, 255, or 511 point anal-  

ysis ;  i t s  in tegra l  l i n e a r i t y  i s  rated a t  b e t t e r  than 0.5$ of full scale  

while i t s  d i f f e ren t i a l  l i n e a r i t y  is typ ica l ly  b e t t e r  than 1% over 98$ 

of i t s  range. The zero d r i f t  of the  analyzer I s  l i s t e d  a t  less than 

0.5$ of f u l l  scale  per 24 hours, and l e s s  than 0.5$ of f u l l  scale per 

10°F. 

d r i f t  is l i s t e d  at l e s s  than 1% of full scale  per 24 hours and l e s s  than 

15 of fill scale  per 10'~. 

A typ ica l  d r i f t  f igure i s  f 0.1% per day. Similarly, the  gain 

b 

* 
Purchased from Nuclear Data, Inc. 
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CHAPTER V I  

ANALYSIS OF THE EXPERlMENTAL TlME MEASUREMENT 

A ,  Detector Transit  Times 

The de ta i l s  of the various. t r a n s i t  times encountered i n  measuring 

the f l i g h t  times of f i s s ion  fragments a re  developed in th is  section. Con- 

s ider  'Figure 20. This i s  a diagram of the  zero detector with i t s  s a l i e n t  

features and dimensions labelled.  

Consider f i r s t  the t r a n s i t  time of a single secondary electron from 

the 3 pin.  N i  f o i l ,  N i  t o  the s c i n t i l l a t o r  S i  . For simplicity, con- 0 0 
s ider  the electron ejected from the very center  of 8. (It should be 

noted i n  passing t h a t  the term secondary electron is  preferred t o  d e l t a  

rays, because de l t a  rays a r e  defined 32'33 as electrons ejected with ener- 

gies greater  than 1000 ev, whereas secondary electrons have energies 

l imited to ,  a t  most, a few hundred ev.) Assuming tha t  t he  electron speed 

never exceeds a small f rac t ion  of the speed of light, it follows from the 

conservation of energy tha t :  

For secondary electrons v is  negligible,  and f o r  the case in 1 
Figure 20, V1 = 0 vo l t s ;  hence 

1 2  - m v  = q V 2 .  2 e 2  

I 

For the  purposes of estimating the  t r a n s i t  time of t he  secondary 

electrons from the  nickel  f o i l  N i  t o  the  s c i n t i l l a t o r  S i  , consider the 0 0 
secondary electrons t o  t r a v e l  on the center l i n e  between 0 0  N i  and S i  and 
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tha t  the e l e c t r i c  f i e l d  is  uniform along t h i s  center l ine .  For t h i s  case 

Newtonls Second Law of Motion yields:  

= d2S T U e '  

a t  

v29 - d2S 
me 2, - -  

a t  d . .  

d2S - v29 

at2 m e a  
- -  o r  

Integrating Equation (31) under the  boundary conditions t h a t  

dS= o a t  te = o yields a t  
v29 v = -t as = 

d t  med e '  

Here, "v" is  the  speed of the  electron evaluated at  a point on 

i t s  straight l i n e  path a t  t i m e  "te." 

A second integration yields, under the same boundary conditions: 

v29 t2 
Z i i T  e *  s =  

e 
(33) 

Solving Quat ion (33) f o r  l r t e "  a t  S = d yields t h e  electron t r a n s i t  t i m e  

from @ t o  @ 

For : d = 6.67 C ~ S ,  

-28 m = 9.1 x 10 gas, e 

. 
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3 qv2 = (1.6 x ergs/ev)(l5 x 10 e v ) .  

muation (22) yields,  

te = 1.8 nsec. (35) 

Since the  f i e l d  i s  considered uniform, te ~ 1 . 8  nsec would equal 

the  t r a n s i t  time f o r  secondary electrons anywhere on the f o i l ;  however, 

t h i s  assumption i s  too r e s t r i c t ive .  

shows some non-uniformity, and t h i s  na tura l ly  leads t o  a spread i n  

t r a n s i t  time. Fraser and Milton,34 and Stein and Leachman using 

bas ica l ly  the  same lens  s t ructure  measured t r a n s i t  t i m e  spreads of 2.5 

t o  5 nsec M M .  

the  la rges t  of which are those inherent i n  the  photomultiplier. 

lowing G a t t i , 2 5  the  variance i n  the  timing signal due t o  photomultiplier 

t r a n s i t  time spread f o r  t h i s  apparatus amounts t o  1.2 nsec . 

Actually a f i e l d  p lo t  of t he  lens 

- 22 

This t i m e  spreads includes a l l  instrumental e f fec ts ,  

Fol- 

2 A reasonable 

assumption based on the  e l ec t ros t a t i c  lens 

i n  electron t r a n s i t  t i m e  spread between N i  

2 
greater than 0.2 nsec . Since the electron 

f i e l d  p lo t  i s  t h a t  t h e  variance 

f o i l  and s c i n t i l l a t o r  is no 

t r a n s i t  t i m e  variance and the 

photomultiplier t r a n s i t  t i m e  variance are s tochast ical ly  independent, 

the  overal l  variance of the zero time f iduc ia l  s ignal  is  

2 -  2 2 
0 -T PMT CT + a  - 

te 
a 

= (0.2 + 1 . 2 )  nsec 2 .  . 
With the  fur ther  assumption t h a t  these t r a n s i t  time spreads are 

normally distributed, t he  FWHM, W, is: 

' 0  -T = 2 * 3 5  aO,T, (37) 

= 2.35 x 1.2 nsec, 

= 2.8 nsec, . 
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B. Velocity Ekpressions 

Figure 21 shows the  sa l i en t  parameters labelled f o r  determining 

the  t i m e  relationships of the correlated flight times of the f i ss ion  

fragments. This development i s  necessary because the zero-of-time 

detector is  asymmetrically located i n  the flight path of the  fragment 

p a i r  and the  veloci ty  loss of the fragments through the various nickel 

f o i l s  is  a function of fragment mass and velocity. 

Case I: Fiss i le  

kt: - 
t2 - 

t =  e 

v =  2 

By definit ion,  

source deposit directed toward 0-2 flight path. 

fragment f l ight t i m e  from secondary electron N i  f o i l  t o  

detector #4, 

electron flight t i m e  from secondary electron N i  f o i l  t o  

the  zero detector ,  

zero cable delay t i m e ,  

fragment flight t i m e  from f iss i le  source t o  secondary 

electron N i  f o i l ,  

veloci ty  of the 0-2 f i ss ion  fragment after it passes 

through the secondary electron N i  f o i l .  

d 
FD2 

t2 ' 
- 

In t ravers ing the N i  f o i l ,  the fragment loses a fract ion of i t s  velocity;  

c a l l  t h i s  f ract ion p (v,m) since the  energy loss depends on the fragment 

mass and entrant velocity.  

Then, the time-of-flight of fragment 0-2 from the N i  f o i l  t o  de- 

tec tor  #2 is: 
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(39) tg - - t; + te, 

1 
where: t2 = "m2asured" f l i g h t  t i m e  between the  arrival of 

signals a t  detector #2 and t h e  zero detector .  

However, the flight time t; i s  not what i s  measured i n  the  experiment. 

It i s  t2, which is  the supplement of the fl ight t i m e .  

- 
11 

Time Sequence f o r  Cases I and I1 

. .  
Combining Equations (39) and (40) yields 

t2 - - To - t; -I- te. 

Theref ore, 
d 

(42 1 - m2 

te )  "2 - 1 To - t; t 

Leachman and S ~ h m i t t ~ ~  have measured the  veloci ty  loss  of f i s s ion  

fragments through N i  f o i l s  and have found t h a t  the  heavy and l ight f rag-  

ments suf fe r  d i f fe ren t  attenuations depending on the  fragment mass and 

i n i t i a l  velocity.  

wri t ten f o r  the veloci ty  l o s s  i n  the  form: 

I 

For the  present, a functional re la t ionship can be 

. 



Hence : 

. 

= post-neutron emission veloci ty  of the  0-2 fragment. 

The assumption has been made t h a t  the f i s s i l e  source is so  

oriented t h a t  the  0-2 f i s s ion  fragment t raverses  only the secondary 

electron N i  f o i l .  For t he  case where the  f issi le source i s  directed 

toward the  0-1 f l i g h t  path, the 0-2 f i s s ion  fragment must penetrate the 

source backing which is  also a N i  f o i l  assumed ident ica l  t o  the  secondary 

electron N i  f o i l .  

Case 11: Fis s i l e  source deposit directed toward 0-1 f l i g h t  path. 

Assume t h a t  t h e  0-2 fragment starts with the same veloci ty  it 

had i n  the f i rs t  case. 

. .  

Then, 

where the prime r e fe r s  t o  the  present case, 

where v" i s  the fragment veloci ty  between the  N i  foils,and 

p is  defined analogously t o  Quat ion (43). 
sF2 

Let: v i  = veloci ty  of the 0-2 fragment a f t e r  it traverses  the 

secondary electron N i  f o i l .  



52 

Here t f e  = electron t r a n s i t  time corresponding t o  a lower veloci ty  f rag-  

ment which, because the electron emergence veloci ty  i s  assumed negligible,  

i s  equal t o  te. 

V' 
Now v I' - - -  following Equation (43). 

sF2 P '  

Hence, 

Mote t h a t  ti # t" ; i n  f a c t  t" is ac tua l ly  greater  than t" 2 
based 

2B 2B 
on physical reasoning. 

(42) and (45) is  that v2 # v i ;  experimentally, however, much information, 

i n  principle,  is  deducible from reorient ing the  source deposit. 

t a in ing  s ingle  sided t ime-of-fl ight spectra with the  f i s s i l e  source 

About a l l  that can be safe ly  s ta ted  about Equations 

By ob- 

directed first i n  one direct ion then the other  and comparlng the  two 

r e su l t s ,  the s h i f t  between the spectra w i l l  be a measure of t he  fragment 

veloci ty  loss through N i  f o i l ;  it i s  evident, therefore,  tha t  t he  c a l i -  

b ra t ion  f o r  fragment veloci ty  loss  through the f o i l s  i s  inherent in the 

apparatus. 

Case 111: F i s s i l e  source deposit directed toward 0-1 f l i g h t  path. 

Case I showed the  ana ly t ica l  development f o r  the 0-2 fragment. 

The present case w i l l  t r e a t  the 0-1 fragment. 

d 

9 
sDl v = -  

1 

where: v = 1 

(47) 

post-neutron emission veloci ty  of the  0-1 

fragment ; 

fragment f l i g h t  time from source t o  detector  #I; 



53 

c e -  * 
*te - t '  t; 
4 t 

d = distance from source t o  detector #I. 

= flight time between arrival &s igna l s  between detector 

#1 and the zero detector; 

m 

I h h h - time 

Time Sequence for Cases I11 and IV 

t; = measured supplement of 0-1 fragment measured fl ight time; 

Hence : 

= (To - t;) + t f  + te. (50) 
tl sF2 

Here t '  = f l i g h t  time of the 0-2 fragment t ravers ing the source 
sF2 

backing and secondary electron N i  foils, 

d 

- sF2 (T 4- t - t g ) .  -a 0 e 
FD2 

Combining these r e su l t s  yields:  

. 
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d 
sD1 s 

SF- 
d v =  1 

Note that v 

Case IV: 

i s  correlated w i t h  v2. 1 
Fis s i l e  source deposit directed toward 0-2 f l i g h t  path. 

Following a u a t i o n  (47), 

.The 0-1 fragment w i l l  su f f e r  a veloci ty  loss i n  t ravers ing the  

N i  source backing; t h i s  veloci ty  loss w i l l  require t h a t  the  fragment 

flight time change. 

- + t .  e - (To - t" ) f t 
ti I B  sF2 

(54) 

t = flight time of the  0-2 fragment t ravers ing only the  

secondary electron N i  fo i l .  
sF2 

The time t" is d i f fe ren t  from t; since the  0-1 fragment t raverses  
lB 

the source backing, t" being i n  f a c t  a shor te r  time in t e rva l  than t" 

Hence : 
53 1' 

d 
where: v2 = *2 

(To 4- te - tz) 

Note here again that  v' is correlated with v 
1 2' 
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In each of the  four cases, only one variable i s  recorded; viz . ,  

. 

t". The term p containing the velocity loss information can i n  pr inciple  

be programmed in to  a computer. Reference t o  the  work of Schmitt and 

Leachman3' and F ~ l m e r ~ ~  indicates t h a t  the  median l i g h t  -fragment velocity 

l o s s  and the  median heavy-fragment veloci ty  l o s s  through three microinch 

thick N i  f o i l s  are:  

8 

8 

(ai2), = 0.27 x 10 cm/sec, 

(AV,), = 0.25 x 10 cm/sec. 

(56) 

(57) 

C .  The Effects of Prompt Neutron Emission 

The conservation equations used i n  the Introduction do not account 

for  the  e f fec ts  of prompt neutron emission on the  f l i gh t s  of the  f i ss ion  

fragments except insofar as the average fragment veloci ty  i s  approximately 

equal t o  the  fragment i n i t i a l  velocity based on the  assumption of i so -  

t rop ic  neutron emission in  the center-of-mass coordinate system of the  

moving fragment. Actually, the conservation equations apply pr ior  t o  

-14 neutron emission, for  i n  a time of the order of 10 

sion, all the  prompt neutrons are  emitted. 

sec of the  sc i s -  

The distance transversed 37 

239 by a fragment i n  t h i s  time is  equivalent t o  lo7 nuclear diameters of Pu . 
The fundamental assumption of isotropic emission of neutrons i n  the center- 

of-mass coordinate system of the  moving fragment i s  made on the  basis  t h a t  

the measured angular dis t r ibut ion of emitted neutrons i s  consistent with 

21 t h i s  assumption. 

The e f fec ts  of prompt neutron emission of the f l i gh t s  of f i ss ion  

fragments are:  

. 
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1) Data prejudice due t o  r e c o i l  of the  fragments as a r e s u l t  of 

neutron "boil-of f . " 
2 )  

The f i r s t  e f f ec t  is minimized by a choice of proper geometry. In 

the  present apparatus, a l l  three detectors a re  the  same s i z e  except that 

the  j@ detector can scan a distance corresponding t o  three detector  

diameters. Specifically,  each 6 8 1 0 - ~  photomultiplier is  nominally two 

inchestin diameter; therefore,  detector  #2 has been designed t o  scan a 

six inch distance perpendicular t o  the  0-2 f l i g h t  path. 

fission-fragment coincidence losses are minimized and the data properly 

weighted against  those cases where the fewest prompt neutrons are 

emitted. In a detai led calculation by Lide,38 it is  shown f o r  such an 

arrangement t h a t  a proper representation of b e t t e r  than 96$ of a l l  t he  

fragments reaching the #1 detector w i l l  be intercepted by the $2 detector  

along i ts  allowable scanning distance.  

A variance i n  velocity of the fragments. 

In t h i s  way, 

The second e f f ec t  introduces a variance i n  the pre-prompt neutron 

emission ve loc i t ies  of the  fragments. 

direct ions w i l l  administer a component of veloci ty  change t o  the  fragment 

i n  the form of recoi l .  

average fragment veloci ty  i s  equal t o  the  fragment i n i t i a l  velocity, a 

correction should be supplied t o  t h e  fragment ve loc i t ies  as given by 

Equations (44), (46), (52), and ( 5 5 )  t o  account f o r  the e f f ec t s  of t he  

prompt neutron emission. A detai led formulation of t h i s  correction r e -  

quires determinations of number, energies, and direct ion of emission of 

the  prompt neutrons. Since such information i s  not obtained i n  t h i s  

experiment, t he  change i n  veloci ty  due t o  neutron emission from the 

Prompt neutron emission a t  a l l  

Therefore, although it i s  s t i l l  t r u e  that  the  
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fragments is t rea ted  a s  a variance i n  the time-of-flight data; th i s  then 

is  ref lected as an addi t ional  variance i n  velocity, mass (as deduced from 

momentum and mass conservation), energies, e tc .  

L i d e ' ~ ~ ~  detai led calculation f o r  t he  e f f ec t s  of prompt neutron 

emission 

Assuming 

function 

fragment 

neutrons 

on the time of flight of f i s s ion  fragments is  summarized below. 

a Watt d is t r ibu t ion  f o r  the energy of neutrons emitted as a 

of mass, Lide showed that the  variance in  t i m e  of arrival f o r  a 

emitting k neutrons and having a flight t i m e  to when no prompt 

are emitted i s  given by: 

where : 

1 

m = neutron mass, 

T = nuclear "temperature," a parameter used i n  

(59) 

f i t t i n g  neutron spectra w i t h  the Watt neutron- 

energy formula, 

= i n i t i a l  momentum of the  f i ss ion  fragment, pi 
M = mass of the  f i s s ion  fragment before neutron 

emission. 

Fsr t h i s  experimental arrangement, using Pu239 as the  f issi le 

source, the  timing variances introduced by prompt neutron emission are:  

2 = 8.024 nsec , 2 
0 0-2E 

2 = 4.20 nsec 2 , 0 0 -2, 

2 = 6.161 nsec , 2 
0 0-lH 
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= 3.22 2 
0-1- 0 

2 -  where: o - 

H =  

L =  

2 nsec , 

variance, 

heavy fragment, 

l i g h t  fragment , 
0-1 and 0-2 = f l i g h t  paths.  

\ 
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CHAPTER VI1 

PRECISION OF THE EXPERlMENT 

A, Precision Indices of the  Apparatus 

The la rges t  variance i n  timing-signal spread from each of the 

three detectors is  due t o  the t r a n s i t  time spread of the photomultiplier 

tubes. 

Weinzierl,lc3 t h i s  variance amounts t o  about 1.2 nsec . 
Following G a t t i 2 5  and the experimental work o f  Bart1 and 

2 

The variance in  the measurement of the  delay cable i s  negligible 

(See Table I). 

The variance i n  zero-detector secondary electron t r a n s i t  time is  

2 
0.2 nsec [See muation ( 3 6 ) ] .  

The f l i g h t  paths have been measured t o  f 0.08 cm. Since each 

f l i g h t  path is  greater  than 300 cm, the e r ro r  of the  distance measurement 

is  l e s s  than 0.02% and i s  negligible when compared with the e r ror  due t o  

photomultiplier t r a n s i t  time spreads. 

B. Precision Index Due t o  Effects of Prompt Neutron miss ion  

L i d e ' ~ ~ ~  calculations show t h a t  the variances in  Pu239 median 

f i s s ion  fragment average t r a n s i t  time over the  f l ight paths of t h i s  

experiment are:  

2 = 8.024 nsec , 2 
0 0-2H 

2 = 4.20 nsec , 2 
0 -2 d 

L 
2 = 6.161 nsec , 2 

0 
0 -la 
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2 2 
O - l L  = 3.22 nsec . (3 

C. Corrections 

The velocity loss due t o  the Pu239 f i s s ion  fragment t ravers ing the 

nickel  f o i l s  amounts t o  a maximum of 2.5% f o r  the median-heavy fragment; 

however, the  fragment veloci ty  loss  i n  t ravers ing a nickel  f o i l  is a 

function of the fragment mass and velocity.  Schmitt and Leachman3* show 

tha t  the veloci ty  loss  near the beginning of the range can be expressed 

by a somewhat a rb i t r a ry  expression, 

where A and n a re  considered t o  be functions of only the fragment mass, 

the  veloci ty  v i s  i n  (10 ) cm/sec, and the foil thickness x i s  i n  mg/cm . 8 2 

To account f o r  t h i s  veloci ty  loss on a per f i s s ion  basis woul’d requlre a 

computer program t o  make the required corrections i n  the  ve loc i t ies  as 

described by Equations (51) and (66) or (57) and (63) depending on the  

f i s s i l e  source or ientat ion.  

veloci ty  l o s s  w i l l  be used i n  estimating the  overa l l  precision i n  the 

veloci ty  measurement. 

be 0.975. 

Short of th i s  computer procedure, the  2.546 

This means that p- defined i n  EQuatio (46) w i l l  

It s h a l l  be assumed t h a t  the  ART e f f ec t  can be accounted f o r  by 

cal ibrat ion and w i l l  be ignored i n  the precision evaluation. 



D. Best Estimate of Precision of the Velocity Measurements 

. 

Case I: F i s s i l e  source toward 0-2 f l i g h t  path from Equation (51). 

d 
- 1  FD2 - -  V 

p <To + te - t;) sF2 

d2 a2 

2 <To + te - t:)4’ 

Hence , 
(61) 

- 1 FD2 
- c  

2 
0 v 
sF2 P 

= variance in  the  post neutron emission veloci ty  of 

the  0-2 fragment. 

= variance in  timing including the e f f ec t s  of prompt 
2 

O t  

neutron emission. 

2 ‘  
The expression fo r  a V is  now evaluated with the  following 

sF2 quant i t ies  : 

(To te - t g )  = 247.01 nsec, 

ot = (1.2 + 0.2 + 4.2 + 1.2)  nsec2, 2 

or 2 a2 = 6.8 nsec , t 

dSF = 14.0 cms, 

d = 329.84 cms, 
m2 

P = 0.975. 

From these data, 
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2 1.09 x lo5 ,6.8 x sec , 

= (2 .I cm2/sec2. 

The standard deviation, cr ,, becomes, 
V 
sF2 

7 = 1.4 x 10 cm/sec. Ov 
sF2 

For the FWHM for a Gaussian distribution yields: 

sF2 9 -v = 2-35 (Jv 
sF2 

= 3.4 x 10 7 cm/sec. 

Case 11. Fissile source toward 0-1 flight path 

For simplicity, assume p = p ' ;  then, 

d 
- 1  FD2 

t' - t;B)' sF2 P CTo + e 
- -  v 

d2 FD.. 

14 2 2 = 2.2 x 10 cm /sec . 
The standard deviation becomes: 

" 
0 = 1.48 x 10' cm/sec, 
vSF2 
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. 

= 3.48 x 10 7 cm/sec. 

Because the precision indices of the  0-1 f l i@t  side are the  same, 

the  following summary can be made: viz, the "best value" estimate of a 

s ingle  sided veloci ty  measurement can be made w i t h  a precision of 

2 x 10 cm/sec. 7 

The variance i n  the  mass as defined by Quat ion (4) can a l so  be 

determined since it depends only on the  correlated veloci t ies .  

From Equation (4), 

From which, 

239 For Fu , 
9 - 

v = 1.39 x 10 cm/sec, 

9 v = 1.001 x 10 cm/sec, 

L 

H 
c 

14 2 2 
5 4 x 10 cm /sec . - 2  

0 v 

Evaluating Equation (69) w i t h  these values yields:  

2 c; = 2.07 amu . 

. -  
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Note that t h i s  value f o r  the mass variance w a s  obtained f o r  the average 

ve loc i t ies  of the fission-fragment masses a t  the peaks of the  mass d i s -  

t r i bu t ion  spectrum f o r  Pu . 239 

Even though it has been assumed that the ART e f fec t  can be accounted 

fo r  by cal ibrat ion,  it is 'instructive t o  evaluate the f i s s ion  fragment 

mass variance by taking in to  account the ART e f f e c t  as a systematic e r ro r .  

It has been shown t h a t  the  ART e f fec t  var ies  from as l i t t l e  as 1% t o  more 

than 10% i n  measured time. 

equal t o  10%. 

l e s s  than it should be. 

Consider the  case where the ART e f fec t  i s  

This means that the  heavy fragment flight time w i l l  be 10% 

The l i g h t  fragment veloci ty  w i l l  be assumed 

unchanged. Then : 

9 - 
v = 1.39 x 10 cm/sec, 

9 v = 1.001 x 10 cm/sec 
L 

H 
- 0.91 x 10 9 cm/sec, 

14 2 2 = 4 x 10 cm /sec . 2 
L,H 

0 

Evaluating Equation (60) w i t h  these new values yields:  
2 

(5 * = 2.27 amu . 
p"; 

2 Neglecting the ART e f fec t ,  oi* was equal t o  2.07 &mu . Comparing 

the two r e su l t s  shows t h a t  a 10% ART e f f ec t  i n  the peaks of the veloci ty  

d is t r ibu t ion  corresponds t o  an increase of -10% in the  mass variance and 

an increase i n  calculated mass of -5%. 



c m E R  VI11 

CONCLUSIONS 

A. Detector linprovements 

. 

. 

The spectrum of the  fl ight time of t he  f i s s ion  fragments obtained 

by each side of the double time-of-flight apparatus highlights the f a c t  

t h a t  once the  apparatus i s  properly tuned, the data a re  highly repro- 

ducible. 

t i v e  research tool .  

Based on t h i s  fact ,  the  apparatus must be considered an effec- 

It has been demonstrated t h a t  signal-to-background r a t io s  i n  the  

detectors,  amplitude-rise time ef fec ts  i n  the TPHC, and l imitations of 

cal ibrat ion techniques a re  the basic  l imitations of  t h i s  apparatus. 

Consequently, a number of steps can be taken which should improve the  

operation of the  apparatus. 

Consider t he  problem of signal-to-background r a t io s  i n  the de- 

tec tors .  

deal  of noise. 

manganese impurities i n  the quartz produced sc in t i l l a t i ons  under gamma 

ray bombardment. The quartz w a s  i n i t i a l l y  cooled t o  l iqu id  nitrogen 

temperature and exposed t o  Co60 gamma rays. 

sure a t  3.39 x 10 

and allowed t o  w a r m  t o  room temperature i n  a darkened room. 

sequence of t he  warming, trapped excited states i n  the  quartz decayed t o  

t h e i r  ground states. 

blue region. 

The zero detector has always been characterized by a great 

Investigations of the quartz l i g h t  pipes disclosed t h a t  

A f t e r  an eight hour expo- 

4 R/min, t he  quartz w a s  removed from the  l iqu id  nitrogen 

As a con- 

The l i g h t  accompanying the  decay w a s  i n  the v is ib le  

It is  i n  t h i s  region t h a t  the  photocathode response i s  
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maximum (S-11 response f o r  a 6810-~ photomultiplier). 

the quartz was examined spectrophotometrically and compared with an un- 

i r radiated quartz sample from the same stock, the i r rad ia ted  quartz 

showed a change in op t i ca l  density of 0.04 which corresponds t o  an 

absorption increase of 109. 

the  increase of e inzel  lens voltage necessary t o  reproduce the  same 

signal output from the  zero detector while t h e  apparatus w a s  being 

operated f o r  the last two years. 

resor t ing t o  non-scint i l l a t i ng ,  non-discoloring ultra-pure quartz, which 

can now be purchased commercially. 

Furthermore, when 

This increase i n  opacity can account f o r  

The f i rs t  problem can be solved by 

A second, more insidious problem concerns the emission of Compton 

secondary electrons from the einzel  lens  s t ruc ture  by the gam rays 

emanating from the  reactor.  

2 mev can generate Compton secondary electrons ranging from 10 kev t o  

1000 kev, which is  the same energy range fo r  secondary electrons ejected 

from the N i  f o i l s  by the f i ss ion  fragments and accelerated by the lens. 

This background was minimized by making the  neutron beam hole approxi- 

mately equal i n  s i z e  t o  the  f i s s i le  deposit. 

Gamma ray energies ranging between 0.2 and 

A t h i rd  cons idera t  ion involving signal -to -background r a t i o s  i n  

detectors revolves about e lectronic  component select ion;  e.g., the  o i l -  

f i l l e d  coupling capacitors of t h e  photomultiplier tubes should be re- 

placed by dry d i e l ec t r i c  capacitors f o r  improved dependability of service.  

Such high voltage rated capacitors a re  now commercially avai lable  and are 

physically small so t h a t  inductive-capacitive e f fec ts  of the device do 

not influence the photomultiplier output pulse r ise t i m e .  



Bel le t t in i ,  e t  al,39 have recently studied the e f fec ts  o f  varying -- 
independently the  inter-dynode voltages of  photomultiplier tubes. They 

found t h a t  great improvements a re  possible over the performances obtain- 

able with the voltage dis t r ibut ions recommended by the manufacturers; 

i .e . ,  peak currents, l i nea r i ty  and photocathode inefficiency ef fec ts  can 

be improved and t h a t  timing resolutions b e t t e r  than 1 nsec are possible. 

However, each photomultiplier tube of  a given type had i ts  own voltage 

character is t ics  so t h a t  generalizaticsls about optimum voltages were not 

possible,  Obviously, such a procedure would be employed only after a l l  

other sources o f  timing dispersion were reduced t o  a value below those 

introduced by the  photomultiplier tubes. 

B. Circuit Improvements and Cr i te r ia  

I 
I 

I I 

No matter what i s  done t o  improve the signal-to-background r a t i o  

of t he  detectors, there  remains the problem of pulse amplitude spectrum 
I 

due t o  photocathode inefficiency, and the associated "walks" and " j i t t e r s  I' 
~~ _ _ _  ~ - - - __-, ___i___ - 

i n  the  resul t ing signals. It i s  imperative t h a t  the pulses from the 

photomultipliers be shaped i n  a standard way before they are made t o  

t r igger  a TPHC. No matter what device i s  used f o r  pulse standardization, 

the s a m e  limitatioiis of the photomultiplier signals i n  t r iggering c i r -  

cu i t s  a re  manifested i n  such devices also,  a l b e i t  reduced i n  import. 

Insertion o f  any device, be it an amplifier o r  a tunnel-diode 

40 discriminator, between detector and TPHC cannot improve timing..infor- 

mation below the basic l imitations inherent i n  producing f iduc ia l  timing 

signals produced by scinti l lator-photomultiplier tube combinations, 30 
I 

Therefore, it appears logical  t ha t  improvements i n  resolution of these 
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are i n  order. Sternglass and Wachtel4' report on a novel approach t o  

mult ipl ier  action. 

ra ther  than secondary emission multiplication as i s  now conventionally 

done. In t h i s  approach, t h e  transmission mult ipl ier  p la tes  are curved 

They employ transmission-emission multiplication 

_ _  _ _  -_------ 
_____-------L---- 

and stacked as a pa ra l l e l  structure,  and the individual-pla$.s,:rai$& 
I 

t o  various voltages as is  done w i t h  secondary emission mult%pl&e_ss 

To improve the resolution and reduce pulse widths and- t rans i t  t i m e  

spreads, the en t i r e  assembly i s  placed i n  a magnetic shield.  --It; :is&he 

combination of the e l e c t r i c  f i e lds  and magnetic shielding wh@ $p$9:~;;r 

duces the  improvements. 

. 
i 2 

t 

r 

The focusing action tends t o  reduc,e*:tran?;it 

t i m e  spreads, t o  produce more uniform pulses than do conyenti~-naJ~$!!&~;, 

t i p l i e r s ,  and t o  improve f iduc ia l  timing information, 

detectors are not commercially available.  

AS.fF~,.,sg~h ~ 6 , ~  

An improvement i n  signal-to-background r a t io s  i n  the  detectors 

should, of course, be tempered by the  knowledge t h a t  not only should 

s ignal  s i ze  be increased but a l so  that the  background should be reduced. 

The reason f o r  t h i s  becomes-clear when one considers t he  premise behind 

fast-slow coincident techniques. 

acceptable for analysis which s a t i s f y  the slow coincidence constraint .  

It i s  normally assumed tha t  unwanted o r  meankgless events are ignored. 

This is not the case, f o r  a t  high counting rates composed of any r a t i o  

of acceptable t o  ignorable events, D.C. base line s h i f t s  can occur. The 

A-1 amplifiers used with t h i s  time-of-flight apparatus are characterized 

_ _  

L 

In essence, only those events are 

by D.C. l eve l  shifts amounting t o  one channel of the  NDl3O multichannel 

analyzer a t  counting r a t e s  of about 1000 counts/sec . 

. .  

I .  

. ~- .. . , 
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APPENDIX A 

ANALYSIS OF TRE TPHC OUTPUT CIRCUITRY 

From Figure 16, vacuum tube V4 and i ts  associated c i r cu i t ry  i s  

reproduced below: 

2.7 
A +/so 

OUTPUT 

-/50 

Let:  iK f cathode current, 

i = p la t e  current, 
P 

= quiescent current through R and diode D4 while V4 is  

non -conduct ing, 

io 

i 

gm = tube transconductance, 

Vc = V4 cut-off po ten t ia l  w i t h  respect t o  ground, 

. 
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e = grid-to-ground signal, 

e = grid-to-cathode potential ,  

vD4 = reverse b ias  po ten t ia l  of Ih. 

g0 

% 

Assume: Since R > 5, and R (p la te  res is tance) ,  % and R are negligible.  
P P 

Region (1): i = 0 when e 5 Vc,  (72 ) 
P g0 

and iK - - io* 

Region (2): Vc < e < VD4. 
g0 

Here i (2 )  > 0, but VK < VD4, 
P 

(73 ) 

= cathode potent ia l  with respect t o  ground. 
vK where : 

A t  a l l  times i n  t h i s  region of operation, 

where: i* ( 2 )  = current Lhrou& diode Dh as the  cathode 
0 

potent ia l  of ~4 rises, 

= io when i = 0, 
P 

% = effective resistance of  Diode D4 and a 

function of i;. 

Combining Equations (75), (76 ) ,  and (77) yields,  
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i ( 2 )  
P ( 2 )  QR . 

I + %  q-n 
(3 1 Region (3): e 7 VD4; diode D4 is  reverse-biased. 
g 

(3)  = 0, by def in i t ion .  
i; 

(3 1 - v i- 150 - ik R ,  -(3) - - e (3) e 
C gk g0 

from which : 

(3 1 i =  
P 1 t d 3 ) R  . 

The change i n  current between regions (2)  and (3)  is:  

i - i  . 
P P P 

150 - 

where t h e  assumptions have been made t h a t :  

(79 ) 
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Equation (83) indicates that there  is  a decrease i n  current be- 

tween the two regions. Since the grid-to-ground signals and biases  

change from tube t o  tube, it is d i f f i c u l t  t o  es tab l i sh  an absolute l i m i t  

f o r  t h i s  current change. However, since the t o t a l  change i n  current from 

region (1) t o  region (3)  is l imited t o  150 vamps, muat ion (83) indicates 

Ai is  extremely small and var ies  with e (3) . The slope of the  current 
P g0 

with respect t o  e n  f o r  regions (2)  and (3) is: 

The slope of the  

(83 ) : 

dM 

de -8) 
g0 

A plo t  of 

current change with respect t o  e ( 3 )  is, from Equation 
QO 

i versus e i l l u s t r a t e s  the operation of the constant 
P 

current tube : 
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i 
P 

c----- 1 - 
/ 

Characterist ic Curve for TPHC Output Circuit  

-1 1 8 = t an  - - R '  

e = 0 .  

VD4 = reverse b ias  potent ia l  of diode ~ 4 .  

Note: 

r e l a t ive ly  abrupt p l a t e  current change when Db becomes reverse-biased, 

The curve is  i l l u s t r a t e d  by s t r a igh t  l i nes  t o  emphasize the 
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APPENDIX B 

. 

THE DISTRIBUTION OF TlME INTERVALS FORMED BETWEEN A 

FIXED-FREQUENCY PULSER AND A RANDOM TIME 

SOURCE AS MEASuIiED EX THE TPHC 

Let: 

n = number of pulses occurring a t  any instant  i n  a time 

in t e rva l  6t, 
- 
n = average number of pulses i n  the time in te rva l  6t, 

N = t o t a l  number of pulses available,  

T = t o t a l  t i m e  in te rva l  during which N pulses occur. 

Then : 

N ii = $t), 

6 t  g = -  
T ?  

Define : 

f o r  g << 1, T >> 6 t .  

The probabi l i ty  of a f luctuat ion i n  which "n" pulses occur i n  a 

time in te rva l  6 t  i s  given by the  Binomial Distribution: 

For the  case i n  point, g >> 1, i.e., T << 6 t  and N >> 1 and N >> n, the 

Binomial Distribution yields the Poisson Distribution: 

-n -n 
p ' e  n 
n n! 
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Note that Equation (91) is  independent of "n"; there  is  no condition 

imposed on n except that N >> n; and E =  

For: 

Ng. 

n = 0, Po 

- -n - 
n = 1, P1 - e n ,  

- -i - -n n 
e E' n = i, Pi - 

The question is  now raised of what i s  the probabi l i ty  for obtaining a t  

l e a s t  one pulse i n  any in te rva l  6 t  when the average number of pulses is  n. 
Here : P(2-1) = the  probabi l i ty  of obtaining 1 count, 2 counts, 

- 

3 counts, e tc .  i n  the , in te rva l  6 t ,  

= P(1)  -k P(2) P(3) i- .... + P(N). (93 1 

(94 1 

If N >> 1 and N >> n, as has been assumed, then w i t h  negligible error ,  

N + i n  the  summation since the terms f o r  n > N i n  the summation con- 

t r i b u t e  l i t t l e  i f  anything t o  the  sum. 

Hence : 
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E 

Equation (94 ) becomes : 
- -  

p ( a )  = e-n (en - 1), (96) 
- 

-n = 1 - e  , 
= probabi l i ty  of obtaining a t  least one count i n  any 

time in te rva l  6 t .  

Now, given m channels, each 6 t  i n  width such t h a t  m ( 6 t )  = T, how w i l l  the  

avai lable  N pulses be dis t r ibuted throughout t he  channels i f  channel 

occupancy i s  noted when a t  l e a s t  one pulse a r r ives  i n  t h a t  channel? 

The answer t o  t h i s  query i s  supplied by Equation (96) which shows 

t h a t  since the t i m e  in tervals  6 t  (taken here t o  be equal, fo r  convenience) 

a re  mutually independent, then , f o r  a. given n, t he  d is t r ibu t ion  is  

constant. 

AS C +  00, ~ ( 2 1 )  = 1 (cer ta in ty) ,  

A s  n+ 0, P(21)  = 0 (impossibil i ty).  

Equation (96) could have been deduced much more simply by noting 

t h a t  : 

Pn = 1 = C[P(O) + P(21)1, 

-n 
P ( 0 )  = e ;  - 

-n . .  ~ ( 2 1 )  = 1 - e . 
However, the  r e a l  question is  t h i s :  If the channels a re  ordered, 

how w i l l  the  "N" pulses be dis t r ibuted i f  channel occupancy i s  noted 

when a t  l e a s t  one pulse a r r ives  i n  t h a t  spec i f ic  channel? -- 
This question imposes a conditional probabi l i ty  i n  t h a t  the 

occupancy of the ith channel requires vacancies i n  the  preceding (i - 1) 

channels. 
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Let:  P ( i )  = proba t i l i t y  f o r  ith channel occupancy, 

Q(i-1) = probabi l i ty  for (i-l)th channel vacancy, 

but Q(i-1) = 1 - P ( i ) .  (99 1 

. .  P( i )@-1) (‘-1) = p ( i ) [ 1  - P ( i ) p - l )  ? (100 ) 

= probabi l i ty  of ith channel occupancy w i t h  

the  preceding (i-1) channels vacant. 
c 

-n Now, P ( i )  = 1 - e from Equation (96). 

. .  

EQuation (101) c lear ly  shows the  channel dependence of the  d is t r ibu t ion  

function. 

Compare the  ith channel with the (i-l)th channel occupancy proba- 

b i l i t y :  

- 
e - n ( i + q e + Z  - 1) - - e  -n . 

c 

e-iii (en - 1) 
Quat ion  (102) shows t h a t  adjacent channel pmbab i l i t i e s  d i f f e r  by t h i s  

factor .  

Comparing the  1st channel occupancy w i t h  the  mth channel occupancy 

probabi l i ty  yields : 
- -  I- 

For m >> 1, which i s  surely the case for a 512 channel analyzer 

where m = 512, 

. 
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. 

. -  
q 1 - r n )  mn -, .e . e 

Equation (104) shows the  channel number dependency i n  the  d i s tx i -  

but  ion function. 

For a d i rec t  application of these r e su l t s  t o  th i s  time-of-flight 

apparatus, 
- 
n = r 6 t ,  

where: r = average random source counting rate. 

. .  

where: To = 633.95 nsec, 

m = channel 

fox r = 3500 counts/sec, 

and T, = 63395 x lo-’ secI 

number, a t  l e a s t  s e a t e r  than 10; 

(105 ) -3 -rTo -# e -1.gx 10 - 1 e 

which indicates that the  d is t r ibu t ion  of t i m e  in tervals  between a fixed 

frequency generator (used as Star t  s igna ls )  and xandom signals due t o  a 

radioactive source of rate r as l i s t e d  above (used as Stop s igna ls )  is 

flat ,  i.e., random. 
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APPENDIX C 

CHANCE COINCIDENCE RATES LN A TRPIX COINCIDENCE SYSTEM 

In a double time-of-flight apparatus, the  slow coincidence con- 

s t r a i n t  involves three signals;  hence, it i s  of i n t e re s t  t o  determine 

the accidental  t r i p l e  coincidence counting ra te .  For simplicity, con- 

s ider  each detector as having the  same resolving t i m e ,  T, and receiving 

uncorrelated signals a t  counting r a t e s  n n and ne, respectively.  
0’ 1’ 

For the zero detector and #1 detector, t he  following s i tua t ion  

accrues. All signals from the zero detector which a r r ive  a t  the coinci- 

dence c i r c u i t  and are separated from a #1 detector s ignal  a r r iv ing  a t  

the  same c i r cu i t ry  by a t i m e  in te rva l  less than T are recorded as acc i -  

dental  o r  chance coincidences. Each zero detector s ignal  so  scored must 

f a l l  within one of a set  of t i m e  in tervals  each of length 27 which is  

associated with the  #1 detector signals and i s  assumed t o  be symmetrically 

oriented on e i the r  s ide of them. 

27n of the t o t a l  t i m e  of data collection. It i s  assumed a l so  tha t  t h i s  

f ract ion i s  small, so that only an insignif icant  number of these t i m e  

in tervals  overlay. 

These t i m e  in tervals  equal a fract ion 

0 

Multiplying t h i s  f rac t ion  of t i m e  by nl(counting 

r a t e  i n  detector #I) yields 

= 27n n 
0 1’ 

This chance coincident rate 

the accidental  o r  chance coincident rate: 

(106) 

is  distinguished from the  t rue  coincident 

. 

” 

rate which is: 

Nc = N w w  e s  0 1  01’ 
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where: Nc = t r u e  coincidence ra te ,  

N = counting r a t e  of t r u e  events, 

w = geometry fac tor  f o r  detector i; i = 0, 1, 
i 

c = eff ic iency fac tor  f o r  detector i; i = 0, 1. 
i 

42 Following Chase, consider each input s i s a l  as occupying a time 

in te rva l  equal t o  the  c i r c u i t  resolving time; therefore, when input 

s ignals  a r e  close enough fo r  t h e i r  associated t i m e  in te rva ls  t o  overlap, 

they record as being coincident. '  For multiple signals,  an overlap of a l l  

t h e i r  associated time intervals  const i tutes  a coincidence; hence, consider 

now the three detectors of the time-of-flight apparatus. Since the 

counting r a t e s  no, n and n r e f e r  t o  uncorrelated events, a l l  of the 1' 2 

possible overlap times a re  equally l ike ly ;  hence, i f  each associated time 

in te rva l  is of length T ,  the  average length of the overlap in te rva ls  i s  

o r  precede 

w i t h  them. 

detector s ignals  which occur during these overlap in te rva ls  

(or  follow) them by l e s s  than 7 axe recorded as  coincident 

The avexage time in t e rva l  during which a #2 detector s ignal  

yields a t r i p l e  coincidence is: 

The product of t h i s  average time in t e rva l  and the chance coincident 

r a t e  between the  zero detector and #1 detector is: 

Equation (108) gives the fract ion of the data col lect ion time 

during which #2 detector  signals a r e  recorded as coincident; from this,  

the  t r i p l e  chance coincidence r a t e  i s  obtained by multiplying th i s  f rac-  

t i on  by n2. 
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With short  resolving times, the  t r i p l e  chance coincidence counting 

r a t e  i s  negligible since the  resolving time appears as a squared term. 

But other conditions can yield t r i p l e  chance coincidence r a t e s  

which may not be negligible;  e.g., a t rue  double coincidence between any 

two detectors can be matched w i t h  a chance s igna l  from the  remaining 

t h i r d  detector.  

Let NT = double coincidence r a t e  fo r  t r u e  events between any 

two detectors,  
a 

n = random counting r a t e  of the t h i r d  d e t e c t o r .  
R.R. 

Following the  arguments presented above, the  f rac t ion  of the t o t a l  

time of data col lect ion i s  27NT based on the  assumption that the  detector  

s ignals  occupy a time in te rva l  equal t o  i t s  c i r c u i t  resolving time. M L I ~ -  
2 

t i p ly ing  t h i s  f ract ion of time by n2 (counting r a t e  i n  detector  #2) yields 

the chance t r i p l e  coincidence r a t e :  

(110 ) 
- 

(2T Nr - NA 9 

2 3rT2 

= chance triple-coincidence rate due t o  a 
3,T2 

NA where : 

t r u e  double coincidence and a random th i rd  

detector  s ignal .  

Equation (110) I s  interest ing,  f o r  it contains the resolving t i m e  

t o  the first power [See Equation (log)]; however, w i t h  a low t r u e  double- 

coincidence ra te ,  the weight attached t o  Equation (110) i s  a l so  small. 

For the time-of-flight apparatus used in  th i s  experiment, 
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T - 0.5 psec, 

Nc - 13 counts/sec, 

n - 6000 counts/sec, 

n - 5 counts/sec, 

n - 5 counts/sec. 

0 

1 

2 

From which, 

3 = (2)(0.5 x x 10 counts/sec 

= 3 x 10 counts/sec. 
-2 NA2 

(5 counts/sec), (111) 

2 3 NA = (3)(0.06 x sec )(6 x 10 c/sec)(5 c/sec)(5 sec) ,  
3 
1 30 x lo-' counts/sec. (112 1 

N = (2)(0.5 x 10-6)(13)(5) c/sec, (113) %, T2 -6 = 65 x 10 counts/sec. 

Note t h a t  NA 

coincidence and a chance th i rd :  

re fe rs  t o  the  following combinations of a t r u e  double 
31% 

Zero - Detector 

Case I T T F T = t rue  

Case I1 T F T 

Case I11 F T T 

F = f a l se  

Cases I and I1 a re  more l i k e l y  t o  occur than Case I11 because a 

t rue  or r e a l  event i n  detector #2 presumes that the f i s s ion  fragment had 

t o  t raverse  the zero detector N i  f o i l .  This consideration excludes the 

e f f ec t s  of detector efficiency. Equation (113) is  therefore t o  be mul- 

t i p l i e d  by a fac tor  of three t o  s e t  an upper l i m i t  t o  NA ; hence, 
, 3jT2 

(113 ' I = 195 x 10'' counts/sec. 
3,T2 

3NA 
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Three addi t ional  cases suggest themselves; vlz . ,  

Detector Zero - & ? E  
Case IV F F T 

Case V F T F 

Case V I  T F F 

Cases IV and V represent t he  s i tua t ion  of a chance double coinci-  

dence w i t h  a t rue  t h i r d  signal.  The chance double r a t e  i s  given by 

Equation (106); however, w i t h  the  t rue  counting r a t e  of 13 counts/sec a t  

the  remote detectors for t h i s  experiment, Cases IV and V a re  a l so  

negligible.  Case V I  i s  given by Equation (106) but with the t r u e  counting 

r a t e  i n  the  zero detector equal t o  6000 counts/sec. 

The sum of all these chance coincident rates represents a negl i -  

gible  contribution t o  the  r e a l  counting r a t e  for triple-coincidence t r u e  

events. 
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APPENDIX D 

FIGURES 
UNCLASSIFIED 

ORNL DWG. 63-121 

*2 DETECTOR ---- 

*I DETECTOR- ]I 4 

SHIELDING ABOUT 
REACTOR BEAM 
HOLE 

-& 
BEAM 

SCALE IN FEET 

O I 2 3 4 S  

Figure 1. Schematic Diagram of Time-of -Flight Apparatus. 

. 
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2- T TRIPLE 

CIRCUIT 
COINCIDENCE * 

7- A I  a A.I.D. 

UNCL ASS1 F I ED 
ORNL DWG. 63-122 
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Figure 4. Block Diagram of t he  Time-of -Flight Electronics System. 
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UNCL ASS1 FIE D 
O R N L  DWG. 63-124 

I 

PULSE HEIGHT 
I 
I 
1 PHS OUT 1 
I I 
L - ----A 

BAND WIDTH GAIN 
0.5 MC 8, 16 f AMPLIFIER OUTPUT 

LOW 

2' '64 
@ 

COURSE FINE I 
Figure 6. Schematic Diagram of Modified Pulse-Height Selector  of 

a Standard A - 1  Amplifier. 
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ORNL UNCLASSI DWG. FlED 63-125 

9 FAST TIMING SIGNALS FROM DETECTORS (DELAYED) 

Y Y Y  AMPLIFIER OVlRIT VOLTAGES - TIMING SIGNALS 

EXTERNAL 
L l p S E G  DELAY 4 

DlNClDENCE SI 

ANALYZER CONDITION 

CLOSED OPEN 

Figure 7. Time Sequence of the  Pulses i n  the Double Time-of-Flight Apparatus. 
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UNCLASSI FlED 
QRNL DWG. 63-126 

i 

LINE TO THIS PORT 
CARRIES THERMOCOUPLE 
8 ION GAUGE 

INSULATOR POST 

GRID PLATE 

CONWCTNG POST 

ELECTRON SOURCE PLAT 

CONDUCTING SUPPORTS RnsM; SCINTILLATOR 

FISSION SOURCE PLATE 

FISSLE SOWICE 

WEWED SOURCE-HOLDER 

COVER PLATE 

ZERO- TIME DETECTOR 

Figure 8 .  Zero Time Detector. 
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Figure 9 .  F o i l  Processor. 
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UNCLASSI FlED 
ORNL DWG. 63-128 

SCINTILLATO 

PHOTO M U LT I PL I E R 
QUARTZ LIGHT 

SHIELDING TUBE 

FOAM RUBBER 

Figure 10. Typical Remote Detector. 
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Figure 11. Detector Voltage Divider Network. 
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Figure 12. Schematic Diagram for Measuring Cable Delay Time. 
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Figure 13. Standard Cable Terminator. 
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PHOTO 61202 

FQure 16. Phot T y p i c u  u x a e  -stretcher V o l t a g e  Sbages 
in the Tlme-b-Pulse-Height Converber. 
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UNCLASSI FlED 
ORNL DWG. 63-133 
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CHANNEL NUMBERS 

Figure 18. Dig i ta l  Plot  of Figures l y a ,  b, and c t o  Establ ish the 
ight  and Heavy Val idi ty  of the ART Effect.  

Fragment Peaks i n  (a) i s  96.48 nsecs (Milton and Fraser3'). 
The Time Delay Between the 
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Figure 20. Einzel Lens of the Zero Time Detector. 
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Figure 21. Sal ient  Parameters f o r  Determining the Correlated 
Fission-Fragment Velocit ies from the Measurement of Correlated Fission- 
Fragment Fl ight  Times. 
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igure 22. Time-of -Flight Spectra. 
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TABU I 

I. i r  

COMBINED EXPERlMENTAL VALUES OF FlNE OBSERVERS I N  DETERMINING THE PULSE 
FBPETITION RATE FOR THE TIME DELAY OF TKF, ZERO-TTME C A B U  

- ~ -~ 

Standard Average 
Repet it ion repet it ion Maximum Corrected average deviation 

r a t e  r a t e  deviation r epe t i t i on  r a t e  i n  mean Time delay 
(P.P.S. ) (P.P. s. ) (P.P.S. ) (P.P.S. ) (P.P.S. ) (nsec ) 

788,733 788,733 k 300 (788.7 k 0 . 3 ) ~  103 30 - 45 633.95 k 0.025 
.~ 

788,665 

788,781 

788,578 

788,738 

788,672 

78!, 580 

788,990 

788,878 

788,677 
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