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CHAPI'ER I 

INTRODUCTION 

Evidence for the existence of fission was first established by 

radiochemical methods by Hahn and Strassman1 ' 2 in 1939. Traditionally 

much of the succeeding work in fission, particularly the investigations 

on the mass distribution, has been done in radiochemistry3' 4 and mass

spectrography.5 Mass yields from the fission of uF33, uf35, and Pu239, 

investigated by radiochemical and mass-spectrometric methods, have been 

recE'!ntly summarized by Katcoff, 6 who tabulated "best values" obtained by 

these methods. 

Early measurements of the kinetic parameters, particularly the 

kinetic energy, of the fission fragments were done with ionization 
· .. 

chambers.?,B,9 Frisch7 first confirmed the large energy release accom-

panying fission by recording the large pulses of ionization produced in 

a gas chamber by fission fragments. 10 These measurements were followed by 

energy measurements performed calorimetrically by Henderson, 11 and later 

12 
by Leachman and Schafer. 

Brunton and Hanna, 8 and Brunton and Thompson,9 using double ioni-

zation chambers, were able in principle to make correlated energy measure-

ments from which a fragment mass distribution could be determined, and 

obtained other correlations of kinetic parameters of the fission process. 

Unfortunately, significant discrepancies occurred between the 

results reported for these various experiments. One such discrepancy is 

the lower average kinetic energy of the fragments reported by the iohiza-

tion chamber method than by the calorimetric method. Another discrepancy 
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occurs in the comparison between the mass distributions obtained radio-

chemically and those obtained by the ionization chamber method. The 

ionization chamber method shows that the fission fragment mass distribu-

tion peaks are wider and further separated than those determined radio-

chemically, in each 

In an effort 

instance by more than the experimental uncertainties. 13 

14 to reconcile these discrepancies, Leachman introduced 

the time-of-flight method in order to obtain a directly measured distribu-

tion of fission fragment velocities. From these data, he obtained values 

for total kinetic energy in agreement with the calorimetric results. He 

also showed that the fission fragment velocity distributions calculated 

from the energy data obtained with ionization chambers were in disagree-

ment with his results by evaluating the displacement in velocity between 

the peaks in the two distributions in terms of the energy-ionization ratios 

of fission fragments. From the energy-ionization ratios determined by .the 

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

data, he was able to show good agreement between the d.ata obtained with the 

calorimetric and the ioni:z,ation chamber .met.hods fo.r the average total kinetic 

energy of the fission fragments. The ionization chambers in.the early ex-

periments were initially calibrated with alpha particles of known energy 

and then used to measure the relative ionization produced by the fission 

fragments. Knipp and Ling15 had suggested that the discrepancy in the 

results between the radiochemical method. and the ionization chamber method 

lay in an "ionization defect." Indeed such a defect was experimentally 

established by Schmitt and Leachman, 16 and Leachman and Schmitt, 17 who 

showed that fission fragments stopped in a gas expend larger averages of 

• 
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energy per ion pair formed than alpha particles stopped in the same gas; 

hence,the ionization defect. 

A natural extension to the time-of-flight method was to measure the 

18 19 velocity of both fragments in a double drift-tube apparatus ' analogous 

to the double, or back-to-back, ionization chamber apparatus. Thus, corre-

late'd velocity measurements could now be made. Such measurements are more 

satisfactory and straightforward because they are characterized by lower 

dispersions than energy measurements and because the ionization defect is 

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

ratio of the fragments to be determined from a velocity ratio rather than 

from an energy ratio, the inherent dispersion due to neutron emission in 

the mass ratio determined from time-of-flight experiments is one-half the 

corresponding dispersion by the ion chamber method. Specifically, in the 

case of velocity measurements, the conservation equations yield: 

= 

* * ~+~ 

. where: 

= 

* 
l\,2 

* vl 2 
' 

A+ l 
' 

= pre-prompt 

mass, 

= pre-prompt 

velocity J 

(l) 

(2) 

neutron emission fission fragment 

neutron emission fission fragment 

A = mass number of fissile nucleus, 

l = in amu, the increase in mass number of A due 

to absorption of one thermal neutron. 
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* * For a given mass split, and a given v~::~.lue of v
1 

and v2, the final 

average velocity of the fragment is: 

< v > = 
i 

* v. ; 
~ 

i = 1,2. 

Here, the average is formed over all emitted neutron directions and 

(3) 

energies based on the assumption th~t the neutrons are emitted isotrop-

ically in the center-of-mass coordinate system attached to each fragment. 

* Equations (l) and (2) yield, for Ml: 

* A+ l 
~ = v' 

l + l 
(4) 

v2 

* A+l 
or M, = ._ v2 

l + -
( 5) 

vl 

From the uncertainties in the velocity measurements, the uncertainty 

in the masses described by Eq_uations (4) and (5) is about one A.r!d one-half 

anm. 

For the case of correlated energy meusuremeut..s, the conservation 

equat~ons yield: 

* * where: E1 , E2 are the pre-prompt neutron emission fission 

fragment kinetic energies. 

In analogy with Equation (j), 

<E. > = 
~ 

i = 1,2. 

* 

(6) 

Therefore, for any event, the determination of mi depends specifically on 

the number of neutrons emitted for a given mass split and kinetic energy 

.. 

·~ 
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* division. This function, expressed as r(m., E.) is not known in all the 
1. 1. 

* required detail; hence, the estimated accuracy in measuring m. from the 
. 1. 

energy-correlated experiments is about ± 2 amu, and the dispersion due to 

neutron emission is about another one and one-half amu. 

More recently, Milton and Fraser20 and others21 have reported more 

refined data obtained with elaborate time-of-flight apparatus on uF33, 

uf35, Pu
239, and Cf

252
• However, with the advent of solid-state detectors, 

which again are energy measuring devices, significant discrepancies have 

reappeared between time-of-flight and energy correlated data. 

Time-of-flight methods not only yield information on velocity de-

terminations and mass distribution, but also can be profitably extended to 

include magnetic analysis, wherein the mass-to-charge ratios of the fission. 

fragments lead to smaller errors in mass determinations and to'possible 

correlations between pre- and post-neutron emission masses. Further ex-

tensions of these methods can correlate velocity and energy measurements, 

leading to detailed examination of the kinetic parameters of the fission 

process. The feasibility of these extensions provided a strong motivation 

to pursue time-of -flight measurements at the Oak Ridge National Laboratory 

based on the existence of a research reactor capable of producing suffi·· 

cient flux to make such advanced experiments possible. 

To this end, a double time-of-flight apparatus for fission fragments 

has been assembled a.t the OA.k 'Ridge Research Reactor. In the course of 

assembling and testing this apparatus, a number of measurement problems 

of a fundamental nature have appeared. Detailed investigations of these 

problems have proved necessary for the determination of the accuracy and 
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precision of the measurements and for the development of satisfactory 

techniques, at each step in the experimen~, for performing the measure

ment. It is the purpose of.this research, therefore, to establish the 

precision with which the correlated flight times of the fission fragments 

can be measured with this specific apparatus, to establish qualitatively 

and quantitatively the limitations of the apparatus, and to investigate 

and analyze in as much detail as possible the fundamental physical effects 

which are important in these measurements. 

\ 

.-
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CHAPI'ER II 

THEORY 

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

tion. In the present case, the velocities of fission fragment pairs 

formed by thermal n.eutron induced fission are derived from a measurement 

-of their correlated flight times over known pat~ lengths. 

Because the fragment flight times are in the hundreds of nano

seconds (lo-9 sec = 1 nsec) time domain and difficult to process elec-

tronically, they are first transformed into voltage pulses whose ampli-

tudes ure proportional to flight times. The voltage pulses are subse-

quently transformed back to the IJ.Sec time domain via a pulse-heigh~_-::to

time converter utilizing the standard lengthener, ramp generator, com-

28 parator, and oscillator count-down technique. 

A minimum of three signals must be employed for the measurement of 

correlated flight times; viz., a zero-time signal which heralds a specific 

fission event, and two remote signals which announce the arrival of the 

sister fragments at the ends of their respective flight paths. The zero

time signal is delayed for a time slightly·longer than the longeet flight 

time expected, so what is really measured are the supplements of the flight 

times, labeled appropriately, the measured times. 

Tu insu~c that the Ri~ls heralding the zero of time and the end-

of-flight times are legitimate, a constraint in the form of a triple coin-

cidence is placed upon the timing signals. The timing signals are derived 

from the anodes of fourteen-stage photomultipliers; whereas, the signals 
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for the triple coincidence constraint are derived from the tenth dynodes 

of the same photomultipliers. 
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CHAPTER III 

APPARATUS 

A. Physical Description 

1. Flight Tubes 

The time-of-flight apparatus consists of two cylindrical 2S 

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

nected to the zero-time detector box. The entire assembly is oriented 

vertically with respect to the Oak Ridge Research Reactor thermal neutron 

beam hole, HBl (See Figure 1). The flight path extending from the source 

of fissionable material in the zero box to the uppermost of #2 detector 
. . .,_, 

j.s labeled 0-2; whereas, the flight path extending downward to the #1. 

detector is labeled 0-1. The 0-1 flight tube attached to the bottom of 

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

attached to the top of the zero box varies in diameter over three sec-

tions. The first section, adjacent to the zero box, is six inches I.D., 

the next section is ten inches I. D., and the third section furthest from 

the :l.~ .. co box io twelve in0.hP.s I.D. This design feature made it possible 

to detect and accow1t for the fission fragments rendered non~colinear by 

recoil from prompt-neutron emission. The 0-2 flight path is 343.84 

± 0.08 em long; the 0-1 flight path, 301.15 ± 0.08 em long, 

2. Vacuum Systems 

The assembly of flight tubes and zero box is evacuated to 1::1. 

-6. 
nominal pressure of 2 x 10 mm Hg via vacuum ports located near each 

remote detector. Two nominally independent dynamic vacuum systems are 
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used to evacuate the assembly (See Figure 2). Because the vacuum assem-

bly is large and directly couples both vacuum pumping systems, elaborately 

instrumented pumping stations were devised to protect against cracking the 

diffusion pump oil and/or inadvertently exposing the cold trap to pressures 

greater than 10-3 mm Hg (See Figure 3). 

B.. Electronic Systems 

1. Basic Description 

Figure 4 is a block diagram of the r:-lectronic COlll,!.lUrtAnt.~ uilod ·in 

timing the flights of the fission fra@'llents and in effecting the triple 

co-incidence constraint. '!he. normAl soequcnc'"' eo.r ~vents starts when a 

thermal neutron from the ORR induces fission in the source loc~ted at 

zero. The source itself consists of a nickel foil nominallY: 3 x 10-6 

in. thick onto which is evaporated fissile material to a thickness of 

. --6 I 2 auout 100 x 10 gm em . It is oriented so that the fissile material 

faces netector f/1. With such an arrangement, et. fis!'lton fragment headed 

for detector #1 proceeds unhindered in its fJ.i .. @lt 1-rhilc Us sister f'rag-

ment must pass through two nickel foils. The first foil is the source 

backing; the second, located five and one-half inches above, and parallel 

to, the source, serves as a source of delta rays - ejecteu by the sister 

fragment as it passes through the foil while enroute to U.etector #2. The 

delta rays arP electrootatically focused onto a thin plastic phosphor, or 

* scintillator, 0.0005 in. thick which is optlcally coupled to a light pipe 

* NE102 purchased from Nuclear Enterprises Ltd., Winnepeg, Manitoba. 
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and a 6810-A photomultiplier tube. Two output signals are extracted from 

this tube: a negative one from the anode which serves ·as the zero-of-

time signal, and a positive one from the tenth dynode which serves as one 

of the three necessary coincidence signals. The negative signal is 

delayed 633.95 ± 0.025 nsec which is a time about 100 nsec longer than 

the longest fragment flight time anticipated. 

Aft~r passj.ng through the foils, the fragment continues up the 0-2 

drift tube at the end of which it is detected by a two inch diameter thin 

* plastic scintillator 0.001 in. thick coupled to a 6810-A photomultiplier 

through a two inch diameter, one-fourth inch quartz light pipe. The 

* scintillator is bonded to the quartz with a bonding agent. The comple-

mentary fragment proceeds down the 0-1 flight tube at the end of which it 

encounters a similarly constructed detector. Both remote detectors provide 

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

The timing signals, which are fast pulses, are introduced directly 

into the time-to-pulse-height converter via 50 ohm accurately time-cali

**· brated cables. In contrast, the slow, or time-coineident, signals are 

first amplified by standard linear-amplifier pre-amplifiers modified with 

WbHe cathode-follower output circuits (See Figure 5). These slow signals 

are further amplified by standard A-1 linear amplifiers whose pulse-height 

selector output circuitry has been redesigned to produce negative, 

* R823, R.A. Biggs Company. 

** 
Att. 

Andrews Heliax HO Qable, manufactured by tJte Andrews Cable 
= 1.6 db/1000 ft at J.O~ cps. 
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var.iable time duration, fixed-amplitude rectangular pulses. It is these 

rectangular pulses which serve as triggers to the coincidence circuitry 

(See Figure 6) • 

Meanwhile, the outputs of the time-to-pulse-height converter are 

amplified by pre-amplifiers identicaLto the one described ab~v~and then 

further amplified by standard A-1 amplifiers. The A-1 amplifiers produce 

output pulses of uniform shape whose amplitudes are proportional to the 

measured-time intervals. 

Figure 7 is a graphj_cal analysis of the :pulse sequence. used to 

measure the flight times of the fission fragments and how their validity 

is established via the coincidence constraint. 

c. Detectors 

1. Zero Time Detector 

Figure 8· shows the detailed arrangement of the zero time detector.. 

. d . f t d t t d ?.~ The bas~c es~gn or his e ec or wa.s .~VF'loped by Stein anJ LP.achman. 

Ill thi.3 ~XiJel·lment, both the fj_ssile source and. delta ray l'Ji foils are 

criented at 45° to the drift tube axis but parallel to each other. Bot.h 
. 2 

foils are 0.068 mg/cm or 3 ~in. thick. In order to reduce the neutron 

beam attenuation through the aluminum oource hold~r, a wcdge-shap~d 

adaptor plate was inserted between the oource holder and lens structure. 

In this w~y, the i'issile source is exposed directly to the neutron bea~ 

with a negligible change in angle with reopect to the delta ray foj_l. 

Because a fission fragment is a highly charged partlL!le (of the order of 

20 electron charges), 23 delta rays are promptly emitted from both surfaces 

of a foil as the fragment· traverses it. The number of n.elta particles 
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f d . t t . f t 24 
orme var~es a he square of the charge of the travers~ng ragmen ; 

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

centimeter in the foi1. 44 The number of electrons ejected from foils 

of nickel, aluminum, copper, silver, and gold is 70 within 10% for frag

ments emerging from the foils.
22 

Further measurements by stein and 

Leachman showed: (l) the efficiency for detecting uF 35 fission fragments 

by this method is greater than 95%, with a 95% confidence limit and (2) 

2 
the velocity loss through O.l mg/cm nickel foils was less than l%. It 

is safe therefore to state that the velocity loss through the foils of 

this experiment for uF35 fission fragments ic also less than l%; hence, 

negligible changes in direction of the detected fragments resulted. 

22 
Measurements with a 4.8 mev alpha source showed that the average 

number of electrons emitted was approximately two. Similar measurements 

in this experiment indicated an upper limit of two consistent with these 

results; thus, this type of detector exhibits excellent alpha particle 

rejection ability. Based on a known pulse height response to fission 

fragments, the relative response to alpha particles was estimated at 

between one and two electrons. 

The NEl02 scintillator used as the transducer in the zero detec'Lu.r 

was covered with a similar 0.068 mg/cm2 nickel foil which served as a 

light reflector and as a zero-poi;.entio.l equipotential surface. This 

equ1poteuLlal surface kept the P~P.r.tric field generated by the applied 

len::; v-oltage from diverging in the region of the scintillator, and thus 

improved the focusing properties of the einzel lens. 
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2. Foil Preparation 

The fissile material backing and delta ray source are thin metallic 

* foils of nickel 3 ~in. thick. The nickel is initially evaporated onto 

a relatively thicker and stronger copper foil. This procedure renders the 

composite foils tractable until the nickel foil itself is needed. To this 

end, the copper portion of the composite foil is removed chemically.· A 

machine especially designed and constructed for handling the foils during 

tht: processing is shown in Figure 9. At all times, the nickel foils are· 

moved slowly and oriented ouch that the normal to the foil surface is at 

a right angle with respect to the direction of motion. 

The composite foils are first cemented, copper side free, with a 

** dilute solution of glyptal to an aluminum holder one inch by one inch 

with a three-fourth inch diameter hole. A locating pin is fashioned to 

one corner of the holder. It serves a second. purpose in preventing the 

foils from lying flat (as they are placed in storage prior to use) when 

air entrained beneath them can cause them to burst. Care is exerciocd 

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

the free surface of the nickel. The different expansion coefficients 

·between the glyptal and nickel can result in tearing the foil while it 

is drying after processing. 

* Purchased from the Chromium Coryoration of .America, Waterbury, 
Conn. 

** Purchased from the General Electric r.nrp., #7815. 
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The chemical used to dissolve the copper from the nickel selec

tively is a chromic acid solution. It is prepared by first making a 

saturated solution of chromium trioxide (Cro
3

) in distilled water and 

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

The aluminum holderwith the composite foil cemented to it is 

attached to arms "A" of the Foil Processor with set screws. Two 450 ml 

beakers containing the chromic acid are placed into position beneath 

the holders, and motor "M" is energized through switch "S" placed in the 

"Insert" position. The holders are driven at the rate of approximately 

one-half in. per minute into the chromic acid until they are completely 

immersed. The motor drive is then stopped by limit switch "L.S. I." No 

further insertion is possible. After being immersed in the chromic acid 

for thirty minutes the copper is usually dissolved leaving the 3 ~in. 

nickel foil on the holder. With switch "S" placed in the withdraw 

position, motor "M" is again energized but drives in the reverse direction 

until limit switch "L.S.W." is reached. Withdraw motion ceases and both 

nickel foils are clear of the chromic acid beakers. These beakers are 

then removed and replaced by two similar beakers now filled with a 25% 

solution of distilled water and 180 proof ethyl alcohol. Tile foils are 

driven into and out of this solution where they are rinsed clean of any 

residual chromic acid. They are removed from arms "A" immediately after 

the withdraw limit swHch is rear.hed and are directly placed in compart

mentalized plastic boxes to clry in a reasonably dust -free atmosphere. 

Dust particles settling on wet foils resulted in their drying unevenly 

and produced wrinkles on their surfaces. Such wrinkling affected the 

suu..cce deposit uniformity as well as the delta ray source thickness 



resulting in a variable energy loss as the fragments passed through. It 

also affected the ultimate strength and life of the foils due to the pro

duction of high internal stresses in the wrinkles,' 

3. Transducers 

NEl02, a phosphor impregnated plastic furnished by the Nuclear 

Enterprises Ltd., Winnepeg, Manitoba, served as the basic transducer in 

all detectors. The manufacturer lists the decay constant at 4 x 10-9 

seconds with a scintillation response to electrons 6o% that of an anthra

cene crystal of the same weight. Two thick!less~H nf .NElO~ ve1·e ul::led: the 

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

0.001 in. thickness. ~P mctivntiou fur USing thin scintillators lay in 

reducing the gamma ray background in all three detectors. The zero detec

tor is located in a particularly hostile environment since it is located 

almost directly in the reactor beam. 

Obviously, the scintillators are not self-supporting, particularly 

aga i.nst a differ~ntial p:ressure equal to atmospheric across them; hence J 

the need fnr light pip~rl::l. 'l'he minimum piper thickness was set by the 

tensile strength of the piper material. The maximum piper thickness was 

limited by the material light absorption characteristics. To this end, 

the piper material selected was qual'tz, one--fourth in. thick, and one and 

three-fourths in. in diameter. 

The NElO~ was bonded to the quartz with the R.A. Biggs Co. bonding 

agent R823. The bonding agent was diluted with the recommended hardener 

and a thin coating of the solution Rpplied to the quartz with a brush. 

The solution remained untouched on the quartz for about five minutes. 

During this time, air bubbles entrained in the soluti.on worked their way 
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out under the influence of gravity. Next, the NE102 was laid on the 

bonding solution, an~ the air trapped between the bonding solution and 

scintillator was rolled out with an aluminum rolling-pin three-fourth 

in. in diameter. A twenty-four hour curing period at room temperature 

then followed, after which the exces.s 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 are 

labeled #2 and #l (See Figure 4). Each detector consists of a primary 

transducer -- the NEl02 scintillator described under Transducers 

bonded to a two in. diameter, one-quarter in. thick quartz light pipe 

coupled with vacuum grease to an RCA 6810-A fourteen stage photomultiplier 

(See Figure 10 ). A peripheral "0" ring vacuum seals the quartz light 

pipe against the aluminum structure of the flight tubes. The photomul-

tiplier itself presses against the vacuum grease and quartz through the 

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

light shield anchors each detector to the flight tubes at its respective 

location. 

It was found that phenol:Lc photomulti-plier tube bases contained 

* radioactive material and were characterized by electrical leakages be-

tween pins when voltage was applied to the photomultiplier tube. This 

condition contributed greatly to the background noise of the detector. 

To combat this noise problem, the photomultiplier tube bases were machined 

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

*P.R~ Bell, private communication, 1963. 
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Figure ll represents the detector voltage divider network. Since 

the detectors were to be used in a very low light level, low noise, high-

gain service, the resistor values shown in Figure ll were selected in 

* accordance with the manufacturer's recommendations. Furthermore, because 

regenerative phenomena contribute to the noise at higher voltages, the 

maximum voltage applied to the divider string was 2.1 kilovolts. The 

optimum value of voltage was determined experimentally; con0ointly, the 

focusing and accelerating electrode voltages were varied and set at the 

values corresponding to the maximum output signal. 

A serious limitation to the reliability of the detector systems 

lay in the coupling capacitors ClO and Cl3. Originally these were glass 

** enclosed, oil filled capacitors. It was necessary to use these capac-

itors because of the potential gradients developed across them. However, 

the leads of these capacitors did not seal the dielectric fluid within 

the glass envelope reliably; consequently, the fluid would leak out at 

the junction of the lead and capacitor envelope. Although the dielectric 

loss played havoc with the t1,11;>~ 1;lase by insuJ.a.tlng the haRP pi.n:=; fr0m t.ht; 

photomultiplier pins, the more important effect was that the loss of di-

electric fluid was accompanied by the admission of water vapor into the 

envelope. The water vapor did not affect the capacity values particularly 

but was responsible for an appreciable noise build-up. Since this action 

was slow in time, the noise h11i.lcl-up wa.s insidious. Rather than study the 

* RCA Electron Tube Division) Data Sheet 6810-A ll-58. 

** Dearborn Electric Company, Type GTL 37Ll03. 

i-
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effect in detail, it was more expedient simply to clean the base pins 

* with a solvent (Metriclene ) and replace the capacitors. Before using 

any of the detectors for a run, a systematic check of the noise back-

ground was mad~ referenced to the noise level of the detector when it 

was first installed (and the noise level minimal). Later, the Dearborn 

capacitors were replaced by a comparable unit, hermetically sealed and 

** completely covered with an Epoxy resin. 

D. Signal Processing 

1. Fast Timing Signals 

The fast signals derived from the anodes of the 6810-A photomul-

plier tubes are transmitted to the time-to-pulse-height converter via 

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

nominal characteristic impedance of the cable is fifty ohms. Its 

attenuation factor is listed at 1.6 db per 1000 feet at 1000 megacycles. 

Its dispersion will be discussed in the following section in which the 

cable time delay calibration is presented. To aid in stabilizing its 

characteristics, the cable is pressurized with dry nitrogen at greater 

than 10 psi gauge. 

Two lengths of HO cable each twenty-five feet long coupled the 

·remote detector signals to the "Start" inputs of the time-to-pulse-height 

converter. The "stop" signal derived from the zero detector fast output 

was delayed through 540 feet of this same type cable. Since the primary 

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

** Sprague Electric Company. 
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timing information is·contained in the difference in times of arrival of 

the start and stop pulses, the time delays introduced by the cables must 

be known to an accuracy of better than 0.1%. The reason for this demand 

will be discussed under Cable Calibration. 

2. Cable Calibration 

Several considerations arise in measuring the'time delays of the 

type HO cables as well as the cables used for calibrating the apparatus. 

One consideration centers about the type of calibrating signal used. Will 

cables calibrated with continuous sine waves yield results consonant with 

·results derived from pulsed calibrating signals? Or should the calib~-

ting signals be comparable with the sigp,als derived from the detectors? 

These considerations are burni~g ~uestions in the nanosecond region 

because the wavelengths associated with these fre~uencies are small 

compared with the circuit dimensions. Actually cable dispersion distorts 

the shape of the calibrating pulses; hence, it is imperative that the 

cables be calibrated with pulses exactly as those delivered by the 

detectors. In the extreme, the calibrating ~ulses should at least have 

the same rise time as the detector signals. 
21::: 

Gatti and Svelto 7 show 

that if a length of cable having delay "r" is not matched at both ends, 

but has a total reflection coefficient p = p
1

p2, where p
1 

and p2 are the 

reflection coefficients at the two ends, it gives an output pulse whose 

t ct.u. = r l + e 
l - p ' 

with respect to the input centroid. 

(7) 
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For the principal mode transmission along coaxial cables, Maxwell's 

equations yield : 

(8) 

where: pA = voltage reflection coefficient, 

ZA = impedance connected across an end of the line, 

Z = characteristic impedance of the line. 
0 

For the case ZA = Z
0

, pA = o, there is no reflected wave and all 

the power is absorbed in the pure resistance Z • Such a line is said to 
0 

be matched. 

For the case ZA = o, corresponding to a short eircu~t, pA = -1. 

The reflected voltage wave is of the same amplitude as the incident one 

b.ut opposite in sign. For any other case, however, it is difficult to 

see what is meant by Equation (7 ) ; e. g., consider the case ZA = nZ
0 

where 

n f 0. 

(n - 1) z 
= 0 

PA (n + 1) z ' 0 

(9) 

or PA = n - 1 
n + 1; 

p = plp2 = (n - 1 )2 
n + 1 ' 

then, 

tct.d 
1 + p becomes: =r 
1 - p 

and 
(10) 



t ct.d 
r = 

= 

1 + 

1 -

1 1 ~n + -). 2 n 
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which states that for large and small values of n there are large delays 

in the pulse centroid. 

The validity of Equation .(10) was investigated experimentally 

during ·the .calibrating procedure described in the next paragraph. Within 

the limits of the experimental uncertainty of the calibration procedure 

(e < 0.5%), no such shifts in pulse centroids were observed. 
. . 

In any event, the two extreme,termination cases an~ the consid-

erations bearing on the phase distortion and amplitude attenuation of 

the calibrating pulses led to the following technique· for calibrating the 

delay lines. A continuous series of regular, ?onstant amplitude, five 

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

far end of the cable was short circuited. The incident pulses were re-

fleeted but reversed in sign and returned to the driven end of the cable. 

'l'he frequency of the pulses was varied until a reflected pulse and a sub-

sequent incident pulse overlapped and cancelled each other. (It is 

tacitly assumed that the pulse duration is much shorter than the cable 

delay time.) When this condition accrued, the frequency of the pulses was 

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

trip time of the pulses. Note that a cancellation can occur at harmonic 

frequencies; however, it was a simple matter to determine the fundamental 

frequency by starting at a very low frequency and sweeping to higher ones. 

The first interference pattern identified itself readily. 
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The measurement is executed in the manner shown in Figure 12. 

The Tektronix Type 105 square wave generator was used as the source 

of calibrating pulses. The rise time of these pulses was less than 20 

nsec with the generator set to its l Me/sec range. Because the pulses 

are generated by a flip-flop and are subject to the "walk" and drift 

inherent in such circuitry, it was necessary to set the square wave 

generator near the correct frequency and to synchronize it with a sine 

wave (General Radio Company Model l2llB) oscillator. The output of the 

square wave generator is terminated with the manufacturer's "L" pad. 

The cable to be calibrated is connected to one arm of the "T" fitting on 

the output side of the termination. A Tektronix Model 517 oscilloscope 

is connected to the other arm of the "T" and serves as the visual indicator 

for the condition of cancellation. When the optimum cancellation is 

achieved as viewed by the oscilloscope, the frequency of the pulses is 

digitally counted by a Beckman/Berkeley Model 7175 frequency counter •. 

The accuracy of this device is plus or minus one cycle in 100 megacycles. 

To minimize all problems of loading the cable system under measurement:, 

the synchronized output of the square wave generator is utilized for two 

purposes: (l) to synchronize the oscilloscope and (2) to drive Lhe fre

quency counter. At the condition of optimum cancellation at the driven 

end of the cable, there is barely enough residual voltage to energize 

the oscilloscope let alone to drive the frequency counter. 

It is observed that the reflected pulse differs from the incident 

pulse in that: 

l) the rise time of the reflected pulse is longer than that of 

the incident pulse. 
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2) the amplitude of the reflected pulse is smaller than that of 

the incident pulse. 

3) the time duration of the reflected pulse is slightly longer 

than that of the incident pulse. 

4) the incident pulse sharper rise time generates some small 

ringing. 

Observations (1) and (3) are accounted for by attributing disper

sive properties to the lm"e; (2) to the line attenuation and (4) to the 

fact that the line is shock excited by the incident pu~se. 

Note that Gatti's criterion, Equation (7), is of little consequence 

with this technique,for the far end of the line is terminated with a zero 

impedance while the driven end is terminated in its characteristic 

impedance. 

The question of terminating impedance always arises with trans-

mission lines and particularly so in the nanosecond region where the wave-

length of the transmitted electromagnetic radiation is of the order of the 

circuit and transmission line dimensions. A length of wire considered as 

a wire-over-ground transmission line represents about 3.3 nh/cm of indue-

tance and 1/3 pf/cm o·f capacitance with a characteristic impedance some-

where between 50 and 200 ohms -- thef?e wlues bP.:Ing t.hP limit.~ of imped&noc 

physically realizable.
26

, 27 Assuming a val~e of lOO ohms for t.hP t.~Ans-

mi::>sion line impedance, a 50 ohm coaxial cable terminated with a 50 ohm 

L resistor with 2 em leads has an Rtime constant qf 50 psec. (There is a 

100 ohm loop impedance in the cable.) If the criterion to be met is that 

the correct termination be established to 1% in 0.5 nsec, there are 20 

time constants available to reach 99% of steady state. 
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To insure that even this slight deviation in termination be mini

mized in calibrating the zero-time delay cable, the argument presented 

in the preceding paragraph was carried to the limit by reducing the 

characteristic impedance of the "short circuit." This reduction is 

accomplished by paralleling the shirt-circuiting wire in~efinitely; 

the limit is a disc type resistor of zero ohms. A conveniently con

structed disc short is shown in Figure 13. 

Figure 14a shows a graphical study of the oscilloscope patterns 

expected in effecting the.optimum cancellation of the calibrating pulses. 

Figure 14b is a sequence of photographs showing the actual oscilloscope 

patterns obtained. 

Table I lists the experimental values of the frequencies measured 

in calibrating the zero-time delay cable. Five different observers were 

used in setting the frequency by oscilloscope observation. They consis

tently agreed to within less than ± 0.3 Kc in 788.7 Kc. Assuming the 

deviations are normally distributed, the value assigned to the zero~time 

delay cable is TD = 633,95 ± 0.025 nsec. 

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

and 1-FS cables are: 

2-FS = 25.62 ± 0.035 nsec; 

1-FS = 25.46 ± 0.035 nsec. 

E. Time-To-Pulse-Height Converter 

l. · Description 

The heart of the time-of-flight apparatus is the time-to-pulse

height converter, hereafter referred to as the TPHC. It is through this 
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instrument that the transfer from the nanosecond time domain to pulse 

height takes place (See Figure 15 ); these pulse heights are then trans-

formed back to the microsecond region via a pulse-height-to-time con-

verter utilizing the standard lengthener, ramp generator, comparator, 

28 
and oscillator countdown technique. 

The particular instrument to be described is comparable with a 

circuit reported by Beghian, based on an original design by J.H. Neiler. 29 

It differs from Beghian's in that a single Stop pulse is used to define 

the end-of-range time for·two separate but correlated Start pulses. For 

purposes of discussion, c.onsider a single side of the TPHC ~onststing of 

but one remote detector and the zero-time detector. 

2. Description of Operation 

A Start pulse generated at a remote detector anode is applied to 

the grid of Vl via the twenty-five feet of type HO cable. Vl is a lW4A 

pentode, a vacuum tube whose grid is gold-plated to reduce secondary 

emission and is located very close to the cathode to provide high 

(12,500 ~mhos) transconductance. The fast rise time (-2 x 10-9 sec) of 

the signal from the remote detector cuts off tube Vl in a time essentially 

shorter than that of the thirty nanosecond shorted delay line located in 

the plate circuit of Vl. This impulse charges the stray capacitance at 

the grid of V4 via diode Dl. The voltage step remains trapped until a 

negative Stop pulse from the anode of the zero-time detector arrives at 

the grid of V3 via the zero-time delay cable. The Stop pulse is inverted 

by V3 and delivers a positive pulse to the grid of V2 whose plate current 

discharges the signal trapped between diodes Dl and D2. If no Stop pulse 
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appears, the trapped signal leaks off through the reverse resistance of 

the trapping diodes. 

A diode, D4, holds the cathode of v4 essentially at ground poten

tial. As the grid of v4 is driven positive via the positive trapped 

signal, its cathode potential rises slightly, cuts off diode D4, and 

diverts the diode current through V4. 

At the same time, the tube current is held constant by the large 

cathode resistance tied to the 150 volts ne~tive supply, and capacitor 

c2 is discharged linearly at a constant rate; thus: 

t•=t t•=t 

s dV = l s I dt'. c c2 
t'=o t•=o 

(ll) 

At I= constant, 

v (t) 
c 

v (o) = I t c c . 
2 

Then, = I 
(c- )t. 

2 
(12) 

Both the capacitor value and current are constant; hence, the 

voltage change across the capacitor is linear with. time and directly pro-

portional to it. Since the capacitor has been charged during the interval 

between the arrival of the Start and Stop pulses, the potential developed 

across it is ~ measure of this time interval. 

3. Adjustment Procedure 

There are three major controls in the TPHC. Potentiometer Rl 

(Figure 15) controls the bias of the dump tube V3. Potentiometer R3 

controls the bias of the constant current tube V4, while potentiometer R5 
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limits the current through V4 and hence determines the slope of the dis

charge voltage across c2 [See Equation (4)]. 

With too little bias on V3, the diode-stretcher is d~scharged by 

the quiescent current of V3 in a time shorter than the maximum fragment 

flight-time; consequently, the diode-stretcher voltage pulse duration will 

not be a measure of fragment flight-time. The diode-stretcher voltage 

corresponding to this condition is shown in Figure 16. 

With too large a bias· on V3, the Stop pulses inverted by VO and 

applied to the grid of V3 are incapable of driving V3 into conduction;. 

again, the diode-stretcher voltage pulse duration will not be a measure 

of fragment flight-time. The diode-stretcher voltage persists for times 

dependent on the reverse diode resistance and diode-stretcher capacitance. 

These times are a factor of 40-50 longer than the maximum fragment-flight

times. 

The optimum bias setting on V3 corresponds to the situation where 

the decrease in the diode-stretcher voitage is essentially zero over 

633.95 nsec which is slightly greater than the maximum anticipated fragment 

flight-time and is equal to the Stop pulse cable delay time. 

'l'he optimum bias setting of V4 occurs when V4 is just cut off. Then 

for any positive voltage on the diode-stretcher, v4 beg;l.ns to conduct, the 

potential at the cathode of V4 rises and quickly cuts off diode D4. In 

this mode of operation, the plate current of V4 is relatively constant and 

its value dependent on R, ~' and ~ (See Appendix I). Since the plate 

current of V4 determines the slope of the discharge voltage developed 

across c2 [See Equation (4)], it follows that this slope is dependent on 

the setting of R which. exceeds the values of (~ + ~) by a factor of 10 

.. 
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and is therefore the dominant resistance factor. 

The TPHC is initially calibrated with delay cables, themselves 

previously calibrated by the technique described under Cable Calibration. 

A mercury pulser fUrnishes fast rise-time pulses each of which is divided 

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

simulate fission fragment flight times. 

4. Procedural Limitations with Delay Cables 

Electrical and electronic effects which are generally negligible 

in the microsecond time domain become limitations in the nanosecond time 

domain because the wavelengths of the electromagnetic phenomena associated 

with the nanosecond time domain are of the same size as the circuit dimen

sions. Pulses withrise times of a few nanoseconds are treated as square

wave pulses in microsecond circuitry but can render timing errors when· 

such pulses are used to define time intervals in the nanosecond time 

domain. Therefore, several limitations to calibrating the TPHC with 

external delay cables and a mercury pulser must be considered. 

The mercury pulser signals are unequally attenuated by the dif

ferent lengths of delay cables used in forming the time differences. This 

unequal attenuation produces a walk in the time at which the TPHC input 

tubes are cut off. The assumption is made here that the pulse amplitude 

is sufficient to cut off these tubes. For the case where the pulse 

attenuation is so great that the input circuits are not completely cut 

off, it is evident that the variance in the arrival times of the centroids 

of the pulser signals and consequently in the "machine time" is greater 

than in the former case. Here "machine time" is defined as the time 
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during which V4, the constant current tube of' the TPHC, conducts and 

thereby defines the simulated flight time. .This effect depends on the 

absolute magnitude of the pulser signals and whether the TPHC input 

circuitry is sensitive to the centroid of the used fraction of pulser 

signal or to the centroid of the total integral of the pulser signa1. 30 

The second limitation of this calibration lies in the calibrating 

signals. ·These signals are derived from a mercury pulser but suffer 

degradation in rise time as they are attenuated. The reactive components 

in resistors, switches, and associated wiring of the mercury pulser are 

not negligible at the very high frequencies corresponding to pUlse rise 

times of one or two nanoseconds; hence variations in the rise times of 

the calibrating signals introduce timing errors due to "walk .• " 

The two aforementioned limitations combine to accentuate a second-

order effect, viz., a walk error based on diode-stretcher voltage-ampli

tude variations. Even so, the timing resolution is still less than 1.5 

nsec, FWHM. 

5. Procedural Limitations with Detectors 

Basically, the same limitations associated with calibrating the 

TPHC with the mercury pulser are still present when the detectors are 

substituted for the pulser but with three additions. 

First, because the number of excited states formed in the scintil

laLur depends upon the mass and the energy of the specific fission frag

ment, the number of photons accompanying the decay of these exci-ted states 

and the subsequent emission of photoelectrons from the photocathoue uf the 

photomultiplier tube also strongly depend upon the particular incident 

fragment. On the average, the amplitude of the output pulses from the 
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photomultiplier ranges over a factor of approximately two to one for 

fission fragments incident on the same spot of the scintillator. 

Secondly, photoelectrons ejected from the center of the photo

cathode produce output pulses whose amplitudes with respect to those 

produced by photoelectrons ejected from the edge of the photocathode by 

the same incident particle are greater by 3/2. This effect is attrib

utable to the non-uniform collection efficiency of the photoelectrons by 

the first dynode, and is dependent on the electrostatic arrangement 

between the photocathode and first dynode. There is an additional timing 

error in machine-time since the ejected photoelectrons must travel 

varying distances to the first dynode of the multiplier structure. Machine 

time is further influenced by photomultiplier transit time variance due 

to: 

1) Different initial velocities of the photoelectrons, both in 

angle and magnitude. 

2) Different electron paths and different secondary emission 

electron velocitles. 

3) Variance in the secondary electron multiplication. 

The aforementioned effects combine to vary both the rise times and 

amplitudes of the fiducial signals at the input to the TPHC. With the 

type HO cable (500 = Z
0

) the amplitude spectrum of these fiducial signals 

ranges fromthree-fourthsto two volts; consequently, the operation of the 

TPHC ranges between the centroid non-linear and the ballistic linear 

modes. 30 

Fortunately some of these effects can be calibrated out or ac-

counted for in the fast timing system composed of the detectors and TPHC. 
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Consider first the Fast Timing System as an electronic black box. With 

the mercury pulser furnishing parent signals and a fixed time delay be-

tween the Start and Stop inputs of the TPHC, the electronic resolution 

of the Fast Timing System was 1.25 nsec FWHM for the 0-2 side and 1.3 nsec 

FWHM for the 0-1 side. 

However, because the photomultipliers provide signals with an 

amplitude spectrum, a straightforward measurement of the Fast Timing 

System resolution with the detectors was not possible. Instead a 0-2 

. 239 J single-sided time-of-fl~ght spectrum of Pu was obtained by the u~ual 

method. Then an accurately calibratP.n. c'lP.J.Hy line was introduced into 

the 1/2 inJJut of the T'PHC:. As A. rP.Rnlt. J t.'he entire timli -oi' -flight cpcctrum 

* moved to lower channels of the multichannel analyzer. Assuming that all 

of the detector pulses suffer the same attenuation in transmission through 

the delay line, the number of channels shifted should be the same for each 

point of the spectrum. This was not the case. The reference spectrum is 

shown in Figure 17a. Figure 17b shows the spectrum obtained with a 100.9 

nsec delay line in line 2-PS of' the TPHC. Figure 17c shows the spectrum 

obtained with a 204.7 nsec delay line introduced in line 2-FS. The 

digital readout of these photographed spectra were plotted as seen in 

Figure 19. FrOm these data, it is apparent that the machine-time is 

dependent on the absolute amplitude of the input signals to the TPHC. 

Since the ei'i'ects of signal amplitude and rise time are involved here, 

the combined effect is called the Amplitude - Rise Time (ART) effect. 

To establish the validity of the ART effect, consider Figures 17a, b 1 

*ND-130 - 512 Channel Analyzer.· 

/, 
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and c~ For convenience, these figures have been combined and are rep-

resented in Figure 18. The time delay between spectra (a) and (b) was 

established via a 100.9 nsec delay cable; while the time delay between 

spectra (b) and (c) was established via an additional 103.8 nsec cable. 

The assumption is now made that the cable attenuation is independent of 

the amplitude of the input signals over the amplitude range·available. 

Because the time delays between the spectra are not exactly equal, it 

was necessary to weight the time per channel for the two cases in order 

to account for the differential nonlinearity of the TPHC. The following 

analysis shows how the weighting was performed. 

Given a differential linearity curve as shown:· 

N(x) 

X : channel number 

where the primed and unprimed symbols refer to the heavy and light frag-

ment peaks respectively, and subscripts 1 and 2 refer to the delayed and 

undelayed spectra respectively, then 

channel 1296 ==-;. t2} 
channel #195 =====;:o. t' 

QTH; 

1 

channel 1294 ====;:o. t2 } 
channel 1/2'05 tl 

aTL. 

Knowing N (x) versus x as in Figure 19, 



#296 
- -. . 296 
TH a L N(x) a t 195 ; 

x=#l95 

#294 
- -, 294 
TL a L N(x) a t 201 ; 

x==/fr2.05 . 
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#296 

I N(x) 

x= #195 

#294 

I· N(x) 

x==/fr2.05 

= 31,315 counts; (15) 

= 25,635 counts. (16) 

TH = the apparent time measured by the apparatus for a known cable delay; 

viz., 100.9 nsec, corresponding to fiducial signals produced by the heavy 

fission fragment. TL = the apparent time measured by the apparatus for 

an additional known 103.8 nsec (total delay= 204.7 nsec) cable delay 

corresponding to fiducial signals produced by the light fission fraf!JUent. 

For no ART effect, the ratios of apparent tj.mes to known delay times 

would be equal; however, for the present cases: 

3lz305 counts 
= 1.22 counts/nsec . (17) 

100.9 nsec 

21z6~5 counts 
103.8 nsec u.972 c6unts/nsec (lC\) 

The difference between these two values is 22.8% ind;i.ca.ting the importance 

of the Alt'l' .::±'feet. 

One further analysis of interest can be performed with respect to ..., 

the ART defect based on the data available in Figure 19. This analysis 

considers the ART defect formed by the c'U.fference in time between the 

light mass fragment peaks delayed by a known 100.9 nsec, and the time 

difference between the light and heavy mass fragment peaks of the refer-

ence spectrum. The latter time difference is obtained from the data of 

. 20 
Milton and Fraser and compared with the present results from these 

tests; thus: 

time difference between delayed light-fragment peaks - 100.9 nsec; 

.. 
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correction due to differential nonlinearity = 3.6%; 

time difference between delayed light fragment peaks · 

= 100.9(1 - 0.036) nsec, 

= 97.27 nsec; 

time difference between light and heavy fragment peaks 

= 96.48 nsec. 

This last figure is obtained from the corrected and best-fit data 

20 
of Milton and Fraser. 

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

tween the tillle intervals corresponding to the ltght fragment peaks and 

to the light and heavy fragment peaks of the reference spectrum. This 

time difference amounts to a timing difference of ~1%. 

The conclusion which is drawn from this experiment is that the 

ART effect is real, especially for.the heavy fragment. It may also 

exist in the reference spectrum but to what extent is not known. Com

parison with the data of Milton and Fraser20 indicates that the perform-

ance of this apparatuo is comparable with theirs (~1%) • 

6. Differenttal Linearity 

Generally, the term "differential linearity" arises in describing 

the characteristic curve of a multichannel analyzer. It is a measure of 

the uniformity of channel widths over the range of channels available; 

e.g._, a o:lfferential l;inearity of 2% means that no channel departs by 

morA than 2% in width from the average channel width over the entire 

range of available channels. 

With the TPHC, the differential linearity is still a measure of 

the characteristic curve of the instrument but in the form of a 
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distribution f\mction of the limit of the width of the time intervals per 

unit time interval over the entire time range of interest as the time 

interval goes to zero. It is a much more sensitive evaluation of the 

instrumental pe~formance than is the integral linearity. Here, the 

integral linearity may be defined as the ratio of the maximum time 

departure at any time-point to the true value of that time point ex

pressed as a percentage of full scale time. Obviously~ the principal 

limitation to the use of the integral linearity is the- fact that the 

percentage error of time expressed as the ratio of the actual timing 

error to the correct time may be huge at small values of time while the 

inte~al linear:i, ty as o.P.f:ined. t:J,bove may be excellent. In co:ntrast, a 

differential linearity percentage means that the same percentage error 

exists over the entire .time range of interest. 

The differential linearity of a system bears essentially,no sig

nificance on a measurement provided: 

1) it is measurable and known. 

2 ) H rcma.il.ta c:uu::; L<:mt • 

Within these two limitations, any differential nonlinearity can be ac

counted for by proper calibration. 

The differential linearity is· measur€cl by obtaining a spectrum of 

random time intervals introduced into the TPHC. Because the time inter

va.lo arc ra.nd.uu1 aud. 8pan the time range of interest, an equal number of 

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

characteristic curve is perfectly flat. One dH'fit::~1..\lty with this mea

surement lies in the generation of random time intervals. Generally a 

fixed frequency generator is used to furnish Start pulses to the TPHC 

,..; 
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while random Stop pulses are provided by a detector.generating signals 

corresponding to the decay of a radioactive source. Since the radio-

active decay is random in time, it is usually tacitly assumed that the 

time intervals between the regular start and random Stop signals are 

random. This is not the.case (See Appendix II). It is seen that the 

time interval distribution is expressed as: 

P[~ 1 1 i, P(i )] = -r To( n e e - 1)' (19) 

= probability of at least 1 count ~ppearing 

in a channel weighted with probability P(i), 

where: r = random counting rate at Stop input, 

'1' 
0 

time range of interest, 

n = average number of counts stored in a channel. 

Notice, however, that for rT small, the exponential can be exo 

panded in a series: 

= 1 )(1 - rT0 + .... ) 1 

= (en - 1)(1) for rT << 1). 
0 

(20) 

Thus, for low counting rates and a short time range of interest, 

the distribution of time. intervals is essentially random, i.e., flat. 

Figure 20 shows the differential nonlinearity of the 0-2 side of 

the TPHC (Side 0-1 is basically the same). The time range "T " and "r" 
0 

the a.verage counting rate of the random source were: 

T
0 

~ 633.95 nsec , 

r = 3000 counts/sec. 
_? 

From these data, rT0 = 1.9 x 10 J and the correction to the slope 

of the distribution of Figure 20 is negligible. 
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Although the slope of the random time distribution is ~300 counts 

per channel and in reality violates the criteria of an ideally versatile 

time analyzer?3 nevertheless measurements made at widely varying times 

~der the same biasing conditions on the TPHC yielded the same slope 

within ± 5%. Therefore, for a single-sided spectral run on Pu
239 lasting 

24 hours, the differential linearity can be assumed constant and known. 

r 
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CHAPI'ER IV 

TIME-TO-PULSE-HEIGHT CONVERTER SIGNAL PROCESSING 

A. Signal Characteristics 

The shortest fragm~nt-time-of-flight expected is about 180 nsec. 

The maximum voltage change developed across c2 in the TPHC output follows 

from Equation (12): 

D.V c 

For the case: 

(a) 

(b) 

(c) 

I 

c2 

llt 

D.V c· 

(21) 

= 100 !-Lamps, 

= 2200 pfds, 

= (633.8 - 180) nsec, 

= 453.8 nsec, 

= 100 X 10-
6 

. _12 x 453.8 nsec, 
2200 :x; 10 

(22) 

= 20. 6 millivolts • 

Similarly, the minimum voltage change corresponding to a 500 nsec flight 

time is: 

D.V = 6 millivolts. c (23) 

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

= 2200 x 10-7 sec or 220 1-Lsec. The mFI.xi.mum measured time interval from 

Fqu~::~.tlon (2lc) ic 1153.8 nsec; a. f'a.ctor of l/500 of the integrator time 

constant; hence, the linearity of the integrator circuit is ensured. 

Furthermore, the· slope of the linear discharge curve is 1 from Eq,uation (ll), 
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dv = I (24) dt C' 2 

= 100 X l0-6 
= 45 x 103 amps/fd. -12 2200 X 10 

Summarizing, the output signal from the TPHC has these properties: 

1) Voltage range: 6 rriv ~ 6.Vc ~ 21 mv, 

2) Slope: 45 x 103 amps/fd and line~r, 

3) 'l1imo cono5 L;;.u 1-: 220 11-Sec • 

This output signal is fed into a preamplifier sbown schematically 

in Figure 5. The input time constant of the preamp:J.i fi'='r is: 

Rc = (1oo x 1o6)(1ooo x ;Lo-12), 

= 10,000 IJ.Sec. 

Thus, the preamplifier input circuit is an integrator and follows 

the TPHC output signal closely. The :r·est of the preamplifier is of con-

ventional design except for incorporating a White.cathode follower output 

stage. This design feature was introduced to drive lengths of 100 feet 

of' RG62/U cQ~1al cabJ P-R so that muoh of the appa~·~::~.tus could be operated 

at remote locations. 

The preamplifier gain is nominally 15; thus the signal amplitude 

available at the preamplifier output ranges from 90 mv to 215 mv. 

This signal is in turn fed into a standard A-1 amplifier set at 

a 0.5 :Me oandwidth. It is in the A-1 amplifier that the signal is dif-

ferentiated and pulse shaped. Because the input signals are differen-

tiated, the disparity in the time constants between the TPHC output and 

preamplifier input does not lead to any D.C. level shifts due to pulse 

pileup for count rates up to 1000 counts/sec. The output signals of the 



A-1 amplifiers were set by the gain adjustment to range between 25 volts 

and 85 volts. ·Outside this range, slight nonlinearities basic to the 

A-1 amplifier manifest themselves. 

B. Drift and Gain Stability 

Several tests were run to establish the gain stability and drift 

figures of the Fast Timing Systems consisting of the TPHC, preamplifier, 

* A-1 amplifier and multichannel analyzer. Two sets of tests were per-

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

which with suitable delay cables formed two fixed time intervals; viz., 

a 100.9 nsec interval and a 204.7 nsec interval. The first test con-

sisted of noting the channel number in which the fixed time intervals 

were initially registered and checking each hour whe~her or not the 

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

single hour check revealed.a shift of more than one half channel in 

either channel number. Although it is extremely difficult to discern 

whether the shifts were due to gain or bias changes, the fact that the 

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

in the A-1 amplifier. Indeed this was the case. 

The second test consisted of an uninterrupted sixteen hour run 

with the same setup as in the first test. This test was accompanied by 

a four Farenheit degree temperature change and showed a four channel 

shift, equivalent to about a 5 nsec change. 

* Nuclear Data Corporation, 512 channel analyzer model ND130. 
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From these tests it was concluded that 'a run could be reasop.ably 

free of drifts if the apparatus were checked at least once every two hours 

with the pulser technique. Note, however, that this method simply checks 

the drifts in the Fast Timing System exclusive of the detectors. It 

should be noted fUrther that it is not only the detector signal amplitude 

and rise time which were responsible for the TPHC response but also the 

detector signal-to-background ratio as well as the absolute value of the 

signal and background. The fact that statistically significant, and 

legitimate spectra can be obtained with this apparatus is due to the high 

level of reproducibility inherent in it for operating times consonant 

with sufficiently long counting times. 



43 

CHAPI'ER V 

SLOW CHANNEL 

A. Signal Characteristics 

The slow or coincidence channel consists of the signals derived 

from the tenth dynodes of all three detectors. ~lese signals are char

acterized by somewhat longer rise times (~5 nsec) and smaller but posi

tive amplitudes. Deriving these signals from the tenth dynodes of the 

detectors providing the timing signals yields a measure of validity to 

both signals. The tenth dynode or "slow" signals are amplified by a 

preamplifier-amplifier chain identical to the one described under Signal 

Processing; however, the output signal from the final A-1 amplifier is 

processed differently. 

B. Coincidence Constraints and Characteristics 

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

fier, the PHS (Pulse Height Selected) output (a discriminator circuit) is 

used to trigger a uuuul8 coincidence circuit fnr Ringle sid.ed spectra or 

a triple coincidence circuit for correlated spectra. However, the normal 

PHS output signal is a 25 volts negative pulse, one-half ~sec wide at its 

base and is obtained by differentiating a signal directly proportional to 

the main signal of the amplifier. Since the coincidence circuit requires 

a signal about 15 volts negative, the normal PHS pulse at 15 volts ampli

tude is only 325 nsec wide. Witb flight times ranging from 180 to 500 

nsec, it is obvious that many true coincidences corresponding to the 
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flight times of the heavy fragments will be lost and the resultant spec

trum biased in favor of the lighter, faster fragments. To this end, the 

circ~it shown schematically in Figure 6 was devised. It is a single shot 

univibrator which produces fixed amplitude (20 volts) negative pulses of 

adjustable time duration. The time duration is controlled by the variable 

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

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

their maximum amplitude in one and one-half ~sec; as a consequence, a 

time delay ls introduoed into the ccJJJ .. Lr::lclP.:n~e cons;;tr-a.int. The Ffl3. .J:lOI:.en

tiometer is used to discriminate against illegitimate pulses which con

tribute to the accidental coincidence counting rate; however, at a given 

PHS bias setting, an A-1 pulse must have an amplitude sufficient to over

come this bias. With a one and one.-half ~sec time-rise response, an A-1 

pulse is delayed for a specific portion of this time rise before the PHS 

output circuit can be tripped. Figure 7 w~s drawn with the condition 

that both A-1 amplifiers associated with the remote detectors were set 

at the usual setting of 500/1000 units with fixed gains. This setting 

corresponds to a time delay of about one ~sec before the 'll.nivibrator could 

be tripped. Furthermore Figure 7 corresponds to the situation for the 

s1owest and fastest fragment flight tiwes. Since all constraints are 

satisfied for this limit1 it .follows that the constraints are satisfied 

for all intermediate cases. It is this time delay which accounts for 

the use of external one ~sec delay lines at the output of the A-1 ampli

fiers o:f the Fa.st. Timing Systemo. Without; Lllem, the signals to be 

analyzed would appear at the input to the analyzer before the coincidence 
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constraint was satisfied; thus, the analyzer would record erroneous 

signals or none at all. 

The multichannel analyzer used for recording, storing, and dis-

playing the spectra of the fission fragments' time-of-flight is the 

* ND130. It has 512 channels with choice· of 127, 255, or 511 point anal-

ysis; its integral linearity is rated at better than 0.5% of full scale 

while its differential linearity is typically better than 1% over 98% 

of its range. The zero drift of the analyzer is listed at less than 

0.5% of full scale per 24 hours, and less than 0.5% of full scale per 

10°F. A typical drift figure is ± 0.1% per day. Similarly, the gain 

d:I'ift is listed at less than 1% of full scale per 24 hours and less than 

1% of full scale per 10°F. 

* Purchased from Nuclear nata, Inc. 
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CHAPTER VI 

ANALYSIS OF THE EXPERllv1ENTAL TThm MEASUREMENT 

A. Detector Transit Times 

The details of the various transit times encountered in measuring 

the flight times of fission fragments are developed in this section. Con-

s ider F:L~re 20. 'Phi R i R ~;~. diagram of the· r.~ro dete~; Lu.r w 1 th 1 ts Salient 

features and dimensions labelled. 

Consider first the transit time of a single secondary electron from 

the 3 IJ.in. Ni foil, @ to the scintillator ®· For simplicity, COI1-

sider the electron ejected from the very center of @. (It should be 

noted in passing that the term secondary electron is preferred to delta 

32 33 rays, because delta rays are defined ' as electrons ejected with ener-

gies greater than 1000 ev, whereas secondary electrons have energies 

limited to, at most, a few hundred ev.) Assuming that the electron speed 

never exceeds a small ;f~ction of. thA RJ:lPt:>0. of light, it follow-5 1'.n:Jm LlJ.e 

conservation of energy that: 

(26) 

For Elecondary electrons v
1 

is negligible, and for the case in 

Figure 201 v1 = 0 volts; hence 

= (27) 

For the purposes of estimating the transit time of the sP.condary 

electrons from the nickel foil @ to the scintillator @; consider the 

secondary electrons to travel on the center line between @ and @ and 
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that the electric field is uniform along this center line. For this case 

Newton's Second law of Motion yields: 

I"FI = d
2

S 
~m. 
dt e 

Iii = ill = 
v2 

q r· 

V2q d2S 
d = m 

dt
2 

' e 

d
2

S = 
V2q 

or 
dt2 m d • e 

Integrating Equation (31) under the boundary conditions that 

dS --= 0 at t = 0 yields dt e 

dS = 
dt v = 

V2q 
-t. 
m d e 

e 

Here, "v" is the speed of the electron evaluated at a point on 

its straight line path at time "t ." e 

(28) 

(29) 

(30) 

(31) 

(32) 

A second integration yields, under the same boundary conditions: 

(33) 

Solving Equation (33) for "t " at S = d yields the electron transit time e 

from@ to@ 

t 
[ 2d

2
me Jl/2 

(34) = e q_v ~ 
2 

For: d = 6.67 ems, 

m -· 9.1 X 10-28 gms, e 
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qV2 = (1.6 x l0-12 ergs/ev)(l5 x 103 ev). 

Equation (22) yields, 

t = 1.8 nsec. e (35) 

Since the field is considered uniform, t = 1.8 nsec wou.ld equal e 

the transit time for secondary electrons anywhere on the foil; however, 

this assumption is too restrictive. Actually a field plot of the lens 

shows some non-uniformity., and this naturalJy l~?ads to a. spread in 

·34 22 transit time. }xaser and Milton, and Stein and Leachman using 

basically the same lens structure measured transit time spreads of 2.5 

to 5 nsec FWKM. This time spreads includes all instrumental effects, 

the largest of which are those inherent in the photomultiplier. Fol

lowing Gatti, 25 the variance in the timing signal due to photomultiplier 

2 transit time spread for this apparatus amoun~to 1.2 nsec . A reasonable 

assum"};)tion 'based on thP. P.].Pt:-t.rostatio leno field plot is Lllat the variance 

in electron transit time spread between Ni foil and scintillator is no 

. 2 
greater Lllau 0.2 nsec-. l:iince the electron transit time variance and the 

photomultiplier transit time variance are stochastically independent, 

the overall variance of the zero time fiducial signal is 

2 2 + 2 
crO-T = crt crPMT' (36) e 

(0.~ + 1.2) nsec 
2 = . 

With the further assumption that these transit time spreads are 

normally distributed, the FWHM, w, is: 

= 

= 

= 

2.35 x 1.2 nsec, 

2.8 nsec. 

(37) 



B. Velocity Expressions 

Figure 21 shows the salient parameters labelled for determining 

the time relationships of the correlated flight times of the fission 

fragments. This development is necessary because the zero-of-time 

detector is asymmetrically located in the flight path of the fragment 

pair and the velocity loss of the fragments through the various nickel 

foils is a function of fragment mass and velocity. 

Case I: Fissile source deposit directed toward 0-2 flight path. 

Let: t2 = fragment flight time from secondary electron Ni foil to 

detector #2, 

t = electron flight time from secondary elect:ron Ni foil to •·· e 

the zero detector, 

= zero cable delay time, 

= fragment flight time from fissile source to secondary 

electron Ni foil, 

v2 = velocity of the 0-2 fission fragment after it passes 

through the secondary electron Ni foil. 

By definition_, 

(38) 

In traversing the Ni foil, the fragment loses a fraction of its velocity; 

call this fraction 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 Ni foil to de

tector #2 is: 
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= (39) 

where: = "measured." flight time between the arrival of 

signals at detector #2 and the zero detector. 

I 
However, the flight time t 2 is not what is measured in the experiment. 

II 

It is t 2 , which is the supplement of the flight time. 

tsF2 
t' 

2 

T 
() 

t=O ~~--------------------------~~ 
t2 

= 

Time Sequence for Ca.ISes I ~:md II 

T - t 2'. 0 

Combining E~uations (~9) and (4n) yi~lds 

= 

Therefo:r·e, 

= 

T 
0 

d 
FD2 

(T - t II + t ) . 
o 2 e 

t" 
2 

time 

(4.o) 

.(41) 

(42) 

3~ Leachman and. Schmitt _. have measured the velocity loss of fission 

fragments through Ni foils and have found that the heavy and light frag-

ments suffer different attenuations depending on the fro.gment mass and 

initial velocity. For the present, a functional relationship can be 

written for the velocity loss in the form: 

•· 
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P ( v SF ' mo -2 ) 
v2 

= = - p. 
2 vSF 

2 

(43) 

Hence: dFD 

= 1 2 
vSF p (To + t t") ' 2 e 2 

(44) 

= post-neutron emission velocity of the 0-2 fragment. 

The assumption has been made that the fissile source is so 

oriented that the 0-2 fission fragment traverses only the secondary 

electron Ni foil. For the case where the fissile source is directed 

toward the 0-1 flight path, the 0-2 fission fragment must penetrate the 

source backing which is also a Ni foil assumed identical to the secondary 

electron Ni foil. 

Case II: Fissile source deposit directed toward 0-1 flight path. 

Assume that the 0-2 fragment starts with the same velocity it 

had in the first case. 

= 

where the prime refers to the present case. 

Then, 

p ' 
where v" is the fragment velocity between the Ni foils,and 

SF2 
p is defined analogously to Equation (43). 

Let: v2 = velocity of the 0-2 fragment after it traverses the 

secondary electron Ni foil. 

d 

v' = 
FD2 

2 (To - t" + t I ) • 

2B e 
(45) 
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Here t• =electron transit time corresponding to a lower velocity frag
e 

ment which, because the electron emergence velocity is assumed negligible, 

is equal to t • e 

Now v" SF2 

Hence, 

VSF 
? 

v' 
2 = P' 

= 1 
p'p 

following .Equation (43). 

dFD 
2 

(46) 
(To + t• - t" ) • 

c f'D 

Note that t" :f t" ; in fact t" is actually greater than t" based 
2 2B 2. 2B 

on physical reasoning.. . About all that can be safely stated about Equations 

(42) and (45) is that v2 :f v2; experimentally, however, much information, 

in principle} is deducible from reorienting th~ source deposit. By ob-

taining single sided time-qf-flight spectra with the fissile source 

directed first in one direction then the other and comparlng the two 

results, the shift between the spectra will be a measure of the fragment 

velocity loss through Ni foil; it is evident, therefore, that the cali-

bration for fragment velocity loss through the foils is inherent in the 

app!iratus. 

Case III: Fissile source.deposit directed toward 0-1 flight path. 

Case I showed the analytical development for the 0-2 fragment. 

The present case will treat the 0-1 fragment. 

den 
= 

1..) 1 
vl ~ ' 1 

where: v
1 

= post-neutron emission velocity of the 0-1 

fragment; 

(47) 

= fragment flight time from source to detector #1; 
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Hence: 

Here 
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dSD = distance from source to detector #1. 
1 

(48) 

= flight time between arrival afsignals between detector 

#1 and the zero detector; 

T 
0 

t" 
1 

--I 

Time Sequence for Cases III and IV 

time 

t)_ = measured supplement of 0-1 fragment measured flight ti~e; 

t ' = T - t" 1 0 1. (49) 

t = (T • t") + t' + t • 1 o 1 SF2 e (50) 

= flight time of the 0-2 fragment traversing the source 

backing and secondary electron Ni foils, 

dSF 
- 2 (To· + te -'t2"). 

dFD 
2 

(51) 

Combining these results yields: 
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dSF 
(T + t - t") + --2 (T + t 

o e 1 dFD o e 
2 

Note that v
1 

is correlated with v2 . 

Case IV: Fissile source deposit directed toward 0-2 flight_path. 

Following Equation (47), 

d::::HJ 
l. 

t' 
1 

v' 
1 

= 

(52) 

(53) 

The 0-1 fragment will suffer a veloclty loss in traversing the 

Ni source backing; this v~locity loss will T'f:''J.1.1ire that tho frogmcn'b 

flight time change. 

t' :::: (T 
1 0 

t" ) + t + t • 
lB SF2 e 

(54) 

t 8F = flight. time of the 0-2 fragment traversing only the 
2 

The time tl 
B 

secondary electron Ni foil. 

is different from tl' since the 0-1 fragment traverses 
1 

the source backing1 t" being 
~ 

in fact a shorter time interval than tl. 

Hence: 

v' = 
1 

(T + t o e 

where: 

dSD 
1 

- t" 
lB 

) + p 

dFD 
2 

dc::oF 
'-' 2 

v'"' c.. 

(T + t - t
2
11 ) • 

o e 

' 

Note here again that vl_ is correlated with v2 • 

(55) 
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In each of the four cases, only one variable is recorded; viz. , 

t".. The term p containing the velocity loss information can in principle 

be progr~mmed into a computer. Reference to the work of Schmitt and 

Leachman35 · and Fulmer36 indicates that the median light-fragment velocity 

loss and. the median heavy-fragment velocity loss through three microinch 

thick Ni foils are: 

(6v2 )L = 0.27 X 10
8 

em/sec, (56) 

(6v2 )H = 0.25 X 10
8 

em/sec. (57) 

C. The Effects of Prompt Neutron Emission 

The conservation equations used in the Introduction do not account 

for the effects of prompt neutron emission on the flights of the fission 

fragments except insofar as the average fragment velocity is approximately 

equal to the fragment initial velocity based on the assumption of iso-

tropic neutron emission in the center-of-mass coordinate system of the 

moving fragment. Actually, the conservation equations apply prior to 

-14 neutron emlssion, for in a time of the order of 10 sec of t.he scis-

sion, all the prompt neutrons are emitted. 37 The distance transversed 

b f t . th" t• . . l t t 107 l d" t • ,. 239 y a ragmen 1n lS 1me lS equ1va en o nuc ear 1ame ers of Pu - • 

The fundamental assumption of isotroptc emission of neutrons in the center..:. 

of-mass coordj_nate system of the moving fragment is made on the basis that 

the measured angular distribution of emitted neutrons is consistent with 

21 
this assumption. 

The effects of prompt neutron emission of the flights of fission 

fragments are: 



1) Data prejudice due to recoil of the fragments as a result of 

neutron ''boil-off." 

2) A variance in velocity of the fragments. 

The first effect is minimized by a choice of proper geometry. In 

the present apparatus, all three detectors. are ~he same size except that 

the #2 detector can scan a distance corresponding to three detector 

diameters •. Specifically, each 6810-A photomultiplier is nomina;JJ,y two 

inches 1ti diameter; therefore, detector :/P- has.been designed to scan a 

six'inch distance perpendicular to the 0-2 flight path. In this .way, 

fission-fragment coincidence losses are minimized and the data properly 

weighted against those cases where the fewest prompt neutrons are 

38 emitted. In a detailed calculation by Lide, it is shown for such an 

arrangement that a proper representation of better than 96% of all the 

fragments reaching the #1 detector will be intercepted by the #2 det.ector 

along its allowable scanning distance. 

The second effect 1.nt:rodnces e. variance in . the J::U.'e -prompt neutron 

emission velocities of the fragments.· Prompt neutron emission at all 

directions will administer a component of velocity change to the fragment 

in the form of recoil. Therefore, although it is still true that the 

average fragment velocity is equal to the fragment initial velocity, a 

correction should be supplied to the fragment velocities as given by 

Equations (44), (46), (52), and (55) to account for the effects of the 

. prompt neutron emission. A detailed formulation of this correction re-

quires determinations of num~er, energies, and direction of emission of 

the prompt neutrons. Since such information is not obtained in this 

experiment, the change in velocity due to neutron emission f:rom the 
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fragments is treated as a variance in the time-of-flight data; this then 

is reflected as an additional variance in velocity, mass (as deduced from 

momentum and mass conservation), energies, etc. 

Lide's38 detailed calculation for the effects of prompt neutron 

emission on the time of flight of fission fragments is summarized below. 

Assuming a Watt distribution for the energy of neutrons emitted as a 

function of mass, Lide showed that the variance in time of arrival for a 

fragment emitting k neutrons and having a flight time t when no prompt 
0 

neutrons are emitted is given by: 

2 
t2 

0 
(58) a (tk - to) = k'\:T' 

where: = 2mT [ (M - :n)PJ2' (59) ~ 
J. 

m = neutron mass, 

T = nuclear "temperature," a parameter used in 

fitting neutron spectra with the Watt neutron-

energy forrrrula, 

= initial momentum of the fission fragment, 

M = mass of the fission fragment before neutron 

emission. 

For this experimental arrangement, using Pu
239 as the fissile 

source, the timing variances introduced by prompt neutron emission are: 

2 
8.024 

2 
(J0-2 = nsec 

) 

H 

2 
4.20 

2 
(60) (J0-2 = nsec ) 

L 

2 
6.161 

2 
(J0-1 = nsec , 

H 
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2 
3.22 2 

0
0-1 = nsec 

' L 

2 
"': 

where: a = variance, 

H = heavy fragment, 

L = light fragment, 

0-l and 0-2 = flight paths. 

... 
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CHAPTER VII 

PRECISION OF THE EXPERIMEN"l' 

A. Precision Indices of the Apparatus 

The largest variance in timing-signal spread from each of the 

three detectors is due to the transit time spread of the photomultiplier 

tubes. Following Gatti25 and the experimental work of Bartl and 

Weinzierl, 4
3 this variance amounts to about 1.2 nsec2

• 

The variance in the measurement of the delay cable is negligible 

(See Table I). 

The variance in zero-detector secondary electron transit time is 

0.2 nsec
2 

[See Equation (36)]. 

The flight paths have been measured to ± 0.08 em. Since each 

flight path is greater than 300 em, the error of the distance measurement 

is less than 0.02% and is negligible when compared with the error due to 

photomultiplier transit time spreads •. 

B. Precision Index Due to Effects of Prompt Neutron Emission 

Lide•s38 calculations show that the variances in Pu239 median 

fission fragment average transit time over the flight paths of this 

experiment are: 

2 
8.024 2 

(J0-2 = nsec 
' H 

2 
4.20 

2 
(J0-2 = nsec 

' L 

2 
6.161 

2 
(J0-1 = nsec 

' H 



= 3~'22 
2 

nsec • 

6o 

C. Corrections 

The velocity loss due to the Pu239 fission fragment traversing the 

nickel foils amounts to a maximum of 2.5% for the median-heavy fragment; 

however, the fragment velocity loss in trav~rsing a nickel foil is a 

functiop. Qf the fragment mas::; ann vPlnd;t.y. &:hmitt and Lco.chma.n3? :;,how 

that. the velocity loss near the beginning of the range can be expressed 

by a somewhat arbitrary expression) 

dv = _ Avn 
dx ·' 

where A and n are considered to be functions of onlythe fragment mass, 

8 ' 2 
the velocity v is in (10 ) cm/secJ and the foil thickness x is in mg/cm • 

Tb account for this velocity loss on a per fission basis would require a 

computer program to make the required corrections in the velocities as 

described by Equations (51) and (66) or (57) and (63) depending on the 

fissile source orientation. Short of this computer procedure, the 2.5% 

velocity loss will be used in estimating the overall precision in the 

velocity measurement. This means that prOO.X nP.fin'O'd in Equatio (lt6) will 

be 0.975. 

It shall be assumed that the ART effect can be accounted for by 

calibration and will be ignored in the precision evaluation. 



D. Best Estimate of Precision of the Velocity Measurements 

Case I: Fissile source toward 0-2 flight path from Equation (51). 

Hence, 

1 
dFD 

= 2 
VSF P (To + t - t2) • 2 e 

d2 2 

2 1 
FD crt 

2 
cr = 2 (T +t .-t 11 )4' vSF 

2 p 0 e 2 
(61) 

= variance in the post neutron emission velocity of 

the 0-2 fragment. 

2 
crt = variance in timing including the effects of prompt 

neutron emission. 

2 
The expression for cr is now evaluated with the following 

quantities: 
vSF 

2 

or 

From these 

(T + t - t") = 247.01 nsec, 
0 e 2 

2 
(1.2 + 0.2 + 4.2 + 1.2) crt = 

2 2 
crt = 6.8 nsec, 

dSF = 14.0 ems, 

dFD = 329.84 ems, 
2 

p = 0.975. 

data, 

d2 2 
2 FD2 crt 

cr = 
---p-2" (T - t" )4 ' vSF + t, 

2 0 e 2 

2 
nsec ' 

(62) 
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5 6 8 -18 2 = 1. 09 :x; 10 ( • x 10 sec ) 
0.95. -28 4- ' 37 .2x 10 sec 

The standard deviation, cr , becomes, 
vSF 

2 

= 1.4 x 107 em/sec. 

For the FWHM for a Gaussian distribution yields: 

= 2 .• 35 a , v 
R'F'.-:, 

'-

Case II. Fissile source toward 0-1 flight path 

For simplicity, 

v::lJ:t' 
2 

2 
cr 

VSF 
2 

1 
Pp l 

dFD 
2 

(T +t' -t") o e 2B 

assume p = pI; then, 

1 
dFD 

2 = =z t'11 + t' t·" ) . -p 0 e 2B 

d2 
1 FD2 2 = 
4 (T + t' - t" )4 crt' 
p 0 e 2B 

.. 5 - 1.1 (1.09 .X 10 )(6.8 
39.9 X 10-36 

14 2 2 = 2.2 x 10 cm./sec· • 

The standard deviation becomes: 

= 1.48 x 107 em/sec, 

X l0-18 ), 

(63) 
-· 

(6'-!.) 

(65) 

. (66) 

(67) 



.. 

and the FWHM = 1.48 x 107 x 2.35, 

= 3.48 x. 107 em/sec. 

(68) 

Because the precision indices of the 0-1 flight side are the same, 

the following summary can be made: viz, the "best value" estimate of a 

single sided velocity measurement can be made with a precision of 

2 x 107 em/sec . 

The variance in the mass as defined by Equation (4) can also be 

determined since it depends only on the correlated velocities. 

From Equation (4), 

* A+l 
~ = 

-(A+ l)v2 
2' 

(vl + v2) 

From which, 

For Pu239 
' 
v L = 1. 39 .x: 109 em/ sec, 

vH = 1.001 x 109 em/sec, 

aV2 ~ 4 X 10
14 

cm
2
/sec

2
, 

2L 

-2 14 2 2 cr · ~ 4 x 10 em /sec • 
v~ 

Evaluating Equation (69) with these values yields: 

2 2 
o~ = 2.07 amu • 

0 M* :s; 2 amu. 
1 

(69) 

(70) 
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Note that this value for the mass variance was obtained for the average 

velocities of the fission-fragment masses at the peaks of the mass dis

tribution spectrum for Pu
239. 

Even though it has been assumed that the ART effect can be accounted 

for by calibration, it is instructive to evaluate the fission fragment 

mass variance by taking into account the ART effect as a systematic error. 

It has been shown that the ART effect varies from as little as l~·to mo~~ 

than 10% in measured time. Consider the case where the ART effect is 

equal to 10~. This means that the heavy fragment flight time will be 10% 

less than it should be. The light fragment. velocity will be assumed 

unchanged. Then: 

~.39 x 109 em/sec, 

1.001 x 109 em/sec ~ 0.91 x 109 em/sec, 

. . 14 2 2 
= 4 x 10 em /sec • 

Evaluating Equation (60) with these new values yields: 

2 2 
I'J * ;;; 2.27 amu • (71) 
Ml. 

2 2 
Neglecting the ART effect, crM* was equal to 2.07 amu • Comparing 

the two results shows that a 10% ART effect in the peaks of the velocity 

distribution corresponds to an increase of -10% in the mass variance and 

an increase in calculated mass of ~5%. 



CHAPI'ER VIII 

CONCLUSIONS 

A. Detector Improvements 

The spectrum of the flight time of the fission fragments obtained 

by each side of the double time-of-flight apparatus highlights the fact 

that once the apparatus is properly tuned, the data are highly repro-

ducible. Based on this fact, the apparatus must be considered an effec-

tive research tool. 

It has been demonstrated that signal-to-background ratios in the 

detectors, amplitude-rise time effects in the TPHC, and limitations of 

calibration techniques are the basic limitations of this apparatus. 

Consequently, a number of steps can be taken which should improve the 

operation of the apparatus. 

Consider the problem of signal-to-background ratios in the de-. 

teeters. The zero detector has always been characterized by a great 

deal of noise. Investigations of the quartz light pipes disclosed that 

manganese impurities in the quartz produced scintillations under gamma 

ray bombardment. The quartz was initially cooled to liquid nitrogen 

6o temperature and exposed to Co gamma rays. After an eight hour expo-

sure at 3.39 x 10
4 

R/min, the quartz was removed from the liquid nitrogen 

and allowed to warm to room temperature in a darkened room. As a con-

sequence of the warming, trapped excited states in the quartz decayed to 

their ground states. The light accompanying the decay was in the visible 

blue region. It is in this region that the photocathode response is 
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maximum (S-ll response for a 6810-A photomultiplier). Furthermore, when 

the quartz was examined spectrophotometrically and compared with an un

irradiated .quartz sample from the same stock, the irradiated quartz 

showed a change in optical density of 0.04 which corresponds to an 

absorption increase of 10%. This increase in opacity can account for 

the increase of einzel lens voltage necessary to reproduce the same 

signal output from the zero detector while the apparatus was being 

operated for the last two years. The first problem can be solved by 

resorting to non-scintillating,. non-discoloring ultra-pure quartz, which 

can now be purchased commercially. 

A second, more insidious problem concerns the emission of Compton 

secondary electrons from the einzel lens structure by the gamma rays 

emanating from the reactor •. Gamma ray energies ranging between 0.2 and 

2 mev can generate Compton secondary electrons ranging from 10 kev to 

1000 kev, which is the same energy range for secondary electrons ejected 

from the Ni foils by the fiss:Lon fragments and. accelerated by the lens. 

'l'his background was minimized by making the neutron beam hole approxi

mately equal in size to the fissile deposit. 

A third consideration involving signal-to-background ratios in 

detectors revolves about electronic component selection; e.g., the oil

filled coupling capacitors of the photomultiplier tubes should be re

placed by dry dielectric capacitors for improved dependability of service. 

Such high voltage rated capacitors are now commercially available and are 

physically small so that inductive-capacitive effects of the device do 

.not influence the photomultiplier output pulse rise time. 



Bellettini, et al,39 have recently studied the effects of varying 

independently the inter-dynode voltages of photomultiplier tubes. They 

found that great improvements are possible over the performances obtain-

able with the voltage distributions recommended by the manufacturers; 

i.e., peak currents, linearity and photocathode inefficiency effects can 

be improved and that timing resolutions better than l nsec are possible. 

However, each photomultiplier tube of a given type had its own voltage 

characteristics so that generalizatkns about optimum voltages were not 

possible. Obviously, such a procedure would be employed only after all 

other sources of timing dispersion were reduced to a value below those 

introduced by the photomultiplier tubes. 

B. Circuit Improvements and Criteria 

No matter what is done to improve the signal-to-background ratio 

of the detectors, there remains the problem of pulse amplitude spectrum 

due to photocathode inefficiency, and the associated "walks" and "jitters" 

in the resulting signals. It is imperative that the pulsel:::i from the 

photomultipliers be shaped in a standard way before they are made to 

trigger a TPHC. No matter what device is used for pulse standardization, 

the same limitations of the photomultiplier signals in triggering cir-

cui ts are manifested in such de"~iices also, albeit reduced in import. 

InsP.rtion of any device, be it an amplifier or a tunnel-diode 

discriminator,
40 

between detector and TPHC cannot improve timing infor-

mation below the basic limitations inherent in producing fiducial timing 

signals produced by scintillator-photomultiplier tube combinations. 30 

Therefore, it appears logical that improvements in resolution of these 
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are in order. 
. 41 . 

Sternglass and Wachtel report on a novel approach to 

multiplier action. They employ transmission-emission multiplication 

rather than secondary emission multiplication as is now conventionally 

done. In this approach, the transmission multiplier plates are curved 

and stacked in a venetian-blind _structure, and the individual plates 

raised to various voltages as is done with secondary emission multipliers. 

Tb improve the resolution and reduce pulse widths and transit time 

spreads, the entire assembly is placed in a magnetic field. It is the 

combination of the electric and megnetic fields w:Aich focus the electrons 

as they multiply. The focusing action tends to reduce transit time 

spreads, to produce more uniform pulses than do conventional multipliers, 

and improve fiducial .timing information. As yet, such detectors are not 

comm~rcially available. 

An improvement in Signal-to-background ratios in the detectors 

should, of course, be tempered by the knowledge that not only should 

signal size be increased but also that the background should be reduced. 

The reason for this becomes clear when one consi.d.ers the premise behind· 

fast-slow coincident techniques. In essence, only those events are 

~cceptable for analysis which satisfy the slow coincidence constraint. 

It is normally assumed that unwanted or.meaningless events are ignored. 

This is not the case, for at high counting rates composed of any ratio 

of acceptable to ignorable events, D.C. base line shifts can occur. The 

A-1 amplifiers used with this time-of-flight apparatus are characterized 

by D. C •. level shifts amounting to one channel of the ND130 multichannel 

analyzer at counting rates of about 1000 counts/sec. 
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APPENDIX A 

ANALYSIS OF THE TPHC OUTPUT CIRCUITRY 

From Figure 16, vacuum tube V4 and its associated circuitry is 

reproduced below: 

Let: 

100 

~~ 
rJ-,Y1 

/00 

o.ot 

/.5 
.____.,...,.___. meg 

-150 

iK = cathode current, 

i = plate current1 p 

i quiescent current 
0 

non-conducting, 

2.7 f ·~f-/50 
20JIF 

.-------.-----:G\ OUTPUT 

0.0022i2 l 

through R and diode D4 while v4 is 

C!m = tube transconductance,. 

v = v4 cut-off potential with respect to ground~ 
c 
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e = grid-to-ground signal, 
go 

e = grid-to-cathode potential, 
~ 

VD4 = reverse bias potential of D4. 

Assume: Since R >~and Rp (plate resistance), ~and Rp are negligible. 

Region (1): i = 0 when e ::;; Vc, 
P go 

and 

Region (2 ): V < e < VD4. 
c go 

Here i~2 ) > O, but VK < VD4, 

(72) 

(73) 

where: VK = cathode potential with respect to ground. 

At all times in this region of operation, 

where: 

. (2) 
~ = 

i (2) = p 

e (2) = 
~ 

= 150 - i I (
2 ) (R + R_, ) 

0 ~D'+ ' 

i 1 (
2 ) = current through diode D4 as the cathode 

0 

potential of v4 ris~s, 

= i when i = o, 
0 p 

~ = effective resistance of Diode D4 and a 

fUnction of i' o· 

i(2)+i'(2). 
p 0 

9m(2)[e~) + Vc]. 

(2) v + 150 - ~2) R. e 
go c 

Combining Equations (75), (76), and (77) yields, 

(74) 

(75) 

(76) 

(77) 



i (2) = 
p 
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(2) (2) 150 ~ 
g, [e· + J 
Ill g0 R + Ru4 

1 +. (2) ~R 
~ ~+R 

Region (3): e~3 ) > VD4; diode D4 is reverse-biased. 

i( 3 ) > O· L( 3 ) = i(3 ) + i' (3 ). 
p '-c-k p 0 

But, i 1 (3) = 
0 

o, by definition. 

(3)' - (3) (3) 
c - c - V + 150 - i - R 
~ g

0 
c · k '· 

from which: 

i(3) = 
p 

The change .in current between·regions (2) and (3) is: 

• (3' ) (2) . -· 
-~ - i - .6i •.. 

p p p 

.6.:1. 
p 

150 - g e( 3 )R 
g R · m g 

= (~) 0 
Ru4 gR~' 

(1 + €\nR)(l + Rm+ 1!>4) 

where the assumptions have been made that: 

(2) ~2) ""' 

e(3) 
g ' 0 

(78) 

(79) 

(80) 

(81) 

(82) 

(83) 
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Equation (83) indicates that there is a decrease in current be-

tween the two regions. Since the grid-to-ground signals and biases 

change from tube to tube, it is difficult to establish an absolute limit 

for this current change. However, since the total change in current from 

region (1) to region (3) is limited to 

~ is extremely small and varies with 
p 

with respect to e for regions (2) and 
go 

150 ~amps, Equation (83) indicates 

e(3). The slope of the current 
go 
(3) is: 

di (2 ) 
p = 

de (2 ) 
go 

1 + (2) ~ R 

(2) 
,.... ~ ' (84) 

de( 3 ) 
go 

~ ~ +R 

g(3) 
= m 1 0 

1 + ~3)R,.... R~ • 
(85) 

The slope of the current change with respect to e( 3 ) is, from Equation 
go 

(83): 

(86) 

A plot of ip versus eg
0 

illustrates the operation of the constant 

current tube: 



i 
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Characteristic Curve for TPHC Output Circuit 

e -1 1 
=tan -· R' 

e = o. 
-1 tan (2) 

~n • 

. -1 
t3 ,....; tan -

= reverse bias potential of diode D4. 
; 

Note: The curve is illustrated by straight_lines to em~hasize the 

relatively abrupt plate current change.when D4 becomes reverse-biased. 



Let: 

Then: 

or 

Define: 
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APPENDIX B 

THE DISTRrnUTION OF TlME INTERVALS FORMED BETWEEN A 

FIXED-FREQUENCY PULSER AND A RANDOM TIME 

SOURCE AS MEASURED BY THE TPHC 

n = number of pulses occurring at any instant in a time 

interval o t, 

n = average number of pulses in the time int.erval ot, 

N = total number of pulses available, 

T = total time interval during which N pulses occur. 

n = 

n = ot 

g -

N f<ot ), 

N 
T"" 

ot 

T ' 

1'6:t g <.<. l., '1' >> 6t. 

(87) 

(88) 

(89 

The probability of a fluctuation in which "n" pulses occur in a 

time interval ot is given by .the Binomial Distribution: 

= N~ n(l 
n~(N-n)~g )

N-n 
g • (90) 

For the case in point, g >> 1, i.e., T << at and N >> l and N >> n, the 

Binomial Distribution yields the Poisson Distribution: 

p 
n 

-n -n 
""' e n 

n! 
(91) 
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Note that Equation (91) is independent of "n"; there is no condition 

imposed on n except that N >> n; and n= Ng. 

o, p -n For: n = = e 
0 ' 

-'- -n - (92) n 1,. pl = e n, 

-2 
2, p2 = -n n n = e 2' 

- -i 
i, pi 

-n n n - = e rr· 
'rhe question is now raised of what is the probability for obtaining at 

least one pulse in any interval ot when the average P..\l.mber of pulsP.s ifi n, 

Here: P(~l) = the probability of obtaining.l count, 2 coun"j:;s, 

3 counts, etc. in the interVal ot, 

= P(l) + P(2) + P(3) + .... + P(N). (93) 

.N 

P(~l) = I p , . n 
n=l 

= 
N - -n 

I -n (n) 
e --, nl 

n=l 

N 

= = [e-n L (~t] ~e-n (94) 

n=l u=o 
\ 

If N >> 1 and N >> n, as has been assumed, then with negligible error, 

N ~ oo in the summation since the terms for n > N in the summation con~ 

tribute little if anything to the sum. 

Hence: 
n=N 00 

I (n)n I (n)n n 
--~ - e . nl nl (95) 

n=o n=o 
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Equation (94) becomes: 

p(:::::l) = -n n 
e (e - l), (96) 

= l - e-n 

= probability of obtaining at least one count in any 

time interval ot. 

Now, given m che:mnels, each ot in width such that m(ot) = T, how will the 

available N pulses be distributed throughout the channels if channel 

occupancy is noted when at least one pulse arrives-in that channel? 

The answer to this query is supplied by Equation (96) which shows 

that since the time intervals ot (taken here to be equal, for convenience) 

are mutually independent, then , for a given n, the distribution is ' 

constant. 

As D - oo, p(:::::l) = l 

As n- 0, p(:::::l) = 0 

(certainty). 

( impossibility). 

Equation (96) could have been deduced much more simply by noting 

that: 

p = 1 = r.[p(n) + p(;::;l )] ) 
n (97) 

P(O) 
-n = e 

p(:::::l) l 
-n = - e (98) 

However, the real question is this: If the channels are ordered, 

how will the "N" pulses be distributed if channel occupancy is noted 

when at least one pulse arrives in that specific channel? 

This question imposes a conditional probability in that the 

. . th 
occupancy of the i channel requires vacancies in the preceding (i -l) 

channels. 
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Let: P(i) = probability for ith channel occupancy, 

Q(i-l) = probability for (i-l)th channel vacancy, 

but Q(i-l) = l - P(i). 

P(i)~-l)(i-l) = P(i)[l- P(i)](i-l), 

(99) 

(100) 

= probability of ith channel occupancy ~ith 

the preceding (i-l) channels vacant. 

Now, P(i) = l - e-n from Equation (96). 

P[~l, i, P(i )] = (l- e-n)(e-n)(i-1),' (101) 

Equation (101) clearly shows the channel dependence of the distribution 

fun·ction. 

Compare the ith channel with the (i-l)th channel occupancy proba-

bility: 

-ii'(1+1)( +n ) e e l _ -n 
- e (102) 

Fq_uation (102) shows that adjacent channel probabilities differ by this 

factor. 

Comparing the lst channel occupancy with the mth channel occupancy 

probability yields: 

-mn( n l) -mil-+n e e - (103) = e 
/ 

-n( n 
l) e e -

= n(l-m) e • 

For m >> 1, which is surely the case for a 512 channel analyzer 

where m = 512, 
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n(l-m) mn e ...... e (104) 

Equation (104) shows the channel number dependency in the distri-

bution function. 

For a direct application of these results to this time-of-flight 

apparatus, 

for 

and 

n = r .ot, 

where: r = average random source counting rate. 

T 
ot = 0 

m' 
where: T

0 
= 633.95 nsec, 

m = channel number, at least greater than 10; 

-mn = · -r To e e , 

r = 

= 

3500 counts/sec, 

633~5 x 10-9 sec, 

-3 -rT0 -1.9 x 10 ....... 1 e ...... e • (105) 

which indicates that the distribution of time intervals between a fixed 

frequency generator (used as Start signals) and random signals due to a 

radioactive source of rater as listed above (used as Stop signals) is 

flat, i.e., random. 
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APPENDIX C 

CHANCE COINCIDENCE RATES IN A TRIPLE COINCIDENCE SYSTEM 

Iri a double time-of-flight apparatus, the slow coincidence con-

straint involves three signals; hence, it is of interest to determine 

the accidental triple coincidence counting rate. For simplicity, con-

sider each detector as having the same resolving time, T, and receiving 

uncorrelated signals at counting rates n
0

, n
1

, and n2, respectively. 

For the zero detector and #l detector, the following situation 

accrues.' All signals from the zero detector which arrive at the coinci

dence circuit and are separated from a #l detecto~ signal arriving at 

the same :circuitry by a time interval less than T are recorded as acci-

dental or chance coincidences. Each zero detector signal so scored must 

fall within one of a set of time intervals each of length 2T which is 

associated with the #l detector signals and is assumed to be symmetrically 

oriented on either side of them. These time intervals equal a fraction 

2Tn of the total time of data collection. It is assumed also that this 
0 

fraction is small, so that only an insignificant number of these time 

intervals overlay. Multiplying this fraction of time by n1 (counting 

rate in detector #l) yieids the accidental or chance coincident rate: 

= 2Tn n
1

• 
0 . 

(106) 
. \ 

This chance coincident rate is distinguished from the true coincident 

rate which is: 
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where: Nc = true coincidence rate, . 

N = counting rate of true events, 

w.' = geometry factor for detector i; i = o, 1, 
l. 

= efficiency factor for detector i; i = 0, 1. 

42 
Following Chase, consider each input signal as occupying a time 

interval equal to the circuit resolving time; therefore, when input 

signals are close enough for their associated time intervals to overlap, 

they record as being coincident. For multiple signals, an overlap of all 

their associated time intervals constitutes a coincidence; hence, consider 

now the three detectors of the time-of-flight apparatus. Since the 

counting rates n
0

, n
1

, and n2 refer to uncorrelated events, all of the 

possible overlap times are equally likely; hence, if each associated time 

interval is of length T, the average length of the overlap intervals is 

~· Any =/12 detector signals which occur during these overlap intervals 

or precede (or follow) them by less than T are recorded as coincident 

with them. The average time interval during which a =/12 detector signal 

yields a triple coincidence is: 

T 3'i 
T +- = 2 2 (l07) 

The product of this average time interval and the chance coincident 

rate between the zero detector and #1 detector is: 

(108) 

~uation (108) gives the fraction of the data collection time 

during which =/12 detector signals are recorded as coincident; from this, 

the triple chance coincidence rate is obtained by multiplying this frac-

tion by n2 • 
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= 3T
2 

·n n n 
0 1 2. (109) 

With short resolving times, the triple chance coincidence counting 

rate is negligible since the resolving time appears as a squared term. 

But other conditions can yield triple chance coincidence rates 

which may not be negligible; e.g., a true double coincidence between any 

two detectors can be matched with a chance signal from the remaining 

third detector. 

= double coincidence rate for tn1e events·between any 

two detectors, 

= random counting rate of the third detector 

Fbllowing the arguments presented above, the fraction of the total 

time .of data collection is 2TNT based on the assumption that the detector 
2 -

signals occupy a time interval equal to its circuit resolving time. Mul-

tiplying this fraction of time by n2 (counting rate in detector /2.) yields 

the chance triple·coincidence rate: 

= (110) 

where: = chance triple-coincidence rate due to a 

true double coincidence and a random third 

detector signal. 

Equation (110) is interesting; for it contains the resolving time 

to the first power [See Equation (109)]; however, with a low true double

coinci~ence rate, the weight attached to Equation (110) is also small. 

For the time-of-flight apparatus used in this experiment, 

.. 
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T ~ 0. 5 IJ.Sec, 

N 13 counts/sec, c 

n 6ooo counts/sec, 
0 

n1 5 counts/sec, 

n2 5 counts/sec. 

From which, 

= (2) (0. 5 x 10-
6

) (6 x 103counts/sec )(5 counts/sec), (111) 
. -2 

= 3 x 10 counts/sec. 

= (3)(0.06 x l0-
12 

sec
2

)(6 x 103 c/sec)(5 c/sec)(5 sec), 

~ 30 x 10-9 counts/sec. 

= (2)(0.5 X 10-
6

)(13)(5) 

= 65 x 10-6 counts/sec. 

c/sec, 

(112) 

(113) 

Note that NA refers to the following combinations of a true double 
3,T2 

coincidence and a chance third: 

Detector Zero ~ #2 

Case I T T F T =true 

Case II T Ii' ·r }i' = false 

Case III F T T 

Cases I and II are more likely to occur than Case III because a 

true or real event in detector #2 presumes that the fission fragment had 

to traverse the zero detector Ni foil. This consideration excludes the 

effects of detector efficiency. Equation (113) is therefore to be mul-

tiplied by a factor of three to set an upper limit to NA ; hence, 
3,T2 

-6 I = 195 x 10 counts sec. (113') 

~,, .. 
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Three additional cases suggest themselves; viz., 

Detector Zero #1 #2 

Case IV 

Case V 

Case VI 

F 

F 

T 

F 

T 

F 

T 

F 

F 

Cases IV and V represent the situation of a chance double coinci

dence with a true third signal. The chance double rate is given by 

Equation (106); however, with the true counting rate of 13 coun~s/sec at 

the remote detectors for this experiment, Cases IV ancl V are also 

negligible. Case VI is given by Equation (106) but with the true counting 

rate in the zero detector equal to 6000 counts/sec. 

The sum of all these chance coincident rates represents a negli

gible contribution to the real counting rate for triple-coincidence true 

events. 

.. 
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APPENDIX D 
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Figure 1. Schematic Diagram of Time-of-Flight Apparatus. 
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Figure 9· . Foil Processor. 
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Figure 14. Resultant Waveshapes in Cable Calibrations. 



V2 VJ 

-ISO 

Figur e 15 . Time -to -Pulse -He i ght Converter. 

V4 

UNCLASSI FlED 
ORN L DWG. 63-205 

! Ov7PUT 



102 

UNCLASSIFIED 
PHOTO 61202 

Figure 16. Photographs of Typical Diode-Stretcher Voltage Shapes 
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a . Reference Spectrum 
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Figure 17. Time - of -Flight Spectrum for Pu239 
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Figure 20. Einzel Lens of the Zero Time Detector. 
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Repetition 
rate 

(P.P.S.) 

788,733 

788,665 

788,781 

788,578 

788,738 

788,672 

788,580 

788,990 

788,878 

788,677 

TABLE I 

COMBINED EXPERTIJJENTAL VALUES OF FIVE OBSERVERS JN DETERMINING THE PULSE 
REPETITION R~TE FOR THE TD1E DEIAY OF THE ZERO-TTh1E CABLE 

Average 
repetition 

rate 
(P.P.S.) 

Maximum 
deviation 

(P.P.S.) 

Corrected average 
repetition rate 

(P.P.S.) 

Standard 
.deviation 

in mean 
(P.P.S.) 

Time delay 
(nsec) 

788,733 ± 300 (788. 7 ± 0.3) X 103 30.45 633.95 ± 0.025 
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