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ABSTRACT

A& high stability sumecoineidence speetremeter with
{xproved versatility is described. Complete elreuit
deseripticns of the transistoriged squipment are presented.
Since zain stability is an important factor, a thorough
analysis of the characteristics of high stability operatiocnsl
amplifiers is included. |

The Hoogenbeoom theory for the rasoclution and
detection aefficiency of the sum-coincidence apectromeler
is reviewsd, and a new, mbrﬁ acourate, snd more versatile
expression for the detection efficiency is derived.

Thoory for the limits of time resolutiocn in
scintillation detectors is reviewed, and measurements made
on the equipment are presensed for comparison. Several
proposals arising out of this work ave made for improved
fast coincidence circuits.

Studies on the decay schene of 6969 sre deseribed.
The sume=coincidence speoctrometer was uged O mRABUIE Y=y
cascuades from seversl levels in 3&59 following Gaﬁg deecay.
The "1.92 MeV levwel®™ in Gaég was found to he composed of

o lovels: & 1.87 ¥V level and a 1.92 %V level.




B,

An ocseillating tritiun target, developed for long
irzadiation times at high ncutron fluxes is desceribed for

use with the Texas Huclear neutren generator.
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CHAPTER 1

INTACHUCTICN

ol  Cenersle

Ganma-ray spectroscopy, who study of yerays enltted
by redicactive nuclei, is a well established snd ugsefu} fisld
in lew energy nuclear physics. Studies of decay aschemes and
veray enerXgies yicld information ﬁbeut tho eaergy levels of
the daughter nucleus. Angular correlation determinaticns on
y=ray cascades pormit evaluaztion of the apins snd parities
of the excited stules. By msasuring the relative intensities
of the varicus gommeray cnergies emitted, the transition
probabilities between levels can be eslculated. It i hoped,
of course, thut vhen all the data 1s collected for a given
nuelens, tho levels can be fitted S0 & prediotion baszed on
an appropriate thaory.

The Tacilities most required in 8 gunmaeray
spaglrometear are:
{1} The ebility %o measure aenergy with a high ra&a&ving
POWETPe
(2) A provision for determining the intensitiss of YaPaYS.
{3} an ability Lo msapure easily angular correlaticns.

4 rogently developed spectrometer which moets these conditions



quite waell is the Hoogenboom Sunmecgoincidence yey Speetronaetsrs
The original aim of the projeet Tor this thesis
was te asssuble & sumecoincideonee aspectromster, and apply

it to @& radicagtive nucleus produced with a 14 MeV neutizon

£8neratode

A spsotroneler, such ag is shown in Figure 2.2,
wae aasembled Trom readily availeble equipment. Using
standard scurces such a9 cséﬁ and B&133, the systen was
put through & series ol tests. Wer a short period of
time the speetrPometer operated rsasonably weoll. However,
vhen tho systeom was %o ke fun for pericds of more than §
hours, sericus gain drift was encountered. This drift ﬁaa
as large as & 5% in some cases, and proved to be unsceeptable
for practical measuremsants. ZThe avallable amplifiers were
tube anplifiers end had a grsat deal of noise on the
cutputs. In addition, the scimtillatorephotomulciplier
ecrbinations availeble did not provide a mmtched pair of
dotactorse.

4% this point 1V became obvious that a cumpletely
now system would have 0 be designed to overcoms the gain
drift and noise problems, and to improve the flexibilisty

of the spectrometeor. UWith those criteria in mind, a



transistorised sus-coincidence speetrometer was designed
and buils. Two mutched, hiph stability deotectors were
purchased, and & fast eocincidence sircult was added %o
improve ths spectrometer versatility. The results achioved
with thie system ghowad @ substantial improvensnie

8ince a major portion of this project ianvolved the
development of the high stability spectrometer, a lalge
section of this thesia deals with the cleectronic design
and operating charagteristice.

AfSer surveying compiled dats on varicus nuclei,

it was deglded to stuky the gomna-rays tnllwwiag the decay
QS’ﬂeég into ﬂaég. A% the time the souyce was selected, the
only previocus work on this decay had baen done with single
channel anslysers. Mugh of thg decay scheme was very
uncertain, particulariy she transitioms £rom the higher
enerzy levels. Hone of the spins oy parities of the

exgited levels in @aég hed been determined.

The source wags made using an {n,2n} reacticn on
the 9@79 contained in pure permgnium. 14 eV neutrons
from the University of Ottawa neutron generator werse usede
34nce the half=-1ife @f‘@@@g i about 40 hours, and the
roaetion crogsegestion is not large (600 mb), a spoeial,

dongelife, csecillating tritium target had to be designed



Tor the neutron generator. The transition intensities
from the top ievels in @&69 are very weak. Consequently
the spsctromater had to be stable ensugh to rum for periods
as leng as § days without gein shif¢s. Since the sourece
decayed rapidly, gain shift with counting rate slsec had

t0 be prevented,

From early urials, it was realised that a complete
analyais of Gaé was far beyond the scope of this project.
For thie reascn, cmly She top two levels were studied in
what night be consideored preliminary measuremsnts. Further,
refined, and more extensive meusuremsnts should follow as

part of another projeas.

During the course of the work, several important
concepts came under consideration; nobtably, the fass
eoincidence resciviug time. 3ince several worthwhile ideas
geaw out of these conasiderations, some discussion on thaze
toples has been includeds Xt ie expocted that these
digressions will provide valunble informstion for an
fimproverent of the systeme



To facilitate the anelysis of results for thoso
who continue this worlk, much of the theorstical background
for the sux-coincidencs spectromster haz been compiled,

dome of this theory has aot Loen doveloped in published
capalte




CRAPTER 2

THE HOUGENBUOR SUM-COINCIDENCE THEORHIQUE

The detector which hes found widest use in y-way
spectroacopy is a c¥ystal of thellium activatad scdiue
iodide mounted on the cathode of o photomultiplierts2e7,

A typical spectrum obtained Irecm such a detestor with the
662 KeV ganmaeray frem the %137 decay io shown in Fige 2.l1.
The belleshaped "photo peak® or "full enerzy peak® arises
from events in which the MI. energy of the gamma-ray is
depopited da the cTystal. The breoed Compton neak ie Tormed
when the v-ray undergooes Compton eollisions and leaves only
part of its energy im the crystal. It is this peak which
gives rise to much of the difficulity in analysing complicated
decay schenss. The paak at 32 HeV iz an Ze-ray given off 4in
the decay.

In most cuses there are several gammoerays omitted
by a radioactive sourced. Fraguently, the lower energy
PRull energy poaks® are superimposed on the bread Compton
peaks of high energy genmserays. This makes the low
energy peaks difficulc %o zesvive, particularly if theiy
roiabive intensities are veory lcwe




662 KeV
4
In+ensi+y
32 KeV
//
c ) Photo-
owaon
w, Peal peak

E nergy —

Fig. 2.1. A Cs'37 spectrim obiained with an NaI(T1l) seintillation
detector,

¥
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Hany attenpts have been made to eliwminate the
interfering Compton p@&kg. In cne ayat@%ﬁg the ecentral
detecting crystal has bteen surrcunded by a large volums
seintillator, to detoct the events which left only & pazrd
of the total energy im the analysing erystal. By operating
the outzide scintillator in anticcincidence with the
analyser, the Compton puak was reduced by & factor of sbout
10. Cne drawback of this sysvem iz that a large wolume ie
required 4f an efficient reduction in the Compton pesk is
to be achieved. Fer measuring very weak intensities, a
factor of 10 1z not & sufficient reducticn.

In general, the attempts to reduce the Soupton
peak have boen charactorised by & resultant low detection

efficioncy of the syetem, and an awk »d complexicy
agsociated with the radiation detegctors.

Iin 3958 An ¥o Mﬁ@gﬁ@bu@w @ubliah@ﬁ a papef on e
naYw garmieray ap@ctw@m@%aﬁé which very effectively cvercame
the problems mentionsd above. S4ince that tims the systen
has found very widespresd use, and has proved to be o very
powerful instrumend.

q



The advantages of this technique are many. The
Toagclving powsr of the system is greatly improved, in that
the spoctrometer selecds only “full energy poaks® gnd
rejocts all Comptom peaks. In addition, it 4s poesaible o
iomprove upon the intrinsic resolution (full width at half
aﬁuﬂhawm;heigb%*B of the photu=puaks, where negessary.

These two improvements are achioved with a rTessonoble
detection efficiency. Usually, the rolative ingensities of
gompeting cascades ds-exeiting a comson level are desired.
The Hougenboom system will messure this data for @ given
level with one setting of the analyaar. Swneurwnﬂtly, the
relative intensity of the cross-over to ground ganmas-ray
for the sams lovel can bLe determimed,

in the case whers angulayr corvelation deterainaticns
are of interest, the correlations for ail pairs of gammane

rays do-exciting the same level are measured simil tanecusly.
&4 substantial advantage in this deternination s found in
the fact that no corrsction for a rapidly decaying activicty
is necessary as the meapuroments are taken at difforent
angles ia soquange.

“Abbreviated, Feiidiete
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Figure 2.2 shows a block diegram of the Hougenbvonm
Sun-ccincidence Gammae-Roy Speatrometer. Two scintillatoss
photonultiplior combinutions view the radioactive source.
The high voltages on the photemiltipliers are adjusted 8o
that both detectors have the same energy calibration. Fronm
the preamplifior scutputs the pulses are fed inte a linsar
adding eircuit. The output eignal voltage from this ofreuit
ropresents the sum of the energles deposited in the two
erystalas. A lincar amplifier and s differential discriminator
allow the multi-channel asaalycor %0 be gated by a selected
RArPow energy unge. Simultanecusly, the signal froa
preamplifier A is fed vis @ lincar asplifier to the
kickeorter to be enalysed.

tith the afd of Figure 2.3, the Logzic of the syotem
may be understuod. 4An energy lewvel E@ is dee-sxeited by &
prompt cagcade of gumma-rays of enargy El and B,s Zach
ganma-ray will produce a spectrum fyom the detoptors
gizmdlar in shape %o that shown in Pige 2e1» It will be
noticed, however, that the sum of the snergles given by
thelr respective "full energy peaks® will be equal to Es@,,
the energy of the inftial lovel. IF the window of the
d¢ifforential diseriminator 4o set acruss the energy Bgs 08
shown 4R Flge 23, then the kicksorser will be gated o
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analyss the detedtor 4 ocutput only whem a pulse eorresponding
to She energy B, 48 cboesved at the adding network outpub, |
This event omn cccur only vhen the Stotal aenerzy of the
SATTReYays El and 32 is deposited in the detecbors. Thus;
the spectrum analysed by the kicksovter will consist of

the *full ensrgy peaks™ only. Several 0&ses Osn Gecur:

{1} Gammaeroy E, enters detactor 4, whils gasnaesay By
snuers detegtor B,

{2} Gammnevay B, enters detector i, while gammaeray E,
enters detector B.

{3) Both gammuevays enter dotoctor A.

411 cther events, snd all ceses where the full ensrpios are
not depesited in the decectors will be rejected by the
mlti-chennel analyser. Typical epectzs sre shewn in
Figures 2.4 end 2.5 fov G@w.

Since cach of the 3 ovente given have an eoqusl
probebility of ocgourring when the angle defined by detectow
A, the soures, and deveetor B is 3.80@, the ares o» nuzber
of ¢ounts under ecach of the peaks in the sumecoincicence
spectrunm should be identical. Fige 2.5 Lllustrates this
fact very welle Tho very small peaks in Fige 2.5 cocur
when one of the gummgerays Loses part of its energy in
ene ¢rxystal snd the remainder im the other crystal. This
140° backecatter (s usumlly eliminated by lead ehielding
botwoen the wwe debectors.
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This simple illustration con casily be extended
0 a situation whore severul enerpy levels exist below the
initial level, and thers are competing caneadesS. Clearliy,
the relative frogusneles of the varicus tWoeganna-ray
casgcades cun be chtained from the arcas under the
respective peaks.

IT thers cxists & Cross-over sanmp-ray, designated
E@ in Fig. 2.3, then the sren under the sum peak will be
augnented by en smcunt corresponding %o the transition
probability of the crosseover. Hence, a subtraction of ¢ne
half she tetal eres of pesks outside the sum peak from the
arga under the sum peak yields the mumber of cPossecvey

events.

Predicted resclutions and sfficlencies for the
apactromster are of vital igportance when analysing a
ragicactive svurge. I ¢ne assumes & Caussian shape for
the fulli energy pesks and the gated sumepeak, the
rosclutions end effjcioncien can be sapily calculated.
its Gousslen approximation turns oud to be sufficiently
acourale Lo agres well with experimental results. The
caleulations ave performed in Appendix Io
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The Faiielelle of the prak corvesponding to she

ganmnperay L, in the sumeccincidence spectzum 48 given by

rr2er?

T w0
p X
& - -
s er

{2.2)

wheoe 3‘1 and '.'."2 a¥e the Tull wikdths at hal? vaximes for
the gsuuml Pays El and Bz L the slugle orystel 8pectiume

Tg &o Sho FullloMe Sfor the gated sum peale. Thie width
is daterained by the differencial diseriminator window
settiog.

iz v

8

{2:3)

Sgquation (Z2.3) represents the limit of improvenent of
L1y, any gross deviation fyom these
predicied vaiues can bo interproted due %o baekero

resolubion.

Righe? enelgy gomus
very usefel in the analysis of a2 complicated decay schome.




FEthé, Bérensjl end Scharbert® have dissussed the

devieticng in great detail, Their

taent of the problem iz rigourcus and straight forwand,
and will not be presented here. It suffices to point out
that a very careful setting of the disoriminator window s
necessary. Une must aleo be aware of the preseance of
higher energy caseades, whese Compton poske can give rise
o becad peaks in the supe-tolancidence spectrum. In cases
where these intorfering cascades ere of high intensity,
they must be fnvestigated fipet. Then & siuple grephical
ansiysis is sufficient to subtract thelr effect from the
lower censaden. Schriber and ﬂ@ggm have regeatiy
inventigated the proeblen of "false peake?®, and have
developed a simple mesthod of desling with them.

The sfficliency Tor the deteotion of gamma-rays EA

&ﬂd 1*«3 in the sum-coincidence speolsus is

Bonress oF oLt

whee €, and €, avo the afficiencies for detacting geomue

y full enorgies Eﬁ and E& rospectively in & single
gzystale. IV is cooumed in theso caloulations thadt the two
detectors have identical characSerisbtics. Note that the
symuebdic. This means that the aress

gfficiencies are
under the Cuc peaks are aqual.
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Tc be complotely escurate, ond must inglude the
effect of angular anisotropy oF anguler coyrelation in the
caloulaticn of tho efficiencies. This gives

e = 0y = Hlodey, = W(8)ey, (2.5)

whers ¥(0) is the angular eorrelation funetion”*® gop gwo
gamns~roys in cascade givon off at sn angle § %o each other.

It 48 interesting %o note that egquatica {2.5) aleo
givas the efficiency for the deteetion of both gaomawrays
in the enalysed crystal. W(0%) = ¥(180%), sc that for the
two dotestors at 180°, the avea under the sum peal is equal
to the area under either of the two single psaks. This is
of eourae will not be true if thers i3 a ¢rose-over
sransition. In thie case the ares under the poak will be
added ¢o by aa emount L which i3 the efficliengy for
detoobing the cross-over full ensygy in a single erystal.
Hente the prosence of a4 cross-cver may be detected by a
simple subtraction process with data taken at 180°,

in the case of no gross-over, and several competing
cacgaden, the aves undey the sum poak will be x/a the total
area under the rest of the peals. A% angles other than
g = 3%@, Wie) will, of course, have to be taken iatc

2occunte
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At this point it is casy o see the power of the
Hoogunboon sume-toineidence technique for anguler correlation
deterninations. The counts in the sum peak represest the
cata for W(0%), while data for W{e) is obtained frum the
single peaks. Since both sets of data are equally af@%@n&ﬂ
by a changs of eounting rute, the ratioc of waa}/a(aPi,aé
independent of counting rate. Thus the winﬁsw'aayﬁa'sa%
for a desired level snd angular coprelations for all the
caseandes may he seasured with no eonesern over ehangiﬁg "
gcounting rates. In practice thio turms cut to be an
approciable sdvantage.

By far, the most difficult problem encountered in

a sumsgoincidence spectrometer ia gain drift. Umually the

window on the sum channsl is set to a width between 2% and

5% of the pulse hefght setiing. IF the spoctremeter io %o

funetion properly, the fluctuaticns in gain calibration of
both singlea channals must not be appreciable with respect

to the window width. Chamnges in the energy celibration can
rosult in & distortivn of the sune-geincidengs apostiu.



These golin doifis can arise T2on thyes scurgefe

w

§L)
{2) Change im yain dus $o tempsroture fluctuationse

{3} Chamge of gain with counting rate.

All thres effects can take place ia both the oleetronis
apparatus and the photomultipliors themselves. Gain
stability is reletively sasy to achisve in amplifievse
tuleinlier phototubes, with good gain stability, on the
othor hand, ave difficult to cbtaintestdelbels,

Sevoral designs have been published for feedback
S0EVOegyBtent to correct Tor these guin drifts. Une deviee
is presently availeble on the commoreiel market. %hess
methods will be discussed in chapter 10.




CHAPTER 3

A GENERAL DESCRIPTION OF THs SCEOTHOMETER SOUTSHENT.

Figure 3.1 shows a block dlagram of the equipment
actually used for this project. It will be noticed that
the aystem differs scmewhat Irom Figure 2.2. Ons major
difference is that the slow pulses Trom the presuplifises
are amplified before passing intc tho linoay adding elrcuii.
This change was sede %o better agoommodate & gain stabilizew.
{See chapter 10J. A fast and slow goinoidence ciroult has
boen added to Smprove the Tlexibility of the systes. The
dottad elam&n@al&h@w posaible fecdback loops Por grin
stabilization,

A gonventional, high voltage, Tegulated power
supply was u&@ﬁ?, its output wuas fed %o the High Voltage
Attenuator. The purpese in using coe high woltage supply
ze in the high voltage will
cause the gain calibrations of both phetomiltipliers $o
track togethore

is %o ensure that any chan

895 Comporaticn Model Se325, 500 - 2500 VDG, © = 10 na,
High Voltags Supply.
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~ The detestors used weFe 37 x 39 Harshavw HaXlf{®l)
crystals, mounted on RCA type 8054 multiplier rhototubes.
The detector is offered as a sesled upit by the Harshaw
: ’Jﬁic They guarantes en enePgy resciution of
lese then 7.8% on the uaia? €62 KeV poak, as well ag a gedn
shift of less than 1% per doy ab 10° ccunts/second, and a
gein shift of less then 1P for a change in counting rate
grom 10° to 20% counts/second. In addition to having a
good atability, the 3054 phototube is & low noise tube,
The Hawshaw "InSegral Line” assexbly was chooen mainly Sow
15 high gain stabilitye.

o obtain a differsntial diserpiminator, the low
level oubput from the Sum Amplifier was fed into the tes
input of a Franklén Linexr Amplifior (Model 3338). This
applies & gain of 30U before the Franklin difforentisl
Giseriminator. The negative discriminutor cutput was fad
W a siow cuincidence eircuit, follcwed by & Slip-flep
%o operste the kicksortsr gate.

1% is suggesteod that en isprovensnt could be made
by constructing & differential diseriminator which is
aocessible without passing through any geine A desfzable
denign would include & mero ¢yoss-over ocutput tims reference,
o2 & 2brobe pulse which comen 8t & Txed time afier the
tant that the disorisinatop

input pulee. It i 4mpo:z




-250

settings be very atable. If two ddentical diseriminntors
Wers constructed, the flexibility of thes syateon would be
fmproved, since $U is sometimss advantagecus o asslect
Fostrictad enorgy ranges on the Din Amplifier cubpusse
Provisions were made to foed either of the Tein
Amplifier cutputs or the Sum i=plifieyr output o the 200
snel Viecteresn Kickserten,

KESansaonas Apniiftiors.

In the denign of che slectronies, gruat cave

was taken %o engure a high gein stability. For this
Teason, oparationsl amplifiers wore used whorovep
posaible. These unite are chmg&eww& by & high degree
of gain stability sad extreomely lincaw tparation ovey a8
large eignal razagem'u. Figure 3.2 showa thrae typss of
operational asplifiers.

Gonerally, the epsrational avpliZiezs wsed in the
equirment consisted of a transistor enplifior with Qpsn
leop current gain « A, bypassed by a fecdbaek impoedance Zgo
Semplete calculations for the charvacteristics of the
peneralized oporaticnal amplificy ave carried ocut in
Appandix 37,




Bguation (II.d2) gives the woltage zain as

v A

where V, de the output signal wultags, vi {8 the input
vol.tage, Eg is the fanput lesd invedsnce, and L, i3 the
foadbagk izpadanesn. Eg is the parallsl cosbination of
any lead impedance in the amplifier, with any expernal
lozd So be driven by the output.

The curvent guis ie given by egquation {IT.18) as

i 2
% i
4 ;
wheze 1, is the input sigasl eurveut and i; ie the ocutpub
guzrent into the load 2&«

In figure 3.2(b) %, = By end 2, = Ry, so both 2,
and £e ave resistive. In this instange, the operebionsl
amplifieor multiplies the input volsage by & constunt £o
glve the invertad ocutput voltage.

v, (3.1)

In figuze 3.2{c) the imput loads and Peacback
dunce are agalin resistive.
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Fig. 3:2. (a) The operational integrator.
(b) The operational amplifier. (c) The
operational adder.
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Tn this case, howsver, the cutput voltage is &
supsrposition of the two input signels. The culpus volbage
is

’{fﬁ @@@

Stnee the fuwtion of the two input Losds and the feedback

und (vige Aopendiz 1}, sthere ia
ewo dnputs - 0.028) .

reniotor 18 & wirtues) g

5

a negligible interaction bet

lineay

Hence, this configural

i Operanional
adder, er sum arplifier.

In figure 3.2{a), the feed alanee Le 8

capucitor, and the relscion betwean the imput surrenty 1“

amd the oubpub volbags, "\"?@@ i@ conpddered. Soustion {IX.12)

gives
, ﬁ& {33 )

Sow, 1T we consider the definitiom of impedance as

¥ = 2% {3ek}




g = & frae (3.5)
)

@ %otal charge on the capacitor, then % may

d for a eapacitor as the operator

2 « & far (3+6)
t

ftution of this form in equation {3.3) pives the

ut voltage aas
v, - » é-; I&id% (3.7)
t

The eircuit of figure 3.2(a) provides em output voltage

proportional to the fntegrated input current. It i{s thus
an operational integrator.

The apexatiocual integrator is very useful as &
lifier for photosultipiiers, where an integrutien

- oubput current is required. IT €, is about 50 pf,
the virtuyal ground
{17.19}, 1o oquivalent to an in

to ground. Typiecal waluss used in equation {I7.19) were

on the input, given by equaticn

capacitance of 13 uf

R, = 2000

Eg i ~§%@;~* =

G = =100

& = %st
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It is obvicus that any styay capacitance at the
phictomuitipiier dyncds {~ 10 pf), or uny fluctuations
in stray eapacitance will be negligible, and will not
affect the oubput signal. |

The stability and linsarity of an operaticnal
amplifier cun be apprecisted if one caloulutes the change
in gain due o changes in the amplifier components.
Equation (I1.12) gives the voltage gein as

e, - -%5—— © eﬁv'éf"-. {(3.8)

(3.9)

The effuct vf a change of valus in eseh of the components
is obtained by pertial differentialkion.




Bouaticn (3.10) chows that, even if the amplifter gain A
(~ 10%) ehanges by 208, the ehange 1n 6, is only 0.002%.
The operational amplifier ie obvicusly insensitive to
changes in transistor gain and supply veltaze. The second
tera can be shown to be as i{nsensitive to changes in
inpadences #s the first ters is to gain changes.

Ig ﬂi and Zo have the same temperature coeffizient
of S.mmce. thea the last two teorms will cancel fop
tempsrature changes. Using 1% high stability resictors,
the contribution Of the last two terms een be made
suffieiently small,.

an enalysis of the current gain will give similer
results. The uperabticnal integrator, on the other hand,
gives somewhat difforent results in that the cutput ie
wore sbrengly dependent on the passive feodbaek element Gfu
However, very stable capacitors are available, and can be
uged 1L negessary.

Sinee most non-lineapity nrises Lrom Lransistor
gain, equation {3.10) shows that the opezaticnal anplifier
is extrecely linsar. It is this gecd linearity and high
gain stability, along with the flexibility for mauthematicel
operations, thut rakes the operational amplifier highly .
guitable for she Sunecoincidence Spogtronaters
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CRAPEER &

THE HIOH VOLTAOE ATTHERUAT

Figure Lol shows the circuit for the High Voltage
Attenustor designed for use with the Spectrumesers A
eunventicnal regulated high voltage power supply was used
vo supply the reguluted UC voltage &t the inpute ’

attenuntor wis built ©o acespd up to 2,500 YDC.

Basicaully the attenuator consiste of two cathode
follovers, each providing an adjustable voltage drop with
a low output impndance. Resistors Rl through to Rlz
vrevide two vapiable veliage altonuatora. These dividers

2ot « roference veltege for the grids of tubes ¥y and Vz"
The cathode of cach tube follows the voltage set by i%s
gride

Jinge the input voltage is highl

the output Qupsdence of & ¢athode foliower is low, the

ie divider
guarsntess that the output voltege is well yegulated.
Capaeitors Cl and G2 ave included to Pilter out any AC
voltage reaulting from the tube heaters. The veoltage on
either output 4o reed by means of the DeleleTe switeh 3&
and the 160 u amp. meter.

rederence voltage gonerated on the variab
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volts agxoes them sov they are mounted oa a

P

chasaias. The heateps are run at thoe cathode veltage.

wvas achieved by employing transformers capsable

| voltege between the pPi-ery and seeondary windir

Frecision resistors were used in the voltage divider %
xe & uaxionm atability. The trensforrsaws, the
tenticnoters % angd Rb’ and their shafts were well
dated from the chassis with plexig
Each channel eutput ie individually controllable

TOEE

83

teon with the
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E PHOTGMULTIPLISR PHEAMPLIFIERS.

Transietorized preawplifiers wers designed and
buils to pre

vide the negessary pulse height and tiwe
inforrmtion derivable frem“tﬁa seinsiliavion detectors.

The preamplifiers inelude a high voltage bias chain for the
photomultiplier, &= slow channel for pulss heisht analysiag

and a Tast limiter for fuat coineidences work, all within

@ 4" % 6% x 2¢ chassis., Both fast end slow oubpubs are
capable of driving long, 100 ohm cables.

K2, o

he schematic draving iam Figurs 5.1 shows the
photomal siplior end §te high voltsge biss chein. The
multiplier phototube used was an RCA 3054 tubes. The

dyacde resistors were chozon to be 100Y %o ensure that

the divider chain current would be large comparsd to the
photomultiplier curvent. 13 and BL3 ave variasble rogiators
which alliow adjustment of the Tirst dynode and foocusaing
£Pld voltages for maxisw

gg&iﬂa The ARGBS Ha¥e ITHPUR is
itted o talkte & positive, rogulated high valtage wn to
2000 volts. 4 connuetor is also provided for supplying
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¢ Lo plus X0 wolts to the cathede. This input
was included to make the aystem adaptuble te & gain
stabiliger. Hermally, the cathode 15 shorted te ground
with a shorted Be.H.0. plug.

In oxder tc reduce stray noise pickeup, tho cutey
aluminum ghield on the integrally peckaged detector was
strapped to the prsamplifier ground. Output pulses are
fod to the fast lisiter and tvhe integrater from the
tenth and eighth dynocdes respectively.

Harshaw guarantees the resclution and gain
stablility of the seisntilliation detector at an anode
voltage of about 1100 voelts. For studying gasua-ray
energies up to 2.7 eV, it wss posaible te oparate ad
1600 veltas. above this value nonelinsarity of the
phototube Tastricted the cnorgy Tange $o about 1.4 MeV.

analysiss It Ls essentially an eoperational integrator

a8 described in Chapter 2, and is similer o an originsl
desizn by ﬁuul&iaglga Transistors @) and 42 comprise an
anplifier with on open=loop current goin of sboudt SCG0.
The capacitor S is the feoedhaclk capacitor, ﬂg, ef the

oporational amplifiers
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The gnitter of transistor (4 is biased to shoud
+0.4 volte by the resistor Bl., This sets the quisseent

The
enitber of G2 "follows® this voltoge. §

then a current pulse arrives from dynods 8§, it
tends %o turn {1 off. Ihis genurutes a negative voltage
pulde at the collsetor of @. By virtus of the bootstrep
shrough eapacitor 23, the current which previously was
drawn by the cullegtor of (A is switched to the bage of
transistor W2. Thus & current gain of 8° oxists between
the base of Q1 and the emitter of (2. For the RAMLTPA
the 8 ie about 70,

Ae shown in Chapter 2, the 50 pf feedback
capaoitoy G5 converts the amplifier intc an operational
integrator. The output voltuge at the emitter of Q2 is

v, - "%;’I"g. s (541)

The resistor R6 in conjunction with G5 gives an
exponential decay time of 2,8 usee tu the oudtput pulse.

i
i v
i
%
L

G4 is included merely to deecuple the DC voltages.

Q3 serveos as an emitter follower to allow the
integrator to drive a long l00 ohm cable. This prevents
the capacitance of the cable from causing a phase shifrs
in the feedbuck loop, thus avolding ringing.



u“O-

Good gain stability is achieved by using a sero
temperuture coefficient capmeiter for C5, and a 1% high
stability resistor for ib. As previously shown, the
output voltage is independent of the transister geia
and the supply voltage. In adaition non=liancarity is
negligible,

A calculeticn of the input impsdance seen at the
bage of Q1 shows that the impedance is equivalent %o
about a 1.3 uf capacitor to ground. Glearly, atray
capacitance can be neglected at the input.

The output pulea is negative, rises exponentially
with & .25 u sec time constant, and f£alls with & 2.8 u ze¢

decay time. The cutput noiso has been measured £¢ be Less
than 0.5 millivolis.

Figure 5.3 shows the fast limiter. Its design
was based on a unit designed by Fraser and ?Gmlinsenlg
at Chalk River for use with fast seintillators in neutron
Lime of flight studies. Several modifications have heen
made to their original cireuit (e.g. the adcition of ).
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Transistor Jl is an emitter follower. In the
quiegcent state, {6z emitter sits at about =2 volts.
& posivive pulse from dynede 10 tends to tumm @ off and
1tz emitter follows the imput signel)l with a eurrent gain
of approximstely 70. Q2 is held partially on by the
120 uamp eurrent flowing in resistor R3. The positive
purlee from QL turns QP off. Zinve Q2 is mot in saturation,
& high gain and fast rice time are achieved. Tranaistor
B3 1is normally biased off. However, ite collector voltage
it hold %0 =4 wilts by the diode CR3. The negative pulse
from the oulluctor of 22 wurns 3 on havd, giving a fast
rising, 4 velt, positive pulse at the output on the
gclileetor of B. A terminated LU0 chm ecable at tho cutput
ie relied on %o provite a low imﬁ@aance load fer 3.
This onsures & fast rise time. CHRL and CR2 are 4 volt
‘emer dicdes Iincluded to ssb the proper voltages.

An input current %0 the base of Gl of 2.3 uamp
et &7 mV 48 sufficient to completely trigger transistor
Q2. Using e mercury pulser, the minimum rise time of the
ocutput was found o be less than 3 nanoseeonds, in good
agreenment with the value useasursd by Fraser sng Tomlinson.

[ue to the viss time of the ph

otomul ¢iplier, the minimum

!
b
|
j.
!i




. 43 =

output rise tims achfieved in actusl opsration was about
0 nancegegonds. The pulee duration is about 700 nanoe
seconds.

Uperating 4t en ancde voltage of L4UU volis, the
limiter wriggered ab & gamma=-ray cnergy of frow 16 ﬁa
ZU KeV, depending on the individusl photomltiplicr.

Whon the high voltage was iacreased to LECU wolts, a
riggering luvel of Jess than 2 XeV¥ wasz cbtalned. In
this case, the equivalent auoise level wes aboub 0.5 KeVe.

In order Lo prevent cGross-tollk o thie slow chaanel,
the Tast Limlter was earefully gwunded and surrounded with
a brass wall. |

The output pulse from the limiter can be fed ~
directly o a fuat coiamcideonce elreult, or €O 8 Limgwbow
apiitude convertor. 4 great advantage is geined in
that ne fast, distributed amplifiers are negessary e
bring the limiter pulse t© a workeble level. The lirdter
preamplifier is very versatile. It can be used in
conventional fast coineidence ciroults or in a variety of
timing experiments. The preamplifier has alveady beea

employed to observe gamma-rays from inelastie 14 KeV

é,!
I
|




neutron acatteying on caleﬁuﬂﬁ. There, the fast liriter
was used {8 & time of flight technique with a $inc=to-

amplitude convertor %0 separate the unwanted, delayed

!
|

neusron pulses from the prompt pamma-ray pulsoese A
The possibility also exists of using the fast
liniters in conjunction with Fraser and Topnlinson's

time-to-amplitude convertor to operate as & fast

coincidence unit. This suggestion 4s disoussed in
Chapter 9.

Fuosk done by W. Jo HoDonald et the Iniversity of Jttawme
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CHAPTER 6

TEIN ANPLIPIBRS.

In onder to have & gompletely symmatrical and
fiexible system, twe malched, or twin annlifiers were bullt.
Adjustable components were included so that the pulie zhapes
in both ehaanels of the systes coula be umads {dentical.

Both suplifiers wore built inte & singdle chassis gLong with
B delay. Upevationsl emplifiers, and 18 hizh siability
reoistors wewe used throughear % ensuve @ high degres of
galin stabilicy.

The esplifier ineluded an RO ¢iffarentiaticn, su
that with the nreawplifier pulse the whole system would
provide double BD elippiog. Inheorent in the design wes &
non-overlonding characteriotic. The cireult wus designed
with & gain of about 14U, variasble down to 40; the useable
positive cubput rangs being Tron zers to eiightly over 10
volis. with the prommplifier attached, the cubtnut avise at

eiveg

o

sexdown gain was + Q.03 velts. In 1€ volte, this
4 signal to rolse ratic of 333:1. The noles dus Lo the
Twin Asplitiers theszolves wes » 1 oV at minfmum galn and

£ 2 ¥ at susinuz golie This cllows & siynal to RBOLSS

"i“'lz..

:
H
]
{
§




ratic between 5,000:1 and 10,000:1 for the anplifiers
alone.

As Jor the preamplifiers, an exbernal, regulated
power supply was used for the #30 and <30 volt lines.

6.2 Cirenit Deseription,
Figure 6.1 shows the sircuit usad for both of
the Twin Amplifders. It conslsve of two opsrational
amplitier units snd an cutput stage. The cperaticnal
anplifier wnitsc are a modification of the dasic ecirguit
first presented by Gouldingla'zae

Heglecting resistors Kl and H2, transistors Q@

I

and (2 form an opsrational amplifier with & current gaim
variable between 5 and 10.2. |

franaistors ﬁl and Gé aruvide an open loop current
gain of about 20,000, Healstor Rh 45 the feadback resiztors
The load resistance 48 a pavallel cuwbination of resistoer
25 plue resistor R6 with resistor 5. The offective load
is variable frum 453 ohme to $21 chms by means of ths ten

turn potentiometer RO. The operation of this stage is
snalogous €0 that of (3 and 02 in the pres

ppddfier integrator,
sxCept that the negetive feedbaok is applied through the

resistance Rie
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The output current of this stage is derived fxom
the collector of (2. The cellector current ig a2 times the
gnitter current. For the 2HL308, « 45 about G.9%%. From
equation {(I1.16) the collector current is calculated as

1, = 0.99% &, = 0.9%(—%—)11 (6.1)
where 1, is the emitier current of Q2, iy is the inpud
current to the base of &, and R& iz variable from 453
chme tc 923 ohms., The curreant galn of this stage i
therefore variaeble botween 5 and 10.2.

The resistors R8 and 10 together with C3 give a
differentiating time constant of 1.07 uwsec. From this
point on, tho pulce 4is bipolar. The cholce of a short
time constant iz made o uinfmise “plle-up™ at high
gounting rates, while the double differentistion prevents
base line shife.

Q3 and ¢4 form anocther operaticnul amplifier
similsr to the first stage. 7The difference here is that
the ocutput voltage and not the current is gelected. 4alsc,
the gain 18 not variable.

Prom eoither equation (II.12) or equation (IX.16)
ocno gan write

Zp {6.2)

!
i
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vhere Vb 45 the output voltage, sz is the input curreant,
and Eg is the feedback impsdanee. For the second g8tage,
this equation begones | |

Vo = =4y By, (6.3)

How, Lif the two stages ars combined, and
resistors Hi and R2 are tuken into the canlculaticn, the
gain of the amplifier fo

Yo =0 ws(géi-;&lf) K (6.5)
v AR, ’

where QL iz the load in stage one, variable between 453
ohms and 921 ohns, R, is She input resisiunce to the
amplifier, ¢ither 31 & Ra or Rz, angd ¥ is the attonuation
factor due to the differentistion betwesn stages, An
approxincate value may be obtained for X i€ wo consider that
the leading edge of the pulse is part of a sire wave whose
pericd 45 2 u sec. This i8 a erude esbimate, in that the

fagtor K will depend very stroagly om the imput pulse
shape. The ragnituce of the impedance of G3 to the sign
wave 18 1.06 Kn. Combining this with the values of 28
and BlO gives the valus for K as 0.75. Putting this

valus in equation (B.4) gives, for the two exireme eases,

2 galn variable frem 40 to 164. The moasured velues8 wWero
39 and 3.350




uﬁgm

Trensistors Q5 and (6 ere complenontary emitter
foliowers for the output atage. Their voltage mein is
nearly unity, and they have a 10 ohm cutput ﬁm@@ﬁ&%ﬁ@n'
Using an HePolf and 2 P-H«P transiator 4n parallel sllous
this stage to drive both positive and negative pulses with
a low impedance. This 4s sopecielly useful'if the cutput
must drive a long 100 chm cable without pulse shape
distortion. It is posaible to drive the cutput direetly
from the emitter of Qhe However, 12 lung cables are driven

AT S A K S SR R et < o

E
i

from thia point, their capacity can introduce & phuse shift
in the feedback network and cause ringing.

The GAIN RARDE switeh, 81, aad the FIRE GAIR
sontro) allow the gain %o be varied from 25% to 1009 of
ite maximum value. A single turn potentiomoter was
originally used for RS, but it was found %o be Too coarse
%o permit an accurate balance of the energy calibrations
of the two channels.

The capacitor C4 pormits a fine adjustment of the
difforentiating tize conatent between etages. Ueing this
trimmer, it is possible to mateh the pules shepes in the
two chamnels. For the sum-cuvimcidence technique, it 4o
very important that the pulse shapes in both chennels are
identical.




The Rwin Aoplifiers accept nogative pulses at the
input and give initielly popitive, bipolar pulses at the
outpube With the pulse provided by the pressplifier, the

CroBB~-0vey on the cutput cccurs 2 u see after the stort of
the pulse. The risze time of the cutput pulse Le abous
Oel5 u 260, The delay line is fed from the cnitter of G,

£
j
i
i
i
]
;
I
!

tu prevent any change in the output pulse height dus %o
the Temovel or addition of the delay line loade

In oxder %hat the amplifier pulses would arrvive
at the kicksorter Just afler the gote pulsosz from the
diserisinator, the anplifier pulses had to beo delayed by

3 1 sgce Figure 6.2 shows She delay cireuit, g
A 5,000 ohm, 1 u see/ft delay line was used. The 3

s#iteh 51 allowed the delay %o be connected to whichever

Tein Amplifier oufbpul was to bs fed to the kicksoriew.

An opsretiocnal inverter with a gain of unity and good gain

stability srovides the negative pulse regquired by the

kickoortor. The HHAUDO delay coble wes pleced cutaide the |

chassis, and was not wound over itself, in owier o prevent

cross=talk and suray pickeup. The delay was torminated in
the 4.22 &0 precision reesister, Rl, which is thoe iaput
rosistor for the operationn) amplifior. Tho operaticmal
auplifier, ecompused of L and (8, is simdlar %e those im
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the Twin implifiers with a voltage gain of

v R |

%; @ “%““ﬁ {645}

Again, cvmplementary emitter followers, B and b pormit
the invertor to drive a leng 100 ochm cables
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CHAPEER 7

THE 8Ux AMPLIFIER

R0 PN R 2A D o
S LTl XY N AR WA )

The Sum Amplifier is an oporational adding

amplifier es deseribed in chapter 3. It was designed to

add the positive ocutputs fyom the Twin Amplifiers. A

3 u sec delay was ineluded 5o that, in conjunctiocn with a
fast coineidence, the kicksorter could zwgord the chamnel &
plus channel B speetrume. This mede of operation greatly
improves the versatility of the sum-coineidence spectromster,
in that sum peaks corresponding to the tofal energies of

the cescades may be cbgerved, and the sum~coincidenge

window then set om eaah of these sum peak energies.

ihis teehnique eliminates the nacesaity to blindly sweep

the spegtrum with the sume-coincidence window. The delayed

output alsov allows one te check the gain caiibrasicn of

the two channels through the Sum Amplifior on the kicksortez.
In order to drive the Franklin TES8T INPUT, on

attenuator and invertor otage was included. High otability,

15 resistors were used where necessary ¢o guarentes a high

gain stabllity. Since coperational asuplifiers were used,

the addition wag extremely linear and there Was e crosge

tall: batween channels.

2
1
i
!
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6 LParaRional aActamp,

in B‘zgm 7.1 the lefv side of the diagram,
including transistors Q1 end 92, porforms the addimg
operation. Transistors @ and 2, with their assceiated
ecircuitry, form an operational amplifier sinmilsr to those
deseribed in chapter 5. The two laputs through resistors
K3 and RS give a gain

\'4
?f ® « ;3—-1535— = «0,99 {7¢1)
L J
whore Va ie the imput voltage and ?0 i the cutput voltage

2t the emitter of (2. Aie proviocusly demconetrated, the
cutput voltege at the emi%ver of Q2 will be

v v
Yo, "% 33,,,% zzﬁf_ﬁ%

= «0.99 (V, ¢ V) {7.2)

where V, and ¥y are the respective impub voltages. The
resistop % is ineluded to balance the fmput resistor valuee.
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The individual chazmnels msy be calibrated cn the
kicksorter by means of switches 51'» and 33, without changing
the impedance soen &t either inpub. 4 provieicn is also
rade o ground B3 or RS to prevent stray noise pickeup when
that particula® inmput 1s turned off. Capusgitor C§ iz used
tc conpensate for the inductance in resistor R7. |

£erv to 410 volt bipoler pulses are suppiied to the
A ang B inputs from the Twin Amplifier cutpute. The Sum
Amplifier adds these pulses lLinearly and presents thelr
inverted sum at the emitter of @2,

S s T Lk

{

pERy 3 £49
1S s N

The emitter of (2 dwives 3 feet of HHLUGO, 4000
chi delay linme. 7This length provides a 3 usee delay for
the negative pulse. The de&ay iine is ternminated in
422 K by resistor Hl3. Q) and U are cosplomentary

emiSter followers designed Tu Orive thes A ¢ B HIGH LEVEL

CUTFUT with & low impedance. This cutput 48 used to fesd
the kickaorter.

in order to compensate for the gain provided by
the Franklin TES8T INPUT, 10 was negesssry to attenuate and
invert the oignel from the snitter of R This was achioved

T A it S U o A R S B S R S s T LSRR S,



o 50

by using the operaticnal amplifisr shoun in Figure 7.2.
This circuit wes included &n the sene chassis. The points
E andg ¥ are common points &n iﬁ@ two diagrams. The low
level atage i9 an operational anplifier with an inpub
resistance of 100 X0 ond & feedback resistor of 2l.5 Kn.

!
|

The gain of this gtage is thersfors

¥
8 e L] ﬂﬁ.m ]
v % 5 (7.3)

bsing equation {7.2), the low level outpubt voltage 18
geon %o be

WG&L L 0;313 ‘Vé & vﬂ) ‘70‘0’

1P, ae was suggested earlier, & more appropriate
sulee hoight anslyser were built, the low level stuge
gonld be replaced with & complementayy emitter followed
stage ldentiosd %o the output obago on the delay in
Figure 626

&g in the Twin Amplifiers, the delay line wes
attached cuioide the chagsls o uFevendt atray pules picke
up frown Sthe auplifier itself. The input and oubtput enis
of vhe cable were well separated to prevent fead-throughe

This precanution is extrerely important for a ¢shble of such
high fupedancee.




CHAPTER 8

THE FAST ANL SLW-COINCIDLNCE UNIT.

Rilrantinan e T

A fast and slow ccincidence system was designed
¢ increass the lexibility of the spectrometer.
Appiied to the normul sune-coincidence mods, thip system
perzits improving the spectronster resclving time for
cascade coincidencese 7The price for this improvement,
unfortunstely, is the loss of sone of tho information
contained in the sum peak. Cross-overs are not chserved
in the fast covincidence mode. The system may anlso be
cperated as 2 comventicnal v~y ppectrometey. Une plow
channel operates a window for a selected yeray GRergy,
while the other chennel recowrds, on the hkicksorter, all
the ganmaeraye in coincidonce with this selected cnergy.
in this work, the fast coincidence unit was used to pate
the kickeorter when analysing the Sum Amplifisr cutpute
This technique yields all the energy psaks corresponding
to the sums of two or xore caseading gammaevay onergless




oé&o

For the sake of flexibility, the fast ¢cincldence
ciroult was designed ao o unit soparats Ivom tho nTee
amplifiorse & rosciving tisme suiteble Zor Hai{Td)
dutogtors was Chiosale

“he =ain bulloing blocks for the unit weps:

(L} a padr of limiters operating a fout coinecidence circult,
{2) a delay flipe=flop, (3) & slow ceincidence unit for use
with a eingle channsl snalyzer pulac, and {4} 8 5 usoe
flip-5lop %0 crorate tha kickgoztedr gate. ALl parts wWere
Built in%o a single chagsis.

Pigure 3.1 chows the ¢ireuit for the fast
gecincidenge. This 1 a transistorisec design sisilar oo
a tube circuilt <esigned by Bell, Grxahan and %%hais
although 48 their circuit the unit was fed direetly from
the photemultiziicr enoues. Consoguentiy, thelr Last
coincidence culpul required furthor aspliificution by
distributed amplifiers. n %Wwp of this, the rise tinme
of the output pulee was strongly depsndent on the pulse
helght at the photomultiplier ancde.
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In the tronsiotorized system presented hers, the
jnput pulses provided for the faob cvincidencge unit have
already been amplified by the limiter preanpiifier. They
are ecusequently characterized by a relatively standard
zise time. [io further amplification s reoquired at the
coincidence sutpube

The Pirst stage of the fast coincidence i3 a
pair of limitera., Un input A this consists of trunsisturs
QL and 923 on input B, B and b form an Adentical 29b%.
The puwpese of the limiter i %o dofine a standard pulse
shape regardless of the iapub.

Transistor L(Q3) is held in saturation by the
0.2 ma current flowing in resistor R2{Hi7). 2 positive
pulse applied %o the PAST INPUT causes the supply of this
gurrent to switch from the base of WU{Q3) to the resistor
2.{86). Consequently, W(Q3) turns of?, giving & negative
3_.8 volt pulse at its collesctor. Since oaly 0.02 volts io
required at the input to switech @ (W) off, the & volt
pulse from the preamplifier vurns @A {WV) off wery guickly,
and the pulse shape at the collector is indepsndent of the
input pulse. The rise time of the pulse at the collector
of @{W} 36 the 4{nhorent turn off time of the transistore.
Transistor G2(G4) io an emittor follower designed to drive
this pulase inte the varieble 120 0 delay linse




Resistors Rl and R are imcluded %o tercinate
the BR-02 eables coming from the preanplifiors. Uuhen
A{B) is tumed off, CRL{CH2) shorts the jJjunction of
m.{86) vo ground. This agticn pruvents damging the
transistors with a reverse bias on the bass. Since the
diode CRL{CB2) 4is initially tumed off, all the current
from H){#B) 1o used in turning the transictor off, A
high gain resulta. '

Reasistores RS and L0, added te the sutput
inpedances of transistors R and U, matech the 180 |
input impedance of the Advance Variscble Delay Linec. The ’
input pulse heizht beco=es 9 volte ab t.ha delay line.

A 517 moter, 90 chm, Bl-62 shorting stub is hung
cn the delay lime wiper. Provisicn 18 made for attaching
different lengths of cable thrPough & B.N.C. connectors
Pulses arviving at the point ¥ from either input are
c¢lipped to a standsrd 40 neee leagth by the 5.17 roter
shorting stub. Since the RG-62 ceble sees the 190 ohm
impedances from both ends of the variable delay line in
parallel, its impedance is muteched at the input. When a
eingle pulse arrives at B from either input, 1t sees the
90 ohm fepedance of the stub 4in parailel with the 180 ohus
of the remaindor of the delay line. The resultant

izpudance 1s 60 ohms. The pulase height seen ot B for a



atagle input is thorefore 4.5 volta. When two pulses
arrive simultanecualy from the two iaputs, they add to
give 8 9 volt negative pulse. The coincidence event is
therefore narked by twice the pulse height of the single
event at B, The dicde GR3I whose bias is set by reasistors
1) and R12 canm be sdjusted %o pass only the goincident

events.
The enittor follover QO 4o imeluded $o drive a

low impadance ocutput. &5 slav drives the delay flip-flop
shrough Hl5.

The 4B FAST WUTPUT was primarily used for
obsaerving the addition of coincident pulses. The
variable delay linge A-B DELAY 4BJd. econtrol permits

R R R T

compensation for differences in the delays in the twe
input channels. The delays can be matched in two ways
uging the 0,511 HeV annibilation gatmbe-rays Srom Ha2®,
The coincidence counting rate can be plottbed as a Tunction

of the variable delay position amd the peak selected, or
the additicn can be cheerved on the AB FasST CUTPUT and
the dal&y adjusted until the maximum pulse helight and
rate is chserved. The seccnd zethed is quicker, but the

firat mathed i more agourate.



I the pulse shape were exactly rectangulayr, one
would expect the resolving €ine o be independent of the
AB BIAS, sbove the bilas required to reject single svents.
It would be determined solely by the clivrdng time of the
shorting stub. dActually, the pulse seen at B has a rise
time of about & nsec and dogs not have a flat %op.
Consequently, the resciving tims of the circult Surns ocub
¢ be & function of the AB BIAS. Plgure 8.2 is ¢ gsaph of
the resolving time ¢ as a function of the A BIAS. The
AB BIAS readings are approximately 10 btimes the sctusl
bias voltage. It is obvious that smmller regolving tines
than the basic 40 nsec can be cbtained for hipher values
of the AB BIA3. Figure 8.2 slsc shows & curve for a
1.93 m. ghorting stub. This i{5 about the minimsm practical
iength for use in the univ. The cuxve was measured using
b wolt pulses from a pulse generator with a 1U nseec rise
tims. I two pulses reach the polint B within the tims
interval v with Pespect to sach other, they will reglater
& goineidence according to Figure 8.2.

It will be noticed in Pigure 8.2 that the bias
veltage 4s lower than what one would expect to be
negessary to differentiate between single and coinsident
evenus. This dicerepancy 48 due %o the loes of puloe
hoipht as the pulse travels through the circuitry to
the delay fipeTlap.
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4 much facster circuit could be built if shorter
regolving times wo¥e reQuired. For a Tastor desipgn the
1imtter transistors should be replaced with o Taster
tronaistor such as the 2N576. The collector load should
be chanped $0 180 ohms and the variable delay driven
directly from this load. For higher spead the blasing
should be changed so that the limiters we®e nob held in
saturation. For & faster rcaponse, the biasing arrangement
with C&3 and 05 including the dulay flipeflop could be
replaced by & fast trigger similar to the one given by

Temlinoon and E@aaexxg. ¥ith a caraful, fast design, no
doubt, the resclving time of this cirewit could be reduced

by & factor from 5 to 0.

The LB FAST OUTPUT ie fed through resistoy K15
to the delay flip-flop shown on the ieft pide of Fige. 8.3.
The eircuit perforss owo funotions. Firvst of all, 1%
provides & standard triggered pulze initiated by the fast
coincidencs pulse. Segondly, by differentiating the
cutput pulse and solecting the trailing edge, = delay is
obtained. This delay con be sdjusted to mateh the delay
in the rest of tho logie circults.

Transistor 46 is normally held off by resistor
9. Congecuently transistor (7 is held on haxd by
rosiators B6, RI7 and R20. A aggetive pulse at the

base of 36 causes Q6 Lo turn on, turning off W. The
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regensrative feadback through the capacivor €10 makes the
switching fast and keeps transister Q7 ofP Tor l.3 usocs
4C the end of thie pericd the eircuit quickly returas to
ite original stute. The ocutput seen at the collegtor of
Q7 Lo a nogative 20 velt recteagular pulee of 1.3 uese
duration.

Capacitor Cll and resistor 221 differentiate tho
sutput giving a negative spike followed, 1.3 usec later,
Sy a positive spike. Dicde CRY elips off the negative
pulse and allows she positive pulee to pass on $0 the slow
eoincidence. By chunging 010, the delay can be wijusted

to nateh the avrival time of the slow logie pulse at the
SLOE IHPUT S. |

ansociated with the slow coincidemce unit. The switeh 41
seluecte one of three different modes of oporation. In
the position 8, the negative 20 volt palas from the SLOW
IHPUT 8 (usually driven by the sum windew logic pulse)
is sliwwad Lo pass through resistor B2, %o the § usec
fip=flop. This mode 1s used oo cperate the equipment

in the sumecoineidencs vonfiguration. When the suiteh

1s in the AB position, tho fast ccincidense eirenle




Peeds the 5 usee flip-flop. This allows opsraticn in
the fast coimecldence mode. When the uswitch 1o in the
4DB3 pusition, the transisgteor QF allows 2 pulse to pass
on t¢ the 5 usee fip=~flop only when thove ia 8 slow
coincidence betwson the faet coincidence pulse and the
8LC® INPUT 8.

Conaider first the operation in the ABS modes

i
H
i
¢
;
{
!

Suppose Shat a negative 20 wolt puise arrives at the
SLU¥ I8PUT without & fast coigeidence pulse arviving as
the base of Q8. The negative pulse will be applied %0
the collector through resistor K24e On the other hand,
Pasistor R23 also applies this pulss to the base of Q§;
turning the tranaisvor on hasd. 48 & result, mo pulse
is cbassrved at the coliactor of 48, The capacitor (12
iz included G¢ compensate for the delay caused by the
turn on %ing of the transistor.

In opdor to bhave a2 negetive pulse appsar at the
gcllector of 93, & positive yulse must arpive at the
bage to turn the transistor off at the seme time that
the negative pulse aprives st the junetion of £23 and
B2,. Henee, a negative output reglsters a coincidence
between the SLUW INPUT and the faet colncidence pulse.



o P2

GRS prevents the base of Q8 from being excessively back
blased. ORS limits the input pulse o 20 volsts. 4
& velt pulse at the SLOYW INPUT was found to he the
mindmum Pequizred pulse heighte
vhen the switch & 28 4n the 4B positicn, Q8

Gparates se a switching tranaistor, giving a negative
pulse at the colleetor avery time a positive fast
coincidence pulse is fed to the base,

| in the 3 mode, transistor GF s simply held of?
sc that every SLUW INPUT rulse drives the 5 usec flip=flop,

drive the kicksorter gate. Both plus 6 volt and minus
15 voit cutput pulses sro availuble. The #6 volt oubpud
is used for the Tullamors, Victoreen kicksorter, while the
=15 volt pulas accommodatos tho Gelielo, 100 chamnel
kickasortar,

Transissor QO is noexnnlly held on hard by 232
and B34. This keeps transistor 99 of%s A negasive pulee
from the eslleetor of Q8 causes & to turn on, turning
A0 offe Iue Bo GL7, the circuit stoys in thig state
o2 5 usea, then sharply Teturns to fun eriginal shuto.
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The switch 852 permits driving edther #6 volt or <15 VolG,
3 useo puless into the cutput. The dicde CR7 is included
to prevent the treiling edge of the fnput pulse frem i
turning off the fNNip-flop. 3
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CHAPTER

TINE RESGLUTION STULIES.

Zines such & low level of limiting waa achieved
with the prsomplifier fast iimiter, it was decided that i%
would be intoresting %o sas what Uimo resolution wee
obtainable. Information on time rescluticn as & function
of the veray ccergy should provide a guide to the selection
of the optimum resclving time in the fast coincidence univ.

Unfortunately, the time during which equipment was
availoble for these experiments was limited. 4As a2 resull,
the quality of the moasurements could be Lfamproved. Howaver,
they provide a pough indication of what is iavolved, and
give sums support %o a thooretical argument.

iethode

Pigure Y.1 showe & block diagrem of the equipment
employed. The preamplifier fact limiter outputs were Ted
into a time-to-amplitude converto? (T.A.Ce.) similar in
design to thet of Tomlinson and F@a&@ﬁl@. The cutput of




the TeA.0e was preceased by a 200 cheanel anslysers

The slow cutputo of the preamplifiers were passed
through linear amplifiors $o single channel analysers
{3sCeho)s & slow coincidence between the two Z.Cehs
cutputs was used to gute the hkickserter. In this way, the
time spectrum could be observed on the kicksorter for
sclectoed veray cnorgy runget in each detoetor.

A coﬁb yoray aouwrce was used. The photomultipliers
were cparated with high veltages between 1500 and 1800
volts. For a betver snelysis a source with encrgies
available up to 3 YoV, and down to about 30 KeV ghouid be
used. Thess experinents should slso be repsuted for lowey

photomultipl feyr voltages.

B AAE0 Zonpniamonifs

Plgure 9.2 shows the ungated time spectrum wheore all
energies were allowed to oporate the T.4.0. The peak marks
gare time, where both verays were of the same cnergy. The
shoulder on the extreme Pight warks the cage where a low
energy versy was accepted in detector A4 while one of high
cnorgy was detected in channel B. The shouldeyr on the lefs
represents the opposite cese. The half width for 908 of
the counts 4o acen to be 12.7 nsec.
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For Figures 9.3 to 9.7 the single channel analyser
in channel B was set on the coﬁc 1,33 HeV peak while &
series of lower energy setbinge werc selected in channel fie
Each peak cbtsined represents the tive relationchip betwesn
a 133 MeV veray in detector B, and s lower energy absorbed
in doteetor 4.

Several feastures are noticeable in those spectrs.
(1) a5 the sanergy of the gammo-ray dogresees, the width of
the time peak increases.

{2) 4s the v-raoy cnergy decreases, the centroid of the peak
ehilta.
{3) The timo shift is not lincar with energy.

It should be noted that the width of the time peak,
within which 90% of the counts Tall, varied from 4.79 nsec
for & 1.33 MoV and 1.17 ¥sV palr up to 6.25 neee for a
1,33 1oV and Q.28 #eV paire. This should be compared tC &
shift in the peak Loy the sane ahargy range of from G.33 nsee
%6 9.63 nsec. This invicataes &ﬁat the shift in the statistical
time peaks wae the major contribution to the width of the
pealk in Figure 9.2. For this roascen iv is desirable %o take
steps to eliminate thies contribution in order to improve tLhe

operFation of the fast coincidenge circuite
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Post and Schif? wers the first workers t¢ consider
tho theory of time resolution in photomultipliers®s, Thoy
developed exprassions for the variance, v, and tho aversge
value, §, of the machine time. The machine time is definsd
as the time interval between the iunteraction of the radiatiocn
with the seintillator, and tho time defined by tho electronie
trigger smechanism. In their analysis they effectively con-
sédered contributions from the docay time of the scintillator,
and fluctuations in photcelectron emiseion. Their model
assunes that the output current of the photomultiplier is
integrated on atroy capacitance. & chadrge C ie presumsd
nececsary to trigger the electrunic time murker device.

Their results are given in eqations (9.1) end (9.2).

1+ (Ede) 4 conconees | (962

[l a4 .'an (XN B XN

- & [Mi&.g.&h ceceesosnnce | (902)

g - eegy

1

J

v

EEF“

where ¢ is the scintillator decay time, and R is the
average charge in a pulas for the veray emergy S. © and
B are expressed in torss of the number of photoelectrons
initdiating the pulse.




The Tull width &t hel? moximun {Fo¥.leM.} of the
timo peak ToP WO verays in two detecturs is given by

w 2 4 2
¥ san "’l‘“ﬁ/z(u’ vy paay)

® 2,36 I?l % Vg {903)

Equation (9.2} predicts that s raiziimm Foliolloelle
should bo obtained 4 C, the limiting level, ies mady %0

approach gero. TFor this case, or for very small vailues
of /R, § is provortional to % or %o é- » Figure 9.5 shows
& plot of € versus 1/B. The fact that the stzaight line
through the experirsntal points does not pass through the
opigin indicates that the choite of geroe time refersace
was inccrrect. Hots also the large sxperimental errors
in the points representing lowey values of E. The two
roints for the lowest E walues do not it well with a
straight line. This diserspasncy reflects the precision of
the sxparisment.

Squations P.2 and 9.3 predict thet & plot of
4&% /o7 @gainst {%‘32 should be & straight line for values of
B where /R << 1. Figure 9.9 is a graph of {¥ pn)?
against ﬁl/i%})g. The points fall reasonably well on &
atraight line within experimental error. The intercept



10

F in
nsec.




on tho ‘Wa/zw’a axis gives the contribution to the hulfe
width of the time peak due to the fixed 1.33 MoV energy
accepted in detector B. Aguin the low energy points heve
largoe errors.

For fast coincidence measuremncnts wge%?, the width
of the time peak which envelops 90¢% of the total counts
for the energy &, is of more intereat. Figure Y.10 shows
# jpp tnd Yougp @5 Tunctions of L. lHote that below C.6 oV
the twe curves do not reflect the same shape, possibly
because the counting statistics were not very good im the
low energy range.

Energy resolution measuresents at low energles
indicated that C was of the order of 2 or 3 rhotoelectrons.
The relauvficnship betwesn £ and § wes found 10 bo Ueb3
shotoslactrons per KeV,

Because the measurcd res:lis wers neither extensive
encugh nor precise enough, 2 eritical gest of the Post and
Schiff theory was not pessitle. However, the neasured
curves give a rouch idea of the magnitude of Wy op and T,
and an indiextion of their trend as a functicn of ELOTEY o
A wore refined tyeatment of the theoretical predicticon foy

%1/3 will be discussed ian section Yobe
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202 et OEpORSAtion SetWorEs.
Cne method for eliminsting the contribution to the

regolving time avising from the variation of © with cnesgy

involves the use of & conponsation oircults 4 pulse hefght
proporticnal to the start pulse yeray onedzy is subtracted

from the T.A.0e ocutput, snd a pulse height proporticnal to

the stop puloe energy 18 added ¢n o tho Tei.l. ocubpute

If che delay of the time pulse is a linesar Punction of the

energy pulse hoight, these corrections will completely

eliminate the € depuncenco.

¥ipure 9.11(a) shows the systes required. The
triangular T.i.C. output yulse s fed intoc one iaput of
an operaticnal amplifior whose gein is l. An onergy pulse
Trom the slow channel is fed into the second imput. The
rasistance Rz is variable so 3hat the amount of voltage
subtracted from the T.A«Ce pulee can be adjusteds R, is
Guned until the tims shift with onergy disappesrs. To
correet for the stop pulse an identiecal ssoage fbilawa,

but the energy pulse is added instead of subtractede

These linear compensation networks would be
satisfactory if ¥ were a iinear function of energy. © 18,
vnfortunately, cloper to a fumetion of 1/B. Te
apprexinmate the Punction L/, i% 18 poasible that the
eireuit of figure Yll(b)} could be employed. Use 18
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Fig. S.f]. Compensdfion circuits.
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made of tho faot thet the voltege a0ross a dicds hes a
acn-linear relation %0 tho curront it passes.
I e %(Jﬁ? - 1) (9:5)

where I is the current through the dicde when the voltage V
is applieti, XQ is the Toverse leakage cuprrent, anm VT is a
genstante

Resistor R3 is uged to choose the opsrating range
on the dicde curve, while B4 selects the nagnitutis of the
gorrection applied to the T.i.0. signal by the voltage
agrons ORle By edjusting these two resistors, & non=linear
compensation could he achieved. The cospensation applies &
gtronger corrsction per unit energy for low energy pulses
than for high onergy pulses. The result sheuld be an
improverent over the lineay clrcuit.

Since a linear eircuit was available, 1ts effoet
on the ¢time spectrum was checked. Figurs 9.12 shows the
spoctrun cbtained when channel B was gated on the 1.33 HoV

peak of Quéc

s and channel A acgepted any energye. A Fatildiaible
of 4,04 neec and s width coataining 905 of the events of
15.4 nsee wore measured. In Figure Y.13 linear compensation
has been applicd from chennel 4. The amcunt of compensation
was adjusted Lo got the bust FeWeHel. The 903 width wae
reduced to 8.0 nsee and the Fei.di.ie to 3.0 nzee. This
Teproxents & layge improvement: & focdor of l.35 for the

Fokieliole, and move jmportant, & Lactor of 1.%2 for the
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400 |-
300 | |
No. of
Counts
200 - t—3:0 nsec.
100
80 nsec.
o lLuasck ..'.l.-" |. 1 et eassske
-25 -20 ~-15 -0 -5 (»] +5
Time in nsec.
Fig- 213, Time S

. pectrum for Co®® with
linear compensation on channel B.

1:33 MeV accepted in channel A,
0= 117 MeV in channel B..



- G5 -

o0t widthe The long tail to the left of the poak resulis
from the low enewzy veraye which have bugen insufficiently
compensated. A properly designed none-linear circuit would
shift the ovents in the teil inte the maln pealke

Those resulis supgest that a far better faed
ecingidence circuit eoculd be conatructed by using a
timg~to=amplitude convertcr, followed by & non-liineay
eompensation giveult. The compensated cutpub would have
the annoyinmy large € contribution romoved. Subsequently
the output could be fed to & single chsnnel pulse beight
analyser, which would define the resolving time. Judging
from the Figures 9.8 snd 9.1C, this would reduce the
reaolving time for a 200 KeV vopay from 25.6 noec down to
6.3 nsec. This is a significant impravemente

¥ore recently, Satti and Svelto have congidered
the tims resclution problem for photomultipliers in wuch
greateor d@%ﬁilzsa In their excellient analysis, they chow
thut provicus workers have noglected seversl important
contribubione to the resolving sime. They, in fact, have
shown that the best resclving time 48 no&-cbtaiﬁad.wﬁan
C = G, %This rosult has recently been confirmed experimente
ally by Sehwarischila®™®,




Gatti and Svelto define three sourses contributing
to the variance of the machine Gime:

(1) The variance due to statistica)l Ffluctuations in
photcelectron emigsicn, apread in photoslectric yield, and
gpread in the current gaanp

{2) Variance due %o spread in the devico delay time (transit
tine of the electrons).

(3) The variance due to the spread in the single electron
rospease {S.BeRe) width, ko

Zach of these escurces affects the resclving time in a
difforent vway.

Curvos frem their work are given in Appendix XIX,
An analysis of theilr curves showa that, for a given R, the
ninimum pesciving time is cbtalined for C/R somewhare in
the range of 0.2 to 0.02. In addition, the optimum valus
of C/& 43 the same for all R. This 4ndicates that, for
best operation, e trigger wechanism should be devised to
trigoer abt o Tixed fraction of the Sobal charge in the
pelas.

In any caze, i¢ would be of intorest to Pemeasure
tho resolution for differsat valuss of C/R and attempt to
£t this duta to the theory of Gatti and Sveito. The
characteristic constants applying o the particular
deteetors in use should be cotermined, and an appropriate

8e% of eurves devised from the theory. ihe preseatly
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available curves apply more aptly to fast scintillators.

would seem advantageocus to design a trigger circuit which

triggers at the same value of C/R for each value of R In

addition to permitting & fixed choice of C/R, it would

eliminate the ¥ dependence on R. Thus the difficult problem

of nonelinear compensation circuits would be circumvented.
Figure 9.14 shows a proposed scheme for a fractional

pulse height trigger system. The complicated limitex

¢ircuit is removed from the preamplifier and replaced by

a fast emitter follower Ql. The emitter follower drives

a 100 N cable to the trigger unit. At the trigger unit

the pulse is fed throush two paths. In one channel the

input pulse is stretched, and clipped by a shorting stub.

This produces a flat-top pulse whose height is proporticnal

" to the original pulse height. The other channel passes

the input pulse through a delay. The length of delay is

adjusted so that the imput pulse arrivee at the Schmitit

trigger after the clipped pulse has reached its maximum

voltage. The Schmitt trigper is biased, in the quiescent

state, to trigger as soon as the input rises above gerFoe
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The clipped pulse Lo attenuanted o between 0.02 ang 0.2
of the input pulse height. This attenuated pulse is
applied to the quiesgent blas of the Sohmitt trigges to
provide an additionusl dias, Ve Henece, the trigsering
ceeurs when the input pulse rises above vg. The
attenuation factor, K, is relsted ¢o the fnput pulse
height, Vo by the equation
Vy » Kvi

It is clear that the eircuit triggers at a Lixed
fraetion X of the imput pulse height. Since K = G/R, the
attenuator can be aedjusted to chocse the optimun value of
G/ Por a ninimun resclving tims.
| In Appendix IXY a ¢ireuit 4s propeogsed for the
Scheidt trigger with &4 bilas contrel. 4 major advantage
of this trigger system is that, by changing to the
appropriagte delay snd elipping time, the unit can be
adapted to a variety of photomultiplier-scintiliator
conbinations. 4s pravicusly mentioned, no compensation is

required for € and the optimum C/R ratic can be selected
simultanecusly for oll pulse hofghta.
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Although a tire-toeamplitude convertor followed
by a single channel pulege height analyser io a rathey
gomplicated way to achieve & Tast goincidenco eireuit,
certsin fugtors recommend its use for this work. In the
first instance, @ TehsGe 45 usually cepnble of achieving
better vesolving times. Segondly, it is gxtrersly usefal
to be able to obscrve the time spectrum before setting
the appropriate rasolving time of the coincidence circulte



CHAPTER 10

CAIN STABILITY.

It has been poinbted out in section 2.5 that gain
stability in the sum-coincidonce spectrometer is of vital
importance. The ssasured stability is prossnted hore.

In all cases the room Senperature Lluctuations were held
0 & ninimum,

The ccunting rate dependence arises primarily
from the photomultipliers. Tasts using cs137 yerays showed
that counbing rates up %0 1.2 x 10% ecunts per second
were posaible with & goin shift of less than O.1%. when
a gain shift of C.5% resulted from exeeoding this rete,
it ook from 5 to 15 minutes for the gain to relax te itse
origingl value.

Several long term drift studies ware conducted.
The randon drift in gain cver & poviced of from 4 to 6
days way fagnd to be within & U.4% for temperaturss held
%c within & 1¥°, and within & 0.5% for voom temperature
fluctuations of + 2.37% The two Sum duplifier subpubts

wore found to track topether within 0.2%.
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These stabilities should be coupared to the
stability of the Victoreen kicksorter, as msasursd by its
internal pulse generator. The kicksorter calibraticn was
found o vary by = .27 for tempevatures held within & 1F°,
and ¢ 0.3% for room tempervasture changes of % 2.35%

The error in reading the peak positions on the
kicksorter was estimnted to be no less than + 0.2 channels.
In 190 channels this gives an urror of & C.11F.

¥og% of the runs on 6969 lasted Tor nc noere than
5 days. Conssquently nc opportunity arose to check the
stabilivy for longer poricds. It may prove worthwhile to
study the stability for & pericd of the erder of one monthy,
since longer xung will likely be reguivred in the futurae.

The pain stability cbtained s rewmykable for a
shotomiltipliers Barlier experiments with other rho%to-
miltipiiers and asplifiers, under similup conditions, gave
gain fluctustions from % 2% 80 &3 high as 2 5.335. These
earlier results were the Factor that lsunched a conplets
redevelopment towerds the gtable systen presented in this
thesis. !Many workers have been Toreed by such instabilities
o use gein stabilizors with the Hoogeuboom sumecoineldence

gpectrowter. For most of the werk done to the present date,
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the + O.4% fluetuation in gain has been reagonebly aceeptable.
However, for cazes uwhers & 3% sum window ie daesired, &n

improvesent by a factor of 2 or J in the stavility would be

advantageous.

Before the redesigned spectrometer was coupleted,
it was not iuown whether suffioient gain stebilivy would be
achieved. For this reason, the degingn of a sain stabilizey

was thoroughly investigated, §n antieipation o? the need for

@ wore powerful sclution Lo the problem. Yt vummed ocut that
the speetrometer gaim hed suf tlecient stabilivy for runs ag

long as 5 days, and sum window widths 2 5%. For meny

e
yef
;

experizenvs this suability iz adequate. In view of these

resuits, #nd the feet cthat the construction of a stabilizer

wouid be & sigeable project in itael?, the plans were sed
agide. It ig anticiputed, however, thet for narrowep
wiadows and longer runs, & stabilizer will be found
negessary. In addition, as the photomultipliere age, tholir
5esbility may dejenerate, requiring the uss of a stabiliven,
A great deal of thougzht was channelled into the stabilizer
design, and gome of the parts were purchased. Yor this
Yeascn, and because of the paected need for this apparatus,

sene ©f the more fmrortant design 4specty are »resented hers.
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Soveral good apticles hove buoen published on gain
azﬁbizixersas’Eé’av’ag’gg’BG, and one model is commereially
BV&il&él@ae The batter Teaturss of each have been selooted
and adapted Lo o design more suitable for use with the
sun~coincidence spectrometsr. Zhe genaeral principle of
Cperaticn is dlsecussed with vefervence to Fgure 20.1,

The output of the photomultiplier and anplifier is
fed te & dual channel analyaa? {DeGellodu 00 belubie sots
twe adacent wiandows of 2qual width sercas & suituble peak
formed by verays from the radionctive bource. Following
the LeCeie 45 an analog sculor {usually a capacitor-type
storage ecounter] which ienerates s correction veltage
prRopeTtional o the ascaler content. The corpgeticn voltage
is applied beuwean the photomultiplior cathode and Lround,
thus affecting the ancde to cuthicde vultage of the tube.
¥hen the two channela are eat syancbelcally on vhe reak, the
ciunting rates from the two wincsus are equal. Since the

ctunta in the uppar window (U} are added to the sealey

o

Hodel 1001 e Speetrastat, Cosmic Radistion Labeg, Inga,

Bellport, Long Tsland, NHew York,
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content, whlle the lower window (L) counts are subtrected,

the cermaction voltage will vemain the same; on the averagze.
varpess the gain ohould {ineveene. The counting rate in the
upper vindow will increase relative to the lowsr window.

The content of the scaler will therefore inerease, ingreasing
the correction voltage, until the new ancde vou cathode voltage
¢f the photesultiplier returns the gain to its originel value.
4 similayr correction tekes nlace whon the ssin deereasas.

in the dewaarﬁ,syanamgs the stability is improved by using a
wobbling single chunnel analyser window. Ths wobble gan be
rroviced by the 60 cycle/sec AC line volvage. 4 trigger
cireult generates the add eemcand when thoe window Ln above

the AC gore, and the subtract comsand when the window 1g-
below the AC zero bias. Im preetice this sysiem 15 casier

Lo buile than the dusl window systen.

Figure 3.1 shows the gein stabilization loops.
Cleerly, twe loops are recuired, one Por sach channel. The
revaon For ineluding the Twin Amplifiers in the loups has
been discussed by Deruynek ang Sagaerbsl. I & commnreisl
stebllizer were uwsed, the spectrometer would requivre two
independent stabilisera; one for channel Ly Bnid ona fop
channel B. This introduces the nCeslibliity of deifs, or
ciserepancy between the two stabilizer gattings. & nethod
for elimineting this difficulty £5 presented in Flpure 102

A Single guin stabiligzer is used with the de waard wobbling




windowe The window is preceeded by two lLinear gates with
high gain stability®2, in eloctronic switeh is used %o
alternate ia opening the two pates. The switeh a#lloss the
stabilizer Lo analyse each channel throuch the same window
settings. This feeility ensures that both channels will be
stabilized to the same gain calibrstion.

Boxes 3p 4y 6, 7, 8 and 9 form the gin:zie channel
analyser (3.0e8e)s The 60 cepess wobble is applied,
through a ecapagitor, tu the D.C. bias of the differance
amplifier, which sets the lower level of the window. The
dutput of the F.0.4. is fed %0 an electronic switch, which
alternates between sending the milse to scaler & and ¢o
scaler Be The clectronic switch aleo controls the lincar
gates, 1 sad 2, 00 thet when gote 1 £8 onen Bhe HeCede
pulse ia deliversd e soaler i, and whan gate 2 1is open,

i% is fed ko soolar B. dvery time & puleo enters the
electronie switch, it switches bhe cirveultry to sccept the
next pulse from the opposite chonnel. As provicusly
nenticned, the 60 cyele wobble alse dyives the add/subtract
command, which sets the seslers to approprictely add op

subtruet the pulse they receive from the Gelafis
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in the Speetmastat, and in the originel de Waawd
system, the secale® 1s & capucitive storags counter. Theo
gorrection voultags is genorated by the charge stoved on a
capagltore A big difficulty with this scheme is that the
corrseltion voituge decays if the counting of the source

ceazes. in the desigan by Eﬂdﬁaa

» bhis disadvantage is
elinminuted, at Lhe expense of simplicity, by using &
reversible digitnl scelor.

In Figure 10.2 a Dekatrou roversible sealer is
useds It i3 composed of a DKIO3 Bidirectionasl Counting
Cireuit, 3 Bidireetional C3A100 Sedector Lekatrans, and

two DH1UL Heversibls Intersteps Briveraa. ‘the senler has

& content of 163 counts. The analog voltuge can he derived
from the individual cathode loads on the Delatron tubes.
The scalers sre followsd by & eorrecticn voltuge generator
(BezeCols Stabiifzer HeT. Contyol AnylifioPr A«-LBI75Li=Fa1)
or digitel to analogue econvertor (DedeCel. The 420V so
+120V correction voltage so generated igc applied o the

photomultiplier cathode {mee Figure 5.1).

£
“saufactured by Baird-stomic, Inc.
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Conventicnal circuitry 48 used throughout the
stabilizer, so that itas construction should prove to be
atraight forward. With a little care, the in:strument
could be designed o bo flexible enough o be used with &
variety of detoctors. The improvement in gain stability
oifered by this stabiliger should be substantisl. The
iimit of the stability is set only by the stability of
the Seledo window,

With this predicticn in =ind, construction of
the stebiliszer should £81) high 9n the prioceity 1ist

Tor rurther improvensnt of the apcetroneter.
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CHAPTER 11

DECAY SCHEMES ¥or Ge™® pmorcsid sy

1lel Introduction,

Previovs work has been <ons on 6@69 decay by two
groups. Thelr proposed decsy achemes are ineluded hers ag
& proiogue for the measurements presonted in this thesis.
A complete diseubsion of their results would be fer beyond
the scope of this thesis, so only those points which are

of frmmodiste interost are dd socussed,

11.2  The 33

work of Nususboum and 3

In 1956 Nussbaun end Suri sotudiet the deecay of Ga69
using veray and Seray scintillstion detectors. Their work
was limited by the use of single chonrel analysers {(multie
channel anslysers were nog svallable), poor raselubtion, and
pOOr gain etability. Jrior $o the conmencerment of this
thaslis, the Nussbaum and Surs PRpeP wWas the most rTecently
rublished work on GQ&QO



ng
St
e
i
i
E%

A decay scheme boged primarily on sheir work 4o
ghewn in Figure 1l.1. Geég decays with z 40 hour half-ilife
into aaég. The lowsr levels in G&ég are fed by a® dochy,
vhile the transititions to the upper levels procend by
electron capture. The intensities of the transitions arg
given in Figure ll.l. Hote the wesk intensities of the
Y=ray transiticas de=-exeiting the top two levels.

ihe numerous dotted lines indieste transitions whoge
positicng in the doeay schome worve felt by Huosbaum and Suri
to be ambiguoua. They pofint out in their raper that their
measurements on the top two levels were not highly reliable.

Zhese levels were thought to be idesl candidates for study

with the suwmeccincicence 8pectromsber.

Flgure 11.2 shows a decay scheme recently published
by Schwerdtfeger, Hamayya, and Hiteholl ?, Their data was
collected using a cunventional yey spaetirometer, but with
the aid of a multi-channel apalyser. It will be noticed
that their proposed schene oi¢fers somewhat from the cne in

"lgure 1l.1; primapily in that it fs greatly simpiiftiade
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Schwerdtfegerts analysis, howaver, suggests that much of
the simplification hop bean achieved by scleecting the
nogl, prehable of several possible assigaments for the
position of 8 veray of a given energy in the decay schome.
Soms of the assipnments chosen have not been showa to bhe
the only possible cholee. Yor this reason a more detailed
investigation should prove fruitful. Homne of the spins or
parities of the axcited states aﬁ'saeg have been me&sured
to dato. Henes angular correlation muasurements with the
sum~coincidence specirometer would be desirable for the
evaluaticn of taese epins.

Schwerd¢leger does act confimm the presence ¢f the
172 6V leovel proncsed by Bussbaum and Suri. This is not
surprising, sinee Hussbaum and Suri found only wealt
ovidence to support the proposal. Schwerdtfeger also
d¢ffera from the previous paper when he proposes that the
o9 HaV level fs actually three levels very close together.
It is interesting Lo nobe that the effect of the non-linearity
in pulse=height response of %@X(T&)sg on the swrming of
vY=ray cascades could produce energy differences of this
order. Schwerdtfeger has not indicated that he took account
of this nonelinecarity. Thersfure, 1¢ is of great interest
to check the "L.24 YoV level” de-exeitaticn. The sume
ceineidence spectromster is & good instrument Tor checking

whether this level fu, in fact, three lovels.
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Hussbaum and Suri stated thet, in sevoral cases,
saall but definitely reproducible onergy shifts were found
when co¥tain verays were neasured in eoincidence with
different cascade ye-roy partners. This is the ovidsnee
which le¢ them to conclude that some of the woak lines are
double in the yeray spectrum. Hence, they showed several
dotted trensitions which could explain the similar ensrgies
cbtained in these peaks. Schwendsfeger makes no mention
cf this efYect, and 1% ig nct known whether he studied 4%
in his work. It would seenm worthwhile to resolvs this
anbigulitye.

The analyses of both groups employed spectrunm
subtraction technigues o separste the peuks of intaprest
from the lurge background of cthop interfering transitions.
in the ecaze of such & complieated apsctrum, this nethed
might easily give rise to sericus orrurs. Schwerdtfeger
selected L7 peaks from the stupgles spectrum, and had of
the order of 7 peake in nost of his coineidence apectraa
Kesping in ming the large contributicn from the Compton

background from each of these peahs, it is obvious that
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the agcuracy of thio technique must be sericusly limited
by the large and complicated coyrsctions this spectrum
subtraction reguired. The Hocgenboom sumegoincidence
speetrometer is capable of giving & wuch more accurate
and direet analysis ofF the 6@69 spectrun; partieularly
for the weaker transitions fyom the upper levels ef‘ﬂaﬁg.
Por this roesen it 4o well worthwhile to reinvestigate

the deesy schogoe
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CHAPTER 12

THE PREPARATICH AHD CCUNTING OF
THE RADICACTIVE 67 soumcs.

12,1 Activation,

‘The radicactive Gaég was produced by an {(n,2n)

reacticn on the 3@70

conteined in a $9.9%% pure sample of
natural gormanium. The sanples wWere cut o 1.5 ¢m X 1.5 em
% 2.3 cmy, and welighet 27 gne 1L NeV noutrons from a Texas
tuelear Neutron lernerator wore used fur the activatione

The natural abundance of Ge7° in those sauples i 20.6%

S

by weight.

Table 12.1 shows the nossible yesactions prodused
by the irrvadistion. 7The interfering v-ray emitbing
radionuelide produced along with Geég which has the
longest hulf-1ife is 0a’%, Ga’® hes s halfelife of lhe2
heurs. To minimize the interferonce from Ga’® in the
6@6? spectrum, the germanium semple was frradiated fop
120 hours (three 06%% nalf-lives). This brings the Ga’?
and the 3@69 activities close to saturation. Following

s s

this pericd, the sumple was removed from the activation
area and allowed Yo decay for 40 bhours. This reducsd

the ﬁeég activity by a fucvor of 2, and the Ga?z agbivity
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by & factor of sbout . Thus, the interferencs Trom
Ga?z was effoctivoly reducsd. Any vresidual sctivity
dus %0 Ga7a in the beoginning of each run on &eﬁg was
gasily recognisged by i%s li.2 hour dueecay time. Tu
sractice, very little interference wis encountercd.

The counting equiyment s located in the same
roem 85 the neutron generator. Consgquently, great
difficulty waes oncountered in keeping down the counting
rate in the sum-cuincidence apectrometer during irradiation
due t¢ the neutron bsckgrounde For this rsason continuous
activation of new stmples «nd simul tanecus counting of
irradiated samples could not be carried out. Instesd
two ganmples were used with their sctivadion tiﬁea
staggered by 40 hours. The second sample was placed in
the neutron flux 40 hours efter the Lfirst, snd removed
again L0 hours after the removal of the first ssmple.

In this way, each sample received 120 hours of activation,
and was allowed to decay 40 hours before counting. The
neutzon generator was shut off during the counting of the
BOUrCDE,

A ginple calcuwlavicn shows that, 1 & counting
rate of the order of 107 Copete iu demived (for & detectors
source distance o7 & cm), then a neutron flux of frowm 197

to 5 x 107 nautrans/em?/a@e is roquired. This fluwx must
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be maintained for o total of 160 hours to frradiste both
samples. The tritium target assoxbly provided with the
aoutron generater was capuble of delivering this flux for
enly 15 houras. Gonsesquently, & larger, oscillating, tritium
target was designed. Appendix IV deseribes the target bullt
to accommodate the 160 hour, hizh flux rapirenente

An iwmprovament in the efficiency of the Tuns eould
be achievaed 1T the detectors wems operatad &n a woon which
was ot neay the neutron generator. This changes would
perait continucus &ctivation and counting of the germanium

sanples. This arrangement was not feasgible for the work

Lo data.

> Gecmetry and Bobector Uhieldine.

Runs were coaducted with 8, the angle betwesn the
source and each ¢f the two dobectors, set o 90° 2nd to 180°.
For most of the runs, the distanse betwesn the source and
cach detector was 8 e¢m. In some cases 8 highexr counsing
efficiency was desived, and the distance was reduced to 1/2%
with 8 = 180% ‘This configuration brought the efficiency
cloese 6 that of s L1 counter.

fo prevent buckscattering, the source wes mounted
in & 1.6 cm X 2.3 ¢ hole in a 1/4% plate of lead. The
lead formed & wall of sghislding betweesn the Lwo daleclLorg,

with the germanium sample visible to hoth crystals. The
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detectora were get up in & horigontal position, with the
germaniwg saupie sitting on the centre line of their
cylindrical axes. The ervstals were shielded with 1LY ¢o
2* af lead, und the whele chamber containing the soures
aad¢  the detectors was shislded with 2" of lead. During
the activation pericd, the lead shilcelding was surrounded
by sheets of cadmium. Awund this, one foot thick walls
of paraffin wers ereccted. This shielding was used to

roduce the background of neutrons rsacthing the detectors.
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CHAPTER 13

MEABUREMENTS OB 6@69 LDECAY

Several types of expeviments were carpied out with

water, with particuisr actention being given Go
the de-oxcitation ©f the ¥1.92 FeV level® end the 2,04 NaV

level in Gaﬁg. First, a singles spectrum was taken. This
way luter compared with the spectrum obtained by Schwertfeger.
Secondly, chamnel 4 plus chaanel B, or "casguacde sum" spoctra
were accurmlated using the Tast coincidence unis. These
spectra are used to locate all the peaks representing the

sums of the energies in the y=y cascadss. Lagtly, sume
coincidence mvasurements wers rede on the "1.92 eV level®,
with and without a fast ccincidenca.

Due t¢ running time limitationas, there was not ]
sufficient source activity to make & sun-coincidence run on
the "Lo92 MoV level” at the % em detectoresource distance
with 9 » 280%. This run is neceszary Tor more accurate
intensity calewlations. Apnroximate intensity values were
caleulated for a run with the deteetor source distance,

Tag © 1/2%, and 0 = 380°, Insensity and $nergy veagurensnts
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wers rade more difficult in two of the runsz because the
sun window was seb slizhtly low,

An earlier run using the originmal low stability
spectycmater has been included. Although this spoetium
was made on an unmatched aysienm, 1t provides valuable

information ubout the decay of the %.12 HeV level.

Figure 13.1 shows the singles spectrum obtained
with the germunium ssmple against the deteetor crystal
face. This spectrum %e idontical %o that glven by
Schwerdtloger, except Tor the 2.22 MoV and the 2.52 MoV
poaks. These pealts arc due to the 14 hour ﬁa73 aetivity.
Ga72 did mot interfere with the sumecoincidence Bpecitra.
Tue y-rays listed by Schwerdtfeger have been marked fop
reference in Figure 13.1.

Ihe high onergy ragicn of the singles opesctrum is
shown in Plgure 13.2, with improved sptatistics. The
1.92 VeV and 2.04 Me¥ posks are bothk quite prominent, as
Tound by Schwerdtfegers A 1.72 1%V vepay proposed by
Russbaun and Suri {e ach cbvicusly visible; the hump at
channel 127 being Likely due to She Gompbon edges of the

2.05 Yol and the 1.92 ¥V peakse
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Fig- 13-1. A singles spectrum on Ge®°.

Run 23: Source against crystal face;
Counting rate at start of run, 747 c.p.s.;
Total counting Time, 8 min,
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The Sum Amplifier 4 + B gutput was snalysed with
& fast coincidence dersnded betwoen the two detectors.
Figures 133, 13+h and 13.5 show the results obtained,
Thesa spectra ropreseat the sum of the cascade energies
for each prompt y-v cascade.

It must be kept in mind that the apparent energy
of the experimentally measurod sum peak for a cascade is
ahifted upwazd by a swall amount with respect to the
numericelly calculated sume. This affect ia due to the
non=linearity in the pulse height response from Nal(Tl).
#here it was of particular intorest, the predicted enerpies
iikve been eoPrected from data by Desvare and T&nﬁ@nsg for
comparison with the experinentally measurcd valuc.

The spectrum in Figure 13.3 was taken with Tyg * 1/2%
and ¢ = 140° g &nd with a fest cuineiasn@a resolving time
27 = 77 nseCs A wellwdefined shoulder aprears at an onergy
slightly over C.576 ¥eV. This showlder is imaaryﬁé%eﬁ as
being partly dus to the sumdng of the 0511 MoV annihilation
radiation, snd partly due 2o the 0.260 HoV o 0.323 saV

cascade.
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Fig-13:3. A cascade sum spectrum on Ge®®

Run 27: Sum Amplifier A+B output with
fast coincidence. b= ' 5 ©=180°. Fast
coincidence resolving Time, 2 T=77nsec.
Single crystal coun'ring rate at start of
run: 747 C.p- 5. CounTing Time 74 min.
Bent drrows show expected energ

shifts due to summing cascades..
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Peaks at G.8480 waV ang l.12 ¥a¥, due to the
casgades T'rom these lovels, are too weak 50 be cbseerved,
The peak at 1.0h ¥eV iz due to the surming ©f two
0,511 MeV annihilation yeruys. The expected position for
the sum of the G880 MoV veray with o U.511 MeV annihie
lation veray has been markod; although, at 180° a suming
of two 0.511 HeV verays with a 0.580 eV veray is much
more »robable.

Figure 13.4 shows the higher enorgy region with
better statistics. A slight hump 18 chserved at & position
corresponding to tho .34 HeV level, and shore ic & sliight
disturbance where the l.54 ¥eV peak is expected. However,
the speectrum doss not coneluaively indicate cascades from
these levels. No indication is obmerved here For the
1472 eV level proposed by Hussbaum and Suri. The 1847 MeV
peak ls attributed to the sum of two U.511 MoV annihilation
ve=rays and 8 C.57¢ leV veray. This asgignment is suprorted
by the fact that tho peak disappears when the deteetors
are set to § = 90%,

A substantial peak 45 cvident at L.94 YoV. This
peak is mainly due to cascades from the 192 YoV level?,
The remainder should be contributad by the sum of two C.511

Yerays with a 0,880 1V veray, svidence for cascades from
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the 2.04 ¥eV level should appoar at about 2.02 HaV
(Loe channel 151). Thers is no‘inaiaaaiua of these
trangitions. It is estimated that the cazscade lntensity
from the 2.04 eV level wmust be lews than 1/100 of the
total cancade inﬁenaﬁty Tor the "1.92 ¥V lovel®,

Figure 13.5 shows the cagéada suz spectrun for
Téa = 8 cm and 8 = %0, In this geometry, all the events
are élimin&ted o which ﬁwa cotneident 0511 MoV annihie-
laticn v-reys contribute. & peak corresponding to the
Q.576 HoV level is clearly visible, confirming the
existence of the 0.2060 ¥MaY « 0.323 ¥eV cascade. YThe
assignment of thie csacade sum pesk o & trensition betwsen
the 1.92 ¥eV and the 1.34 ¥eV levels is regarded ag
unlikely en the busis crf intensity considerusions. The
next peak is abt 0.760 MeV¥. The most probable cascade
causing this peak weuld be & 0.320 ¥eV tremsition betwoen
the 1.87 MeV level and the lL.54 HaVl level, fbllﬁwa& by a
Go420 MeV transition botween the 1.5, MoV Jevel and the
lel2 #aV level, Including the nonelineay response of
HaX(Tl) these transitions add to C.759 MHeV. Sehwordtfager
has conelusive svidence for the sbove asgipgnuent of o
Uek20 #eV yeray, but he aid not propose a GaJ320 MeV
transition botween the 187 1%V and the L.54 ¥eV levels,
There 12 aoms evidence to suppert this assignmont of the

Uo320 ¥eV veray,
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Run 2:-3: Sum Amplifier A+B output with
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Counting timej 44 hr.
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i peak dus to the U.880 MaV level 43 not evident.
The next peak corresponds to the sum of 0.511 eV and
Ue576 MoV with some contributiovn from cascades from Ghe
iei2 MoV levele Ho welledefined peska are chserved fopr
the Le34 HeV and the l.54 eV levels. & poak dus to
Ue51l1 HeV + 0,880 eV in nov clearly defined, ner is there
concluaive evidence for & l.72 HoV level. Again, the

ie%4 MoV peak is evident, snd the 2.04 eV caseade sum is

abgente

Figures 13.6, 13.7 snd 13.8 show sume-coincidence
spectra token with a relatively wide [~ &%) sum window set
acrcss the 1.92 MaV region. A wide window 18 preferable &n
the first gset of Tuns on & level, in order to minimizs the
problen of sum peak shifts due to the NaIl{Tl) nonelinear
resSponGe.

The spectrum in Figure 13.6 was accumilated with
¥ig ° 1/2% and 2 = 18C%,  The feilowing caceades are avident:

Ue310 HaV = 1.56 eV

G580 HaV » .34 eV

G800 MoV « 1.047 MoV

0511 MV < {0u511) » (.880) MeV




0LGI—> oo @ . . g 7 o
Lo s ;
Pﬂ@ol’ﬂ"hl.J‘o f—‘
. . — o £
2 (0221) llu«v‘:.\\\.\.\u. qw0 3
o ’ ‘lo\l-l‘t-' ’ v - * - g
o 0951 —= <7 v B <
.m o= =t —, K > c -
3 088 + IS —= . e—" T < o a M
0be il —Co = p o
: e 0o w I
..luo,\/o- 0 < ' o
3 0 Q] ) O
S ‘o\\.l‘m“\‘l\-o\. = = O( C
! LbOl —w ot » - !
© ——— L s
@ : S p 5 ©
T 09g —> < < : ° 2
l.'ol"./ E =
. — M 4] !
e c o
086 —=>u_." * : P 0
..mvlwv”\\l..u\. 42 ¢ 3
. . N 8] =
—— c * N
T . c )] iy
== ®
01T —d= == : — 9 £z 0
R S 29 3
(002) ———> .jL/\J . O n h.dh
L e e ———— < ua
<+ o _© > T
Q . :
3 3 , > S @
- o - 0 N
" 22 0
¥ 4 N <
0 ¢ o m
¢ (s 3.
63 b= x +
ZJ




o 137 =

The last transiticn listed does not de-gxeite the

Bl.92 ¥V lavel®, but arises froa ennihilation radiation
from positrons feeding the U.880 MoV lewsl. Two peaks,
vhich could correspond to & G.200 MoV « %.72 MoV transition,
are very weakly indicated. Ho explanaticon was found fop
the 70 ¥eV nsalkt.

The run in Figure 13.7 &2 the same as in Figure 13.6
except that & fast coineldanca was added. The sum window
Milses were counted on 8 scaler. The window extended from
1.865 eV to 2,025 ¥eV. Noto that the 70 KeV peak has
disappeared, indicsting that it 48 apuricus. There ie
6till a suggestion of a C.200 MoV « L.72 MHeV cuscade, bub
this proposal is not woll established. Hussbaum and Surd
racorded & 0.190 HeV veray in streng coincideace wiih a
G324 eV yerays I the 0.190 MeV tramsibion ccours between
the 1l.54 ¥eV and l.34 MeV levels, them the 1.72 4aV energy
could be a sum of a 0323 ¥V t&an&ivien between the 1.87 MoV
level and the 1.54 %V level with a l.34 ¥e¥ transition to
ground. This would be & 3-y-ray sum and would therefere
appeaP very waeak in intensity. The corresponding Zey-yvay
sums for these transitions may be too weak to be easily
detected against othoy background. The 200 HeV enargy is
too low e be a bachoeatber peak from either a L.92 ¥
oX a 2.04 MeV yeray. I the 0.200 MeV = 1.72 MV sransition
does exist, te intensity would have to be leoss than 1/10

the intensity of the Q.87% MoV - 1,055 MeV cascade. The
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0,310 MeV « 1.570 eV, the 0.580 %V ~ 1.34 HeV, and the
0875 MaV » 1,055 MoV transiticns are again evident in
this apsctrum.

Figure 13.4 48 a sumecoinecidence spoectrum taken ag
¢ = 90° and ¥, = 8 cn. Wots that the 0.511 MoV
(0e511 * 0.880)%eV transisicn has vanished, substantiating
the propossl thet it arises from ennihilation radiation
combined with the 0.820 ¥eV yeray. The tranpitions which
romain are the Ce3l5 MaV = 1,57 YoV, the 0.570 MoV = 1.34 HaV,
and the 0.876 MoV « 1.04 MeV cascadea,
| It will be noticed in Figure 13.% that the poaks
are asymmetrice This offect is csused by the sum window
being set too Lowol, In Figure 13.6 the asymmotry is still
ncticeeble, but not &8 promoumced. Ia Figurs 13.0 the
sum window is ss¢ higher than in Figure 13.8. In Fpure 1347
there is no asymmetry becsuse the sunm window is set at the

prOpAY energy. This run was the pein one used to debormine
the energles in the transitdons. The tramsitions and the
suns of their eneygles in Me¥ are:
(L} (0.310 & 0.005) + (1.560 2 0.006) = 1,87 & 0,00 %V
(2) {0.580 = €.005) + (X.34 & C.0LL) = 1.92 = 0.016 He¥
(3} (0,875 % 0.008) + (1.055 & 0.006) = 1.93 = Q.0LY 15V
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Transitions {2) and (3) aprear to de-exeite the
1.92 MoV level; while &% is clear that transiticen (1)
proceedes Trom a lower levael at 1.87 ¢ 0.011 MeV. It &g
proposed that the "l.92 lewel®™ is actually two levels, and
not three, as suggested by Schwerdtfeger. The proposed
decay acheme for the 2.04 MV, the 1.92 eV and the 1.87 MeV
level i3 given in Figure 13.9. The 2.04 MeV level is
de-excited only by a direvct transition to grounds 4 1.92 ¥eV
ercsg~over transition oeccura from the 1L.92 eV level. In
¢ompetition with this transitiocn are two capcades: a
0e580 MoV « 1.34 MoV cascade, and a 1,055 MoV - 0.875 MoV
caseade. Two different assignments are possible for the
Ue580 8V » 1.3 ¥e¥ cascacde. The one shown in solid lines
has bean proposed as the mere probable sinee MNussbauvm and
Suri measured the coincidence i{ntensity for these two VeRays
to be 10% of the 1.34 MeV veray intensity, and the eaergiaaf‘
ara appropriste. There is ac strictly conclusive evidence :
{here or in Schwerdtfeger's paper) to rule out eithewr
rosgibility. The assigament ¢f this transition remains
anpiguous. From enerpy considerations sthe 1.055 Mov = G875 eV
trangition must proceed as shouwne

The 1.87 HeV level deeaye by a U.310 %oV » 1.56 oV
cascade. The assignmont of this cascade is also ambizuous,
and two posaibllities ars indicated. Huashaum found strong

evidence of a (o190 HeV transition in coincidence with &
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0.324 ¥o¥ veray. I the 0.190 XeV tronsision occurs between
tlie Le54 MaV and L.36 MoV levels, thon Likoly a 0.324 MoV
transition lies between the 1.87 HeV and 1.54 YoV levols.
this possidilivy akculd be chocked by 8 sun-coineidenca run
on the l.54 MoV level. Provicus workers have nut presented
svidence to gonclusively rule ocut either assignment for the
1087 HaV lewvel decay.

Approximste intonsity seasurements have beem made
an run l.l &m Figure 13.7. Eff{cicncy curves from
Appendix T wers used in the calculation. The results are
summarized in Table 13.1.

Transition Intensity I as a % of the
croag-over intensity.

Co310 MoV w 156 veoV Tel

0:,580 ¥eV « 1.34 MV 36

0.875 1V « 1.055 MV i9

{Go200 MoY » 1.72 He¥) L5 §

An srror of ¢ 20% of the values of Y has been satimsted due
tv the finite scurce size and the small detoctor-gource
gistunce. These values should be multiplied by & factoyr
somevhers between 1 and 2 %o accocunt for the background in

the sum window from the 2.04 MoV crosseover. Lven within
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the limits of thess gonerous errors it was not rossible
to find reasocnable agreement with intenszities listed fopr
the single transitions by dchwerdsfeger. It =ust be
pointed out that the tiwo types of intensity measuroments
are nct strictly compersble until all levels have been
analysed,

For morc acourate inteasity calculavions, the
dotector efficiencies should be measured eXperinantally

and a longer run done at Tgg © 5 cms with & = 180% ang 90°,

Figure 13.10 48 & sum~coincidence spectrum on the
l.12 ¥eV level taken with the old spactroratar. Al though
the old ag&caywmaﬁér had poor zain etability, ond its
deteetors were not astched, this speebium provides valuasble
information aboeut the cascades from the 1.12 XV lsvel. A&
Uol1e HMaV = 0,802 maV cascade is clearly indicated. These
transitions must oceur between the l.12 eV ond the
C.323 ¥eV level, and botween the 0.323 YeV level and grounda
& 0220 eV = 0G.890 MoV cascade 1o alsc evident. Tho
Co22¢ M2V transition onecurs between the .12 MoV and the
Co 880 MoV level, while the G.490 eV transiticn procoeds
to ground from the U.880 MoV level. The eentral brosd peak

is smainly due to background Trom the U578 YoV & U511 Hel
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sum pesk, and doee not beleong %o the 1.1 Me¥ levele I
there is a Go576 MoV = 0.544 Me¥ tramsition, 1% is cbscured
by this background. Hote that the sum window 48 oo novrew

for a Tirst rum, and is g2t & bit too high for the
Ce220 MoV = Qng% HeV cascade.

Shifts in the cascade sum peaks have beon caleulated
frem data by Devare end Tendon. The values for the studied
transitions arve presented in Table 13.2. This dara should
be used for setting the sum window in future runs. It ism
interssting to note that the weighted averages of the axpected
sum reak positions for the .52 MoV level is 1.946 Me¥. This
agrees w#well with the observed value.



Transition

Ua75 HeV¥ - 1.055 MeV
G580 MeV = 1,34 eV
G.310 MeV = 1.56 #aV
G.318 HaV = 0,802 #eV
Co260 eV = 0380 MoV

Iable 13.2

Znoergy Sum

L1493
192
1.87
1.12
.12

¥V
MoV
HaV
eV
YoV

Bxpected Sum Peak Posgition

1.962 eV
Le95) MeV
1.898 HaV
115G ¥
1139 HeV

In order to improve the accuracy of the data, longer
runs ghouwld be mude on the 1.92 MV and 1.87 1%V levelse.
¥oasuremsnts chould be made et ¢ o 18@” and 990 with

Tag © B emse Runs with nurrover window widths would be

helpful. ¥For better iatensity cslculations, tha detector

eificiency curves should be mwasured, wnd accurate batkground

neasurenents nade oy each mun.

Angular correlation

neasurauents, as previcusly suggested, should followe

tany of the observed yeray peaks could be composite,

consisting of twe or mors verays of similar energies. 7o

resolve these peaks 4t would be advantageous to use a Lithium

brid% Jeteetor. 4 svudy of the not-lincarity of response of
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the HaX({7l) detoetors should also be made. For further runs

& jefold 4nerease in the neutron flux is desirsbla,

The results of the studios on Geég deeny are
sumariged in Fipure 13.%

5
!
%

e K5t
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CHAPTER 14

CONCLUSIUHS

zel & Summsvy of the Result

The high stability sumeeoincidence spectroneter
which was developed proved to be & substantial izproverent
over conventional sumecoineldence spectrometors as deseribed
by Hoogenboom. The high sbability achieved is demonatrated
by typical gain drifts being 2 0.4 for room temperature
held to # 1F° over pericds of 4 %o 6 cays. Ho gain stebilizers
were used. Counting rates up to 1.2 2 164 scunts/nee wers
possible with negligible gain shifts. The aduition of a
fast coincidence cireuit, ia conjunction with provision fop
anolysing the Sum Amplifier 4 ¢+ & cutput gpreatly iuproved
the versatility of the spoctrormter. The technigue fow
analysing spsctra that this arvafgonent allowed is o sube
stantial coatribution to the Hoogonboon sumegoincidence
nothode

In the eourse of reviewing the thecry for the
resclution and efficiency of the speciLIometer, & new and
were versatile expreseion for the debtsction aefficiency was

developad. Thisz expression is based on a mere Dealistic
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nodel for the sum window. I ellows officiency calculations
for windows of say width, off-genter windows, and for the
¢ross-over intensity in the sumecoincidence spectrum. These
calculaticns were not possible with the Hougenboom formula.

Several levels were stutiied in the Gaég decay schene.
The highest energy levels in Gaég folliowing Seﬁg decay were
shown L0 b 2.04 MoV, 1.92 MoV and 1.87 MeV. 4 ercps-over
and two casosdes wers found to de-excite the 1.92 He¥ level,
while the 2.04 MeV level was shown to decay only by & orosse
cver, and the l.87 ¥eV level by & C.310 ¥eV = 1.56 eV
cascude. Twe caseades ware found to do-excite the 1.12 HeV
lovel. For the U.576 ¥V level, svidence was found for the
existence of @& 200 KoV - 323 ¥V cascade. The results
are given in FPlgure 13.%.

The Tuns on Gaég indicated that a higher sctivity
should be used. For move efficiont use of the neutyon
generator, the apectrometer showld be operated in & remote
location, where continuous sample counting rould be caxpied
outs Longer rung on the 1.92 eV and 1.87 MoV levels are
required with narrow sum windows snd with 0 = 180% ang 90°

ab Zgq 8 ¢mBe
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In the eourse of this work, several concepis <nno
under consideration whieh gave rise te ideas that contd
develop into simesble projects la thensolves. <hese
proposals are given here slong with other suggestions fo¥
further astudye. | |

High on the priority liat is & measurenent of the
nonelinvarity in pulse-height response ¢f the Hai{Tl)
dotectors used in the spectromeber. For the npasont worlk,
data from Devave end Tandon haa been usad, but theiy
measurements were made on a well erystsl, ans may not be
strictly accurate Tur the Harshaw 3® % 3" detectors.

4s previcusly deseribed, two gingle chanael
analysers should be econatructed Por use with the spectronsted.
The gein stabilizer, a project in itsel, should be
developed for use in longer Fulde

Although & critical tost of the time rescluticn
theory was not achieved, soveral proposals sruss. Cone
sideration of tha theory by Catti and Svelte indicate that
a "fractionsl pulse hoeight trigger” should be constructed
in order to improve the time raaé&utiﬁn of the fast
coincidence unite. 7This trigger is of nost importance for
analysis of the low enalgy region, whore time regolution is
the worste It would be interesting o ro=investigate the
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ragolving vime with the existing equipment for different
photomltiplior high voltages, and for energies from
30 Ke¥ to 3 MaV,

A& derivation for ria’ uging 8 new method similar
to that devised for the calculation Gf’@xa in Appendix I,
would be of intersst. The busis for this new derivation is
more realistic than Hoogenbuou's model. The possibility
is suggested that this new snmlysis could prediet the
shepes and positicne for peaks in the sum-coincidence
spectrun even when the sunm window i3 ofT center.

Uf ecourss, an extension of the investigstion of
caég decay should be carsfed cute. This otudy should include
angular corpelation experisents.

It 4s felt that & large conbridution has been
made %o the developmant of a versatile and highly stable
sum=ceincldence gpectrometor. Several new ideas heve been
proposed for improverent of the spectroreter and for the
refinement of 4ite theory. Jubstantial information hasn boen
gathered on the deecay of ﬁaﬁgu “his thenis should provide
& thoreugh guide for continmustion of the reswarch undertaken

in thin project.
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APPERDIX 1

RESCLUTION AHD EFFICIENCY
CALCULATIURSE,

Topr derivation of the efficiency and resclution
formulas the photopeake formed by the y~rays are asgsumed
20 be Caussian in shape. For a veray ©f energy Eci the

spectral shape is given as

. - “t® ( E;, - Eog)a
£,18, = 5,) = Lo ) (T.1)

where Xi is the maximum helght of the photopesk at energy

Ei = Boq0 and ?ﬁ is tha FeH.He.lle 0f the peak. From the

definition of rig it can he shown %0 be

gy o=@ 182 5293)

if the area under the photepeak is normaliszed So
give the intrinsic photopeak efficiency, €y, Yor the y-ray
of enorgy E,.. then
€y = £, (E; - E_;)dE; (I.3)

gﬁ: -t
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1
givine I a«.—i—-— (__%_...‘ ) (1'&3
tywm N
Agguming & symmebtrical detection systen, we can
write the probability that versy, Yy» of enevgy ﬁal gives a

point of energy El in its photopeak due to absorption in

detestor &, as

By = B 4¥
2 L ol
fi(El - By} = Iy e ( T3 ) {Z.5)

For y-ray, Yo, OF energy B o0 absorbed in debector B
the probability is
0o 2
2( 2 Eg?.)
p:

- = wiy - 2
2548, = Bypl = I8 (1.6)

These v-Tays add 0 an energy
Byg ™ Egy * Bga {1.7)

vhen the two yerays are added, the cascade sum

spactrunm so cbtained is deseribed by thoe prvbabilivy function
ety

B0, = Bgd = | 505 - 5y) £, - Boplam,
E‘% L

L (2.8)
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where B = B, - &, (X.9)
and By, = By = By ¢ B, (X.10}

Equation (I.8) is evaiuated as

2 / B, ~2,.,\°
D - B b ) 2 £ s
TolBy = Byg) = Ige » ) N
‘ -2
e 8

e (2.21)

Henece, the efficiency for the cascade aum_pﬁak$, oy
the area under this peak is ziven by

35 = ﬂ'l [ 92 (3012)

and the F.i.HeMe of the sascade sum peak is

Ty = J ?12 % 2‘22 {I.13)

&
For actuanl casecads sum runs this wvelue pust be multiplied by 2
t¢ account for eamch ye-ray being deteched in either crystal.




fo caleulate the FolicH.Xe of the peaks in the
sum=coineidences apegtrum, Hoogenboon assuned a Gaussian
7
shape for the peak sranssitted through the sum window .

This shape is given by

2
E «
3( s g§'>
- - LY . w13
f&‘“@ - Qs‘ o xaﬂ Ty ‘Iunl‘b)

where Ty i8 the window widths The argument for the
derivation of the shape, ;is’ of the paak or v-ray, ¥y
in the sumecoincidencs spectrum follows. The probability
of detecting & pulse height EE aue to the detection of v,
in detector B is

faggz Ld zez} (}:063

The probability of the selected sum pesk pules height &

appeaping in the sum winddow is

faﬁf;& - z‘z%) {T15)

“Hereaftor cslled the "gated sum peakT.




The probability that these last two events cecur at the
sare %ime, such that %3 e El + Ea, ig

£,(Ey = Byp) o £,(B; « B, « B.) {2.16)

The total probability for all encrgies By is

$Hoo
J £3(8y = Bop) « L UBy + By = Bog)dk, {1.17)

Pﬁ T o™

2

The prebability that yeray Yy gives & pulse height E, such
that Es o Bl % Ez at the sane tinze i

o
P f B - Ey) f TalBp = Bogl o %5l5 + By « Egldly
Ez o e

{1.28)

This is just the probability distribution for the peak for
Yeray v; in the sum-coinecidence spectrum; f.e.

y - B '3
M) (1.19)

2
, et f
Pof by =Exl=Ie ( 18
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Zvaluation of equaticns {I.18) and {I.19) chow the Pl
of the vy peak in the sum-coineidence spoectrum to be

J 2 2
XL (£.20)

2 2 2
‘l!"l -yrz ﬁ.ra

Tip

and the sfficiency for detectlon of vy in the sum-coincidence

spectzum %o be c
€ = 2!5@ €€, = & {X.21}

3 J 3.12 . 2\‘22 N }.32

Hougenboonm sesa €, = T, Yo obtain

?I
| £ ' :
y ¢ T ® Te |

This is equivalent to setting the gated sum pehk maximws

height to

S | {Z.23}
I, — 3

2y interchanging appropriste subseripto, equations {£.20}) and

(f.22) yield the valuee fOr Yhe
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Since it was found difficult to justify the choice
of I, made by Hoogenboon (equaticn I.23)in a logieal fashion,
a8 more direct derivation for an efficicncy formula was
ecnstructed.

Equations {(T.1l), (Z.12) end {I.13)} define the shape
of the cascade sum pesk f£,(E, « B ). This peak contains all
the events where vy has entered detector A in coincidence
with Yo entering deteetor B. The area under this curve
reprecents the efficiency for detection of the coincident
events. I a sum window, instead of a Oaussian window,
with szharply defined, straight edges and width Ts is applied
synmetrically to this peak {l.ec from B, = B, = «m%» to
By = By, ¢ ~;§-Q, then only those events lying within the
window contribute to the vy peak in the sumecoincidence
spectrum. Consequently, the araa under £,(8, - ) between
By = Egy = —§ a0 B, = Egg *

€ 1s? for detection oF Yy in the aum-c:oinem@nca spectrutie

-§“ represents the effieiency,




cléﬁo

?3
E@Q * -3
63'8 o f’g(Eg - Ewbema
r
By = Bog = 3
. .
i*:w L 4 ‘--g E el 2
i? ( AN
o f - Iga Ty (ﬁ‘za
3’% = Ew - .__ﬁ__z
How make the substitution
‘@
?ﬂ
eﬁv@ = 4% {1.26)

(Z.24)

|
{
i
i
i
!
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and (I.24) becomes

r
G o m—
I, T, PRI
615 = g.g -] z a8
u N2
T
L A T 8
a2 Ty
w’r
Zr,
The Zunoction
t e xR _ tz
4 T e
2z Ty \FO}
t =0 iIszm
n®™ J2en2 T »
Z2r, o

is a common and well tabulated 1ntegra135.




- 262 -

Hence %he efficiency for deteeting veray Yy OF
y=I2y Y, in the sum-coincidence spectrum is

€19 =Cpg =25 -, 2 (iﬁﬂ-—) {1.27)

Zr,

This equation is accurate to the esxtoent that the singles
spectrum photopeaks can be represented by Gaussian shapes.

Beuation {1,27) is also useful 4n thet ib predicts
the efficiency for detecting the cross-over transition in
the sum-coincidence spectrum. Por the cross-over, €, «<a
is replaced by éc' the efficiency for detecting the crosg-
over in detector A; and T, is replaced by ?h, the FeileHole
of the crossecver photopeak. Clearly, the efficiency for
detecting the cross-over in ths sum~coincidence spectium
ie

u ' .
Eeg u 26@ & (:l%—-!f) {2.30}

For an approxinste comparison of equation {1.27)
with Hoogenboom®s Fformula (equation .22}, the function
4{x) can be @xpmti@dw,




3 s < 7
P SN N S 2 2
e i 1A 2 s Ak
ﬁooocc.t:l (Is31)

For -§~' < 1 we approximate &{x) by
% c-u%-—b u-;-gu e
{x) w0 = (2 ) {I.32)

Using this in equation (I.27) the approximate values of éis
2 2
for rbj‘]ri * 7" <1 i

€ig = €2 ® apﬁi Sitele {1.33)
Ez - "*”aa
Equation (X.33) differs from Hocgenboom's equstion (I.22)
only fn thas theyT;2 + T, + T, tern in equetion (I.22)
b@comealriz * ?éa.&n aquation (f.Bsiz
T¢ is folt that equations {I.27) and (I.30) provide

a nuch more ageuratss estimation of the detection efficlencies
in the sum-coincidence spectrus than Hoogenboowm's formulas

doj particularly for s wide sum window. It would be
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intoresting o use the same techninue doveloped in vhis
seevion %0 ohtain more aegurate Toraulaes Lov Tis and ?éa'
thile accurate values for ri& and Tég are not extraxely
important, procise formulas for the efficisncies 613, €0
and.eg‘ara of utnost importance Tor the snalysis of
transition intenasitiss in veray spectra.

The sane analysis, bub with differont limits of
integration, ¢culd be used to caleulate the effsct of an
off-genteyr sum window on the detection eflicicney in the
sumeccincidence spectrum. The calculaticn ia very simple,
and leads to an expression involving the sum of two easily
evaluated #{x} terms. USince thers are often sevsral
competing cascedes de-exciting & level, and the non-linecarity
of HaI{?L) shifts the cazonde swa peak Tor cvach ecascade by
& different value, it is inevitable that the sum wiadow will
be seb off-center for all but cne of these cascedes {or the
crogs=over pesk). Hence, it is necessary to calculate
doteosivn efficiencies fuor off-conter sum windows.
Hoorenboon's formula does not rrovide for this cass, noP
for & caleulatiocn of the crcss-over detogtion eificicney in
the sumecoincidence spectrume. For a sum window shifted oft
cenver by an energy interval "a®, the efficlency Tormals

baoounas
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€,y = €y =&, € ,@_&&_(ﬁ.;.&)]
le 8 i 2 2
Zr,

This function can be easily evaluated from known values of €

and 62. and from tables of the errer function, %{x}. 4
similar formuls applies for the cruss-over detection

gfficioncy.

Hetaction for the Singles Speebrum

¥igure T.l shows the trancaission efficiency I/I,

of the aluninum window in the detectors used.

wdfd, ;
%n = 2 / 1/2 QIOBS}

o

where I is the tranamitted veray intensity, Eg is the
incident veray intensity, d is the window thickaess and
dlfz is the hal? thickaess for the ye-ray encrgy, L. dl/@

{5 a function of B. Figure I.1 shows that Z/I, can be

taken as 1 for onergles above SU ReV.
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Figure I.2 gives the total y-ray detection elficlency,
€py and the sbaolute photopeak detection efficienecy, Gp, for
a yeray of energy £ in & aingles spectrun. The curves are
given for a 3" x 3¥ HaI(Tl) crystal, with s detector-source
distance ¥y, = 8 cma. Tay is the distance fron the assumsd
peint sourcs, on the eylindrical axis of the crystal, 0
the front fuce of the HaI(Tl) crystal. The curves woere
caleulated frum theoretical curves by wWolicki et &11'381
ecozbined with experimental photofraction measurexents by
ﬁeaahl’Bg.

Figure I.3 chows the measured resolution curve for
che twe dat@cngra used. The resolution is expressed in

parcant; i.@. Ei»x 1009, where ?i ig the Fe.il.Hoile 0F the

photopeak for the gammaeray of energy El'
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APPEHDEX IX

CALCULATICGHS OH THE OPERATIONAL
AWPLIFIER.

Caleulesions are made for the voltege and curvent
gains, and the input end cutput fnpedances for the general
operational amplifier shown in Figure IL.l. The eireult
consists of a transistor amplifier with an open locp current
goin «A. The input impedunce cf this amplifier is the
bage resistance toc ground, Eb, of the first tyansistor. For
generality, an cutputb &mpadnnee R,y is shown. The outpub
voliags, VG, is developud Qith the output current iL in the
lcad 2;+ 4 fuadback through the impedance Z, gives negative
feodhack te the base of the £irst transistoxn Vi. is: ¢he input
voltage developed across 2, the input load. The wltage
developed across & is terned V.

The three voltages nay be exprevsed as?

Vg = Ggdy * v, {IX.2)
Vy = 4.8y (ZI.2)

Vo = 4yl = igle * Vg (11.3)




—17)-

éi"
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The two node equaticns glve!
ii &= ia « ig {EXQ@E

=4, = ig * 1 (1Xe5)

n.‘i
v .
The veltage gain <y~ is caleuluted as Tollows.
i

To eliminate i,, equations {IT.5) znd {IZ5) ars cosbined

w0 givel

i, = =Ad; = {h * 1)1, {21.6}

ilsc from equaticas (IT.3) and {XI.2),
A L8,
£ )
iz) o= if E » A (4 (IK 0?)

and substituting for i, frum equation (IX.4) equation
{$2.7) becomes

1 £ 4 :

Lquating equations (IL.6) and {I7.8) gives:

ZF s

3/ £, * B
w (& # %%“-}ii = (A + 1 + L3 E’L% M’f (I1.9)
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From equations (II.1), {IX.2) and IX.3) the wvolitage gain
i

{13.10)

and from equations (IX.4) snd (IX.9) chis is simplified to

v I
(A +1 » ﬂ-g-z-l‘&)ﬁi * Q1+ -,zf-mb (17.11}

It will be noticed hers that the voltage gain is
indopendent of R,. Typical values for an anplifier where

the impedances are ell resistive are:
A= 2% 10%
Rb = 200 0
:’»2'.1. = 10K
:f:L = 2K

Using these values it may be seen that

v Z KA
3 A QIEHIQ}
R B A



w 17 =

From equations (IT.l), {II.2) and I¥.3) the voltage gain
is

{1T.10)

and Crom equations {IX.4) and (IL.9) this is simplified %o

A daewl
o -

v
o o- Rr—s z
4 (e + 1 » -—-f;-z—]ﬁmi Q2+ -gf‘)ﬁb (11.11)

Tt will be noticed hers that the voltage gain is
independent of B.. Typicel values for an anplifier where

the impedances are all resistive a¥e:
4= 2 x10%
By = 200 n
Zg = 10K

dp = 10K

{TT.12)
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The voltage gain is clearly independent of the arplifier
onen loop gain, =i, and depends only cn the ratic of the
foedbuck impodancs t0 the imput load.
In general for an epsrationul emplifier the

conditions

A >}

AZg »> Ry
4 >n aff'
L

A
gnd (A + L ¢ —-gLEEEQ)ﬁ »» (L + ~g-%ab

ape met and equetion (IZ.12) s valid to a very small Syrol.

BRL UdiNe ‘
The current gain ~§&~ 3 celculated in the felleowing
1

manner. From equations (IX.2), (IZ.3) and {IXob) ¥y ond L,

are eliminated to glve

Bquutions {IT.13) and (21.6) are combined to eliminate ig

Magp ¢ Byl = (b ¥ 135@] .
P "4

"h\

and glive .
zf.«»ﬁh@(a*m%

- { R+ 4 L ”[

{ITe1h)
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Hence

& (1)
T S TINE T T ) °

Here nypical valuss axre
T 420k

Ef = 8K

Bb = 200 7

ZL = 500 0O
and again it is guaranteed that

AZg > By

and (& ¢ 1)2; > (2g ? Byl

sc that

?:; g s (m) aL o E{: (1 ‘1 }

The current gain depends only on the ratic of tvhe fevdback

jupedance to the load fmpedance.
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The dmpedance of the virtunl ground seen at the
Juneticn of Zf and Rb s easily derived. if from sauabion
{11.4) is substituted in squation {3X.9) which reduces $o

Le * By

{A+1 {;}Li
i, = Ze ' i
(1 « *@7*4
s

{12.17)

The input inmpedance at the virtusl gyound iz

2
LRy (2 ¢ gi)
v ) &
, - 1

= - (11.18)

&

Ysuslly, =g »>1

s
and & >>1+¢ -
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so that (IZ.1&) may be simplified to
-
&y,
az -3 -—-‘E--—-ﬂ ﬁhl@?

For

By = 200 0

gfﬁ 14

&y = 500 n

j“' Zzu@ea;@

It is evident that &y 18 extremely small and the
Junetion of zi, zt and ﬁb way be eonsidersd a viztual ground.
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To calevlate the output impedance as sean by the
lcad 2’7‘, it is ascumed that the cperaticnal auplifier i
driven with a constant current, i;. From equations {IT.2),
(I3.3) snd (TLd)

v, = 2% Bl L, - 1,5 {1120}

From equations {IZ.4) and {(IX.5)
i, = iy
ig - -%~gﬁf&~ {11.21)

Hence (I¥.20) becomes
By, = Aig Lo + By

Vo = =RTT L HST b (21.22)

How the cutput inpedance 15 defined a8

ay

~” = gw Wag“ ¢ b
&0 aix‘ \EZ&EB)

so that equaticn {(I1.22) given

Zo ¥ &
o £ L
Ly, = "Tg‘e?"% 2 T {IT.24)

For the typical values Eg. = 10K and & = 153&’, equaticn

{¥2.24) yields
2;@ = 3 @
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Clearly, the operational anplifier can handle
resistive loads 2 100 ©, and the voltaege geln will show
very litele dependence on the output load. It 48
interasting to note that the ocutput impedance is independent
of Ry e
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AFPENDIX IXX

TIME RESCLUTICH

e, fron Gattd a héwﬁéﬁﬁg.
‘The tims resolution theory of Cattl amd Ivelts was

introduced in Chapter 9. Their cupves ars preseanted in
this secticne.
Pgure III.1 shows the contributicn to the
- . 2 .
resciving time arising fr“%‘“ti.ﬁ,em’ the variance in the
machine time due to the statisticel fluctustion in photoe

electron emissicn, spread in the photoelectrie yield, and
spread in the current gain. 7Tts value is given by

%ﬁ%l * a§ + B egﬂj multiplied by & function of time. The
ccordinates have been chopen S0 Teprescnt the function with
respect to the ratio C/H. 7, © and R heve Uhe same neaning
a5 in section Yol gﬁ i3 the varisnca in vhe amplification
4 of individusl photoclectrons. P is the mean yield of the
vhotocathode, and sfw i5 she relative variaace of She
rhotoeathode yielde. The curve for A/7 = O has been shevn

$¢ bu given by
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Fig. III.1l. The machine time o

variance due to statistical
fluctuations in photoelectror
mission, spread in photoelectric

yield, and spread in the current
gain, From ref, 23,

Y e et e
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Fig. 1I11.2, Machine time
variance due to spread in the

Y Sel oo

device delay time, From ref, 23,




L 163 -«

2 = 2 2, 1% o/R
2 r o ‘l > P + g )
ti,a,em Ye A ® {1 ~ G/R)E

2 .
o (v BE, + ) R [1 e ] (T11.1)

This expression is close to the equation (9.2} given’by
Popt and Schiff. By itself, it predicts that the best
resolving time can be obtained for C/R = C.

Figure IXI.2 shows the machine time variance,

due to spread in the transit time of the electrons

e
utiaph!

through the photomultiplier. Again convenient coordinates

have been chosen to represent the function. ggh is given

by
2 2 *“‘gc; 2
eph = Ggy % m {1 » E} ' ﬁIIlﬁ-E?

where @ ¢4 is the standard deviation of the delay time for

a photoelectron travelling from the cathode tu the Tizst
dynode, €4 is the rootesmean square deviation of the delay
yime botween twe succeggoive dynodes, and g is the secondary
erission factor. Note that this function increases sgain
at low valuss of G/Re

Figure III.3 shows the variance in the maching
2 3,
gh,r is
the velative variance of the pulse width A\. 7This function

tims due to the spreac in the S.BeRe. width X
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also increases for low C/R.
These thiee contributions are combined in the

following way:

2 L2 -
gi g&g&’m ti“ﬁ% eig&
o2 gg hy@m e ";E »ph
2 .._.5,.& sy . T "EL"'
w --&1 "“"A"'myr e P > = ch/a
il ® ey * Py, B
2 .
P |
2 Lgan
A T 2
Tt Gu,r

For plotting on & graph this sguation is divided by 7"";}1: /i

e glve
2 2e
e . by phip0m
i S (E.z._.) 1+ o2 32 |t
‘ph/R ph %n(}. > &fz * "sz;:‘;z,)

2 | |
t.(-«-15-:‘> 2 | j (1IT.4)
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rig, I11,3, Machine time
variance due to spread in the
S.E.R, width A, From ref, 23.

. I3Y,4, Toteal mechine time
zoiznce for the fixed parameter
;@Ph =6 . rrom ref, 23,
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Figure III.l, shows a graph of equation (IIX.4)
given by Gatti and Svelto for'ggg = o Figures JIl.5

end IIT.6 show rough sketches of the trend for Q’ = 100
ph

ang =t = 10,
”ph

It ic obvious from these curves that, for a
given R, the minimum resolving timé i3 not achieved when
¢/8 = 0. Actually, the minimum machine time variance
should be obtained for C/R somewhere in the range of 0.2
to .02

TIT.2 4 Schnmitt Tripper with & Hiss Contrel

A Schmitt trigger circuit is propesed here for
the fractional pulse height trigger suggested in section
GeTo

Figure III.7 shows the tentative trigger designe
Omitting resistors H7, RE, ®13, transistor 3, and capscitors
Cl, G5 and €6, thio cirecuit is a conventional, AC coupled,
Schumitt trigger. Potenticmeter Rll sets the DC bias, above

wvhich the input pulse must rise to trigger the circulte
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Transistor (3 is normally held on by resistor RE.
Consider the caée where 51 is closed and Q3 is held ofY.
Transistor @} is normelly conducting so 02 is held off by
the revorse blas on its emitter-base junction. The bagk
bias on @R i3 adjusted by the pet@atiemaﬁar‘aal., ¥hen the
input pulse voltage is greater than this back bias transistor
2 surne on aand @ turns off. Due to the Yeedback capacitor
02, the switching is regenerstive ant oceurs quickiy. After
& decay poricd, determined by H3 snd 02, the circult returns
o its normal state. A positive output pulse is cbserved
at the collector of (2.

¥or adjueting the opsration as a fractional pulse
heizht trigger, switch S1 4s closed and no inpubt is supplied.
rotenticmeter Hil is tuned until the trigger Jjust filips on
145 own., With this bias, the trigmer is set to flip as soon
as the input pulse starts to rise. How the switch 31 is
opened, and uvransiztor (3 turns on providing & Semporary
back biag on the bese of 3. This preventsz the circuit Irom
trigpering of its own accoxd.

uhen the bias pulse 18 applied to €5, Lhe atitenussor
13 feeds o fraction of the pulase Lo the blas point at
potentioneter Ril. This introduces an additional bias
prmpprtienai to the input pulse height. At the same time,

the bias pulse turns transistor 5 off, releasing the




w 100 =

téﬁperary bies on bhe bess of (2. HNHow the bias the impub
pulse &t QL must overcome to trigger the cirenit is

Vg = kv,
where k is the adjustable attonuation factor. Hence the
input pulse triggers the Schmitt Srigger aut & Tixed fraction
k of its input pulse height. The Tast zising oubpul can
be fed to & Test coincidence eirguit ¢r toe a time-to-smplitude
conyartor.

The 20695 transistor has been chosen bacauge of its
fast switching time (S, = 1.6 nsec, te = 1.3 nsscl. Of
course, more detailed design is necessary o make this
cirenit function properly. Farticular care must be vaken
in the design tc achieve fust guwitching times.
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APFERDIE IV
THE O3CILLATING TRITIUN TAROET.

ihe pieturas in Flgures IV.1, IV.2, and IV.3
show the censtruction of the cseillating tritium target.
In Figure IV.2Z the tarpgset block can be seen. A 3¥ x 1L/a%
copped-backed tiitium target is ¢lamped to the target
bloek by ®the metal plate with the oblong hole in it. The
tritiun varget Yoows 3 seal between the vaeuunm in the
target chamber, and the eovoling water in the arget block.
& rubber gasket behind ths thzgat ensures & good vacuun
seal. Cooling water Iuas over the back of tritiun targsd
to disgipate the haeat generaved by the douteron bean.
The two coppey plpes suppoctiog the tevpet bloek from the
F/8" shaft provide entrance and exit channels for the
cooling water. 4 system of "G vinge seals the 7/8% shaft
apainat the atmospheric sressure ocutside the target chorbele
Whon the epparatus o assembled, as shown in Pigure IV.l
and ¥pure IVe3,; the tritium target is directly in line
wish the douteyon beas coming down the centze of the 2%
tube on the front of the target chamber. & toeflon gashket
is plaedd between the flange on the 2" tube sna the Ilange

on the neutron generator, and the assesmbly is bolted to the
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neutron generptor drift tube. Insulating washers are used
on the bolts, se that a wire from the targel chamber allovs
reading vthe deuteron bssm current. The small 17 tubs
projecting from the 2® tube i a port for viswing the
sritium target, primarily for the purpose of lining up

the deuteron beam.

The target 15 mude to vsclllete past ths deuteron
bean at the rate of 1 eyele per minute by the slectrie
motor and 4-~bar linkage on the back of the assenbly (see
Figure IV.3}. JIn this way the deouteron beam scans the
whole length of the tritium target. Two plastic couplings
on the end of the 7/8" shaft permit houses to be attached
for the ecooling woater. An axtrE "hacking-out chamber? ig
provided on the outngide ond of the shatt to lessen the
nressure across the inner vacuum sesl on the shalt. An
oil type, vacuum pump is attached to the pips on the
backing-cut chamber. The fittings on the L4-bar linkage
pernit adjustoent of the centering end the throw ol the
target oseclllationg.

On the back plate of the target chamber, a 1 1/27
diometor indentetion is Lound dirsctly behind the target.

Sources for sctivetion are set in this hole. Using a
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2 mcuriafém? tritium target, it was possible %6 Tun at a
Tux of w 107 naanraaa/emgfs@e Tor 160 hours. The reaetion
ig the well known

1B ¢ T3 < ghek s al (19.1)
reaction which yiclds 14 YeV acutrons.

One dmperfection swcountersd in the cscillating
target arises Tvoem the 4L-bar linhage drive. & sinple
enzlysis will show thut the sngular veloeity of the
sscillating target is not constant, hut 4s considerably
slower st the extreme erds of 148 swing. This chavacteriatic
causes the endzs of the tritium garget $o be used wp =ore
quickiy than the centre 0of the strip, making the neutron
flux fluctuvate &g the target cscillstes. The preblen could
be eliminated by driving the target shaft with & constans
anguler velocity cam. An luersage in the oscillating

fraquency would zlse improve the contrul of che neubtron Flulde



@ 156 o

REFERERCES

l. . Co Stewart et al, "Harshaw Scintiliation Phosphors
éggﬁ egégéuni”. The Harshew Chemical Company, Cleveland,
o » oo

Z2a KRe Le Chase, "Huclear “ulse Speetrometry®, MeGraw-Hill
Boolk Company Ine., Hew Yorl, i%ﬁl, pre 17 = 26,

3. dJo Sharpe, "Huclear Radistion Betectoxrs®,
Hethuen and Company Lbtd., London, 1955, ppe. 101 - 127.

bhe Be Co Invis, T. He 8Bell, G. 0. Relley, and H. He Lagay;
Zesponse of 'Total Abgovption' Spectrometer to GComes Hays,
ToReiie Transactions, Vol. HS«3, Hunber 4.

5 Vis. Reference 2 - pases 193 o 303,

6o &. ¥, Hoogenboum, A Hew ¥othod in Gamze=Boy Speelruscopy:
A Two Crystal Seincillsavion Spectroueter with Improved
Resclutiocs, Huclear Instrumente and Fethods, 3, 1958,

Ppe 57 =« GHe

?+ Se I. He Hagqvi, Uperating Charcctoristics of a Sume
Coincidence Spectrometer, Huclear Instruments and
Hathods 26 {1%62), pp. 305 = 309,

e Go. Y. ¥ithé, Do Bévenyi and T. Scharber, Ex@ari@ncaﬁ on
the Applicetion of the Sumeccincidence Hethod, -
iuelear Instruments and Methods 14, (1961), phs 209 « 214.

Yo Re Do Lvans, "The Atomic HucleoueY, YNeSraw-Hill Bock 0., InCe,
Hew York, 1955, ppe 234 = 2hke

10, Y. &. lose, The Analysis of Angular Correlation and
angulsr Distribution Data, Physical Review, Vol. 91,
f‘f{%u 3’ 15;353’ pﬁﬂ bl(g b 61.5.

1le 3o U Schwiber and B. G. Hops, Nuclear Instruments and
Hethods, 26 (1964), ppe. 141 = 146.



12de
13.

ibe

156

16,

17.

18,

19

204

21,

o 197 =

Le Cathey, Y.R.¥e Traus. Huc. Sei. 88%5:3 (1954) 109.

D. Fo Qovell and Be. A. Euler, Proceedings of the 1961
Cegggraaee on Modern Trends in Activaticn inalysis,
e °

Be Re Lindem, F. #. Schenkel, P« 4. Snell,
I.ilake Trans. Hac. SCio, ﬁ57:2*3 ‘1960§ 61l.

fle Be Hurray and J. J. Hanning ‘
ToReEe Transe. Nuc. Scl. N57:2-3 (1960) 80-86.

Jo D. Hyder, "Hlsctronic Fundanentals and Applicetions”,
Prentice-Hall Inc., Fnglewood Cliffs, H.J., 1960,
pRe 240 = 343,

Jo Hillman and He Taub, "Pulse and Digital Circuita®,
%cﬁxaw~ﬂil% Bock Company Inc., Hew TYork, 1956,
pp- 22 = 20.

Fe Goulding, Transistoriszed Rudlation Honitors,
%égéﬁ. Trans. on Mucleay Science, vol. 88«5, p. 38,

Je 8« Frager and H.B. Tomlinson, Transistoriced
Circuits with Hanosecond Time Resolution,
AcfieGoelis Heforence numbers A=2811-D, A-2811-E,
he28l2=A, A=28ll-0.

pre 45 = b6 of reference 2.

e Boll, H. Graham, &ac H. Foteh, Ussign and Use
of a Colncidence Circuit oX Short Resolviag Time,
Cane dJa ?hyﬂo' vole BOE e 35, 1952,

He Post and L. J. Schiff, Phys. Reve 820, (1950
po 1113,

K. Gatti and V. Svelto, Huecl. Instr. and Meth., &,
(1959} 189 - 201.

he Segwarmachild, Hucl. Instr. and Fethe, 21, (1963]
l o l'o

H. de wWaard, fucle 13, Husber 7, (1955 36.




26.

27

23,

29

30,

31.

32
33.

3o

35

36.

37.

38,

3%.

- 198 -

Ue Ha ’?f&lkinson, Je 5S¢l Ingtrey g, (1950; 360

He L. Ghase, Jupple. t¢ I.ReEs Trans. on iluel. Sei.
Vol. H8-%, ilo. 1L, January 1962,

Jo' fe Ladd :'.“il}d Jo e K@ﬂﬁ@d}f, AokiaCoalia i‘é@}}@?@g
AECL=1417, CREL=-1063, Decomber 1961.

do Ao Ladd and J. ¥. Zennedy, Digital Stabilining
¥ethods for Multi-Channel Anslysing Systems,
#Aoksoloelie Heport, Chalk i’iiver, April lgﬁ3-

Je Aa Ladd and G. L. Haritley, A.Z.L.l. Hopord,
AECL-1751, CREL=-1123, Jume 1%G3.

Jo L. bemuynck and . J. Seguert, Huel., Instr. and
HMothe 16 (1962) 358 - 359,

page 95 of reforence 2.

Re Ho Nussbaum and 5. K. Suri, Phys. Hav., Vel. 105,
A0e l‘n {IQS?J 1272 = 1277

Go Fu Seﬁwefﬁtf@gér, Ae Ve Rawmayya, and A. (. G ¥Hitehall,
hucl . %}'Bo &2 (1953) 55 - é&n .

He G Dovare and P. W Tandon, Huel. Instr. and
Wethods, 22 (1963) 253 - 255.

I. 8¢ Sckolnikoff and R. H. Redheffer, "Mathexsties
of Fhysics and ¥edern Engiae@riug”, HeGraw-Hill Book
Company, IncC., (1958) 776,

We Nagnus and ¥. Uberhettinger, "Formulas snd Theorens
ror the Functions of Mathematieal Fhysies¥,
Chelsea Publishing Coupany, Hdew York, (1954} 96.

Bo. ie Wolicki et al., Calculated Efficiencies of Hal
ﬁl‘y{ih&lﬂ 9 Hollela Ha j;wz‘t- 3&533 8

Ke Le Heuth, "Seintillation dpectrometry GammaeiHay
Spactrum Catalog", FPhillips Petroleum Company,
Atomie Bnergy Livision, Idaho Falls, Idaho.



HAKE:
BGall:

EDUCATED :
Primary
Secondary

Universisy

Gourae

Degree

APPOINTHENTS
EXAPERTENCE

- 199 -

VITA

Dale A. Cedeoko
Kitchener, Ontario, Canada, 1939,

Suddaby School, Kitcheneyr, 1944=53.

Eitchener-daterloe Collegiate and
Voeationzl School, 1953«56.
Lastwood Collegiate, 1956-58.

HeMaster University, 1958-62.

Engineering Fhysices.
Be 23&;0 3.9620

Research Asgistant Uel., L902<64.

Researeh and development at Atomie
Energy of Canads Ltd., Chalk Kiver,
Untaric; Mey 1962 « Septenber 1962






