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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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Fig. 13.2. A Singles spectrum on Ge®®.
Run 24: Source against crystal face:
Counting rate at start of an, 747 c.p’-s. ;
Total counting time, 10.5 hy. ,



129 o

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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Fig- 1I3-5 A cascade sum sloec?rum on GeGQ.

Run 2:-3: Sum Amplifier A+B output with
fast coincidence. ryj;,=8cm. 86=90° 27T=77nsec.
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
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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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Fig-13-8. A sum-~coincidence spectfrum
on |-92 MeV in Ga®®

Run 3-6: gy, =8cm., ©=90°. Single crystal
counting rate ot start of run, 480 c.p.s.
Counting Time, 7l hr.42min.
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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
i
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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




w 150 «

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.
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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)
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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
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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.




w 179 =

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,
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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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Fig. III.5. Sketch of total machine time variance for /ey, =100.

N =0

30 |~

2
% Tetm Y
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% 0
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Fig. II1.6. Sketch of totel machine time variance for T/ , = 10.
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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
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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
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