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ALSTRALCT

An  experimental deternmination of tuae cdecays of

231 231

Pa, Th and 2*°U has been carried ouvt, using aicgu
resolution semi-concuctor gamma ray ceiteclors.

Due to tihie corplexity of tiue gamma spectra
observed, a computer prograrre was cevelopaed to aralyse
them npmerically. The prograrre, cocde namraec CUTIPIL,
utilizes a numerical seconc ciffererce mnretnod for
automatic peak searching, and a ron-lirncar,
multiparameter, iterative least squares fittirg
procedure for peak fitting. Two choices of peaikk anc
background shapes are available, anc tie prograrie can
resolve overlapping peaks contairiig 1o rore t.ian six
components.

231Pa

2 total of 73 garra rays were¢ observed in tie
decay. All Dbut three hac¢ been reported recently. The
thiree new transitions (1€1.0, 228.0 anc 427.0 keV) were
observed in the present work only in coincidence
experirments. Conversion electrons were exarmincc using a
trochoidal spectrometer. The K conversion coefficients
of 11 transitions were determinec., Of tuese, two (Luwe
ay of the 203.15 and 255,10 keV transitions) had not
been reported previously. Tnc cocfficients for tue two

transitions were determined to be 0.54 % 0.14 anc




0.21 # 0.05 respectively. All but one of the 73 gamma
rays observed were placed in the éécay scueme., Three
new levels at 429.6, 457.7 and 641.0 keV are suggestec
“based on the present investigation.

No new gamma rays were observel in the singles
gamma ray spectra followirg the beta decay of i,
Seven new transitions were obsarvec nowever, in the
gamma-éamma coincidence measurements. Their energies
were determined to be 44.2, 45.8, 87.2, 71.8, 73.23,
104.1 and 115.9 keV. A total of 48 gamma rays were
observed, and all but two (45.8 and 114.8 keV) were
placed in the decay scheme. Only one new level 1is
suggested, viz.that at 294.5 keV,

The energies of the gamma rays emitted as a result
of the decay of 235 have been very carefully measured:
some éf ﬁﬁe ﬁore intense lires have been calibrated to
within 10 eV. A total of 28 gamma rays were obkserved,
and only 17 of them had been previously reportec.
Eleven new +transitions (31.50, 41.70, 41.96, 51.2C,
96.09, 215.76, 275.35, 291.58, 345.84, 387.79: and
390.27 keV) are reported in this work for the first
time, and all the 28 gamma rays obscrved were placed in
the decay scheme. Threec new levels (390.27, 317.42 and
240,82 keV) are suggested, based on tue result of the

prescnt studies.
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PREFACL

The investigation of the actinium serics has Leen
a project persuec in tnis laboratory for the last ten
years, and the present work erndeavours to investigate

the decay of the first three merbers of this series

(namely, 2*°v, **'Th and ®'pa).

. .. . . 235,
The first nember of the actinium serles] is U

which is an alpha emitter with a half-life of
7.13 x 10° years. The immediate decay product of 2%y
is the 25.52 hour 2*"Th. It is a beta emitter whose
decay scheme has been known to be complex since the
early fifties. This isotope decays to ®lpa which has a
half-life of 3.25 x 10* years. The alpha spectrum of

231 . . . '
Pa is known to be very complex, as is its gamma ray

spectrun,

Investigations of the radiations fromr the cdecay of

these isotopes?

began as soon as tney were decovered,
The early investigations deronstrated that their décay
schenes were corplex, although the information obtainec
was far from Dbeing complete, due largely to the poor
resolution of the spectroneters available taeln. With

the introduction of high resolution senmni~conductor

detectors, large memory multi-channel analysers and



hich speed computers, much nore accurate information
can be obtained nowadays. It dis in tne ligant of
obtaining definitive decay sciiemes of these 1sotopes

that the present work is being carriec out.

Like most heavy nuclei which decay by alpha

235..

emission, the garma raciations from the cecay of U

23) 3

and Pa are expected to be low in energy (2 0.5 MeV) .

231

For the case of Th, it decays to 23

Pa by beta
erission, the beta end point energy being 380 keV.
Thus for all the three isotopes under investigation,

all the gamma rays are low in energy.

All the threé nuclei are cdeformec¢ and exhibit
rotaticnal bands. The deformation in a nucleus 1is
broucht about by the additional nucleons partially
filling a shell outside the closed shell, As a result,

the nucleus assures an ellipsocidal shape, as shown




Usually,1; 2 and 3 are the three axes of a reference frare
fixec to tlLe nucleﬁs, anc for convenience, the 3~axis
is chosen to lie on the long axis of the ellipsoic as
shqwn; (x,v,2) defines tic laboratéry fixecd rcféreLce
frame. Only the 3 and z-axes are shown. The <detailec
calculation  ‘has appeared in the litcratﬁreﬁ and will
not be repeated here. In'e55epce, ti.e energy spectrum
Ei’due to the rotation of the rnuclcus is giﬁen by

. hz 2

E_= B, 4 oI - 28%)
where I is the total angular momentum of the nucleus,
K is the projection of I on the 3-axls, ard
:& is the worent of inertia about tne 1‘ or 2 axis.
Tor the special case where K is zero,

32

C - i |
}_‘aI -—» LOH -+ _28 (I(I+1)).

'In practice, there is a systenatic deviation from
this relation © -due to the coupling bLetween tic
>Iotational - moticn and other modes of motion
(vibrational; for example). oUCL a ueviation coulé be
corrected for Ly the addition of a term proportlopal to

A&(I+1ﬂz . ihus tlie enerqgy levels of a rotational Land

can Le approximated by the relation:

Ly= B  + AI(I+1)) + B(I(I+1);2

(73]



here Ly, A and B8 are left as pararcters to be adjustec.
For the case where I=1/2, the rotatiornal lLard¢ can Le

described by the equatior®

E

B, + A(I(I+1))  +  5a(=1""1+1/2)

where a is the cdecoupling parameter.aghis the'Kronecker delta.
In the bpresent work, no attempt was macce to
measure the spins cf the various levels, since the
sources available  were too weak to permit any
gamma-garma angular correlatioh e¥perinents to be
carried out. However, from the fairly reliably measured

gamma energies and coincidence data, it is possible to

..determine the energies of the various levels, and a

brief c¢iscussicn is giver at the end of each
Chapters III, IV ané¢ V on the rotational structure of

the nucleus under investigation.



CHAPTER I

I.1 INTRODUCTION

In this chapter, a discussion of the equipment
used tiiroughout this WOIrkK is presentec. high
resolution semi-conductor detectors will be described{
but emphasis will not be pldced on the physical
response or manufacturing details’Of such detectors.

Rather, the parameters of these;éétéctbrs relevant to

the experimental work, will be presented. These

include resolution, detection efficiencies anc
calibration. Where the equipment and its configuration
is conventional, the description given will be brief. A

garma-gamma coincidence circuit is also presentec and

discussed.

I.2 SEMNI-CONDUCTOR DETECTORS

Ever since their invention, semi-concuctor
detectors1 have become very powerful tools to nuclear
spectroscopists. The advantage of these detectors over
the conventional ones (such as TNaI(Tl) scintillators
and proportional counters) lies in their high
resolutioﬁba. This means that spectra taken with sucn
detectors yield much better detail:  photopeaks tihat are

clos¢  together are more readily observable as they are
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not masked or overlapped by the neighbouring stronger
ones, Also, a photopeak occupies only a srall region
of the spectrum taken with high resolution detectors,
ané relatively simple rnethods can be cevised so tinat
spectral analysis (namely, the cdetermination of tuae
energies and intensities of the photopeaks) can be
performeé by a computer, This will be elaboratec in
detail in Chapter II.

In the present work, two common types of
semi~conductor detectors are used. They are lithium
drifted silicon detectors Si(Li) and‘lithium drifted
germanium detectors Ge(Li). Si(Li) Ccetectors are
excellent for examining gamma rays whose energies 1lie
below 40 keV. Above 40 keV, their detection efficiency
drops off very rapidly. However, they do have
excellent resoluticn as well as a large peak to
background ratio. Above LQ keV, Gé(Li) detectors

become indespensible. DBotih Si(Li) and Ge(Li) detector

4]

arc superior to the NaI(Tl) scintillator detectors in
that they have much better resolution, but are inferior
in terxrms of efficiency. Even the large volume Ge(Li)
detectors are seldom more tnan 10% as cfficient as a
3"x3" NaI(Tl) detector, and in the case of Si(Li)
detectors, the 'efficiency is even lower, Table I-1

shows the various detcctors used, togethier with their




FPigure I-1

A Ge(Li) gamma ray detector system
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relevant parameters.

I.3 ASSOCIATLD ELECTROHICS

To use seni-conductor cetoctors as spectrometers
meaningfully, suitable pieces of electroric equipment
are required. A tvpical arrangement 1is shown in
Figure I-1. The output of tne.detector is <fec¢ into a
prg-amplifier (PA) attached¢ to the cryostat, and tine
signal is further magnifie¢ Ly the main amplifier
(AMP). The amplifier output pulses, typically under 10
voits, are fed into a nulti-channel analyser (MCA). In
this work, the pre-amplifiers are normally supplied
with the detectors for the following reason. The
inherent problem in any electronic system 1is noise;
maintaining the noise level at a mininum in the
pre-amplifier stage is especially irportant, since the
noise is amplified along with the real signals by the
mnain armplifier, and hence cdegrades the resolution. In
rost detectors manufactured nowacdays, a fiela effect
transitor (FET) is wused in the first stage of the
pre-amplifier, and in order to minimize noise, the FET
is cooled to liqgquid nitrogen temperature. Further, in
order to attain the best resolution, the capacitance
at the pre-amplifier should be kept minimal by keeping
the cable connection between the detector and the

pre-arplifier as short as possible. For these reasons,

9




the pre-amplifiecr is mounted on tie cryostat casing anc
is supplieda with the detector,

Two makes of amplificrs are used throughicut thils
work. They are

(i) Tennelec TC200
(ii) Canberra 1417b.

The latter has the advantage tnat there is a bLuilt in
pole-zero adjustnent arrangement so that one can
mininize pulse overshoot witn ease.

The two nmulti-channel analysers used are:

(i) a Nuclear Data 160 dual ADC analyser withh 1024
channels. Two parameter analysis is possible with this
analyser.

(ii) a Nuclear Déta 2200 analyser witn three 4096
channel ADC's interface¢ to a U096 channel merory.

This unit can be used as one,two or threce analysers.

I.4 CALIBRATION

In order to use seni-counductor cdetectors as
spectrometers, they must be calibrated so tnat the
energies and intensities of the photopecaks c&n be

determined.

(a) Energy calibration:
Energy calibration is carriec¢ out by collecting

the spectrum of the isotope under study together with

10




Table I-2

TEAE gamma ray energy standards




ISOTOPLE HALY-LIYTL EY (KeV)
2 m 458 years 59.536 + 0.0G01
o 268 days 122.061 % 0.01C
136.471 % 0.01C
BiCe 140 Gays 1€5.653 + 0.007
2034g 47 days 279.150 % 0.006
2Na 2.6 years 511.006 * 0.002
1274.55 % 0.04
Bcs 30 years 661.635 * 0.076
*1in 314 days 834.81 % 0.03
88y 108 days 898.04 % 0.0C4
1836.13 + 0.04
$%Co 5.26 years 1173.23 % 0.04
1332.49 t 0.04




I-3

T&bl@
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ISOTOPL

UALF-LITE

., (KeV)

y

1821‘a

115 days

67.750
8U.680
100.105
113.673
116. 1418
152. 434
156.3¢7
179.393
198. 356
221.110
229.322

264,072

*

b

=+

-+

{+

I+

-+

I+

I+

I+

+

{4

7556

120 days

96.732

121.113

188.600
264,651
279.525
303.895

40G.640

-+

(53

1+

I+

I+

4

14

+

0.020

0.015

133.
Ba

7.2 years

80.998
276.397
302.851
356.005

383.851

I+

I+

1+

I+

14

0.008
6.012
0.015
0.017

0.020




the spectrum of the encrgy calibration stancard
sources. These stancdards are rerbers of a set of
racdioactive nuclides whose garma ray energies arc
accufately known >~ 2 The energies of tue unknown
photopeaks can then be inferred by intérpolating betweer
the calibkration 1lines. Table I-2 1lists the set of
standards wused. . This set is obtainec from IL2ZE,
Vienna.

It was soon found - that for accurate energy
calibration, such a set of staﬁdards was far from being
adequate. - A seconé set bf secondary stancdards was
therefore .adopted, They corsist of the gamma rays of
7>ge, !%%a and!®2Ta. The erergies of their gamma rays
had been carefully measuredd-l)p .and are listec¢ in
‘Table I-3.

‘In ‘addition, the wcll'known"characteristic X—rays
of various elements were used to calibrate thé low
energy portion. of the spectrum. The X-rays may be
produced in a fadioactive decay, or as a result of
electron capture, or by fluorescence. - The
characteristic X-rays may be produced by flusresccrice
by creating a vacancy in one of its electron shells
.using charged particles, other X-rays or garma rays. In
the present work, ganma rays were ekclusivgly uscc., In

all cases, the spectra of tne M-rays are fairly well

13
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pigure 1I-4

A non-linearity curve for the

Ge(Li) spectrometer

is



Table

b

Components 0f X-rays

used as energy standards




DESIGHAT ION ORIGIN ENERGY (KeV)

L, L, — M, 2.6337
L L, — M, 2.97821
Oy
L La — M, 2.98431
Oy
K K — L, |21.9903
o
K K L, | 22.16292

Q4




knbwn. IFigure I-2 shows an L X-ray spcctrun of ilp,
procduced by interrnal conversion as a result of tuc
alpha decay of 2*'am into 237up, taken with a Keves
Si(Li) X-ray detector having a resolution of 240 eV at
6.5 keV, Figure I-3 shows a typical K X-ray spectrum
of Ag produced by fluorescence, by\irradiating a silver
foil witn the 60 kev gamma ray from 24lam, Frorm the
“apparent complexity of the X-ray spectra, it is evicent
that oniy}some'of the components are suitable as energy
calibration‘ lines. They are listed in Table I-&. The
energies quoted are those of silver X-rays. It shoulc
be notec¢ that only the L ¥-rays of the heavy elements
are suitable as calibration staﬁdards since the L
X-rays of the light elements are toc low in energy to
"kbe of any practical use. The eneréies of the various
-components of the X-rays of different elementé ha¢ been
carefully rmeasured using bent crystal spectrometers by
Beafdenll, and - his values are adopted¢ tliroughout the

course of this work.

(b) Non~linearity corrections:

“Ideally, a pulse‘height analysis system as shown
in Figure I-1 should have a lincar response, namely
the pbsition of a photopeak in a spectrum should be
directly proportional to its cnerqy, and the

encrgy-channcl number grapi should be a straight linc.

17



In ﬁractice, the linearity of such a systcer is onLly
fair, with ceviations from lincarity being most scvere
at low energies. Corrections tuercfore has to be nace
if very accurate encergy calibration is desirable. This
can be done Ly nmeans of a non-linearity curve
construéted in tne followin¢ manner. A set of 'sources
whose pliotopeak energies afe well known is put in front
‘of the detector, and a spectrum is collectec. Two
suitable peaks are chosen, and a linear function of
energy versus channel number is defined from tncir
energies and positions, The energies of the other
-lines are calculated from their positions, using this
function, and tne deviations 8 from their actual
i .
energies - are plotted versus their positions (channel
. numbers). Sucn a grapi is refered to as the
non—~linearity curve. A typical non-linearity Curve is
shown in Figure I-4. It can Le seen tihat the deviation
is mnmost severe bhelow chiannel '200. In general, the
nen-linearity depends on the detector wused, the
pre-amplifier, the main amplifier and to a greater
extend, on the multi-channel analyser, so thaf a
non-linearity curve must Dbe constructed for each
’detector~analyser combination.
An alternatiQe (and simpler) method of accounting

for the system non-linearity is to perform a polynomial

18




Table I-8

Energies of gamma rays from

233py decay

i9



LECIDY CLINL Nonlineaxr Polynomial
curve Fit

75.28 £ 0.01 75.28 % 0.C1 75.26

86,59 + 0,01 86.59 £ 0.01 86.58
103.86 + 0.02 103.664 *0.010(103.865% 0.005(103.87 £ C.01
271.48 £ 0.08 271.58 + 0.04 271.53 * 0,03
300.12 = 0.03 300.24 *0.010 300.10 * 0.010}300.14
311,98 £ 0.03 311.88 * 0.01 [311.92
340.50 = 0.04 340,47 20.020)340.45 £ 0,01 |340G.49
375.45 £ 0.04 375.40 % 0.05}375.35 * 0.02 |375.39
398.62 = 0.08 398.49 % 0.021398.57 £ 0.05 [|398.36
415.76 + 0.04 415.78 * 0.02{415.76 £ 0.06 [U415.65
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Isotope Letivity B Photons per
(uC) (KeV) 100 Disint.
1 m 10.35 * 0.6% 11.9 0.8 £ 0.1
13.9 13.5 % 0.3
17.8 16.4 % 0.4
20.8 5.0 % 0.1
26.3 2.5 & 0.2
59.5 35.9 ¢ 0.6
57Co 11.3 + 0.9% 4.4 9.5 * 0.03
122, 5.0 = 1.7
136. 4 11.4 £ 1.3
203} ¢ 21.02 £ 1.05% 72.8 9.7 * 0.5
82.5 2.8 % 0.2
279.2 81.55% 0.15
Na 9.98 * 0.9% 511.0 | 172.7 + 0.9
1274.6 99.95% 0,02
s 11.04 % 1.3% 661.6 5.1 % 0.4
*pn 11.09 & 0.7% 834.8 | 100.
®co 11.13 & 0.6% 1173.2 99.74%0.05
1333.5 99,85+ 0.03
88y 10.75 * 0.9% 511.0 0.4 % 0.02
89¢.0 91.4 + 0.7
1836. 1 99.4 * 0.1

2734.2

0.62+0,04




i

Figure I-5

Efficiency curve of Ge(Li)

detector
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window at the source). licnce a sot of calibration
sources is regquired, and cach detector has to Le
calibrated separately since the active volumes of two
detectors | are seldom, if ever, icentical. The set of
efficiency calibration standards 1issued by ILRE 1is
shown 1in ‘Table I-€. These stancdards are radioactive
nuclides whose source strength Lad Lbeen carefully
measured so that at any given nmoment, the absolute
number of photons ernitted can be calculatec,

in an efficiency calibration process, a
calibration source is put in front of the Ccetector to
be calibrated at a prescribed distance from tne
detector window. The number of counts in the photopeak
is determined and is divided by the collection time\ to
yieléd tlie rate N, This is then compared to the known
number of photons emitted per scconc (N) by tne source
naterial, thereby vyielding the efficicency e(E) at the
energy (E) of the incident photon. This process 1is
repeated for photons of various encergies. A plot of
the efficiency versus energy gives an cfficiency curve
for that geometry. One such curve is sihown 1in
Figure I-5. Subsequently, the intensity of a photopcak
in an unknown spectrum may be obtainecd by taking the
spectrum under the same geometrical conditions and

dividing the number of counts under the photopeak by

22
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the efficiency (obtained Dby intervolation from the
efficiency curve) at the same energy. For tihe sake of
cormpleteness, the efficiency curve of tue Ortec Ge(Li)
X-ray detector is shown in Pigure I-6.

It should be noted tnat in Dboth energy anc
efficiency calibration, the vositions anc areas of tae
photopeaks are required. A numerical method to obtain
these quantities from a spectrun will be giver. in

Chapter II.

I.5 A COINCIDENCE SYSTEM USING SuMI-CONDUCTOR DETLECTORS

Semi-conductor detectors used in pairs can be made
to vyield information bevond¢ the gamma ray energies and
intensitiesl® A pair of semi-concuctor detectors,
together with the necessary electronics, can be used to
determine the gamma rays that are in coirncidence with
each other. Such a mode of operation is generally
refered to as garma-gamma coincidence, anc provides a
very powerful technique in studying the decay scuere of
a radioactive nuclide. In essence, one uses a cetector
to gate on a particular gamma ray of interest, anc uses
the other detector to look for coincicent radiations.
For simplicity, the electronics associated with the
gating detector will be refered to as channel 1, while
those associated with the other detector will Le

designatcd as channel 2.




A gimple ceincidencs circuit
using

two semi-conductor detectors
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Figure I-7 shows a coincicderce circuit that 1is
rudimeutary but workalle. liecre, detector 1 is the
gating detector. The singlec channél analyser (SCR) is
inserted after the main amplifier (AMP) in charrel 1.
If the amplifier output pulses satisfy the enerqgy
requirerients (that is, they corresponcé to the garma ray
one is gating on, using the 5Ca), a logic pulse is
vgenerated'vby the SCA to open the linear gate (LG),
thereby permitting the amplifier pulses from channel 2
to pass through. A delay amplifier(DA) is insérted in
chanhel 2 to allow for the delay in the SCA. Only the
‘pulses correspbnding to the gamma rays in cascace with
the gate will be allowed to pass through the gate,
consitituting the true coincidenﬁ events. DBut because
of the finite resolving time of tﬁe system, pulses
which do not éatisfy the energy requirements. nay also
pass through the ' gate by chance, © constituting the
raﬁdom events. The ratio of true to rancdom events is a
measure of tlie pérformancc of the coincidence systen.
It should be noted that the relative intensities of_tne
gamma rays collected due to rancdom events are in the
same ratio as that in the singleé spectrun, altnougn
they are much reduced in intensity. When pulses  are
collected in tlie nulti-channel analyser, onc obtains a

pulse height spectrum consisting of rancom events

26




Figure I-8

A conventional

fast~slow coincidence circuit
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superiﬁﬁosed o the strongly erbanccee  truce coincicent
cecunts. A spectrum collectee  in tne  rulti-chnanncel
analyser tihiis ~way is gencrally refered to  as tiwe
coincidence spectrum,
As nentibned above, this circuit is workalle, but
is not very satisfactory, because of tiae following
reason: Two gamma rays appear in coincicderice if one of
them -is emitted within a short time of each otaer. - If
a coincidence circuit is to function properly, tne‘true
coincicdent events mﬁst take place within the time
.resolution of the system. In short; in addition to an
energy requirement mentioned above, a time requirement
is also needed, To impdse suchh a requiremert, a 'fast
circuit® ié inserteésas shown in Figure I-8. Timing can
be gffectuated by using a pair of time-pick~off wunits
(TPO) on each..channel. Eacii time a fast rising
"pre-arplifier pulse enters the TPO, a fast logic pulse
is generated and appears at - the output bf_ the TPO.
These pulses are fed into the start and stop inputs of
a time-analoque-converter (TAC). The TAC output
consists of pulses whose height is proportional to‘ the
time difference between the start and stop pulses. A
pulse height spectrum yields a time spectrum. In the
present work, the TAC has a built-in SCA so that onu

can rejcect any timing events that take place outsice
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gure I-9

ciroult used for

measuring time resolution
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the resolving time of the system. A further disussion
on tie time resolution will Le given later in t.iis
chapter.

The TAC and SCA cutput will generate a logic pulse
if they arrive at the fast coincicdence .(FCo) at the
same time, and the ICo output is used to open tie
linear gate. Only those amplifier pulses from cnanncel 2
which satisfy both tne tire and energy requirement can
pass through the 1linear gate. Such: a conventiocnal
fast-slow type coinciderce circuit is adopted thirough
the course of the present work. The time resolution of
"such a system is of the drder of 50 nanosecondcs, ané a
true to random ratio of 40 to 1 car be achieved, as in
the present case.

To measure the time rcesolution of the sysfem, the
circuit wused 1is as shown in Figure I-9. A radioactive
isoto?e kﬂowﬁ.to have a‘very short lived state ancé well
isolated camma rays populating and de-exciting _this
State is used. The SCA in <channel 1 is used to gate on
the camma ray populating tiiis state while the output of
the = TPO in the samzs channel is used to start the TAC.
The SCA in channel 2 is used to gatc on the other gamma
ray de-populating the same state, while the TPO output
in this channel is wused to stop the TAC. The SCA

pulses in lLoth channels, when rcaching thie FCo at the
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Figure I-311

Decay schems for the

75
Se decay
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same tire, opens the LG to let the TAC pulses pass
through. A time spectrum can be collected in tuc  MCR,
and the position and the FWHM (in channels) of tihe time
peak is noted. A known delay is introducca in the stop
signal into the TAC, thereby shifting the position of
the time peak. The process can be repeatec , anc a
plot of the delay introduced versus the position of tie
time peak (in channels) gives a straight line (see
Figure I-10) and from the slope, one obtains the
conversion factor in delay per channel. The time
resolution is simply +the full width at half maximum
(FWLM) of‘the time peak expressed in units of time,
obtained by multiplyirg the FWiM (in channels) by tie
.conversion factor.

It is kroown that irrcgular charge collection time
in the detector crystal can affect the time resolution
of the 'éystem}7 This effect 1ig stronagly geometry
dependent., To illustrate this, a coincidence system
was set up using two Ce(Li) detectors. The source
chosen was 755e, and the relevant part of the decay
scheme 1s shown in Figure I-11. The gates were set on
the 135.998 and 264.651 keV gamma rays. The lifetime
of the level populated by the 135.998 keV gamma ray is

18

known to be 10.9 picoseconds;®’and as far as the present

system is concerned, it may be considered as prompt.
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The 'geometry was deliberately made unsatifactory by
having the long axis of the cCectectors inclinec¢  at  an
angle of 135 degrees to ceach other, and the socurce was
put in a position as shown in Tigure I-122. The
resultant time resolution was determinec to Dbe 85
nanoseconds, an¢ the shape of the time peak was far
from being satisZfactory (See Figure I-132). The
geometry was then re-arranged¢ so tnat tie long axis of
the two detectors as well as the geometric centre of
the source , all 1lie in -the same straight 1line,
Furthey, collimators were used so that only tne centre
parts of the detectors were used. Here, the time
resolution was found to be 65 nanoseconcs, anc¢ a much
better shaped time peak was obtained, as shown in
Figure I-12B. Thus, in @ll the coincidence works
attempted in the present investication, erphasis was
placed, whenever possible, on maintaining good geoﬁetry
to optimize the time resolution.

To ensure that the system works properly, the

758@, since 1its

coincidence system was tested using
decay schene is very well known. Gates were seleéteo
ot 264.651 and 135.998 keV gamma rays, and tie respective
coincidence spectra, together with the self gatec

singles spectrum, is shown in TFigure I-14, It was

immediately obvious that only those gamma rays in

37



cascade with the gate (G) were enhanced (E), indicating
" that the system used is in good working order.

‘ The coincidence spectra obtained in the present
work (See Chapters III, IV and V) are all analyéed in the
conventional manner. The method consists of comparing a
céincidence’spéctrum with a-self gated singles spectrum.
obtainéd with the same amplifier gain. As mentioned

~earlier, the gamma rays that appear due to random events

. ére’ih the same intenéity ratio as they would appear in the
singles spectrum. “Thus, by normalizing the areas of the
gamma rays jp the self gated singles to a gamma ray known
-fo occﬁr.dué éntirely to random events in the coincidence
épeétgum, the random events can be subtracted.

In all the coincidence shown in the subsequent
Chapters, the randoms have not been subtfacted. Also,

.self gated singles spectra will not be proviaed.
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CLUAPTLER IX
DATA LANDLINC ANL ANALYSIS

I1.1% INTRODUCTION

| It is unquestionable that tihe use of corputers . in
data acqgisition and analysis has become a necessity
nowadays, because of their high speed ané accuracy. In
the present work, an IBM 36C0/65 cbmputer was . used to
perform' the data analysis, an¢ a slower IEM 1620
computer was uced to produce cards from paper tapes. A
PDP~-15 compﬁter, located in the University of Manitolka
Cyclotron control room, was occasionally used¢ for Gata
‘ ' . ' was

manipulation. A teletypewriter terminal . installed in
the 1laboratory to provide access +to the IBM 360/65
computeroin do this, it is necessary to use a computer
prograrrc called - MUM! (Manitoba Lniversity Monitor)

developed at.this University.

IT.2 DATA LAHNDLING

Throughout the course of this work, experimental
data is accurulated in multi~chann§l analysers as
described in Chapter I. The analyse& outputs arc of two
forms:

(a) Graphical: the channel contents of the analyser

39
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can be displaved on a CRT or plotted o paper, using a
Noseley'X—Y plotter.,

() dumerical: the channcl contents can e cltier tynec
out on an IDBM Sclectric typewriter or punched out on a
paper tape using a Tally puncCii.

Of all these outputs, only the cata punciicé on  paper
tapes provide a convenient form for numerical analysis.
To convey the data to the comnputer, tie following
methods are adopted:

(1) If the amount of data is small, say thne contents of
a few hundred channels, the teletypewriter is usedc¢ to
read the data on the paper tape, anc sends it to the
cormputer over a phorne line (see later section). But
this method is inefficient Dbecausc the specc of tihe
tape reader on tho teletypewriter is quite low,

(2) If the amount of data is large, the paper tapes
containing the data are read into the PDP-15 computer,
and the data 1is then transmitted to the IBM 360
cormputer via a data link between the computer centre
and the PDP-15.

(3) More often, the paper tapes are carried to the
computer centre, fed into IBM 1620 corniputer, and the
data 1s punched on cards, which are then fed¢ into the
IBM 360 computer.

In all the above mentioned methods, c¢ata is first




Figure II -1
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stored on a magnetic disk prior to actual analysis.
Bach set of data is also written onte a magnetic tape

for back up storage?

II.3 MRANITOBA WIIVERSITY 'OMNITOR (1:ur) -

The teletypevwriter terminal is accusticelly
coupled tec the Undversity IBN 36(/65 corputer using au
Anderson Jacobson AbCZGO audic-coupler, A schernatic
diagramme is shown in Fiqgure II-1. The coupler reccives
information from the teletypewriter, translates it into
signals at audio frequerncies, and sencs them over the
telephone to the computer. At tne computer roon,
similar urnits decode tie audio signals into information
again. Information can  be transmittced either waxy in
this mahner, and the teletypewriter is, in effect, a
computer."terﬁinal".

It rust be mentioned that such an acoustic
‘coupling does not constitute a direct access to the
computer. In fact, the terminal is indirectly lirie¢ to
the'computer'through a remote terminal prograrme callec
MUM (shiort for Manitoba University Monitor), whici:i acts
as an interface between the teérminal and the computer.
A detailed description of KUM Las already appeared in
the literature{ In the present work, the frequently
used programmes are stored on magnotic disks, as is the

data. Thus through NUM data analysis can Le initiated




. . . . 3
in the laboratory using tlie teletypewritoer.

II.4 CUTIPIEL

A  number of prograrmes have bLeen developoed to
assist in data analysis; Tiiey are rnostly “standara"
programmes, like polynomial fitting. A very frequertly
vused programme developed Ly the writer in  this
laboratory is called CUTIPIL, and the rest of the
.chapter will be devoted to describing it. -

CUTIPIE 1is deéigned to determine the positions anc
areas (energies  and intensities) of photopeaks in é
ganma ray spectrum. It is developed with the following
considerations in mind:

‘

(a) That it si»ould have a peak secarch routine to detect
.peaks with sufficiernt vreliakility. To do this, this
routine must er;>loy some sort of smoothing procedure;
so  that 4t -will not "detcct" spuriocus peaks when
statistics are poor,
(b) That it should have a fitting procedure from which
the desired parameters rmay be olLtained.
(c) That the automatic analysis can Le overricden so
that one can direct CUTIPIE to cnalyse portiohs of the
speétrum as desired.
(d) That the input information must be a minimum and
yet the programme must be sufficiently reliable.

Before going into the detailced discussion of  the



prograrne, it should Dbe pointed out that data obtainca
witlhh semi-conductor detectors arce rclatively easicr to
analyse than those obtaincecd with laI(T1) scintillation
detectors. Semi-concductor detectors have nucn better
resolution, so that photopeaks exhlibit tuacmselves as
sharp peaks sitting on a relatively flat backgrounc,
and they are well isolated from each otiner. Usually,
the features of intcrest in a gamma-ray spectrum are
photopeaks themselves, hence, one needs to aralyse only
a small region of the spectrum, namely the vicinity of
the individual photopeaks. Simple analytical functions
can be chosen to dc. cribe the shapes of tiae peaks,
without having to kncw a priori, the detdllec response
of the detection system. In fact, tihe function chlosen
to describe the peak shape does not even have to be
physically meaningful (see Ref. 17 ). As an example,
Robinsonq‘has descrilbeé the shape of a photopeak as
consisting of two gaussian distributions on a
background consisting of an arctangent function plus a
quadratic function. Thus, therc is some arbitrariacss
in the choice of @ function describing the peak shape,
and a further arbitrariness in the choice of background
shape. liowever, provided a rcascnable choice is mace,
and applied consistently, satisfactory results may be

obtained. Consistency here means using  the sane




analysis throughout -=== cven for calibratino tihc
system. |

The advantage of +this &analysis 1is 1in
its simplicity =--- one does’ away with the
cunbersome successive stripping retiod SO
‘characteristic of scintillatior. spectrum ~analysis. A
number of prograrmes vwhich perform spectral analysis
has been reporteds—l.,O In wost cases, the least  squares

fitting technique is used. Caussian functions fitted to

photopeaks by the wethod of raximum likeliihood have
" . . L a. 11 .
been reported by Cliampi and Daddi ., I nunber of
12—15

smoothing procedures have also been reported 7,
.Logically, CUTIPIE has tlirce main parts. They arg:

(a) Input-output routine.

fb) Peak searching routine.

(e¢) Peak fitting routire.

(a) INPUT/QUTPUT ROUTIKE

This routine manipulates information into and out of
the computer. Being a trivial and standard procedure,
this routinc will not be described in detail hexe.

(b) PLAK SLEARCLING ROUTINE

This procecure searches for pﬁotopeaks in a spectrum
automatically, and the basic principle is quite simple.
Consider a small portion of a spectrun., It can crudely

be described by the function £(x), thus




g(x) if there is a peak
f(x) = ax + L + II-1
0] if there is no peak
where
X 1s channel number
ax+b is a straight line describing tiae backgrounc
g(x) is a gaussian distribution describing a photopeak,
and is given by
. , 2,, 2
g(x) = Cexp{ -(x - a)°/20° } T1-2
where C 1is the height of the gaussian distribution
about ¢ with standard deviation o. Thus
g* () if there is a peak

£ ix) = ‘ II-3
0 if there is no peak

where g"(x) can be verifiecd to be
: 2 2 4
g'(x) = g(x) {o - (x - d) Y/ (o ) II-4
The behaviour of g"(x) 1s immediately obvicus: 1if

(x—-cd) »d, g"(x) tends to zero for the exponential term

predominates. As X approaches d, ¢" (%) is first
negative, then positive, anc as x passes d, g" (%)
becomes negative again. Further, g"(x) is zero at
(x - d) = & o and 1is maximum at x = d. Hence, the

deviation of g"(x) from zero indicates the prescuce of
a photopeak. Also, the positive portion of ¢g"(x) can
be used to crtimate the peak positicn. In this work,

the position d is given by the equation:
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o s : )
a = { g {x) xdx }/{jf g (xydx } I1-5
-0 -7
Hence, a peak scearchino routine reduces to calculating

the second derivative ¢"(x) at e¢acn cuarnncel, anc
leoking for non-zero values of g™ (x) (sec
Figure II-2).

This method can be appliced to spcectral cata,
except that the second derivative must be replacec Ly
the second differences, since the data 1s cGiscrete
rather than continuous. Moreover, the peax is not
symmetriczﬂi.e., is not a simple gaussian) anc¢ so in
practice the position of the centroid would only be
approximate,

A numerical second difference daj at channel i

can be expressed as:

ddl = "l'li_l+ 2nj - ni_*_l = le‘li+j I1-6

j=-1
where

c.1 = cy = =1 c, = 2
To improve on this, and to incorporatc somec smootuing
to minimize statistical fluctuation, a generalizec
o -\ f s .16 .
second difference method due to HMariscottl is

adopted. In essence, Lquation II-( is generalizec by

¢efining (2k+1) multipliers Cy , such that
k
ddj = “30i+] II-7
j=-k
and the standard deviation sd; at channcl i is
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{a) Plot of experimental data
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1/2

< = 5 2 T s
Qdi Cj ni+j 11-8

j=-k
The coefficients gjshoulu e so chosen as to etect as
srrall a peak as possible., In tne preseunt work, tney are
chosen to Dbe the second derivactive of a gaussian

. . . . _ .y 7 .
distribution, following Routti's sucggestion, narel
s 14

(¢}
it

G5 (02 - 32 )/ ot II-9

where

G+ exp( - j2 /202 )

J
k is chosun so that:
lek+1l < 0.01c,

In this work, tlre generalized second cifference ss; at

]

channel i (i.e., the second Cdifference expressed in

units of standard deviation) 1is cd=2fined to be:
ss; = ady / sd4 II-10

the quantity ss; as defined in Lquation 11-10 can bLe
used to locate photopeaks in a spcctrum. Figure II-3
shows a portion of a spectrum in which a photopeak is
present. Directly below 1is plotted the generalizoec
second daifferences ss; In the region devoid of tie
photopeak, s%_ is zero or very close to zero. As one
approaches the photopeak, ss; benaves lilke g"(x) in

baquation IXI-3 as discussed above. The assymmetry of
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Ssi about the centroid of the photopeak reflects tac
assyrmetry of the photopecak. Further, tuac approxirmato
position of the peak can be estinated by deternining
the centroid of the positive values of ss | .

Matheratically:

Y
peak position = iss; //( sS85 for all ss;> O

In general, if no photopeak is present, the values of
ss; are quite small and arc distributed rancomly about
zero. By +trial and error, it is found that sS. > 3.0
gives a fairly good indication of the presence of a
photopeak. The performance of such a method will be
presented at the end of this chapter. A mére detailed
discussion of the generalized second difference rethoo
for pecak searching and data smoothing has already
. s . . 7,16

appeared in the literature .
(c) PEAK FiTTING ROUTIE
Once the set of peaks are located by the peak search
routine, the programme re—-examines ecacl pealk,
determines the region about the peak to be fitted, anc
the number of peaké that are to be fittea together, and
the fitting routine is called for.

The method used for tihe fitting is the well known
Causs-Seidel method37 Issentially, it is a

non-lincar, multi-parameter iterative type of least
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squafes fitting procecure. The theory of this metnod is
well known, and will not be elaborated here. Being of
the iterative type, an initial estimate of the
parameters is required to start the fitting process,

The initial estimates, except the full width at nalf

maximum (FWIM) , are generatea internally by the
programme, and so need not be supplied nut the

approximate value of the FUHM must be suppliec.

One assumption was made when coding CUTIPIL: All
peaks overlapping in a given region of the spectrum are
assumed to have the same width. For gamma ray spectra,
this is not an unreasonable assumption, since the peak
width 1s a slowly varying funétion of energy, and as
the peaks overlap, they are close in encrgy. In view
of _this assumption, CUTIPIE is coded to unwrap up to a
maximum of six overlapping peaks. The choice of six 1is
quite arbitrary, but is adequate in rost situations.

Before discussing the function which represents
the shape used in fitting the peck, it is worthwhile to
digress at this point to discuss the backgrounc shape.
The dots in Figure II-4 show the experimental points of
a portion of an isolated gamma ray spectrum. The most
marked feature is the presence of a relatively flat
plateau on the low energy side, which is higher than

that on the high energy side. There is no question that




the presence of this high plateau 1is cdue to tac
presence of the garma ray. The question remailns as to
whether or not one shoulc include this platcecau as part
of +the photopeak area, and if one does, how much of 1t
siiould be included.

It has been suggestedls that the following
analysis be adopted as a reasonable one: The background
is assumed horizontal and a portion of the plateau, say
2.5 FWHM wide, measured from the cantroid to the low
enerqgy side, be included in the peak area, as indicatecc
by the solid line in Figure II-i, This method hias two
main objections:

(a) The choice of the factor 2.5 1is quite arbitrary,
and is purely a matter of personal preference.

(b) When overlapping peaks are encountere¢, tne
analysis becomes very time consuming and inaccurate.
Successive stripping becomes unavoidable, and this
stripping method 1s likely to introduce errors larger
than those produced by an alternative method described
elow.

Another approach 1is to select two convenient
points on either side of the photopeak, and fit between
them a straight line to approximate the background, as
shown by the dash line in F.gure II-4, LEffectively, the

higher plateau is ignored. This analysis has the sare
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disaévantagc as the .previous onc in that tne ciioice of
‘the ; two points is quite arbitrary, ut las the
advantage that when overlapping peaks are ecr.countered,
the successive stripping method can be avoided, sincce
the one background serves fof all the componrents.

It must be realiseé that neither of the analyses
mentioned above is wrong. Therce is no way to justify
the correctness of orie over the otaer, since no one can
tell with certainty what the “backaround should look
like, and hence its ciioice becores a matter of bersonal
preference. The only relevant point is that vhatever
method adopted, the analysis wust be consisternt
throughout: When detectors are calibrated for
"efficiency, the same analysis must  be used.

In CUTIPIE, the latter metnod of backgrour.d
‘treatment is adopted but instead of 'a straigit

19
line, a function B (i) is chosen to pass tiirough the
plateaux oﬁ either side of the photopeak, as shown in
Figure II-5, Sﬁch a background shape is more reasonable
in that it is continuous ard smootinly varying. The

function B(i) has the form:

B{i) = a, + a, /{ 1.0 + exp((i-p) /W) }

wherc

aj,ap are paramcters to be determinoed by the fittina
1 2 2 . -~
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procedure,

i is the channel number,

D is the centroid of the photopcak (andc for the case
of overlapping peaks, the centroid of the whole complexn
peaks is used instecad),
W is «chosen to be 0,75 FWhLM, a value whicih is
determined by experience as giving the best £fit. This
formula resembles the nuclear charge censity formula
due to Hofstadter et al,2O The choice of sucn a
background is quite artificial, and like all other
choices, there is no physical significance to justify
it, but it does offer a shape that is reasonable.

The function used to represent the shape of the
photopeak is dedﬁcef in the following manner. Usually a
photopesk rezembles a shewed gaussian%lso a photopeak
can he represented by a gaussian distribution, but at
some poiﬁt at tne low energy side, the gaussian
distribution is replaced by an exponential function to
simulate the "tailing". The two functions join
smoothly at this point, which is left as a parameter to
be determined by the fitting process. This is the shape
adopted in CUTIPIE, Mathematically, it is given by:

i)

,.'l;_.\
f(i) = B(i) + zijﬁ(i)

j=1
where




N is the nunber of overlapping peaks to wpe fittec

together, and 1is no greater than 6,

g

B(i) is as wefinoed ecarlier,

%ﬁ) is the jth peak to be fitted, and is given by

tie expression:

P (i) =

exp{ a a, (2i - a

%25+3 3 2+ T A}

where

ap+3 is the height of the jth peak,
54y is the centroid of the gaussian, taken to be tine
positicn of the jth peak,

aq is the distance between the joining point ancé tae
jth peak position, and is related to § by

§ = apgy T Ay

a, is related to the FWLIT by the relation
a, = 2.7726/ (FWEM) 2

i is the channel number.

Figure II-5 shows a typical fit of an isolated
photopeak. The exponential tail seems to account for
the assymmctry, and the backgrouncd looks reasonable as
well. When the statistics of tihe data are poor, or when
the number of channels under the peak is small, the
piak shape is not well defined. In this case, a simpler

function is used in CUTIPIL. It consists of a simple
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gauséian distribution for thc shape of the pnotopeal.,
while a straight 1line is used  to approxinrate the
background. lMathematically, the functior f£(i) has thc
form:

(i) = a i + a + expi{-a_(i- )2}

1 2 82543 3 %054
=1

where 1 and H have the same interpretation as vefore,
This shape ié most useful in fitting photopeaks in
coincicdence spectra in which the peak shape is
generally nrot very well defined., This simpler saape is
inéluded in the programme.

The performance of CUTIPIEY was checked in the
following'ways:
(i) The - programme was used to anatyse the alpha
.gomponents'(K—L",K—Lm) of the K X-rays of wvarious
elements. A typical result is shown in Figure II-6. The
thorium X~rays were producecd following the alpha cecay
of 23§U into 23!Th, while +the uranium X~rays were
procduced by fluorescence in the source raterial. The
KOLz/IKa1 ratio . obtained in this analysis are in
excellent agreement with the previously reported
: 22,23 '
values. filso, using Ry of thorium X-ray and Iﬁz
Qf uranium X-ray, the crnergies of the K“z of  thorium

and of wuranium were determined. The result

Xy )
. . . . . 24
obtained was in good agreement witih the measurca values

as shown in Table II-1.
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Figure II-7

Composite gamma ray spectrum of
" =4

i

282?&, 1338a5 759ge and 760
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Present Work Reported Value?

By Iy Ly Ly
66,108+0.010 2.0£0.5 66.106£0.010 | 1.0320.06
99,732+0.005 5.0%x0.5 96.732x0.007 5.340.5

121.105%0.010 25.8+£2.5 121.11320.010 | 28.0£2.8
136,008%0.010 94.6+8,.2 135.9984£0.010 | 95.029.0
198.577£0.020 2.2%0.2 198.600%£0.020 2.440.3
264.681£0.025 {100.0 264.651+£0.015 |100.0

279.489+0.030 4o,0%x2.2 279.525%0,012 | 43,024, 3
400.630%£0.050 12.6x1.7 400.64020.015 } 22.0+2.2




Pigure II-8

Portion of gamma rayv spectrum of 231y
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Table II-3

)

Energies and relative intensities

{relative to I_{(84.20} = 100. )

W

b2t

O
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(ii) 2 more exbaustive test was carried out by
artificially generating.  a corplicatced gamma ray

133,

sa, 7Sge, 182q

spectrum using the phctopeaks of Se, Ta anc

57 , ., . - . -
Co. These isotopes are calibration stancarcs arc

their gamma=-ray energies and intensities®® are very
well known. The energies of the gamma rays of 7% se was
determined wusing those of 133Ea, 18205 ang 7o as
standards. A portion of this complex spectrum is shown
in Figure II~7. From this spectrum, tune energies anc
the relative intensities of the gamma rays of 758@ were
determined, as shown in Table II-2. The agreenent with
the reported valués is very goodzs°

iThe programme has been succesfully used to analyse
a number of gamma ray spectra. Figure II-8 shows a
portion cf a gamma ray spectrum of”zmTh, taken with the
Ge(Li) detector having a resolution of 29C eV at
5.9 keV. A small arount of stablce bismuth is present
in the source material and its 4d-rays are prcduced by
fluorescence. The result of the analysis is shown in
Table II-3, and is in good agreement with that reported
by BrownzG. The successful unfolding of a group of:five
lines at about channel 1400 should be notcd.

It must be mentioned at. this point that tne
numerical second difference metioG used in the peak

searching routine is morc sensitive in locating weak

GG
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isolated photopeaks than locating all the compouecrits in
a group of overlapping peaks. GCenerally, the peak
search routine can not differentiate two peaks tuat are
less than 0.5 FWHM apart if one of them is very weak.
Figure II-9A shows a typical situation in which
analysis was carriec out, but a weak comporent hac been
'‘overlooked'. This is a portion of a gamma ray
spectrum of 23lph taken with the 50 cc  Ge(Li) detcctor
whose resolution is 2.0 keV at 1.33 MeV. The £fit, as
shown by the solid 1line, is okviously poor, anc the
residual shows a definite non-random distribution. A
refit with the proper number of components yielas a
much better fit (Figure II-9B) as indicated by the
randomly distributed residuals., A subsequent
re—examination of the sarme region with a hign
resolution Ce(Li) X-ray detector confirms the existence
of the 136;72 xeV gamma ray, as shown in the insert in
Figure II-9. A subroutine has therefore been inclucco
in CUTIPIE to examinc the residuals after eaclhh fit.
Should the residuals indicate that a compornent has becu
missed, the approximate position of tue missed peaik is
calculated, and a refit is automatically called for.
This subroutine has been shown to work very well,
thereby compensating for the slight inadequacy of the

peak searching procedurc.
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Figure 1I-10

A  CUTIPIE fit to the
K conversion electron line

of

203y,
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Figure Ti-11

to a time spectrum
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In conclusion, CUTIPIL nas been used dquite
successfully in this laloratory. It has also Lecn  usco
by some members of the Cyclotron Group and Ly nenbers
of Trace Llement Znalysis Group of tuis University. The
same prograrme was used to fit a conversion clectron
line, as shown in Figure II-10. The fit is rcasonably
acceptable, except at the extreme tail on the lov
energy side. Modified version of CUTIPIL has been used
with success in fast timing spectroscopy?7 Figure II-11
shows a prompt time peak obtained using fast plastic
scintillators. The dots are the actual data points
while +the continuous line renresents the result of the

fit. The fit is excellent.
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CHAPTLR III

231
THE DLECAY OF Pa

"III.1T INTRODUCTION

231 . - . . .
Pa is found in all minerals containing uranium.
It is an alpha eritter with a healf-life of
. L 1 . . N 231
3.25 X 10 years . The alpha groups emitted by Pa

2
had been studied as far back as 1949 , and are known to

be quite complex?’_.,5 Meitner ® first examined the
conversion electron spectra, and har result was later
confirmed by Haggstrom7 Scharff-GoldrLaber and Mckeowd.
Since 1952, enormous advances in the unGéerstanding of
‘this isotope have been reported9d3 but even thoﬁgh ruch
work had been done, the level scheme of 227ac is still

not complete. HMore recent work on this isotope hac

- 13 14

been = reported by Lange et al, Barnett et al,
. ' 15 16 ' L 17

liagee et al, Leang and Pinno et al. There are

variations between their works, and it one of the
purposes of the present wOork to clarify tne
disérepancieé.
III.2 SOUKCyE PREPARATION

23 '

1 N .
Pa was purchased from the Radiochemical centre,

Amersham, Ingland. The shipmeunt, in chloride form, was
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found 'by examination of the spectrum, to contain
irpurities, mainly22 T (and hencce 227Ac) whicii are
daughtér products, the cecay chain being: zglPaagligll
227Ac 3#%u4 zz%h 5%¥Lﬂ ZE%a ui%i4short lived caugiliters,
Other inert impurities were present as revealed by
their fluorescent X-rays. Thus the source neecea
cherical purification before it cduld be used, and it
is necéssary to rg—purify23lPa to remove the unwanted
activities every two monthns.

Pﬁrification was'performed in the following way.
9M HCl and 0.1M HF was added to the231Pa solution and
extracted with two'equal volumes of di-isopropyl ketore
(DIPK) to remove Po, Fe and other irnpurities, with only
Pa rémainiﬁg in the agueous phasez? Boric acid was
addéed and two successive extractions with fresh LIPK
was made, and Pa was transfered to the orgaric solvent
(eg. DIPK&. . The solvent was then treated taree times
with small volumés of OM liCl to remove any impurities
that may be still pPresent. Pa was recovered from tho
solvent by tresting with equal volume of 2M HCl. . At
this acidity, Pa was dissolved in the hydrochloric aéid,
which was then eﬁaporated to a small volume and was
then ready for countinc.

For. the periodic removal of radioactive caughiter

roducts, the purification proccss consisted of cvelin
)
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Pa between 9M LCl, DIPK and 2M LCl, and Lecame a

routine procedure.

III.3 SINGLES GAMMA RAY SPLCTRA

A very interesting feature of the gamma ray
spectrum of231Pa decay is that it is very rich in gamna
rays. T'urther, the gamma rays seem to be present in
two groups (20 to 100 keV anéd 240 to 600 keV), witn a
relatively empty region, extending from 100 to 240 keV,
between them. A total of 73 gamma rays were observed in
the present work, and this should give some incication
of the complexity of the decay.

Figure IITI~1 shows a portion of the low encrgy
garma ray spectrum, from ap)roxirately 2 to 28 xev,
taken with a Si(Li) X-ray detector whose resolution was
240 eV at 6.5 keV., The weék peak at §.6 keV 1s tioe
XK X-ray of Zn, which 1is present in tne source as an
impurity. The lines at 24.5, 25.36 and 27.38 keV are
the gamma rays coming from 23lpa decay, the last one
(27.38 keV) being the strongest transition in the
entire decay. Transitions of energies 11.0, 14.1,
16.5, 18.2, 19.0, 19.6 and 22.7 keV hac been reportec
fron conversion électron studies, but the photopcaks at

these cnergies are not observed in tlie present work
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Figure III-2

Low enerqgy spectrum of 23ip
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g}
®
Q

taken wihh a Ge(Li) detector
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cither because they are mashec by tae intense L X-rays
or they are so strongly convertec tihat tiacy can be
observed only from the low energy conversion eloectron
studies.

Figure III-2 shows thec spectrum in thé same energy
‘region, but taken with a Ge(Li) X-ray detector whose
resolution is é90 eV at 5.9 keV. Hote that apart from
the fact that the detcctor has a poorer resolution, the
Gg X~ray escape peaks are present in the spectrun, anc
these escape peaks tend to obscure portions of the
spectrurﬁn This demonstrates that for very low enerxgy
work, there is indeed a distinct advantace in using
Si(Li) as opposedto CGe(Li) 3-ray detectors, even thougi
~the detection efficiency may be lower.

Figure III-3 shows a portion of the spcctrum from
10 to 110 keV, taken with the Cec(Li) X-ray detector. It
is obviouéithét this regiocn is very rich in gamma rays.
The g¢gold X~rays are producec by fluorescenca,b cuce to
the presence of a layer of of gold akout 50 g thiick,
evaporatead onto the front of thie dcetector in
manufacture. The only unusual aspect of this portion

7

of the spectrum is that both Pinlc and Leandfreportec

having observed photcpeaks at 100.5 and 102.6 keV. The

P

intensities of these lines (relative to

I.,(283.65) = 100.0) are given in tne table bLelow. The
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100.5 keV gamma ray is presumably tnat of cnergy
100.77 keV as shown in Figurce ITII-3, (sce below). It is
not immediately obvious tnat a camma ray at 102.6 eV
exists, since it (if present) woulc Le maskec Ly tud
actinium X-rays. Only an upper limit of C.8 can bc

given to this transition.

Inerqgy Pinho Leang Present liork
100.5 2.01 0.75 1.66
102.6 1.25 2.75 <0.8

On account of the complexity of the X-ray groups,
it would be impractical to try numerical unwrapping,
since the error associated with such a process woulc be
tremendous. Instead, a set of the K X-rays of Ac is
generated in the following manner. From the analysis
of the gamma rays and the Koy Ko, ﬁ—rays, the widths of
the other X=-ray corponents are olLtained Ly
interpolation. The relative irtensities of the various
components (relative to the Ky;) are obtained Ly
interpolation from Scofield's datd’ The result of the
simulation is shown in Figure YII-4A., The The
experimental data is plotted inFigure III-4B, When the
simulation is superposed on the experimental data, it
is clear that the 100.5 keV garmma ray reported by Pinho
and Leang is the 100.77 keV transition in the prescnt
work (see Table III-1), but the 1C02.6 keV line reporteu

by them is not present. This analysis does not exclude
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Figure III-5

Gamma ray spectrum of Pa decay

{159 - 700 keV)
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Energies of the gamma rave

following 231p, decay

(C) Observed in coincidence only



Present Work Pinho Leang Hagec Baranov
.1 & 0.1
16.5 * 0.1 16.5
19 19.6
25.36 * 0.08 25,54 % 0.06 25.2 % 0.2 25.4
27.38 + 0.02 27.35 % 0.02 27.3 % 0,2 27.3 27.4
30.01 £ 0.03 29.95 & 0.02 29.9 t 0.2 30,7 29.4
30.87 = 0.04 30.00 % 0.05
31.55 + 0.05 31.54 £ 0.05 34.0
35.86 * 0.04 35.82 % 0.03 35,8 * 0.3 35.5
38.19 % 0.02 38.20 * 0.02 38,1 + 0,2 38,0 38.2
39.73 + 0.03 39.57 + 0.04 3.6
40.00 = 0.03 39.97 £ 0.02
42.41 £ 0.04 b2.48 + 0.05
43.08 = 0.04 43.05 & 0.05
44,13 + 0.02 44.16¢ = 0.02 4a,1 % 0.2 43.9
46.32 + 0.02 46,37 + 0.02 6.2 % 0,2 6.1
50.68 * 0.06 |- 50.98 £ 0.05
52.66 + 0.03 52.74 + 0.02 52,6 + 0,2 52.4
54.56 + 0.03 54,61 + 0.02 54.5 % 0.2 54.8
56.79 & 0.04 56.76 + 0.04 57.0 * 0.2 57.0
57.19 & 0.03 57.19 £ 0.03 57.0 & 0.2 57.0
60.4¢ + 0.08 60.50 * 0.03 60.2 % 0.3 59.14
63.60 = 0.04 63.67 + 0.3 63.5 & 0.2 63.3 63.3
70.45 %+ 0.08 70.50 % 0.05
71.9 % 0.1
72.78 £ 0.08 72.5 % 0.1
74.08 * 0.06 74.18 74.1 % 0.3




Present Work Pinho Leang Hagcoe Laranov
77.30 % 0.04 77.36 % 0.03 77.2 £ 0.2 77.1 |
96.80 * 0.03 96.88 + 0.03 96.7 8?28
100.77 # 0.04 | 100.92 % 0.4 100.5 + 0.5
102.6 102.5 + 0.4 | 102.5 | 102.5
124,56 % 0.08 | 124,6 % 0.1 124.4 % 0.5 126.2
144,33 # 0.8 144.5 + 0.1 44,4 % 0.5
161.0 * 1.0
198.89 % 0.10 | 199 + 1 198.7 # 0.6
228.0 % 1.0
242,16 % 0.08 | 242.2 £ 0.1 262,9 % 0.1
243,15 + 0.09 243,0 + 0.1 243.0
245,77 % 0.09 | 2u5.4 % 0.5 245.3 £ 0.5
246,05 % 0.09 | 246,0 % 0,2
255.76 + 0.08 | 255.78 % 0.07 | 255.9 % 0.3 | 256.1
258.54 * 0.15 | 258.4 % 0.1
260.23 + 0.08 | 260.14 % 0.08 | 260.2 £ 0.3 | 260.2 | 260.5
273.15 + 0.09 | 273.08 # 0.09 | 273.2 # 0.3 | 273.5
277.10 + 0.09 | 276.00 # 0.09 | 277.2 + G.3 | 277.7
283.65 + 0.05 | 283.56 % 0.06 | 283.7 % 0.3 | 283.9] 285
286.60 + 0.10 | 286.55  0.10
300,02 * 0.05 | 299.94 % 0.6 300.10 % 0.062| 300.5 | 300,
302.65 % 0.15 | 302.52 # 0.6 302.7 % 0.2 | 303.2 ] 303,
310.0 310.0 % 0.1
312.94 5 0.05 | 312.88 # 0.08 | 312.9 + 0.3 | 313.0
318.1
327.26 % 0.10 | 327.02 % 0.10 | 327.,2 £ 0.4
330,06 * 0.05 | 329.89 % 0.06 | 330.0 + 0.2 | 330.2 ] 330,
340.77 # 0.06 | 340.61 # 0.07 | 340.8 £ 0.2




Present Work Pinho Leang Hagec Baranov
351.6 % 0.1 351.4 % 0.1
354.57 £ 0.08 354.38 & 0.08 354.6 354.5
357.21 & 0.06 356,96 357.2 356.6
359,75 ¢ 0.10 359.25 ¢ 0.10 356.6 % 0.4
363.93 ¢ 0.10 363.74 %+ 0.10 363.9 % 0.4 364.2
375.01 £ 0.10 374.9 %+ 0.1 374.9 % 0.4
379.41 % 0.06 379.09 379.2 £ 0.3 37%.5 | 380.
384.7 % 0.10 384.7 % 0.1 384.8 % 0.3
387.0 & 0.1
391.67 £ 0.09 391.5 % 0.1 391.7 % 0.3 392.5
395.49 £ 0.10 395.5 % 0.1 395.7
398.19 £ 0.09 398.10 & 0.08 398.1 % 0.3 398.4
407.80 £ 0.05 407.71 + 0.06 407.7 % 0.3 4o8.1
410.1 % 0.10 410.5 % 0.1 410.3 % 0.1 410.5
427.0 |
435.0 + 0.10 435.1 % 0.1 434.9 £ 0.8
438.1 4 2.09 437.9 & 0.1 437.9 + 0.8 437.9
438.8 £ 0.2 43e.7 % 0.1
491.0 0.6 491, 2,
501.0 % 1.0 501.6 % 0.5 5C01. 1.
510.0 & 1.0 509. 1. 510. 1. 512.2
516.1 * 1.0 516.2 & 0.6 516. 1. 516.2
536.6 t 1.0 635.3 & 0.7
546.6 + 1.0 546.6 + 0.7
571.0 % 1.0 572,1 % 0.8
583, 583. + 2,
- 609 609 2




the existence of a weak photopeak at this enexrgy, since
the conversion lines of this transition wuave been
observed Leforetl8 lowever, it docs show taat tac
intensity of the 102.6 keV line is guitce small, anc in
the present work, a value of 0.8 (relative to
IY(283.65)=1OO,O) is estimated to be the upper limit of
the intensity of this gamma ray. This seems tCo agrec
better with the value of 1.25 reported by Pinho than
that reported by Leang.

The region between 120 tco 200 keV (not shown) 1is
rather uninteresting in that it contains only three
very weak lines whose energies are 124.56 + 0.08,
144.33 + 0.08 and 198.89 % 0.10 keV. The rest of tue
gamma ray spectrum from the decay of 23'pa is shown in
Figure III-5. The line at 236.0 keV is the strcngest

garma rayZGComing from the decay of?27ph, whicl is the
irmediate cdecay proeduct of?27pc, In the present WwoOrk,
the presence of this gamma ray is the signal that the
source (23Pa) requires purification, the gamma rays
emitted in the decay of 227Ac being of low encrgies and
intensities. The highest cnergy gamma ray occurs at
571.0 keV, and ganma rays of higher encrgiles were
searclhied for but none could pe attributed to 231pa

decay. A list of gamma ray energics 1is shown in

Table ITI-1. Also liste¢ for comparison are those
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Table IIi-2

Relative intensities of the
gaxma rave
of
231py decay

{relative to IY(283o65)m100.)

(C} Observed in coincidence only
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B Y(KeV) Iy
Present Work Pinho

24.6 0.7 % 0.3 0.6
25,36 6.9 + 1.0 5.9
27.38 |6u40. 50 592, %28,
30.01 6.5 % 0.5 5.9 + 0.8
30.87 0.5 * 0.1 0.59% 0.15
31.55 0.47 * 0.04 O.41+ 0,18
35.86 0.94 + 0,05 1.06% 0.17
38.19 9.4 0.5 9.u46% 1.39
39.73 0.14 + 0.01 0.09%+ 0.05
40.00 1.22 + 0.06 0.77% 0.15
42.41 0.3 % 0.1 0.35+ 0,07
43.08 0.41 + 0.11 0.41+ 0.02
bu.13 3.77 + 0.40 3.85% 0.60
46.32 12.97 £+ 0.64 | 13.25% 0.63
50.68 0.08 = 0.04 0.09+ 0,04
52.6¢6 4,85 + 0.34 £.38% 0,78
54,56 4.33 % 0.35 5.14% 0.71
56.79 0.27 + 0.04 0.36% 0.08
57.19 2,54 * 0.26 2.49% 0,35
60.47 0.3 % 0.1 0.41+ 0.08
63.60 2.7 % 0.3 3.2 = 0.4
70. 45 0.6 * 0.2 0.41+ 0.08
72.78 0.2 % 0.1 0.24% 0,13
74.08 1.24 £ 0.20 1.6 £ 0.3
77.30 4,371 £ 0.20 4,32+ 0.20
96.80 5.62 * 0.28 5.62% 0,86




I

B‘{ (Kev) .
Present Work Pinho

100.77 1.66 + 0.25 | 2.01% 0.40
102.6 0.8 1.1¢
124,56 0.29 % 0.09 | 0.29% 0.13
144,33 0.64 * 0.30 | 0.77% 0.27
161.0 | () —
198.89 0.23 % 0.10 | 0.36% 0. 14
228, (C)
242.16 0.5 % 0.2 0.53% 0.08

243,15 | 2,97 & 0.24 | 2.19% 0.28
245,77 0.58 + 0.15 | 0.47% 0.08

- 246.05 0.01 + 0.005| 0.6
255.76 6.34 + 0.41 | 6.45% 0.66
258.54 | 0.15 £ 0.05 | 0.15% 0.0&
260.23 | 11.39 % 0.57 [11.01% 1.17
273.15 | 3.48 # 0.24 | 3.67¢ 0.35
277.10 | 3.88  0.25 | 4.26% 0.4t
283.65 |100.0 | 100.
286.60 0.8 * 0.3 | 0.59% 0.09
300.02 |149.6 £ 7.5 |14&.4% 15,0
302.65 |150.4 + 8.0 |149.1% 15.3
310.0 0.07 + 0.03 | 0.09% 0.03
312,94 7.05 % 0.56 | 6.03% 0.614
327,26 2.27 % 0.28 | 1.89% 1.27
330.06 | 81.9 % 6.5 |82.8 % 8.0
360,77 | 10.9 % 1.3 |710.53% 1.03
351.6 0.15 + 0.06 | 0.22% 0.03




E (KeV
Y( V)

I

»
Present Work Pinho
354,57 5.07 & 0.56 6.03% 0.64
357.21 9.67 ¢+ 0.82 [11.07% 1.17
359,75 0.41 * 0.18 0.57% 0.07
363,93 O.42 + 0.15 0.47+ 0.06
375.61 0.24 * 0.10 0.294% 0.04
379.41 2,89 * 0.23 3.14%+ 0,38
384,7 0.18 &+ 0.04 0.26+ 0,04
387.0 not seen 0.03% 0.01
391,67 0.52 + 0.08 0.43% 0,06
395.49 0.11 * 0.02 0.17% 0.03
398.19 0.49 * 0.09 0.59% 0.13
407.80 2.13 £ 0.18 2.37% 0.29
410.1 0.19 % 0.04 0.12% 0.02
427.0 (C)
435.0 0.12 * 0.03 0.21+x 0,03
438.1 0.20 % 0.06 0.26% 0.04
438,8 0.07 = 0.02 0.09+ 0,03
486.8 0.15 = 0.05 0.11+ 0.03
491 not seen 0.03
501.0 0.05 & 0.02 0.04% 0,02
510.0 0.05 & 0.02 0.04% 0,02
516.1 0.06 * 0.02 0.01+ 0,003
536.6 0.05 * 0.02 0.03% 0.01
546.6 0.04 0.0u4t 0,02
571.0 0.04 0.03% 0.01




Figure III-6

A trochoidal spactrometer
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reported by Plnnoi7hageulhna Leangl.6 Talble III-2 shows

the relative intensities, normalisad to
%,(283,65) = 100.0 . Also listued are the relative
intensities (normalised to the sare lincg) as reportecd

by Pinh037

III.4 CONVERSION ELECTRON SPECTRA

The conversion electrons have beern examined using
a trochoidal spectrorieter which was designed and built
at this University. The principle and operation of
this spectrometer has been discussed elsewherezz, and
will not be given in detail here. Essentially,
conversion electrons enitted by the source are
spiralled along the fringing fielda of an electro-magnet
having circular pole faces, anc travel in a trochoidal
path until they are intercepted by a surface Lbarrier
electron detector placed in the spectrometer,-as shown
in Figure III-6. The alpha particles, emitted as a
result of the decay of 231Pa, drift in the opposite
direction since they have a charge opposite to that of
the electrons, and hence are not detected. Thus tihe
radiation damage of the electron detector due to tne
alpha particles is avoided.

It should be pointed out that a great advantage of
using this spectromcter is that practically all the

electrons emitted (irrespective of tiwe direction of
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Pigure ITI~T7

Conversion electron spectrum of

22754
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emission) arrive at the detector. Thus a strong source
is not required.

The source mount for this spectrometer consists of
a VYilSs filn%3 mounte« on a rectangular aluminium frame
whose external dimensions are 4,5 cm by 4.7 cm. A tinin
layer of gold is evaporated or the VYNS film, anc a
érop of 23lpa in HCl is dropped onto the geometric
centre of the film, and evaporated to dryness, Three
different sources were prepared in this manner and four
different runs were made.

A typical conversion electron spectrum of 22%Ac is
shown in Figure III-7. The energy resolution is 6.0 keV
at 300.0 keV; this is deemed satisfactory in view of
the fact that dropped sources were used. The spectrum
is very complicated, as xpected, and numerous
unwrapping procedures are required. Such unwrapping
processes have Dbeen carried out by hand, since it is
impractical to try numerical unwrapping, as too many
parameters would be involved.

The detection efficiency of the trochoical
spectromoter has been absolutely calibrated?? so thét it
is possible to determine absolutely the number of
electrons emitted per second I}, from the area under the
conversion electron peak observed in a given time.

After an electron spectrum is obtainced, the source 1is
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Figure ITI-8

Plot of 0y Versus energy B
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Table III-3
K - conversion coefficients

of

227,
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EY(keV) Run 1 Run 2 Run 3 Run 4 Mean Pinho | Pinho et al liagee
243.15 0.59 0.50 0.54 * 0.14

255.76 0.214 0.21 0.21 * 0.05

260.23 0.2% 0.29 0.29 * 0.07 |0.23 0.62 * 0.16

283.65 [ 0.041 0.040 0.033 0.044 0.04 £ 0.01 |0.032}0.04 = 0.01

300.02 | 0.39 0.31 0.35 + 0.09 {0.26 0.39 =+ 0.06

302.65 | 0.028 0.033 0.030 £ 0.010{0.024 | 0.038 * 0.014
312.94 |0.28 0.27 0.24 0.25 0.24 + 0.08 |0.25 0.47 * 0.16| 1.78
330.06 {0.29 0.27 0.25 0.27 0.27 % 0.07 {0.25 0.41 % 0.051} 0.412
340.77 { 0.052 0.067 0.060 * 0.020]0.2 0.054 £ 0.029 0.222
354.57 | 0.096 0.10 % 0.02 0.14 * 0.05

357.21 10.38 0.38 + 0.10 0.39 +* 0.10




removed from the spectrometer, and is put in front of a
gamma ray detector whose absolutce detection cfficiency
is krown. dence it is possible to detecrminc Ny ,' tae
absolute number of photors of a particular transitiown
per second. Thus, for a given transition, the‘ internal
conversion coefficienﬁ te can be 6etarmined, knowing Iy
and ik . Table III-3 lists the results of tiie four runs
as well as those reported by Pinho’and Hageels Tne
agreerent between‘the present work and Pinho's earlierxr
data® is generallyvgood. There arec sone disﬁrepancies
with that by Pinho et.allénd Hégeeli

The @ for the 283.15 and 255.76 keV transitious
are here'rcported for the first time to be 0.54 % 0.1%4
and 0.21 + 0.05 respectively. The 243.15 keV ganma ray
de-excites the 273.15 keV level to the 3C.01 keV level.
The ~spins and parities of thesc levels are (5/2-) and
5/2- respécii&ely (See level écheme in Figure III-22 in
Section III.6). .Thus, this transition with an Oy of
0;54‘ is very probably Ml(BQ%)-i—‘EZ(él%)° The 255.76 keV
gamma ray correspoﬂdslto a gramma transition from <tne
329,99 keV level (3/2-) to tue 74.11 keV level (7/2-).
an ox of 0.21 suggests very strongly that this transiorn
is B2+M1, specifically, 874L2+13%MT. A summary' of. the

conversion elnctron data is shown in Figure III-S.
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IIT.5 GAMMA-GAMMA COINCIDENCE

Ganma-gamma coincidence work has becen carvied out
cemploying the circuit as  describec  in Chapter I.
Because of tue complexity éf the spectrun, dctcctors-of
‘high resolution are neccssary. In the presclt ctase, an
Ortec Ge(Lli) XH-ray Cdetcctor and an Ortec 35 cc  Ge(Li)
detector are used. Their resolutions are 290 eV at
6.5 keV and 3.0 keV at 1.33 MeV respectively. The
coincidence work was carried out in the following
manner. First, the 35 cc <detector was used as tne
gating detector on chanrel 1., The SCA was set to gate
on éhe strong lines in the ‘high' energv region, namely
those 1in the region between 230 to 570 keV. The X-ray
'detéctor at channel 2 was used to look for gamma rays
in coincidenca in the region between 20 to,jCO\keV,
Then the two detecﬁors were interchanced, with. the
X-ray daetector being used as the gatinq detector in
channel 1 and the 35 cc in channel 2. The advantage of
doing this is that the two sets of data obtainecd ﬁay be
chécked against each éther for consistency. wa large
volume Ge(Li) detector were not used in both cnannels 1
and 2 because cascades éonsisting of high encrgy gamma
rays are unlikely to occur in the present Gecay schene.
Two Ge(Li) 3~-ray detectors were not used iu  Loth
channels Dbecause the cdetection efficiency would be too

low. The methed of removing the rendom coincidences and
reverling the enhenced (i.e. coincident) lines is given
on page 38 of Chapter I.
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In order to minimize the effect of back scattering
by one detector into the other, the source used¢ for.
coincidence work was deposited on a piece of mylar film
nounted 1in an anti-scattering shield as shown in
Figﬁre I1T-9. It shoulé ke noted that copper sheets
were used to line the shield so as to absorb any lead
X-rays that may be produced by fluorescence.

The counting time of each coincidernce run.was 7-1C
days, and twelve gates were used. To avoid losses of
activity in the purification processes, the same source
as was used for some of the singles runs served for the
coincidence studies. It was realized that 227Th  would
"have grown in but it was thought that its raciations
would not complicate the ana’ysis of the coincidence
data. This proved to be only partially true, for tne

tails of sowme of the stronger lines from the 227

Th deqay
were found to be effective in opening tihie gates. This
was enhanced by the gate wicdtns used (up to 4 keV) for
the various spectra on which the gates werc set did rot
have such good resolution as was obtained for tne
singles runs, owing to the mdre complex electrbnic
circuitry employed for the coincidence worik. liowever,
detailed analysis enabled unambiguous identification of

the coincident radiaticns in the decay of 23kpa,

To comprehend fully the discussion on  the
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Figure III-10

Coincidence spectrum with the

46,32 keV gamma ray
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colncidence, data, reference should Le made, whencver
necessary, to the decay schene as shown in

Figure III-23,

46,32 keV Cate :

Figure III-10 shows the coincidence spectrum when
the gate is set on the #46.32 keV line, The enchanced
lines include those whose energies are: 161.0, 236.0,
255.76, 260.23, 273.15, 277.10, 283.65, 312.94, 340.77
and 379.41 keV. Of thnese only those at 161.06, 260.23,
283.65, 340.77 and 379.41 keV are in true coincicdence
with the gate. Although the 1lines at 161.0 andc
260.23 keV do not feed the U46.32 keV level directly,
they are enhanced nevertheless, being in cascade with
the gate (46.32 k¢V gamma ray) tnrough the 42.41, 38.19
and 63.60 keV transitions. Lines at 391.0 and
570.0 keV are expected to ke enhanced, but they are too
weak to show up. The rest of tne enianced lines can DLe
accounted for on the grounds that due to the complexity
of the spectrum, it was not possible to obtain a clean
gate. In the present case, some pulses, corresponcing
to the 50.2 keV gamma ray (the strongest transitionzén
the decay of227Th) and the 5%0.68 keV from tihe decay of
23%a leaked into the SCA and brought about tie
enhancement of some of the lLines. The line at 236.0 keV

is in coincidence with the 50.2 keV line which cones
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Coincidence spectrum with the

52.68 keV gawma ray
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227 . . ,
from Th. The rest of the linces (namely, those at
255,76, 273.15, 277.10, 312.94, 340.77 and part of
260,23 keV) can be attributed to thelr being in cascacdoe

. - ] . - 231, , o o
witih the 50,68 keV linc from a uecay. These garmma
rays in coincicdence witn the 50.2 ana 5L0.068 keV

transitions are also observed when the ¢ate is set on

the 52.66 keV gamma ray (see below).

52.66 keV Gate :
The spectrum in coincidence with the 52.66 keV
line is shown in Figure III-11. The enhanced lines
occur at 144,33, 236.0, 260.23, 277.10, 312.9%4, 340.77
and 354.57 keV. Of these, the 236.0 keV transitior. is
in cascade with the 50.2 keV line inzz%h, while all tne
others, except the 144,33 and 260.23 keV lines, are in
cascade with the 50.68 keV line in the23lPa decay. The
144,33 and 260.23 keV transitions are in cascade wita

the 52.66 keV gate.

54.56 keV Gate :

When the gate is set on the 54,56 keV line, the
spectrum obtained 1is shown in Figure III-12. The
enhanced lines arc those at 144.33, 260.23, 273.15,
277.10 and 375.01 keV., It shoula be noted that the

weak 273.1% keV line, being a ground state transition,

is not expected to be enhanced, but its presence can be
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explained by the fact that some of tihe 56,79 keV
photons arce leaking into tie SCA, thereby opening the
gate, and the 273,15 keV line is ip cascacde witn the
56.79 keV line. Also, the line at 260.23 keV may be
due in part to the leakage of tune 5Z.66 keV gamma ray
intoc the gate, but tiis could not account for the
enornous enhancement, This implies a genuine
coincicence between the 54,56 anc 260,23 keV
transitions. This would require as a link, a transition
between the levels at 126.85 and 84.55 keV, as shown in
Figure III-23 The transition energy is 42.41 keV, and a
garmma ray at this energy has been observed, so that
such an assignment 1s reasonable, in view of the
coincidence data. The 1line at 144,33 keV can be

accounted for in a similar manner, being in cascace

with the 54.56 keV gate via the 42.471 keV transitiomn.

(56.79 + 57.19) keV Gate:

In Figure III-13 is shown tie coincidence spectrum
when the gate is set on the (56.79 + 57.19) keV lines.
The lines that are enhanced include those at 198.9,
243,15, 255.76, 260.23 and 273.15 keV. The 56.79 keV
transition is firmly established to be the transition
from the 329.99 keV level to the 273.18 keV level.
This is confirme ' by the enhancement of the lines at

273.15, 243.15 and 198.89 keV, all of which de-excite
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the 273.15 heV level. The 57.19 LheV carma ray, on the
other hand, 1s known to de~excite from tne EL.0LL keV
level to tine 27.38 keV level. Tails is verifica in tae
present work by the ennhancement of tuae 200.23 keV line.
(See Figure III-23)., The 277.10 keV transition woulc Le
expected to be in coincidcnce with tie 57.19 keV ganra
ray through the 25.36 keV transitiomn. however, the
present data shows insufficient indication of tue
enhancement of the 277.10 keV line to give a definitive
conclusion. An interestinag feature in this set of cata
is the slight enhancement of the 255.76 keV line. This
cannot be accounted for being in cascade with either

the 57.19 keV gamma ray, which de-excites the 84,55 keV

level, or with the 56.79% keV gamma vray, Wwilch
de-excites the 322.99 keV level. This 1is an

indication that there is a further  transition above
the 329%.99 keV level whose energy 1is vexry close to
57.19 keV, Such a transition is found ce-exciting tihe
387.16 keV level to the 329,99 keV level. This
transition would bring about the enhancemcnt of the
255 76 keV line, as 1s observed here. In fact, onc
expects to see the lines at 255,76, 283.65, 300.02,
302.65 and 330.06 keV appear cenhanced but in the ratio
in which they appear in the singles spectrurm. However,

in view of the slight enhancement of the 255.76 keV
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line, the enhancerment of tihe other lines would be morce
difficult to observe, sincc once would be looking for a
small enhancement in  a very strong lince. In  a later
discussion, more evidence will be presented to support
this transition from the 387.16 keV lecvel to toe

329.99 keV level.

74.08 keV Cate :

The next gate is set at the 74,08 keV gamma ray.
The coincidence spectrum 1is shown in Figure III-14,
The enhanced lines include those at 198.8%, 228.0,
243,15, 255.76, 260.23, 273.15, 312.94 and 427.0 keV,
The lines at 228.0 and 427.0 keV have not been reported
previcusly by other workers, nor have they een
observed in the singles spectrum in the present work.
They are now placed in the decay scheme and would be in
coincidence with the 74.08 keV transitiormn. The
interesting point about this set of data is that
whereas the lines at 158.8¢, 255.76, 260.23 and
312.94 keV are expected ﬁo be enhanced, the ones at
243,15 and 273.15 keV arc also enhanced, although tuiey
are not expected to be (See Figure III-23). This
suggests that there is probably a transition (whose
enerqy is very close to 74.08 keV) above the 516. keV
level. This will be discussed in greater . detail at the

end of this Chapter (see Section IIXI.G).
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Figure III-15
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(255.76 + 260.23) keV Gate :

Next, the SCA is set to gate o tue
(255.76 + 260.23) keV gamma rays. Sucih a wide energy
window 1s chosen kecause it is not possible to gate on
each of the gamma ray separately without getting
considerable interference from the other one.,
Figure III-15 shows the coincidence spectrum obtainec
with +the composite gate. The lines at 30.061, 31.55,
44,13, 50.68, 52.66, 57.19, 74.08, 80.0 and 96.8&0 keV
are enhanced. It is immediately obvious from
Figure III-23 that the lines whose energies are 31.55,
50.68, 96.80, 52.66 and 30,01 are in cascade with the
260.23 keV transition. The line at 80.0 keV 1is less
well understood. A gamra ray at this energy is not
observeéd in a freshly prepared source, pkut after
leaving the source for a few monthis, a line at this
energy is readily observable. Thus, it seems that tuls
line might have originated from tihe radioactive decay

5o

. ) 227 . . .

products of Ac. In fact, Th has a fairly intensc
. 2528 . . . .

line at 79.9 keV which 1is in cascade with several

garmma rays whose energies are about 260 keV (254.7,

262.7 and 270.0 keV). It is quitc possible that tihe
; . 227 .

line observed here 1is in fact from the Th aecay. The

rest of the enhanced lines (ec.qg. those at 74.08, 44,13,

and 57.19 keV) can Dbe attributed to being in cascacc
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with the 255.76 keV line,

283.65 keV Cate :

The next gate 1s set at 283.65 keV, and tae
spectrum in coincidence witir this gamma ray is shown in
Figure III-16, The enhanced lines occur at 24.6,
27.38, 30.01, 30.87, 40.0C, 42.4%1, 43,08, #6.32, 50.068,
57.19 and 70.45 keV, Of these, only tihe one at
43,08 keV 1is not placed in the level scheme. A very
important result of this investigation is that as the
283.65 keV gamma ray de—excites to the 46,32 keV level,
and the lines at 27.38 and 30.01 keV are observed to be
enhanced, there have to be transitions from the
46,32 keV level to the 30.071 and 27.38 keV levels, the
transition energies being 16.5 and 18.9 keV
respectively. It should be noted tiiat gawma rays at
these energies are not observed in the preéent WOXK,
since they, if present, would be masked by the intense
L X-rays. Further, transitions at these encergies would
be very strongly convertec. In fact, the conversion
electrons corresponding to these transitions have becn

7,18

4] ' ,
reported’” ', and the present work seems to substantiate

this report.

(300.02 + 302.65) keV Gate :

The next gate is set on the (300.02 + 302.065) keV
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doublet. The coincicence spectrum  1s shown 1
Figure III-17. The ecnhanced lines arce found at 27.3¢,
30.01, 38.19, 40.00, 42,41, 4€.32, 50.68, 54.5¢ anc
57.19 keV. The present data confirms the fact that
there are two gamma transitions whosec energies are very
close to 302.65 keV, as suggested by Pinho. One
transition 1is very well established and ce—excites the
329.99 keV level to the 27.38 keV level. The otuher
transition de~excites the 387.19 keV level to the
84.55 keV level (See Figure III-23). The existence of
this transition is verified by the enhancement of the
gamma rays at 57.19, 54.56, 38.19 keV which de-excite
the 84.55 keV level. The presence of this transition
also explains the ennancements of the gamma rays at

46.32 anc¢ 30,01 keV.

312.94 keV Gate :

Figure III-18 shows the coincidence spectrum
obtained when the gate is sot on tne 312,94 keV  gamma
raye. The lines at 30.01, MU,13; 50.68 ané 74.06 keV
are enhancec¢ here. This 1s consistent witi the
assignment that the 312,94 keV gamma ray correspond to
the transition from 387.94 keV lcvel to the 74.11 keV
level, as shown in the level schene (Figure III-23).
The lines at 31.55, #0.00 and 42,41 keV are expected to

be e¢nhanced also. llowever, with thce present data tncy

111




r)
A3 Lo
£
sy B
o oo
8 i @
b = o
fed o
4 1 o
5 0
i3 <o
@ a3 ¢ 1
3 gy O o4
o] ol (s8] eod
B o3
i &
25 [} o
&5
@ i}
4 &3
opd N
£3 [
£ &3
ored oy
] it




COUNTS PER CHANNEL

— (@]
O} " ..Ax ™

—ZO

00l
T

00¢
T

TINNVHD

00¢
T

EN
8_
= =
o=
= . X
[ a
(wy) : 3
m 8 P "
] S .
. ’;h‘“""%- [
r——— "
;'ﬁ: 3
o) .
o ; .
& Py,
S L Cioo—e 14433
(@) .o '
s oL
. b
t . s "




O
ray

¥
ReV gamma

b B A

o

2 I
I N

o O
eI
ot ™




Y3gWNN TINNVHD

COUNTS PER CHANNEL

- o o 5] o

. n [&] Y

l ¥ ) lllrll' i3 T |IIIIT] T ] llltl[l t 1] IIIIIII
ori
H

I r

iae— 3

BEESSSE e w

o .
8_ o ———= 5266 5068
;-5456
: L Te————— 5719
. § N
} S
) : ; .
1 I
b
i :
i . .
! (I "
, . — }_F
: ‘—‘___T'_,___——J——‘ 3
N . ' .
Q. MRy
(@] t : s X x
' ——
R
: . . : 5
¢ ( : @
i .
1 ;
13 .

009




are too weak Lo show any ennancement tacy might have,

(327.26 + 330.01) keV Gate

Next, the gate is set on the (327.26 + 330.01) keV
gamma rays. It shoula be noted that the former line
(327.26 keV) 1is very weak compared to the latter one
(330.01 keV). In fact the 330.01 keV gamma ray is
almost 40 times more intense than the 327.26 keV line,
Figure III-19 shows the coincidence spectrum, The
enhanced lines include those at 24.6, 27.38, 31.55,
50.68 and 57.19 keV. The data confirms the placing of
the 57.19 keV transition between the 387.16 keV and the
329.99 keV levels. It should be mentionecd that there
is a slight evidence for the enhancement of a
transition at about 144 keV. This cannot bLe the
144.33 keV transition, but this ray signify a
transition feeding to or above the 354.6 keV ievel. The

present data is indecisive.

340,77 keV Cate :

Figure III-20 shows the coincidence spectrum
obtained when the SCA& is set to gate on the 3U40.77 keV
gamma ray. The enhanced lines include those at 27.38,
40,00, 46.32 and 50.68 keV., Refering to Figure III-23,
tie line at 31.55 keV is expected to be enhanced, Lut

in the present cdata, 1t 1is too wecak to reveal its
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bresence. The 42.42 keV transition is that which feeds

the 387.16 ﬁcv level,

(354.57 + 357.21) keV Gate s

Figuré ITI-21 shows the svectrum in coinciderce
with the (354.57 + 357.21) keV gamma rays. It should
be noted that the gate consists of, in actuality, a
group of several ‘lines, ag shown in Figuré I11-22.
This figufe '1s the CUTIPIL analysis of the gamm% ray
spectrum in the region 350—360 zeV, The spectrum is
taken with a Ge(Li) X-ray detector whose resolution is
280 eV at 5.9 kev, Obviously, ail the four gamma rays
(eg. 351.6, 354.57, 357.21 and 359.75 keV) open the
gate;‘ However in the present case, the contributiocrs
-frdﬁ the 351.6 and 359.75 keV lines consitute less thnan
1T % of all the gating pulses, so that for all practical
purpose, they can be ignored. Tae euuanced.lines are
those at 30.01, 42.41 ‘and 50.68 keV. It should be
‘noted that the line at 70.45 keV is also expected, but
is too weak to show up. Again the 42.41 keV transition

is that feeding the 387.16 keV level.

III.6 DISCUSSION
The coincidence data is suxﬁrisod.in Table III-L4.
The data is self-consistent. From Table III-4, it is

evident that the 1line at 42.41 keV is ennanced witn
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pracﬁically cevery line in the high eneroy  roegion, It
is thercfore suggested that there  should be  an
additional level abova tne existing 387.16 orx
437,76 keV levels. In the present work, a level at
429.6 keV is suggested to accorodate this gamma ray, as
shown in the level scheme in ¥Figure III-23.

A second level 1is suggested at 457.7 2 2.0 keV.
This suggestion does not arise from the coincicence
data, but is put there because it can accomocatc four
gamma rays that were not previously placed in the cdecay
scheme., Iurther, the closeness of this 1level to tuae
469.5 keV level does not exclude the possibility that
it is very weakly fed by alpha decay, bkut 1is not
chserved due to the relatively poor rcsolution of the
alpha particle spectrometers.

Anothexr level is suggested at about 641 keV, as
shown in Figure III-23. Lange et all3_has reportec
having observed a very weak alpha group (about 0.001%)
whose energy is 4.41 % 0.01 MeV in the cecay of 2NPa.‘
This would mean a level at 635 * 10 keV akove the
ground state. The present data secms to support this
finding (See coincidence data gating on  the 74.08 keV
gamma ray), except that the energy of this level is
adjusted to Le 6471.0 % 2.0 keV, based on the energies

of the gamma rays and othe other cexisting levels. This
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level can  also accomocate  the 28C.6 kov transitior,
which has Deen observed but not Previously  placed  in
the level schiene with certainty. It should Le noted
that this transition is basedq cntirely on  the cnergy
agrecment between the énergy of the garma ray anc tine
energy difference between tue levels.

Lines at 71.9, 102.6, 310.0 and 387.0 ke have
been reported by Pinhol? but are rot oObserved in the
Present work., &lso, threc rnew transitions (161.0,
228.0 and 427.0 keV) are Teported here for the first
time. All three are observed only in coincicence
-eXperiments. 21l save one (43.08 keV) of the 73 gamrma
rays obsexrved in the present work have been placed in
the decay scheme.

In the present work, the sources availc le were
too weak to permit any anqgular correlation wérk to be
‘carried oﬁt. vThus the spins quoted in Figure III-23
are those reported by Pinhol? 1p his paper, a spin of
1/2 is suggested for the 5071.1 keV level. In the.
Present work, however, it is felt that in view of tine
garma rays (228.0, 275.1, 427.0 anc 501.0 kev)
de-exciting this level to levels whose spins are 5/2,
S/2, 7/2, and 3/2 respectively, a spin of 5/2 seens
more rcasonable than 1/2. A spin of 5/2 is thus

assigned to this level.
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The rotational propertics of this nuclecus have
been investigated by Uagcé3anc Pin.o!’ The groul:« state
parity has been shown to be oddiscontrary to the even
parity as suggested by Baranov ct al}L+ The ground state
of 227Ac has beer unarbiguously assignced as tiace
3/2-(532) dilsson state. The first Zfour menbers of
this rotational band are firmly established to occur at
0, 30.01, 74.11 and 126.85 keV. The otiier membefs of
this bandé are less well understood, but it seems that
the levels at 198.78 and 271.3 keV corresponc to tae
11/2 and 13/2 nenbers of tnis band.

The Nilsson state of 3/2+(651) is assignec to the
27.38 keV level. Other members of tnis band incluce
those at 46.32 (5/2+), 8uU.55 (7/2+), 109.%2 (9/2+),
187.25 (11/2+) and 210.69 (13/2+) keV. A more
interesting Land occurs at 329,99 keV. This level has
been firmly established to Dbe the origin of tne the
1/2-(530) band. The 1/2, 3/2, 5/2 and 7/2 menbers
occur at 354.60, 329,99, 437.76 and 387.16 keV
respectively. The interesting feature is that tue 1/2
and 5/2 members of this bLond have energies higher tixan
that of the 3/2 and 7/2 menbers. This is probably duc
to the coriolis coupling between tihis bana and other
rotational bands.

Other possible rotational bands have Leen looxed
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for Dby otner workcrs ™~

1

ut tliey have met only partial

success,.
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CuAPYLR IV

_TLE DDCAY OF Z'rp

IV.1 INTRODUCTION

231, a beta emitter of 25.52 hour half-life, is
the immediate decay product of 233y, In classical

radioactive terminoclogy, 2>}

Th was known as "UY", Its
early history and its relation in the 23% decay chain,
have appeared in some detail in the literaturc®?,

- » . 3 5
zan can be isolated from ores containing 235y or

produced by the ZMTh(n,Yf3lTh reaction. The
investigation of the radiations from 23'Th Gates as far

back as '1932,3 and the accepted decay scihere Las

6

. - . . [T . . .
increased in complexity with the pessage cf time anc

with the increasing number of investigations.

IV.2 SOURCE PRLUPARATION

231 N
In the present work, Th was prepared from - the

231Th nhas a

7.13x108year 23% in the following wag. Since
half life of about onc day, it will be in secular

equilibrium with its parent ( 23%) in a matter of days.

235

2.5 gramnmes of 934§ enrichied U was loadec¢ onto a
200x13 mm ion~exchanqge column packed witn
Amberlite AG1Ix8 resin using 121 LCL. The source was



left to stand for tihe ?3!Ta to grow forx two or tareo
days, after which the 23!70 was eluted from tue column
using 50 ml of 12M iiCl. In tine ecarlicr part of tihis
work, thorium was removed from tiue eluant by hydrolytic
co-precipitation with iron as a carrier. liowever,
difficulty was encountcred when attempts were made to
remove corpletely the carrier(Fe). The sources obtainec
as a result were too poor for Ilow energy gamma ray
studies., An alternative procecure was adopted
subsequently. The eluant containing231Th was evaporatec
to dryness, and any organic material that might be
present was oxidized by treating the residue with a few
drops of hot HNO, and QZOZ, The residue was then
re~dissolved in a few drops of 12M HCl, and the
solution was passed through a second 60x6 mm resin
column to remove any contaminants that might be
present. The eluant, containing only ?3!Th, was again
evaporated to dryness, and then re-dissolved in a few
¢rops of hNO 3.

The solution of ?3!Th was evaporated on a piece of
mylar backing whose thickness was 0.71 mg/cm?. After
the source was dried completely, it was covered withr a
second piece of mylar of the same thickness for
radiation safety, and was then recady for counting.

Sources produced this way appeared as faint waite




Figure IV-1

E-ray spectrum of inert impurities
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stains, and were gencrally quitce accaptable for camma
ray work in the energy rance of T0-4006 keV. As a ratter
of secondary interest, an d-ray fluorecscecuce experinent
was performed on a sourcce to determine its poﬁsiblc
contaminants. The source used hac been left to | stand
for a period of 12 montihs so tnat for all practical
purpose, it could be regarcded as frce of the activities
of?3'7h. A beam of tuncsten (W) X-rays from a TuR-k60
X-ray machine operating at 50 KV and 20 ma was used to
excite the characteristic X-rays of tﬁe contaminants.
The spectrum, taken with a Kevex Si(Li) X-ray detector
(whose resolution at 6.5 keV was 290 eV) 1is as shown in
Figure IV-1. The contaminants were identified to Dbe
Ca, Ti, Cr, Pﬁ, Fe, Cu, Zn,. Ni and not surprisingly
uraniuvm. Unfortunately the system was not calibratecd8so
that it was not possible to obtain tihe absolute
abundanceﬂofnthese elements. The presence of traées of
Uranium was due to the fact that some uranium was
washed off the first column with the thorium; a further
confirmation of the presence of 235y in the source
material was indicated by the faint presence of its
more intense gamma rays in the 2317Th  spectra (Seec

following section).

IV.2 GaMMA RAY SPLCTRA

All the semi~-concuctor detectors mentioned  in



FPigure IV-2

Gamma ray spectrum of 231gy daecay
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Chapter I were used to examine the ganma vrays critted
as a result of the 2317h decay. The Si(Li) Z-ray
detector having a resolution of 240 ¢V at 6.5 keV  was
particularly useful in exardning the L Y-ray fugion
(up to 30 keV). Figure IV-=2 shows a portion of the
spectrum in this energy region., The only true garma
rays belonging to the ?2317Th dccay are those at 17.6,
18.4, 25.67, 42.79 anc 58.56 keV. The 1line at
25.67 keV is the strongest gamma transition in  the
entire decay. All the other peaks can readily be
identified as the various conmponents of the L X-rays of
Pa. The weak lines in the region betwecn 7 and 9 XeV
are the X~rays of the various stable comtaminants
mentioned earlier,

Iigure IV-3 shows a portion of the gamma ray
spectrum of 231pa  following the Leta decay of 23k,
This spectfum is taken with the 5C cc Ge(Li) detector
whose resolution is 2.0 keV at 1.33 MeV. The pnhotopcaks
beyond 350 keV (See Figure IV-4) come from tne
background radiation. Thus it can be concludecd that
thére are no gamma transitions beyond 350 keV coming
from the?3!Th decay. In the region 40 to 320 keV, the
most intensc ramma ray is found at 84.2C keV. The weak
lines at 92.91, 115.5, 116.9 and 136.72 keV shoula be

noted. The line at 185.7 keV is due to the prescnce of
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traces of?3°U in the source matcrial,

An inherent probler associatoec witii  using
semi-conductor detectors (particularly 1large volure
detectors) is accicdental summing betwecen the inéident
garma ravs. Two intense ganma rays of cdifferecut
energies can enter the dutector simultancously, giving
rise to a spurious sum peak whose energy is equal to
the sum of that of the two garma rays. This surming
effect is particularly obvious if the source is strong,

and is put very close to the detector window so that

the window subtends a large solid angle at the source.

Summing may also ocrur when Ge(Li) X-ray detectors are
used, since the L A-rays of heavy elements are usually
very strong, and summing between tne stroncer gamma
rays and the L x~rayé are often seen. In order to
ascertain that the relative intersity of the pihiotopeaks
obtalned in an experiment is correct r it 1is necessary

to ensure that sum peaks are eliminated as far as

possible. One easy way to achieve this is by taking

the gamma ray & spectrum through a properly cicsen
filter. In this case, it is of course necessary to
compensate for the attenuation d¢ue to the presence of
the filter,

In the present work, two Gdifferent types of

filters were used. In the region above 40 keV, nmost of
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Pigure Iv-4

o 291
GCamma ray spectrum of 23ign decsy,

taken through a Pt Fllter
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Attenuation curve of the Pt filter



3903 NOILJYOSEY

id

do1LoVvd

NOILYNNILLYV

l.o

400

300

200

jOG

(LkeV)

ENERGY



enuation ouy

>

At




L

|

o

4010Vd

NOILYNNILLV

100

ENERGY

10

(keV)



B

£ F

um of 4%1eh deca

]
vy

z

Gamma ray spect

o



TINNVYHD

d38WNNN

COUNTS PER CHANNEL
- S 3, a, 3 3, ] Q
- =TT T T T T T NS RAAL UM | Y T T
S £
S /e 2567
(o3
wl
(e
[e)]
o
(@]
b4
== 9933 o
oS ) P ——— -
3 ————19573 5666
] _——
& A= 19%)169
o .\
:,\‘_._«_:’ _
g 12494
a0
& B/G
- 5s=l4903 1459
8l -
3 :
i~ 8/6
% )
s 183706
;;- 16952
Pitmme— 17440
al :
3 183-46
%
3
o)
e 217-96
e 2362
B8/G
n
=1
(@]
n
Dy
(@}
O




the summing occurs between the strong 84,20 keV gamma
ray with the other photopeaks. A platinum filtcr of
thickness (0.27 % 0.02) gm/cm2 was uscd  weltween the
source and the 50 cc detector. The resultant spectrum
is shown in Figure IV-i4, The HK-absorption cuge of
platinum occurs at 78.381 keV’so that the garma rays in
the region of 80 to 100 keV were very heavily
attenuated, thereby drastically reducing the
possibility of their summing witn the rest of the

spectrum. An attenuation curve for this filter (see

Figure IV=-5), obtained experimentally using the
10 75, ) -
photopealks”™  of Se, was used to correct for tihe

attenuation of the gamma rays from the 23lopn decay due

to this filter. The resultart relative intensities
(relative to Iy (84.20) = 100.0) are shown in Tablc
Iv-1i.

The low cnergy region was similarly re-examinced
using the Ortec Ge (Li) X-ray cdetector, anc the
undesirable L X-rays, together with the ¢5.65 keV ganma
ray, were attenuated wusing a nmolybdenur filter of
thickness (0.20 % 0.02) gm/cmz. The attenuation curve
of molybdenum (K absorpticn edge at 20.0039 keV’)9 is
shown in Figure IV-6, and thie gamma ray spectrum taken
through this filtexr, 1is shown in TPigure IV-7, The

result of the analysis 1is shown in column 4 1in
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Lnergy No Filter Brown I'o Filter Pt Fiiter Veichtoeo ean
25.67 200.3 202.0 206.3
b2.79 1.58 0.87 1.C3 1.12
56.56 8.21 7.2 7.45 7.86 7.61
63.77 0.25 0.23 0.17 0.22
72.74 3.83 4.0 3.64 3.67
81.20 13.1 10,2 13.70 13.43 13.52
82.06 6.8 7.2 5.85 6.60 6.U42
84,20 100.0 100.0 100.00 100.0 160.0
89.95 14.8 15.3 14.68 16.5 15,33
92,91 1.0 1.1 0.81 0.99 0.93
99.33 2.0 2.1 2,06 2.14 2,07

102.32 6.8 6.7 €.86 6,93 6,86

105.74 0.14 0.14 0.13 0.13

106.66 0.34 0.34 0.33 0.33

115.5 0.017 0.0C41 0.014 ¢.013 0.014

:ﬁ 116.9 .38 0.39 0.37 0.37 0.37
124.94 0.€6 0.95 0.97 0.95 0.95
134.06 0.35 0.42 0.43 0.40 C. 41

135.62 1.09 1.3 1.35 1.32 1.31

| 136.72 0.04 0.09 0.03 0.07 0.05




Bnergy o Filtor Brow: o I'ilter Pt Filter Welgntaow ilear,
145,03 0.11 0.012 6.0Y G.09 6. 00
145,90 0.48 0.5¢8 .55 .49 G.53
163.06 2.24 2.6 2.49 2.49 2. 47
165,16 0.1 0.06 0.0¢ 0.0G6 G.00C
169.52 0.03 0.03 0.02 0,02
174.10 0.38 0.31 0.39 0.2¢ 0.3k
183.U46 0.48 0.57 0.57 0.49 0.55
188,72 0.1 0.08 C.0H4 0.05
217.96 0.64 0.67 0.6 (.63 0.64
236.1 .14 0.18 0.14 .14
240.6 0.004 0,005 0.008 0.0G7
242.6 0.016 0.013 0.015 ¢.015
249,5 0.01 0.01 0,009 0.00¢
250.3 0.01 0.011 6.011 G. 011
267.6 0.023 0,019 0.01¢
308.7 0.01 0.008 0.007 0.C0¢&
310.6 0.05 0.054 6. 049 ¢.ou@
317.6 0.602

320.1 U. 0035




231m ,
231em gamma vay table

(C) Observed in coincidence only
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Present VWork

Brown

E ., IY EY IY

17.7 £ 0.1 1.3 % 0.5

18.6 * 0.1 0.6 % 0.3

25.67 + 0.03 |204.3 £10.0 25.56 202, % 20
42.79 * 0.06 1.12 % 0.20 42,80 % 0.06| 0.87 + 0,10
44,2 + 0.3 (c)

45.8 + 0.3 (c)

47.4 % 0.3 (c)

58.56 % 0.05 7.61 £ 0.47 | 58,47 % 0.05| 7.2 % 0.7
63.77 + 0.10 0.22 % 0.04

71.8 (c)

72.74 % 0.05 3.67 £ 0.23 72.66 * 0,06| 4,0 % 0.4
73.23 (c)

81.20 + 0.04 | 13.5 % 1.0 81.18 & 0.05| t4.2 % 1.4
82.06 * 0.05 6.42 % 0.58 82.02 i’0.06 7.2 % 0.7
84.20 % 0.03 | 100.0 84,17 100.0

89.95 % 0.05 | 15.3 % 1.0 89.94 % 0.05| 15.3 # 1.5
92.91 % 0.10 0.93 + 0.18 53,00 + 0,10 1.1 # 0.1
99,33 * 0.05 2.07 + 0,13 99,30 % 0,05 2.1 & 0.2
102.32 + 0.04 6.86 + 0.U42 | 102.30 * 0.05| 6.7 % 0.7
104.1 (c)
105.74 & 0.15 0.13 % 0.02 | 105.73 % 0.10| 0.14 # 0.02
106.66 * 0.12 0.33 + 0,03 | 106.58 * 0.10| 0.34 % 0,04
114.8 % 0.3 (c) |
115.5 % 0.2 0.014% 0,005] 115,58 * 0.20| 0.041+ 0,014




Prasent Vork Brown

E, I E T
115.9 (C)
116.9 + 0.1 0.37 + 0.03 116.91 2 0.05 | 0.39 % 0.04
124.94 % 0.04 0.95 + 0.04 125.10 % 0.05 | 0.95 % 0.09
134.06 * 0.06 0.41 % 0.03 134,14 % 0.08 | 0.42 * 0.05
135.62 + 0,04 1.31 % 0.09 135.77 % 0.06 1.3 % 0.1
136.72 * 0.08 0.05 + 0.01 136.78 %+ 0.20 | 0.09 £ 0.03
145,03 £ 0.20 0.09 % 0.01 145.15 # 0.30 | 0.012% 0.003
145.9 % 0.1 0.53 + 0.06 146.00 % 0.07 | 0.58 % 0.06
163.06 + 0.07 2.47 % 0.15 163.16 * 0.06 | 2.6 % ©.3
165.16 * 0.12 0.07 % 0.02 164.94 + 0.10 | 0.06 * 0.03
169.52 + 0.15 0.02 %+ 0.01 169.58 + 0.10 | 0.03 * 0.01
174.10 % 0.06 0.34 * 0.03 174,19 + 0.08 | 0.31 % 0.03
183.46 * 0.06 0.55 * 0.05 183.47 % 0.07 | 0.56 % 0,06
188.72 % 0.10 0.05 & 0.03 188.77 + 0.20 | 0.08 # 0.01
217.96 % 0.05 0.64 % 0.06 218,00 * 0.07 | 0.67 * 0.07
236.2 £ 0.1 0.14 + 0.07 236,17 + 0,07 | 0.18 % 0.02
240.6 % 0.1 0.007+ 0.001 | 240.4 + 0.2 |0.0050% 0,0005
242.6 + 0.1 0.015% 0.007 | 242.60 % 0.10 | 0.013% 0.006
249.5 + 0.8 0.009%+ 0.004 | 249.8 % 0.3 0.010% 0.002
250.3 t 0.8 0.0 "% 0.004 | 250.5 # 0.3 0.011% 0.002
267.6 t+ 0.6 0. . 0.007 ] 267.80 % 0.07 | 0.023% 0.006
308.7 % 0.6 0.( + 0.004 | 308.9 + 0.3 0.008% 0.001
310.6 % 0.7 0.049% 0.010| 311.0 #* 0.1 0.054% 0.005
317.6 £ 1. 0.007 318.0 % 0.4 0.002% 0.0002
320.1 % 1.0 0.007 320.2 + 0.3 |0.0035% 0.0002




Table IV-1. The weilghted mean of the relative
intensities (relative to I, (8#.20) = 100.0) are adopted
as the relative intensities of the gamma rays coming
from the ?3!Th decay (sce colunn 6 in Table IV=1).

The energies of the gamma rays were determinec as
described in Chapters I and II. Even though tne
non-linearity of the spectrometer was allowed for,
highly accurate erergy determination was difficult due
to the numerous gamma rays grouped in a relatively
small energy region. In the present work, an accuracy
of no better than 30 eV was the best one coula obtain
for +the lines at 25.65 and 84.20 keV. Table IV-2 lists
the average gaﬂma ray energies and relative
intensities. Alsc listed in the sane table are that

11,16 . .
*° for cowparison. Generally, tne

reporied by Brown
agreement is good within the experimental error quoted.
In the singles gamma ray studies, no new gamma rays are
observed in the present work beyoné those Iisted by
Brown, although several new gamma transitions were

shown to exist by the gamma-gamma coincidence work

which will now be described.

Iv.4 CGAMMA-GAMMA COINCIDLHCL
Gamma gamma coincidence work was carried¢ out,

using the Ortec 35 cc Ge(Li) detector as the gating

detector in  channel 1, and the HNuclear Diode 50 cc
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Ge(Li) detcctor in the otaner channel. Since the source
has a half life of only 25.52 hours, it is necessary to
change the source every two days in the coincicerncc
experiments. In order not to disturb the geometry, a
special source holder was constructed as - snown in
Figure IV-8. Essentially, it consisted of a lucite
cylinder with one end closed, and could be snuggly
fitted onto the aluminium covering case of the 50 cc
detector. A circular aperture whose diameter was
2.0 cm, was cut at the geocmetric center of the end wall
of the cylinder. The active material was evaporated to
dryness on a piece of mylar glued to a lucite plate
which could slide freely along the slots cut on the
outside cof the closed end wall of the cylinder. A stop
was attached so that when the slide was in place, the
active material was on the long axis of the detector
and the gamma rays could enter the cdetector through the
circular aperture. This simple device permits changing
sources 1in a coincidence experiment without disturbing
the geometry. A nylon fixing screw ensured tihat tne
position of the 1lucite cylincder relative to> the
detector remained fixed.

On the average, a coincidence experiment toock four
to five wecks. In order to minimize data collcction

time, the coincidence circuit was nodificed to permit
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Figure IV-9

Modified circuit for 231gy

coincidence work
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Filgure IV-10

Coincidence specitrum with the

58.568 keV gamma vay
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two separate colncidence spectra to e collected
simultaneously. The modified circuit is shown 1in
Figure IV-9.

Most of the more intense gamma rays were selectew
as gates, and the coincidence spectra collecteu. The
gates selected were the the gamma rays at 58.56, 81.20,

82.06, 84,20, 89.95, and 102.32 keV.

58.56 keV Gate:

When the 58.56 keV gamma ray was selected as gat

[¢)

’
the coincident spectrum is as shown in Figure IV-10.
After analysis, the gamma rays that are in coincicdence
with the 58.56 keV gamma ray are 4#2.7%, 72,74, 81.20,
82.06, 83,95, 104.1, 105.74, 116.9, 124.94, 134.06,
135.62, 136.72, 145.03, 145.9. 163.06 anc 217.96 keV.
The line at 84.20 keV occurs entirely due to rancom
events., The interesting feature in this spectrum is a
group of gamma rays in the region 102 to 108 keV.
Sucessful unfolding revealed two gamma rays at
104.1%£0.5 anc 105.9%0.,5 keV, whichh had wnot been
previously observed (see insert). The peaks at 107.6

end 108.4 keV are the K-M and K-M, componciits of tne

v
Pa A=-rays. Of all the garme rays observed in
coincidence with the 58.56 keV gate, only the

line at 104.,1 keV line docs not have a certain place in

the level schene,
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Figure IV-12

Coincidence spectrum with the

{81.20 + B2.056) keV lines
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_(31.20 + 82.0€¢) keV Gates:

Jext, it is interesting to obtain the coincidelce
spectrum in coincidence witin the 81,20 anc 82.06 keV
gamma rays, since they de-excite from tue same level to
two different levels which are only 1.0 keV apart. It
is évident from Iigure IV-3 that it is not possible to
set the energy window on each og these two lines
inaividuallyo In-the present work, the SCA is set in
such a way that about 80% of the gating pﬁlses come
froﬁ the 81.20 keV line, while the remaining 20% come
frdm the other gamma ray, and a dGiagram of the energy
window ic depicted in Figure IV-11, ‘The gatc¢ 1is  so
selected as to minimize the contributicn from tle
.unwanted bﬁlses céming from tne 84,20 keV gamma ray.

The coinciderice spectrum is shown in Figufe’IV—12.
The gamma rays in coincidence with the gate are 25.67,
M2.7§, 58.56, | 63.77, gL.2¢, 92.51, 102.32, anc
136.72 keV. It should be mnoticed that the 63.77 kév
gamma ray 1is very weak in the singles spectra but is
much enhanced here. The lines at 92.%1 and 136.72 keV
are shown to be enhanced only after numerical analySisr
The 92.91 keV gamma ray observed in the present work is

identical to the 93.1 keV line reported by Brown.
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Figure IV-13

Coincidence spectrum with the

8420

i

eV gamma ray

7
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Plgure IV-14

Coincidence spectrum with the

82.95 keV gamms ray
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84.20. keV Gate

Figure 1IV-13 shows a coinciuence spectrum
collected when the gate was sct onr tihe 84.20 kxeV  ganma
ray. The ennanced lines include tnose at 44.2, 63.77,
72,74, 81.20, 82,06, 89,5, 99.33, 116.9, 134.06,
135.62, 136.72, 145,03, 145.9, 163.06, 217.9C anc
236.2 kxeV. The interesting feature in this spectrum is
the presence of a 44.2 keV line, whicli appeared only in
coincidence spectra but not in singles spectra. It
should be noted that the 84.20 keV garma ray de—excites
a level which has a half life of 41 nanosecondgé
However, this does not cause any probklem here since tae

time resolution of the system is 65 nanoseconds,

89.95 keV Gate:

- When the SCA is sct to gate on tne 89.95 keV ling,
the c¢oincidence spectrum obtained i1s as shown in
Figure IV-14., The gamma rays that are found to ke 1in
coincidence with the gate are those at 25.67, 58.56,
73.2, 84,20, and a group of lincs at about 44 keV. The
line at 73.2 keV had not been observed in singles
spectra before. The group of lines at about 4i keV is
Qf interest here, as it seems that the group consists
of four lines having energies 42.79, 44.2, 45,8, and
47.2 kev Of these four, only two (42.79 and 44,2 keV)
had been ob-arved either in singles or in  coincidence

with the 84.20 keV 1line in the present work. The



Figure IV-15

Coincidence gpectrum with the

102.32 keV gamma xay
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Table IV-3

231pn eoincidence table

[
in
V]



Coincident
Gamma ray

58.56

31.20
82.16

84.20

88.95

102.32

25.67
42.79
44,17
45.8
47.2
58.56
63.77
71.8
72.74
73.23
81.20
82.06
84.20
89.95
92.91
89.33
102.32
104.1
105.6
106.66
1l6.9
124.904
134.06
135.62
136.72
145.03
145.9
163.06
217.96
236.2
249.5
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remaining two are less clearly understood, anc aave
been placed in the level scieme thougn with lesser

certainty,

102.32 keV Gate:

The gamma rays in coincidence with the 102.32 keV
garmma ray is shown in Figure IV=-15. The coincident
gamma rays are those at W44.2, €3.77, 71.8, 72.74,
81.20, 82.06, 89.95, 99.33, 116.9, 134.066, 135.62,
136.72, 145.03, 145.9, 163.06, 217.96, 236.2 and
249.5 keV. The structure visible in the region from 50
to 60 keV is the back scattered peak of the 81.20 keV
gammea ray.

Further attempts to gate on other gamma rays
?roved unsuccessful due nainly to tie fact that their
intensities were too low to yield a meaningful counting
rate. The result of the coincidence work is summarized

in Table IV=3,

IV.5 DISCUSSION
The result of the above studies has assistcea in
. : — , , 231 :
he construction of the decay scheme of Th, as shown
in Figure IV-16. The gamma ray energies and their
intensities as well as the coincident data confirmed
the decay scheme as suggested Ly Brown and Asarod

Of all the ganma rays observed, all Lut two, viz



thosé at 45,8 and 114.8 keV, Lave becern placec  in the
level scheme, 2 level at 2S94.5 keV is sﬁggustod to
accomodate the #47.2 keV gamma ray which is obscrved in
coincidence with the 89.95 keV gamma ray. Some support
for the existence of this lecvel comes from tie fact
that there is a known alpia decay of237Np to a levellft
about 300 kev 1in 23'Th, Seven new gamma rays (six of
which are observed only in coincidence experiments) are
reported here, and their energies are 44.2, L5.8, 47.2,
63.77, 71.8, 73.23, 104.1 and 115.9¢ keV,

The grouna state spin of 23)ba  nucleus has been
measurec';l2 to. be 3/2, and is a member of the 1/2-(530)
band,l3 The I=1/2,3/2, 5/2 and 7/2 menbers lie at 9.6,
0.0, 58.56 and 77.8 respectively. ‘It is interesting to
note that the I=1/2 state actually has a higher energy
than the I=3/2 state. Mottelson anc Nilssonll+ naé shown
that when the decoupling parameter a (see PREFACE at
the beginning of this Thesis) is negative, anc {al is
sufficiently large, it is possible for the 3/2 merber
to drop below the I=1/2 member.

There is also an intrinsic rotational state at
about 183 keV, and has been assignedlgs tne 5/24+(642)

-

state. This assignment 1is primarily base on the

23

- . . 1 233
similarity betwecen the spin states of Pa and Pa,

. 17 ) \ .
Brown has suggested that there 1s a furtacr



rotational Land around 8&4.20 keV, and tuais band is
given the assignment of 3/2+(651). Again, an inversiomn
of level order is observed, and 1s caused Ly coriolis
coupling between this and the 5/24+(6L42) Land. The
Nilsson assignment of 5/2-(523) is assignea to the

174.10 keV level which is populated by tlie beta cCecay

of 231l7h,



CLAPTER V

THE DLCAY OoF 2%

V.1 INTRODUCTION

The decay of 235U is an interesting one not only
because it is the first mewber of tihe actinium scries,
but also because of the relatively scarce spectroscopic
information available!”3compared to the huge amount of
reaction and fission data. Prior to 1971, 1little
information on its decay schenmé' or gamma radiation was
known. Since this work was concluded, a report of
Cline's work lhas appeared in the literature? This was
apparently the first attempt to examine tie Cecay of
23ESUAusing high resolution semi-concuctor gamma ray
detectors, and the opportunity has been taken to
compare the present work with his, the only comparable
set of data. Wine new gammé rays were formally reportcc
by Cline for the first time beyond those observed in
the ecarly sixties. Although Gacta® reported his results
on the studies of the same isotope in 1966, using
Nal(Tl) scintillators, his results are not very
trusiworthy in the sense that tihe agrecment with tie
others 1is very poor. It is one of the purposes of the

present work to clarify these discrepancics.
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. 7 . . .
It 1s known that all wuranium wincrals contain
approximately 0.72% of U. It is an alpha cemitter
- : . . 8 . -
with a half life of 7.13x1C° years. Its low activity of
4.5 disintegration per rinute per rnmicro-gran causes
consicerable difficulty in tue investication of its
) . 8 caqs 9
alpha spectrum, although Pilger et—-al, Skilling,
C 10 _ 6 - -
Barancov et al and Gaeta have succeeded in  obtaining

235

alpha spectra of U using uranium samples highly

. .. . 235 _
enriched in U.

The gamma rays associlated with the alpha decay hac

w

been studied by a numker of groups, including Pilger;

R . L2 15 . 5 N . .

Malich, Stevens and Cline. Until 1971, only nine garma
. ‘ . . 4 . <=

rays had Dbeen placed in the level scneme which itself

had ten levels(See Figure V-1).

V.2 SOURCE PREPARATION
In the present Work, 2.5 grams of 93% enriched
235 . .

8] vere obtained from the Whiteshell Research
Establishment, Atomic - Energy of Canada, Pinawva,
Manitoka. Conventional metiiods of source preparation
were not possible because:

(i) the semi~-conductor detectors used hLave poor
"detcection efficiency~-only 5;7% of thhiat of a
3"x3" NaI(T1l) scintillation detector, and hence a large

5

. 235 . . .
gquantity of U is necded in tile source,

(ii) Urarium chloride (sce following paragraph) tends
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to form  largc crystals and thus it is not possible to
obtain suitable sourcus by placing a crop of tac
solution on a thin backing and evaporating to dryness,
(iii) 23y Cecays to?3!wh which itself ihas a Lalf life
of 25.52 hours (see Chapter IV). This means that the
daughter activity will be in secular cquilibrium with
the parent in a mattcer of days.

It is obvious that the source to be used in the present
studies should have some means of-continuously.rcmoving
the daughter products. A special source holder was
constructed as shown in Tigure V-2. A cell whosc
external dimensions were 4 cm by 5 cm by 0.6 cm was
constructed from lucite, Each wall of the cell was
made of lucite of the same thickness (0.2 em) as the
space rvbetweén ~ them. The - space was packed with

Amberlite AG-1x8 50-10C mesh resin previously soxihlet

extracted in an all ¢glass extraction apparatus for
'eight heurs with 12M 1iCl. Uranium was loaded onto +the
resin column in chloride form using 120 IiCl. At this
acidity the uranium ions should stay on the resin colunn.
A reservoir provided a steady flow‘of 1211 {C1l at such a
rate ‘that the entire volume of acid inside the cell
would be replaced every half hour. This vay, any 231 pp
that was produccd as a result of the alpha decay of 235

woula be continuously washed out. The c¢luant was

161
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collected in a bottle. To avoid darage  to i

surrounding equipmrent from HCl vapour ocscaping from tiwe
system into the atmosphere, tiue reservolr and the catcn
bottle were provided with wash bottles to act as vapour

traps.

V.3 GAMMA RAY SPECTRA

Figure V-3 shows the gamma ray spectrum up to
150 keV following the alpha. decay of ?3% into?3!7Th,
taken with a CGe(Li) X-ray detector whose resolution at
5.9 keV was 2920 eV, The spectrum 1is sufficiently
simple to permit very accurate determination of the
gamma ray energies, as described in Chapter I. The two
weak peaks at 25.7 and 84.2 keV can bLe attributed to
the incomplete removal of 23T from the column and its
presence is revealed by these two lines which are the
strongest transitions in the entire spectrum of 234q
(See Chapter IV). The lines at 52.228 and 120.365 keV
come from the decay of 234, The source is xXnown to

contain 23%y,

and it 1is not possible to remove it Dby
chemical means. The uranium X=-rays arc produced by
fluoresccﬁce due tc the large amount of uranium present
on the column. In this low encrgy portion of the
spectrum, the lines at. 31.5, 41.70, ana 41.96 keV are

here reported for the first time. The inscrt shows the

closely situated lines at <= U2 keV.
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. @3
Gamma ray spectrum of 235y

{140 ~ 400 keV}
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The high e¢nergy region of the gamma ray spectrum
has also been examined using the 50 cc  Ge(Li) cetector
whose resolution is 2.0 keV at 1.33 LeV, A  typical
spectrurn  is shown in Figure V-4, This spectrun reveals
the gamma rays whose energies lie between 180.0 to
400.0 keV. GCamma rays of uigher energies were secarciec
for but not observed, hence it is concluded that there
are no gamma transitions in 23%y decay beyvond 391 keV.
Of all the gamma rays observed in this region, those at
215.26, 275.35, 291.58, 345.84, 387.79 and 390.27-keV
are here reported for the first time. The more intense
lines had been. calibrated in energy to within 10 eV,
and CUTIPIE was used for tihe data aralysis tarouchout
{See Chapter II).

bue to the 'presehce of the lucite cell and tne
large amount of uranium present on the column, gaumra
rays emiﬁfed will suffer some aﬁtenuation so tiat
corrections for self absorption have to be made it the
following manner. Ignoring the thickness of the lucite
wall for the timo being, a thin slab of «istributed
source of thickness dx (See Figure V-5) will yield a
counting rate dR' of a gamma ray (with energy L) given
by

dR' = pelAdx

if there is no self absorption. lere,
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p 1s the probability of cmission of sucih a gamma ray

€ is the detection efficiency at encrgy E at taat
particular geometry,

A is the area of the cell.

It should pe noted that all the quantities, cxcept A
and dx, are energy depencent,

But the gamma ray emnitted nas to go through a toickness
%x of the resin material (and uranium anc¢ acid) before
reaching the detector. Thus the detection rate ¢R is
related to d¢R' by the simple relation:

drR = { exp(-ux) }aR'

peA{ exp(-ux) l}dx
where u is the gross mass absorption coefficient of the
resin material, uranium, acid, and in short, everything
thhat is inside the cell. The total counting rate R is
then given by

. o

R = /peA{ exp (~ux) }dx
(-4

At a given energy, € and p are counstant so that tue

integral reduces to:

Qs
R = peAj {exp (-ux) tax
= peA {0 1.0 -~ exp(-upa) }/u
= peRa{ 1.0 - exp(-pa) }/ua
= Ro{ 1.0 - exp(-pa) }/ua
Note that Ry = pelha is the detection rate at the same

geometry and encrgy if there were no self absorption,
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1

and is the quantity nceded to determine  tiae true
relative intensities of the gamma rays. R is  the
detection rate obtained cuperimentally as a result of
self absorption. here a iz tue toickness of the resin
colurn, and is the same as the thickness of tune lucite
wall.,

In the present work, since the attecnuation cdue to
the 1lucite wall cannot be ignored, R was determinec in
the following manrer. First, a singles gamma spectrum
was taken through an extra sheet of lucite of
thickness a, as shown in Figure V-6a. The detection
rate R is now

R = R,{ 1.0 - exp(-ua)l{exp(-2na)l/ua vV -1
where is the mass absorption coefficiernt of the
lucite. HNext, an isotope rich in gamrma rays (in tlis
case, !827a) was put in front of the detector, as shown
in Figure V-6b. The areas of the photopeaks NéE) of
18215  were noted. The cell containing the resin,
uranium and acid was then interposed between tue source
and the detector (Figure V=6¢) and the attenuated areca
of the same gamma rays N(E) were noted. Thus

N(E)

NO(E) exp(-ya - 2na)

or

i

pa + 2na log (Ny/N) V-2

In this step, the gamma rays from the?35U decay were,

169




AT

o3

ua

170



00

(AM) A9 Y3IN3

00¢ 062 00¢ 0] ]] 001

0s

20F

¢Op

v-Of

SOf

90F

L0r

80

ot}

] 1 I i I

olhig — @

o —©

0-0

20

£0

70

Q0

190

40

80

6-0

o}l

o7/



235

N |

(C) Observed in coincidence only

ot
~3
fd



e

AN

ar
s

erort.

FAN

™

<

G.10¢

ia]

3.“

183,770%

11

163.363%

(@M
Cu

198,51

(&0}

“

)

M =

™

G. 01

-+

)

C.0

T-

1
0.G2

0.

* 0.0

j:

G.09
0.1€

y

0,90

I

£.01

0. 08

Ly <

(o]

<o

+1

oY}

T
¥y

zent

re

™

-

O\

0

|

74.7¢C

oy

AN
o

0.020

-
50+

[o

Thoo?

-+
)
™
o
o

015

~
°

\

128,890+

1

e J

¢

.87

]

A%

”n
v




of course, present but were not uscd. Finally, tne coeil
was replaced by an identical empty cell, (Figure V=6u),
ard a tihird set of arecas &' (L) were obtained, whence

W' (E) = H(L) exp(-2na)

il

2na log (i, /1) V-3

From Lguation V-2,3

it

pa = log(w./n} - 1logiw./n')

i

log (w'/m) V-4

Thus R, in Equation V-1 may be obtained, knowing pya and
2na . Again, it should be noted that R, R,are functions
of energy. When the intensity calibration was made,
care was exercised to saturate the column with23°U to

ensure that the distribution of active matcrial was as

uniform as possible. Figure V=7 shows a plot of ja
vers:. energy kL. In the same graph 2na was also
plotted. Both were obtained experimentally. The

relative intensities of the gamma rays (relative to
IY(185.712) = 100.0) due to the decay 0f?3%5y  (after
correcting for self absorption), together with their
energies, arc listed in Table V-i. Also listed in the
same Table are the results rccently reported by Cline®
where comparable data exist. The agreement between the
present work and that by Cline is ecxcellent. Of course

no comparision is possiblce for the lines not observed
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by him, namely tiose at 31.5, #1.70, #1.S%¢6, 215,76,
275.35, 291.58 345.84, 387.79 and 3%0.27 keV., Also it
is interesting to note that there is sore disagroorelt
as to the energy and relative intensity of tue lince at
74.76 keV. This discrepency is not understoou,
particularly in view of the otlierwise excellent accora

with the two sets of data.

V. 4 GAMMA-CAMMA COILCIDLHNCL

Gamma-ganma coincidence work was carriec out using
the 50 cc detector as the gating detector on channel 1
and the Ortec Ge(Li) X-ray detector on channel 2. This
combination worked quite well when strong 1lines werxe
selected as gates. When less intense gamna rays wvere
used as gates, the counting rate wés so low that it was
necessary to replace the X-ray detector by the

Ortec 35 cc detector.

185.712 keV CGate:

Figure V=8 shows the coilncidence spectrum when tne
gate was set on the 185,712 keV gamma ray. The lines
at 31.5, 41.70 and 51.2 keV  are unqguestionably
enhanced. The line at 51.2 keV had not been observed
in singles spectra in the present work, nor had it been
reported previously. Refering to the level scuene shown

in Figure V=11, the fact that the line at 31.50 keV is
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in céincidcnce with tie 185.712 keV gate implics  tihat
there has to be a transition from the 205.306 to tue
185.712 keV level, the cnergy difference betweern  tuesce
two levels being 19.59 keV., A gamma ray at this encrqy
is not observed, but this c<coes not excluce the
possibility of such a transition, since a transition at
this energy could be very strongly converted. Also
strongly enhanced are gamma rays at 150.939, 182.G5,
198.89, 202.105, 215.26 and 24G.5% keV. Although only
three were previously placed in the level scaere, all
the enhanced lines have leen successfully placec in tie

present work in the level schemne.

163.349 keV Gate:

When the 163,349 keV line was- selected as gate,
the coincicdence spectrum was as shown in Figure V-9,
‘e enhanced lines include ganmnma rays at 31.5, 41.96,
51.2, 182,65 and 202.105 keV., The presence of the
41,70, 51.2, 150.939 ana 202.105 keV lines are due to
compton coincidences, It must be remembered that the
163.349 keV gamma ray is sitting on the low energy tail
of the 185.712 keV line (See Figure V-3,4). Thus, the
gating pulses are likely to contain contributions from
thie low energy tail of the 185.712 keV gamma ray,
thereby accounting for the presence of tue lines

mentioned above. In fact, the entire set of enhanced
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line§ in coincidence witn the 185,712 kKeV gamma ray 1is
expected but in the present case, only tne strongexr
ories are observed. The weaker ones were nol intense
enough to be observable. It should Le noted, again
refering to Figure.V-11, that the lines at 31.50,
150,939 and 182.65 keV are also in cascade witih the
163.349 keV gate. Thus it is concluded tnat the lines
at 51.20,150.93% and 182.65 keV are enhanced cdue partly
to genuine coincidence with the gate and partly to
compton coincidence with the 185.712 keV 1line as
discussed above.

It 4is interesting to note that the line at
41,26 keV does not have the same intensity (relative to
IY(185.712) = 100.0) as that ‘obtained with the
185.712 keV gate. In fact, it is nore stroungly
enhanced in this case. The only logical explanation is
that this line is actually double, witlh one component
(41.70 keV) in cascade with tihe 185.721 keV line, and
the other (41.96 keV) in cascade witihn the 163,349 keV
line. This doublet has been observed in the singles

spectrum (Sce Figure V-3).

(202.705 + 205.312) keV Gate:
The next gate selected was set on the 202.105,
205,312 keV aoublect. Thesc could not e separated for

these garma rays were rather weak so that the X-ray
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Coincident

Gate

Gamma ray 202.105
163.349 185.712 205.312
31.5 X X
41.70 X
41.96 X
51.2 X
143.753 X
150.939 X X ?
182.65 X X
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deteétor had to be replaced by tiune 35 cc detector
which has a poorer resolution. Also the two gamma rays
are sufficiently close togetiher in enerqgy so that it is
not possible to obtain a clcan gate., The coinciuence’
spectrum collected 1is shown 1in TFigure V-1C. The
enhanced lines are those at 143.753, 185.712, 215.26,
246,59 and probably 150.93% keV,

A  sumnmary of the coincidence cdata is shown in

Table V—Z o

V.5 DISCUSSION

The result of the above investigation is Lest
summarized in the decay sclheme as shown in Figure V-11.
All the levels except those at 3%0.27, 317.42 anc
240.82 keV are fairly well eétablished from the
previous alpha studies. The levels at 390.27, 317.42
and 240.82 keV are added to accommocdate tine gamma rays
whose enerc¢ies are 390.27, 233.49, 275.35, 221,97,

240.95 and 198.897 keV. The existence of these level

0]

(except possibly the 317.42 eV level) is possible due
to their closeness to the other levels strongly fed Ly
alpha decay, whicih would lead to their alpha groups
being missed. In fact, the levels at 390.27 and
240,82 keV are so close to the 387.817 and 236.89 kcV
levels that the previous investigations of the alpha

spectra might not have revealed them cue to the



unavoildably poor resolution of the spectromelers.
Further, more than one gamma ray de-cexcitineg cacii of
these levels gives sone support to tielr postulated
existence.

It nmust Dbe conceded at tais point that the
proposed level at 317.43 keV, being recasonably remotc
from the alpha groups, is less certailn than tine othoer
two levels (those at 240.82 ancd 390.27 keV), The
complex alpha spectrun  shown by liyde’ due to Pilger®
does not exclude the possibility of tie accomodation of
such a weakly fed level, however.

All the 28 gamma rays observed in the present work
have been successfully placed in the decay scheme. The
energies of the levels have been re-adjusted Lased on
the energiecs of the gamma rays. As mentioned above,
the gamna spectra are sufficiently simple (in the sense
that the gamma rays are sufficiently isolatec¢ from cach
other) to permit very accuratc energy determination.

231

It has long been Ilmmown that Th exhiolts

. ; .235 . .
rotational structure., The ground state of U is well
L dH3o . , N - -
establishe o have a Nilsson assignment of 7/2-(743),
and its favoured alpha transition decays to the
. 231 . .
387.82 keV level in Th. This lcevel 1is  tinerefore,

given the same assignment (sce Figure V-11), and

de~excites to the 185.712 keV level by a predominently
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M1 transitioh’ lience this band has to have 0Gd parity,
and a spin of 5/2 or 7/2. The only dilsson level near
the 7/2-(743) state satisfying these conditions is  tic
5/2=-(752) level, and is thus assigned to tnils band. A
very striking featurce of tlils Land is that it secens to
be compressed at about 190 keV., This is due to tlie
strong interaction between the 7/2-(743) band and the
5/2-(752) band brought about by the coriolis forces.
Such an interaction had bLeen calculated by Stephens%s
and by Karmaﬁ6for a different nucleus. The 183.712 keV

231ph by B

level de=-excites to the ground state of
s 17 s . Lo -

transitiori, and thus tihe ground state is unamblguousily
assigned as 5/2+(633). This is the same as tiie groundc

, 233, . . ) - . X .
state of U which is not un-expected, since they Dbota
have the same neutron number (141). There is a further
band built on the 3/2+(631) level as suggested by the

. 182 A 21 -
reaction data. ﬁrald et-al has suggested that the

o+

levels at 227.41 and 240.82 keV Dbe assioned to this
band, based on the results of their (d,p) and (d&,t)
rcaction data. The level at 317.82 keV would taen
correspond to the 9/2 menmber of this banc. It is
interesting to note that with Lo= 221.07 keV,
A= 1.429 keV, and B = 0.100 keV (sec PLRLEFACE), the 7/2
member of this band is expected to lie at 26? keV, A

level at this energy 1is not observed in the present

work, nor has it becn obscrved previously.
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EPILOG

The gamma rays emitted as a result of the decay
235 231 oy 231 . 4
of U, Th and Pa have been carefully examined in

the present work.

231

The level schemes of 2”Ac and Pa have been

reported recently by Pinho and Brown (See Ref 17, Chapter III

and Ref 16, Chapter IV). The present work substantiates
their-report and extends the known data on these isotopes.
The observation of several new gamma rays in gamma-gamma
coincidence work has made it possible, in the present work,
to construct definitive and complete decay schemes of these

isotopes.

The decay of 235U is interesting in that not
‘much was previously known about its gamma radiations. -
Cline (See Ref 5, Chapter V) is apparently the firsﬁ.person
to examine this isotope with high'resolution semi~conductox
detectors. Similar detectors are used in thé present work,
and a definitive decay scheme is obtained. It would be
beneficial to examine the alpha particles émitted as a
result of **°u cecay, but unfortunately, the source avail-

able is not suitable for this purpcse.

In passing, it should be mentioned that the
present work concludes the investigation of the Actinium
series --- a project which has been pursued in this labor-

atory for the past decade.
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