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Abstract

The decay schemes of 76As, 2O7Bi and 758e have
been studied using Ge(Li) detectors and coincidence
techniques with particular emphasis on the weaker modes
of gamma decay. The feasibility of detecting weak modes
of gamma decay is discussed and supporting electronic
systems which have been developed to yield data suitable
for reduction and analysis with computer programmes are

described.

Loa energy gamma transitions in the decay of 75Se
were studied using an X-ray Ge(Li) detector. Two previously
unconfirmed transitions at 24.4 keV and 80.8 keV have been

detected and their positions in the decay scheme of s

have been established.

207.,.
In the decay of 731, an upper limit of
0.014 £ 0.008 relative to the 570 keV transition as 100
has been placed on the intensity of the 'l-forbidden'

gamma transition at 328 keV.

The decay scheme of 76As has been shown to
include two previously unreported gamma-rays at 220 keV
and 316 keV and coincidence experiments have indicated a
new energy level at 2006 keV. Several gamma-rays and
level energies suggested by previous authors were not

confirmed by this work.



CHAPTER 1 GENERAL INTRODUCTICN

1.1 Summary of the studies undertaken

The development of the Lithium ~ drifted Germanium,
Ge(Li), detector with an energy resolution which is vastly
supefior to that of the high efficiency Nal gamma - ray
detector would apparently offer the possibility of detection
of many close lying and weak intensity gamma-~ray transitions.
This work was undertaken to set up and investigate the
performance of suitable systems utilizing Ge(Li) detectors
to advance the knowledge of the gamma transition decay

schemes of three radioactive isotopes.

The course of the work led to consideration of the
feasibility of searching with these detectors for previously
unresolved gamma transitions and to the use of coincidence
techniques employing these detectors. The use of a coincidence
system required that good timing information could be extracted
from the detectors and that the performance of a typical

coincidence system should be carefully analysed.

Since the spectra obtained from such a high
resolution system can be very complex it was an obvious
requirement that a suitably refined analysis of the data
should be made to extract the areas of the full energy peaks
from the spectrum and the application of a computer programme

written for this purpose was undertaken.



The isotopes studied were chosen because each
presented different experimental requirements and it was
apparent that all three had ill-defined features in the
current knowledge of their decay schemes. The study of
207Bi was aimed at establishing the transition intensity
of the 'l-forbidden' gamma transition and thus of comparing
its transition probability with the theoretical model
predictions. 758e possesses several weak gamma transitions
of very low energy which had proved difficult to detect
and which might be more easily identified with a special
purpose Ge(Li) X~ray detector. 76As, while having a
poorly defined and complex decay scheme, also presented

the feature of a moderately short half-life thus requiring

a modification of ncrmal counting techniques.

For each isotope several transition intensities
of previously poorly defined modes of gamma decay have been
evaluated and for twe of the isotopes some comparison has

been made with the theoretical predictions.

1.2 Tre emission cf gamma radiation by an excited nucleus

The study of the gamma decay of radioactive
isotopes can be used to determine the energies and relative

transition intensities of the gamma transitions involved.

The emission of electromagnetic radiation by a

rnucleus has been treated thecretically by a semi-classical



approach which describes the electromagnetic radiation
source in terms of an oscillating distribution of electric
or magnetic charges which constitute a multipole. This

has then been incorporated into a quantum-mechanical
formalism and used to describe and classify radiative
transitions in nuclei. Nuclear models have been developed
which aim to account for and to deduce values for various
nuclear properties such as the energies, spins and parities
of nuclear states. Within the context of a particular model
it is then possible to calculate the expected gamma-ray

transiticn probability between the various excited states.

Gamma-~ray transitions are classified according
to the total anguler momentum, L, carried by the multipole.
For a nuclear transition between states i and f having

nuclear spins of Ji and J_ respectively it has bcen shown

f
that a momentum selection rule applies which limits the

permitted range of multipolarities. This is given by:

lJi - J < L < (Ji + Jf) L L] . ° © e 1.1

el

In addition, a distinction is made between
electric (EL) and magnetic (ML) multipoles according to the
parity associated with the electromagnetic radiation. This
depends on the parities of the two nuclear states involved.
Electric multipole radiation of order L has parity

m, o= (-0 ana magnetic multipole radiation of order L

- 10 -



= (-t

has parity . » Although equation 1.1 suggests a

series of values for L for a given Ji and J_, the radiation

£
emitted is usually limited to the lowest one or two orders
permitted as the probability of emission decreases rapidly
with increasing L when the condition R« is satisfied (R

is the nuclear radius and A the wavelength of the radiation).
In addition, the relative probability of emission of
magnetic multipole radiation is considerably smaller than
that of electric multipole radiation of the same order.

The transitions usually encountered have L = Ui—Jf] or

L = 1J,-J_| with an admixture of L = |J,-J.] + 1.
i f i f

The simplest model used to describe a nucleus is
the Independent particle model. This assumes very weak
coupling between the individual nucleons so that in a
gamma-ray transition only a single nucleon experiences a
change in its quantum state. This nucleon moves in a
central potential due to the other nuclcons and makes a
transition from a state of angular momentum L to a state
of zero angular momentum.

The transition probabilities for the emission of
gamma radiation during this change, W(EL) and W(ML), can
be calculated on this basis and are usually expressed in
terms of a reduced transition probability, B(EL) and B(ML),
which is essentially the square of the multipole transition

matrix element taken between the state i and the state f.

-1 -



These transition probabilities are known as the Weisskopf

or single particle cstimates and are given by:

WlEL) = 8n (1) 1 By )V pEn) ... ..., 22
L2 (s 3
W(ML) =

8n (I+1) 1 55_ §2L” B(HL) o o o o o « « 1.3
L((2L+)1)2 B (he

where E  1s the energy of the gamma radiation

and B(EL) and B(ML) are given by:

BCEL) = 62 ( 3R )% 4 o v e e e e v e e e e oo e b
by f L+3 3
B(ML) = 10 ( 1 2 BEL) v o v e e n e e e e e e 15
gM cR%
P

The experimentally observed transition intensity
or a thecoretical estimate of a transition probability
based on a more sophisticated nuclear model can then be
compared with these values and the result expressed in
single - particle units (spu) or Weisskopf units.

From the measurements made during the present work
it is only possible to determine values of B(EL) or B(ML)
relative to those for other transitions which de-excite
the same energy level. These relative B(EL) or B(ML) values
are obtained from the relative transition intensities

using equations 1.2 and 1.3 with allowance made where

- 12 -



ncecessary for competing multipolarities. This occurs where

the admixture of radiation having L' = L+1 (where L:]Ji-J 1)

f
is significant and the admixture is expressed by a mixing
ratio, d , which is related to the ratio of the transition

intensities.

6 2 = _h!-g__':_")' - L] - L o o o - - - - L L] o - 1 - 6
w(L)
Usually such admixtures are present when the
lowest order (L) is a magnetic multipole transition and
the next permitted order is then an electric multipole

transition.

- 13 -



CHAPTER 2 THE USE OF Ge(Li) DETECTORS IN GAMMA-RAY

SPECTROSCOPY

2.1 Introduction

The use of Ge(li) detectors in gamma-ray
spectroscopy is outlined and the relevant experimental
techniques are discussed. Details are given of the energy
and relative efficiency calibrations of the detectors used
in the present work. The nature of the gamma-ray spectrum
obtainable from these detectors is examined with reference
to the presence of 'spurious' peaks in the spectrum and
consideration is given to the information obtainable from

a singles spectrum.

2.2 Ge(Li) detector systems

The Ge(Li) detector has becomc a well-established
device for the measurement of gamma-ray spectra. The
excellent energy resolution and lincarity obtainable with
these detectors has meant that they have superseded the Nal
scintillation counter in many applications which demand only
these qualities from a counter system. One serious disadvantage
in the field of coincidence work is their low photopeak
efficiency which is typically only a few percent of that
obtainable with a 3" x 3" Nal crystal. The difficulties
encountered in extracting a good timing signal from a Ge(Li)

detector, particularly at low cnergies less than about 200 keV,

- 14 -



also impose some limitations on their use in coincidence

studies and in lifetime measurements.

The Ge(Li) detectors used in most of the present
work were both manufactured by Nuclear Enterprises (Edinburgh)
Limited. The main detcctor was a true coaxial diode with an
active volume of 25 cm3. Its resolution was about 3 keV
at 1.33 MeV. The other detector was a special purpose X-ray
detector with a very low noise pre-amplifier and which

gave an energy resolution of 300 eV at 14 keV. The electronic

system used with these detectors is described in section 5.5.

2.3 Calibration of Ge(Li) detector systems for the

measurement of gamma-ray encrgies

The intrinsic response of a Ge(li) detector has
been found tc give a good linearity of about t0.0B% in the
range 662 keV to 261k keV1) so that, provided that the
supporting electronic system is of comparable lincarity, it

is possible to achieve an accuracy of about iO.S keV at 1 MeV.

The energy calibration of the detector systems
used in this work was carried out with a variety of sources
producing well-defined reference lines. In gencral, these
sources were adjusted in strength to give about the same
counting rate as the source under investigation and when the
digital stabilizer (sce section 5.5) was in use they were

counted in the presence of the source under investigation

- 15 -



(removed to a suitable distance). The centres of the photopeaks
corresponding to the refercnce lincs were found using the
computer programme Sampo (sce scction 3.4) and the linearity

of the response of the system could be found by fitting, in

the least squares sense, a straight line to the data obtained.

3

A typical system performance with the 25 cm” detector system
is shown in figure 2.1 where the non-linearity is given for
cnergies from 100 keV to 1600 keV. The deviation from
linearity could also be illustrated (and allowed for) by

fitting a higher order polynomial to the energy data. Sources
[ 2
152 182 , 5700,

used for these cnergy calibrations were U, Ta
jo]
2b"‘Am, 1090d, 60Co, 157Cs and ZaoTha The relevant data are

contained in references 2,3,4%,5,6, and 7.

For most experimental runs the energy standards
were checked both before and after the runs. Where a long
run was necessary for the evaluation of very weak peaks the
stronger lines were used as internal standards, their energies

being determined in suitatle short runs.

Although the lincarity of the detector and electronic
system used proved to be only slightly worse than the best

r:‘,9)

figures'L quotcd in the litcrature, it was noted that when
a linear lecast squares fit was made to calibration data
covering a fairly wide energy range from 0.1 to 3 MeV serious

discrepancies (about 1 keV) could occur at the higher

energies when other well established lines were measured with

- 16 -
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the system. If the energy is to be measured to an accuracy
better than =1 keV at say 2 MeV it is obvious that an accuracy
better than 0.05%% is nceded in the product of the gradient of
the calibration line and the determination of the centroid

of the photopeak to be measured. This is not easy to achieve
with the system used and, in practice, it was found that

the accuracy of energics measured with the system was
improved by using a linear interpoiation between

neighbouring calibration points. In the energy region above
about 1.7 MeV it was found to be more reliable to use the
double escape peak vhen this was clearly defined. The single
escape peak was not used as it has been showan) that its

shape is broadcned and its centroid slightly shifted

relative to a full-energy peak of the same energy.

2.4 lMeasurement of ths rclative full-energy peak efficiency

of Ge(lLi) detectors

A gamna-ray spectrum can be used to determine the
relative intensities of the transitions present provided
that the response of the detector to gamma photons of different
energies is known. Since the area of the full-energy peak is
the convenient information to extract from an experimental
spectrum, it is necessary to measure experimentally the relative
full-encrgy peak cfficiency of the Ge(lLi) detectors used in

this work. The absolute efficiency of a detector is a function

- 18 -



of the detector and of the solid angle it presents to the
source. For a typical coaxial diode Ge(Li) detector and a
non~point source the latter factor can be difficult to determine.
Forturately, this information is not required in these
investigations but it was felt wise to check that the shape
of the relative efficiency curve was not a rapidly changing
function of the source - detector distance. This information
(figure 2.3) dctermined that the actual geometry of the
source relative to the detector was not of significant
importance (within obvious limitations) in using the
detectors to measure relative intensities. In practice this
geometry was maintained as closely as possible to that used

in tl.e calibration runs.

2.4.1 Reliative full-energy peak detection efficiency

3

for the 25 cm” detector

The 25 cm3 detector was used over an energy range
from about 200 keV to 2 MeV so the relative efficiency
calibration was designed to cover this range. The most

. . oz . 226 .
convenient sourcc to cover this range is Ra where the main
gamna transition intensities have been well established both

by measurements made with other calibrated detectors11) and

with Ge(Li) detectors calibrated with other sources12’13).

The coverage provided by the 226Ra source was extended to

slightly lower energies by measurements made with 152Eu using

- 19 -



the data given in references 2 and 3.

The 226Ra source available was mounted in a

contoiner with a wall thickness of 0.5 mm Platinum. The peak
arcas mcarurzd with tre Ge{Li) detezctor were corrected for
the attenuation by this mounting using figures obtained

5 .~ 4 i ‘152ﬁ .
from reference 14. The Eu source was mounted in an
aluminium planchet with a paper label covering. No correction

was applied to this as the attenuation by the paper was

negligivble at the energies of interest.
8

The relative efficiency curve resulting from these
measurements with the scurces on the axis of the detector
and at a distance of 20 cm from the end window of the cold
finger is shown in figuie 2.2. The correcponding data is
given in table 2.1. The areas uscd in the determination of
the rclative efficicncy were exiracted from the data using

Sampo (sze sz:tion 3.4) and the final points were fitted with

1 = erc1) LEYPR(d) + PR(3)exp (PR(4DE, ] e e e 247

where 7 = relative efficiency at energy EY

\

ER{4}, PR(2), PR(3) and PE(4) are coefficients

n
al,Z')

i

ag supgececd by Roatii e

This fitiing could be performed b the computer programme,
&) P M Y prog

- 20 ~
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ENERGY RELATIVE ENERGY RELATIVE

ko FEFICIENCY keV EFFICIINCY
242 g1 %8 1112 10 =1

2L5 g7t 8 1420 10 <1

296 521 1213 9.1 £ .9
3l bh Loy 1274 9.1 X .9
419 39 Ik 1299 8.5% .9
! 28 Ly 1377 7.2 2.7
439 30 %3 1408 7.4 2 .7
5% 25 % 3 1509 7.4 L .9
600 23 L 2 1764 5.9 % .6
T i5%2 2119 b1t o
867 R 220k L1 Iy
oGk 2L 2295 3.4 % .3
1086 13 L 2450 3.6 £ .4
TAELY 7.7 fMull-Er~vgzy Fe2k Efficiency for 25 cm

Detector at 20 cm
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Further investigations werc made with this detector
and figure 2.3 shows the relative efficiency curves measured
from the 226Ra data at 20 cni, 10 cm and 5 cm from the end

of the cold finger.

From equation 2.1 it can be seen that for any
arbitrarily scaled set of relative efficiency values, Qi’

as a function of energy, EY, that:~
in '? =PR(2),.InE + C
1 Y

where C is a constant provided that

PR(Q)EY & g PR(2)

PR(3) e .

so that 11 is not a strong function of gcometry if PR(2) is

not a function of the geometry.

The values of PR(2) at.20 cm, 10 cm and 5 cm were
found to be constant to less than‘1% which confirmed that
the relative efficiency curve for this detector was not a
strong function of the source -~ detector distance within this
range; S0 relaxing possible stringent requirements on source
positioning in subsequent measurements relying on these
calibrations.

During the course of this work it was reported

15) that Ge(Li) detectors could suffer a

by one manufacturer
sizeable drop in efficiency with time and that this effect

could amount to a change of 8% over the course of a year.

- 23 -
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The efficiency of the detector used could be determined from
the 226Ra data as the source used was calibrated by the
Radiochcmical Centre (Amersham) to 44. This efficiency was
remcasured after 18 months using the same source and, after
correction for the source decay, the new values were shown

to be unchanged relative to the original measurements to

within 1%. The accuracy of this measurement was, unfortunately,
limited by the possible error in source positioning since the
nced for this measurement only arose after the first
measurement had been made and the definition of the source

position was only about 0.5%. These results are shown in

figure 2.k4.

Finally, the informaticn obtained could be used
to determine the efficiency of the detector relative to a
3" x 3" Nal crystal used at the same distance from the source.
This figure is frequently used as a convenient measure of the
performance of a Ge(Li) crystal as it gives more information
than the measurement of the sensitive volume. This figure
is a function of energy and the values obtained are given in

table 2.2.

2.4.2 Relative full-energy peak dctection efficiency of

the X-ray detector

The relative full-cnergy peak detection efficiency

curve for the Ge(Li) X-ray detector was established using

- 25 ~
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ENLRGY

EFFICIENCY

keV % compared with
31%3" Nal
crystal at 20 cm
242 o2 Lo
295 19 T 2
352 6 %2
609 7.71.8
935 4.9 2.5
1120 4.0 2 .4
176k 2.6 L .3
2205 2.0 2.3
2450 1.7% .3

TABLE 2.2 Full-Energy Peak Detection Efficiency

3

of 25 cn” Ge(Li) Detector at 20 cm
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sources of 226Ra (data in references 11,12 and13), 152Eu

182Ta (reference 4), 2700 (reference 6),

(references 2 and 3),
10%4 ana 13705 (reference 5) and "D4e (reference 16).
The technique used was to mount the sources (except for
226Ra as given in section 2.4.1) in aluminium planchets
covered with a paper label and positioned at 7 cm from

the Beryllium end-window of the cold finger containing the
detector. The curve thus measured was the relative efficiency
of the detector with the absorption by the source mount

cover and the end-window included. In future runs sources

were made and mounted in the same manner so that the curve

could be used without correction for these effects.

The resulting calibration curve up to 200 keV is
shown in figure 2.5 and table 2.3 gives the data measured
up to 1 MeV, This curve was deduced from the data
measured with the individual sources by fitting a curve of the
form given in equaticn 2.1 to the values in the high energy
region well away from the maximum of the curve and
normalizing the curves obtained to each other. Points in
the region below the maximum efficiency were obtained by an

5)

extension of the pair - point method”’.

- 28 -
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ENERGY  RELATIVE
keV EFFICTENCY
Wb 30ty
22,7 55 = .8
45,2 73 L 10
60.0 % g
66.2 8116
84.7 5315
9.7 4o I 2

100. 1 3724

113.7 29 X 3

116.4 Bt3

121.1 24 2

121.9 23 %2

122.0 2%

136.0 18 T4

1364 732

152.5 4 L4

1564 12 L1

ENERGY  RELATIVE
keV EFFICIENCY
179.4 8.4 .8
185.7 8.1 % .9
198.4 6.6 = .7
222.1 4,51 .5
229.3 3.9 % .4
241.9 3.9 L .14
2448 3.9 .4
26,1 3.3 1.3
295.2 2.3% .2
295.8  2.3%.3
3hly Y .72 .2
352.0 1.5 2% .2
368.0 1.5 % .2
411.3 1.0 .1
Ll 2 .84 T 09
609, b .36 L o4
1120.0 A1 i o1

TABLE 2.3 Relative Full-Energy Peak Dctection

Efficiency for X-Ray Ge(Li) Detector

at 7 cm
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2.5 The gencrai form of a gamma-ray spectrum obtained
with a Ge(Li) detector and the validity of peaks

found in a singles spectrum

As with many detector systems the Ge(Li) detector
presents a gamma-ray spectrum which contains some peaks not
attributable directly to gamma-ray transitions in the isotope
of interest. The well known general features of a gamma-ray
spectrum taken with a Nal counter are present in a Ge(Li)
dctector spectrum and include the double and single escape
peaks resulting from pair production and the corresponding
annihilation peak and also peaks due to summing in the
detector of the full-energy corresponding to two gamma-ray
transitions. In addition to thesc, the low energy spectrum
taken with a Ge(Li) detector exhibits spurious peaks due to
two other causes. In a small detector there is a fairly high
probability that the Germanium ¥ X-rays following a
photoelectric interaction will escape from the detector thus
resulting in a 'Germanium escape peak' which lies below its
corresponding full-energy peak and separated from it by the
Germanium K X-ray energies ( 9 and 11 keV). The other
common feature of small detectors is that they arc frequently
mounted near to or are constructed with comparable volumes
of other materials which then give rise to fluorescent

X-rays in the presence of even a fairly weak radioactive source.

-3 -



The typical elements giving these effects are Indium (used

in making electrical contact to the detector) and Gold (used
in some detector windows). In addition our X-ray detector
was found to 'contain' lead and bismuth, although these
elements are not commonly reported in other X-ray detectors!
The fluorescent X-rays produced by a source are then detected
and can be a serious nuisance in a spectrum particularly as
it is possible to obtain them even when the detector is used

in a coincidence mode.

Thesc effects of summing, escape and fluorescent
peaks together with the possibility of peaks due to contaminants
and background radiations must all be eliminated in searching

for weak gamme-ray transitions in a particular isotope.

In general it is a simple matter to predict the
energies of the significant peaks due to escape and summing
effects as these will result from the most intense gamma-ray
energies giving the major peaks in the spectrum. The
fluorescent X-rays obtained with the X-ray detector are at
well established energies and thus pose no problem in
identification. Contaminant isotopes can often be identified
by half-life considerations. The effects of random summing
and of background radiations can both be identified by
using sources of different strengths, when the spurious

peaks thus generated will appear to change their intensity
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relative to the true peaks due to the source under
investigation. This method was used for thce background
radiations in preference to a simple energy elimination
technique as the background radiations to be seen with the
detector can not be easily established experimentally as the
counting rate obtained is necessarily very low. One recent
report by Bertolini et a1.17) gives a comprehensive list of

possible background radiations.

2.6 The determination of weak intensity gamma-ray transitions

from a singles spectrum

Most work in gamma~ray spectroscopy with isotopes
having half-lives greater than a few hours is concerned
with the establishment of the intensities of very weak gamma-
ray transitions. ¥For a full-cnergy peak to be present in - the
singles spectrum it is necessary. for the area of the peak to
be 'statistically significant' above the continuum upon which
it sits ~ this continuum being duc to Compton detected events
from higher energy gamma-ray transitions either from the
source itself or from the background radiations. The
literature is frequently found to contain maximum intensities
quoted for gamma-ray transitions for which no 'visible!
evidence was found in the spectra but the criterion used to
establish this maximum intensity is not frequently found.

In this work the criterion used is that a peak is deemed to
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exist when its statistical significance expressed as a number
of standard deviations of the continuum plus peak is greater

than four standard deviations.

N
_l } T

where Np = no. of events in pecak

NB = no. of events under peak

The search for weak intensity peaks can be
divided according to the major source of continuum under the
prospective peak. When this continuum is due to high energy
transitions from the source of interest the figure of merit
for the detector system is largely its ability to produce
full-energy events rather than lower energy Compton events
(i.e. its peak to Compton ratio) as well as the general
requirement that the absolute full-energy peak cfficiency and
resolution are as high as possible. Fortunately these
requiremcnts are compatible with each other (but not with cost)
and, in general, the sensitive volume of the detector may be
increased without decrease in resolution and with a consequent
increase in peak to Compton ratio - a typical detector having

3

a sensitive volume of about 60 cm”, a resolution of 2.5 keV

60
for ~Co, a peak to Compton ratio of 30:1 and a photopeak

efficiency of 10% relative to a 3"x3" Nal crystal for 6000,

T



When the weak peak is at an energy above that of
the major transitions in the source then the continuum is due
largely to Compton events generated by background radiations.
Although the general requirements of high efficiency,
rcsolution and peak to Compton ratios apply here, the ability
of the complete detector system to count rapidly is of equal
importance. If for example a given system can count (without
significant deterioration in resolution) at a rate such that
the intensity of a peak, Np, resulting from the source and
which can just be detectecd above the background continuum, NB‘
in time t is produced. Then to detect a peak of intensity

aNp ( a less than1) the counting time required is kt

where:

S .
7 4 where Np '’ NB

K D 1/2 o o o o o o s ¢ o o o o o oo 23

Thus if the required detection level is say 0.5 that

obtained in time t, the time to reach this level is &4t.

The highest possible performance is required from

both the detector and its supporting electronic system to
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investigate the inten&ities of weak gamma-ray transitions in

those isotopes where this information is still unestablished.

2.7 The use of Ge(Li) detectors in a coincidence mode

Weak intensity gamma-ray transitions can often be
more easily identified by effectively removing the Compton
continuum events beneath the peak. The use of an anti-Compton
shield for the detector is well known but unless a large
(expensive) Nal annulus can be employed the reduction in
Compton events, although significant, is often not sufficient
to reveal the penk of interest. The more useful technique which
employs two gamma-ray detectors operated in a coincidence mode,
not only often achieves the required reduction in Compton events,
but can supply additional useful information about the
structure of the decay scheme and the lifetimes>of its energy

levels.

The use of a coincidence mode system does, however,
suffer from several disadvantages and the use of a singles
spectrum technique or a coincidence mode must be carefully

evaluated for a particular situation.

A typical te(Li) detector does have a very poor
efficiency compared with a Nal crystal (at best 10% - the
25 cm3 detector used in this work was about 4% for 6000).
This means that two such detectors used in coincidence would

have a coincidence efficiency of only 1% that of a system
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using two 3'"x3'' Nal crystals. This severe reduction in
coincidence efficiency, coupled with a timing performance
which is no better than the Nal system, enhances the poor
true to chance ratio typically obtained with a moderately
sized sourcej thus rcesulting in the general requirement that
a weak source be used with the resulting long times necessary
to collect a statistically significant result. The obvious
advantage of Ge(Li) detectors is their resolution which
enables the energy gate to be more selective; this feature
finding particular application in the study of isotopes with

close lying gamma-ray transition energies.

A significant improvement can be made when several
possible cascades arc under investigation by using a form of
dual-parameter processing! This can be accomplished by using
two ADCs so that when an& two events are coincident each ADC
analyses the signal from its respective detector and a pair
of coincident addresses are written into some form of storage.
A scarch (computer aidea) through the data can then select
any required addresses fromone detector and thus determine
all pulses in the other detector which are in coincidence.
Thus all possible coiﬂcidence spectra from a given isotope

can be collected simultaneously.
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CHAPTER 3  ANALYSIS OF EXPERIMENTAL DATA

3«1 General considerations

The main features of a gamma-ray spectrum taken
with a Ge(Li) detector are well known. When an isotope
contains several competing modes of decay, the resulting
spectra must be processed to reveal the areas and positions
of the full-energy peaks produced by each gamma energy so that
the transition intensities and energies may be cbtained.

The full-energy peak areas must be separated from each other
and from the Compton continuum of the same cnergy produced

from higher energy gamma-rays. The extraction of these peak
arcas and positions requires that an estimate of this continuum
under the peak can be made from consideration of the
surrounding continuum and that the general form of the peak
shape produced by the detector system is known so that

overlapping peaks may be scparated for analysis.

Once the peak areas and positions are established
it is then necessary to refer to the efficiency and energy
calibrations to establish the intensities and energies
respectively. It is thus desitable that the relevant
calibration curves should be fitted by a mathematical function
to effect an interpolation between the data points. This

can be achieved in some circumstances by fitting the entire
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set of calibration points with a suitable function or by using
a more limited approach of interpolating between two

encompassing calibration points.

Finally a checking system is required to eliminate

peaks formed in the spectrum by 'spurious' effects (see section 2.5).

3.2 Initial approaches to analysis

Visual examination of a gamma-ray spectrum will
reveal the main full-energy peaks and some estimate can be made
of their positions. Their areas can be measured if the background
bceneath them can be measured. The problem of the technique to
be used for this 'background' subtraction has recently been

discussed by Pratt18)

but many eapproaches are in current use.
Some authors adopt the approach19) involving the drawing of two
straight lines through the surrounding high and low energy
continuum points and using as the zero line for full-energy
events a straight line drawn between two points, one on the

Jow energy side and the other on the high energy side of the
peak where the actual spectrum deviates from the relevant
straight line. A second technique is to fit a smooth curve
(usually a second or third order polynomial) to the data points
on either side of the full-energy peak which are considered

to represent pure Compton events. This latter approach was

tried initially and computer routines were written by the author
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to achieve it but it was felt generally desirable to adopt
an approach which did not place such emphasis on subjective
assessment of the 'ends' of the full-energy peak. The
technique finally adopted involved the fitting, in the least
squares sense, of a mathematical function which describes
both the background continuum and the full-energy peak shape

to the data points.

The usc of the experimental calibration data
(energy and relative efficiency) was initially achieved by
using a linear least squares fitting procedure to the energy
data and by reading the rclevant efficiency data from a

smooth curve drawn through the calibration points.

A simple computer programme was also written by
the author to generate the positions and the rough intensities
of the spurious peaks to be expected in a typical spectrum;

given the major modes of gamma decay.

3.3 The use of a computer programme in the analysis of

gamma-ray spectra

The vast quantity of data, necessarily generated
when a gamma-ray spectrum is recorded from a Ge(Li) detector
system, is obviously more easily reduced if use can be made
of a computer programme to search for full-energy peaks

and to determine their areas and positions.
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Ideally, the programme should then incorporate routines to
effect the encrgy and cfficiency assignments and thus provide
a full analysis in terms of cenergies and intensities of the
gamma~ray transitions present.

Many techniques for such programmes are reported

in the lituraturezo’zq’ZZ). The coding of two programmes

23)

was obtained. The first tried was not entirely suitable
as it was designed to analyse neutron time~of-flight spectra
and identified its peaks by locating regions where successive
data points increased or decreased in magnitude with respect
to an assumed linear or parabolic background. This had the
serious disadvantage that Compton edges appeared (t. the
programme) as peaks but failed to be fitted by a standard
peak shape - thus causing the programme to fail! The

second programme was a copy of Sampoau) and this excellent,

purpose built programme, was used throughout the analyses

reported in later chapters.

3.4 The general features of Sampo

The detailed mathematical techniques used in this
programme are fully described by Routti et 31'24). The
application of the programme to a typical Ge(li) gamma-ray

spectrum is illustrated below.

Taking a typical spectrum of “2CRa obtained with

- 41 -



the 25 cm’

detector, the computer programme was used to locate
the exact channel locations and the areas of the full-energy
peaks and thus to determine the energies of the corresponding
gamma-rays. Since the intensities of the main gemma-rays

in the decay of 226Ra are well established, the areas of the

full~-energy peaks were then used to determine a relative

efficiency curve for the detector.

The first stage in the analysis of the spectrum
involved the sclection of a few strong, well-isolated lines
in the spectrum to be used as peak shape standards. Since
the peak shapes are found to vary with gamma enecrgy it was
necessary for the analysis of some spectra to run extra
spectra of calibration isctopes to obtain isclated lines
well distributed over the range of intercst. The peak shape
is approximated by a Gaussian function with exponential tails
at both high and low energies. The peak shape parameters; -
the width of the Gaussian and the distances from its centroid
to the junction points of the 'tails' are found to vary
smoothly with energy so that their values for any other line
in the spectrum can be found by interpolation. The fitting
of this function and a straight line approximation for the
continuum is performed by a least squares technique and the
programme provides a printed result of the numerical

information of the fit, the final peak shape parameters
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FIGURE 3.1 An example of the routine to find peak

shape parameters
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and a line-printer plot of the data and fit so that a visual
assessment can be made. In addition, the numerical information
of the residuals (in standard deviation units) of the fit and
the chi-square value for the fit are given. An example of

this operation is shown in figure 3.1,

Once a good table of shape parameters has been
obtained, an automatic peak searching routine can be called
which lists all potential peaks in a spectrum together with
the results of a statistical significance test and a line
shape test. The spectrum can then be broken up into fitting
regions (initially an automatic routine is used for this)
and then the accurate channel locations and peak areas are
determined by fitting the data points with the predetermined
line shapes and a polynomial approximation for the continuum.
Again the numerical information of the fit is printed so that
a visual assessment may be made and unresolved peaks may be
seen from the residuals of the fit. The best goodness of fit
and the fitting of small lines close to intense lines is
often not achieved by the automatic sclection of fitting
intervals and it is then performed with a routine FITS
by specifying the region cof the spectrum and the approximate
channel locations of the pecaks., &n example of a region of =
226Ra spectrum which has been fitted in this way is shown in

figure 3.2.
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The energy calibration of the spectrum can be made
by one of two methods, One method uses 2 number of energy
calibration points and interpolates lincerly between them.
The other method fits a polynomial to the points and then
uses the resulting curve (defined by parameters which arc
printed out by the programme for future use) for the cnergy
assignments. The errors associated with the energy
determinations are estimated by combining in the root
mean square sense the errors in the peak centroid and the

errors in the calibration points.

In the usual application of the programme, the
intensities of lines in a spectrum can then be determined
if a set of relative efficiency calibration points is
available. These can be obtained from a spectrum such as
226Ra if the intensities of the main gamma lines are known.
The programme then calculates, from the fitted peak area, the
relative efficiency at a given cnergy and thus assembles a
table of relative efficiency calibration points. These can
be used by the programme in two ways. The first method is to
use a logrrithmic interpolation procedure between the points.
The second method fits a mathematical representation of the

efficiency curve to the data. The equation is given in

section 2.4.1 (equation 2.1).

- 47 -



The parameters found by the least squares fitting
routine are printed out so that they may be used in other rums.
The errors associated with an intensity calculation are
obtained by adding in the root-mean-square sense the calibration

error and the statistical error associated with the peak area.

Finally, the programme can be requested to print
out all calibration details and a table of results giving
channel locations, energy assignments, peak areas and intensities

together with their respective areas.

In practice, this programme was found to be very
effective and ¢fficient. It was found that the peak shape
calibrations had to be very carefully scrutinized until the
best fit was obtained and c¢ven when this was done it was
found that some regions of spectra were particularly
difficult to fit. The use of the peak fitting routines was
found to give slight difficulties when a peak or group of
peaks was situated on a rapidly varying continuum but
variations in the fitting region could usually achieve a good
fit. In spite of these small difficulties it was felt that
the programm¢ provided a reliable and consistent means of
extracting information from a gamma spectrum and it was used

to process all the data reported in this work.

- 48 -



CHAPTER 4  TIME ANALY3IS AND COINCIDENCE MODE SYSTEMS

.1 Introduction

The purpose of timing systems in nuclear spectroseopy
is discussed together with the general requirements of such
systems. The main sources of timing uncertainty and their
origins are outlined for seintillation counter and Ge(Li)
detector systems. A eomplete fast-slow coincidence system
suitable for gamma-gamma spectroscopy is analysed and
consideration is given to its adjustment for optimum performanec.

Sources of error in the resulting spectra are then considered.

442 General recasons and requirements for time measurements

The evaluation and interpretation of complex nuclear
decay schemes is often greatly simplified by isolating those
transitions which satisfy a specified time relationship with
each other. Commonly this means identifying two transitions
which follow eaeh other within a resolving time, 2t, (usually
of the order of a few nanoseconds) and are thus designated as
prompt transitions. A natural extension of this is to
determine two transitions which are separated by a time
t 2 v and which are thus correlated in the same sense as are
'prompt' transitions. These observations often serve to place
unambiguously a second transition in a deeay scheme when a

first transition is well established. The method relies on
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the lifetime of the intermediate level being considerably
smaller than the resolving time of the measuring system for
'prompt' transitions and typically of the order of nano or
microseconds for delayed coincidences. The electronic system
used to provide this information is a coincidence system and
the signals derived from the detectors which are processed by
the system are known as timing signals. With modern electronic
systems the actual 'intrinsic' instrumental resolving time,
210, of the coincidence unit employed is frequently one or
two orders of magnitude better than the resolving time
imposed on the system by the requirement that a reasonable
fraction of all events which are in reality prompt are
registered as such by the system. The electronic processing
of the detector signal prior to its presentation to the time
analyser contributes to a large degradation of the intrinsic

performance of a typical fast coincidence unit.

4.3 Outline of timing systems and the assessment of

their performance

A typical electronic system used to process the
signals from two detectors for time analysis makes use of a
time pick-off circuit to derive a standard pdse from the
detector signal and which then conveys the time information

to the time analyser (time to pulse height converter, TPHC,
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or a fast coincidence unit). A TPHC gives an output pulse
whose amplitude is proportional to the time difference

between the arrival of the timing pulse from detector 1 and
the arrival of the timing pulse from detector 2. The absolute
magnitude of these time differences is unimportant in the
assessment of the performance of the system; the criterion
necessary to judge the system is the spread of the time
differences with respect to time. Ideally two genuinely
prompt nuclear transitions in the source should produce a

time distribution as measured with a TPHC which is simply

due to the statistical spread of emission times of the photons
corrcsponding to the transitions. Due to the non-ideal
performance of the detection and analysis of these events

this spread of times is completely masked and the TPHC

output, recorded on a multichannel analyser (MCA), reveals

a time specctrum whose origin is due to the analysis of the
electrical signal created in the detector. The time spectrum
can thus be used to assess the performance of the time
pick-off circuits and to deduce a sensible value of

resolving time to be set by a fast coincidence unit which

can replace the TPHC for use in a typical nuclear spectroscopy
application. Such a coincidence unit can be considered to
select those events which fall within a given window on the

time spectrum; the resolving time, 2t, of the coincidence
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unit giving the width of such a window.

For a Gaussian time distribution the coincidence
efficiency of a system employing a coincidence unit with 271
set equal to the full width at half maximum (F'HM) of the time
spectrum is about 76% and risecs to 98% when 2t is set equal

to the full width at tenth maximum (FWIM) of the time spectrum.

The performance of time pick-off circuits can also
be assessed from the shape of the 'delay curve' obtained fromv
the output rate of a fast coincidence unit when one or both
of its inpul signals are moved (delayed) in time with respect
to each other. This method is much more tedious and the

information contained in such a curve needs careful 'unfolding'.

4.4 Requirement of small resolving time in a system

Since initially simultancous events can not be
registered as such by a coincidence system, an additional
'nuisance’ becomes apparent in any system. The arrival at the
coincidence unit of two non-related signals within the set
resolving time will generate an output signal which is
indistinguishable from a true coincidence event. The
number of such chance coincidences per unit time, Nc, and their
relationship to the true coincidence rate, Nt’ is of critical
importance in most spectroscopy applications. These relation-

ships can be seen as follows.
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Consider a source emitting N phutons per second
and detected by two detectors having absclute efficiencies

ey and e, respectively. The singles counting rates

observed at the two detectors are N1 and N2 respectively

where: -

= 1 \
N1 = e1N and Nz ezh

The true coincidence counting rate is given by Nt where

Nt=e1€21N o-coaoouoo..L}'-‘!

25)

where I is the coincidence intensity " .
The chance counting ratec observed with a resolving time 21

is given by: -

Nc =21 N1 N2

or, substituting for N1 and NE

Nc=2’te162N e ®© @ o o e ® e @ a = 4-2

and the true to chance ratio, G, is given as:-
G":I/ETN-'oo.-oooo-o.Ll’oB

From equation 4.1 it can be seen that N_ is proportional to

t
e1; e, and N. (I is outside our control and only features in
overall considerations of investigation feasibility). Thus

it is desirable to meximize the efficiencies of the detectors

used.,



From equation 4.2 it is apparent that the chance rate is
directly proportional to the resolving time utilised and
hence the general requirement that this should be as small
as possible. From equation 4.2 it is also clear that the
chance rate increases as the square of the source strength
and thus, although equation 4.1 might suggest that the source
strength should be high to increase the true coincidence
counting rate, it is clear that a compromise must be made

as measured by the true to chance ratio, G, which is
inversely proportional to the resolving time and the source

strength, N.

The overall picture is then to maximize the
counter efficiencies and to minimize the resolving time
required in order to yield a given statistical accuracy on

the true coincident counts.

k.5 Causes of non-ideal time specctra

The observed spread in the time spectrum can be
attributed broadly spcaking to two main causes. These are

known as walk and jitter.

Jitter is a source of timing error which is
statistical in nature. It is the intrinsic time jitter of
the detector signal as seen by the time pick-off device.

Jitter can be generated in the detector itself or in the
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electronic instruments required to amplify the signal prior
to the time discriminator and also in the actual time
discriminator. The effect of jitter on the time response of
a discriminator output gives rise to a variation in the time

at which the signal crosses a fixed discriminator.

Walk can be introduced into a timing signal
obtained from a time discriminator as a result of variations
in input pulse amplitude or rise time from the detector.
The main features of walk arc illustrated in figure 4.1.
Figure 4.1 (a) illustrates the case found in both scintillation
counters and scmiconductor detectors where two signals caused
by events occurring at the same time have the same rise time
but different amplitudes. There is thus a shift in time of
crossing the discriminator threshold which becomes
increasingly serious as the threshold approaches the pulse
hcight and as the rise time of the pulse increases. Also
any real discriminator is usually charge driven and will delay
firing until it has collected a certain charge. The time to

do this, t1, t., will increase as the thrcshold increases

2
towards the amplitude of the pulse and thus any discriminator
must be designed to minimize the charge necessary to trigger it.
Figure 4.1 (b) illustrates the casec of pulses originating at

the same moment in time with equal amplitudes but having

different rise times. This case is particularly apparent for
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coaxial Ge(Li) detectors where the rise times of pulses

can vary considerably.

4,6 Origins of jitter and walk for scintillation counters

and for Ge(Li) detectors

In a scintillation counter system jitter is
generated both by the statistical nature of the light emission
in the scintillator and also by the photomultiplier used to
convert the light into an electrical signal whcn statistical
processes in the emission of photoelectrons and in their
transit time through the tube produce a jitter in the output
signal with respect to time. The time behaviour of a

scintillation counter can be assessed by considering the

current pulsc available at the anode which at t=0 is given26) by:
I(O): R__- -o.o--c--ono[‘"-L{’
T -7

1

where T, is the risc time constant of the
photorultiplicr and t the decay time constant of the scintillator
and assuming an ideal photomultiplier with no transit time

fluctuations. R is the total number of photoelectrons

per scintillation.

For a Nal scintillator nd a fust photemultiplier
tube T T (and t©~250n8) so the time resolution of such a

system is determined by R/t1. Thus it is desirable to use a
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high gain tubc.

Wwalk is generated in any timing discriminator
following a scintillation counter due to the finite rise time
of the output pulse gencrated at the anode. For a Nal
scintillator this rise timc can be dramatically improved

by processing the pulse in a current mode.

If the anode load used with the photomultiplier
tube is of the order of 5C or 100 ohm (typical values used
with 'fast’ photomultipliers) then the anode timc constant,
Ty is very much smaller than 1 and the output pulse is
designated a current pulse with rise time determined mainly
by the rise time of the photomultiplier tubc. This can be of
the order of 2 nS with a 'fast' photomultiplizr even for Nal
scintillators so that walk can be considerably reduced by this
method. The use of an anode time constant considerably
greater than 1 gives an integrated output pulse with rise
time comparable with the decay timec of the scintillator.

This voltage mode of operation represents the classical use
of & Nal scintillator and photomultiplier where the output
has a rise time of about 250 nS3. This is, however, the mode
necessary to obtain the best energy resolution which is
degraded by the use of an anode time constant significantly

27)

less than = .
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For a scmiconductor detector the actuzl time
accuracy of an event depends on the signal obtainable at the
output of the subsequent amplifier and the noise of this
* amplifier plays a dominant part in the final time accuracy
due to jitter. For a Ge(Li) detector the most serious
timing spread comes from walk. This has two origins; that
of pulses having the same rise time but differing amplitudes

and that of varying pulse rise times.

4,7 Methods used for the extraction of a fast timing signal

Fast timing describes the application of techniques
to a systcm which minimise the effects of jitter and walk.
The choice of the appropriate method depends on the detector,
the required time resolution (measured aé the FWHM of a TPHC
spectrum) ond the range of input pulse heights to be processed
(measured as the dynomic range accepted and given by
(5 +AE)/E where E and £ + AE represent the lower and upper
cnergies admitted respectively). In general three main
nethods are available and have found application for both
scintillution counters and semiconductor detectors.

These are leading edge, cross-over «nd constant fraction
timing. An extension of the constant fraction method known
as amplitude and rise time compensation (ARC) offers

advantages for Ge(Li) detectors.
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The simplest type of time pick-off system is the
leading edge discriminator which was used in the present
work. Here a fixed threshold discriminator is used with its
threshold set as low as possible (consistent with the noise
level) to minimise the effects of walk. This system gives
good results only for a narrow dynamic range but its
simplicity means that it finds frequent application especially
where cost is of importance.

For a Nal countcr the optimum performance is
obtained when the discriminator threshold is set at about
0.01 of the pulse height. The typical good performance
figures quoted for a Nal - fast photomultiplier response are
a ¥ it of the order of 1 n828) for a very narrow dynamic
range. Of more significance is the FWIM which increases
very rapidly with the dynamic range used. Performance figures
for a leading edge device built by the author for a Nal counter
are given in section 5.3. Typical figures for a leading edge
device used with a Ge(Li) detector range from 6 nS to 12 n829)
WHM dependent on the detcctor configuration used. The
figures quoted are cbtained by mecasurcments against a plastic
scintilletor counter system when reported for a Nal system and
against a Nal system for the Ge(Li) detector measurements.

They thercfore represent the 'true' performance for the

detector concerncd as the reference system response is negligible.
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4,8 Fast - slow coincidence systems

A schematic outline of a fast - slow coincidence
system is given in figure 5.9. The actual form used in this
work and the methods used to adjust it for optimum performance

are discussed in section 5.6.

During these studies it became necessary to analyse
the performance of such a system in order to arrive at
expressions for the final true tc chance ratio obtained at
the multichannel analyscr (MC.) and a 'recipe' for the source
strength and position to be used in a given experiment. The

following analysis was made by the author.

For a correctly adjusted system, the pulse from
detector A which triggers any output from the fast and then
the slow coincidence units arrives at the MCA at a fixed time
with respect to the linear signal from detector A which is
analysed by the ADC when its internal gate is opened by a
coincident gating signal. In the case of the MCA employed
in most of this work (Northern Scientific NS630) the arrival
of the 'A' pulsec at the MCA was adjusted to be 0.5 pS later .
than the pulse from thc slow coincidence unit which opened
the coincidence gate of the ADC. This time delay allowed

for the internal delay of the linear signal in the ADC.

At the fast coincidence unit the output is due to
either true coincidences from the source where one photon

entering counter A or B is followed within the resolving time
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of the fast coincidence unit by a second related photon
entering the other counter or to the random arrival of two
photons at the counters within the resolving time of the

fast coincidence unit.

At the slow coincidence unit thesc outputs from the
fast coincidence unit arc gated by pulses from detector 3
which fall within a sclected encrgy interval. The slow
coincidence unit thus gives an outout pulse for one of two
reasons. The true output pulses due to ths selection of
those truc coincidences from the fost coincidence unit
which olso satisfy the energy requirement imposed on detector
8, giving an output CT‘ and a chance output giving a chance
rate of CABB at the slow coincidence unit. It is important

to note that C srise from two sources. siither the

ags o
pulse from 3 which was responsible for a chance output at the ‘
fast coincidence unit also satisfies the energy gate
requirement or any pulse passing the energy gate together with
an unrelated pulse from the fast coincidence unit which arrive
within the resolving time of the slow coincidence unit can
give rise to & chance output. At the MCA the true counting

rate C is due to the true coincidence output from the fast

TT7T
coincidence unit satisfying the encrgy requirement on detector
B and to the correct time arrival at the KCi of the 'A'

linear pulsc and the ADC gate opening pulse from the slow
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coincidence unit. The chance spectrum at the MCA is due to the

arrival of an 'A' pulse which also passes the chance selection

requirements at the fast and slow coincidence units and to the

random arrival of 'A' pulses with the output of the slow

coincidence unit within the resolving time of the ADC gating

arrangements.

The magnitudes of these terms can be related
follows: -
Let the counting rates be:

Singles from detsctor A above ADC discriminator

1}

" i " ‘" which triggers TPO

1 B o B R i §1 _

True coincidences at fast coincidence unit

Chance coincidences at fast coincidence unit

il

B pulses which satisfy energy gate =
True coincidence output at slow unit =
Chance coincidence output at slow unit =
True coincidences at NMCA =

Chance coincidences at MCA =

Resolving time of fast coincidence unit =
it " I slow LAl i =
Lffective resclving time of ADC pgate =

Also let B./B =
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The following re¢lationships apply:
— 1
C[&B — 2TF9A BB L] L] . L - L] . L] » 405

CABB = 2153G(cT + CAB) + chﬁ e o o o b6

Cr}'_ 1
ABBA = 21GA(CABB & CTT) + LABB S

At the fast coincidence unit the true to chance ratic, G,

is given as:
G = CT / CAB =1/ ZTFN from equation 4.3
where I is the coincidence intensity
N is the source strength

At the slow coincidence unit:

Coagy = XCpy + 27gx8(G.C 0 + CAB) from cquation 4.7
and thus
CasB = X, n(1+2tB(G+ 1)) 0 o oo o oo o 4.8
AB 5
For 21 B(G + 1) < 1 e e e s e ..k

the result of the fast coincidence unit is simply
modified by the energy gate fraction;
i.e. CABB =X CAB
The slow coincidence resolving time can thus be said to
degrade the chance output from the slow coincidence unit
by s% where:-

ETSB(G + 1) = 5010—2 e o ©o ® 8 e '[+-1O
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The true to chance ratio at the slow coincidence unit

isi-
=Cc_/C = x' C

Gy = Copp/Cppy = I
xCpn(1 4 21g8(G + 1))
x'C,/C

or Gs = AB - - L] L3 [ ] L] L] LI’. 11

x(1 + ETSB&G + 1))
where x' is the fraction of a2ll coincidences recorded

which meet the energy requirement
x'/x is largely - utside our control since it is mainly a
function of the particular isotope and transitions under
investigation.

S0, kG

e & o @& o o> 4.12

]

(1 + ZTSB(G + 1))

where k = x"/x
Thus the maximum GS is obtained when 2TSB(G + 1) K1
which is 2s predicted by equation 4.9

D.nd Gkg(m“) = k.G © & o o © o o o e @ Ll'o"}

When equation 4.9 is satisfied the resolving time of the slow
coincidence unit dous not contribute significantly to the

final chance rate.

At the NCA:-
Cpma = 2TgACpp + C1u0) + Cupy

= G ; .o-.o-l‘"-h'
or Coama = (21:GA(uS + 1)+ 1)CABB L
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so provided that

2t A(G, + 1 < -
1A (G, ) &« 1 then Cppny = Cypon e o o bat5
and then the resolving time of the ADC gate does not
contribute significantly to the final chance rate.

If also ecquation 4.9 is satisfied then,

=x C
CABBA = X AB ® & o o ¢ & 5 o @ e e e @ L".16

The final chance rate is simply that of the fast coincidence
unit modified by the energy selection.

This gives the final true to chance ratio at the IiCA as:-

Cp = CTfT/CABBA

= CTT/bAJBA if we assume that all true

coincidences 2t the slow unit are registered at the MCA.

. 5 R
since LT? = GSVABB

then G

F G

5 CABB/CABBA

G
S e e s o o o o oHa17

(ZTGA(kG + 1) +1)

assuming that equation 4.9 is satisfied.

The maximum truc to chance ratio obtainable at the MCA is

then:-

GF(max) = k.G

when 21:GA(GS + 1) K 1 c e o o o oo k.18
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As for the slow coincidence unit the MCA gate can be considered

to degrade the best chance rate obtainable by g% where:

h M ‘2
21G5(1<U+1)=8!1O -noon.o..-"l’.“g

These considerations thus show that the final true to
chance ratio obtained at the MCA is that of the fast
coincidence unit modified by a factor k, provided that the
conditions given by equations 4.9 and 4.15 are met.

k is the ratio x'/x which is a function of the particular
isotope and transitions under consideration. The maximum
truc to chance ratio obtainable can, for small percentage
deviations, be considered to be degraded by the resolving
time of the slow coincidence unit as given by equation 4,10

and by the iHCA pate as given by equation 4.10.

A fast - slow coincidence system to study a
particular isotope may be optimised by the following
procedure:~

Taking the minimum acceptable true to chance ratio
at the MCA gate as Gs(min) and with a knowledge of the ratio
x'/x for the transitions of interest the minimum true to
chance ratio at the fust coincidence unit may be found

from equation 4.13 as:-

G(min) = S e e e e k20
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With the coincidence intensity, I, evaluated the maximum
usuable source strength, N(max), can be found from
equation 4.3 as:

I

-

21FG(min)

K{max) =

photons/sec . . . 4.21

A knowledge of the main features of the decay scheme can

then give a source strength in pCi,

The maximum singles counting rates Bm and A
ax m

ax

for a given degradation in the chance rate can be found

from equations 4.10 and 4.18 as:

L _ g.10_2
"max T~ m——— e e s o o s o o o JH22
ZTG(kG + 1)
3 - 5.1072
max _ e e o e o s s o o JH.23
ZTS(G + 1)

and, provided that thesc are consistent with the total
counting rate capabilities of the system, the scurce position
can be adjusted to give these rates bearing in mind the
possibility of inter-counter scattering. A knowledge of the
counter efficiencics would then allow an estimate of the time
to collect a given number of true coincidences to be made

from equation 4.1.

This analysis of & fast - slow coincidence system
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was used to calculate the optimum source strength for use
in the coincidence studies reported in chapters 6, 7 and 8.
In addition, it was used to assess the feasibility of several

proposed coincidence investigations.

4,9 Corrections to coincidence spectra and possible

sources of c¢rror

The coincidence spectrum obtained with a fast - slow
system has frequently to be corrected for contributions due
to (a) chance coincidences and (b) coincidences arising from
photons corresponding to transitions with encrgies higher

than the energy gate repgion but which are detccted by their
Compton intcracticn which falls at an energy passing the gate
requirements set by the single channel analyser. These
'Compton' coincidcnces can thus give risc to full-cnergy

penks in the coincidence spectrum which are not in coincidence
with the full-energy peak used for the cnergy gate.

Corrections can be applicd to the coincidence spectrum for thesc

two cases.

Chance coincidences can bz assessed by delaying the
pulse from detector a4 by say 1 ¢5 so that only chance
coincidences are produced at the fast coincidence unit. The
delay to the MC. of the linear energy pulsc from detector A
must also be increased by the same amount to preserve the

correct timing conditions at the NMCA. Assuming that the
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contributions to chance from the slow coincidence unit
resolving time and the ADC gate 'effective' resolving time
do not muke an excessive contribution (sce section 4.3)

then a spectrum recorded in this way is a reliable (but time

consuming) assessment of the chance contribution.

An alternative method which allows for chance
coincidences can be obtained provided that the contributions
due to the resolving time of the slow coincidence unit and the
ADC gate are negligible. tquation 4.16 shows that the final
chance spectrum counting rate under these cenditions can be

obtained as follows:-

. _ _ _ -1
LA3BA =X CAJ whure CAQBA = chance counts S

= 2TF .AoBex

ZZTFoA-BG e ®= 8 © © ® ©® ® ® o° LF.EL{-

where A = singles detector A above ADC discriminator

B.= gate counting ratc

The resolving time of the fast coincidence unit
can be measurcd by using two scparate sources and with the two
detectors completely isolated from each other so that the
coincidence output from the fust coincidence unit, NC’ is
recorded when the singles rates N1 and N2 are present at the

two input channels.
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Then provided that NC is significantly less than N_, N_:

1" 2

2TF = NC / N1N2

With 2TF determined the chance spectrum present
during a given coincidence run can be calculated if the total
gate counts are recorded and also a straight spectrum is
recorded from detector a. (It is wise to gate this spectrum
with its own timing discriminator ocutput to achieve reliable
results near the threshold of the discriminator).

The chunce spectrum is then found for each channel as:-

Chance counts in channel n for a coincidence recording
time t = ErFBut X channel n counts per unit time

in sinzles spectrum from A.

This method avoids the long counting time associated

with the earlier cxverimental method.

Coincidences due to Compton detected cvents in detector
B can be assesscd by moving the energy gate clear of the
full-cnergy peak (high energy side) and, assuming a smooth
Compton region, this method works reasonably well. The actual
width of the g-te can be 2djusted slightly if necessary so that
the arca of Compton contributicn remains ccnstant. This can

be measured as described in scction 5.6 with the zid of the MCa.
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A further possible source of error which occurs in
close geometry systems is that of intercounter scattering.
This mcans that a photon can enter detector A, undergo a
Compton interaction and then scatter into detector 3 and
there deposit part or all of its remaining encrgy which can
satisfy the energy gate selection requirementsBO)° When
the energy gate is relatively narrow this can give a fairly
sharp peak in the coincidence spectrum which could be mistaken
for a coincident full-cnergy peak since it doecs not disappear
when the usual corrections described above are made. The
only solution (apart from elaborate counter shielding) is to
calculate the possible range of such scattered coincidences
from the geometry of the system and to adjust this geometry
if necessary to check on the validity of any peak that may
be due to this cause. Fortunately in the present work the
energy gates were usually at lecast 10 or 15 keV wide so that
any scattered peaks were too broad to be mistaken for a true

full-energy peak.
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CHAPTZR 5  THSTRUMENTATION AND EXPERIMENTAL THCHNIQULS

5.1 Introduction

The design and testing of a scintillation counter
and of electronic circuits constructed for use in gamma-gamma
coincidence studies is described. A brief outline is given
of the electronic systems used in this work together with

details of their adjustment for optimum performancc.

5.2 DJcintillation countcr

A scintillation counter, suitable for use with nano-
second resolving times, was constructed by the author using
an iMI photomultiplicr tube 95943 and & 14"x13" Nal scintillator.
This photomultiplier tube is a focusgsed tube with a high gain
and fast rise time of 2 ns with a FWH: of 3n5 and a transit
time of 50 nS. The base chain constructed for the tube was
a standard non-lincar chain as suggested by the manufacturers
and included zencr diode stabilisation for the cathode-D1
voltage. A low cutput load (100 ohm) was used at the anode
in order to satisfy the rcquirement (scction 4.6) that the
output was essentially a current pulse. The linear energy
signal was taken from dynode 9 using a high output impedance.
The focussing voltage adjustment was made at an overall voltage
to the base chain of 2kV to give the maximum pulse amplitude.

The anode pulse had then a rise time better than 5 nS3.
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The overall base chain voltage was maintained at 2kV as this
gave the best timing performance. The energy pulse, extracted
from the dynode, was processed with a charge sensitive
preamplifier (trtec 113) which produced an output with a decay
constant of 50 ¢S5 suitable for the pole-zero cancelling
nctwork in the main amplifier. The energy resolution with an
overall base chain voltage of 2kV was not spectacular (10% at
662 keV) but could only be improved by working zt a lower tube
voltage (1.6kV) with a consequent worsening in the time
performance. However, the counting rate handling ability of
the counter and amplifiers was good, - the resolution being

maintained to about 20 kc/s..

5.3 Leading cdge discrinminator

i leading cdge discriminztor which is to be used with
a Nal scintillation counter necds to be capable of triggering
on a very small fraction of the input pulse height (0.01).
Since the output of this discriminator is used to signal the
time of arrival of the event to succeeding circuitry it
should have a fast risc time and produce a standard amplitude
signal. A simple device capable of satisfying these

requirements is a tunnel diode used as a monostable circuit.

A typical tunnel diode characteristic is shown in

figure S.1a. A schematic biassing network and its equivalent
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circuit (assuming an ideal tunnel diode without L and R) is
shown in figure 5.1b. This biassing gives a load line of
slope 1/RB on the tunnel diodc characteristic with intercepts
of VB and VB/RB on the 'V' and 'I' axes respectively. For
monostable operation the value of RB is selected so that the
load line, as indicated, intersccts the tunnel diode
characteristic at one stable point below the peak current, Ip.
When a trigger is applied to the tunnel diode such that an
input current Iin is delivered to it wherec I1 + Iin exceeds
Ip’ the tunnel diode switches to its high voltage statc.

The actual transfer procceds from point (1) to (1)' to (2) on
the charactcristic with a switching speed which depends on

the charging of the diode capacitance, CD.

Since 4V . _
__ = IC / CD where IC = I1 + Iin - Ip
dt

then the specd is low when the input current only just carries
the diodc over its peak current. In practice this gives rise
to a delay, td’ in the output pulse which rapidly decreases
with rising overdrive. When the input current rulse is
cut-off the tunncl diode moves to point (3) as the voltage,
Vl’ across thc inductance falls and the working point falls

to (4). 'The tunncl diode then recovers to (1) as the current
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through L riscs. The correcsponding output pulsc is shown

in figure 5.1c and is about 500 mV in amplitude.

In practicc the bias for the tunnel diode is
provided with a network of the form shown in figure 5.7d.

The effective bias is given by
V., =R, / (31 + R+ R)
and the effective bias resistor by

R, = 91(32 + R)/(R1 + RZ + R)

R provides a variable thresheld whilst C decouples to earth
providing a constant AC load line independent of the DC

threshold sct.

The tunnel diodc selected was J:.604 with a peak
current ¢f 5 mi This was used as it was necessary to provide
a stable bias as ncar as possible (in terms of the dc current
through the tunncl diode) to the peak current so that good
overdrive was obtainable ¢ven for small input currents.

Since this quiescent dc point was essentially voltage
controlled by the biassing nctwork, the low peak current
tunnel diode allowed a smzller Iin to be used without

significant output delay.

The output of this leading edge trigger nceded to
drive either a Harwell 2035C fast coincidence unit requiring

an input pulse of 2V (or more) or an Elron fast coincidence
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unit requiring an input pulse height greater than 250 mV.

The Harwell unit required an input pulse width longer than the
required resolving time and the flron required a width less
than the required resolving timc. The output stage of the
discriminator made use of the avalanche mode of switching a
transistor to cobtain a very fast rise time output pulse with

the desired amplitude and with e¢asily controllable width.

The avalanche switching mcde of operation is
illustrated in figure 5.2 where the breakdown characteristics
of a pnp transistor arc shown. The transistor base is
reverscd biassed and the supply voltage, Vcc’ and the load
resistor, RL’ are selected to give a load line which intersccts
the transistor characteristics in a single point as shown.

Vcc is then between the latching voltage, VL’ and the
breakdown voltage, VB‘ for the particular base bias. A small
negative input to the base of the transistor lowers thc break-

down voltuge, V The collector, which is initially at Vcc’

B
with the coaxial line capacitance charged through RL' falls
towards the latching voltage and the line discharges through
the transistor. Thus a positive voltage step travels down the
coaxial line and is reflect.od at the open end, rcturning to
the collector in a time th where td is the time down the line.

The voltage step, on rcturning to the collector (which is at

a fixed potential VL), reduces the current through the transistor

n
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to a value wihich can no longer sustain the collector voltage
VL and regeneration occurs as the coaxial line recharges
through RL. Thus a corresponding negative pulse appears at

the cmifter across the resistor R.

The transistor used was a germanium mesa pnp type
2N705. The basc was suitably reverse binssed with a variable
control to allow testing of this stage by increasing the base
current and allowing the transistor to act as an astable
device. Similarly the threshold on the tunnel diode stage
was adjustud so that it was pnssible to test it by increasing
the bias until the load line intersected the tunnel diode
choracteristic in the negative resistance region end the
circuit then acted =s an astable multivibrator. The output
pulse from the avalanche stage was taken from the emitter
across a resistcer of cithor 100 ohm or 50 ohm, dependent on
the impedance «f the coaxinl cable used to the following
instrument. The output »ulse width could be adjusted by
changing the length of coaxial cable on the collector from
about 20 nS to 200 ni. The final circuit which wos designed

and constructed by thc author is shown in figure 5.3.

The discriminator was tested to check that it did
not multiple trigger on the input pulses from the anode of
.the scintillation countcr. Its minimum threshold was measured

and its timing rcsponse was investigated.
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Initial tests were made to check that the discriminator
did not multiple trigger by taking the output of the fast
discriminator to one channel of a coincidence unit and the
output of a discriminator following the amplifier on the energy
signal to the other channel. Scaler tests on these channels
allowed the thresholds to be adjusted to give equal output
rates. Providcd that no multiple triggering occurrcd the
coincidence rate between the two channels should then equal

the singles rate. This was found to be satisfied.

The threshold of the discriminator was measured by
gating the energy spectrum taken from the dynode and displayed
on a MCaA by the output of the fast discriminator. The minimum

threshold was found t3 be (7 £ 2) keV.

The timing performance of the circuit was tested
using the arrangement shown in figurc 5.4. The output pulses
from the fast discriminztors were used to start and stop a
time to pulse height converter.(TPHC) The output of the TPHC
was analysed with the MCA and thus a time spectrum was
cbtnined. The time spectrum was gated by pulses from a
slow coincidence unit which satisfied the energy requirements
set by the twc single channel analysers. Thus the time
spectrum cerresponding to triggering pulses falling in a
defined energy rangc was obtained. The triggering threshold

set by the bias to the tunnel diode was adjusted using the
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arrangement shown in figure 5.4b. The TPHC was calibrated
using the arrangement shown in figure S5.4c. The shift in the
output amplitude from the TFHC was obscrved as the calibrated
delny was changed and thus a calibration of nS per channel

was obtainced.

Lxamples of the performance obtained are shown in
figurcs 5.5 and 5.6. Figure 5.5 shows the time spectrum
obtained when one scintillation counter was equipped with n
plastic scintillator and the other counter with a Nal crystal.
Figure 5.6 shows the performance when both scintillation

counters used Nal crystels.

5.4 Fast pulsc shaper

This circuit was designed by the author to interface
the Ortcc model 260 time pick-off unit used with the Ge(Li)
detectors to the Elron fast coincidence unit. Due to the
long pulscs produced by the Ge(Li) detectors it was necessary
to adjust the time pick-off unit to produce a long (100 nS)
output pulse as reduction in this pulse width caused multiple
triggering to occur on the detsctor pulses. Since the correct
operation of the fast coincidence unit required that the
input pulse width should be less than the set resolving time,
a circuit using a tunncl diode moncstable with emitter

follower output was designed.
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The circuit diagram and the output pulse .re

shown in figurc 5.7. The input pulse is heavily differentiated
by C1 and the low input impedance of the tunnel diode (TD).

The output pulse, talien from the emitter follower, has a width
which is controllzd by the inductance L and the forward
resistance of ID. h¢ circuit uses a back-diode (D1) to

ensurc that a fast switching action takes place on a small
input current and a second back-disde (D2) ensures that the

entire input currcnt is directed to the tunncl diode which

must switch over bcfore the emitter follower can draw current.

The performance of the pulse shaper was measured
and comparcd with that of the Ortec time pick-off discriminator
uscd alonc. The time response of the Crtec discriminators
is shown in firure 5.8a for trigger pulses which just cross
the discriminator thresholds and in figure 5.8b their
performance is shcown for pulsces with an amplitude well above
the thresholds. The corresponding time spectra with the fast
pulse shapers placed after the Ortec discriminators are shown
in figures 5.8¢ and 5.8d. It is scen that the performance
with input pulses well zbove the threshold of the Ortec
discriminator is unchanged by the pulse shaper. With input
pulsecs which just cross the threshold of the Ortec discriminators
an improvemcnt is obtained when the pﬁlse shapers are used.

This is duc to the fact that the tunnel diode monostable
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circuit used in the Ortec discriminators is sensitive to the
amount of overdrive applicd to it and the timc of output is
poorly defined for pulses which just pass its threshold. The
time spectrum sccn by the TPHC is mcasured by discriminators
at its input with thresholds of 150 mV (high for a 500 mV
'jittering' pulse). The addition of the constructed fast
pulse shapers applics o much lower threshold to these pulses
( & few mV ) and thus improves the time spectrum as mceasured

by the THiC.

9.5 Electronic systems for the measurement of singles spectra

from Ge(Li) detectors

The Ge(Li) detecters uscd were cquipped with charge-
sensitive pre-amplifiers with a cooled FLT input stage. The
output pulsc from these pre-umplifiers was suitable for use
with the pole-zcro cancelling network of most commercial low-

noise pulse amplifiers.

The main amplifier us:d in most of the present work
was an Ortec 4404 which was found to give good performunce.
The performance of the Ge(Li) detectors with counting rate
suggested that they were not as good as some American rivals
can produce (thcse are typically quoted as maintaining good
resolution to 10 kHz or so) but it is unknown for a manufacturer

to quote exactly where and how this counting rate has been



measured - a discriminator having a finite threshold.

The MCA system used a Northern Scientific 8192
channel ADC and a N5 630 4096 memory unit. A digital
stabiliser was applicd to the ADC which prouvided a high
stability refercnce pulser (%o sct the zero of the conversion
rangej and a digital peak locking system. This meant that
it was a eomparatively casy task to maintain the samc energy
calibration over long counting periods or with widely
varying counting rates. The use of a stabiliser which
continuously ccrrects the conversion gein to maintain a set
channcl position for a specificed peak necessarily degrades
the intrinsic resoluticn of a detector - amplifier system
but it can provicde 2n improvement when long counting times
are involved as the system, in the absence of the stabiliser,
is sensitive #n the lzboratory temperature. Unfortunately
the system, as provided by Northern Scientific, is not perfect
nnd cen not easily be adapted to ccincidence counting when
the coincidence gating is performed at the ADC as the ADC does
not then 'see' the zero reference pulser from the stabiliser.
This could be overcome by a suitable linear gate prior to the
ADC but the only model which provides a sufficiently long
‘gate open' time produced an intolerable distortion of the
encrgy signal. The peak stubilisation was only effective on

a fuairly prominent pcak and, since ideally this peak should
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be near the high ¢nd of the ADC range uscd, this too had
limitations especially in any coincidence study. For these
rcasons the stabiliscer was only applied for singles

spectra runs.

5.6 The clectronic system and its adjustment for fast -

slow coincidence measurements

The fast-slow coincidence systems used in this work
were essentially of the type shown in figure 5.9. Some of
the units cmploy.d required to be individually adjusted to
suit the conditions of the purticular experiment being conducted.
These are described below:
a) Timing discriminators

The thresholds were adjusted using the time spectrum
obtained with a TiHC (sce scction 4.3). For Ge(Li) timing
discriminator systeums it was also possible to use a pulser
test facility to measure the threshold in keV. For the Nal
counter discriminator the encrgy spectrum from the counter
could be displayed on th. MCA pated by the output of the
discriminator cpplied to the ADC coincidencc gate to measure
the thrcshold.
b) Fast coincidence unit

When a TPHC was available the coincidence resolving
time appropriate to the system could be quickly measured and

set with the fist coincidencc unit. A single 'delay' curve was
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then sufficient to detoermine the necessary delays to record

'prompt' events at the fast cuincidence unit.

Without a TiHC the resolving time suitable for a
siven system was determined by rccerding the true coincidence
counting rate as a function of the resolving time imposed by
the fast coincidence unit, given that the delays had been

adjusted to record 'prompt' cvents.

Two different fast coincidence units were employed.
The first was an eéx-Harwell unit type 203%C. This unit used
cxternal clipping lines te set the resolving time by clipping
the input pulses to the desired lcngth. The fast coincidence
detection stape consisted of a discriminator whose threshold
could be adjusted to suit the amplitudes of the input pulses
and the number cf channcls in use. This had to be set so that
the discriminator did not respond to an individual (singles)
input but only to gcnuine coincident inputs at the two inputs
usude This was adjusted by observing the output counting rate
of the unit as a function of the bias applisd to the discriminator.
The most sevcre limitation of this coincidence unit was that
the operation of the clipping lines was only really useful
up to a pulse length of about 20 nS. Above this length
losses through the long cablc resulted in a very poor pulse
shape and unreliabl: operation. +Yhus the maximum resolving

time usuable was about 40 n3. Another, less serious
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disadvantage was its input requirements (minimum 2V) which
were not met by the output ¢f the commercial time pick-off
units used with the 3e(li) detectors (0.5V) so that a wide
bandwidth amplifier was required between the time pick-off

units and the fast coincidence unit.

i more modern fast coincidence unit was purchased
(manufactured by Elron) which was a very versatile unit with
internal delays which improved the performance cf the timing
channel. However, it was necessary to build a pulse shaper
for use with this unit as its input requirements were that
the input pulses should be shorter than the resolving time to
be used. The outputs from the Ge(Li) time pick-offscould
not be reduced in length without multiple triggering on the
long dctector signals. Two pulse shapers were constructed as
described in scction 5.4. The Nal discriminator output
could be easily changcd so that this could be used with the
new coincidence unit.
¢) Gating energy sclection

In figur¢ 5.9, detector B prcvides a gating signal
whenever a pulsc falls within a set energy range. This range
is sct with a timing single channel analyser. An Ortec
timing single channel analysecr was used in a mode such that
the output signzl was generated on the cross-over of a bipolar

input signal. The output signal of this single channel
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analyser (3CA) could be adjusted to have a walk of less than
20 nS over its full range (0.01 - 10V) provided that the input
pulse rise time was less than about 500 nS. The timing
performance of the SCa deteriorated with longer rise time
input pulses so that even with the Ge(Li) detectors where good
energy resolution demanded much longer shaping time constants
(4 uS) it was more appropriatc to reduce these to 0.25 uS or
0.5 uS as a coumpromise. These reduced time constants also
rcduced the delay nccessary between the fast coincidence unit
and the slow coincidence unit ( and thus the linear delay in
detector A encrgy signal to the MCA) as the time to the cross-

over of the shaped gating signal was then only about 1 uS.

The energy range sclected by the SCA could be
adjusted easily for a Nal counter by the conventional method
of plotting a differential spectrum. When detector B was a
Ge(Li) detector this method did not held as the resolution of
the detector (0.50%) is far better than the smallest differential
resolution obtainmble with the SCiA (47). It was then
necessary, either to plot time consuming integral spectra or
to employ a different technique. If the encrgy spectrum from
counter B was displayed on the NMCA it was possible to gate
this spectrum with the outpnt from the SCA. The SCA window

could then be adjusted to the desired cnergy region.
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d) Slow coincidence unit and the ICA gate
The delays on the inputs to the slow coincidence
unit were adjusted by plctting a delay curve as for the fast
coincidence unit and a suitable resolving time was selected.
For this werk a resolving time of 200 nS was used. This was
the minimum available and was prohb-bly larger than necessary
as this resolving time is determined by the walk characteristics
of the SCA employcd or the fost coincidence resolving timej

wvhichever is the greatcr.

the output of the slow coincidence unit was then
used to gate the s (via a suitable pulse shaping unit
constructed by the author and shown in figure 5.9A). For most
systcms it was necessary to delay the arrival of the energy
signal from detector A until the gating signal from the slow
coincidence unit had =rrived to open the ADC linear zate to
accept the encrgy signal. ‘this delay must be linear and a
commercizl unit (Ortec 417) was used. The timing of the
arrival of the sating signal to the ADC was set up with the aid
of an oscillosceope. The delayed time base feature enabled the
difference in time between the energy and gating signals to
be adjusted to a2bout 20 n3. This timing could be checked
over the entire pulse amplitude range by observing the
coincidence spectrum rccorded on the +0 and comparing the

position of a full-cnergy peak with its pcsition in a singles
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spectrum. If the adjustment is incorrect, a shift to lower
channels occurs in the coincidence spectrum when the ADC gate
is not opened early cnough or closes tco soon as the ADC fails
to 'sce' the correct pulse amplitude. This test assumes that

the requirements for the length of the gating pulsc are mect.

These 'overall' delay adjustments are most easily
made with a 22Na source wherc possible as the coincidence

. o
counting rates for 180° geometry are very good.

For each system used a test run was m-de with a
source having well established coincident transitions so that

the system could be checked.

5.7 The electronic system for sum-coincidence spectra

The electronic system used in the fast - slow
coincidence measurements was cmployed in a modified form to
record sum-coincidence spectra. This was used in the study

of 207

Bi. The system used is shown in figure 5.10. The
summing amplificr was used to sum the pulsés from the two
dctector pre-amplifiers sc that an energy selection gate could
be ploced on all pulses which satisfied both the fast
coincidence requirement and which fell within a certain sum-
energy window set by the 5Ci. This selection was achieved

at the slow coincidence unit which was then used to gate the

MCA. Since the fan-out load at the pre-amplifier of the
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Ge(Li) detector was incrcased to three it was felt wise to

use an isolating unit which was designed and constructed by

Mr R.N.Thomas.

The setting up adjustments for this system were
broadly similor to those used in section 5.6 with the addition
of the requirement that the energy scalcs of the two detectors
should be equal. This was achieved by adjusting the EHT on
the Nal counter until the Hal spectrum scen through the
summing-amplifier and the main amplifier matched that of the
Ge(Li) detector measured in the same manner. The adjustment
of the .C\ window was mnde on a 'digital' basis by observing
the swmminz-amplificr spectrum with the MCai and using the 5CA
output signal to gate the ADC. The window was then adjusted
to cover the channcls dictated by the constituent summing
channels - this providing a more reliable setting which
did not depend on the calibration of the Nal countcr at high

energies when non-linearities could occur.

The pcrformance of the system was checked by setting
it to record a spectrum of 22Na with a sum-cnergy gate of
0, . L.
1022 keV (figure 5.11) and a spectrum of 6005 in coincidence

with a sun-cnergy gate of 2405 keV (figure 5.12).

The excellent performance of this system which

totally removed Compton events from the spectrum in certain
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cascs was found to be extremely useful for some types of
coincidence invostigations involving two gamma cascades.
It can bc extended to three or more gamma cascades with the

addition of a Nal well-crystal.
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CHAPTER 6 THE DICAY OF "ZSe

6.1 Introduction

'The decay of EESe proceeds by electron capture to
some of the excited states of ;gAs with a half-life of 120.4
day531). ggAs is an odd proton nucleus which is considerably
removed from ncutron and proton closed shells and thus a
simple shell model treatment of this nucleus does not provide
a satisfactory description of the excited energy levels and
their decay properties. The most successful theoretical model
treatments of this nucleus have been developed by Imanishi et
al.32) and Scholz et a1.33). These authors considered the
motion of an unpaired quasig-particle which moves in

Nilsson's deformed orbit and is coupled by a Coriolis force

with the rotational motion of the core.

The main modes of namma decay of the excited states
of 75As have been well established but there remain several
possible decay modes of weak intensity and, since some of these
are also of fairly low energy, their detection has proved
difficult. It was felt that the superior energy fesolution
cf the Ge(Li) X-ray detector, together with its advantage
for this type of investigation of a rapidly decreasing
efficiency for gamma photons above about 150 keV, might allow

a confident identification and measuremecnt of the relative

intensities of these transitions and, by suitable coincidence
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studies, confirm their places in the decay schene.

6.2 Previous experimental work

Early authors Bty 35y 36, 37) studying the decay of

7586 used beta-ray spectrometers and cbtained most of the main
modes of gamma decay by the measurcment of their internal
conversion lines and the measurement of their internal
conversion coefficicnts gave an indication of the multipolarities
of thesc transitions. Goamma-ray spectra taken with BHal
scintillation detectorsj5’ 38, 29) again revealed the main
transitions but failed to confirm two low enerzy transitions
(24 keV and 81 keV) suggested by the intcrnal conversion
electron mcasurcements. One, more recent, attempt by PratthO)
with a Nal X-ray counter used graded absorbers to assess the
contribution tc the pamma spectrum in the region of 24 keV
due to degraded high encergy photons and, from this, obtained
evidencc for a photopezik at this energy. The development of
Ge(Li) detecters inspired new studics by Racside et a1.41)
and by Paradellis and Hontzeasua) which revealed some evidence
for weak gamma-ray transitions at cnergies of 24 keV, 31 keV,
373 keV and 467 keV. Cculoab excitation experiments by

h3)

Robinson et al. also suggestcd gamma-rays of energy

308 keV, 293 keV and 374 keV in addition to the established
572 keV which de-excites the level at 572 keV. Following
)

this work Pratt used a Ge(Li) detector to investigate the
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reported gamma-rays corresponding to transitions of energy
L69.4 keV and 821.7 keV with intensities, relative to
1(265keV) = 100, of (5.4 % 1.8).107" ana (2.16 * 0.1).10~
respectively. No mention was made of any of the other gamma-
rays reported by Robinson et al. The decay scheme of 7556
duc to these previous authors is shown in figure 6.1 with

the established transitions shown by s0lid lines and with
transitions claimed by only a few authors shown by dashed
lines. Table 6.1 gives a summary of the energies and

intensitics of the gamma transitions.

6.3 Ixperimental details of singles spectra

Ihe isotope 75Se was obtained from the Radiochemical

Centre (Amershawm) in the form of sodium selenite in aqueous

74

solution. It was produced by the reaction ! Se(n,y) using a

e target. The only contaminants expccted were 81m5e and

c U

(

A\

1Sc which have half-lives of 57m and 18m respectively.

Two separate purchases werce made, one about one year after
the other, to try to identify the origin of a gamma-ray of
energy 34,1 I 2 keV which appeared in the spectra taken with
the first sample. From the stock solution several sources

of differing activitics were prepared in aluminium planchets

and covered by a2 thin adhesive paper label.
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keV
Prescnt
work
1.9 2 0.5
2h b T 0.2
66.0 = 0.1
0.8 I 0.1
96.7 £ 0.1
121.1 £ 0.1
135.9 *00.1
198.5 < 0.1
26h.6 £ 0.5
279.5 ¥ 0.6
203.9 t 0.6
373.8
Loo.7 £ 0.6
418.5 £ 0.5
4L68.5
572.1 * C.2
617.5 £ 0.5
821.7
TABLE 6.1

INTSNSITY (Relative to I(265)=100

Present
work Ref. 42 Ref. 39
(3426)107°

(6353)107°  (44*6)1073 ¢ 1x10™>
1.5020.15  1.72%0.04  1.64%0.05
(113)15°3 0.1

s.4%0,4 5.1220.1 5.3%20.16
26.7£3.0 27.7<0.5 27.6%0.8
95.917.0 95.0%1.8 94.9%2.0
2.5920.2 2.3820.07  2.28%0.05

100 120 100

42.1%0.8 L2,0%0.8 43,0%0.9
2.11%0.3 2.19%0.07 2.39%0.05
& 5x1077 < 6x1072

18,00 k4 20.4%0.5 22.3%0.05
(1743)1072  (23%2)1072  (3216)1077
< 2x1075 (10%5)10™3

(4315)1070  (63%2)10™2  (64E1)107
(59:7)107%  (75t2)107%  (98t2)10°h

-3
< 2x10

transitions in the decay of
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Singles spectra were recorded using both the Ge(Li)
X-ray dctector and the 25 cm3 detector. The sources were
placed on the axis of the detector concerned at 7 cm from the
end window of the X-ray detector and at 20 cm from the end-
window of the 25 cm3 detector. These distances corresponded
to those used in the measurcments of the relative full-energy

peak detection cfficiency (see section 2.4).

The amplification system following the Ge(Li)
X-ray detector was sct to display energies up to 650 keV in
4096 channels of the liCA and the digital stabiliser was used
to maintain the position of the 400 keV full-energy peak
constant throughout. Three spectra ;ere recorded using sources

of different activities.

The 25 cm3 Ge(Li) detecctor was used to obtain spectra
up to 1 MeV with the amplification set so that, with a
conversion gain of 4096 at the ADC, the first 2048 addresses
contained the desired energy region. Again the digital
stabiliser was sct to maintain the position of the h0OO keV
full-energy peak. As scveral weak gamma-rays were expected
in the encrgy region above 300 keV this region was recorded
separatcly in two of the four runs taken. The lower energies
(less than 300 keV) were rcjected at the ADC input stage by
the low level discriminator. This resulted in a significant

reduction in the dead time of the MCA system and thus
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effected a useful increase in the counting rate of pulses above
300 keV actually recorded without an increase in the total
counting rate experienced by the preceding electronic system.
The singles spectra were recorded for two sources which gave
counting rates at the detector differing by a factor of five
when they were pleced at 20 cm from it. The resulting spectra
when analysed were then used to identify only those gamma
energies whose relative full-energy pcak intensities were
independent of this change in countinp, rate and thus both

random summing and background radiations were eliminated.

6.4 Analysis of singles spectra

The resulting singles spectra (three from the X-ray

3

detector and four from the 25 cm” detector) were analysed using

the programme Sampe (sec section 3.4). The peak shapes used
755@ transitions

57C 152 182

0, Zu and Ta at the same

in the analysis were obtzincd from the main
and from spectra taken with
distance from thc detectors and with source strengths giving
the same counting rates as used in the 75Se spectra. The
automatic peak scarching routine was employed and, in addition,
the spectra were searched by hand in the regions corresponding
to all possible gamma-ray transitions between established

and suggested energy levels. The final peak areas were
obtained using the routine FIT3. The intensities were

calculated from the peak arcas using the measured relative
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full-encrgy peak detection efficiencies of the detectors.
These intcnsities were then normalized to I(265keV) = 100.
The final energicvs and intensities are given in table 6.1

and are the mean values obtained from these spectra.

Figures 6.2 and 6.3 show portions of the spectra
from the X-ray detcctor and figure 6.4 shows the spectrum

3

from the 25 cm” dctector,

6.5 Discussion of thc spectra below 100 keV

In addition to the previously established gamma-
ray transitions at 66 keV and 97 keV and the Arsenic K X-rays,
the spectra showed clearly the gamma-rays of energy 24.4 keV
and 80.8 keV. In this investigation, particular importance
was placed on e¢stablishing the existence of these two gamma-
rays in view of the contradictions which have appeared in
the work of prcvicus authors. Both transitions have been
observed in conversion electron spectra and the 24.h4 keV
transition was observed in a Ge(Li) dotector spectrum and also
in a scintillation counter investigation. However, the use
of a Ge(Li) detcctor at low ecnergies presents special
difficulties in interpreting the nature of weak photopeaks.

The Ge(Li) detector required to measurce such low energies

3 3

has 2 small volume (0.1 cm” in the present work and O.4 cm

I
in the study made by Paradellis and Hontzeas 2)). In such a
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detector the prescnce of comparable volumes of other materials
used in the construction of the detector system in close
proximity to the detector can give rise to fluorescent X-rays
which are cxcited by photons from the source under investigation.
The energies and intcnsities of the fluorcscent photopeaks
appearing in the low energy spectrum are dependent upon the
individual detcctor used but commonly identified peaks include
the Gold X-reys (Gold is uscd as a detector window) with
encrgies between 67 and 80.1 keV and Indium (used to make
¢lectrical connecticns to the detector crystal) with energies
of 24.00 keV (I'.az), 24.2 keV (1<.m) and 27.3 keV (KB). In
addition, the detector uscd in the present work exhibited
fluorcscent lead X-rays 1t 72.8 keV (Kaa)’ 74,97 keV (Ka1),
84.5 keV and 87.3 k.V (KB) and Bismuth X-rays from an
unidentified origin within the detectour cryostat. ‘Thus the

study of the decay of &

3¢ was complicated by the possible
prcsence of fluorescent peaks close to the two disputed

transition cnercies of 24.4 keV and 80.8 keV.

Paradellis and HontZeasue) were clearly aware of the
presence of fluorescent peaks in their i-ray detector system,
for they identified the fluorescent told X-roys which
prevented them from finding the predicted 80.8 keV gamma-ray.
However, they did not mention the possibility of a 24.2 keV

fluorescent peak from inlium and attributed their peak at
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2hol £ 0.1 keV unambiguously to the decay of D5,

The question of indium fluorescence did not arise
in the case of the measurements made by PrattQO) on the 24.b
keV gamma-ray using a Nal scintillation counter, but the
technique of measurement utilised with difference measurements
employing sclected absorbers was less direct than a straight-
forward measurement with a high-resolution detector and more

liable to be affected by systematic errors.

Conscquently, the present measurcrients were made
with a view to estnablishing directly the existence and intensity
of these low energy transitions and with suitable precautions

75

taken to avoid confusion between the "“3e gamma-rays and any

spurious photopeaks.

Frevicus expericnce with the Ce(ii) Z-ray
spectromcter used for these measurements indicated that the
fluorescent peaks to be expected were the prominent X-rays of
lead and weakly excited peaks corresponding to bismuth and
indium. This dctector had not given rise to noticeable gold
fluorescence and the indium lines were not usually strongly

excited.
“he low enerpy spectrum in the region of the
2h.b4 keV gamma-ray (figure 6.2) shows the well defined gamma

photopeak and its position in rclation to indiun a-rays



obtained from the decay of 1155n. The high resolution of the
X-ray detect .r together with the computer unalysis of the
results clearly distinguished the 7580 gamma-ray from the
indium kaZ R-ray; a result which is confirmed by the results

of the coincidence mcasurements.

The energy spectrum in the region of the 80.8 keV
gamma-ray (figure 6.3) clearly showed the presence of this
previously unscen transition although the fluorescent lead
X-rays werc very prominent in the spectrum. The intensities of

this and the 24.4 keV gamma-ray ore given in table 6.1.

The spectra taken with the i-ray detector alse
revealcd scme evidence for a transition of cnergy 14.9 keV
with intensity 3.4 = 0.6 x 1072 rclative to I(265) = 100
whichi was on the borderline of the statistical significance
test (see section 2.6). This pamma transition would fit
energetically between the level at 279.5 keV and the level at

264.6 keV

6.6 Discussion of the spectra above 100 keV

The spectra (figurc 6.4) failed to reveal gamma-

L3, L , .
rays of energy 373 kev“5) or 468 kevua’ 3 ). Also it
was not possible to detect gamma-rays of energies 2Lk9 keV,
292 keV, 308 keV, 542 keV and 822 keV seen in Coulomb

excitationuB) of 75As. The gamma-ray at 419 keV was only
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just of significant intensity in these spectra but it was
included as its intensity agrced with that found by several
other authors and this was considered sufficient evidence for
its existence. The spectra taken with the first set of

3

sources and the 25 cm” detector showed a gamma-ray of cnergy
834 L 2 keV but this was thought to be of sufficient
intensity for its prescnce to be reported by other authors and
so a second source solution was purchased. This failed to
confirm the presence of a gamma-ray at 834 keV and thus it

was concluded that the first source solution must have been

contaminated!

The spectra, carefully scarched by hand in the
regions corresponding to possible gamma-ray transitions, were
used to establish the maximum intensities of the gamma-rays
reported by previcus authors and which werc not seen in these
spectra. From the minimum detectable peak arcas in a given
region of the spectra it was possible to estimate the counting
time required to improve the counting statistical accuracy
to a level at which the intensities of the 822 keV and 469 keV
gamma-rays rcported by Pratthq) could be 'seen'. Since the
spectra alrcady recorded had taken up to 12 days each and
their extensions to rcach the levels reported would have

involved counting times incrcased by a factor of eight, this

study was not considered feasible. These estimates do not
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agree very well with the figures reported by Pratt who
claimed to have recorded spectra for periods up to 240 hours.
However, no mention was made of the ADC resolution used or

of the system counting rate.

6.7 Coincidence studies

Several of the gamma-ray transitions can be placed

75

in the decay scheme of "“Se by observing coincidence spectra
between well established transitions and those of interest.
In particular, it was thought wise to confirm the results of
the analysis of the singles spectra by coincidence work where
this was possible.

The gamma-gamma fast - slow coincidence system was

3

set up using the 25 cm” detector tc gate the spectrum from
the X-ray detector. The resolving time used was fairly long
(100 nS) as the thrcshcld of the time pick-off discriminator
on the X-ray detect r, although at its minimum level, was at
about 6-8 keV.e This meant that the low energy region around
the K X-rays (11 kcV) showed a scvere time walk with respect
to the higher encrgy regions resulting in the need for a

long fast coincidence resolving time.

3

The encrgy gate of the 25 cm” detector was
adjusted to pass energies in the range 275 keV to 285 keV

(279.5 keV peak). The resulting coincidence spectrum,
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corrected for chance contribution, is shown in figure 6.5.

The 2h.4 keV gamma-ray was thus shown to be coincident with
the 279.5 keV gamma-ray. Its intensity was deduced from the
coincidence spectrum by comparison with the 121 keV gamma
transition. Its value of 0.058 I 0.01 (relative to 1(265)=100)
is consistent with that measured from the singles spectrum.

The energy gate of the 25 cm3

detector was moved to
the 192.5 keV peak, again passing about S keV on either side
of the centre of the peak. The resulting ccincidence spectrum
nbtained from the X-ray detector is shown in figure 6.6. This
showed that the 80.3 k:V gamma-ray was in coincidence with

the 198.5 kzV gamma-ray. Its intcnsity was deduced by
comparison with the 66 keV pgamma transition and was found to
be 0.011 = 0.002 relative to I(265) = 100. This was in good

agreement with the intensity measurcd from the singles spectrum.

The 255 keV photopeak was selected by the 25 e

detector and the systcn was uscd to search for a possible 15 keV
transition. This investigation was not complcted as the
counting time predicted by scction 4 8 was 2x107 secondse.

3

The coincidence system was set up with a 5 cm
Ge(Li) detector in coincidence with the 25 cm3 Ge(Li) detector.
The encrgy .ate was selected by the 5 cm3 detector to pass the
198.5 keV photopeak. It was hoped that this study might

b .
reveal the 373 keV gamma-ray reported 5) but nc evidence was

- 124 -



Y I8WNN

NNVH)I
>

13
09V 09 € 00
1

0ag0er, i 0000 0000 000 PO
e o0 R
o 0, 0etenetete
OO A P e

! A3 i}
_

2\ '

o Ad) .
it ggl :
i

.
— 4
o
x

.
L TP L T I A N L R TP AR P LY DR PR AT TL ]

Ly

* 9g¢gl
A3 861 dul0)

A9

. ﬁoﬂ- L LR L (LTI [ARLLAAIRY
34

N AN .

saibuig

0,0 000 0 @
ven 0,0, K2

w.Om.*

.
gutteenates

- .
O X

)
.4

w)
[

Gat

.
.

ncidence spsctrum

Coi

FIGURE 6.0

- 125 -



found for coincidences between the 198.5 keV gamma-ray and

such a transition.

6.8 Reduccd transition probabilities

L3)

Coulomb excitation studies by Robinson et al.
have been used to measure experimentally the B(Z2) and B(M1)

75

values for the main "“Se transitions of these multipolarities.
From the present work it is possible to estimate an
experimental value for the B(£2) value for the 81 keV
transition and the 3(141) value for the 15 keV transition

by assuming the mixing ratio and the B(Z2) value for the

280 keV transition as measured by these authors.

The calculation gives a B(x2) value for the 81 keV
transition of 10 : 3 yu anl a B(11) value in units of
102/(05/2Mc)2 of 4 £ 2 from the rclative transition intensities

measured in this work.

6.9 Conclusions

A detailed study of 758@ has confirmed the presence
of two gamma-rays of 24 keV and 81 keV previously suggested and
has supported their positions in the decay scheme. The study
failed to detect some of the weaker modes of decay seen by
some other authors but as most of these were found by Coulomb

excitation their detection from the straight decay of 75Se
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is not as likely. The presence of a gamma-ray of energy
14,9 keV is thought to be just dectected in the spectra

obtained.

The decay scheme as measured in this study is
shown in figure 6.7 together with the gamma-ray transition

branching ratios.
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CHAPTER 7 _ THE DicAY GF “O7pj

7.1 Introduction

The main gamma-ray transitions following the decay

207
) 2

20 .
7 3 Pb have been extensively

of 8381 by elcctron capture to
studied. The energies and intensities of these transitions

have been measured from studies of internal conversion lines
madc by Alburzger et al.u6) and by Brady et al.a7); external

conversion spcctrauB) and by gamma spectra taken with Nal

49) and by PrescottsO), Further

detectors by Lazar and hlema
investigations by Chilosi et a1.51) into thc weaker transitions
used Nal ccunters and sum-coincidence tcchniques. The good
cnergy resolution of the Ge(Li) detector has been used by

52)

Robinson et al. for the precise determination of the

energics of the two mest prominent gomma-rays.

The gnmmu decay of the excited states of 2O7Pb is
of particular intcrest as the independent particle model has

been applied by Prycess)

to this isotope to predict its energy
levels and spins corresponding to the single particle (hole)

states.

Although the main gamma transitions (sce figure 7.7)
have been well establishad the observation of the weaker modes
of de-excitation has proved difficult. The branchinyg ratio

of the f7/2 level at 2340 keV has previously been studied
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51)

by Chilosi et al. but this work assumed that the 898 keV

level (p3/2) decays straight to the ground state with no

branching to the f5/2(570 keV) level. The possibility of a
amma-ray transition bet the ¢ fo

g y etween the p3/2(8)8keV) and the f5/2
(570 keV) levels was considered by Alburger et 31.46) who

placed an upper limit on the intensity of the K-conversion

line corresponding to a transition of cnergy 328 keV.

Such a transition should be M1 in character but the
extreme single particle shell model predicts that the M1 gamma-
ray matrix element vanishes for transitions of this type where
the orbital angular momentum would change. Transitions of

this type where Ji -J. =1L and li -1

£ =L +1 are known as

f

'1-forbidden' gomma-ray transitions.

Recently the M1 transition probabilities in the Fb
54)

reggion have been studicd by Klemt and Speth
155)

and by Harada

and Fitte . Both studies calculated theoretical transition

probabilities for the 1l-forbidden garma transition from the

898 keV to the 570 keV levels. The transition probabilities
207

for the other M1 transitions in Fb, based on these models,

have been comparcd by these authors with experimental

values; recent experimental data for the 898 keV level

having been obtaincd by Klapdor et al.s6)

a1.57).

and by HHusser et
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This present study was undertaken to identify and
measure the wezker modes of gamma decay. It was felt that
the use of coincidence tcchniques might well aid the search

for these transitions,.

7.2 Ixperimental details and analysis of the singles spectra

A 50 uCi source of 207

Bi was obtained from the
Radiochemical Centre (imersham) and the spectra used in these
measurcements were recorded two yecars after production of the
isotope. Spectra were also recorded from a five year old

2O7Bi source and the results obtained did not differ from those

obtained with the newer source, thus eliminating the possibility

of any e¢ffects from contamination of the sourcec.

The spectra were taken with the 25 cm3 Ge(Li)
detector and the position of the 1770 keV full-energy peak
was m2intained with the digital stabiliser. The system was
calibroted for cnergy and relative efficiency with standard
sources as described in chapter 2 and the spectra were

analysed using the programme Sampo (see section 3.4).

A typical spectrum showing the main 207Pb gamma-
ray transitions and the positicns of the two gamma-rays of
interest is given in figure 7.1. The full-energy peaks
corresponding to the two weak transitions occur at awkward

positions in this spectrum relative to the strong lines and
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SPIN ENERGY GAMMA INTENSITY  TRANSITION
CHANGE KeV This Ref.46 INTENSITY
work
Pz /-1 328.0 0.014 0.017
3/2775/2 . ; .\
0.5 <0.008 ~0.01
fs/a-p1/2 573.7 100 100 100
0.2
P3/57P1/> 89?.7 0;121 0;146 0;121
Z0.2 ~0.007 =0.006 <0.007
+ -
i -f 1064.1 76.5 79.6 85.7
3o fse 1) ; ; 2
0.3 4.1 1.6 4,5
f7/2-p§/2 14#3.2 0;141 0;178 0;138
0.2 -0.007 =0.007 ~0.007
f7/2-f5/2 1773.3 E.z Z.zs §.1
Z0.5 —0.4 -0.03 0.4
TABLE 7.1 Energies and intensities of the gamma-ray

transitions in
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the natural background radiation from 40K in the laboratory.
The 898 keV full-energy peak occurs on the Compton edge of the
1064 keV transition and the 1443 keV full-energy peak is about
20 eV from the AOK full-energy pcak. Any attempt made to
incrzase the system counting rate from the source in order

to decrease the relative contribution of the uOK full-energy
peak unfortunately caused a deterioration in the resolution of
the systzm and the consequent broadening of the two weak peaks

under observation would have made the measurement of their

energies and intensities difficult.

7.3 Results derived from the singles spectra

Figures 7.2 and 7.3 show the regions of interest
expanded from a typical spectrum. The energy of the gamma

level to
transition from the p3/2 /  the ground state was found to be

4

8938.7 £ 0.2 keV and that of the transition from the f7/2
level to the Pz /> level was measured as 1443.2 £ 0.2 keV.

1 ) & VG t c < S
This places the f7/2 level at 2341.0 - 0.3 keV and the Pz/>
level at 898.7 keV using the data for the other transitions

as shown in table 7.1.

The two weak gamma transitions were found to have
. +
gamma-ray transition intensities of 0.121 = 0.007 for the
898 keV gamma and 0.141 Y 0.007 for the 1443 keV gamma,

normalized to a gamma transition intensity of 100 for the
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570 keV gamma-ray. Table 7.1 gives the gamma transition

. o 20
intensities for 7Pb based on the analysis of these singles

spectra and also the transition intensities using experimentally

determined values for the internal conversion coefficients

token from data published by Alburger et a1.46)

N
et al. 9). The branching ratio of the 1443 keV and 1770 keV

and Lazar

transitions from the 2341 keV level is 1.7 = 0.1 from this data
wvhich is reasonably consistent with the experimental values of

2.3 £ 0.2 and 2.0 ¥ 0.6 found by previous workers 21, 46).

The interesting difference of 0.017 £ 0.010 between

the transition intensities for the f

2/2 = Pz/2 (1443 keV) and
the P3/a = Pq/> (898 keV) transitions is an indication of the
possibl. intensity of the 'l-forbidden' transition between the
Pz/> (898 keV) and the f5/2 (570 keV) levels which would have
an energy of 328 ¥ 0.5 keV. An upper limit of 0.014 I 0.008
(relative to IY(57O) = 100) for the intensity of gamma radiation
of this encrgy can be evaluated from this figure for the
transition intensity by assuming pure M1 radiation and a
theoretical internal conversion coefficient of 0.23 from the
tables of S1liv and Band58). An unsuccessful search was made
in the appropriate region of the spectra for any indication of
this transition but this region is seriously affected by

Compton scattering from higher energy gamma-rays. An upper

1imit of 0.04 ¥ 0.01 was found for the intensity of this
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transition from the spectra.

The measurement of the branching ratio of the 2341 keV
level can be combined with the value (measured by Lazar and
Klemaug)) of 32 (sce section 1.2) for the 1770 keV transition
to estimate the ratio of 1443 keV E2 radiation to 1770 keV E2
radiation. These experimental results give a value of

+ . . .
2.4 = 0.5. This valuc is somewhat lower than the value obtained

51)

by Chilosi et 2l. and can be compared with the value deduced

207

from a single particle model for Pb which is 3.221 I 0.005

based on the measured energies and assuming constant charge

density in the nuclous. Values of 2.82 ¥ 0.07 and 2.74 £ 0.07
1.51)

for the harmonic oscillator

59)

arc quoted by Chilosi et a
potential and by Blomgvist and Wahlbern for the diffuse

potential respectively.

The extremc single particle model suggests that the

transition p to f (328 keV) is 'l-forbidden' but
3/2

5/2
experimental observations on many isotopes exhibiting transitions
of this type by Govil and Khurana60) indicate finite transition
intcnsities. Several attempts have been made to account for
these finite transition intensities and it is interesting to

55, 56)

compare the predictions of recent theoretical calculations
with the experimental result obtained here. Harada and PitteISS)
considered the effects of magnetic dipole core polarization on

i1 dipole moments in 207Pb and calculated that the 'l-forbidden'
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(228 keV) transition should be hindered by a factor of about
100 relative to the 898 keV transition. This figure implies
that the ratio of the gamma-ray intensities seen in the

singles spectrum shculd be about 0.001.

The experimental results obtained need to be combined
with the appropriate mixing ratio for the 898 keV transition
to yield the experimental ratio of 328 keV M1 gamma radiation
to 898 keV M1 gamma radiztion. Using the value of b (E2,M1) =
-0.31 £ 0.06 cbtaincd by HAusser et al.51) the experimental
values yicld a ratio of about 0.16 (X60%). This is at least

a factor of 102 lariger than the theoretically predicted ratio.

7.4 Sum - coincidence studics

The technique of sum-coincidence spectra has been
outlined in section 5.7. To confirm the 1443 keV - 898 keV
cascade and to scarch for the 328 keV transition the system

was sct up using one Nal counter and the 25 e’ Ge(Li) detector.

The spectrum cbtzined with the sum energy window
set to cover the range 2280 keV to 2360 keV is shown in figure
7.4, This revealed, in addition to the prominent 1770 keV -

570 keV cascade, the much wcaker 1443 keV - 898 keV cascade.

The idea was then to move the sum energy window to
1770 keV in the hope of revealing a cascade composed of 1443 keV

and 328 keV gamma-ray transitions. However, this sum encrgy
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can also be rcached by gamma interactions due to a 570 keV
full-energy cvent summing with a Compton event due to a 1770 keV
decay or by Compton events from 570 keV and 1770 keV transitions.
In addition, the seriousness of intercounter scattering was

well demonstrated and the resulting spectrum (figure 7.5)
indicates clearly the twn broad scattering distributions due

to the backscattering of a 1770 keV gamma-ray in either counter
entering the second counter to produce a sum energy satisfying
the gate requirements. Any evidence for the 328 keV transition

would be completely masked by these effects.

7.5 Coincidence studies

A gamma-gamma coincidence system was set up using a
resolving time of 44 nS with the Nal counter gated on the region
covering 1400 keV to 1430 keV. The spectrum recorded in the
Ge(Li) detector is shown in figure 7.6 and again confirms the
coincident 898 keV transition. It did not reveal any indication
of the 328 keV transition. This was possibly masked by the high
level of 570 keV Compton interactions detected in coincidence
with the Nal ccunter gate which necessarily passed Compton

interactions originating from 1770 keV gamma-rays.

From the spectrum, it was possible to determine an
upper limit for the intensity of the 328 keV gamma transition.

This was found from the area of the 895 keV full-energy peak
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and using the criterion given in section 2.6. The coin¢idence
spectrum gave a value for IY(328) of less than 0.036 on the
IY(57O) = 100 scale. This is at least consistent with the
estimate from the singles spectrum and indicates that a
counting time of at least five months would be reguired with

the system used to detect this gamma transition.

7.6 Conclusions

The results of singles spectra taken are sufficient
to give some indication of the intensity of the 'l-forbidden'
gamma transition of encrgy 328 keV and to suggest that it is
not significantly hindered compared to the t1 component of the
transition of energy 898 keV. However, the coincidence
experiments failed to detect this transition. It is possible
that an anti-Compton shield for the Ge(Li) detector might
enable it to be 'secn' in a singlcs spectrum by reducing the
570 keV Compton continuum.

207

The final decay scheme for Bi with electron capture

2O7P

intensities to b basad on these measurements is shown

in figure 7.7.
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CHAPTER 8  THE GAMMA DICAY OF “Chg

8.1 Introduction

;gAs have been the
61)

subject of frequent examination using bent crystal s double-

63, 64, 65)

The bcta and gamma decay modes of

.62 .
focussing ) and magnetic spectromcters

66, 67)

detectors . The obviously complex nature of the decay

and NaIl

scheme has lent itself to several investigations using Ge(Li)

8 -
detectors6 7h). Several of these studies7o’ 715 720 734 74
have used coincidence techniques in an attempt to establish the

various gamma cascades.

The fairly short half-life (26 hours) of the decay,
coupled with the complexity of the decay, has resulted in a
wide variety of variations in the camma-rays reported and in
their positions in the decay scheme, The purpose cof this work
was to further the knowlcdge of this decay, paying particular
attention to the discrepancies in the previcus work on this

isotope.

8.2 Experimental procedure for singles spectra

76

The sources of ' As were prepared by neutron irradiation

2k .
of As The main contaminant present produced 1 Sb with

203'
a half-life of 60 days. Since the gamma energies expected
from 76As were all above 100 keV, the 25 cm3 Ge(Li) detector

was used throughout the study. The time required to search
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for the weaker modes of decay necessitated the use of a source
over several half-lives. For a fixed geometry this meant a
rapid fall-off in counting rate with changes in resolution and
possible pulse height drifts. The use of the digital stabiliser
could correct for this but only with a considerable loss in
encrgy resolution. Since it was not possible to replenish the
source at intervals more frequent than one week, a control
system was developed75) to move the source towards the detector
in order to compensate for the decay and so maintain a

constant detector counting rate. Provided that this movement
occurred over a limitcd range it did not affect the relative
efficiency calibration (see section 2.4). The source was
mounted on a toy railway engine whose position was controlled
by suitable c¢lectrical pulscs. The detector counting rate was
monitored by a simple ratemeter whose output triggered the
driving pulses to the train whenever the counting rate fell

below a preset threshold. A counting rate constant to 1%

was thus obtained.

Thrce runs of singles spectra were recorded at
different counting rates. Iach run consisted of one spectrum
taken to determine the positions of the main peaks followed
by a longer run to accumulate sufficient statistical
significance to search for the weaker ﬁeaks. The system was
stabilised on the 1787 keV full-encrgy peak and was calibrated

before and after the runs. The energy calibrations were used
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to measure the energies of the main peaks in the 76As spectrum
and thesc were then used as internal standards to determine
the energies of the weaker peaks. From the three runs it was
possible to eliminate contaminant radiations and background
gamma-rays. Also a check was made for summing effects and for

double and single escape peaks.

The spectra were analysed using the programme Sampo
and the routine FITS to find the areas of the full-energy peaks.
In addition, the spectra were searched by hand in the appropriate
regicns to establish maximum intensities for transitions

reported by previous authors but not detected in these spectra.

8.3 Results of singles spectra

The mean enerpgies and intensities of the gamma-rays
revealed by this study are given in tables 8.7 and 8.2 together
with the results of some previous workers. A4 typical singles

spectrum is shown in figure 3.1.

8.4 Experimental proccdure for coincidence spectra

A fost-slow coincidence system using a Nal counter as
the energy gate and the 25 cm® Ge(Li) detector was set up with
a resolving time of 44 nS to investigate the more prominent
gamma cascades. To obtain reasonable ccincidence statistics
it was necessary to pay some attention to the problem of

source decay during the counting period.
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ENERGY ENERGY TNERGY ENERGY
keV keV keV keV
Ref. 71 Ref. 73 Ref. 72 This work
220%1.5
301.3t.8 301.7%7 300.3%.3 303.4%.5
316.6%,.5
Loz2.7t.5 403.0%.6 Lok %1 403.8%.4
Ls6. 7t k4 L56.8%,6 Lsh.0%.6 457,15
Lp2,9t4 L72.8%.5 475.0%.1 471.8t.5
559.0%.2 558.9%.3 559.3%.1 559.1%.5
563.0%t.3 563.0%.3 563.4% .1 562.7£.7
571.1%.3 570.8%.3 572.4% .1 572.0%1.5
575.2%.3 575.1%.3 576.8%.1
639 %17 639"
656.9%.2 656.9%.3 657.2%.1 657.1%.5
665.3%.2 665.2%.3 665.4%.1 665.2%.5
695.3%.6 695.0t.4 695.7%.5 693.8%.5
726.4E.5 726.9%.5 727.0t.1 726.4%,5
740.0%.3 739.9%.4 740.4%, 1 739.6%.5
755.2%1 755.0%.7 754.8%.6
771.0%.2 771.6%.4 772.1%.4 771.4%.5
797.0%1
809.3%1 809.7% .4 809.9%.1 809.4%.5
863.3%1 863.6%.7
867.5%.3 867.51.6 868.1%.1 867.3%.5
$82.0%.3 831.9%.4 882.8%.5 881.5%.5
955.0%2
980.7%.4 980.8%.7 981.7%.1 980.6%.5
1051 1052.0%1"
1098.1%1 110113

* from coincidence measurements

TABLE 8.1

Energies of
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ENERGY ENERGY ENERGY ENERGY
keV keV keV keV
Ref. 71 Ref. 73 Ref. 72 This work
1117.2%.9
1129.5%.3 112G.6%.4 1131/2 1129.6%.5
1212.6%.3 1212.7t.4 1213.3%.1 1212.5%.5
1215.9%.2 1215.9%.4 1216.5%.1 1215.7%.5
1228.4% .2 1228.3%.4 1228.8%.1 1228.2%.5
1393.0%2
1429.1%3 14329.2t.5 14329.1%.2 1428.7t.5
1453,7t.3 1453, 7£.5  1L453.6%,.2 1453,2,5
1532.7%.5 1533.0%.5  1532.9%.2 1532.4%.5
1567.6%1 1568.2%.5  1568.0%.2  1567.4%.5
1611.5%1 1611.6%.5 1611.0%2 1610.7%.5
1787.7%.3 1787.9%.6 1787.1%.3 1787.1%.5
1807.0%.6
1370.1%.3 1870.0%.6 1869.2t. 4 1869.4,5
1907.5%.3
1955.5%.5  1955.5%.6  1954.2t.5  1955.1%.5
2096.2£.3  2096.2%.6  2095.7+.5 = 2095.9%.5
2110.0%.3 2110.75.6  2110.2%.5  2110.4%.5
2126.5%1 2127.0%.8
2429,0,3 2429.3t.6 2429. 4%, 6 2429,0%.5
2655.1%.3 2655.6t.5 2657.0t.5 2655.6%.5
2670.0%.5

TABLE 8.1 (continucd)
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ENERGY

keV

e e, oo

303
317
Lok
k57
k72
559
563
572
575
657
665
694
726
740
755
771
797
809
863
867
382
995
981
1051
1098

RELATIVE INTEINSITY
Ref. 71 Ref. 73 Ref. 72 This work
0.02t,005  0.02 0.07t.02 0.020%, 004
0.015%.003
0.06%.01 0.06%.03 Veak 0.033%.007
0.07%.01 0.07%.02 0.08 %.02
~0.1 0.11%,03 0.13%.03 0.18 *.03
100 100 100 100
2.71%.13 2.8 .3 3,0 t.2 3.6 £1.1
0.34%.02 0.32%.06 0.48%.04 0.16 %.12
0.14%,01 0.15%.03 0.13%.01
13.8%.7 13.781.4 12.7%.7 13.9 £.3
0.95%.06 0.93%.09 1.1 £.05 0.97 %.03
0.02 0.019%.004  0.014%,007 0.027t.007
0.06%.01 0.039t,007 0.027%,007 0.045%,002
0.27t.02 0.26%,04 0.18%.02 0.28 t.02
0.016%.004 ~0.01 0.001 £ 0.005
0.29%.02 C.25%.04 0.21%.02 0.25 t.02
0.017%.01 < 0.005
0.040t.004  0.03%9%.007 0.028t.008 0.038%t.008
0.03%.01 0.02%.01
0.30%.03 0.30%.0k 0.25%.02 0.31 £.05
0.15%.01 0.14%,03 0.09t.01 0.13 .02
0.015%.01
0.11%.01 0.10%.03 0.10%,01 0.10%.02
Weak £ 0.005
0.008%.002 0.016%.008 € 0.005

TABLE 8.2 Intensities of 76As gamma-ray transitions
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ENERGY RELATIVE INTENSITY

keV Ref. 71 Ref. 73 Ref. 72 This work
1117 0.012%.003 ¢ 0.005
1130 0.33 £.02  0.32 *.04  0.25 £.02  0.31 +.0k4
1213 3.64 £,2 3.6 .4 2.2 £,2 3.4 £.5
1216 8.86 £.5 8.4 .8 8.0 .4 7.8 1.0
1228 3.17 ¥.15 3.0 %3 2.7 *.5 2.7 .4
1439 0.73 .03  0.71 t,07 o.52 0.65 %.1
1453 0.29 .02 0.28 .03 0.19 .01 0.25 .04
1532 0.071%.007  0.060%.006 0.051%.008 0.058%.010
1567 0.014t,002  0.020%.003 0.006 0.010%.002
1611 0.017%,002  0.020%.003  .0063%.0004 0,014,002
1737 0.75 t.ob 0.78 .08 0.56 %.03 0.73 %.1
1807 0.0k £ 0.005
1870 0.14 *,01 0.14 *,01 0.11 .01 0.14 .02
1907 Weak < 0.005
1955 0.025%.,002 0.026%.003 0.020%.006 0.024%, 004
2096 1.48%.08 1.5 £.1 1.16%.06 1.4 .2
2110 0.87 .ot 0.9 .09 0.60 t.03 0.3 *.1
2127 0.003 0.003%.004 £ 0.005
2k29 0.088t.006 0.09 .01 0.071%£.007 0.083%.01
2656 0.10 t,01 0.13 .01 0.106%.008  0.11 t.02
2670 0.006%.001 £ 0.001
TABLE (continued)
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At first sight it seemed that the source could be
positioned and controlled by the system described in section
8.2 but when consideration was given to the chance rate obtained
with this variable geometry (see section 8.5) it emerged that
it was preferable tc keep the source position fixed (at good
coincidence geometry) and to tolerate the fall in counting rate
as it deccayed. MHowever, the time required to collect reasonable
spectra with this arrangement was prohibitive so the control
system was modified so that it fed a new source to the counting
position (kept constant) whenever the Nal detector singles rate
fell below a set threshold. The source was then replaced by a
scries of sources, all irradiated once a week, but with masses
calculated so that the source changed at half a half-life to a
new one wiich restored the singles rates to their original levels.
Thus the coincidence system counted a decaying source for about
13 hours when its counting rate fell below the thresheld and
initinated the feeding of a new source from a shicelded enclosure
above the equipment and the rejection cf the old source to a
shielded enclcsure below the equipment. The singles counting
rate was used to contrcl the sources and was also monitored
with a pen recorder to give a record of the counting rate and
time of source change for the purpose of calculating the chance
spectrum. With this system the coincidence counting rate could

be maintained at an acceptable level.
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Four coincidence runs were made using energy gates
set with the Nal detector around 559 keV, 657 keV, 772 keV and

1787 keV.

8.5 Annlysis of coincidence spectra

The alternative modes of operation and their

respective true to chance rates were cvaluated as follows.
8.5.1 Source stationary

Let Nso be the initial strength of the source which
is positioned between the two detectors such that their

respective absolute efficiencies are e, and e Considering
L=

bs*®

the true coincidences recorded, NTs’ in time tc.
t
c - At
NTs = ‘( easbbsto e dt

= half-life of decay

1
2

S0 N = “as bs'so 8.1

TS e © o o e &

The chance coincidence counts recorded, NCs’ are given by

N2 (1 - e 2 Mg

2t.e__e
IqCS = F as bS SO °® o ° ° L] 802
2)
where 21F = resolving time of fast coincidence unit

thus the true to chance ratio is given by Gs as:
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(1-e M%)

ZTFNSO('] -2 tc)

8.5.2 Source moving

Assuming that NSO is the maximum source strength
that can be used as in 8.5.1 to satisfy the singles counting
rate limitations (sece section 4.8) then the alternative approach
is to start with a stronger source, Nmo’ which is positioned so
that the detector efficiencies are €. mo and omo respectively

and then move the source inwards towards the detectors as it

decays.

If the source is positicned so that it reaches a

position such that the detector efficiencies are € s and ®ps

when the source strength is NSO after a time tc’ then:

N = N e— ’Atc © © © © © © o © = 8 o 8.4
S0 mo

the detector efficiencies vary so that at any time, t, they
are given by:

C)t

= €
an amaso

At

(] =@ e
bmo

and the source strength is given by:

N =N e‘)t
m mo
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then, since the singles rates are maintained constant:

N =e N =e N
am m amo mo as so
.2 L ] o - [ ] L ] o [ 3 L ] 8'5

mem = ebmono = ebsto

thus -2t
= , N =
am easto/ m- “as mo c
N
m
50
e = easexp(}(t - tc))
L] ° . - . o L] L] L] 8.6
and e = ebsexp(7\(t - tc))

The true coincidence counts, NTm' recorded in a time tc are

Siven by:

t
c
NTm = JO eamememo cxp(-2t) 4t

t
df € e N _ exp(-2At) exp( t) dt

e
0 as bs so

1 - e-4)tc)

A

The chance coincidence counts, Ncm’ recorded in time tc are

or N Oasebsto

Tm

B P4

given by:

tc 2

Ncm = 0 2TFeamememo exp(-27t) dt
t
= JC 2rc o, N° dt
F as bs so

0

or N = 2T e e N2 t e e © e ® © o © o » ° 8-8
cm F as bs so ¢
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the true to chance ratio, Gm’ is:

a6 - (1-e Me)
e
2TFNBO) tc

Equations 8.1 and 8.7 show that the true coincidences
recorded in the two cases are identical but the number of
chance coincidences as given by equations 8.2 and 8.8 are far
higher in the case of the moving source. This illustrates the
gencral principle that it is preferable to maximise the
coincidence geometry and to take the source correspondingly
weaker; even if this means that the source decay causes a

rapid fall off in ccunting rate.

The ratio of the chance coincidences recorded in the

two cases is:

cm tc 2

cs (1 -2t

i

which for tc n T% gives:

N
cm

ZNCS for n = 1

LRTR]

and N
cm

olle

1.4 NCs for n > 3 or k4
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8.5.3 Calculation of the chance coincidence spectrum

76,

The coincidence spectra finally recorded for ' &s
were taken with the source fecding system described in section
8.4. Thus the chance spectrum was evaluated from a singles
spectrum taken at the beginning of the run. The singles

counting rates satisfied the rcquirements in section 4.8.

The chance counts recorded in a time t are given

essentially by equation 8.2:

-2 At
T -
Nog = 2Tr Cas s Cbs Mo (1 - )
s
2°A
where eas”so = A and represents the initial counting
rate in the Ge(Li) detector
ebsto = BG and represents the initial energy gate

counting rate

The final chance spectrum was calculated for each source from
the singles spectrum taken at the beginning of the complete
run and the values of BG and t for the sources fed to the
detectors during the run. The values of BG and t were

measured from the monitoring pen recorder plct.

8.5.4 Treatment of coincidence spectra

Each coincidence spectrum was corrected for chance

contributions and the corrected spectra were analysed using
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the programme Sampo to cobtain the relative intensities of

the coincident gamma-rays.

8.6 Results from the coincidence spectra

The corrected spectra coincident with the 559 keV,
657 keV and 772 keV enerygy gates are shown in figures 8.2,
8.3 and 8.4 respectively. When analysed these spectra showed
several peaks which were of small statistical significance.
These peaks are identified in the figures and are shown in
detail in figures 8.5, 8.6, 8.7, 8.8 (coincident with 559 keV),
figure 8.9 (coincident with 657 keV) and figures 8.10, 8.11,
8.12 and 8.13 (coincident with 772 keV). Figure 8.14 shows
the spectrum coincident with the gate at 1787 keV. Table

8.3 gives the results of the computer analysis.

For cach coincident gamma transition an 'enhancement
factor' was calculated from the relative intensity found in
the coincidence spectrum and the relative intensity of the
transition in a singles spectrum. Although the absolute value
of this quantity was on an arbitrary scale and was thus of no
significance, the values fell into groups according to the
energy level which was fed by the coincident gamma-rays.

There was, howcver, no guarantee that the values were unique
for a given level and the large errors involved often made

the resolution of the groups difficult.
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The values obtained are shown in figures 8.15 and 8.16 and do

give a guide in checkingz the decay scheme.

The conclusions from the coincidence runs are shown
in figures 8.17, 8.18 and 8.19 for the 559 keV, 657 keV and
772 keV energy gates respectively. Most of the main transitions
agree with the previous workers on this isotope. The main
differences are that the 726.4 keV gamma-ray was definitely

placed betwecen the 2514 keV level and the 1787 keV level in

71) 73) 72)

agreement with Ardissan et al. y Funel et al. and Iizawa .

This gamma-ray can not be positioned as suggested by Mcmillan

et a1.70)

as it should then show the same 'enhancement

factor' as the 457 keV and 696 keV transitions in coincidence
with the 772 keV gate. Also its partial inclusion in this
same energy gate would result in a ccincident 772 keV
transition. No evidence was found f.r this. In addition,
this energy gate at 772 keV produces a coincident gamma-ray

of 1228 keV which further confirms the position of the 726 keV

gamma-ray.

The 358 keV transition reported by Funel et al.74)

could not be identified in either a singles spectrum or in
coincidence with the 772 keV gamma gate but the presence of
the 740 keV and the 980 keV gamma-rays could imply a transition

of this energy.
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ENERGY

keV

220

303. 4
316.6
403.8
L57.1
471.8
559.1
562.7
572.0
657.1
665.2
693.8
726.4
739.6
771.b4
867.3
881.5
980.6

RZLATIVE  INTONSITY
Coinc, Coinc. Coinc.
559 ke 657 keV 772 keV
0.8520.17
0.33%0.07
0.38%0.07
0.7520.30
0.73%0.30 1.58%0.30
0.6910.30 0.81%0.16 2.34%0.30
77.5512 100 100
30.8%5
0.99%0.40  0.58%0.20
100 3.3%0.5 14.6%2.0
11.7%2
0.29t0.09 0.54%0.20
0.42%0.10
2.1%0.3 0.67£0.13 2.1%0.3
2.3%0.3 0.30%0.10
2.65t0.4 0.77%0.15 1.4%0.3
0.99%0.20 0.60%0.12 0.66%0.20
0.5820.20 0.56%0.20

(continued overleaf)

TABLE 8.3  COINCIDENCE INTENSITIES FOR 76As
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ENERGY

keV

1052.3
1129.6
1212.5
1215.7
1228.2
1438,7
1453.2
1532, 4
1567.4
1610.7
1787.1
1869.4
1955.1
2095.9
2110.4
2429.0
2655.6

TABLE

RELATIVE INTENSITY
Coinc. Coinc. Coinc.
559 keV 657 keV 772 keV
0.48%0.15
3.0%0.5 3,0%0.5
16.6%3,0 12.5%2 14,582
552
284 1.8t0.4
3.2%0.5 2.3%0.3 1.2%0.3%
1.0%t0.2 0.90%0.17 0.5%0.2
0.73%0, 14
0.26%0.08
1.0%0.2
6.1%0.9
6.020.9

8.3 (continued)
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The 1051 keV gamma transition reported by
73)

Iizawa et al. was not seen in a singles spectrum but some
evidence for it was identifie’ in coincidence with the 559 keV

gate (figure 8.7).

The most significant result to emerge was the
prescnce of two gamma-rays at 303.4 and 316.6 keV. These were
identified both in a singles spectrum and in coincidence with
the 559 keV gate. These might explain the two different
positions sugiested in the decay scheme by previous authors
for a 303 keV transition. Also the spectrum in coincidence
with an energy regicn around 772 keV showed a gamma-ray of
energy 220 keV and a peak of the same energy was found in
coincidence with the encrgy zate at 1787 keV. This, combined

72)

with the reported coincidence between a '303' keV gamma-
ray and a gate at 1220 keV suggests an energy level at

2006 keV which de-excites by a 220 keV transition to the
1787 keV level and by a 317 keV transition to the 1688.5 keV

level.

8.7 Conclusions

The results obtained offer no support for energy
levels at 2542, 2365, 2348 and 2088 keV as proposed by

72)

Jizawa et al, . The level proposed by McMillan et a1.70)

to account for the 727 keV gamma-ray is shown to be unnecessary
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by the coincidence results which place this gamma-ray
between two established levels. aAlso the additional

70)

level placed at 2866 keV by McMillan and Pate is not

supported by this work. The level at 2024.8 keV proposed
71, 72, 73)

by several authors is supported by these results.

The final decay scheme obtained from the
coincidence results and the singles spectra is shown in
figure 8.20. The previously unreported gamma transitions
of encrgies 220 and 317 keV have been included and the level
energies have been calculated from the measured gamma-ray

energies.

The results suggest that the resolution of a Nal
detector is not sufficient to allow a confident identification
of many of the cascades involved. The use of another Ge(Li)
detector would offer an advance in this direction only if
a sufficiently high efficiency detector was available as
the coincidence counting rates would decrease. At 1 MeV a

scintillation countcr with a 13" x 13" crystal and passing ap

energy gate of 110 kev still produces a coincidence efficiency
with a Ge(Li) detector of about two or three times that
obtained when the Nal counter is replaced by a Ge(Li) detector
having an efficiency of 4- that of a 3" x3" Nal crystal.
However, the improvement in gating energy resolution gained

micht well outweigh this disadvantage.



CHAPT:ER 9 GENERAL CONCLUSIONS

This work has shown that, although the Ge(Li)
detector has far surpassed the Nal detector in its cnergy
resolution, the efficiency of a Ge(Li) detector does severely
limit the evaluation of weak intensity transitions both in
singles spectra and in coincidence work. The use of Ge(Li)
detectors in coincidence does rcquire o good timing system
so that a small resolving time can be employed without loss of
coincidence efficiency; thus allowing a stronger source to be
uscd with the consequent decrease in counting time. The
facilities of dual parameter work, ideally linked to a small
local computer, would also afford 2 morc realistic collection

76

rate for data on complex decay schemes such as ' As.

The use of a special purpose X-ray Ge(Li) detector
has proved useful in searching for low cnergy gamma-rays,

particularly in the presence of intense higher energy photons.

The systems used in this work have enabled the author
to evaluate some aspects of the decay schemes for each of the
three isotopes studied although more work with two Ge(Li)

detectors would obviously be of use in the study of 76As.

The detailed conclusions for the isotopes have been

presented in their respective chapters.
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4 device is described with which the counting rate in a detector
ised 1o measure the gamma-ray spectrum of a decaying radio-
wtive source may be kept constant, by controlled movement
of the source towards the detector. A stabilization of counting

1. Introduction

Gamma-ray spectroscopic studies of radioactive
decay processes encounter second-order effects which
degrade the energy resolution and calibration when
detector counting rates are not constant, as is the case
with measurements in which the half-life of the nuclide
under investigation is less than or comparable with
the counting time required for good statistical accuracy.

The dependence of measured pulse amplitude and
resolution on counting rate is a well-known feature of
nuclear counting systems and can be caused by a
aumber of non-ideal aspects of the detector and linear
amplifier system. Many of these effects can be mini-
mized by the use of techniques such as baseline resto-
ration, correctly trimmed pole-zero cancellation,
spectrum stabilization, etc., but in most systems the
maintenance of good energy resolution requires that
counting rates should be kept to a level of a few
thousand per second. It is with high-resolution semi-
conductor detectors that the effects of changing
sounting rate are potentially most serious but even
with scintillation counters the effect can be apparent
ind a number of techniques have been described’ =)
for stabilizing photomultiplier gains against the effects
of changing counting rate. The limitation of counting
rate to a few thousand c.p.s. is sometimes of little
consequence but, if the source being studied is one
vith a short half-life, the outcome is a fall in counting
rate to a low level of a few hundred per second within
1few half-lives, with a consequent increase in the time
reded to obtain a given statistical accuracy. Recent
sapers by Gorner et al.”-®) have described a technique
or exponentially changing the multichannel analyser
ivetime as the accumulation of a spectrum proceeds,
hereby cancelling the exponential fail in counting rate
15 the source decays. However, this technique does
wthing to overcome the adverse effects of changing

rate to within %1% of the desired magnitude is obtained over a
period of several half-lives. An alternative application of the
same circuit enables a replenishment of the source whenever the
counting rate falls below a pre-set level.

counting rate in the preceding amplifiers and detector.

More direct solutions are to restore the strength of
the source at periodic intervals or to move it closer to
the detector as it decays. We have used both of these
methods in a recent study of 28 h "®As with a control
circuit described in this article which can be used either
to move the source towards the detector in such a
manner that a constant counting rate results, or to
replenish the source being counted whenever the rate
falls below a pre-set threshold. The use of the device
has resulted in a worthwhile saving in counting time
and experimenters’ time.

2. Circuit principles

The principle of operation of this device is that a
ratemeter output (proportional to the detector counting
rate) is compared with a pre-set reference voltage.
When the ratemeter output falls below the reference
level, a signal is sent to a small motorised trolley
carrying the radioactive source which is then advanced
towards the detector until the counting rate is restored.
A conventional dc servomotor control would be
unnecessarily elaborate for this application and the
statistical fluctuations of the counting rate would
produce a continuous ‘hunting’ effect. Simple dc
control of the motor would require a significant
off-balance signal before movement could be initiated,
resulting in over-correction. Consequently, a pulsed
technique was adopted in which a short pulse, of
amplitude sufficient to apply a reliable starting torque
to the motor and duration short enough to achieve
only a small movement, was applied. It is important
that the time between successive pulses should not be
small compared with the integration time constant
governing the response time of the ratemeter, otherwise
over-correction of the counting rate would result.
Provided that the rate of decay of the source is long
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compared with this time, very satisfactory stabilization
of counting rate results.

3. Circuit description

The circuit used is shown in fig. 1. An FET astable
multivibrator (QI, Q2) generates a square wave of
1 Hz, 0.1 Hz or 0.01 Hz (selected by SW1). This output
triggers the SN74121 monostable, the output pulse
duration of which is variable, by RV3, from 0.05s to
0.1 s, producing a variable step-length for the motor-
ized trolley.

The current output-of the ratemeter which monitors
the detector counting rate is applied across RVI,
which is used to control the input sensitivity, and the
potential difference across this variable resistor is
amplified with a small gain by OPAL. This stage
converts the floating output of the ratemeter used into
one referred to ground. OPA2 is used as a voltage
comparator, with which the input from OPAI is
compared with a reference voltage set by RV2. The
gain of OPA2 is high and a sensitive trigger action
results with very little hysteresis. For rate input levels
greater than the reference level, the negative output
of OPA2 is shorted to ground but for rate input levels
less than the reference level, the output of OPA?2 is
driven to saturation and the emitter of Q4 rises to a
little less than 5 V. The output state of OPA2 is dis-
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played by the indicator lamps L1 (rate low) and L2
(rate high), driven by transistors Q5 and Q6.

The emitter voltage of Q4 is also applied to one
input of the AND gate, the second input of which s
the monostable output. Thus when the counting rate
falls below the reference level, the monostable output
pulses are transmitted to the miniature relay through
the inverter bufler/driver and a 10 V pulse is supplied
to the motor.

4. Operation and performance

When used to maintain a constant detector counting
rate, an inexpensive and convenient mechanism for
moving the radioactive source towards the detector
is an electric model railway engine, running on a
horizontal length of model railway track. This has
advantages of simplicity, a well-defined path and a low
moment-of-inertia motor. The circuit is set up by setting
the source distance to give the counting rate desired
and adjusting RV2 to equalize the inputs to OPA2.
Under these conditions, the comparator oscillates (at a
frequency too high to operate the relay) and both
indicator lamps are illuminated at reduced intensity.
The range of RV2 over which oscillation occurs is very
small and a sensitive setting is possible. As the source
decays, the counting rate falls until the comparator
output goes to its *high” dc level and a pulse is trans-

SN 72709 0A85 SN72709 0AB5 2N708 BF X84
. BF X84 SN7416 +5v
470
e
i
Qs 06,
L1 L2

[;ouosnau
1

:

2N3823 2N3823

AAZ13 BC108

SN7408

SN74121 SN7416

Fig. 1. Schematic diagram of the circuit.
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ted to drive the source towards the detector. The
qance moved during this pulse can be varied by
¥3 from 2 mm to S mm. The long dwell time between
lses allows the ratemeter to respond to the changed
iting rate so that excessive over-correction is
sided.

We have found that this arrangement used in con-
dion with a study of 28 h 7°As has performed in a
hly satisfactory manner and, over a period of three
y5, has maintained the required counting rate to
hin 1%. Fig. 2 shows the results of a simulated run
the decay of a short-lived nuclide. For this purpose,
¥1Cs source was used and the detector was moved
ay from the source at a constant rate of 3.8 mm/min.
e source, mounted on the railway engine at a distance
§0 mm from the detector, was allowed to follow the
oving detector under the control of the circuit from
coutput of a ratemeter set to a time constant of 25 s.
irve A shows that the counting rate was maintained
pstant to better than 4+ 1%. Curve B shows the fall
counting rate resulting from a movement of the
rector at the same speed with the circuit not in use.
In coincidence investigations using two detectors the
rangement described above suffers from disadvan-

Curve A

Curve B

)y L 1 I I 1 It 1 1 1 1 L
0 2 4 [} 8 0 12 % 8 18 20 22 24 2%
TIME IN MINUTES

£ 2. Results of a simulated run showing the performance of

s device. Curve A shows the degree of stabilization obtained

en the source is made to follow a moving detector under the

1trol of the circuit and curve B shows the fuall in counting rate

ised by the increasing source-detector distance when the
circuit is not used.
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tages. The source-detector geometry is difficult to
optimise and a calculation shows that overall true-to-
chance ratio is decreased by maintaining the counting
rate by source movement in this manner. Consequently,
the circuit has been used to control an alternative
arrangement for replenishing the source as it decays.
For this purpose, the sources have been made in the
form of small tablets, formed prior to activation by
compressing a mixture of the material to be irradiated
(in this case As,0,) with a base of chromatographic
cellulose and phenyl formaldehyde resin in a 3-ton
press and curing at 120°C. The tablets contain expo-
nentially increasing masses of the material to be
activated and are stored, after activation, in a lead
shielding cell mounted above and some distance from
the detectors. A fall in counting rate initiates a pulse
from the circuit described which operates two solenoids,
one of which allows the tablet being counted to fall
away from the counting position and the second
releases a further tablet from the lead cell which falls
under mechanical guidance to the counting position.
This stronger source restores the counting rate to a
more acceptable level. This method does not, of course,
regulate the counting rate as closely as that obtained
by linear movement of a single source but if sufficient
tablets are used a reasonable constancy is maintained.

5. Conclusions

The automatic maintenance of a pre-set counting
rate from a decaying source has resulted in a worth-
while reduction in resolution degradation and spectrum
shift problems, with a considerable saving in counting
time without frequent attention by the experimenter.
The device described would be useful as a control for
nuclides with half-lives down to a few minutes.
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