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ABSTRACT

.An experimental study of the electron capture decay of
9.5 hour Hgl95 and 40 hour Hgl95m has been carried out using
sodium jodide scintillation detectors and high resolution solid
state detectors operating in both singles and colincidence
"modes. Emphasis has been placed on the properties of the
levels and isomeric transitions in the daughter nucleus Aul95,

The level stfucture of Aul95 suggested in the recent
literature is confirmed, while three new levels at 653 keV, -
1250 keV and 1605 keV excitation and some 15 new gamma rays
are suggested.' The relative photon intensities of the new and
of the previously accepted transitions have been accurately
measured with four separate Ge(Li) spectrometers. On the basis
6f absolute K- and L- shell internal conversion coefficients
as measured in a solid state spectrometer the multipolarities
of 22 gamma rays ranging in energy up to 1240 keV have been
assigned. Eleotron‘capture branching ratios and log ft values
have been inferred from the gamma ray and conversion
coefficient data. In addition to the previously accepted
spins and parities of levels in Au195 five sdditional assign-
ments have been made: 242 keV level 3%, 525 keV level z-,
894 keV level %-, 1083 keV 1eve1-%+, 1111 keV level §+. The
parities of most of the remaining levels have been fixed and
narrow ranges of possible spins have been assigned to many of

them,
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It is shown that the lowest lying states in Aul95 are
described by the core excitation model of de-Shalit while the
possibility of extending the model to levels of higher

excitation 1is discussed.
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INTRODUCTION

The study of radiations from the atomic nucleus has long
been a powerful tool for examining nuclear structure, being
matched in importance only by nuclear reaction experiments
involving charged particle accelerators and neutron fluxes from
atomic piles. The observation of the discrete electromagnetic
spectrum of nuclei was the first indication of a nuclear energy’
level structure and has enabled a systematic classification of
nuclear levels as to lifetime, spin and parity. Fundamental
changes in our concepts of strong and weak interactions have
arisen from the study of nuclearlg—disintegration, and it is
safe to say that the existing models ofynuclear-structure can
be tested most severely through the construction and analysis
of nuclear decay schemes. -

A revolution in thé instrumentation available to the
nuclear spectroscopist has occured in the last six or seven
years. ;t has_resulted from the merging of the most recent
developments in fast, accurat; data acgquisition with the
inﬁention of high resolution solid state detectors. The full
potential of such solid state detectors when used in conjunction
with the digital computer is just now being realized, In this
thesis several such high resolution devices are described and
applied to the problem of decirhering the level structure of
aut95 by examining the electron capture decay of Hg195 and

Hgl95M, The first two chapters are concerned purely with




1nstrumentaﬁion. In chapter I the Ge(Ll) gamma spectrometer
in its singles and coincldence configurations is discussed

as well as a gamma-gamma angular correlation table employing
e Ge(Li) detector and three fixed Nal detectors. Chapter II
concerns itself with the design and performance of a solid
gtate. internal conversion coefficient spectrometer. The
experiments on £ul95, their results and interpretation are
described in chapters III and IV,

Igal Talmi has emphasized the importance of being atble
to extract from the shell model its essentisl features--
general rules which must be obeyed independently of the detailed
assumptions about nucleon interactiocns. Thus, for example,
in the extended single particle model with residual two-body-
forces, the fundamental idea is that the nucleons in closed
éhells movevin a sphericaliy symnmetric potential independently -
of one another and that the energy degeneracies of partially
filled orbitels afe removed, to first order, by residual two-
body interactions between the_nucleons occupying unfilled
shells. If one aSsumes an explicit form forvthe residual force
end chooses some éonfigufation spaée consisting of nucleon
configurations expected to contributé to the observed level
structure, then it is often not clear whether a poor agreement
with experiment can be attributed to an incorrect residual
force, an incorrect choice of nucleon configurations, or a
failure of the model as a whole. Thus a test of the validity

of the model itself should involve comparison with experiment
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of only the general relations which follow from its basic
assumptions. The weak coupling picture as devéloped by Amos

de Shalit in his "core excitation” model is in this spirit.
The essential assumption is that an even-even core of nucleons
with a bound energy level spectrum generated by some completely
unspecified internsl motion, is weakly coupled to a2 single
‘nucleon in 1its lowest available jj-coupling shell model orbifal
by & force which is, again, completely unspecified. The core |
excitation model is discussed extensively in chapter V of this
thesis. The equations derived from it for comparison with the
observations on Aul®5 are valid (a) if the model 1is a good
approximation of reality and (b) if the core-particle
configurations chosen are correct., We shall see that, at

least for the levels of lowest excitation, Aul95 dces indeed

seem to be described by this model,

4




CHAPTER I
GAMMA RADIATION SPECTROMETERS

(1) Ge(Li) Detectors

Lithium drifted germanium gamma ray detectors were used
extensively in the experiments described in this work.
Conventional pulse height analysis was employed to determine
photon energies and intensities, while coincidence and
directional correlation experiments aided the placing of levels
and the assignment of spins and parities,

The advantages of germanium detectors over the older
scintillation, diffraction, and electron conversion techniquss
are now well known and will not be gone into here., We shall
confine the discussion to the performance of the detectors
used, the methods of ene:g& and efficiency calibration, and
their behaviour in coincidence and directional correlaﬁion
arrangements. |

Table 1.1 lists the four Ge(Li) spectrometers invelved
in this study, along with their 6pérating characteristics as
.observed in our laboratory. |

The two Ortec detectors and the Nuclear Diodes detector
employed charge sensitive preamplifiers with cooled FET first
stages. (ORTEC model #116 with the Ortec detectors, and
Tennelec TC135 with the Nuclear Diodes detector) The

Princeton Gamma Tech detector was coupled to a conventional




TABLE 1.1 Ge(Li) DETECTORS

MANUFACTURER ACTIVE  WINDOW RESOLUTION (PHOTON ENERGY)
VOLUME

ORTEC 0.25 cc 0.25 mm Be | 0.5 keV (14,4 keV), 0.7 keV (10

ORTEC 35 cc 0.5 mm Al | 2.9 keV (1333)

NUCLEAR DIODES 0.5 ecc 0,020" Al¥| 2,4 keV (662)

PRINCETON GAMMA| 20 cc 0,020" Al | 5 keV (1333)

TECH

¥Also encapsulated in 0.020" Al

field effect preamplifier supplied by Conuclear Ltd., Hinnipeg.

The res

Tennele

olutions reported in Table 1.1 were obtained using a

¢ TC200 linear amplifier with the pulse shaping time

constants recommended by the manufacturer, Cryostat vacuum was

maintained in all cases by means of cryosorption pumping.

(11) Pulse Heizht Analysis

The high resolution and high eounting rates cbtainable

0 keV

with the spectrometers desecribed above require very sophisticated

pulse heilght analysis systems, Analecgue to digital converters

¥ith hi

gh linearity and a range of at least 1000 channels are
A

indispensable, Two units were used throughout the present work:

- A Nuclear Data 160 analyzer with a 1024 channel dual ADC

capable of 2-parameter analysis and a 4096 channel memory.

"= A Nuclear Data 2200 anaiyzer with three 4096 chahnel ADC’s

1

nterfaced to a 4096 channel memory viz a digiplex unit.

This instrument could be used either as a single 4096




channel analyzer or az 2 or 3 independent analyzers of
smaller conversion gsin.

A typical counting configuration is shown in Fig. 1.1.

(11i1i) Calibration

A counting set up such as that shown in Fig, 1.1 cannot
of course be used to measure in an absoclute sense the energies
of X-rays and y-rays., One must resort to a comparison of the
pulse height distributions of the unknown radiaﬁiohs with those
of certain standard radiastions whose energies have been
measured by other independent means (for example from conversion
electron data or from crystal diffraction messurements), The
rellability of comparison depends basically on the linearity
and stablility of the system as a whole, from detector to ADC,
gince the comparison usually involves interpolation beitween two
or more points on an enarg& v8, channel number plot., Various
degrees of sophistication have‘been employed to locste the full
energy line or photopeak correspohding to & monoenergetic Y-ray
in Ge{Ll) spectra and energies have been reported to an
accuracy of + 0.02 kevl. However, if the number of radlations
is large and if many of them are of low intensity, elaborate
techniques become prohibitive, In the present work the desired
end is to construct a decay scheme and to make some comparison
with existing theories of nucleay structure., No attempt has
been made to measure photon energies to better than about #0.3

keV--an accuracy adequate to these ends,




Pigure 1,1

"Typical singles gamma ray spectrometer,”
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Briefly; the technique used is that of "mixed sources"”.
The unknown spectrum and that of several conveniently chosen
standard sources are accumulated simultaneously. In this way,
any gain drifts or loss of resolution due to electronics,
counting rate, etc. will be shared equally by both known and
unknown lines., From the observed position of the standard
1;nes a straight line calibration and "11nearity.plot" can be
obtained for that particular experimeht. Fig. 1.2 shows a
linearity plot for the Nuclear Diodes detector and ND2200
analyzer, This curve was obtained by establishing the channel
‘numbers of the full energy peaks of various energy standards
then calculating the eguation of the straight line through two
1ntermediate points. These points correspond to standard
photopeaks located in regions of the dispiay where one might
expect good linearity-—i.e. aWay from the first few hundred
channels. From the equétion the deviation in energy from the
straight line as a function of channel number is obtained.
Thié deviation is the quantity plotted in Fig. 1.2 vs. channel
number. With the aid of the linéarity plot the energles of the
prominent radiations from the unkhown sample can be determined.
Interpolation from these strong lines can then be used in spectra

of the weak lines.

Table 1.2 lists the standards used in this way and their

accepted energles as tabulated by Lederér et al.z.

The four Ge(Li) detectors were calibrated for absolute
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TABLE 1,2 GAMMA BAY ENERGY STANDARDS

SOURCE ENERGY (keV)

Am?H 59.543

cod? 121.97
136.33

cel’l 145,43

cel39 165.84

Hg203 279.17 | '

Na??2 511,01

| 1274,53

csl37 - 661 .60

5% 834,85

cob0 1173,23
1332.48

photopesk efficiency with standards obtsined from the Inter—
national Atomic Energy Agéncy, Vienna, The sources used, along}
with the relevant intensity data are listed in Table 1.3,

A typical photopeak efficienc& curve is& shown in PFig. 1.3
for the Nuclear Diodes detector. The two large volume detectors
exhibited similar characteristics. The smallest Ge(Li) detector
(0.25 cc) was sensitive to energies down to a few keV and its

efficiency curve is shown in Fig. 1.4,

(iv) A Solid State Coincidence Spectrometer

While the superiority over other techniques of s0lid state




TABLE 1.3 INTENSITY STANDARDS

NUCLIDE | ACTIVITY ( #CUR) | PEOTON ENERGY | PHOTONS/100 DISINTEGRATIONS
(1 Jan., 1969) (keV) '
Am2H1 10,35 % 0.6% 11.9 | 0.8 + 0.1
13.9 13.5 # 0.3
17.8 18,4 + 0.4
20,8 5.0 + 0.1
26,3 ‘ 2,5 0.2
59.5 35.9 + 0.6
Co57 11,13 + 0.9% 1b.b 9.5 + 0,3
122,0 85,0 + 1.7
136.3 11,4 +1,3
Hg?03 21,02 + 1,09 72.8 9.7 + 0.5
82,5 | 2.8 + 0.2
279.2 81.55 + 0415
Na?2 9.98 * 0.9% 511.0 179.7 + 0.8
1274.6 99.95 + 0,02
csl37 11504+ 1,39 661.6 85.1 + 0.4
MnSH 11.09 + 0, 834.8 100
cob0 11.13 + 0.6% 1173.2 99.74 + 0,05
1333.5 99.85 + 0,03
88 10,75 + 0.9% 511,0 0,40 + 0,02
898.0 91.4 * 0.7
1836,.1 99.4k + 0.1
2734.2 - 0.62 + 0,04




Figure 1.3
"Absolute photopeslk efficiency of Nuclear Diodes spectrometer,

Source to window distance 4,85 om,"
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Figure 1.4
"Absolute photopesk efficiency of Ortec i-ray spectrometer,

Source to window distance 0,35 cm,"
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11
detectors in the accumulation of singlé gamma ray spectra is
manifest, difficulties scon arise when one attempts to use two
suéh devices to detect gamma rays in coincidence, As is well
known the main problems are low detection efficlency and rather
long charge collection times which vary according to the position
of the ionizing events in the crystal and the energy of the
rediation, The Tormer gives rise to low coincldence counting
rates and tﬁe latter to poor time resblution, Many workers
have sttempted to circumvent partiaslly these drawbacks by using
hybrid systems employing one Ge(lil) detector and cne Nal crystal
and have met with considerable success, Even relatively small
Ge{Li) detectors can be used in this WayB. |

The development and perfection of the axial drift method
of lithium compensation has led recently to extremely large
Ge(Li) detectors with active volumes up to 40 cc and higher,
With such large volume crystals complete solid state coincidence
Asystems become quite feasible., DMNoreover improvements in
developing fast timing pulses from charge sensitive preamplifiers
have greatly enhanced the time resolution capabilities of solid
state detectors., Germanium and silicon detectors cannot of
course compete in time resoluﬁion with Nal and plastic
scintillators, but certainly much stronger sources can now be
used in conventional coincidence experiments for decay scheme
enalyses as a consequence of this improvement.

The 35 cc and 20 cc Ge{Li) counters discussed earlier




12

in this chapter were used as the basis of & gamma-gamma
coincidence spectrometer in the Hg195 decay studies which follow,
Fig. 1.5 1s a block diagram of the fast-slow coincidence

system used, also showing the geometry. The source (vacuum
sublimed or drop evaporated) is mounted between two disks of

1 thou aluminum foil suspended asg shown in an anti-scattering
shield of 0.6 cm lesd sandwiched between two 0.2 om thick

copper bPlates, The lead-copper shield effectively eliminated
compton scattering from one crystal to the othsr, such scattering
having the undesirable effect of preoducing spurious peaks in the
coincidence spectra. Fast timing pulses are derived from the 
unshaped preamplifier pulses with two leading edge time picke-
of f units (Model 0129A+). The timing pulse is triggered when-
ever the preamplifier output voltage rises above a certain
Preset discriminator level which is usually set Just above noise,
The difference in arrival time of any pair of such pulsés fromv
the two detectors is converted into an analogue voltage pulse -
by a ci11?t time analyzer (normally set for a range of 1/Lsec).
This "time spectrum” as observed at terminal A can then be fed
directly into a multi-channel analyzer and the resulting‘pulse
height distribution giveé an indication of the performance of
the system. If the detectors are sensitive to coincident
radiations the time spectrum will show a "prompt coincidence"

peak, An example of this is shown in Fig, 1.6(a), for a Nac2

+Conuclear Ltd., Winnipeg, Manitoba




Figure 1.5

"Fagt-slow coinecidence system employing two Ge(Li) detectors, "
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15
gamma source. The width of the coincidence peak is limited by
the fluctuations in rise time of the pre-anmnp pulses going into
the time pilck=-off units. These fluctuations have two main
causes:

(1) Irregular charge collection time of the crystal. This
is a geometrical effect, resulting from non-uniformities in the
electric field in the depletion region of the detector and from
the differing mobility of holes and electrons in that region,

(2) Amount of charge collected. DBecause of the Compton
effect, the detectors produce a continuum of charge pulses
ranging up to the full energy of the gamma ray. Since the
discriminator levels on the time pick-offs are set at fixed
values, we would expect the time of generation of fast timing
pulses to be dependent on the size of the preamplifier voltage
pulses.

The second limitation can be circumvented at least
partially with the use of "side channels” or single channel
analyzers (S.C.A.) which put energy restrictions on the fast
coincidence pulses. In Fig. 1.5 the output of the time analyzer
is passed through a slow coincidence linear gate (C113™) which
is opened only when the energy reguirement set by two single
channel analyzers is met, If at least one of these windows

is set on a narrow energy range-~-for example on a full energy

*Conuclear Ltd., Winnipeg, lManitoba
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line--the effect is to sharpen up the prompt coincidence peak
and hence improve the resolving time of the system., The effect
is shown in Fig, 1.6(b). A third SCA on the output of the
time analyzer can then be set on this improved coincidence peak
to any width (resolving time) desired, in this way eliminating
all random coincidence pulses except those falling within this
w;ndow. The output pulses from the linear gate are then used
to open a second linear gate which allows the delayed, shaped
energy pulses from one of the detectors through to the multi-
channel snalyzer,

As can be seen from Fig. 1.6{(b) typical coincidence
resolving times obtainable with this system were of the order
of 20-30 nanoseconds, As a matter of interest, one of the
Ge(L1) detectors (the 20 cc one) was examined alone for its
optimum timing characteristics using the same fast-slow
coincidence system described above, In this test the time
analyzer was started with Na22 positron pulées generated in
NE102 plastic scintillator, and stopped by the resulting
annihilation rediation detected 1h the Ge(Ll1) crystal., The
time spectrum is shown in Fig, 1.7; Quite narrow side channels
were set on the gamma and [-spectra. The best resolution
obtainable is seen to be 11 nanoseconds FWHM, The asymmetry
in the peak shape can be attributed to the irregular charge
collection time of the crystal as discussed above,

As an example of the performance of the coincidence




etector, ”

d




COINCIDENCE SPECTRUM
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systenm in practice, Fig. 1.8 shows a Co60 gamma-gamma coincidence
spectrum as observed in thé 20 cc Ge(Li) detector. The side
channel on the 35 cc detector is shown in Fig; 1.9 set on the
1333 keV line which is in cascade with the 1172 keV 1line. The
side channel on the 20 cc detector was left effectively wide
.open. The presence of the 1333 keV line in Fig. 1.9 is due to
random colncidence pulses falling within the preset window on
the time analyzer. Its intensity indicates a trué to random
event ratio of about 40 to 1. L

In most of the coincidence spectra reported in this work,
the narroﬁ side channel is set on the 35 cc detector. This is
doné to take full advantage of its excellent peak to Compton
ratio (16:1 under ideal conditions). Compton pulses from
higher energy gamma rays that fall within the selected energy
window can greatly complicate the resulting coincidence spectrum

and hence should be avoided as much as possible.

(v) Instrumentation for Directional Correlation Measurements

Gamma~-gamma directional correlation experiments were
performed in this study to aid in angular momentum assignments
for levels in Aul95. We shall conclude this chapter on gamma
ray detectors with a discussion of the design and performance
of the angular correlation table used. (The theory and method
of interpretation of gamma ray directional correlations are |

presented in Chapter IV).
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Figure 1.8
"0060 singles spectrum with Ortec 35 cc detector, showing side

channel position."
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A_diagraﬁ of the counting apparatuékis presented in

Fig. 1010. The source is mounted centrally in a 15.8 cm diameter
gluminum ‘can’® which forms the base of & cryostat for a Si(L1)
electron detector when the system is used for electron-gamma'
directional correlation measurements, The source shown 1ﬁ the
diagram can be drop evaporated or vacuum sublimed and 1is |
éupported by a thin alumninum backing. if e liguid source is
'préferred, a hollow perspex tube, slso mounted centrally can'
be used. One of the two radiations involved in the’correlation
45 detected in the 35 cc Ge(li) detecfor‘ahd the line joiﬁiné
the center of this detector and the source defines the 0°
direétion. Thrée identlcal 2" x 2
selected to have closely the sane efficiency and resolution
define the 90°, 135°, and 180° engles. The Nal detector-
photomultiplier assembliesdére coupled to CLO2 probes+ désigned'
'_to produce simultaneously pulses sultable for energy analysisf
and timing applications, Each probe contains two sections, a
charge sensitive presmplifier and a timing section. The preQ
amplifier integrates the photomultipliei outrut and produces an
energy proporticnal signal, while the timing section produces
both fast and slow standard logic pulses that correépond to the
leading edge of the photomultiplier pulse., The photomultiplier

tubes employed with the probes are supplied with high voltage

*Conuclear Ltd., Winnipeg, Manitoba

*Reported by D, L. Salie, Western Regional Nuclear Conference,
Regina, Sask. (1968)’




Figure 1.10

"Geometry for gamma-gsmma directional correlations,”
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from a single Fluke 405B 2.5 kV power supply. The three
probes are positioned equidistant from the source and are
shielded from each other by lead cones which define a préciée
half angle of 7.35° at the source for a source to detector
distance of 10.50 cm,

A fast~slow coincidence logic system designed to enable
the accumulation of data at all three angles simultaneously is
presented in Fig. 1.11. The energy proportibnal pulses from
the three Nal preamplifiers are passed via an adder amplifier
(ADD 1) which is equipped with fine gain adjustments for gain
matching. As the pulses from the three Nal detectors are not
coincident the adder merely passes the sighals without distortion
to the linear amplifier where the puises are shaped and
arplified and passed on to a single channel analyzer (sca 2).

The energy windows on the Nal spectra are thus set simultaneously
with one SCA. The fast timing pulses from the Nal detectors

are fed into a logic OR gate which produces an output pulse
whenever a timing pulse from any Nal detector appears at its
input. This pulse is used to start the time analyzer. The

time analyzer is stopped With the fast time pulses from the
Ge(Li) detector as produced in-a leading edge time pick-off
(TFO)., Linear, shaped energy pulses from the Ge(Li) detector

are fed into another SCA (SCA 3). SCA 2 and SCA 3 control a slow
coincidence linear gate through which the fast coincidence

pulses from the time analyzer are fed. These two SCA's act as
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side chanhels in the same manner as in the y- ycoincidence
system discussed in part (iv) of this chapter. They serve to
sharpen up the prompt coincidence peak from the time analyzer.
SCA 1 is set on this prompt coincildence peak and its window
width determines the resolving time of the experiment,

In order to understand the operation of the rest of the
system, it is perhaps simplest to consider an example. Suppose
: coincident radiations are detected in Nal 2 and the Ge(li)
detector, and suppose further that the corresponding energy
pulses are within the windows set by SCA 2 and SCA 3. Then &
"fast-slow” coincidence logic pulse will appear at the output .
of the slow coincidence linear gate and be presented
simultanesously to three "and" gates (AND 1, AND 2, AND 3). At
the same time, a logic pulse from SCA 2 is presented to the
3 “"and" gates, and & logic. timing pulse from Nal 2 is presented
to AND 2, Thus, AND 2 alone will produce an output which is
fed via a second adder amplifier (ADD 2) to the Y input of a
two parameter analyzer., Thie routing pulse alsc fires a low
level discriminator Which opens the coincidence gates to both
inputs of the analyzer. The delé&ed energy rulse from the
Ge(Li) detector is then accepted and stored in a section of the
memory controlled by the amplitude of the routing pulse from
AND 2, In thié experinment the dual ADC was run in the
L x 1024 chennel mode and the routing pulses from the 3 *sand’

gates chosen so as to put the 3 coincidence spectra into
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channels 1025-2048, 2049-3072, and 3073-4096 respectively.
Channels 1;1024 were reserﬁed for monitoring singles spectra
from the various detectors dueing the run.

Because of its ability to collect data at all angles
simultaneously this system has an obvious advantage over 2~
counter systems when short 1ived sources are studied since no
source decay corrections are necessary. In the case of
Hg195'195m which does not have a simple exponentiél decay such
corrections would have been difficult indeed. The main
disadvantage of the system (apart from the comparatively poor
resolution of Nal detectors) is the stringent requirement that
the gain and resolution of the three Nal detectors be matched,
and remain so throughout the experiment. In all the runs
reported in the present work the singles spectra from the
three Nal detectors as well as the gated singles counting rate
as observed at the output of SCA 2 were regularly monitored.
This is done by removing all but the appropriate input to ADD 1.
The gated singles rates at each angle were used to normalize
the three coincidence spectra, and never differed, from angle
to angle, by more than one percent.

In order to test the reliability of this system a
directional correlation.experiment on the gamma rays of Co60
was performed. The decay of this isotope is well known and the
pertinent parts are éhown in Fig. 1.12,

The single channel analyzer common to the three Nal

detectors (SCA 2) was set on the full energy line of the
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1332 keV gamma ray. The Ge(Li) side channel (SCA 3) was set
to receive all ehergy pulsesg above about 1 MeV. Date was
sccunulated for 18% hours. The number of counts in the 1173 keV
coincidence peéks observed at each angle was approximately
.9000. The random coincidence rate was estimated from'thel
relative intensity of the 1332 keV line in the 3 coincidence
spectra and was about 1% of the true coincidence rate. After
subtraction of random and compton background, and normalization
‘to the singles counting rate at each angle the angular
correlation coefficients in the theoretical expression
W(0) =1 + asPp (cosf ) + ayPy (cosb )

were determined according to the method of whiteb. (This
method is outlined in Appendix II, as is the method of finite
solid angle correction.)
The results are ap = 0,106 # 0,012

ay = 0,005 + 0.013
The:error here is statistical,
After correction for the finite so0lid angles of the four
detectors the coefficients became’

as = 0,111 % 0,012

ay = 0.006 + 0,013

These cosfficlents are in agreement with the accepted5 values of

ay = 0,1020
el

It was concluded from this result that the angular

0,0091

correlation system was performing satisfactorily.
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CHAPTER 1II
A SOLID STATE INTERNAL CONVERSION COEFFICIENT SPECTROMETER

(i) General Principles

A golid state internal converslion spectrometer similsr
to that described by Hollandert: was constructed in this
laboratory., Fig. 2.1 is a block diagram of the experimental
arrangement., A Si(L1) electron detector and a Ge(Li)
defector face each other in fixed geometry., Radiocactive sources
on standardized source mounts are placed between the two
detectors in a well defined, reproducible position. The ganmma
ray spectrum and associated conversion electron spectrum are
accumulated simultaneously in two essentially independent
pulse height analyzers for a convenient period of time. In
this work two anslogue to digital converters shared a single
memory by means of a digiplex system. The two solid state
detectors are calibrated for full energy pesk efficiency, and
internal conversion coefficients are obteined simply by taking
appropriate ratios of full energy peak intensities,

The internal conversion coefficient for electrons in the
i°th subshell corresponding to an isomeric nuclear transition
of energy E is defined as

@y = Ney (E = Wy) (1)

N, (E)
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where Nei(E) is the number of i-shell electrons emitted per unit
time with energy E, N (E) is the number of gammas enitted per
unit time with energy E in the same transition, and Wy 1é the

j-shell binding energy. Thus, experimentally,

Q4 = ney 4E) (2)

——————.e.

n), ee(E”wi)

¢

nei = number of i-shell electron full energy pulses detected

during data accumulation time '
"y(E) = number of y -ray full energy pulses detected having energy E
€y(E) = gamma detector photopeak efficiency at energy E
€.(E) .= electrdn detector efficiency at energy E

Equation (2) is not exactly correct if there are

significant dead time losses in the ADC's. If thi$ is the
case, the actual times for which the two detector systems are
‘sensitive to incident radiation--i.e. the‘"live times"--will
not in general be equal., This will of course depend on the
choice of source to detector distances and on the néture and
strength of the source. In order to correct for this effect a
pulser (see Fig. 2.1) has been included in the experimental
arrangemenﬁ. The pulser is fed into the test inputs of both
preamplifiers and the pulser peaks are accumulated along with
the spectra. If the half-1ife of the source is of the order
of or shorter than the accunulation time, the pulser should be

left on throughout the run, as the ratio of dead times of the

two ADC's will not be constant. Otherwise it need only Dbe
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turned on for a short time at the beginning or end of the run.
If Pe and Py,are the number of counts in the pulser peaks in
the electron and gamma spectra respectively, the corrected
version of (2) is

ay = Negy ey(E) Py (2")

Ny €(B-Wy) Pe

As we shall see in the following paragraphs, this
technique can be expected to give K- and L- Sﬁell conversion
coefficients to within # 10% for sources of suffioiently high
7 for which the electron lines of interest will be resolved.
While the silicon detector does not possess the resolution of
large magnetic spectrometers, this degree of accuracy in the
determination of a3 is typical of that ourrentiy appearing in
the literature using other‘techniques and is quite good enough
to determine the multipolarity of a given transition.

Moreover this system enables data on a large number of transitions
to be collected simultaneously. The method is therefore well
suited to the study of short lived activities., Such activities
can be handled only with difficulty by more conventional

instruments which collect data on a point by point basis.,

(11) The Electron Detector

A diagram of the electron detector cryostat and vacuum
chamber is shown in‘Figg 2.2, The S8i(Li) detector {(model No.

A-80-3) was obtained from Kevex corportion, California. 1Its
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sensitive area was 80 mm? with a depletion depth of 3 mm. The
sensitive region was further restricted to 56.5 mm< by a
0.125 inch thick aluminum mask. This was done to improve ﬁhe
full energy line shape by eliminating possible edge effects in
the Si(Li) crystal. The detector was maintained at 779K by
means of a brass "cold finger" attached to a small liquid
nitrogen cryostat. This latter was suspended from the top of
the vacuum system by a stainless steel cylindér with 0,005 inch
thick walls. The level of liquid nitrogen was maintained in
thekcryostat with a Linde CB-10 gravity feed cold trap reservoir

(not shown). When the system was cooled down, a pressure of

o6

FE IS “n [

between 1 and 10-7 mm Hg could be maintained with an O litre/
" sec ion pump (Varian Associates). Sources enter the main
_.Vvacuum chamber via a vacuum lock which can be roughed down

to about 10 microns Hg. The source position is defined by an
aluminum stop fastened to the shaft of the source holder. 1In -
this geometry the source to electron detector distance was 0,60
inches, Details of the source holder and source mount are

shown in Fig. 2.3.

The manufacturers of this detector recommended that its
surface not be touched under any circumstances because it was
cgvered with a very thin exposed layer of evaporated gold.,
Occasionally small oll droplets were visible on this surface,

presumably due to the vacuum lock being repeatedly opened.

Such contaminations, when they occurred, were effectively




Figure 2,73
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removed by decoupling the detector from the cold finger, placing
it on the floor of the main vacuun chamber and pumping the
system down to operating pressure for a period of one or two
days with the cold finger at liquid nitrogen temperature.

A modified version of a Tennelse TC1i35M preamplifier
was used to collect pulses of charge from the detector. The
modification, performed in our laboratory, consisted of
removing the first stage of preamplification and placing it
inside the vacuum system with the field effect transistor
mounted on the cold finger, directly behind the detector.

As can be seén, considerable care was taken with the
electron detector in order to optimigze its‘energy resolution, :
It was felt that the success of the system would depend critically
on the performance of the electron detector, Since conversion |
electron spectra in which K, L and ¥ lines are separated are
in effect three timsé a3 complex as the corresponding gamma
spectra, a poor electron response function would limit the
internal conversion spectrometer's application to very simple
decay schemes, The actual performance of the electron side of

the spectrometer is discussed in section (iv).

(ii1) The Gamma Detector

A commercial detector-cryostat-preamplifier system was
used for gemma detection. This instrument, obtained from
Nuclear Diodes Inc. had a depletion depth of 4 mm with an active

(planar) volume of 0,5 cm3, The design is conventional and is
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shown schematically in Fig. 2.4, The preamplifier (not shown)
was a Tennelec model TC130, again with cooled first stage.

The front wall of the vacuum chamber for the electron detector
was designed to accept the Ge(Lli) detector cryostat with only

a few thousandths of an inch clearance. This effectivély
defined the.position'of the gamma defector, inside 1its cryostat,

ag 1.0 inches from the source,

(1v) Calibration and Performence of the Spectrometer

| ihe nethod of calibration of Ge(Li) gamma detectors
used in the present studies was discussed in Chapter I. In
Fig, 2.5 is8 plotted an absolute photopeak efficiency curve for
the 4 mm Ge(Li) detecuor. The célibr ation extends from 60 keV
to 2.6 MeV and may be consiuered as reliable to - 5% over the
range 0. 1 to 1.4 MeV which includes the main region of 1nterest
in the present studies. Because of the experimental difficulty
‘ lnlpositioning the standard gamma sources inside the electron
détéctor vacuum chamber, the Ge(Li) detector was calibrated
separately and in a geometry only_rbughly~equivalgnt to that'
of the conversion coefficient spectrométer. Sihce one 1s juét
comparing unknown conversion coefficients with thosé of_
standard sources, only the shapes of the two detector efficiency
curves need be known--i.e. relative efficlences vs. energy--
for then they can be normalized to each other via the internal
conversion coefficient of a single standard. Thus no great

care need be taken in reproducing the spectrometer geometry of
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b3
Fig. 2.2.when calibrating the gamma detector. However since
the calibration geometry was closs to the conversion
spectrometer geometry we shall continue to refer to "absolute”
detector efficiencies. Allowance was made in the gamma ray
calibration for the thickness of the window of the electron
detector cryostat which consisted of 0,010" Al. The correction
is negligible above 60 keV,

A full energy peak efficiency curve for the Si(Li)
electron detector.was obtailned from this gamnma efficiency
curve in the energy range 60 keV-1100 keV by means of the
standards listed 1n.Table 2.1.

| TABIE 2,1 STANDARDS FOR I.C.C., CALIBRATION

e

Ee(keV) SOURCE | ag (REF, 1) NATURE OF SOURCE

62,2 ¢cal% 11,0 1 0.3 Vacuum sublimed
103. 4 celll 0.379 + 0.004 Drop evaporated
126.9 cel39 0.2142 + 0,0015 Drop evaporated
328,7 Aul%98 | 0,0302 + 0.0003 Vacuum sublimed
624.2 - cs137 | 0,0894 + 0,0010 Drop evaporated

1106.5 7nb5 0,000166L4 + 0.0000066] Vacuum sublimed

The table also indicates the method of source
preparation., The deteils of production of vacuum sublimed
sources are discussed in Chapter III. In all cases where -
drop sources were used, they were of high quality and éhowed

the minimum of solid depositione.
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Table 2.2 summarizes the efficiency data obtained from
these standards, = In the table Ne/Ny is the measured ratio of
the number of counts in the K-electron full energy peak to the
corresponding gamma photopeak, corrected forbrelative dead time
losses as discussed above. The efficiencies listed in the
last column are obtained from the relation

Effe = ag ﬁffy
'Ne/Ny '

and the errors qﬁoted are the RMS deviations obtained from the

fractional errors in the quantities oy, Ne/Ny—and Effy,
TABLE 2,2 EIECTRON EFFICIENCY

Ee(keV) Ng/Ny Eff Effe

62.2 57,35 % 5% | 2.1 x 1072 2 10% | 0,0109 % 0,0015
103.4. 3,66
126,9. 3.19 + 4% | 8.0 x 10-% + 5% | 0.0120 + 0.001

-

5% 11,07 x 10-3 + 5%] 0,0103 + 0.008

328,7 3.48 + 2% 11,03 x 10°% + 54| 0.0119 + 0.0007

624,2 30.26 + 5% 3.63 x 10~ + 5% | 0.0123 + 0.0009

1106.5  0.14b # 6%1 1,42 x 10-5 + 5% 0.0123 £ 0,0010
‘ As an example of the determination of Ne/Ny let us

congider the case of Au198v(Ee = 328.7 keV). Six separate
ecalibration runs are taken. Between each run the source holderv
is fully removed from theAvacuum system, and the aluminum ring
that serves as a base for the.source backing is rotated

arbitrarily in the source holder tip. The source is then
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re-inserted into position. The gamma detector 1is likewise
removed from its geometry and replaced.v In this way the
reproducibility of the geometry was severely tested during
calibration. In Fig. 2.6 is shown the gamma and electron fuli
energy peaks for one of these callibration runs and the assumed
backgrounds. As can be seen the resolution (3.0 keV FWHM at
329 keV) and line shape of the electron detectpr is excellent.

TABLE 2.3 Au198 CALIBRATION (2000 sec COUNTING TIME)

CRUN N, Pe Ny Py Ne/Ny | Py/Pe | Ne/Ny(CORR)
1 84, 265| 120, 318 |27, 566|136, 223} 3.05 | 1.13 | 3.46
o 81, 171 ] 120, 203 | 28, 100| 136, 200 2.89 | 1.13 | 3.40
3 80, 346|120, 622 |27, 100| 136, 186] 2.98 | 1.13 | 3.38
b 66, 710 120, 795 20, 133]| 133, 126 3.31 | 1.10 | 3.65
5 66, 175] 120, 629.] 20, 863| 132, 988 3.17 | 1.10 | 3.50
6

51, 0L4€ 120, 452t15, 818% 130, 0791 3.23 1,08 3.48

The quantify in the last column 1is
Ne/Ny (Corr.) = (Ng/Ny) x Py /Pe

The mean of the 6 runs is 3.48 + 0.07, i.e. an error of -2%.

Stockenda12 nas measured the relative intensities of
prominent electron lines in 31206 with a magnetic electron
spectrometer, His results are recommended in the decay scheme
tabulations of Lederer et al., (see ref. 2 Chapter I) as usefui
for calibration of silicon electron detectors. It was decided
to check the general shape of the efficiency curve obtained

from the I.C.C. standards of Table 2.1 by making‘use of this
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isotope,

An active source of 6,244 81206 was produced in the
internal beam of the University of Manitoba cyclotron. The
techniques used were essentially the same as those for
production of Hg195 sources and the reader 1s referred tQ
Chapter III for details of target making, vacuﬁm sublimation
of the activity, etec.

‘ The target consisted of about 400 mg of natursl lead
foil ( 20 thousaﬁdths of an inch thick). The proton bombarding
energy was 17.5 MeV, the beam current as measured on the target
holder ebout 3 p Amps, and the total irradiation time was two
hours. The three major isotopic constituents of lead are:

Pb206  23,6%

Pb207 22,6%

PpR08  52,3%
The thresheld for (P, 2n) reactions on these nuclel is about
11 MeV so at 17.5 MeV one expects to excite 15.34 B1205 from
Pb206 and 6.2%d B1206 from Pb207, The other activities
accessible from (v, 2n) or (v, n)'reactions are too long~lived
to be excited in so shorﬁ en irradiation time to any appreciable
extent.

In fact a rather pure B1206 gource was obtained
indicating the dominance of the reaction

Pb207 (3, 2n) B1206 ot this energy.
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An electron spectrum of this activity is shown in Fig, 2.7. The
K-conversion lines identified in the figure are those used as
the relative intensity standards. Other lines were available,
but were not made use of either because of incomplete resolution
from neighbouring lines or interference from Bi<05 contaminant.

Table 2,4 summarizes the efficiency data obtained from
8ix lines in Bizos. Thé efficiencies have been normalized to
the graph of the data of Table 3.2 for comparison and it will
be seen that the normalized efficiencies obtained from
Stockendal's data are in good agreement with Table 2.2,

TABLE 2.4 B1206 EFFICIENCY DATA

Eg(keV) Ie (Stockendal) Eff (normalized)
255,4 760 1.34 x 10~2
310.1 210 1.26 x 102
409.1 170 1322 x 10-2
428,.1 250 | 1.2 x 10-2
L4y, s 280 1.29 x 10~2
715.3 100 1,23 x 102

In Fig. 2.8 is shown the final efficiency curve for the
S1(Li) detector, The circles indicate points obtained from
the I.C.C. standards and the squares the 81206 data. There
would appear to be a slight decrease in efficiency below about
100 keV, This may merely reflect the uncertainty of the Ge(Li)

calibration curve in this energy region. In all the I.C.C.
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measurements made in this work a Si(Li) detector efficiency of
1,23 x 10-2 + 5% has been assumed. These measurements involve
electron lines from loo‘to 1200 keV, but only three Qf them
(1ines in Hgl95) fall below 200 keV.,

(v) Some Absolute I.C.C. Measurements

As = finél check on the reliability of thié spectrometer,
¢k and @1, measurements were made on B1206 ang B1207,

Stockendalz, in addition to measuring electron felative
intensities, obtained ag for 11 prominent transitions following
the decay of B1206 by the internal-external conversion method.
Seven of these were measured ln the present work and are
compared with Stockendal's values in Tadble 2.5. The agreement

is well within guoted experimental errors in all cases.

TABLE 2.5 Qg MEASUREMENTS IN B1206

,Ey(keV) . ag
Present Work Stockendal et sl.

343 0.24 + 0,02 0.25 % 0.03

398 0.16 + 0,02 0.18 + 0,02
h97 0,090 + 0,01 0.081 + 0,015
516 0.047 + 0.005 | 0,047 + 0,005
537 0,073 + 0.007 0.070 + 0,008
803 0.0080 % 0.0008 0.0086 + 0,0009

1018 0.0133 + 0.001 © 0.016 % 0,008
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K and L shell internal conversion coefficlients were

measured for the two strong lines in B1207 at 570 keV and

1064 keV, The resulfs are presented in Table 2.6 where they.

are compared with the theoretical values of Sliv and Band and

of Hager and Seltzer as well as with the results of two recent

experimental detérminatiohs. -

TABLE 2.6 I.C.C. MEASUREMENTS 1N B1207

PRESENT WORK raeory(2)] TEEORY(D) ExpErIMENT(C) EXPERTMENT (A

570 keV (E2)

0.0161 + 0.,0016| 0.0159 0.0158 0,016 + 0,001 | 0.0156 + 0L
0.0045 + 0,005 0.0045 0.00L5 0.0049 I 0.0005| 0.00k5 * 0L
106L keV (ML) | 1 |

0.096 + 0,01 0.095 0,098 0.085 + 0,005 | 0,084
0.024 + 0,002 0,024 0.025 0.023 + 0,002 o

(a) Sliv and Band, ref. 2 Chapter IV

(b) Hager and Seltzer, ref, 3 Chapter IV

(¢) Ref., 3
() Ref. ¥

Here againlthere is good agreement with previous
measuréments. The theoretical véluesAwere obtained assuming'
the 570 keV transition to be pure.Ez and the 1064 transifion
to be pure MU, The present work would seem to cohfirm such‘
an assignment. (Sen (ref. 3).suggests that their value for
ay (1064 keV), which is somewhat lower than the present

measurement, might suggest a small ES admixture.)
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CHAPTER III
THE GAMMA SPECTRUM OF Hgl$5,195m

Introduction

The presently accepted level scheme of Aul95 1l 55 shown
in Fig. 3.1. This scheme 1s based primarily on the work of
Brunner et al.% and Joly et al.? who examined the decay of
Hg195 and Hg195m with magnetié electron spectrometers .and Nal
gamma spectrometers in both singles and coincidence configurations.
More recently Frank™ examined the gamma spectrum with a Ge(Li)
detector and postulated three new transitions in Aul95,

This chapter describes the gamma ray measurements
intended to check the validity of this decay scheme and, where
necessary, to extend or amend 1t. DBecause of the continued
improvement in resolution.and efficiency of Ge(Li) detectors
and having regard to the complicated nature of the decay, we
might reasonably expect some new information, and certainly
better values for gemma intensities and electron capture

branching ratios,

(1) Source Prevaration

Active sources of 9.5 hr Hg195 and 40 hr Hgl95m were
prepared by proton irradiation of targets in the internsl bean
of the University of Manitoba cyclotron. This accelerator
produces a maximum proton enérgy of 50 MeV with an internal

beam current (H™ ions) of, typilcally, a few ;LAmps; Natural
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3
gold targets (>99% pure) in the form of thin wire wrapped in
aluminum fbil envelopes were used., Since gold is monoisotopic
(A=197), the reaction of interest is

al97(s, 3n) Hgl95,195m
Table 3.1 lists threshold energies for (p, xn) reactions on
Al97 as calculated from the mass tables of Wapstra et al.5;

' TABLE 3.1 REACTION THRESHOLDS

REACTION | THRESHOLD ENERGY (MeV) PRODUCT NUCLIDE

P, n 1.54 65 hr Hgl97, 24 hr Hglg?m
P, 2n 8.18 STABLE Hgl96

P, 3n 17.00 9.5 hr Hgl95, 40 hr Hgl95m
B, in 24,30 1.9 y Hglo¥

Reactions of the type (P, Pxn) produce gold activities
(especially 6,184 2ul96) which are eliminated in source
preparation by the sublimation process (described below), The
(B,a ) reaction produces stable ptl94,

“Most of the irradiations were done at 25 MeV since the
(P, 3n) cross section is expected to be large at this energy.
Degradation of the proton beam enérgy in the gold wire (about
0.040" in diameter) resulted in the"production of some Hg197.
However the decay of this isotope has been well studied and is
Tairly simple so this contamination did not prove an 1nconvenien¢e.

Active sources with strengths of the order of a few uCur
were prepared by sublimation in vacuum onto thin aluminum

backings (0.001" thick), Besides producing very thin sources




55

suitable for both gamma ray and electron studies, this method
also effecfively separated(the Hg activity from the Au carrier,
the mercury being distilled off at a relatively low temperature.
While considerable Aul96 contamination was evident in the
lrradiated gold targets, no trace of this activity was found

in the sublimed sources. Fig. 3.2 shows the sublimation
apparatus., The filament is a strip of 0.005" thick taﬁtalum.-
The source size is defined by an aluminum mask with a ‘central
hole 3 mm in diameter,

Because of 1ts’high vapour pressure, mercury has the
unpleasant habit of diffusing under high vacuum at room
temperature. To avold contamination of the electron detector
and erroneous values for internal conversion coefficients
which would result it was necessary to cover all sublimed
electron sources with VYNS film (about 2O;Lgm/cm2 thickness).
Fortunately no deterioration in electron line shape resulted,
even down to 50 keV energy, and the mercury sources were

rendered immobile,

(i1) The Gamma Ray Spectrum _

t The gamma spectrum of Hg195!195m is a2 rich one, as can
be seen from Fig., 3.3. This spectrum was taken with the 35 cc
Ge(Li) detector from a sublimed source, 94 hours after irradiation
with 25 MeV protons. The counting time was 105 minutes, Of
the lines seen in this spectrﬁm, the following ones can be
indentified as impurities from their energies and/or decay

propertieg:
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134 keV following the decay of Hglio7m
156 keV foilowing.the decéy of Hgl97m
191.6 keV following the decay of Hgl97
279.3 keV following the decay of Hgl97m
1190 keV origin unknowm.
Of the remaining lines, all of which were observed to decay
at a rate.consistent with that of known radiations from Hg195'195m |
twenty-three have been hitherto unreported: 241.6, 338, 400,
419, bho.4, 519, 543, 550, 627, 666, 693, 727, 750, 792, 847,
870, 899, 911, 1008, 1028, 1049, 1083 and 1250 keV, Thé T
existence of radiations at 698, 754, and 853 keV first reported
by Fnc'arﬂz«:iP is confirmed in the present work although the first
two of these gamma rays are actually seen to be members of 2
partially resolved doublets,
Fig. 3.4 displays the low energy part of the gamma
spectrum as observed with the 0.25 cm3 Be-window detector.
A bombarding energy of 40 MeV was chosen so as to eliminate as
much as possible the Hg197'197m impurities. The L and K X-rays
of mercury and gold are clearly visible., The strong 134 keV
transition from Hg197m is still evident although considerably
reduced in intensity relative to the Hg195 gamma rays. The
lines labelled "I" were identified as impurities either from
their decay rates when found to be inconsistent with a Hg195*195m

assignment or because of their absence from similar spectra
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from lower energy irradiations. Their origin remains unknown,
Other obvious impurities afe ldentified in the figure. Of the
remaining 1ines, those hitherto unreported which may be
candidates for the Aul%5 level scheme are the following: 58,9,
128.4, 137.6, and 139.3 keV,

Not only is the spectrum of this isotope complex, but
so is 1ts mode of decay. In Fig. 3.1 it is seen that the 40
héur state decays through two competing channels--isomeric
cascades to the ground state followed by electron capture
transitions to excited states in Aul95, or direct electroni
capture decay to states in Aul95, Since the spin of the
isomeric state differs so greatly from that of the ground state,
it is expected that those electron capture decays depopulating
the 9.5 hour ground state will feed levels of low spin in Au195,
while similar decays depopulafing the 40 hour isomeric state
will feed levels of high spin, Moreover, because of the gamna
transition selection rules, we might expect a minimunm of
interference between the two resulting sets of transitions in
al95, 1o put it another way, we-expect most of the Aul95 gamma
rays to decay at the same rate as Hg195m which has a simple
LO hour half life, or at the same rate as Hg195 which is in
transient equilibrium with the isomeric state.,

The situation is illustrated in Fig. 3.5 where the
“intensities of three prominent gamma rays are plotted vs, time.

Their intensities have all been normalized at t =0 (which
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actually corresponded to 75 minutes after irradiation). It is
evident that, if the decay scheme of Fig. 3.1 1is correct, the
560 keV photopeak must follow the electron capture decay of the
40 hour isomeric state only and hence have a simple exponential
| decay. This 1s in fadt observed., Similarly.the 780 keV line .
should follow the decay of the Hg195 grouﬁd state and'its
behaviour is seen to be consistent with this. Indeed almost
all the gamma rays had decay curves with the same shape as one
or the ofher of these two representatives and, depending upon
which shape they exhibited, had thelr relative intensities
normelized to either the 560 keV.line or the 780 keV line., 1In

.- ST
(W) v

this way the two decay mudes Gouid ted

rcate fPectively
independent of one another for the purpose of‘working out
population balances aﬁd branching ratios,

The only complication to this method of analysis 'arises
when one considers gamma rays depopulating the 262 keV level.
It is clear from Fig. 3.1 that this level 1is populated
appreciably by gemma rays which follow the decay of both
parent states, and possibly even by direct electron capture
from the Hg195 ground state., Hence the 261,7 and 200.5 keV
lines should exhibit a behaviour intermedlate between tﬁe two
representative cases discussed above, This effect 1s shown in
Fig. 3.5 for the 261.,7 keV line, The question now arises:
at 2 given time after irradiatiom, what fraction of 261.7 keV

(or 200.5 keV) gemmas follows the decay of Hg195 as opposed to
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HglgSm? This problem is discussed in detail in Appendix I of
this thesis where a simple least squares comparison of the
shapes of the decay curves involved is used to compute the
relative contributions of the two decays at a given time.
The results are as follows: At t = 0 (75 minutes after
Arradiation) (14 + 2)% of the 261.7 keV gammas and (12 + 15)%
of the 200.5 keV gammas resulted from parent ground state
decays. The large error for the 200.,5 keV transition is due
to the fact that the spectrometer used was not able to resolve
completely that gamma ray from the 207 keV line, Since its
intensity 1s relatively small, this error 4id not seriously
affect the decay scheme calculations, MNoreover, since the
two lines depopulate the same level, the admixtures should be

identical and were taken as such,

(111i) Energy and Relative Intensity Measurements

The technigues of energy.and efficiency calibration used
in this study were discussed in detail in Chapter I. Gamma
ray energy and intensity measurements were made with all four
available gamma speétrometers and the results are presented in
Table 3.2, This table lists all the gamma rays which have been
placed (tentatively or with confidence) in the electron capture
decay scheme of Hg195’195m grouped according to thelr decay
characteristics as discussed in section (ii). The energies
(column 1) quoted to 0.1 keV are believed‘accurate to + 0.3 keV

and those listed to 1 keV are accurate to + 1 keV, The subsequent
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TABLE 3,2 RELATIVE PHOTONW INTENSITIES

Ey RUN 1}RUN 2{RUN 3 |RUN 4|RUN 5|RUN 6 |RUN 7 |RUN 8[RUN 9 |RUN 10|MEAN
<5 hr .
21.& . 84,7 ’ 8549
128.4 :
139.3
180.41 30,51 25,11 30,9 29,1 29.4] 28.4 28,942.6
200.5 _ o.éza/ 0.6+0,1
207.2| 33.0| 28.0| 31.5 26,8 29,4 129.7+2.2
2&1.6 1cO 103 . ’ 102 101 1.2i0¢1
261.7 25(a) 2543, 5
- 585,21 29,6 28,01 33.3 27,91 30.9 \ 29.9+2,0
599.81 26,3} 21.8] 26.2 27.3} 25,5 26,51 26,6 [ 25,740,9
780.21100 {100 J100 ftoo {100 l100 100 1100 {100 {100 100
821,21 3.1 3,0 3.0 3.4 3.5 3.240,2
841,21 7.2 7.2] 7.8 8.1} 8.2 7,710 4
911 0.6 0.7 o 7+0.1
931.6 4.2 596 615 6-? 603 6&7 O O'Y‘O 9
— 988 0.2 0.2%0.1
1008 0.3 10.3%0.1
1022 2.8 2.9 299__—:‘" 03
1059 0.3 0.2 {0.370.1
1083 1.1 1.3 1.1 §1,240,1
1110,8} 17.8] 16.9] 21,2 21.0] 16,9} 17.7 20,4 |18,8+41.,9
1172.91 20.3| 17.6] 22,1} 21,2} 17.1} 16.8 19.242,1
1250 ) 3 0.2 0.240.1
40 nhr _ _ '
172.5 0.7 0.740.4
. 200.5 13, 3@ 13.331.7
- 261,7 485(a) 485+E8
279 '
318 _ R 0,2 0.2+0.1
C 368,41 L,o .2 4,91 5,5 4,9%0,7
387.90) 30,6 3kL,.2 29.2] 30.5 31,14,9
Ls2,21 2.5 2.6 2.7 2.2 2,5+0,2
L66,8 3.3 3,8 2.91 4,9 3.740,7
526.1 6,1 6.5 7.3 6.8 6.710.4
560.41100 1100 100 100 100 {100 {100 1100 100 100 100
575 4,9 4,940.5
627 0.5 0.5+0,2
665 0.6 0.7 o°7ioa3
693 0.7 0.740,.3
698 : 1,1 0.9 [1.0%0.5
681,1 3.4 2,7 2.5 2 9+0,3
727 : ‘ 0,56 0.3 0.,740,1




TABLE 3.2 (CONTINUED)

E y RUN 1 BU.N 2 |RUN 3 |RUN L |RUN 5|RUN 6|PUN 7 |RUN 8 RUN

9 |RUN 10
752 0.3 0.310.1
7504 0.7 0.9] 0.9
853 3.4 4,1 .
898 0.8] 0.8 {0.8+0.1
961,91 2.41 3.1 3,0 3.0 3,01 3.1

1028 1.6} 1.6

1240,1 7.1 7.4 8.4 1 8,1 6.5

(a) As obtained from least squares analysis, Appendix II

(b) Doublet . '
4 mm Nuclear Diodes detector Runs 1, 5, 6,7

0.25 cc ORTEC detector Run 8

25 cc Princeton Gamma Tech detector Runs 2, 3, 4

35 cc ORTEC detector Runs 9, 10




TABLE 3.3 COMPARISON WITH PREVIOUS WORK

Ey (keV) I, PRESENT WORK I, FRANK

«5 hr
1. 8549 86

180.4 28,942,656 33
200.5 0.540,1 0.7
241 .6 1.240.1

1261 .7 25+3,5 28.5
585.2 29.9+42.0 37.7
599,8 25.740.9 28.6
780.2 100 100 -
821.2 3.240,2 4,8
841,2 77404 11.5
911 0.,7+0.1
931.6 6.0+0.9 6.5
988 0.2+0.1

1008 0.340.1

1022.4 2,940, 3. 3.0

1049 0.3%0.1

1083 1,240,1

1110.8 18,8+1.9 18,2

1172.9 19.242.1 16,9

1250 0.240.1

Lo hr

©17245 0.7+0.4 A <6,0
200.5 13.351.7 9.8
261.7 485+68 392
368.4 h.9+0.7 7.6
387.9 31.1+,9 27
Ls2,2 2.5+0,2 4,9
466,8 3,7%0.7 8.9
526.1 6.7+0.4. L,
560,4 100 100
575 4,940,5 9.0
627 0.5+0,.2
665 0.740.3
693 0.7140.3
698 1,0+0.5
681.1 2.940.3 2.7
727 0.740.1.
752 0031'{).1'
754 0.9+0,1 1.7
853 3.8340,4 5,0
898 0.8+0.1

961.9 2.940,2 1.8

1028 1,6+0.2

1240 7.510.7 7.0
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columns show the relative photopeak intensities as obtained in
10 independent runs and normalized to the 780 keV photopeak
or the 560 keV photopeak depending on their decay properties.
The last columnh gives the mean of the various runs, along with
the estimated error. Where more than three runs are avallable
" for comparison the errors are BMS deviations. Otherwlise an
error of + 10% was assigned if the photopeak was well defined
statistically (e.g. the 61.4 keV peak) and + 50% 1t if was
not,

Table 3.2 summarizes the relative photon intensity
datea snd compares it with the results of Frank4 whose work
constitutes the only previous extensive measurements of

photon 1ntensitiés in this decay.

(1v) Gamma-Gamma Coincidence Studies

Coincidence work ﬁés undertaken for two reasons:

(a) To verify the general level structure of Fig; 3.1
before undertaking spin-parity assignments and model comparison.
(p) To aid in the placing of .newly discovered gamma Tays.

The solid state gamma-gamma coincidence spectrometer
described in the first chapter was used for this purpose.
Vacuum sublimed sources were prepared in the usual way and the-
counting geometry was essentially that of Fig., 1.5. The energy
windows selected for coincidence study are shown superimposed
on the 35 cc Ge(Li) gamma spectrum of Fig. 3.6, As can be

seen, wherever possible a coincidence spectrum gated by the




“Portion of

&7

showing

>




+—— TINNVHD

X-RAYS

262

SMOANIM A9Y3IN3 G61-bH




69

compton continuum directly above each chosen photopesk was
also run, so as to be able to distinguish between true
coincidence lines and those due to the underlying compton
background., No attempt was made at quantitative comparison of
two such spectra because the various experiments were run
sequentially and the complicated nature of the decay (discussed
earlier in this chapter) precluded any such comparisons.
Nevertheless the sought for information was obtained by scanning
the spectra obtained. v

In Figures 3.7(a)-3.7(1) are presented the various
coincidence spectra, In order to indicate how they were
analyzed, we shall discuss the interpretation of Fig. 3.7(a)
and afterwards merely present the conclusions drawn from
succeeding spectra without going into details, 1In this figure
we see displayed the spectrum of gamma rays in coincidence with
the 180 keV photopeak. This flgure should be compared with
Fig. 3.7(c) which corresponds to a window set on the compton
continuum above 207 keV, Since there is no reason to expect
the existence of another 180 keV éamma ray in coincidence with
the one depopulating the 242 keV level we can attribute its
presence in Fig. 3.7(a) to compton events within the pre-set
window. TIndeed both the 180 keV and 207 keV lines dominate
the compton coincidence spectrum of Fig, 3.7(c) (and all
subsequent compton coincidence spectra), The intensity of the

180 keV line may therefore be taken as a rough means of
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Figure 3,7

{d) With 262 keV photopesak
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Figure 3.7

{nh) With compton continuum above 388 keV peak




180

207

262

=TT

(h) WITH COMPTON ABOVE 388 kaV

0
b
©\
O
“0O
VSN
w0
O
A |
Q o~ o
-3 O 0
< =
—
O~ O
w\ [T
LJ )




Figure 3.7
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normalization of the two spectra. It may at first appear‘
surprising that several lines appear in Fig. 3.7(c) which are
absent in Fig. 3.7(a). This can be attributed simply to the
fact that a considerably longer counting time was required in
the case of the compton coincidence spectrum to obtain adequate
statisties, so ﬁhét very weak lines due purely to compton
coincidences are able to make their presehce known. The 134
and 780 keV lines in Fig. 3.7(a) are due to random coincidence
events. (The absence of the 134 keV line in Fig. 3.7(c) is due
to a higher threshold setting on one of the single channel
analyzers.) There is no diffioulty in identifying the lines at
180, 207, 262, 279, 368, 388, 4h0, 452, 467, 560, and 585
keV 1n-Fig.‘3.7(a) as compton coincidences. The 262 keV line
it may be argued is enhanced relative to the 180 keV line but
this‘is probably due to its anomalous decay rate. (See Fig.
3,5) We can conclude then that the 600, 841, 931 and 1008
keV lines are in'coincidence with the 180 keV gamma ray. It
was interesting to note that the 841 keV line in the coincidence
spectrum did not bear the same intensity ratio to the 600 keV
1ine as had been observed in previous singles spectra, but was
reduced by approximately a factor of two. This was taken as
evidence that this gamma ray is actually a doublet, consisting
of the ground state transition from the 842 keV level, and a
gamma ray feeding the 242 keV level., The relative intensities
of these two components as calculated from the,coinoidence

data, and normalized to a 780 keV line intensity of 100% were

as follows:
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Populating the ground state Lh,6%

Populating the 242 keV state 3.1%

The conclusions of the preceding paragraph and of
similar analyses of the other coincidence spectra are summarized
in Table 3.§. Here the established coincidences are reported,
along with their assigned positions in the Au195 level schene,
Tt will be noted that the 279 keV gamme ray bears a very marked
and gquite consistent coincidence relationship to many'
transitions in Aul95 indicating that, beneath the strong Hg197m
impurity line of the same energy, there lies another gamma ray
belonging to the Au195 level scheme, It has been placed, as
the table indicates, between the levels at 1559 and 1280 keV,

One additional coincideﬁce experiment was performed this |
time using the 35 cc Ge(Li) detector and the 0.25 cc Be-
window Ge(Li) detector. -The 1after was used to select the
61 keV photopeak and the gamma ray spectrum in coincidence
with this line is shovn in Fig. 3.8. This spectrum was pf use
primarily in verifying the position of the intense 1111 keV
ganma ray which could de-excite éither the 1173 keV state or
the 1111 keV state. The relative‘intensity of the 1111 keV
photopesk in this coincidence spectrum, normalized to 1780 =
100, was found to be I1111 = 16, As this is in agreement
with the relative 1ntens1ty observed in the singles spectra
(Table 3.2) it was concluded that the 1111 keV gamma ray

de-excites the 1173 keV state only. An upper intensity limit




TABLE 3,4 Y- COINCIDENCE RESULTS

SELECTED ASSUMED COINCID=ENT
PHOTOFEAK| POSITION RADIATIONS ASSIGNMENT
180 keV 242 - 61 600 keV 8L42 - 242
841 keV 1083 - 242
931 keV 1173 - 242
1008 keV 1250 - 242
207 keV 525 - 318 368 keV 894 - 525
L52 keV 1346 - 894
585 keV 1111 ~ 525
667 keV 1559 - 894
725 keV ?
755 keV 1280 - 525
262 keV 262 - 0 262 keV? 525 - 2627
452 keV 1346 - 894
585 keV? 1111 - 525
821 keV 1083 -~ 262
853 keV ?
911 keV 1173 - 262
279 keV 1559 - 1280 368 keV 894 - 525
386 keV 1280 - 894
575 keV 894 - 318
7585 LoV 1280 - 525
962 keV 1280 - 318
388 keV 706 - 318 172 keV 879 - 706
386 keVJ (1280 - 894 262 keV 262 - 0 ?
279 keV 1559 - 1280
368 keV 89L - 525
Lé67 keV 1346 - 894
526 keV 1405 - 879
575 keV . 894 ~ 318
682 keV 1559 - 879
700 keV 1405 - 706
853 keV 1559 - 706
900 keV 1605 - 706
560 keV 879 - 318 386 keV ?
LE7 keV 1346 -~ 879
526 keV 1405 -~ 879
681 keV 1559 - 879
725 keV 1605 - 879
853 ‘keV ?

81
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&3
of ~2 (on the same intensity scale) can be placed on aﬁy»
possible ground state transition from the 1111 keV state.

The level structure indicated by these investigations is
presented in Fig.»4;9 in the next chapter, Transitions drawn
on the left hand side follow the decay of Hg195m and those
drawn on the right follow the decay of the Hgl95 ground state.
The previously accepted decay scheme is confirmed and three
additional levels are suggested--at 653 keV, 1250 keV and
1605 keV, The first of these (653 keV) is somewhat doubtful.
Although it accounts for four unplaced gamma fays, the only
known de—eiciting gamma ray (128 keV) has an intensity which
decays at the same rate as the Hg195 ground state, while the
three incoming transitions depopulate levels in equilibrium
with Hgl95m. This anomaly may be due to as yvet undetected
feeds from the,Hg195 ground state, Excluding this level and
its associlated gammas, a total of 15 new transitions have been
placed in Aul%5, The gamma rays still remaining unaccounted
for are the following: 338, 400, 419, 4ho.4, 519, 543, 550,
666, 791, 847, 870, 137.6 keV, It will be noted in Fig. k.9
that, in addition to the 262 keV level, the levels at 61>keV,
318 keV, 525 keV and, perhaps, 653 keV are populated indirectly
from both Hgl95 and Hg195m. However, as was indicated earlier
in this chapter, the contributions from each parent state
interfere significantly only in the case of the 262 keV level,

It 1s only for this state that the effect need be taken




84
account of in the treatment of population balances; The
discussion of population balances and electron capture branching
ratios, very important in confirming the decay scheme, will be
reserved to the next chapter where the measurements on conversion

coefficients are presented,
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CHAPTER IV
SPIN AND PARITY ASSIGNMENTS IN Aul95

INTRODUCTION

We begin, in section (i), With a brief discussion of
internal conversion coefficients and thelr use in gamnma ray.r
multipolarity measurements followed by an outline of the
fofmalism of gamme-gamma directional correlations, Section (11)
presents the experimental results of the conversion coefficient
and directional correlation data, and section (iii) interprets
the level scheme in the light of these results., TFinally, in
section (iv) the relative photon intensities and measured
conversion coefficients are used to calculate population
balances for the excited states of Aul?5 and elsctron capture

branching ratiocs and ldg ft values are estimated,

(1) Theoretical Congiderations

In Chapter II we defined the i-shell internal converslon
coefficient as the ratic
@y = Ng
Ny
of the number of i-shell electrons converted in a given isomeric
transition to the number of photons emitted. Physically, one
expects orbital electron emission to compete wlith gamma

emission as a means of radiating nuclear energy for the
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fbllowing reason: If the nuclear transition occurs between
nuclear multipqles of order higher than 0, the orbiting elsctrons
experience accelerations due to the sudden changes in these
multipoles, and in particular, one of them may acqulre sufficient
- energy to leave the atom™, This semiclassical argument can be
put on a quantum mechanical footing by defining an 1nit1ai  |
state consisting of the excited nucleus’and atomic electrons,
the latter being in their ground state configuration, and a
final state consisting of the de-excited nucleus, the atomic
electrons with an i-shell vacahcy, and an electrqn travelling
away from the nucleus possessing the nuclear transition energy
less the i-shell binding energy. These two states are connected
by a Hamiltonlan Hyyp which is the energy of 1nteract16n between
the nucleus and orbital electrons. It turns out that to first
order in HINT insofar as the peneﬁration,of the nucleus by thé
electronic wave function can be neglected, the internal
conversion electron emission rate is governed by the same
reduced transition probability as that for'gamma emission.

Since it is8 the reduced matrix eléments that possess all the
nuclear structure information and since the ay are defined ési

ratios of electron to gamma emission rates, the internal

*+If the nucleus de-excites by a monopole transition (i.e. a change
in average radius of the nuclear charge distribution) internsal
conversion can still occur and is in fact the only means of
emission possible in 007 nuclear transitions, This is bscause
photons must carry away at least one unit of angular momentum,
Electrons in an S-shell on the other hand have wave functions
which penetrate the Tinite nuclear radius and 80 can be in-
fluenced by a monopole de-excitation of the nucleus,
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conversion coefficients will convey information only about

gross features of the transition--i.e. energy and multipolarity,

A number of detailed calculations of internal conversion

coefficlents as a function of energy, multipolarity and nuclear
charge which treat the electron relati§1stica11y and include
important corrections for finite nuclear size have been
performed end the results tabulated}:2:3, It is through
coﬁparison of these theoretical values with the measured.ai's
that multipolaﬁities nay be asslgned.

Turning now to the problem of directional correlétions
in nuclear.gamma radiation, consider the gamma—ray cascade of
Fig. 4.1, The nucleus in initial excited state with spin Jji
decays through an intermediate state of spin ]} to a final state
of spin Jp, The electric or magnetlic character of the two
gamma~rays and thelir multipole order L (angular momentum of

emitted photon) are determined by the spins and parities of

the levels involved in the two successive transitions through

the selection rules
133 = g1 < L < 3y *dp
Ty = Tl’y 7Tf'
which reflect the conservation of angular momentum and parity
in the electromagnetic interaction. Here jj3 (734) is the spin
(parity) of the initial state (i.e. J; or j) and Jjs (7p) is the

spin (parity) of the final state (l.e. J or jp). T7yis the
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parity of the emitted photon. The expansion of the interaction
in terms of multipole fields (electromagnetic fields of definite
spin and parity) is such that at most only the lowest two
allowed‘multipole orders contribute significantly to the
radiation. The posgsibility of such admixtures is allowed for
in Fig. 4.1,

At elevated temperatures (eg. room temperature) the
nuclel in a given sample populate equally the degenerate
(233 + 1l)magnetic substates of the initial level, (In classical
language the nuclel are randomiy oriented), Hence the first
radiation (¥41) is isotropic relative to the fixed axis of
gquantization., In a conventional direcﬁional correlation
experiment the first radiation i3 cobserved only in a fizxed
direction defined by the unit vector ki relative to this axis.
The population of the magnetic substates of the intermediate
level by nuclei for which ¥4 has been observed is no longer
random. Indeed the density matrix which describes the inter-
mediate state J is & function of ki. If the intermediate
state is of sufficlently short lifetime so that extranuclear
fields do not alter this populétion‘balance before emission of
the second gamma ray (72), then the probability of emission of
Y2 in the direction ks will be funetionally related to the
direction of observation ki of ¥y, Specifically, if cosf =
k4 * k5 1t can be shown that

W) = 2 210" 4, (2)" by (cosg) (1)
k even
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W(p) is the probability per unit solid angle for observation
bf 72 having previously observed Yy, and the Pyx's are Legendre

polynomials, The Ak(V)' are of the fornm

a{V) = Fy (L, Ly 3,0 3) 428, Fy (L, Ly + 1, 4. )
+ 8,2 Fp (L, +1, L, +1, 3, 3)
v =1, 2
Thé summation over k runs from zero to the least of 2j,
2(I3 +1), 2(Lp + 1), The Fy are geometrical factors expressible
in terms of the 33 and 6) symbols and are defined and tabulated
by Ferentz and Roseﬁzweig@.
The "mixing ratio” 8 2 15 the ratio of the intensity of
the L, + 1 radiation to the L, radiation in the v'th transition
of the cascade., More specifically, if we consider the transitionm

‘ A My
3g my o 0 L R

induced by some scalar inteéraction Hamiltonian H, the transition

matrix element 1is

(3™ Ly Mymy | H| Jp my)
where |jm Ly My 71) = |3m > |Ly My 71) is the final state of
the unperturbed Hamlltonian of the nucleus and the electro- |
magnetic field and [Jqg m1) = ljlfﬂ1} 0> 1is the initial state.
Thinking of |1 M1 7412 as the My 'th component of an irreducible
tengor of rank L1 Wwe can apply the Wigner-Eckart theorem to
factor out & reduced (geometry independent) matrix element

from the transition matrix element--viz,

{ym Iy Mgmqg Bl Jym1)> =Jm Iy Mg 1 §gmegdKJllLy mell §pd
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A simllar expression holds for the Ij + 1 radiation, and &
is defined as the ratio of the two reduced matrix elements.,
§= <INI1 + 1, T dp
LINLye o It J1>
The ratio of the inﬁensity of the Lj + 1 radiation to that of

the Iy radiation is then 812, i.e. the required ratio is the
ratio of the squares of the transition matrixz elements summed -
over final and averaged over initial magnetic substsates,

(233 +1)-1 m?;'l |[<Im Ly +1 M 7y 1R Jymy> | 2

=1L +17my il 2 =52
[CanLy 7yl 30>l 2

where we have used the orthogonslity properties of the Clelsché

Gordan coefficients and the fact that M} =m - mi,' Similar
equations of course hold for ihe second transition 72,

| In the present investigations the meximum value of ¥k was
4. The normalized theoretical coefficients Az and Ay in the
expression ’

W(@)rtn = 1 + ApPp (cos 6) + APy (cos @) (2}
were determined by fitting a similar‘expression to the datsa
collected at three angles and correcting the coefficients so
obtalined for finite solid angle, The method of extracting
these coefficients from the experimental data as well as the
finite detector sélid angle cofrection Is discussed in Appendix

II. The Ax of equation (2) are related to the Ak(V)} of
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equation (1) by

AK = ck(l)' ><Ak(2)'>
o1 /\a(2)°

and if we mske use of the relations

Fo (L, L, j‘l: Jy=1

’

Fy (L, L¥, 37, J) = 0 we obtain

By = Ak(l) 8 (2) = <Ak(1)‘/‘ ) <Ak(2)/ )
1+ 82 1 + 852

Arns and Weidenbeckd have presented grapns of the gquantities
Ak(y) as a function of the miiing ratio 8 2 (or rather as a

function of Q@ =8 2 ) which facilitate the determination

1+822
of the mixing ratio of one transition when that of the other

is known., Use has been made of these graphs in the analysis

to follow.

(11) Experimental Results

K and L~shell internal conversion coefficients were
measured with the solid state conversion coefficlient
épectrometer discussed in Chapter II. Sublimed Hg195’195m
sources were prepared.and covered with VINS film.to prevent
evaporation in the manner described in Chapter III, The
observed electron spectrum is shown in Fige 4.2, In this
particular run, data was accumﬁlated for a period of &4 hours,

starting 12 hours after irradistion with 25 MeV protons., As
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can be seen the electron spectrum is gquite complicated. 1In
many cases interference between electron groups prevented
calculation of conversion coefficlents of interest. In all,
five runs were taken,.spaced over a perlod of several months,
and the measured ayg and aj values are presented in Table boi,
Some of the numbers in Table 4.1 require special mention, In
the case of the 318, 575, 698, 727, 898'and 1022 keV transitions,
K-conversion coefficients were calculated using relative gamma
intensities from the 35 cc Ge(Ll) detector after normalization
to the intensity of the 560 keV line as observed in the
conversion coefficient spectrometer. The low intensity or
unresolved nature of these lines did not permit direct
observation in the sgpectrometer. Thus for these sgix
transitions an additional efficiency calibration curve had to
be used, that of the 35 cc detector, so the measured ayg values
are somewhat less reliable than the others, Also it may be
noted from Fig. 4.2 that the K841 electron line is completely
masked by the L780 line. However 1if the resﬁlt of Brunner et
al,% that the K841 and K821 lines are of equal inteﬁsity is
acdepted, an estimate of ag (841 keV) and ap (780 keV) is
possible, The numbers in Table 4.1 for these two quantities
were obtained with this assumption, Evidence was presented

in Chapter III that the 841 keV line is in fact a doublet
comprised of the ground state de-excitation of the 841 keV

1evel and a de-excitation of the 1083 keV level (Fige 3.1).

i




TABLE 4,1 INTERNAL CONVERSION COEFFICIENTS

E, (keV) RUN | ag ay, K/L
180 3 | 0.90
¥ | 0.98
5 | 0.99 0.16 6.2
207 y 0.10
5 0,10
262 1 0.288 0.056 5.1
2 | 0.278 0,051 5.4
3 | 0.275 0.049 5.6
4 | 0.291 0.050 5.8
5 0.299 0.056 5.9
318 y | 6,5t2)
368 L | 0.1 0.021 5.5
388(D) 1 | o.084
2 ] 0.082
3 | 0,082
4 10,083
452 4 0,024
Y ly 0,013
526 2 |0.062
4 0.064
560 1 0.051 0.0082 6.2
2 |0.049 0.0081 6.0
3 0,045 00,0070 6.5
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TABLE 4.1 (CONTINUED)

Ey (keV) RUN | ag ag, K/L
4 | 0,050 0.0082 6.2
575 4 | o.ou(2) |
585 1 | o.011
2 | o.012 0.0028 4,3
4 | o0.011 0.0028 3.9
600 1 | o.047
2 | o0.039 0,0082 b.9
4 | o,042 0.0097 Lol
681 L 0.0052
698 4 | 0.092(2)
727 4 | o0.065(a)
780 1 | 0.020
2 |o.020.
4 | 0,021 0.0038(¢)
821 2 |0,022
4 {o,021 0.0038 5.5
. 8h1 2 |o.011(p) '
4 | 0.,009(b) 0.0019(b) 5.3
898 4 |o.036(a)
932 2 |0.0076
4 | o0.0082
962 4L {0.015
1022 4 | o0.0077(2)

97
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TABLE 4,1 (CONTINUED)

E7,(keV) RUN | ag ar, XK/L
1111 2 0.0094
L 0.0090
1173 2 0,0069
L 0.0073
1240 L 0.0013

(a) Gamma intensities from 35 cc Ge(Li) detector
(b) Unresolved doubletb

(c) Assuming K821 and K841 are of equal intensity
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Hence thé measured ax and ay cannot be taken as definite
evidence of an M1, E2 character for either radiation. Other
de-excitations however restrict the spin of the 841 keV level
to (1/2%, 3/2%) and of the 1083 keV level to 3/2%, Hence both
84! keV radiations must be ML or Ml, E2, a requirement which
18 of course consistent with the obServedAaK and Qe
The low eneigy region of the electron spectrum (Fig. 4.2)
18 seen to be rather complicated by the Hg1975m impurity,
Fig. 4.3 shows the low energy region of the electron gpectrum
taken from a target irradlated at 40 MeV. While considerably
feduced in intensity, Hg197m conversion lines are still
pfesento This spectrum was of usé in obtaining Gy {160 kevy,
ar, (180 keV) and ay (207 keV) (run 5 in Table 4.1).
The error assignments were somewhat arbiltrary. The
agreement of the B1206, B1207 peasurements with previous
| values (see Chapter II) using this arrangement indicated a
probable error of + 10% in ax end ap. This indeed is the
uncertainty reported by Haverfield et al, (ref. l'Chapter II)
in their work with a similar system. When electron and/or
gamma lines were incompletely resolved so that background
subtraction was uncertain, or when full energy lines were
poorly defined statistically, this error was increased to
+ 20% (or to t 50% in the case of aj (452 keV) where both

these effects contribute).

The means of the various runs along with their assumed
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errors and the assigned multipolarities sre summarized in
Table 4.2, Comparison is also made in this table with the
results of Frank7, who used hils gamma ray intensity data and the
conversion electron data of Brunner et al.6 and Joly et a1.8 td
calculate internal conversion coefficients fof a large number
of transitions in Aul95, The agreement between the present %ork
end that of Frank is poor,

| In Figures 4.4 and 4,5 are presented graphically'thé
Qg and 91, measurements. The theoretical values (solid lines)
plotted on these graphs were obtained from the tabulated values
of Hager and Seltzer3,

The multipolarity assignments in column 5 of Table 4.2
are interpreted as follows: The assignment "M1 (E2)" indicates
that the experimental point falls, within quoted error, on the
theoretical curve for pure M1 transitions. Because of the rather
large error, the poesibility of E2 admixtures can of course never
be ruled out. The assignment "M1, E2" (i.e. without parentheses)
indicates a probable E2 admixture. Whenever the ax and/or arg, |
measurements did not‘rule out the pbssibllity of E3 (or M2, E3)
transitions this is indicated by appending "E37", The E2
sssignment for the 207 keV transition is based on the measurement
of Jung et al,9, The present measurement of ai 1is consistent
with their 1nterpretafion. |

Before turning to the angular correlation results we

can make use of some of the above conversion coefficients to
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TABIE 4,2 MULTIPOLARITY ASSIGNMENTS

Ey (keV) ay PHESENT WORK o FRANE (| ASSTGNHEN:
8 | 0,96 + 0.1 0.16 + 0,03 |0.85 |o0.19 |M, E2

207 0,10 # 0.02 | E27

585 0.011 # 0,001 |0.0028 + 0,0003 | 0,0047 | 0.0012|E1, M2

600 0.043 + 0,004 |0.0089 + 0,002 |0.018 |0.003 |M1(E2)

780 0,020 + 0,002 |0,0038 + 0,0008 | 0,0096 | 0,0022| M1 (E2)

821 0,021 % 0,002 |0,0038 + 0,000% | 0,009 M1 (E2)

su1(a) | 0,010  + 0.002 |0.0019 + 0,0002 | 0,004 M1, E2

932 0.0079 % 0,0008 0,014 M, E2
1022 0.0077 + 0.0016 0.000 M1, E2
1111 0.0092 % 0,001 0.005 | 0.001 |ML(E2)
1172 0.0071 + 0,001 0.0047 ML(E2) E3f

173 30,15

262 0.29 % 0.03 |0.052 # 0,0005|0.35 |0.058 M1, E2

318 6.5 1 o

368 0.11 # 0,01 |0,021 + 0,004 |o.,042 |0,01 |M, E2

388(a) 0,024

152 0.02% + 0,01 | 0,024 |0.,0048|M1?

167 0,013 + 0,02 | 0,023 M1 (E2)

526 0,063 + 0.006 0.04 | 0.007 |mi(E2)

560 0.049 + 0.005 |0.0079 + 0,0008 M1 (E2)

575 0.04 + 0,01 0.008 M1 (E2) E3

681 0.0052 + 0,0C05 | 0,015 M1 (E2)




TABLE 4,2 (CONTINUED)

el A
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ASSIGNMEN'

Ey (keV) PRESENT WORK 'FRANK
a a a a
K L K
698 0,092 + 0.02 M2?
29 0,065 + 0,012 M27?
898 0.036 + 0.008 M2?
962 0,015 + 0.002 0.0067 M1 (E2)
1240 0.0013 + 0.,0002 | 0.0034 M1 (E2)

(a) Unresolved doublet

(b) Jung and Svedberg, Ref., 9
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estimate nmixing ratios 82 for some transitions of interest,
Recall that 8% is the ratio of the intsnsity of the 2L+1-pole
radiation to that of the 2l.pole radiation in a mixed transition.
Ir GE1 is the experimental i-shell conversion cocefficlent, it 1is
related to the theoretical 1-shell conversion coefficlents
ar,t (L) and gl (L + 1) by

agl = 1 ot (1) + 82 Yt (1)

1+82 1+82 '
Knowledge of the 3 a's in this equation permits the calculation
of 82. In Table 4.3 the mixing ratios of some transitions are

preseritede The errors reflect the original error estimate in -

GE1°
TABLE 4,3 MIXING RATIOS
ENERGY (keV) ' 82 | Q = 82/(1+82)
. 40,20 '

180 0.24 ¥8-2p 0.19 X8-1%
262 0.65 53 0.39 ¥ 0.1
585 0,065 + 0,03 0,061 + 0,03
600 <0.11 < 0,09 |
931 1,5 0.6 *8:14

The directional correlation measurements employed
the instrumentation described in Chapter I section (v}, A
strong liguid source of Hgl959;95m was prepared as follows:
After vacuum sublimation of the mercury activity onto a 0.001"

sluminum backing, the exposed, or actlive area of the backing




107
was cut away and dissolved in aqua regia. A few drops of this
sdlution was transferred to a perspex tube (outer diameter 5 mm,
inner diametef 3 mm)., This source was then located centrally
in the angular correlation apparatus of Fig. 1.10.

Only one directional correlation experiment was
performed. It involved three cascades--the 585 keV-207 keV,
600 keV-180 keV, and 932 keV-180 keV, The Nal energy window
(SCA 2 of Fig. 1.11) was set on the spectral region 1ndlud1ng
the 207 and 180 keV photopeaks. The 585, 600, and 932 keV gamma
rays were observed in the 35 cec Ge(Li) detector in coincidence
with each of the three Nal detectors in the manner described in
Chapter I,

In his choice of possible cascades to study by this
technique the author was limited by the following considerations:

(1) Resolution of the Nal detectors. The relatively poor
resolution of Nal crystals proved a hindrance when setting

accurate energy windows. It was impossible, for example, to gate

selectively on the 180 keV and 207 keV peaks since they were not

resolved,

(2) Photopeak intensities. WMany of the cascades in the
decay of Hg195’195m which might give useful information about
level spins involve gamma rays which are too weak to be studied
in this way.

| (3) Prior knowledge of spins and mixing ratios. A gamma-

gamma directional correlation experiment can only give absolute
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information about level spins 1f the spin of at least one level
is known beforehand. Morebver, if the:known spin is high, the
number of spin combinations for the other two levels which are
consistent with the experimental values of the correlation
coefficients is often large. If in addition the mixing ratios
.of the gamma rays involved are not accurately known, the
uncertainﬁy in spin assignment is increased because theoretical
correlation coefficients are very sensitive to these ratios.
This consideration precluded the study of cascades involving.the
intense 560 keV line, which feeds a level of J = 11/2-, ‘

(&) Spin of intermediate state. Angular correlations of
gamma rays in cascade with thé 61 keV gamma ray will not yield
information about the spin of the initial level, since the
intermediate state (61 keV) has J7 = %+. A1l such correlations
are necessarily isotroric.

The above limitations effectively restricted study to
the three cascades mentioned above. Even these cascades presented
serious experimental difficulties. The intense 780 keV line
produces compton backscatter radiation at about 190 keV, Since
the NaI window 1s set on that energy region, the Ge(Li) spectrum
in coincidence with the 180° Nal detector (NaI, No. 3 in Fig.
1.10) will show a spurious full energy peak at 780 keV-190 keV

= 590 keV, This will interfere with the 585 and 600 keV
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coincidences at that angle. This effect was eliﬁinated by
placing a 3.71 gm/cm? lead absorber in front of the Ge(Li) |
detector. The sensitivity of the detector to the 585, 600 and
932 keV radiations was not significantly affected, while
backscatter radiation from its sensitive volume which would
otherwise have reached the iBOO Nal detector was absorbed.

~ To take full advantage of the source-strength avaiiable,
the experiment was done in two parts. The first part, comprising
a counting time of 30 hours, was run with s source to Nal
detector distance of 13.0 cm and a source to Ge(Li) detector
distance of 9.2 cm. The singles counting rates at each angle
were periodically monitored throughout this counting‘period.
After BO‘hours the source had decayed sufficiently to allow the
source to Nal detector distance to be decreased to 10.5 cm, At
the same time the three Nal detectors were permuted once cyclically
--i.e. in Fig, 1,10 Nal No. 1 assumes the 180° position, No. 2
the 90° position and No, 3 the 135° position. This rearrangement
would bring out any possible systemafic error in the obser#ed
correlation pattern due to small aifferences in resolution_of
the Nal detectors. The counting time for the second run was
36 hours. The data from the two parts were compared after
normallization to the singles rates at each angle and
subtraction of random coincidenceso (The latter contribution was
estimated from the observed intensity of the 780 keV line at

each angle whosé presence can be attributed purely to accidentals,
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The contribution was less than one per cent of the true
coincidences.) The observed correlation patterns for the
585 keV-207 keV cascade for the two parts are shown in Fig. 4.6,
Having regard to the statistical errors at each angle, the
two runs can be taken as congistent. This was also the case
with the other two cascades., The data from the two parts were
therefore combined prior to the extraction of the coefficients
Aé end Ay. The solid line in Fig. 4.6 corresponds to these
extracted values. The results, uncorrected for so0lid angle, are:
585~207 cascade Ao = 40,06 + 0,016

Ay = ~0,01 + 0,017

600-180 cascade Ap = +0.,17 + 0.023

it

Ay
931-180 cascade Ao = 0,22 + 0,05

+0,002 + 0,025

‘ Ay = 0,05 + 0,06
For the source to detector distances used in this
experiment the finite solid’angle corrections are about 4%
for As and 15% for Ap. These corrections are clearly of little
significance coipared to the statistical errors in these

quantities indicated above., The Ap and £4 values are used in the

next section to confirm a number of parameters in the decéy schenme,
(11i1) Interpretstion of Results

The spin of the ground state of Hg195 and of its
metastable (40 hour ) level at 176 keV have been shown to be
1/2 and 13/2 respectively by measurement of the nuclear isomer

shift in the optical spectrumli. If one attributes the ground
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state spin as due to the single odd nucleon (neutron) occupying
tﬁe 3 pi shell then the parity is negative, The accurately
measured multivolarities of the gamma rays depopuiating the
1someriQ state? then determine the parity of that state to be
positive, The ground state spin éf Aul®5 has been measured by
the atomic beam magnetic resonance technique and found to be
3/212. The very plausible shell model protbn configuratioﬁ
with this spin is (2 d3/2)3 thus indicating.a'positive'parity.
The existence of the 31 second isomeric statefin Au195'at
318 keV excitation was first noted by Huber et al.13, This
.1eve1 de~excites by a cross-over ground state transition,
multipolarity 546 and a 56.7 keV E3 transition to a 262 keV
exclted state.6'9* This suggests a 5/2+ assignment to tﬁe
262 keV 1ével and an 11/2"assignﬁent to the 318 kéV level,
These'assignments are further confirmed by comparison with
the two neighbouring odd-A gold isotopes, Aul93 ang Au197,
Which exhibit precisely the same structure. (see reférence i,
Chapter III). . .

~ The first excited state 1n-Au195 (at 61 keV) decays to
ground by an M1, E2 transition6 and S0 méy have J7 = %+,
3/2% or 5/2%, However J7 = 1% is most probable in view of
the apparent E2 nature6 of the 200.5 keV ganmma ray which joins

the 262 keV level with the 61 keV level. Again this latter

*¥See Fig. 3.1
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assignment is consistent with the observed structure of the
two neighbouring odd-A gold 1sot6pes. Finally, the presence
of a small E2 admixtureds8 in the M1 transition between the
242 keV level and the 61 keV level probably indicates a 3/2F
character for the former.

In the spin and parity assignments to follow we shall
take as a basic framework the J” values for the ground state
and first four excited states mentioned above, namely: ground
state 3/2%, 61 keV level 1/2%, 242 keV level 3/2%, 262 kevV
level 5/2%, and 318 keV level 11/27, This, it will be noted,
is precisely the sequence observed in at97 which is the best
known of the odd-A gold isotopes, It will also be noted (see
Table 4,2) that the conversion coefficient measurements
performed in the present work confirm the Mi, E2 character of
the 180 keV and 262 keV transitions and the M4 character of the
318 keV transition and so are consistent with this framework.

Let us now restrict discussion to those levels which
are in equlilibrium with the 1/2~ Hg195 ground state, These-
levels comprise the right hand haif of the level scheme of
Fig. £.9 and ma& be expected to have rather small angular
nonente,

The 525 keV level:-

This level is depopulated by an E2 gamma ray? which

feeds the 11/2" level at 318 keV and so may have spin 7/2~

or 15/27. The fact that the level 1s populated, at least
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indirectly, from the Hg195 ground state, allows us to disregard
‘the second vossibility and take J7 = 7/2-,

The 1083 keV level:- |

This level de-excites to the 262 keV level (5/2%) via
an M1, E2 transition (821 keV) and to the 61 keV level (37)
via an M1, E2 transition (1022 keV), Therefore J” = 3/2%,

The multipolarity of the 841 keV de-excitation of this level
is therefore Ml or Ml, E2 as was mentioned in the previous
section. |

The 1111 keV level:-

The primary mode of de-excitation of this level is a
585 keV E1, M2 gamma ray to the 525 keV level (7/27),

(Table 4.2) The possible spins are therefore 5/2%, 7/2%, g/27,
However it will be shown in the next section that it is fed
fairly strongly by electron capture from the 1/2~ ground state
of Hgl95, so J" = 5/2% is indicated.

The directional correlation result for the 585 keV-207
keV cascade, while consistent with J7 = 5/2+, does not rule out
the other two possibilities, However 1t does give an interesting
confirmation of the presence of an M2 admixture in the 585 keV
gamma ray indicated in the Qg and ¢; measurements. We have
(see section (1) of this chapter)

Ap = ap(1) a,(2)
where the superscript (1) refers to the 585 keV photon and (2)

to the 207 keV photon. Taking the tabulated value of An(2) for
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a pure E2 transition between an initial state of spin 7/2 and
a final state of spin 11/2,
Ag(z) = ~-0,218
and the experimental wvalue for Ao,
A2pyp = +0.06 + 0,016
we obtain
ap(l) o + -0.28 + 0,07
The theoretical values of Az(l)are plotted as a function of
Q in Fig. L,7 for the three possible values of fhe spin of the
1111 keV level. 1In all three cases 1t is seen that the observed
Ag(l) value requires a small M2 admixture. In partiéular, if
we take the value indicated by thelg-branohiﬁg measurements,
JT = 5/2%, we obtain |
Qexp = 0.10 + 0,02 or
8%pxp = 0.11 + 0,03
compared to the result from the conversion coefficient
measurements of
825yp = 0.065 + 0,03 (table 4.3)
Again, for J¥ = 5/2% and = 0;16, the theoretical value of AL
is -0.0001, consistent with the meééured value
Alpyp = -0.01 + 0.017
The 842 keV level:-
Two relatively strong gamma rays de-excite this state,
The 600 keV transition is M1(E2) and feeds the 2L2 keV level

(3/2%), and the 780 keV transition, also M1(E2) feeds the 61 keV
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level (1/2%) (see Table 4,2), Thus J” is restricted to
1/2% or 3/2%. The directional correlation measurements on
theA600-180 keV cascade do not distinguish between the two:
possibilities; mainly because of the uncertainty in the mixing
ratio of the 180 keV transition, The possibility of the
242 keV level being 1/2+ is eliminated for the correlation is
not isotropic. This confirms previous assumptions.
| Some information linking the sign of the mixing ratio
Tor the 180 keV gamma ray with the spin of the 842 keV level
can also be derived from the correlstion work, Starting agesin
from
Ay = 82(1) 4,(2)
where now (1) refers to the 600 keV transition, and (2) to the
180 keV transition, and taking the observed value of Q(180 keV) =
Q(2) from-Table 4,3, we have> 0.0
42(2) = 1,00 -0.09 B(2)< 0

40,27
or ==-0,38 -0,20 8(2):>0

Hence using the measured value

A2pyp = 0.17 + 0,023

we have
(1) = ,
Ao EXP +0,17 + 0.03 8(2)< 0
— +0,2
or = -0,5 Zoss 8(2)> 0

These two values of Az(l)EXP are compared, in Fig. 4.8,
with the theoretical values plotted as a function of Q(l) =

Q(600 keV) for the two possible spin values of the 842 keV
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level. Since experimentally Q(1) £ 0.09 (Table 4.3) we can
conclude from this fTigure that if 8(2)ko0, J7=37F and 1ir 8(2) >0,
3T = 3%, In elther case Alqygog = O, is consistent with
experiment..

The 1173 keV level:-

Again referring to Table 4,2, the 1173 keV level
is seen to de-excite via a 932 keV Ml, E2 transition to the
2L2 keV level (3/27%), a 1111 keV M1(E2) transition to the 61 keV
level (1/27), and a 1173 keV ML(E2) transition to the ground
state (3/2%). The possible values of J7 are therefore 1/2%
and 3/2+. Once again the directional correlation measurements
(on the 932-180 keV cascade) do not decide between these two
alternatives. However, a similar analysis of the angular
correlation data and measured Q values to the one just
performed for the 842 keV. level enables the following
statements: If 8<0 J7 = 1/2%

If 8>0 J7 = 1/2% or 3/27

Since B8(2)=8(180 keV) is a common parameter to both
the analyses Tor the 342 ke¥ aniiI?B.ke‘V levels, we can
make some additional remarks on the srins and parities of
those levels, namely:
If J7(1173) = 3/2% then J7 (842) = 3/2%
If J7 (8L2) 1/2% or 3/2%
1/2%

3/2% then J7(1173)

i
i

il

If J7 (842) = 1/2% then J (1173)
Next we shall consider briefly the "high spin" states--

ie. ‘those in equilibrium with the 40 hour isomeric state of
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Hel95 with J7 = 13/2%, These states are grouped on the left
hand side of Fig. 4.9 In most cases unique spin assignments
cannot be made to these levels unless one relies rather heavily
on electron capture log ft values, estimates of which will be
presented in the next section., Arguments based on log ft
values are not particularly convincing because of the overlap
of representative values for different degrees of forbiddenness.
In this particular isctope, parity considerations assist in
this interpretation as will be seen later,

One general conclusion can be drawn from the multipolarity
assignments of Table 4.3, that with the possible exception of
the 1605 keV level all the "high spin" states have negative
parity. A spin and parity of 9/2 may be unambiguously
assigned to the 894 keV level on the basis of the multipolarities
of the 368 keV transition (M1, E2 populating a 7/2- state) and
of the 575 keV transition (M1(E2) populating an 11/2~ state).
The possible spins of the remaining levels consistent with
the measured multipolarities are indicated on the decay scheme

diagram of Fig. 4,9 of the next section.

(iv) Branching Ratios and the Final Decay Scheme

The only emitted radiations following the electron
capture process (aside from neutrinos) are the atomic X-Tays
and Auger electrons which resplt from the re-adjustment of
the orbital electrons after one of their number has been

removed., While the study of these radiations will yield
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information about the electron capture decay, such as ratios
of capture rates from the X and L shells, one must'resort to
indirect means to measure the overall branching ratio from
the parent nucleus to the various excited states of the
daughter, |

Iir Iy 1s the intensity of emitted gamms rays in a
nqolear transition, and ap the total internal conversion
coefficient, then we may define the total transition intensity
as |

I=1y(1+aq)

Total internal conversion coefficients have been
calculated or estimated for the transitions in Aul%5 with the
ald of the @g and ay measurements presented in section (ii)
of this chapter and the L-subshell ratios reported by Jung et
81.9 and by Brunner et 21,06, The values of ap and
corresponding values of I are displayed in Table 4.4 for the
transitions that follow the decay of the Hg195 ground staté.

In the last column of the table, the transition
intensities have been expressed aé transitions per parent
disintegration I/Ip. Here Ip is thé total number of dis-
integrations of the parent based on the scale Iy-(?80 kev) =
100 excluding direct electron capture decay to the ground state,

Ip = I(61 keV) + I(262 keV) + I(841 keV) + I(1083 keV)
I(2h2 keV) + I(1173 keV) + I(1250 keV)



TABLE 4,4 TRANSITION INTENSITIES (9.5 hr)

Ey(kev) | I, arp I I/Ip
614 8k, 7 12 (&)} 1018 | o0.945
180,k 28,9 ~1,2 (e) 63.8 | 0.0592
200, 5 0.6 0.37 (P) 0.8 | 0.0007
207.2 29.7 0.33 (P | 39,61 0.0360
241 ,6 1.2 0.6 (¢e) 1.9 | 0.0018
261.7 25 0.3¢ (e) | 33,3 0.0309
585.2 29.9 0.014(c) 30.3 | 0.0281
599,8 25,7 0.054(e¢) | 27,0 0,0251
780, 2 100 0.028(¢) | 102.4% | 0.0951
821,2 3.2 0.025(c) 3.3 | 0.0031
841, 2 4e602) [ ~0.01 30010032
911 0.7 (a) 0.7 | 0.0007
931.6 6.0 0.009(¢) 6.0 | 0,0056
988 0.2 (a) 0.2 | 0.0002
1022 2.9 0.01 (¢} 2.9 | 0,0027
1008 0.3 (a) 0.3 | 0.0003
1049 0.3 (a) 0.3 | 0.0003
1083 1,2 (a) 1.2 |0,0011
1110.8 18.8 0.00 ()] 19,0]0.,0176
1172.7 19.2 0.007(e)| 19,3 |0.0179
1250 0.2 (a) 0.2 10,0002

(a) After Jung et al,?

(b) After Brunner et al.®

(e¢) Present work

(d) Not measured
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(e) De-exciting 842 keV state

(f) De-exciting 1083 keV state

From the appropriate numbers in column L of the table we find

Ip = 1018 + 33.3 + 4.6 + 1.2 + 1.9 + 19.3 + 0,2 = 1079
The electron capture branching ratio to a particular level can
now be calculated as the difference between the total transitions
out of the level and the total transitions in. The branching
ratios and log Tt values are given in Table b,s,

TABLE 4,5 ELECTRON CAPTURE BBANCHING BATIOS (9.5 hr. )

| LEVEL BRANCHING RATIO| LoG ftfa) | roc rt(b)
61 keV 0,769 6.k 6¢3
212 eV 0.024 7.8 7.9
262 keV ~ 0
525 keV 0.01 8
842 keV 0,124 " 6.5 6.5
1083 keV 0.010 7.2 6.9
1111 keV 0.028 6.8 6.6
1173 keV 0.042 6.5 6.4
1250 keV 0.001 7.9

(a) Present work

(b) Frenk/

The log Tt values in Table 4,5 were calculated as
follows: First of all it was assumed that the branching ratio

to the ground state was small compared to the combined branching
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ratio to the eicited states., Frénk7 Places an upper limit
of 14% on the ground state feed, based upon his gamma ray
intensities and the data of Jung et &l1.9 The electron capture
branching ratio to the groﬁnd state of Pt195 from the decay
of Aul95 which involves the same spin and parity change as
the decay in question is aboﬁt 3315, Secondly a total
disintegration energy of Qec = 1500 keV was assumed (see'Ref.5r
Chapter III).‘ The K-capture branching ratio for each feed was
then evaluated from the theoretical expressions for ratios of .
- electron capture rates from the various subshells, If Ey
represents.the capture rate to some state of the daughter
nuclide from the X'th atomic subshell, then

Ex = B/ [1 + BL(y Bt ees)]
Eg Er,

where E = Eg + E[, + Ey + ...

For allowed transitions, Wapstra et 9.1.11L glve,

- a \2 /o
L A AN LLII)
Ex ILx ag ‘ Ly

where qy 1s the difference between the total decay energy and

the X-shell binding energy Bx
l.e. qx = QEc - By

The quantities Ly are tabulated as a function of nuclear charge,

s 13 EIJI + e ce 14

EL

- The equivalent expressions for firstvforbidden decays give
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essentially the same numerical results.
Having thus obtained Eg, sténdard nomographslu wvere
used to calculate the K-capture log ft values tabulsted above.
A similar analysis was carried out for the levels in
equilibrium with the 40 hour isomeric state of Hgl95, The
transition intensities are shown in Table 4.6 and the
corresponding electron cepture branching ratio and log ft values
1ﬁ Table 4.7, Account must be taken of the fact that the
isomeric state can decay by gamma emission as well as electron
- capture when computing partial half lives and log ft values,
The branching ratio of electron capture to isomeric decay of
L0 hour Hg195ﬁfls easily calculated. BRecall that the totsl
number of disintegrations of the Hg195 ground state per hundred
780 keV gemma rays was
Ip(Hgl95) = 1079
We can obtain similarly, from Table 4.6, the number of dis-
integrations of Hgl95Mm per hundred 560 keV gamma rays
Ip(Egl95m) = 671
These.two numbers were compared b& making use of a gamma ray
singles spectrum accumulated eight days after target irradiation--
i.e., ample time for the whole decay system to come to | v
equilibrium with the 40 hour Hgl95M jevel., It was found, from
this spectrum, that
Iy (780 keV) = 0,602

Iy (560 keV)




TABLE 4.5 TRBANSITION INTENSITIES (40 nr)

Ey (keV) | 1, ar I 1/1p
172.5 0.7 0.6 (&) 1.1 0.0016
200.5 13.3 0.37(b) 18.2 0.0271
261 .7 485 0.3u(e) | ¢50 0.969
279 (e)

318 0.2 12,5 (e) 2,7 0.,0040
3684 4,9 0.14(e) 5.6 0.0083
386 } 13.4(8) | o0,17(a) 15,7 0.0234
388 17.7(8) | 0,05(2) 18.6 0.0277
b52,2° 2.5 0.11(d) 2.8 0.,0041
466,8 3.7 0.10(e) bo1 0.0061
526.1 6.7, 0.07(¢) 7.2 0.0107
5604 100 0.056(¢) | 106 0.158

575 4,9 0.05¢¢) 5.1 0.0076
627 0.5 (e) 0.5 0.0008
665 0.7 (e) 0.7 0.0010
693 0.7 (e) 0,7 0.0010
698 1.0 0.11(f) | 4.4 0.0016
681.1 2.9 0.oufe) 3.0 0.,0045
727 0.7 0,09(f) 0.8 0.,0012
752 0.3 (e) 0.3 0,0004
754 0.9 (e) 0.9 0.0013
853 3.8 (e) 3.8 0,0056
898 0.8 0.05(f) 0.8 0,0012
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TABLE 4,6 (CONTINUED)

E, (keV) Iy ag I 1/Ip
96149 2.9 0.02(c) 3.0 0,0045
1028 1.6 (e) 1.6 0.0024
1240,1 7.5 0.01(e) 7.6 0.0113
(a) If pure E2

(b)
(c)
(d)
- (e)
(£)
(&)

After Brunner et a1.6

Present work
If pure M1
Not measured
If pure M2

After Frank?
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TABLE 4.7 ELECTRON CAPTURE BRANCHING BATIOS (40 hr)

(a) Present work

(b) Frank?

i

(¢) L-capture only

LEVEL BRANCHING RATTO Lo rgl@) LoG £t(b)
318 keV 0.788 7.3 7.2
653 keV ~ 0
706 keV 0,017 8.6 8.9
879 keV 0,137 7ol 745
894 xkeV ~0

1280 keV 0,030 7.6 7.6

1346 keV 0.014 7.9 7.5

1405 keV 0.013 7.8 7.7

1559 kev 0.022 7.0 6.6

1605 keV 0.002 (c)
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Thus the number of disintegrations of the Hg195 ground state
per hundred 580 keV gammas is
Ip (Hgl95) = 1079 x 0,602 = 642

We can conclude that 49% of the Hg195”’decays g0 by isomeric
transitions to the ground state, and 51% by electron capture
to states in Au195. This branching ratio 1s in agreement with
that of Frank’ and was used in the computation of the log ft
values of Table 4,7, .

Regarding the log ft values for electron capture from
40 nour Hgl95m it should be pointed out that a "first forbidden”
character is very strongly indicated. It may be argued that
these values do not rigoiwously exclude either allowed or
second forbidden transitions, However, as was indicated
earlier, the parities of the states fed by the Hgl95m ievel
(with the possible exception of the 1605 keV state) are
always negative. Therefore the electron capture trangitions,
beginning as they do on a state with J”7 = 13/2% always involve
a parity change, thus excluding an allowed or second forbidden
character., Third forbidden transitions have log ft values of
about 18 and are also clearly excluded., The spin selection
rules for first forbidden transitions are

Ar=o9,1, 2

so we are Justified in setting a lower 1limit of 9/2 on the
gpins of the states in aul95 populated by electron capture

from Hgi95m.



130

The final decay scheme indicated by the experiménts and
calculations outlined in this thesis is shown in Fig. 4,9,
The basic level structure proposed by previous workers is
confirmed as are the spins and parities of the levels at 61 keV,
262 keV and 318 keV reported in the literature, In addition,
three new levels are proposed (excitation energy 653 keV, 1250
keV, and 1605 keV) and some L5 new gamma rays are placed.
Unambiguous spins and parities have been assigned to the levels
at 242 keV, 525 keV, 894 keV, 1083 keV and 1111 keV, The
- parities of most of the remaining levels have been fixed and

fairly narrow ranges of possible spins have been suggested,




Figure 4,9

"Eledron capture decay of Hg1959195m°"
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CHAPTER V
DISCUSSION

Introduction

The nucleus Aul95 probably lies within the region of
spherical nucleil. However the neutron number (N=116) is
rather far from the nearest closed shell of N=126. Hence one
wéuld not expect to predict successfully characteristics of
the 1ow-lying excited states within the framework of the
simple single particle model or the extended shell model with
residual two-body forces. Rather it is likely that these
excitations have a collective nature arising from the

coordinated motion of many nucleons. A general thebry of

~excitations in odd-A spherical nuclei has been developed by

Kisslinger and Sorensen? and applied to nuclei similar to
al95, 1n 1961 de—Shalit3véroposed a very simple model to
describe a restricted number of odd-A nuclei in which all the
collective properties are attributed to the even-even core

and are not Specified in detail. The only assumption made is
that the interaction between the core and the last odd nucleon
is weak so that first order perturbation theory may be applied.
It is possible, using this model, to express a large number of
experimental quantities in terms of relatively few parameters
and thereby examine the extent to which the properties of the

odd-A nucleus are consistent with the weak coupling assumption.,
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Insofar as the model may be considered valid, a study of the

excitations of an odd-~A nucleus may give new information about
the nature of collective excitations in neighbouring even-even
muclei, since these nuclel should be very similar in structure
to the core of the odd-A nucleus, |
The isotope Aul97 has been thé most thoroughly studied
of the odd-A gold nuclei, and the weak coupling model (or
"éore excitation" model) has been applied to it with considerable
successl‘tdvé° The model of Kisslinger and Sorensen on the
other hand Tails to explain several essential features of that
nucleus (such as the egquality of B(E2) wvalues for transitions
to the ground state from three of the low-lying excited states.)
It is reasonable to assume that the core excitation modei will
~ be equally successful when applied to &ul95 whicn has, as we
have seen, great similarities in level structure to Aul97, 1In
this chapter we examine the applicablility of the model to Aul95
in the light of the present work and of previous experimental
data., It should be pointed out at the outset that, while some
conclusions can be drawn, the available data on aunt95 ralis
far short of being sufficient for an adequate test of the model.
Iﬁ section (i) the formalism of the core excitation
model is developed. In section (ii) the energies, static
moments, and decay rates for the first core excitation band
in Aul95 ére discussed, and in section (i1ii) an attempt is

made to extend the model to some states of higher excitation.
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(1) The Core Excitation Model

As indicated 1in the introduction this model assumes a
weak coupling between the last odd nucleon and the even-even
core. The zeroth-order wave functions having definite total
angular momentum are

JH) = ¥ A (Jg3) 1Jg3 JMD (1)
Jed

The states [JeJ JM> constitute an orthonormal basis in which
the Hamliltonian describing the core and particle, in the absence
of an interaction between them, is diagonal. They are formed
" by vector coupling the single particle states |jm) representing
“the last odd nucleon in a jj-coupling orbital to the collective
core states [Jg.Me? . The coefficients A(JeJ)) are introduced
toc allow for the possibility of admixture of states with the
same JM but arising from different core-particle configurations,.
If the model is to retainxa simple intuitive meaning all but
one of the terms in the summation of equation (1) should be
‘small-—i.e. one A should be close to unity and all the others
zZero or nearly S0,

The shift in energynAE(J) of the state |J> (dropping
the magnetic quantum number M for convenience) from its
unperturbed zeroth-order energy can be calculated by noting
that the interaction Hamiltonlian between the nucleon and the
‘core 1s a scalar, and hence may be expanded as a sum of scalar

products of two tensor operators of rank k, T(kK)(c¢) and
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T(k)(D), which operate separately on the core and particle

varliables, respectively. Thus,

AE(T) = IS (7k) (¢) o T(X) (p)m
k
= 5 (=)Jeti' Y acge,3) A(Jc'.J'){Jc'J"J
i Jok
Jedde'i'k

T K (e)itgey « <3 (X (P s
(2)

Although the sum over k is extended from zero to @, the conditions

~

imposed on k by the 6-j symbols limit it to only a few terms,.
F or the monopole-monopole interaction (k=0) the 6-j symbol
does not depend on J and vanishes if Jo % Je' and/or j * j'}

T2

If ils term does not vanish the whole multiplet will be shifted
©

ct

by the same energy AEp. If all the states |J) of the

multiplet are "pure" states, i.e, if only one value of A for
each state is different from zero and equal to 1, we can obtain
from (2) the result

Y (27 +1)AE(J) =0 for k ¥ 0, (3)
J

AEQ = <Ja1T(0)(c)

Jod <juT(0>(ngj>
(27o+1) (23+1 )2

N

where we have used the algebraic expression for the 6~3 symbol

gcg'J}. It was pointed out by de-Shalit in his original
0
c

paper3 thét unéer certaln circumstances
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(TMT 0 (e)Toy « (2T0+1)Z | )

so that Ep would be independent of Je¢. In such cases the
separation between the "centers of mass”" of two multiplets
constructed on different core states Je with the same single
particle state J should be equal to the separation between the
unperturbed multiplets, That is, the center of mass energy
of a multiplet is defined by |
| Ecy = & (2J+1) E(J)

%(ZJ-H.)

J

But E(J) = Eg + 2 AER +AEg
k=1

where En 1is the Zeroth-order energy of the multiplet, Thefefdre,
 from (3) we see that | |

N ECM=EO +AEp
Thus if AEp is independent of Je¢,-

Ecy (J¢') = Eculde) = Eo(Jde') - Eg(Je)

Ir, fufther, the core states in the odd-A nucleus are 1dehticalv
 with those in a neighbouring even-even ﬁucleus, the multiplets'
unperturbed energy separation ought to be identical with the
separation between corresponding states in the even-even nucleus.
This 1s thé "center of gravity theorem"” of Lawson and‘Uretzky7.
It might be interesting to examine how (4) can arise, since
the center of gravity theorem seems to be obeyed fairly closely

in the case of Aul97 when compared with Pt196, 1n Appendix III

it 1s shown that if the core state Jg is produced by particles
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in one orbit only (the other shells being presumed olbsed-and
not contributing to the state) and if T(O)(c) is expandible
as a sum of single particle operators, then (4) is satisfied.
It is also satisfied if the Jg¢ values arise from a cbllectiﬁe
motion superimposed on the same 1ntrinsic Structure provided
T(O)(c) depends on the intrinsic struéture~0nly3.

The 1nteracﬁion of the charge and current distribution
of the nucleus wifh the electromagnetic fieid{éan be expanded
in terms of multipole operators {{X) (spherical tensors) and
the emission rate corrésponding to a given multipole operator
is given by
+1)-1 826+ o, 1¢e 1 (ke 2 (5)
where 1 and f stand for initial and final states, J4q 1s fhe
angular momentum of the initial state, E is the transition
energy, and @) is a constant. To calculate {FHAXN L) the
operator.Qﬂk)is written as a sum of two tensor operators of the
same Trank k, operating separately on core and nucleon variables,

| Q) = k) (c) + k) (p)

The reduced transition amplitude is then _

QN = T AJed)A(Te " )4Ie" 31T QK (o) +0X) (P W6 35
Jedde'd!

i Jc§Jc'j' (=) HTHK A(JC,J)A(JC'.3')[<2J+1)(2J'+1)]%

[ {35 g}uo'umk)(c)lwa Byjr + (- yar-o{d 3 (}

x <J'|!Q,(k)(p)llj> 8703cr]  (6)
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where the "unprimed" and "primed" arguments denocte initial and
final states, respectively.

For the static electromagnetic moments the same
expression for the reduced matrix element may be used except
that we now set J=J’, everything else remaining the same,

Thus the static moment is given by

<5 M=J1GEEN T u=J) =(‘J X J) ¢l ol ¥ gy (7)
JOoJ

the reduced matrix element being obtained from (6),

(11) The 2% Core Excitation Multiplet

In Fig. 5.1 the low lying levels of Aul95 are compared
with those of the two neighbouring odd-~A gold isotopes Au193
and Aul97, Also shown are the first excited states of the
eﬁen—even nuclei Pt192, Ptl94. and Pt196, The choice of these
latter nuclei for coﬁparison with the. "cores™ of the gold
nuclei is rather arbitrary. One might egqually well choose
even-A isotopes of Hg (obtained by adding a proton to the
corresponding odd-A gold nucleus) or Os (which are the core
nuclei for the one particle configuration conjuzate to the
dg one holé configuration of the odd-A gold isotopes).,

Hiwever, more experimental information is available in the case
of the Pt isotopes, particularly Pt194, so it is convenient to
make comparisons with those nuclei, The single particle ground

state proton configuration for the gold nuclei is, very probably,

(1 ny)t? (2 d%ﬁ (3 s3)0
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Figure 5.1

Energy level systematics of odd=A gold isotopes
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with three more protons being required to complete a ma jor
shell of Z = 82. The isomeric states J" = %' can beAgenerated
quite plausibly on the single particle scheme by elevating a
proton from the h% orbital to complete the 4 orbital leaving
a hole with J”’=~%‘. In a similar way we might account for
the first excited.state JT™ = %%+ as the lowest energy state of

the configuration

(1 h%)lzl (2 a3)? (3 syt

However the measured magnetic moment of this state in Aul97

iS/L(%+) = 0,39 nm® which falls well below the Schmidt value

for a single‘s% proton and is extremely hard to explain on the
basis of any single particle excifation; In the core excitation
picture one assumes that the energy necessary to excite the
first 2T state of the even-even core is smaller than that required
to change the proton configuration. Then the 1+ excited state
is interpreted as the first member of.a guadruplet resulting
from the coupling of the d% hole to the excited 2% core state,
The single particle %+ state must then be sought at higher
excitation, ' The other members of the quadruplet have

J7T =37, g+ and 37, at97 (Fig. 5.1) is seen to fit very
nicely into thié scheme, even to the extent that the zeroth-
order energy of the multiplet (Ey = 365 kxeV) is very close to
the energy of the first excited state in Pt196. The anomalously

low value of #(%+) has been shown to be completely consisteht

with the model.4’5 Indeed an impressive amount of experimental
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data on Aul97 can be expressed consistently in terms of

relatively few core excitation model parameters.5

Energy Levels of Au195

Let us then concentrate on Aul95 and attempg to treat
it in a similar manner. The absence of a low lying %+ state
.in the observed level spectrum need not greatly concern us.
The 37 state in Aul%97 is not populated in the electron capture
decay of Hg197'197muand is observed only in coulomb excitation.
Indeed electron capture from either of the parent states tn °
Hgl95 to a-£+ state in Aul95 would involve a spin change of
3 and =gc be highly forbidden. If we assume the center of
gravity theorem (section (i)) to hold, as seems to be the case
for Aul97, the Z* state should be at about 487 keV in Aul95
and at about 475 keV 1n_Au193 (see Fig. 5.1).

Following de-Shalit's method® we take the wave.functions
bf the ground state and first three members of the 2t core
excitation multiplet to be

135 = Al1033> +v1-A2123%

13> =12 % &
13 = A1233 - V1-42103 %>

We have allowed for mixing between the two %+ states and have

chosen the mixing parameter A such that all states are normalized

and orthogonal.

The energy splittings for the multiplet, in the

approximation A = 1, are given by (see section (1))
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> AEk(J)
k=1

AE(J)

where AEx(J)

cenrlk) (e 2><%||T(k)(p)n%>{2 37

The sum is restricted to k<3 by the triangulation gonditions
jmplicit in the 6j-symbol and the k=0 term has been absorbed
_into AE(J). If we replace the product of the reduced matrix
elements Ey ck we obtain

3
AE(J) = ¥ ok {Z%J

If we now assume that the unperturbed energy corresponds fo-
the first excited state in ptl9k (E = 329 keV) we can use the
three known energies of the gquadruplet to calculate the cy.

The results are shown in Fig. 5.2 and are compared with the
results of similar calculations for Aul93 and Aul97. The
dipole-dipole term (k = 1) seems to dominate, as has been noted

previously.5

The Ground State and First Excited State

| The most stringent tests of the core-excitation model
involve electromagnetic transition probabilities and static
moments. Unfortunately few such quantities have been measured

to date for Aut95, Only one static moment--the dipole moment

of the ground stateB and one lifetime~-that of the 61 keV level?
have been determined experimentally. In Appendix IV the reduced .
M1 transition probability for the decay of the first excited
state (J7T = 1%) and the magnetic moment p(3%)y of the ground

state are related to the g-factors g, and gp of the 2% core state
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and of the d% proton. The results are:

B(ML1) = Ti-p (M1) = 3(1-A%)(g, - gp)? (1)
aq B3 .
'/L(%+)O = %gp + %(1’A2)(8c - Sp) ‘ (2)

The quantities on the left are known experimentally and the
single particle estimate gp = 0.083 may be assumed.’ Solving

for g we obtain

- 2
8c = gp *+ &B(M1) (3)
K{37)o- 8p

Experimentally,/i(%+)o = + 0,15 nm8

B(M1) = 1 1 0,693 = 0,017 + 0,003
Q1E3 145 T%(1+QT)

where T% = 3,9 x 109 sec and 87 and ap were calculated from

the L-subshell measurements of Jung et al, (ref., 9 chapter IV).

If E is in MeV '
‘al = 4,2 x 1012 Mev-3 gec-l

The error in B(Ml) reflects the uncertainty in anq, 82 and Ti.

For #(3%)g = + 0.15 nm, g, = + 0.36 and A2 = + 0,93

For #(3%)y = = 0.15 nm, go = +:0,058 and A2 = - 18

Clearly only the first set of values is acceptable within the

framework of the model and a measurement of the sign of;L(g+)O

would constitute a gbod test of the model’ . validity. The

results for p#(3%)g>0 are encouraging for the value of gc 1is

quite close to the measured value of the g-factor of the 329 keV

2% state in Ptl94 10,11, Moreover A2 = 0.93 is precisely that

value of the mixing paramete: which gives the best fit to the
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core excitation model of available data on the Aul97 nucleus.,
(It should be pointed out that the agreement may be partly
fortuitous. The second term in equation (3) tends to infinity
as A2 tends to unity, so 8c 1s rather sensitive to the
experimental value of K(3%)g.)

One striking conseguence of the core excitation model,
noted earlier, is that reduced E2Z2 transition probabilities
from the quadruplet states to the ground state should 2ll be
equal (except for de-excitations from the %+ state where
interference terms occur.) and should compare closely with
corresponding B(E2) values in neighbouring even-even nuclei,
This result follows very simply from equation (6) of section
(1)s The effect is seen very clearly in the Au197 nucleus and
constitutes probably the most convincing evidence in favour of
the model, The best we can do with the existing data on Aul®5
is to compare the B(E2) value for the I%+>——*I%+>O transition
with that for the de-excitation of the 329 keV state in Ptlgu.

We obtain for the former,

B(E2)[Aul95] = Tymp(B2) = _1_ 82 0,603
a2 ES Q2E5 1+8< T%(1+QT)
' = 0,27 + 0.06

while for the latter,

B(E2)[Pt19%] = 0.3512 (no error quoted)

Here @, = 1.23 x 1013 Mev-5 sec~l if E is in MeV, Again the

agreement is a good confirmation of the weak coupling hypothesis.
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The lack of information on the haif lives of the remaining
members of the first core excitation multiplet in Aul95 restricts
further comparison of model and experiment to mixing and brancﬁing
ratios--i,e, quantities independent of Tyos Consider the
mixing ratio 82 for the transition {%)l““‘|%>. It is readily
seen that

82 = B2 | (sl ZNI)I in the notation of equation
» g I FIOTTD

(5) section (i), The reduced matrix elements for the transition
are derived in Appendix IV. From equations (3) and (4) in the

appendix,

G2y =1 (ﬁ(zl!ﬂ(z)ﬁc)llfa) +ﬁ<§4§ﬂ(2)(p}!1%)>
SCIQUIND & (gc - &p)

%f‘.—ﬂ 2inl2)(
5

cH
(gc - gp)

(4)

If the reduced matrix elements in this expression can be
-estimated, we can»predictundt only 82 but the sign of & as well,
This in turn will aid in removing the ambiguities in the inter-
pretation of the angular correlation results of bhapter iv.

In obtaining this sign care must be taken that the‘definition

of 8 used in the interpretation of. the experimental data is
consistent with that used in the model., This has been

emphasized by Biedenharn and Rose,l3 Aocording to the definition
of 8 in chapter IV, for the second transition in a two gamma ray
cascade,

B = (iNL+L, T3 (5)
GUL, T 3o
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where J is the spin of the initial (intermediate) state and
Jo that of the final state. 1In equation (4) the roles of initial
and final states are therefore reversed from equation (5).

Hence we are more correctly interested in the sign of

A2 )
LS T )

The reduced matrix elements satisfylu
Al Qe (25p4)3 = (-)T1I e oK) 1y » (20541)%

Therefore (L2 = (2 a2y * = - ril2)yy
anrgitinsy =0l TEntT D ¢ 1D

using the reality of the reduced matrix elements. Thus we
conclude that 8 is positive (negative) if (f&sz)ﬂD,/ﬁﬂfﬁl)Hi)
is negative (positive), V

The matrix element <%H\Q,(2)(p)ll%) is related to the
quadrupole moment of a single proton in a d% orbital‘by the

defining equation

Q(barns) E\/}_Z;if <j=§m=%lﬂ(§) (p)1i=fa=} = %ﬁ@"ﬂ(g) (o),

The single particle estimatel for a d% proton is

Qgp(barns) = —(r2) 2j-1 = -0,21
237

if we take r = 1,25A&Bfm as the average radius of the proton in
its 2 dz shell.5 In Aul95 we are concerned with the con-

2
figuration d% which is the conjugate hole configuration to

that of a single d% proton. Since the static moment under

consideration is of even order, we must reverse the sign of
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the single particle estimatel5 thus obtaining
10(2) (p)IE> = +0.30 |
de-Sha11t5 has calculated the quadrupole moment of the 2+ core
state in Aul97 as 1.2 barns. If we take this to be the value
for the aul95 core
C2UQ2) (2 = 41,6
Finally, from the B(E2) value obtained previously for the
2+—-0+ core transition in Au195,- '
12 (e = +1.16 |
Usihg these estimates and the values of gcsr Ep and A2 already

obtained,

N

123y = 1,07 or 1,
QT

6 depending

on whetheraA<olU(2) (c)l2) is positive or negative., In éitﬁer
case 8<0 and, referring back to the angular correlation results
of chapter IV we see thatna spin of 3 is indicated for the
842 keV level and also forkthe 1173 keV level., If the spin of
these two levels is indeed % rather than % this would account
for the observed absence o} M1 branching from them to the 262
keV level (Jﬂ-= §+) which would othgrwise be expecﬁed on the
basis of the model. Using the above figures, we calculate
the mixing ratio to be

82 = 0.11 1if A<OB(2)(c)u2> > 0

0.26 1f A<OBA2) ()2 <0

both of which are consistent with the experimental value in

table 4,3.
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Two modes of electric quadrupole de-excitation have been
observed for the 262 keV state in Aul95, namely the 200.5 keV
E2 transition to the 61 keV state and an E2 admixture in the
261.7 keV ground state tranéition. The branching ratio between

these two modes is Jjust

.p(r2)(1) = ol1) 1
TEat(z) ~ °

—~~

1)

&

where superscripts (1) and (2) refer to the 261.7 and 200.5 keV
transitions respectively, Q = 82/(1+82), and I‘i)is the
gamma ray intensity of the 1'th transition. From the

experimental values of these quantities (chapters III and V)

$E9i(1 =19.5 % 5

‘while from equation (5) section (i) and equations (5) and (6)

_‘Appendix 1v,

o

(1) = (5135 | cennl@yn (1)
T(E ’“l 2) (Eu)) l<fuma)nl> 2>|

=

ol

E(l) 50{1 A(OIIQ(Z)(C)II2>+«/1-A2[_3§<§-H\Q( )(p)u%> -1__,<2m(2>(c)u2>}

" (5=

{<zusz(2)(c)nz> +E GI2) (o3} 2

Substituting the previous estimates for the reduced matrix
elements into this expression,

p(r2)(1) oh 1 acolQ(2) (2> > 0
T§E2§(2)
69 ir a<olQl2)(c)lzd <o

The agreement With experiment is thus good for the positive

value ofA<OmQ(2)(c)H2> and gquite poor for the negative value,

- o
o an
bk

s



The calculations and comparisons discussed in this

section are summarized in table 5.1,

TABLE 5.1 CORE EXCITATION MODEL CALCULATIONS

151

(111) Other Core Excitation Multiplets in Aul95

QUANTITY CALC, VALUE| HEAS, VALUE|NEAS, VALUZ|CALC, VALUE [MEAS, VALU
Aut95 aul9s ptl9k Aul97 aulo7 ]

A2 0.93 0,933
gc 0.36 0.2~0.3 0.6k

B(E2) [2%-07] 0.27 + 0.06| 0,35 0.22

2112y el X +0,20 «

62[12y1~13)) 0.11 fo.24 *0+ZD 0.05 0033 + 0,21

8 <0
- p(E2)W /p(E2)®) 2l 19.5 + 5

In conﬁrast to Au197, levels in Aul95 have been observed

with energies extending well above the first core excitation

multiplet (see Fig. 4.9).

We shall examine in this section the

extent to which the simple weak coupling picture 18 consistent

with the properties of these levels,

First a brief word about the negative rarity, high spin

states populated by the L0 hour isomer Hgl95m,

The.%‘ state at

318 keV is probably a single hole excitation as indicated in

section (ii) and so

model wave function

10

1Nl
Tz

could be represented by the core excitation

> ¢ It is not unreasonable then to

couple thislg' hole state to the first 2% core state to produce

~wave functions of the type 12 4 J) having J7 = %—'-%-v 47, &

and»gf. This may well acount for the £ level at 525 keV and
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for some of the other high spin states obgserved, Obviously more
information is required on the spins before this idea can be
persued much further. We can however predict the half life of
the 525 keV level with the assumption that its wave function
1s indeed 12 4 £>, This state de-excites via a single E2
transition (Ey = 207 keV) to the 4~ state at 318 keV. Equations
(5) and (6) of section (1) may be used to evaluate the

transition rate, We obtain '

Tier = _ 1 ap E5 810IQM2) () 12212 = 12,6 x 1P sec
2Ji+l 5
corresponding to a half life of
TL = 0,693 = 4.0 x 10710 sec for ap = 0,33
Tyer(1+0g) 1

A direct measurement of the half 1ife of this state would thus
be of interest.

The spins of thevpositive parity states at higher
excltations are known somewhat better. They are shown in Fig.
5.3, (As was indicated in section (i1) the sign of 8(180 keV)
calculated with the wave functions of the first core excitation
multiplet taken in conjunction wifh the angular correlation
data of chapter IV points to a spin of %z for both the 842
and 1173 keV levels)., Also shown in the figure are the first
two excited states of Pt19” having, it will be noticed, the
same spin and parity., It is tempting to take the 842, 1083
and 1111 keV states as belonging to a second quadruplet built

on the second 2% core state and to assume again that the missing
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'§+ member is not populated due toﬁ?-decay selection rules,

It is e?ident however that ingofar as ptl94 may be considered
equivaientAto the Aul%5 core the center of gravity theorem 1is
failing rather badiy for this multiplet. Staying within the
framework of the simple weak coupling model we might account

for this large shift in the center of gravity by allowing for '

' substantial admixtures of other core-particle configurations

~in the wave functions of these levels, Another such con-

figuration will in fact give rise to the level structure of
Fig. 5.3. The 842 keV state might be attributed to the single
particle proton configufation
(2 a5)% (3 s)t | |

The 1083 and 1111 keV states could then be a doublet formed
by courling the s1 proton with the first 2% core state, If we
allow for arbitrary mixing between both these core particle
configurations, a possible set of wave functions 1is:.

842 keV state BIO 3 3> +Vi-B2I12* 3 %)
3> +v1-c?l2x ¥ ¥
3y +v/1-D2l2% 3
% - +1-B210 % ¥

Wi

1083 keV state Cl2

1111 keV state DI|2

M ] o}~

‘1173 keV state BIl2%

- The asterisk denotes a state bullt on the second 2t core state,

Nollifetime measurements exist for these four levels
and most of the intense gamma rays depopulating them are
predominantly Mi., Hence the only good experimental data

available with which to test the validity of the above wave
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functions are M1 branching ratios., Consider then the 842 keV

level., Three M1 decay channels are available--to the ground

state and to the first two excited states at 61 keV and 242 xeV,

(M1 transitions to the 262 keV level (J7 = $%) are of course

forbidden,) Reduced M1 transition matrix elements are readily

calculated with the above wave functions., (See the derivation
-of equation (7) in Appvendix IV) The results are:

To the ground state (E7f= 8L42 keV) |

ST DI EN =J2(1-Aé)<1-327[ 1 <2001 (e)2w -,/a—gp]m

v/10
To the 61 keV state (Ey = 780 keV)
11y = VI35 [c21l1) (el 2% - /T o (2)
[‘ «/-55 gp}

To the 242 keV state (E7»= 600 keV)

i@y = 4 2IE [ @) e)zn - /Fg]  (3)
v

where (ﬂUl(l)(c)HZ*) is thé reduced M1 transition matrix element
connecting the two 2% core states., The Ml branching ratios from
the 842 keV level are thus independent of B (provided Bf1)

and the branching ratio between the ground state and the 242 keV

state is a function of A% only

T(M1) (842 keV) = (842)3 1-42 = 0,21 for A2 = 0.93
T(M1) B00 keV) 600 A

Experimentally T(M1) BL2 keV) <0.,18 (see chapter III)
T(M1) (600 keV)

The upper limit obtains only if the 842 keV transition is pure
Ml. The mixing ratio of this gamma ray could not be measured
due to interference from another gamma ray of the same energy,

In order to calculate T(M1)(780 keV)/T(}1) (600 keV)




156

we must consider the matrix element (20Q(1)(c)li2*y., It should
in fact be guite small. If the first and second 2% core
states are, respectively, one and two quadrupole phonon
excitations, then (202(1)(c)l2%) = 0 because the magnetic
dipole operator (a tensor of rank 1) cannot annihilate a
quadrupole phonon, Classically, the nucleus in its excited
state 1s performing quadrupole oscillations about a spherical
equilibrium distribution and therefore will de-excite by
emlitting quadrupole radiation. Butt et al.16 place an upper
limit of 1% on any possible M1 admixture in the decay of the
622 keV state in Pt19LL to the 329 keV state., This corresponds
to an upper limit of 0.06 on the magnitude of the reduced
matrix element, We shall therefore neglect (2”{%1)(c)u2*>

in comparison tov@§gp and /30 8p {see equations(2) and (3)

With this assumption,

T(111) (790 keV) = (780)3 1 = 0,5 for A? = 0,93
T(M1) (600 keV) 600/ T2

Experimentally T(M1)(780 keV) = 4,0 + 0,5 (see chapter IIT)
T(H1) (600 kev)

The agreement with experiment is ‘thus rather poor. The high
branching ratio to the 61 keV state might be due to a small
amount of mixing between the 61 and 842 keV states., The reduced
Ml matrix element for the 780 keV transition would then

involve the parameter <%ﬂ£ﬂl)(p)ﬂé)'= 6.85 (single particle
value) which is much larger than the matrix elements we have

been concerned with up to now. The branching ratio would then
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be seriously affected even for small admixtures of this type.
However the introduction of another mixing parameter DreCWudes
further quantitative comparison with experiment and so will not
be dealt with here.

The 1173 keV stéte, ﬁo which we have assigned_the wave
function ponjugate to that of the 842 keV state, also decays
-by strong Ml transitions to the lowest..3 states of Au195. The
predicted M1 branching ratios to these three states are
essentially the same as for the 842 keV level (a81de from tne
E3 factor). The agreement with experiment is again quite_ poor.
The results for both the 842 aﬁd 1173 keV levels are summarigzed
in table 5.2, | o -
TABLE 5,2 ¥1 BEAMCHIMG RATICS FROM 8&? k¥eV AND 1173 keV IEVTLS

LEVEL BRANCHING RATIO | CALCULATED VALUE | EXPERIMENTAL VALUE
842 keV [T{(¥1)(RL?) . 0,21 50,18
T(1i1) (600) .
T(11) (780) | ©0.59 4.0 + 0.5
T(ML) (600) - . |
1173 keV [ T(31) (1173) . 0415 8tk
T(F1) (931) | : , .
T(Pl)(1111 N 3
(111) (931) 0.46 8tk

(1v) Conclusions

The calculations and comparisons carried out 1n‘section :
(11) indicate that, at least as far as the available data are
concerned, the low lying excited states of Aul95 can be

described by the core excitation model. Considerably more
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experimental data, particularly accurate half-life measurements,

are required before the model can be tested adequately.  Also
needed.is a search for a low lying %+ state with excitation
~0.,5 ¥eV since its existence 1is prgdicted by and 1is essential
to the weak coupling hypothesis. The energies and{spins of
some states at higher excitation appear, at least qﬁalitativély,
to exhibit core~partic1e multiplet structure. However as shown
in seéction (ii1) the simple wave functions of the core
excitation model do'not explain adequately the gamma ray

branching ratios from these states, | ‘ff”"
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APPENDIX I
DE-EXCITATIONS OF THE 262 keV LEVEL IN Aul95

Both the 9.5 hour ground state and 40 hour isomeric state
of Hgl95 are populated by the (p, 3n) reaction on Aul97, 17
t is the elapsed time after irradiation, the population of the
Hg195 ground state is given by
N = a4 [e'xlt - e‘AZt] + ao e=t2t

where A1 and Az are the decay probabilities for the isomeric
and ground states respectively and aj and ap are constants,
Any gamms transition, Y3i, which follows only the electron
capture decay of the Hg195 ground state will therefore have an
intensity Iy which exhibits the same time dependence,
Thus I3 = Ky {al(e'xlt - e"A2t) + a5 e‘th} (1)
where K3y 1s a constent characteristic of the i'th ganma-ray. -
However the 40 hour isomeric state also has a substantial
electron capture branching ratio direct to levels in aul95 and,
as was pointed out in chapter III, the 262 keV level is populated
substantially from both parent 1e&els.- If we let 1 = 1 refer |
to a particular gamma de-exciting ﬁhe 262 keV level, its‘
intensity (setting K1 = 1) is given by

I4 = al(e')‘l)C - e”kzt) + an e-h2t 4 a3 e 1t (2)
At t =0, I = az + a3 and the fraction of the intensity at

this time due to population of the 262 keV level from the Hgi95

ground state is Just
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R=,, 8

I e

az + as

We can rewrite egquation (2) as

Ty = A eME + py g2t | | (3)
where 4
A = ay + aj3 .
} - ()
Ap = ap - a3 '

et + = 2 refer to a gamma ray which follows the decay
of the Hgl95 ground state only (for examp the 780 keV gamma

ray)e. Then from (1)

12‘= Ko a1 e” =M 1t + Ko (a2 - aq) e-*zt
or I = By e’xlt + Bo e-hat (5)
where Bl = Kpay - ‘ ' :
g _ (6)
B2 = Kp(ap - a1)

Equations (4) and (6) can be solved to give

R =a> =‘i + B1/Bo
aztas 1 + A1/42

The coefficients A4 and By 1i=1, 2 are obtained by a least
squares fit of equations (3) and (5) to the experimentally
measured line intensities I andflg as a function of time,

(A and Xg are of course known beforehand,) In fact, four

timed runs were used for this purpose and t 0 (which is of
course arbitrary) was chosen to coincide with the first tined
run. The calculations were performed or an IBM 360 computer
and the results for the two known de-excitations of the 262 keV

level are as follows,
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262 keV Iy = 780 keV R(£=0)

I, = = 0,140 + 0,022
Ip = 1111 keV R(t=0) = 0,138 + 0,017
I3 = 200 keV I, = 780 keV R(t=0) = 0,12 + 0.15

As a check on the validity of the method E was also calculated
for the 780 keV 1iﬁe. Since it follows the Hg195 ground |
state decay only we expect R = 1,000, The result of the
computation was
I1 = 780 keV Ip = 1111 keV B(t%O) = 1,01 + 0,20 -
These values of R are of course valid only for theA
first timed run and it is this spectrum which is used.to
calculate the normalized intensities shown in column 4 of

table 3.2.



APPENDIX II
ANGULAR CCRRELATION ANALYSIS

The method of analeis of angular correlation data
presented here is due to D, H. White (reference 4, chapter I).

In the ideal geometry 1limit (point source and detectors
subtending zero solid angle) the correlation function for two
cascading gamma-rays may be written '

w(@) = n; Apn Pp(cosg )
n=0,2,...
where the Pp are Legendre polynomials. In the cascades
considered in the present work ny < 4 so, if Ap is normalized
to unity,
W(B) =1 + ApP2 (cos§ ) + AYPy (cosg )

A minimum of three coincidence measurements at three different
angles are therefore sufficient to determine Ay and - Ap. The
counfing statistics, from an examination of the form of the
Legendre polynomials, are usually optimum for the three angles
8 = 909, 135°, 180°, The coincidence counts at a given angle,
correctly normalized to the singleé rate at that angle and with

background subtracted, can be written

c, = > a, P, (cos@ ) = 2 Q@_ P
&  p=0,2,4 77 o 7

(The index 8 denotes a discrete value of the angle) and

inverting the matrix Ppp we obtaln
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= g Png—l CG

The experimental values of Ap are then given by

T F % [P - o))
0

The quantity in braces is the statistical error. The expression

tofi

C9+ refers to the normalized coincidence counts without back-

ground subtracted. After evaluating the matrix Pne s We obtain

Ap=222_L  [cdo(90 +42 %) 2 + cfsefno - 56 a,) 2
G'O 105(1 [ 5-0( QO) 35( Eg')
+ Cigp(50 - 7 &, )2 13
180 2)%]
A = 9 4 oo (48 = b2 % )2 + ctoifog + 56ay ) 2
ae ¥ e [0 ( 2k )® + o =)
+ Cf80(48 -7 ) 2] 2
&o
where :
@o =1 __ (42 Cgp + 56 Cy3c + 7 C180)
0= L 90 35 0
a, =1 (-90 C 0 >+ 40 Cq + 50 0180)
2 103 9 35
a =1 __ (48 ¢C 0 - 96 Ci + L8 Ci80)
b= L 9 35 8

For the case of axially symmetric detectors (as used in
these investigations) the measured values of Ay are attenuated

byl Jp[17 Ju[ 27 where the functions Jy depend upon the geometries
Jol1]J JolL2]

of detectors 1 and 2 (1.es the two detectors involved in the

measurement of coincidences at a given angle). These quantities

In/Jp have been evaluated for several sizes of Nal and Ge(L1)
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detectors. In this work the tabulations of Yates? were used
for the Nal attenuation factor and those of Black et al.Jl for
the Ge(Li) attenuation factor.

( Corrections for finite source size were not expectéd to
be significant in the present work having fegard to the small
dimensions of sources used and so will not be discussed.) The‘
correction term may be applied using the relation

An (corr.) = Ap (meas.)//gn[%] gngg}
0 oL< -
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APPENDIX ITI
EVALUATION OF (JlT(O0) (¢)liTe)

Let T(o)(c) revresent a scalar operator operating on
the even-even core of an odd-A nucleus. According to the

Wigner-Eckart theorem its diagonal matrix elements are given

by
FE e Il T(O) (o) 1Tete) = (-1)JC"MC( Jo O Jc)(JCHT(O)(c)HJc>
~Mo 0 Mg
= (2JC+1)"% (JCHT(O)(C)HJC> (1)

If the matrix element 1s independent of Jc we obtain equation

(4) of chapter V, namely

wp

TlT(O) (e aey ~ (270+1)
This 1s in fact the case if J¢ arises from the coupling of the
nucleons in one arbital only and if T(O)(c) may be expressed as
a sum of single particle operators for the nucleons in the

OI‘bital, 1'80

| JcMed = 13c™ Je Me) , antisymmetric in the n nucleas.
‘n
T(O)(C) = Z Ti(o)(o)'
i=1

n being the number of nucleons in the orbital, and js the
angular momentum of the orbit in question. Since all the single
particle operators Ti(o)(c) are equivalent and since the matrix
element on the LHS of (1) involves the produect of two anti-
symmetric wave functions, all the single particle operators

contribute equally and we can write
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(et T(O) ()1 TeHe) = nqiol Je MelT{O)(e)1in Jo Med (2)
We can now spiit off the n'th nucleon from‘the antisymmetrized
wave function by making use of the coefficients of fractional
parentage as defined by de Shalit and Talmi., (Nuclear Shell
Theory, Academic Press, 1963, p. 273)
13eh Jo Ho) = F L3e® (31) dop Teh3eB To]130™ 101 30T,
. (3) ?
. Wwhere
1371 J1 Jop Joled = ¥ (I1H1 Jey mnlelic) 1357 1010y) 150 mp
mu My '
(&)
Substitution of (3) into (2) yields
(T 1 7O (c)1 Teied

= n ng, Lacht (31)dey TeB3e® T[T ) de, To iR Jc]
Y1

¢ I T1 3oy TeMel T (00 () 1Pt ] g, Ty
If the expansion (4) is tﬁen substituted into this last equation,
the orthogonality of the chn—l J1My> introducesa 83137 -
SMle while the scalar nature of Tn<0)(c) introduces a
Smnmﬁ’° The orthogonality properties of the coefficients of
fractional parentage can then be used to obtain, finally,
Tt lTl0) (e)1T0key = niioy, 1 T, 00 (e) | Jop)

independent of J, as reguired,
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APPENDIX IV
SOME CORE EXCITATION MODEL CALCULATIONS FOR Aul95

To calculate the reduced M1l transition probability for
the transition 3> — |3/2)y we start with equation (5) on p.
which becomes ' (

Tier = 3 1<3 o0 QM 32

a1E3
where 120 = A103 g>4gJ1-A2 1233
1% = 123%
Therefore

I

Gy = acozmoy 23 H +/T0R2 23310z 3B h

The first term is pfdbortional to {9 % %} as éan be seen from
S g 21

equation (6) on p.138 .end hence vanishes identically. Also,

C

from equation (6),

233101z 2 % = - 2/ [<2uﬂ(1)(c)uz>{§

2

D) POKN

=3 POkt
("

;.<%||Q(1>(P)n%>{% ;% z}]
| 521

The magnetic moment of a system in a state of angular momentum

-4 is given by

Wi

p(3) =g j = anlnsy

[ h| ]
(23+1)(j+L)

where g is the "g-factor" of the state. Thus
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1) (e) i 2y = /30 g,
B0 (p) 1 ] = /I3 &,
Using the identity [ 2 21 =42 (22
{% 3 1} {é 2 ﬁ}

we obtain

2 3 a0z i =,¢\/1_5{§% %} (8p = &)
’ . s 21 "

- = -2/3 (gp - &)
Therefore Tiwp(Ml) = 3(1-A2)(gc-8p)2 . (1)
a1E§
Consider now the magnetic moment of the ground state,
#(%+)Oe From equation (7) on p.!139 ,/L(%+)O ='<%%|gﬂ%)|% %)O

- e f\(l)ns\
e — \“2‘” AV '|I§/O

2/15

and the reduced matrix element is

4240 %usz<1)uo%%> + a2tz 33y + <233 usz(“w%%{
| + (1-82) 233002t h23 %

The cross product terms are proportional to {g g %} =

Also,

0220 No3d =14 %1}(%!!{2(1)(13)“%)
20
2

22 2101233,

i
=
~

%%} 2101 (e 2>
21
% 3 2}<%m<1) (p)i%>]

Evaluating the 6j coefficients and replacing the reduced matrix

elements by the corresponding g-factors we obtain, after some
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algedbra,
P(F0 = 3[a%s; + §(1-22) go + L(1-2) g
which simplifies to
(3 o = 28p + 8(1-22) (g, - gp) (2)
Let us next calculate reduced matrix elements for M1l and
E2 transitions between the 3% and 3* members of the first core
excitation multiplet. The wave functions are:
812 33> -v/1-A2 1033 ~
12 3 %

11 = 131
£ =13

it

For E2 transitions,

rI2)y = a2 3 322 2%y - v/1-22<2 3 uQl2)0 3 %)
= -2/2 A[{Z 2 g}(ZHQ(Z)(c)HZ) - {%3 2}<%n&2\2)(p)u%>]
A + 2/F JITEZ (2 0 29420002) (o)l 0)
{8
|
iy = -gl,-fx[ﬁ<2m(»2)(c)u 2y +/2E10(2) (pud)]

+ L0 /T=E2 210(2) (c)i 0y (3)
T3 |

For Ml transitions, . )
a2z 2 u0lth233y - Jita%¢e

Iy = 2 uaitljodsy
=2/2 afr2 2 17 ) ()2 - (33 1310 (oudy
[{ 3 } {g 5 2} ]
or,
<l = A8 (gp ~ &) (&)

Equations (3) and (4) are used in the text to evaluate the
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mixing rafio of the 180 keV transition.
Now we shall calculate reduced matrix elements for E2

transitions from the §+ member of the first core excitation

multiplet to the % member and to the ground state. For the

former,
1) = |2 33
Ify = |2 & 1y
Therefore
= (2) 33 Znol2) o3y ?
el 2)y 1y 2\/3"[{35 g}@m (el +{% ?_21_ g}.xzm (pZY |
or, .
2y =3 [<a10(2) (emey + /7 IQ2) (o3 T (5)
£ i ué; [ Q N/g; 2 2 ]
and, for the latter,
1) =123 3>
Iy = Al03 3 +/I-E2 12 $3)>
Therefore
ri0(2)0 1) =A-2_/5{0"2 2’}<om<2)(c)nz>
2 E |
+ J1ZA2 2\/6_[{2 > 2}<2 sz<2)(c)nz> - {g 3 z}<%|1§z(2)(p)s%>]
2 2 2 g % 2
or,

A2y = B aonl@) ez + 6 ATE2[1inf2) ()
5 5

-1 2l2) (2] (6)
Wan

Finally we present a sample calculation of reduced Mi

matrix elements involving the 842 keV state wave functions
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(p. 154 1in text)., Consider the M1 reduced amplitude <f&Q<1)Hi)
for the ground state decay.
11y =310 & ) +I-B212¢ 3 &)
Ity = A10 2 3) +/I-A212 $ %
The crosé product terms in eI N1y vanish identicaliy from
equation (6) p.138 . The term in AB is proportional to the
matrix element (%ul(l)(p)n%> which must also vanish identically,
This can be seen by noting that the single particle state
is meant»to designate a d% proton and hence is more fully written
11 s 3§y =123%%2)
Similarly'|%> represents an s} proton and should be written
| e =10%3)
Thus <FIQ(1)(pME = <2 3 2101 ) (p)Io & %>
The magnetic dipole operator for the proton, in units of the - _
nuclear magneton, is just | o
Q) (p) =1 +8ss
where g4 1s the proton's gyromagnetic ratio. But
£1 =2 % 3111 = 0 % 3> =0 since a vector operator cannot
connect states differing by two units of angular momentum,
The algebra of irreducible tensors likewise requires that
2 3 %Hgﬂd i E()(éee de Shalit and Talmi, Nuclear Shell

Theory, pP. 134). The only non vanishing term in the matrix

element 1s thus
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2/Z JT=E2 Jf-Bé[-{_l?: gé}wm(“(c)uz*) + {g géy%uﬂ(“(p)u%]

or,

Qi = V20122 1-B7) [ 1 <2n0(l) (e)nzs -3 8] (D)

s

V10

Other M1 transition amplitudes are calculated similarly,




