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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
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1.  THE MEASUREMENT OF INTERNAL CONVERSION COFFFICIENTS |
| UTILIZING SEMICONDUCTOR DETECTORS

: II. DECAY SCHEME STUDIES OF THE ODD-MASS
) GOLD ISOTOPES

Arthur Judd Haverfield

Lawrence Radiation Laboratory
University of California
Berkeley, California

November 10, 1966

‘ ABSTRACT _
‘ The appllcatlon of oemlconductor detectors to measurements ‘of in-
ternal conversion coefficients has been extensively discussed, with parti-

culax emphasis being placed upon a spectrometer employlng both Si(Li) and

" Ge(Li) detectors for the simultaneous observation of conversion electrons

and gamma rays. The construction, calibration and use of such a spectro-

'meter,were described. Possible improvements in this system were also dis-
~cussed. Tt was found that this type of spectrometer is best sulted for I1CC

 measurements of tran51tLons following electron capture decay, but may still

be useful in cases of beta or positron decay. _

The level schemes of the odd-mass gold .isotopes of mass 199, 197,
195 and 193 were examined from the decay of the respective odd-mass platinﬁm
and meréury isotopes. The measurement of numerous internal coﬁversion
coefficilents permitted the assignment of spin énd parity‘values to many of
these levels.‘ The systématic trends of many bf the nuclear phenbmena

associated with these isotopes were examined as .a function of neutron number.

The experimental data were compared to the various theoretical épproaches

applicable to this region of nuclei.

The internal conversion process was discuused along with the various
experimental methods of ICC measurement. ' '

The calibration of semiconductor deﬁeétors'for energy and intensity
measurements was discussed.v Extensive tables of standards for these .

calibration procedures were presented.
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| I. INTRODUCTION ~ = - . ,.f-
The nuclear sciences have profited greatly from 1mportant 1nstru-

mental advances in recent years. Among Lhe most 1mportant of theue in’ +he

area of nuclear spectroscopy had been the recent development of lluhwum—-

drifted semiconductor detectors. The ‘applicabi lity of these detectors to

a wide fange of experimedtal preblems has>a1ready been well demonstrated.
Their high resolution has made them invaluable in both singles and coinci- .
dence configurations. In Section II of this work the potential of these
detectors in the measurement.qf internal conversion coefficients (hereafter
denoted in both singular and plural forms by ICC) is examined, and a device
for-making_such measufements is described. To aid the reader in'evaluatiﬁg

the merit of this system, a genefal discussion of the ICC and the various

~ methods of its measurement is presented in Appendlx A.

A major purpose of nuclear soectroscopy 13 to prov1de those para-

meters of nuclear decay which will be of value in ‘the formulation or re-

finement of nuclear theory. The study of nuclear level schemes in the ,
platinum-gold-mercury region-is of particular impcrtance in the formulation
of a consistent thecory which wili span the change from the shell-model
region of the lead isotopes to the defermed region covered by the.Bohr-
Mottelson unified theory. To this end,.we haVe studied the ievel schenmes
of a number of the odd-mass gold isotopes. In Sectibn:III we discuss the
theoretical approaches being taken toward this region asAwell as the pre-
sent experimental results. . V . »
Throughout this work the 1mpoxtance of the lithium-drift semi-

conductor detector has been stressed.  The utilization of these dev1ces
for the measurement of the energy and relat1ve.inﬁensxty of garma rays or
con&ersion electrons requires standards and a standard method of analysis.
In Appendix B we present the method of_calibrationfased'for our detectors

as well as tables of standards for energy and intensity determinations..
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IT.. THE MFASURLWENT OF INTERNAL oONVERSION COEFFICIENTS UTILIZING o T
SEMICONDUCTOR DFThCTORS

A. Semiconductor Detectors ' ' _ : S

‘ The past four years have seen the accomplishments made possible
through 'the use of semiconductor detectors grow into a list of considerable . - 9
length. They have been utiliéed in almost every type of nuclear measure-
.ment -which requires the observation of photons or particles. The benefits
- to the nuclear sciences have beehlenormous. Experiments which would have
 been impossible or which, at the least, would have required extremely ela-
' boraﬁe equipment just a few years ago may now be undertaken with relative
ease. While several types of’ semwconductor detectors have been developed
we shall focus our discussion on, those made by the lithium-drift technlque.l
The present level of sophistication of the llthlum drifted germanium de-
‘tector has been attained through the work of a number of groups; prlmarlly
those at Chalk River, Argonne Natlonal Laboratory, and the Lawrence Radia-
tion Laboratory in both Livermore and Berkeley. The development of lithium-
drifted silicon detectors has been advanced by many small groups as well
as those above. ' ‘ ‘ | ,. ' _
Since there have been numerous published articles~deseribing the

. theory, fabrication and use of semiconductor detectors, it would be of
Ilittle value to include another such discussion at this point. However,
we do feel that a brief mention.of some of the major references might be"
of some value. Such a discussion is bound to have serious omissions, but
Awill it is hoped, be sufficienﬁTy complete to indicate the path for the
:"reader to follow for information on a partlcular topic. ' ‘

| Any discussion of. Ge(Ll) detectors must begin by referrlng to the .
first.publlshed works on this subject. These were the articles by Freok
and_Wakefieldg and Webb and Williams}5 It is interesting to note how the
field has progressed since Ref. 2 reported a Ge(LL) detector of 1.5 cqz X
L5 mm depletion thickness; which exhibited a resolution (full-width at _
;.half maximum of the full-energy pealk) of 21 keV at 662 keV. The first ¥
two refexences were followed by the first of a series of articles by Ewan

L
'and Tavendale in which they described a detectox having a depletlon depth



\v‘d;of 8 mm and a resolutlon of 6 keV at l 555 MeV The first discussion‘of
3".a1an 1sotope other than a standard for whlch a Ge(LL) detector was used to
':examlne ‘the gamma-ray spectrum is.presented in this work. In general

these artlcles are primarily important from a hlstorlcal p01nt of view.

Whlle the early work in the development of 8i(Li) detectors was

seslanted toward their use in heavy charged -particle spectroscopy, it was
' immedlately noted that they could serve guite well for detectlon of elec-
. . trons. Among the first articles on’ Sl(Ll) detectors were those by

Elllot 5 Balley et al. and Blankenshlp and Borkowskl.7

‘There have been numerous general review articles and books publlshed

fon the subJect of semlconductor detectors and their application to nuclear

_A5pectroscopy. With regard'to the detector itself (theory, fabrication,

etc.), the following reviews areof considerable value. The books by

9,10

Taylor;8 Dearnaley and Northrop, and Price . cover the subject quite

‘ ' 2
- extensively. GOuIdingl has presented a detailed descrlptlon of these de-

“tectors, their fabrication, and optlmlzatlon of the assoc1ated electronics.

The review articles whlch'place considerable emphasis on the experimental
l.
uses of semlconductor detectors are those by Ewan and Tavendale, >

Shirley, 1k Gibson et al.,l5 Jungclaussen16 and Hollander 1 Also the forth-

19

coming review articles by Ewan18 and Camp™ ~ will be of great interest to

‘the nuclear spectroscopist.

B. Methods of ICC Measurement with Semiconductor Detectors

In the present discussion, we will touch upon many of the publlshed

methods of ICC measurement using semlconductor detectors. At this point

" we shall exclude one method for which we reserve the remainder of Section

IT. The following. dlscussion will emphasize the 1mprovements in measure-

ments brought about by the new detectors. " For a discussuon of the indivi-

-dual methods, the reader is dlrected to Appendix A of thlS thesis
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.1. X/L Ratio’ | |

‘ The measurement of -the K/L ratio is one which can be done ﬁith re-
lative ease using Si(Li) or pPODphorous dl*fused silicon detectors. The
resolution of these detectors is sufflclent to allow sepaLatlon of K and
I lines for nuclldes greater than about 20 in Z (depending upon the energy
;and intensity of the tran51flon in quebtlun) The silicon detector has
the distinct advantage over magnetic spectrometers in the multichannel .

~acquisition of data whlch pexmlte ‘the study of short-lived activities.

ct
=
)

.The solid angle of the detector can alsc be made large, thus aLleihg
uee of weak samples. » |

‘ However, there are certain problems involved in the use ¢f these
detectors-fof K/L ratio measureménts. The resolution is such that it is

_ difficult to observe ﬁ%e internal-conversion electron lines in the presence
of an 1ntense beua or positron continuum. Therefore, weakly-converted tran-

- sitions or moderately - converued weak transitiocons are Dartlcularlv un
suitable cases for K/L measurement when the nuclide in question has a strong
beta branch higher in energy.t@an the transition of interest. Also in cases
where Z is less than‘60, reeoiution of L and'M+N+ lines is presently Qery

' difficult. When one is unabie to resolve these lines an estimsate of the |
contribution'to the L 1ine from M,Nl, and higher shells must be made. In .
general the'relationshipgo (MtN+...)/L ~ 1/3 is used. However, it is im-
pdrtant to note that although the photopeak efficiencybfor gamma rays in
silicon_is quite snmall, it still is such that a significant contribution ﬁo
 the-(LfM+...) line may arise from the gamma ray itself. This point is
-particularly importanﬁ in cases where the tpaﬁsitions of interest have very
small ICC. Thus, one must experimentally subﬁract the gamma eontributien
“to the electron spectrum. ' | v . 4 _

» The references to K/L ratio measurements with semiconductor de+ectors
© are already numerous. To indicate some of the prominent articles we point

- out the work by Harpster21 and Durosinmi-Etti et al.22



2. Conversxon Elec+ron to Gamma Ray Ratlo

To Lhe present time, the conversion electron to gamma ray ratio has
been theibrime method of ICC measurement utilizing semiconductor detentors

This method has allowed the experlmenter to take advantage of the high re-

‘solution of the Ge(Li) detector for gamma rays in combination w1th the hlgh

resolution of magnetic spectrometers for conversion electrons. The follow1ng

three technigques have been used to relate the spectra obtained from the two

;»systems.v‘>

(a) Internal standard- tranéition having known ICC. If one transi-

tion.in the nuclide of 1nte1est ‘has an ICC' which has been measured aCﬂurately

by some means (e.g. internal-external conver51on) or for which the multi-

polarity (and thus the theoretical ICC) can be assumed, its ICC value may

" be used to relate electron and gamma-ray data. . Thie method has been suc-

. 2
- cessfully employed by van Nooijen > et al., it measure the ICC of twenty

86 86

one transitions in the decay of . Y to  Sr. This was not a favorable case

due_to the low ICC and complex.decay scheﬁe, Their‘quoted accuracy is 8% -

‘lO% for the ICCof prominent'transitiOns‘r This technque is also valuable if

one group of workers examines the gamma ray 5pectrum whlle another group
bas observed the conversion ‘electrons.

~(b) Internal standard. One may also relate the conversion electron

_and gamma ray spectra through the use of a mixed source (one in which a

. small amount of a nuclide having a well known conversion coefficient 1is

mixed with the nuclide'of interest). Brown and E\-ran21+ have used this method
Iy
to determlne\the K- ICC of the 605 keV transition in the decay of 12 Cs by

using a composite source of 34Cs and Tcs.  The X- ICC of the 662- KeV .

transition from li?cq decay is well known. The 605-keV transition was then

used to normalize the conversion electron and gamma ray data from a source

of 13k Cs alone, giving the ICC of the other transitlons in the scheme

(¢) External standard. In cases where one is unable to use the

mixed source technigue due to interference between the standard and transition

of 1nterest in either the electron or gauma-ray spectra or where a llmwted

1amount of the nucllde precludes productlon of two sources (one with standard
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}-dne'alohé)_having sufficient intensity to be measured by the magnetic
spectrometer, the standard may be‘measured‘separately. In this external
standard technique care must be taken ﬁo maintain constant geometrical

'detection conditions between standard and unknown. Examples of this tech-

2
nique are the recent measurements by Yamdzakl and Hollander25’ 6 of the

K-ICC of the 80-keV transition from the decay of 166}{0 and the 208-keV
231 203 198

' transition from U u51ng Hg and Au'respectively. In the first case-

the mixed-source technique was not UDEd due to the overlap of the gamma ray

of 1nterest and the K-X-rays from the standard.

' The conversion-electron-to- ~gamma -ray method depends upon the ability

© o determlne the relative intensities of both conversion electrons and gamma

“rays. The Ge(Li) detector has, of course, provided a great increase in re-

~solving power for complex gamma-ray spectra over the NaI(Tl) detectors.

This permits analysis of most.spectra for relétive intensitiesu'.TheAmethods
of gamma-ray detection which have extremely high resolving ability (i.e.

A cufved crystal, external convension)ido not have as good a Signal—to-noise
ratio as the Ge(Li) detector, and thus, the ability to determine the in-

- tens 1t1es of the weaker transitions in the spectrum is hindered. Another
drawback of the latter detection methods is the fact that radioactive sources
required must be considerably stronger than those required for Ge(Li) de-
tectors '

Thus, the Ge(Li) detector, providing the ability to determine re-

lative gamma-ray intensities to an accuracy of approximately 3%, has greatly

improved the conVversion electron to gamma ray ratio as a method of routinely
determining ICC. An extension of this method will be discussed in Section

1I-C of this thesis.

3. Xngyl— to - Gamma-Ray Ratio

A Since the X-ray - to- - gamma-ray ratio method of ICC determination
again depends-upon the ability to determine the relaﬁive intensities of peaks
in the photon spectrum, it is expected that the.semiconductor detector will
be of great value in this type of measurement. It is now poésible:to obtain

 peak widths (FWHM) of 0.6 - 0.9 keV invthe X-ray region using either Ge(Li)

B4
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“or Si(Li) detectors. This permits‘resoiving of Kd and KB X-rays from elements

having Z = 30-40. Thus, only in very unusual cases will gamma rays inter-

fere with analysis of the -X-rays. The high résolution of the semiconductor

detector also permits resolution- of the X-ray and its associated backscat*er

" peak. It has been noted that the poor resolution of the NaI(Tl) detector

has caused ICC determined by this technique to be systematically high, pre-
sumably due to that area of the X-raykpeak arising from inclusion of back-
scattered photons. However, it is not solely the resolution which hakes
semiconductor detectors valuable for these measurements. The presence of
iodine.X—fay escape peaks in the NaI(T1) photon spectra contributes to aif-

ficulties in intensity analysis. For Ce(Li) detectors the probability of

‘escape of the corresponding Ge X:ray (9.9 keV) is very small and such a

phenomenon has not been observed. Thus, in general, the gamma-ray spectra

taken on Ge(Li) detectors are much "cleaner" and easier to analyze for
intensities.

The sensitivity of the surface lattice sites of the Ge(Li) detector

to contaminants has caused the need for a permanent closed vacuum chamber

. for the detector. While some detectors have actually been encapsulated,

" the normal procedure has been to place them in a Vacuum-tight.cryostat.

Either of the methods of protection cause an increased "window" (absorption
layer) through which X-réys must pass. To avoid thié problem, one may use
one of the more rugged Si(Li) detectors and be able to place the source with-
in the cryostat. The Si(Li) detectors presently available have quite thin
windows. They show a maximum in the photopeak efficiency curvelat approxi-
métely 15-20 keV in comparison %0 the maximum at 60-70 keV for "thin window”
Ge(Li) détectors in cryostats with 0.010 in. thick Be windows. In general,
however, the Si(Li) detector is not as useful for this type of ICC measure-
ment as the Ge(Li) detector in cases where the gamma ray (which is to be

compared in intensity to-the X—ray) is fairly high in energy. Thus, the

- 81(Li) detector would be best for cases with Z < 65 and Ev < 100 keV.

"Due to the great interest in us1ng semlconductor detectors for the

.analy51s of complex snectra, there has been llttle work reported on their
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. utilization on very simple decays, where this method of ICC‘measurement is
ﬁseful. Yamazaki and Hollénder,26 however, héve,determinéd the K-ICC of

the 208-keV transiﬁion in the decay of 237U by this method and find 1t in
good agreement with the value obtained frdm‘the,external standard-conversion-

electron-to gamma-ray ratio measurement.

i, Coincidence Measurements

If the nuclide of interest has two transitions in cascade, the
measurement of coincidences between the gamma rays of one transition and
conversion electrons of the other can be used to determine the total ICC

-from relation
,

. ) '
N =N ot (we)
eéyl 71 l+Oé e2

where Neeyl 'is’tbe number bf conversion electrons from the‘second transi-
tion of the cascade which are in coincidence‘with the preceding gamma rays;
Nyl is the number of gamma rays observed from the first transition; o§

is the total ICC of the second transition; and (we)ee is the full-energy

peak efficiency forbconversion electrons from the second transition. This

27,28

gereral method has been employed by Bosch et al., as well as Sen et

al.29’50’22 to measure a number of ICC. In their work, both groups have
used silicon detectors for the observationlof conversion electrons. This
has pérmitted acquisitién of the coincident electron spectrum in a mulﬁi-
channel manner, thus, avoiding the slow pbint ; by - point scanning of the
magnetic spectrometer. The errors estimated for the ICC values determined

using the silicon - NaI(T1l) coincidence combination is about 7 per cent.

5. Other Methods ‘

While the work on utilizing semiconductor detectors for some of thé
véther methods of ICC measurements has_thus far not been extensive, ﬁe feel
~ some brief»hention muét be made of the potential value of these detectors
_for the foilowing types of ICC measurement. '

.
- (a) L - subshell ratio. The good resolution for conveérsioh electrons

presently obtainable with Si(L1) detectors in conjunction with field-effect
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7

_257U decay taken with a Si(Li) detector.

-9-
transistor (FET) preamplifiers (~ 1'4 keV at 1od'kev) indicates that for
transitions in high Z nuclides it should be possible to measure (LI + LII)/
LIII ratios as an indicator of multlpolarlty This should be extremely use-
ful for many of the short-lived heavy elements. As an indication of this
potentlal we include in Fig. 1 the electron and gamma ray spectrum of

31

(v) Conversion-electron - peak - to - beta - distribution ratio.

As indicated by Bertolini et al.52 low energy scattering of electrons was
the initial problem to be overcome in using Si(Li) detectors for accurate °
béta spectrum measurements. It has been shown that this problem can be
overcome by a number of means.55’3“ Thus, if one were to devise the proper
experimental arrangement, it shquld be possible to measure the entire beta
sﬁectrum as well as the superimposed conversion lines in a single measure-
ment. This method of ICC measurement could then be extended to weak or
short-lived sources. '

(c) Internal-external conversion.  The usual internal-external con-

version method employing high-resolution magnetié spectrometers, while quite
accurate, is very inefficient. Since it has been shown that Sl(Ll) detectors
can bé used in external conversion measurements,3 232 it is tempting to
thidk‘that they could be employed in this method of ICC measurement for

cases where source strength or half life is a problem. Due to its moderate

'rinsensitivity to gamma rays the SiﬁLi) detector may'be placed. quite near

the converter foil used in this measurement, thus ylelding a good efficiency

for the external conversion electrons. Another advantage with the Si(L1)

system is the fact that the entire external conversion spectrum can be tadken

in a single measurement. While the Si{Li) detector does not offer the very

‘high resolution of magnetic spectrometer, it does have advantages which may

~ yet make it'a useful tool in internal-external conversion measurements.
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'1.. Method

¢, An Internal Conversion Coéfficiént Spectrometer
Employing Semiconductor Detectors '

In Section I1-B we have diséussed the,conversibn;electron—to—gamma-

ray-intensity ratio as a means of utilizing semiconductor detectors .in the

measurement.of ICC. The methods deséfibed have taken advantage of the high
reéoluﬁion of magnetic spectrometers-for conversion electrons as well as

the higﬁ resolution of Ge(Li) détecpofs for gammea rays. The accuracy of
this type of measurement is quite good, with errors of.only 3-5% possible "(
in the beSt'cases. “This acéuracy is sufficient to provide a test of ICC
theory. However, this‘measureﬁent does require the use_of'magnetic spectro-

meﬁers with thelr associated low' efficiency and slow scanning rate. In .

‘many experiments, one initially desires ICC values which are sufficiently

accurate to allow differentiation of possible multipolarities and thus, the
formulation of a consistent level scheme. This type of experiment is one
of major difficulty i1f the half life of the nuclide in question is moderately

short and one attempts to use a magnetid spectrometer. Since a complete

. scanning of the codversion_electron spectrum may take a prohibitively long

time, a detailed knowledge of the gamma-ray spectrum is usually a necessity

. before the conversion electrons are observed. With the advent of the Si(Li)

detector, with its good resolution, high efficiency; and multichannel

acquisition of data, it has become possible to observe the entire conversion

' electron spectrum in a single measurement. The thought of applying the

combination of Ge(Li) and Si(Li’) detectors for the simultaneous observation
of gamma rays and conversion electrons was immediately put forth. A direct

extension of this type of observation is the use of relative intensities

- of the gamma ray and its corresponding conversidn electron to determine the

-

‘In this section we shall discuss a dévice utilizing both Ge(Li) and

Si(Li).‘detectors capable of measuring ICC to an accuracy of 10-15%. 1In

" this method, the radioactive source is positioned,directly between the two

~ detectors and within’the vacuum chamber surrounding the Si(Li) detector.
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. The conver51on eWeCUvon and gamma- ray cpecura ‘are 51multaneoublj accumulated
and the areas of the gamma ray and loS correSDondlnc conversion electron '
llne are measured
v The ICC is then found from
A (wé%;
e

o =
, : (we)ev AV;

where Ae" is.the area under the conversion electron peak.. -
- A 1s the area under the corresponding gamma-ray peak.
v(we)e is the détection_efficiency of the Si(Li) system for -
electrons in the full—energy peak (including geometric factor).
'(we)v'is the détectionve%ficiency of the Ge(Li) system for gamma rays
in the full-energy peak (including geometric factor).
Thus it is possible to simultaneously determine, knowing the efficiencies of
~ the two detectors as functionS'of-the'energy of incident radiations, all of
the ICC for the.transitions observed in a given region of the energy spectrum.
if‘conétant geometry is maintaihed between efficiency calibration and expefi—
‘mental measurement, there is no need for applying the mixed source technique
of, with'the exception of occasional genefal system.checks, running external
standards. The importance of this method for the rapid'genEral determination
.of ICC and especially fof ICC‘determinations.in'shortéliVed decays is quite

~obvious.

o, ‘Déécription of Apparatus

36

“A photograph of the original design of the snectrometer is shown
in Flg 2 and a scaWe draWLng is shown in Fig. 5 © It consisted of a. small

- vacuum chamber of dlmen51ons 8 in. 1ong x 6.25 in. high X 5.in. deep, 1in
Vhloh were mounted, in 180 fixed geometry, Si(Li) and Ge(Li)‘detectors.
;vThe'detectors‘were.fabricated,here at'éérkeley by the methods discussed by
Goulding.le A l/;6 -inch aluminum absofber was placed in front of the Ce(Li)
detector to preventvobservation of conversion-electron lines in the gamma-

ray spectrum. In order to minimize the loss of scattered electrons at the

"
N
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Fig. 2. Photograph of
spectrometer.
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original design of the conversion-coefficient
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edges of the Si(Li) crystal, we placed a 5/16 -inch diameter aluminum col-
limator in front of the crystal. By doing this, we hoped to increase the
fraction of electrons which enter the crystai and deposit their full energy
within the depletion region, aud thus, contribute to the full-energy peak:
in the resulting electron spectrum. The vacuum chamber was maintained at

a pressure of approximately 2 X 10—6 mi with use of a standard oil difrusion
pump, separated from the chamber by two cold-traps in series to minimicze
deposition of pump oil on the detectors, Active sources were introduced in-
to the vacuum chamber through an air lock of conventional design, which was
evacuated by a separate rougﬁing pump. The source holder, seen in the fore-
ground of Fig, 2, was designed so as to assure reproducible positioning of
the source directly between the two detectors. The source-to-Si(Li)-detector
distance was 0.59% in. and the distance to the Ge(Li) detector was 1.177 in.
The detectors were cooled with the use of a 10-liter gravity feed liquid

nitrogen reservoir of commercial manufacture.57 The Ge(Li) detector was

kept at "liquid nitrogen temperature" (77° K), while the Si(Li) detector

was maintained at 208° K, at which temperature the resolution was found

‘to be optimum, by the introduction of a heat leak at the Si(Li) detector

mount, The performance of the original design, with Ge(Li) and Si(Li) de-
tectors of 4 cme by 5 mm deep and 1 cm2 X 3 mm deep respectively, is shown
in Fig. 4. In the conversion-electron spectrum the K,L, and M electron

03

2
lines of the 279-keV transition in the decay of “Hg are resolved, with a

resolution of 4.2 keV. The resolution of the 279-keV photon is seen to be
4.6 keV.

The great sensitivity of the surface of the Ge(Li) detector to con-
taminants made the above design undesirable. If an inexperienced operator .
were to open the source insert gate without first closing the air lock to
the ro@ghing punip, the different pumping rates would cause pump oil to be
drawn into the vacuum chamber, To recover the Ge(Li) detector, the entirq
apparatus would have to be brought to room temperature, and the Ge(Li)

detector would have to be removed, cleaned and re-etched (possibly redrifted).
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“While the rugged Si(Li) detector, with its varnish covering, could be’
cleaned without removing it from the chamber, the removal and subsequent
replacing of the Ge(Li) detector would necessitate a complete recalibration
of the system. With this in mind the conversion coefficient spectrometer
was modified. ‘ ’

A photograph of the modified spectrometer is shown in Fig. © and a
scale draﬁing shown in Fig. 6. 1In this design the internal Ge(Li) detector
and its®cooling arm have been removed from the original chamber, the ori-
ginal end wall removed and replaced with a new wall having a 1.75-inch deep
"well" positioned directly opposite the Si(Li) detector. A Ge(Li) detector
in its own holder, of Berkeley design,58 is then capable of .being positioned
reproducibly in this ﬁgll. Thus, the Ge(Li) detector has its own vacuum
system and is not subject to possible contaniination within the chamber.
Since this reduces the quality of vacuum néeded in the main chamber, the
0oil diffusion pump was replaced by another roughing pump. The final pres-
sure in the chamber was approximately 1 X lO-5 mm. However, it was found
that after a long period of.pumping, an oil film began to form on the surface
of the Si(Li) detector in spite of two cold-traps between pump and chamber.
This was observed from increased energy degradation and "tailing" of the
electron lines. To remove the need for numerous cleanings of the detector,
we have obtained a cryosorption vacﬁum punp of type designed by R. Hintz
and co-workers at the Lawrence Radiation Laboratory.59 This is a large
molecular sieve pump containing app}oximately l5ilbs. of sieve material.
It is capable‘of.evacuating a 200 liter chamber from atmospheric pressure
to 1 micron within a period of 8-10 minutes. In Fig. T we show é photograph
of this pump, and in Fig. 8 we show a photograph of the pump in its normal
experimental position.

In order to improve the resolution of the Si(Li) detector, we have
incbrﬁgriieé into the system a preamplifier of the type described by
Elad, °  ‘which employs in its first stage a field-effect transistor (FET)
which is céoled to 77° K and contained within the vacuum chamber to reduce
.system cépécitance. A schematic diagram of this preamplifier is shown in

Fig. 9. 1In Figs. 10, 11, and 12 we show spectra obtained using the Si(Li)
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-coefficient spectrometer.
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Fig.
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Fig. 7. Photograph of cryosorption vacuum pump.
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\_;detector and FET preampllfler In Fig. lO we show the X-ray and conversion- - -

;fﬂ;;electron spectrum from the decay of logcd; The.resolutlon for the 22-keV
U Ag K, X-ray is 1.k keV, and the resolution for the 62.2-keV K line of the = -

- 1063.5-keV transitlons in

’3087 9- keV transition is 2.5 keV (whlch is limited due to source thlckness)

‘\

| Flgures 11 and 12 show the conversion electron groups from the 569 6- and

207

Pb respectlvely These spectra exhibit reso-

"[fjlutlon of 3.0 and h O keV at 481.6 and 975.5 keV It is interestlng to note

. that the optimum temperature for the Si(Li) detector used in conjunction
- with the FET was determined to be lhj K. This is essentially in agreement
" with the findings of Elad: and Nakamura'u; To attain this temperature, the

>contact between detector mount and coollng arm was made with 1/e- inch cera-

I
‘

T omic spacers. o e

© .- designed by Goulding and Landis

m . ,
In all of our work we have used ampllfier biased-ampllfler systems
ke, k3 and manufactured at this Laboratory
Pulse-height analysis of the spectra have been made with two 400-channel

45

- R.I.D.L. analyzersuuﬂor a Scipp 1600-channel analyzer modified to operate

as two independently timed 800-channel analyzers

. o Sources for this spectrometer were either liquld dep051ted or evap«.
orated onto 0.00025-inch gold anodized mylar - The mylar was made structur-
{ ally solid by fastenlng to l-inch annular rings of aluminum with alumlnum '
spray lacquer The actual source deposits were typically 0.3 cm? or ..

'smaller in area and 10 u Ci in strength

_3. Callbratlon of Apparatus

The calibration of the’ spectrometer was carried out in the following

':>;_manner First, the photopeak efficiency of the Ge(Ll) detector for gamma

'frays was determined as a function of energy by the method described in

":Appendix B-L4. Then, by utilizing nuclides w1th well known conversion co-~

" efficients, the full- -energy peak efficiency of the Si(Li) detector for

'”electrons can . be determlned at a number of energles from

- A't (we)

e
Z
H
"o
_kple
€
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';These p01nts should be sufflclent to determlne the eff1C1ency function of
_the detector Those sources Whlch have suff1c1ent]y ‘well- known ICC to' be

used as standards are 1lsted in Table I. This table is taken from -the

W6 - S
compilation of van Nooijen and Hamilton. It is also suggested that a
source which emits conversion electrons, of well-known.relative .intensities

be used as an independent check of the shape of‘Si(Li) efficiency function.

'rPossible sources for such a measurement are-discussed in Appendix B-5.

As -an example of the efflclency observed for the Ge(Li) detectors

. used with this spectrometer, we present in Fig. 13 the photopeak efficiency

2
curve for a detector having dnmen31ons 6 cm X 8 mm deep. as determined in

~ the spectrometer configuration. In this arrangement the detector intercepts

" a solid angle of approximately 5!5%. The thickness of alumlnum which lies

between the source and Ge(Li) detector is about 0.412 g/cme, This amount

is sufficient to reduce the intensity of a LO-keV gamma ray approximately

. The Sl(Ll) efficiency curves determlned for this apparatus are quite

' interestlng Prev1ously publlshed silicon eff1c1ency curves for. electrons
~ (Bosch et al.
:‘with depletion regions shallower than those in the detectors used with this

27,28

- and Bundrit and Senu7) have been determined for detectors

SPectrometer (3 mm - equivalent to the range of a 1.3-MeV electron). These

curves have shown a decrease in efficiency with increasing electron energy,

the decrease becoming quite rapid as.the range of the electron approaches

the depth of the depletionvlayer for the detector in question. . Other workers

" (e.q. McKenzie and EWan ) have determined the efficiehcy of these detectors.

by using a nN2 iron-free electron spectrometer to assure a "line" energy

source (remove the effects of electron degradation 1n the source itself).

These measurements have shown the full-energy peak efficiency to be'essen—‘

“tially constant (within 10%) until the electron range surpasses the depletion

depﬁh In Tigs. 14, 15, and 16, we show the electron efflClency curves de-

¥ termlned for the three dlfferent Si(Li) detectors used with the conversion

coeff1c1enﬁ spectrometer. “Whlle the eff1c1ency of the detector of Fig. 15

. seems to,be independent of energy, those of Figs. 1k and 16 show a decrease



‘" " Pinajian, Phys Letters 19, 682 (1966).

o8-

’”vTéble‘I;‘.Interﬁal conversion coefficient calibration standards.

- Source ‘--'tl/é?f B (kev)  matipolarity o q S .
;lo9cd 4704 87.7 B3 1.0 o 20.3°
Wlge - 33 d 145,43 ML{E2) - 0.379 ':o.ooub
¥ 104 165.84 MU(E2)  o.2ibe +0.0015%7¢
203y, 474 279.15  M+ER . 0.163  *0.002°
(Mg 184 3917 . M 0438 - 20.008
S8 e7a Mgy E © . 0.0302 - £0,0003
B3Tes . 30y  661.595 Mk 0.089%  0.00108
8% ma 2810.&6 . E2 _'_" 0.000295 +0.000010"
M 3va 835z © E2 - 0.000224 £0.000010%
5/ 254  1115.51 ME2 '0.000166u£o.oooooé6i

- H Leutz, K. Schnekenberger, and H. Wennlnger, Nucl Phys 63, 263
“(1965) : . '

bWelghted average of results reported in l)vJ.'R} Cook, Proc} Phys.

Soc. 77, 346 (1961); 2) L. Nernet, Izvest. Akad. Nauk, SSSR, Ser. Fiz.

.25, 68 (1961); 3) S. S, Pancholi, Bull. Am. Phys. Soc. 10, W42 (1965);

k) R. 8. Dlngus and W. L. Talbert, Jr., Bull. Am. Phys. SOC. 1o, 93 (1905)
°J. G, V Taylor and J S, Merritt, Bull Am. Phys Soc. 7, 352 (1962) |
S C Misra, J. S. Merrltt and J. G. V. Taylor, unpubllshed

© %W, L. Croft, B. G. Pettersson, and J. H. Hamilton, Nucl. Phys 48, 267
(1963). , . , |

fWeighted average from Nuelear Data Sheets, excludlng PBS results
-gJ.:S Merritt and J. G. V. Taylor, Anal. Chem, 30 351 (1965)

by F. Frey, J. H. Hamilton, and S. Hultberg, Arkiv. Fysik 21, 383 (1962),
and corrected for new photoelectric cross sections. o

J -H. Hamllton, S. R. Amtey, B. van NooiJen, A. V. Ramayya, and J J




“photopeak ‘éf‘ficiency (including solid ongle_ f'octor') s - 'A" : B

2 ‘ @”’" A
1072 - N -

[

{

i

i

&!! _

: |‘0‘ 3. -

IR |

Ge (Li) detector efficiency for

51— e-Y spectrometer configuration —
o - _ o ) ' o
5 '~ Detector dimensions 6 c¢m? x 8mm
5 - R | _
[
L .
o> _

ol o

10=4 - —

. ; ] _‘ - i , | 4 i‘l , . § R .‘1 ek I l| 11{ ' . v‘ﬂ
0 o2 s 0% e s 00
"~ Photon energy ‘(keV)-‘v". ' o

MUB-13611

B

 pig.- 13. Full ~energy peak efficiency of 6 en’ x 8 mm Ge(Li) detector

used in conversion coeffl«:lent spectrometer. Sy



AR A

(normalized)

"7@_

Sl (Li) detector sysfem
lecm2 X 3mm deep

OO T

:—“ "7e(E ) Vs, Ee IR "5

1 L q.:l . '} ; T .lrf.ll lf'. | i p
100 1000
| | Ee.(keV);_ |

o s

Fig. 14, Full-energy electron peak efflClency of Si(Li) detector
relative to Ge(Li) detector efficiency for gamma rays. The error
limits indicated arise only from uncertalnty 1n standard conversion
coeff1c1ents - : ~ , : ‘

v

(\



. | —3l~

r | Absdiufe efficiency. vs. Energy .
_U;. . Si (Li) de'rector of e-Y spectrometer -
= L I o9, N
o - . . o 203
T S : 0 "Hg 7
£ o S : o ISTCS BE
-g§ Ny I . : . ‘H- 207B| -
85 o
£2 5
-2 @ 0
>l —. S
[ & Raeed - -
[ s g - ] -~
Lo B -
L B "
© - | B
. : i
C© ‘ i
‘95 b -
©
w
-Q =i - -
<
163 T R | [ T .
o 400 800. 1200
Electron energy (keV) '
MUB 6023 |

Fig; 15. Absolute full-energy electron peak efficiency for Si(Li)
‘detector. The error limits indicated arise only from uncertalnty
in standard conversion coef?1c1ents : S



I T T PR B T T —
c
O.
- = -
o
2
=1
o
=
c
.o [\3]
o .
= 8 -
L E
> @ .«
B ql) S ] 7
@ . (
- aww 5}
» D v C @ -
~— o v
5 o o E :
- o _ € E. -
255 m
o v . ‘
o x
— 3 - N
- ¢ o E o
-~ Jeogo -9
| ~ ::’ % Foe) -
b~ P e s -
O
v e He~ -
- — 0
- -
. L -
o
T -
59 _
= -~ O o - C Cc b
o D o 2 0
‘= 5 O O mI < hm =N O
[ - @ ~
32T 8 2 %8 3 8 5
1 L i ln PR R 1 1 o
» N w0 no
(®] Q
<% (404004 91buD-p110s buipniour)  Adudidiyye dinjosqy

;-

Fig. 16. :Absolute full-energy electron peak efficiency for Si(Li)
detec{or. The error limits indicated include a 5% error arising
from the uncertainty in the gamma-ray efficiency of ‘the Ge(Li)

. detector used in the spectrometer as well as the uncﬁrtalnty in

‘the standard corrversion coeff1c1ents.

(keV)

Electron energy

 MUB-1361S



Y

- -33- .

1ih’efficiency with increasing energy. Since these curves were all taken -

under eSSentially the same experimental‘conditions (deteetor depth, source-

detecﬁor'geometry,.collimation, ete. ), it must be inferred that thé de-

" tectors themselves lead to the observed differences in efficiency. . While

the differences have not be explained, it is thought that possible varia-

tions in depletion depth across thelcrystal might be a possible cause.

k. Examples of Use ' _
' While we shall present in Section III-Qf.this thesis a number of

‘ examples of the use of.this'spectrometer in regard to the studygof the level

schemes of the odd-msss gold isotopes, we feel that two exaﬁples discussed
at this point would indicate the general quality of muiltipolarity determina-
tion obtainable w1th this apparatus. '

The ICC of the 2Ml keV transition in the decay of 17 hour 86Zr,

" which had been unknown, was. determined by Hollander1( u51ng the above

apparatus. Figures 17 and 18 show the relevant portions 'f the photon and

v:conversion.electron‘spectra, fespectively, with the background to be sub-
tracted for snalysis indicated .in each case. In Fig. 19, we show the con-
sversion electren spectrum with the background subtracted. The approximate
-"contribﬁtions of L, M and N lines to the composite line is shown in this
. figure. Utilizing these spectra, the experimental'K-ICC was found to be -
(3.5 +0.3) x 10“2, leading to an E2 (theore_ticai K-ICC.3.8 x 10'2) assign-

ment for this transition. Other subsequently measured properties of the
transition, e.g. half life, agree with.this E2 assignment.

“<Another interesting use of the conversion coefficient spectrometer

in the a551gnmenf of a particular trans1tlon multlpolarnty has been described

L
by Frankel. ? In this case the desired multlpo]arnty was, that of the 168-

157,

" keV transition in a.‘ Since this was observed in the decay of 34.4 hr.

197Ce ; the high background due to "tailing" from the electron lines of the
137m
Ce

Very,lntense 255-keV Mh - 137gCe isomeric transltlon was sufficaent

to obscure the electron lines of the transition of interest. To determine

. the multipolarity, they took the gamma—réyAintensity of 168-keV gamma
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'relatlve to the 2“5 keV gamma, and u51ng the 2“5 K electron line as a

standard snape, subtracted tlo electron intensity eipected for various

‘multipolarities (calculated from theory) from the background at the pOSl—‘

tion of the expected 168 K line. As 1s seen in }1g. 20, for all multi-
polarities greater than El, the resultiug background shapes_were quite

anomalous in appearance. Thus, an assignment of El was made for the transi-

‘tion.

5, 'Limits of Accura0/ and Possible System Improvements

In most cases, the accuracy of the ICC determinations made using
this spectrometer is limited by~the accuracy of the gamma-ray and conversion-
electron relative efficiency functions The gamma- ray efficiency is, of |
course, doub]J important due to its use in the determwnation of the electron
efficlency. If a large number of 1ntenSiLy standards are used in the gamma-

ray efficiency determination, it should'be»possible to achieve an accuracy

of j% or better for gamma-ray efficiency over most of the energy region be-

tween 100 keV and l., Mer If most of the conversion coefficient standards

.listed:in Table I are utilized for electron»efficiency determination, the -

. accuracy of this function can be apprcximately 2% relative to the gamma

efficiency Thus, the two efflclenCJ determinations 1imit the Overall

- accuracy to about T-8%.

Clearly, an effect which tends to'complicate the cbseryed spectra,
or reduce the height of the peaks above background4will reduce the acecuracy

of the measurement Thus, the use of this device 1s severely limited in

v"cases where there are intenbe ‘beta or poeitron spectra. This background
. spectrum may be xeduced by coincidence requirements., Another source of
-background is gamma-ray emission from the source. We feel that the major

‘ 'contribction‘to counts in the electron spectra lying lower in energy than

the conversion lines is due to Compton-scattered.photons within the Si(Li)

crystal. TIn more advanced designs of this device, some method must be

o devised to reduce this gamma-ray interaction. - This may be either an anti-

coincidence shield to surround the Si(Li) detector (this removing a large

'portion of those counts from the spectrum due to scattering in vhich full -
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‘“-ehefgy'is not deposited within'the crystal) or-some type of magnetlc steerlng

51

50
device, "similar to that proposed by Malmfors and utlllzed by Watson for

. conversion electron-fission 001nc1dence studles, capable of‘bendlng the

'electrons away from the sodrce and refocusing them at a pointlwhich can be

conveniently shielded from source gamma rays.’ Another appealing facet of .
the use of a magnetic steering device, is the removal of any positron spec-
trum which may accompany the nuclear decay. This would extend the use of
this dev1ce to lower Z, cyclotron-produced nuclldes ‘

Improved resolutlon will, of course, improve the peak to- background

“lratio for both detectors Whlle the advances in resolution during the past

two years have been great, thewe is no reason to think that significant ad-
vances in this area do not still iie before us. There will also be advances

in the total active volume of the detectors, which should again add intensity

..to the full energy peak. In this regard, one should realize that for a de-

vice such as'the one described here, it is not the total volume of the Ge(Li)

detector alone which should be the determlnlng factor in the selection of

the detector, but rather the ratio of active to total volumes, since we wish

--to increase the intensity of the full-energy peak relative to its Compton

distribution

‘Since the most convenient method of data acqulsltlon with thls de-
vice is the simultaneous accumulation of both conversion-electron and gamma -
ray spectra for a pre~set live-time interval, simllar counting rates for

the two spectra are quite desirable, "In the case of short- lived activities,

L Af the counting rates (and thus the analyzer dead- tlmes) are considerably

L different, decay corrections are necessary for intercomparlson of the spectra.‘

High countlng rates also tend to make poorer the resolution obtalnable w1th

.. the semiconductor detectors., With the present design of the conversion co-

~efficient spectrometer, we find that in most cases where the decay of a

moderately high Z nuclide is observed, the Si(Li) detector exhibits a higher

"count"retedgpresumably,due_to.the_efficiency_of theldetectop.fpr X-rays as
- well as eldctrons. Hopefully, this higher count rate would be reduced by

- “methods discussed in the previous paragraph.‘ There will also be caseszor
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lw‘uhich the ccnversion coefficients will be small. " In these cases, the éammaf
ray countlng rate will determlne the maximum useable source strength For
such cases, it would be adv1sable to have a variety of absorbers as part
of the assembly, and have the system calibrated for each ‘absorber. Another
important yariatioh would be a'number of fixed positions for both detectors,
This,,if properly calibrated,‘would allow the optimization of counting rates

"for both detectors.

D. Couclusion

The semiconductor detector, w1th many accompllshments already to its
vcredit, has been shown to have great potentlal 1n the area of ICC measure~
ments. In this section we have mot only reviewed thls potential, but have
also described an apparatus utilizing these detectors which is capable of B
, rapldly yleldlng much 1nformatlon to. the spectroscoplst The conversion :‘
- coeff1c1ent spectrometer we have dlscussed permits ICC measurements to an
accuracy which is sufflclent for most multipolarity determinations. It
also allows ICC measurements to be made with nuclides hav1ng quite short
“half llves. These two qualltlee mark this dev1ce‘as one which would be of
: great value iu the nuclear spectroscopy laboratory. The device does, at
present, however, have a number of weak pointe. Primary among these is the
inability of the Si(Li) detector to observe any electron lines other than
_the most intense above a strong’beta contiuuum.: This can only be remedied
with great improvements in.resolution. Another weak ?oint is the sensitivity
of the Si(Li) detectcrvto gamma, rays.' It is expected that a number of meth-
ods can be used to reduce this source of backgrouud. Due to these weak-
fnesses, a Spectromeﬁer of the present design will be.of greatest value to _
those working with nuclides which have (1) a large EC/B + ratio or, (2) low
"1ntens1ty beta or positron dlstrlbution in the region of the transitions of"
interest or, (3) highly convertedAtran81tlons (e.g. isomeric transitions

from levels populated in (n,y) reactions).

Rl
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" Jensen, and Suess.

--is the so called unified model formulated by Bohr and Mottelson.

R
_ III. DECAY SCHEME STUDIES OF THE ODD- MASS GOLD ISOTOPES
L S ¥ Theory | . ,
‘The search for sysfematic trends in the‘behayior‘of‘various nuclear

properties is an important aspect of nuclear spectroscopy. Such a syste-

,. matic study of the spins and magnetic moments of nuclear ground and isomeric

: -~ : ) o
- levels led to the formulation of the shell model by Mayer5 and Haxel,

-
23 With this model it has been possxble to predict a great

many nuclear phenomena, partlcularly near the regions of the magic numbers

of nucleons. Another model which has profited from nuclear systematlc studies
Sl ,
This

model has, of course, done an excellent job in the prediction of nuclear

. phenomena in regions where the nucleus assumes an equllbrlum nonspherlcal -

: shape

Of particular lnterest is the systematlc study of the nuclear pro-

. 1pert1es of nuclei which lie in the reglon between those covered by the

f'above theories. This region is characterized by the presence of shell- model'

type single particle,states_ae_well as low‘lying stetes erising from col-
lective motion'of the nucleons. Since the main features of the nuclear

levels of odd-mass nuclei ere determined by the odd group, an effective

v»method of»study‘for,this'region is the observation of systematic trends in

the set of nuclei having (Z, N+2v) or (Z+2e, N) where v and ¢ ' are inte-

gers and Z is odd in the first case and N odd in the second. The levels .

) end transitlions in these nuclei can be studied to determine -the extent of

interaction between the odd particle and the collective motion of the other

. nucleons. S S Co L e e

There has been con51derable theoretlcal interest shown in the nuclei

‘_ which occupy the region extendlng from the lead lsotopes down in mass to the

-,rare earth region_which commences with osmium and rhenium.‘ Those nuclides.

surrounding the doubly-magic isotope,_o Pb have shown to be amenable to

| 'u_shell-model calculations, while the rare earth nuclides have, of course,

been extensively treated in light of the unified theory. In the midst of

'the reg{on between lead and osmium lie the gold isotopes. A study of the
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w”odd—maos gold 1sotopes w1ll 1nd1cate the 1nteractlon between the odd 79th
1"proton and the sllghtly deformable nucleon core. This should act as an
~indication of the transition taklng place in.the nuclear potentlal 4 _
In this section we shall discuss those theories which are presently

' prom1nent in the description of the odd mass gold 1sotopes

1. Slmple Shell Model

The shell model has had considerable success in the prediction of

.‘various nuclear: phenomena. = 1ts major achievement was the explanation of
the additional stability associated with the "magic. numbers" (2 8,20,28, 50
82, and 126) of nucleons. Despite the great simpliciation used in formulatlng 3
this model and the neglect of specific internucleon interactions, the numerousa
‘ ‘quantities which are not extremely.sensitive to the fine details of-nucleaf
structure can be treated quite well. VAt present, however, the simple shell
model is used as a base ‘upon which to build more sophisticated models. Be-
fore we examlne the simple shell model predlctlons for the gold reglon, let
us discuss the basic assumptions of the model very briefly.

The prlmary essumptlon.of this model is that each nucleon moves in
en average field of force which is spherically symmetric and independent of
,the instantaneous positions of all other nucleons.  ThLis potential felt by
the nucleon is assumed to have a form somewhere in between that of e three~-
 dimensional harmonic oscillator and that of a square.well.- These assumptions '
led to nearly the proper level ordering for light nuclei and allowed pre-
diction of the magic numbers of 2,8, and 20. The larger megic numbers, how-
 ever, were not correctly predicted until a force of the form f(r)(si;3 was
included in the total potential. This is, of course, the spin-orbit inter-
" action force whlch tends to lower the energy of those levels in whlch the

nucleon spin and orbital angular momentum vectors are parallel" (J 1+1/2)

and increases the energy of those 1in which the vectors are antlparallel”}
(3 = 1~ 1/2) The inclusion of the Spln -orbit force predicts shell closures
'at the experimentally observed values without additional aSsumptlons

' i_Emperlcal ev1dence indicates that the stepwise filling of the levels w1th1n
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'ﬂli;each shell is governed to ‘a con51derable extent by palrlng Pairing means

iv.that configuratlons in which palrs of nucleons have zero angular momentum

"are energetlcally favored and the amount of favorlng increases as the angular

'*f]momentum of the single-particle level -in which the pairing takes place.

In the 31ngle particle model, the. low—lylng levels of odd- mass
‘ nucle1 are determined by those shell model states avallable for the odd
nucleon. In the case of the odd-mass gold isotopes this is the T9th proton.
.The levels available for this proten within the shell occupied by the Slst
‘vto 82nd hucleohs are the lg7/20 2d5/2, 2d3/2, 331/2, and lhll/2 oreitals.
The actual order of filling of the levels is lg7/2, 2d5/2, lhll/E’ 2d3/2,
351/2 with the lhll/Q fllling in pairs. Thus, for the ground state of the
odd-mass 1sotopes we expect a spIn and parity of 3/2 + arising from the pro—
ton belng in the 24 /2 orbital. Low-lying excited states arising from pro-
"~ ton excitation should then be, accordlng to the s1mple shell model, l/2+
- 5/2+, 11/2-, and 7/2+. '

2. Core-Excitation Model

Even-even nuclei have been shown to exhibit distinctive‘levels which

. arise from colleetive surface vibrations. If we think of odd-even or even- .

.0dd nuclei as consisting of a single nucleon outside an even-even core, it .
“it tempting to eonsider the possibility of coupling the odd nucleon tovex—.
cited states of the core. This situation wouid arise where the energ& neces-
sary to-excite the odd nucleon to & higher lyihg single particle level was
comparable to the energy required to excite surface oscillations in the'even-:
even core. The energy of the states resulting from such coupllng w0uld then
be dependent upon the particle state occupied by the 0dd nucleon, the state
-of the core excitation (number of phonons), the strength. of particle-core
coupling;“and the total spin to which the particle and core angular momenta
are coupled. Bohr and Mottelson54 first treated this situation in 1953 1n.

their general discussion of collective phenomenon. In their treatment the

...above situation is covered by the weak-coupling model. For this model the

. .assumption is made that the deformation of the nucleus is small enough for

'perturbation methods to be used. Thus; the model only)deals with nearly
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" uspherical nuclei,  and the collective.modes in ﬁhich there is interest are
. Vlbratlons about a sphere. o o
 In the treatment of weak coupllno in the unlfled model the Hamil-

tonian for the core plus extra nucleon is taken as

H=H +H +H,
c . P int

where .Hc, the surface vibration Hamiltonian for the core, is expressed

according to the definiﬁions_found in Preston,55 page 251,,(conéidering.only' ,f

. quadrupo1e deformations of the core).
— ‘ ! ‘e 12 . 2 C
= (4/2) 2 (Blag, | + cloy, [7) ,

H is the Hamiltonian for the odd nucleon with eigenvalues corresponding
' to the single-particle levels in the presence of & Spherical’core, and .Hint
is the interaction Hamiltonian which couples‘the pérticle motion to the core

oscillations and is expressed

o o o
Mg = - 5 2%, % (00)

1
taken in this treatment are the eigenvectors of the Hamiltonian for the un-

" where the Y are spherical harmonics of order 2. The basis wave functions

coupled system
H' ='H + | ) 5
o c P .

. Lo - . o - A - i ‘ )
~and are specified by [j;’NR; JM) , where J denotes the quantum numbers of
,  the odd nucleon, N i$ the number of phonons of collective vibrations, R is -

" the total angular momentum a85001ated w1th the core vibrations, and J.and M

'  'refer ‘to the total angular momentum (J T+ R) The ground state of the

' coupled sygtem is the state with no phonons, {j; 00; jm),»with some admixture

from thbsgistates'where the matrix element
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(J ; NR; JMIH IJ, oo, Jm>

_has a nonzerq value. AHintv will connect the ground state only with states
~ with one 2+ phonon present.(N = 1, R = 2), and only for j' =j, j ¥ 1, or
| x Q‘Wiﬁh the same parity and similar energy. The lowest lying excited
states will be those erising from the coupling.of the half-integral ground
state‘ J to one quadrupole phonon yielding levels of positive anguiar mo-
mentum J such that |j+2|> J.>|3-2]. In the simplest model these levels
will be degenerate, with the degeneracy being removed only by the preSencei o
. of other particle states or the admixture of other phonon states.

| A quite 31m11ar model wag derived as an extension of the jj- coupllng
shell model by de- Shallt 56 in 1961. In this case the basic wave functions
are lJcJ JM), where J stands for the core angular momentum, J - for that'
of the odd nucleon, and J is the’ total angular momentum w1th J =M., In
this case the absence of any core-partlcle 1nteract10n causes all states
characterized by the same pair of values for J and j, but different values
of J and M to be degenerate. These levels make up what is termed by de- Shallt
as a "core multiplet". The degeneracy of the core multiplet will be split’
' by the core-barticle interactionL Since this interaction is a scalar, its - _
form is taken to be the broducf of two tensors of rank k: ( )( ) operating
on the core and T(k)(p) operating on the particle. The general interaction
- is taken as the summatlon of the tensor products over all values of k. If
the 1nteract10n does not 1nvolve monopole- monopole (k = o) effects, the

Moenter of gravity" of each core multiplet B [Z E (2J+l)/2 (23+1))

o should coincide w1th the energy cf the unperturbed flrst v1bratlonal level

.of the evenpeven nucleus whlch corresponds to the core. ‘ The center of

_ 'graVLty aspect has been discussed extensively by Lawson and Uretsky.q74“
fQ‘Mon0poie effects w1ll show up as a shiftlng of the multiplet but will .
‘f‘not split the multiplet degeneracy. ‘ '

Thus, accordlng to the descrlptlon by de- Shallt, a core multlplet :

: should approx1mately satlsfy the follow1ng requlrements 1),The center of

. . [N
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,.grav1ty of the multlplet should be at the ex01tatlon energy of the even core
known- from the neighboring even-even nucleus. 2) The reduced E2 tran51tlon
probabilities from members of the multiplet should be equal.and about the
same strength as ‘that from the first excited state of the nelgnborlng even-
even nucleus. 3) The ML transition probability from the multlolet to
grouﬁd should be very small. These-requlrements are based, of course, on
the assumption that the core multiplet is "pure'". Any admixtures 5f'other

" particle wave functions to these levels or the distortion of the excited :

©  state of the core from that observed in the even-even neighbor will cause

significant deviation from ﬂhe above requirements.
The difference between the weak coupling treatment of the unified 3
_model and that offereﬁ by de-Shalit lies in the form of the core-particle
interactlon While fhe weak coupling 1nteraction is equlvaWent to the pro-
duct of two tensors of rank two (quadrupole-quadrupole coupling), the form '
‘tof the interaction in the de-Shalit model is'more general, including a sum |
over tensor products of all ranks.
, " VWhile these ‘models have been applied to numerous nuclides, particular
- emphasis has been placed on thelr application to nuclides in the gold region.
'ln this region the even-even nuclei maintain their spher;cal shape while
.exhibiting vibrational levels at fairly low energies (300-600 keV). In
‘particular, Braunstein and de—Shalit58 have discussed the levels of l97Au _
in terms of the coupling of the 79th proton (presumably in the d5/2 orbit)
to an excited state of the core ( 9OPL) The low lying levels of this

nucleus and their interpretation in light of the de-Shalit model are shown

- in Fig. 21. The wave fﬁnctions used in Ref. 58 are . A T

VAlo 3/2, 3/2) + \/1 G |2 5/2 3/2)

13/2), =
/ey = |23/2,1/2)
13/2), = Al2 3/2,3/2) - */ -A o 3/2 5/2>
I5/2) = Ble 3/2,5/2) + V1-8° |0 5/2,5/2)
l11/2) = [o 11/2,11/2) o |

ey =l L
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;The two 5/2 levels are allowed to mix through the parameter A and B
‘ accounts for any admlxture of d5/2 81ngle particle state 1nto Lhe 5/2 level
From experimentally measured values of M1 transition probabllltles and the -
‘magnetlc moment of the ground state, the values of A-and B were determined.
lThese derlved values were then used to predict various other quantltles.

It was found that the fit to the experlmental data was quite good Later.

59

- work by McKinley and Rinard attemoted to obtaln a quantitative fit for

1
- the levels of 97Au under the assumption of a core-particle interaction in-

volving tensors of up to rank three.

e

1
9(Au has been taken by Thankappan

o 2 somewhat'different'approach to
and Rao, 0 who have discussed the properties of the low-lying levels in

terms. of the coupling of a proton hole in the d subshell with the grounqA

5/2
state and first excited state of 198Hg. It was found that tensors up to ‘
rank three were necessary to reproduce the observed level'positiohs Partl—

cularly necessary was the monopole monopole portion of the 1nteractlon (due

. to the center of gravity of the core multiplet falllng ‘about U8 keV below

198

the. Hg core state at hl12 keV) In this treatment it was found that the

domlnant part of the core- partlcle interaction was the dipole-dipole term

'5.’ Kisslinger and_Sorensen.Treatment . : ' | o V_ S
' In 1963_Kisslinger’and Sorensen6l published their general theoreti-
cal treatment for spherical nuclei. Since the‘extent.of the calculations
is large, we will not cover them in detail, but rather present a general
introduction and suggest a reading of the original work for further infor-
mation. v . o _ ' |
o '_In_this treatment, the interaction between nucleons is taken to have

'both short- and long-range .components. The short-range force.gives rise to -
- pairing effects. ‘The modern approach to pairing arose from work on super-

frf:conductivity by Bardeen, Cooper and Schrleffer62 and_its appllcatlon to

't nuclear phenomena by Bohr, Mottelson ‘and Plnes.63 The pairing force acts
* only on shell-model pairs of nucleons coupled to zero angular momentum, and

has the effect of scattering these pairs over unfilled nucleon orbitals.



‘guration. In the Dartlcu]ar ‘case of

‘";hg;e-n

-The long-range farce used in this treetment_is'a quadrdpole-quadrupole force
: whioh depeﬁds on the eecond-order spherical harmonic of quasi—partiole-co—

. : . ’ ]
“ordinates and acts between both protons, neutrons, and proton-neutron pairs.

of course, the quasi-particle formallsm 1S used throughout this treatment
For odd-mass nuclel there ex1st low-lying states which are prlmarlly
one' qua31 partlcle states. The quadrupole -quadrupole force in even nucleil

gives rise to collective 2+ first excited states, which may be regarded as

.l—phonon states, micfoscopically consisting of & coherent superposition of

many 2-quasi-particle configurations. In odd nuclei the q-q force admixes
configurations with one quasi-particle plus zero, ohe, or more such phonons.

The Hamiltonian in‘this treatment, as in the weak coupling case, is the

 sum of the phonon Hamiltonien, the quasiparticle Hamiltonian, and the Hamil-'

!tonlan for the phonon- qua51-partlcle 1nteract10n For the final calcolations,

the energy. parametezs for ‘the 51ng1e particle levels are obtained for ‘whole

'_reglons from single closed-shell and-closed—shell % 1 nuclei, and are assumed

to vary 1ihearly as a function of A within the shell.

_ While the values for the calculable quantities are not expected'to'”
be extremely accurate for the odd-mass gold isotopes, they should give an

indication.of the general trends within this region. In the comparison of

" experiment to theory we shall return to examine the resultb of this treat-

" ment more closely.

u.’ Semlmlcroscoch Descrlptlon '

An extension of the intermediate coupllng theory of Choudhurya‘L hasj
5,66

been undertaken by Alaga and Ialongo 1n order to apply to nuclei one,-

two, or three nucleon numbers away from an even single- closed shell confi-

97

Au, for examp]e, the three proton

. holes are treated expllcitly in the Sl/E and d_/2 orbitals with an attxactlve
>pa1ring force The core excitations (malnly the neutrona) are brought in
‘: as quadrupole phonons, with particle- phonon coupling strengths taken as ad-_

 justable parameter The vibrating core is taken to have up to two phonons -

of exc1tation The phonons arise as collective excitations of the neutron _

LA »
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.holes in the 126-neutron shell of lead nuclei. In separate calculations,_
*:they have . 1ncluded up to three phonons and also taken into aecount the
R/2 hole states, as well as calculating the negatlve Daripy levels.

_ The eigenvectors of the Hamiltonian were then used. to.calculate -
'transition1probabilities, lifetimes,.mixing ratios,'magnetic and quadru-
“._pole moments. As an example of c0mplexity of the eigehfunctions for this

4treatment the wave function for the 5/2+ ground state is found to consist
of 16 terms. We shall return to examine the predlctlons of this treatment,

| particularly with regard to the level ordering, later in this section.

B. Experimental Technlques and Apparatus:

.

1. Source Preparation . '
4 In the following set of studies we observed transitions within the:
" level schemes of those odd-mass isotopes of gold w1th mass numbers 199, 197,

195, and 193. Levels in both 199, 197 197

Au and Au as well as Au are populated
 from mercury decay. We are therefore interested in the production of the

.correspondlng platinum and mercury isotopes and their separation from other

activities.

Samples of 51 min 99Pt were prepared by neutron irradiation of
198

_-plsotopically enrlched Pt in the LRL research reactor at Livermore, Cali-

fornla.T Samples were subjected to an average thermal flux of approximately

2 X 1012 n/cm2,esec for periods of roughly two hours. The short half life

67

of this isotope required delivery to this laboratory by hellcopter Samples

of 18-h l97Pt and 97-min 97mPt were prepared by irradiation of isotopically

196
enriched ? Pt in the G.E. reactor at Vallecitos, Callfornla# at a flux of

TTﬁefl98Pt was obtained from Stable Isotopes Division, Oak Ridge National
Laboratory, Oak Rldae, Tennessee, "Isotopic analysis of this material was
190py, (0.0%%, 19%pt. (o 055, ke . 9&%, 195Pt 11. 54% 196Pt 26.70%, 198Pt
s6.826. | |
The l96Pt agaln was obtained from the Stable Isotgpes Division : nd had an
Pt 6.57%, 177t 26.189,

*

196, 65. f@%, 8Pt 1. 7od
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spectra.

© actual reactions utilized were of the type ~~ 'Au(d, Xn)
 energies of 15 MeV for X=2, 35 MeV  for X=M, and 50 MeV for X—o. For most

-51-

13

vn/cm?_' sec, and with a thermal/epithgfmal (En) 0.4eV) neutron -

r&ulO of T:3/1.. _
' Chemncal purlflcatlon of the 3la+1num wa.s under aken by a method

o . 6
~ similar to - that described by Smith. 8 The oamples were. first dissolved in

., hot aqua regia. The solution was then evaporafed to drynesé,'and the resi-

due taken up in approximately ml of 3N HC1. To remove the pr1nc1pal

‘impurity, gold, the technnque of solvent extraction was utlllzed The gold,
~in the form of the chlorlde complex ion, was extrdcted from uhe.HCl solution

by repeated washingé with amyl acetate. It is of course, easy. to follow the ;

gold extraction due to the ye]low color of the ion. The HCl solution was

_then heated; both to remove the last traces of amyl acetate and to reduce

'tbe vblume. Portions of the Pt solutlon were then llquid-depos1ted on

aluminum planchéts for the observation of gamma-ray spectra or on to gold-

anodized mylar for the observation of conversion-electron and gamma-ray

The neutron deficient isotopes -of mercury were produced by bombaruing

gold metal foils with deuterons in the L.R. L. 88-inch cyclotron Thus, the
197 199-X

runé, 4.5 gold foils .of 0.00l-inch thickness were used as a térget. This

* thickness was sufficiently small to reducé the contribution to the total

. : 1
activity from the competing reactions of the type 97Au(d, (X-1,2)n)

arising from deutercns degraded in energy.

Due to its high volatility, mercury is quité easily separated from .

gold and platinum by distillation. In these experiment, the irradlated

vgold foils wére placed into the quartz vessel of an "astatine boiler" of

69 .
the type described by Fink and Thompson. ? The quartz vessel was then

ﬁ clamped tightly to the boi]er aseembly and heated to approximately 800°C

by means of a small inductlon furnace. The volatilized mercury was then

- * collected on thin gold foils which were fastened tc the cooled base of the .
' boiler by means of a small end cap. The area of the mercury deposit. was

“limited, by an aluminum collimator. The time for evaporation varied from

[}

Hg, w1th deutaron
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V'n.two mlnutes to two hours dependlng upon the d631red source strength Gold
foil was used to collect the mercury in order to form a mercury- gold amal-
" gam. This amalgam served to keep the mercury from evaporat;ng when the
"sample'wes introduced into an evacuated chamber for the ooservation,con-

version electrons.

2. Apparatus

'(a) Gamma -ray spectrometers, In these experiments,_gamma—ray spectra'

were observed utilizing lithium-drifted germanium'(ce(Li)) detectors fabri-
cated'at.this Laboratory by the technique described by GOulding.lg_ We have
used detectors of dimensions 2 cm2 X 5 mm deep, 6 cm2 X 9 mn deep, L cm2 X .
5 mm deep, and 1 cm2 X 5 mm deep The first three of these detectors were
coupled to low-noise preampllfler using EC 1000 vacuum tubes in their first -
stages. They exhibited resolutions of 2.1 3.3, and 3.0 keV at 122 keV
respectively. The 1 cm2 X 5 mm deep detector was utlllzed w1th a field-
effect transistor (FET) preampllfler of the type descrlbed by Elad, Ho and

: exhlblted a resolution of 1.2 keV at 122 keV.

' The detectors were kept at 1iqu1d nltrooen temperature and were
continuously pumped upon by sputtering-ion pumps of commerclal manufacture.

‘ The low temperature>is used both to reduce detector bulk leakage current’

- and to prevent further diffusion of lithium within the detector. The low

'pressure is then used at this low temperature to prevent deposition of’

o materials on the detector surface

Of particular importance in the observatlon of the gamma-ray spectrum

195

of. Hg was an anti-Compton spectrometer utilizing a Ge(Li) detector of
dimensxons 3 em X 2 em X.1.] cm. Thls apparatus was designed and bullt by
D.C. Camp at the Lawrence Radiation Laboratory, leermore, Callfornla In

‘this device, the Ge(Li) detector is positioned between two NaI(Tl) scintil-

o latlon crystals of dimens1ons 9-inch diameter. by H., inches thlck <A col-

limated (O 5 inch) beam of gamma rays is allowed to be incident upon one of

of the 2 cm X 1.1 cm detector faces. Many of the Compton interactions

L oceurring hlthln the Ce(Li) detector lead. to scattered gamma rays which -

. k3
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eecape the. crystal In tkis particular aéparetus,'a fast coiecidence is
taken between the NaI(Tl) crystal (observing the scattered gammna rays)‘and
l‘the Ge(Ll) detector. - Any such coincidence will, in this case, cause the
eealyzer to be blocked, and the pulse from the Ge(Li) detector will not be
accepted. The block diagram of the electronics used in thls apparatus is
shown in Fig. 22." The Ge(Ll) aetecfor used in this dev1ce exhibited a re-
-solutiOn'of 1.5 keV at 122 keV. When used in the ant1¢Compton mode a re-
duction of approximately one ordef of mégnitude was observed'for the Compton
.distribution ln the OCo pulse-height spectrum. A more detailled description
' of thlS device is 1ncluded in the review article by Camp.

(b) Conversion electron and Internal conversion coefficient measure-

- ment.  The measurement of ICC in’this series of experlments was undertaken

© with the ald of a device utilizing a Ge(Ll) detector for the observation of
gamma rays and a Si(Li) detector for the observation of conversion electrons.
This device and its method of application is described in detall in Sectlon '

‘1T of this thesis. o

In some cases where hlgh resolutlon was necessary in he observation

of the conver51on electron spectrum, the Berkeley 50 cm.ﬂ-Jé- iron-free
Ap

spectrometer was used. With this 1nstrument, a momentun resolution. (E;J
of 0.10% to O. O‘% was obtainable. This permltted resolution of ‘the L+ sub-
'.shell lines for most transitions of interest in the gold reglon. ,

o~

C. Expefimental Results

199,

" The decey of l99Pt to levels in 199Au was first examined by Le-Blanc,

Cork and Burson.7l"While'this work did'report nine gamma rays in the decay
.and did'formulate a decay scheme, it was not until the more'extensive work:
of JOShl, Thosar and Prasad72 ‘was publlshed that a level scheme which was
systematlcally conSLStent w1th ‘those of other odd-mase gold 1sot0pes was
'presented In this. latter work, both gamma - gamma ‘and beta-gamma coincidence
studies were carrled out and: three new gamma rays added to the scheme. From

relativelbeta branchings log ft values were,derlyed and some .assignments of -
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namely 97Pt 195

, 1rrad1at10n periods (30 min-1 hr) are utilized to reduce their Droductlon

- 199Au

' preprlnt of the extensive work being done by Black on this decay

55~

,,spln and parlty were postulated for the. gold levels. The Dresence'of two

gamma - rays of aupro>1mdtely 520 keV as well as two of M?R keV in their postu-
lated scheme 1nd1cated that.a hlghel resolution study of this decay would’

be of value. o . oo, v A

In the neutron 1rrad1at10n of enriched 198Pt both l99mPt(tl/2 = 15

sec) and} Pt(t 42 = 31 min) are produced. The other impurities formed,
Pt,

an 95mPL are-fairly long lived, and therefore short

99PL, whlch will appear in the

199

For this reason the main peaks not from

gamma-ray spectrum are those arlslng from the decay of the daughter of Pt,‘

199

The decay of Au is well known and exhibits gamma rays of h9 7,

158 3, and 208.0 keV, decaying wi'th a half life of 3.1 days.

Prellmlnary studies u31ng a Ge(Li) detector of dlmen51ons 5 em® x 5 mm

(resolutlon 2.1 keV at 122 keV) were undertaken to observe the primary gamma

199

“rays from Pt decay.. These studles determined gamma rays of approximately

185.6, 218.7, 225.8, 240.0, 246.5, 317.1, 323.7, 417.5, 4e5.0, 465.5, h7h.5,

_,h93.5,‘505, shp.5, T71L.8, 791.@, and 967.0 keV which decayed with a -

helf life of roughly 30 minutes. The intermedigte-energy region of our gam-

ma . ray spectrum is shewn in Fig. 23. BSince these spectra were taken
primarily for the purpose of half-life determination, neithef the eﬁatistics
nor the amplification gain was optimum for energy measurements, and for this
reason the ebove energies are expected to be accurate only to at best’within.
0. 3 keV. In Table II our gamma ray data are summarized.

Very shortly after these preliminary measurements, we recelved a

& Using

~both Ge(Li) and Si(Li) detectors as well as NaI(T1) detectors, permanent-

.magnet spectrographs, and y vy and B-y coxnc1dence technlques, he was able

to formulate a decay scheme which was con iderably more detailed than that

:pfo@osed‘bvaoshi et al. The scheme pestulated by Black is shown in Fig. 2.

199

- A close examination of the proposed ~““Au level scheme from Ref. 73‘

- discloses two doublets at 5k1 and 789 keV with separation energies 2.5 keV

‘in each case. Both of the lower 1eVels of these doublets have their energies

.-
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| Table IT. -Photons from 7Pt decay.

Energy (kev)® - ' R ' Relativevintensiﬁyj
7.1 - |
185.6 9.7£0.9" '
218.7 1.3%0,2-
225.8" 0.3+0.1
. 240.0 1.3t0.2
~2k6.5 110.20.5
317.1 30.7+1.5,
323.7 ' 1.9%0.3 .
417.5 ' © 2.240.2
425.0 0.9+0.2
 466.5 14.0+0.6
L7k, s 7,7+0.5°
493.5 37.1£1.6
505.0 . 0.7+0.2
5hk2.5 ~100.0
TLH.8  12.2%0.5
. T91.5. 5.8%0.7
T 967.0 6.3%0.8

aEnergies'are accurate to within 0.3 keV for the most intense transi-
tions and to within 1 keV for the weakest transitions. :

’bMixed with Au KB X rays.
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Judetermlned by gumming gamma ray energles upon the energy of the first ex-

,01ted state at 7.6 keV. It is quite 3nterest1ng to note the effect of a

‘1‘>2 5 keV error in the measurement of Th,6-keV transitlon - If .the energy of

the flrst exc1ted state was 77-1 keV, from energy considerations the 219- -
..keV transition would ‘be a581gned as depopulating the level at 5&2 8 keV

"' along with the 226- and 543-keV transitions, and the 467- and T15-keV transi-
.tions would depopulate the level at 790.6 keV along with the 47k and 791-

" keV transitions. Along with these changes, the transitions we have‘observed

'vat42ho.0 and 325L7‘keV would be interpreted as’transitibns from thé second
to the first excited and third excited to ground states respectively. Thesg ,
transitions were not observed by Black due to tﬁe fact-that the resolution |
~of hié Ge(Li) detector was pooré} than that utilized in our experiments.

The energy of the transition reported by Black a£'7h.6 xeV vas deter-
mined in high work by the measurement of conversion-electron lines at 60.26
and 62.70 keV with a permanent magnet spectrograph. These lines were inter-

" preted as the L. and L lines of a transition at TW.6 keV. As will be

discussed ]aterf the 1i;i511ion from the first excited states should be of
mixed MI + E2 nature. Such a transmtion would be expected to have an intense
Lljline with considerably wgaker LII and LIII lines._ The LII line. should be 
stronger than the LIII’ The observation of only the two lines seems to in-
dicate that their assignment is in error.’ If wve assume that the line at
62.70 keV is. the Ly
state, the energy of this transition 1s then determined to be T77.05 keV.

Since thls energy agrees so well with the 317.1-240.0 and 323.7-246.5 gamma-'

ray energy differences, we must assume.that Black's initial assignments are’

‘line of the transition depopulating the first excited

 (in this case) in error. We can, however, offer no a581gnment for the con-
version line observed by Black at 60.26 keV. ) '

| " The fact that the 495 5-keV transition is not observed in any of the.
coinc1dence work done by Blank indicates that it is either an isomeric .

': transition or is directly fed by an isomeric tran51p10n, The appearance of
conversion electrons from a transition of 54.9 keV in Black's permanent- |

magnet - spectra coupled to the absence of gamma rays from this transition in
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- jthe gamma ray spectrum led us to tentatlvely a531gn thls as the isomeric

'"3ltran31t10n in question.- If we then assume the 493.5-keV fransition goes

“directly to ground, the isomeric state is positioned atv5h8 5 keV. The

‘: 1somer1c levels found in the other odd-mass golds have spln and parity of

1
11/2- If thlS holds true for-the case of 99Au, we expect little popu—

~ lation of this level from direct B  decay of 199, (I = 1/2- or 5/2-)..
" Since the intensity of the gamma ray depopulating the level at 493.5 keV .
:VIS fairly large, we expect this level to be populated (through the 5h.9-
" keV transitlon) by a.falrly strong tran51tlon to the isomeric level. The
185.6- keV fits quite well, both in terms of energy and 1nten81ty, as the
trans1t10n from a level at T34.3 keV to the isomeric state.

In Fig. 25 we show our modified level scheme for 99 " We have
included (with the. -exception of the 54.9-keV transition) only those transi-

tions observed in our work. The hé{ 9 keV txan31t10n depopulating the

~level at T91.6 keV and the 465.M-keV-tran51t10n from the level at 5hk2.5

keV are included due to the obvious unusual width of the gemma ray at 466. 5
keV. It would appear that this peak is composed of two gamma, rays of the
" above energles and approx1mately equal intensities. '

Of particular interest in this systematlc study of the odd-mass

gold isotopes 1s the examination of those levels which may correspond to the = -

"eore-excitation" quedruplet proposed by de-Shalit and discussed in Section
- ITI-A of this thesis. As will be seen in study of the other éolds, the
first five excited levels are quite characteristic. They consist of a
single level at 50-80 keV, a doublet at around 250-300 keV, an 1someric
" (11/2-) 1level around hOO keV, and a level of spin and parity 7/2+ lylng
"directly above this. A very similar pattern again seems to be present in
4 199Au. According to our prOposed level scheme we find'a‘letel at 717 keV,’
',vtwo_closely'spaced 1evels at 317 and 324 keV, a proposed isomeric state at
549 keV,. and a number of levels Which might correspond to the 7/2+ level

* of interest.
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Due to the grcat 51m11ar1ty of the level structurlng for the odd-.

mass gold isotopes, 1t lS possible to tentatlvely a351gn spin and parity

99Au

values to some of the levels in. The analogles referred to in thls' 

- section will become apparent later when we discuss the more. neutron-de-

~ ficient golds.

| ' , 1 o . _ |
L _-The spin of the ground state of 99Au, as well as those of_l9lAu-
l97Au, has been experlmentally shown to be 5/2 T, 75’76 The parities of:

the ground states have also been shown to be posltlve, The first excited

. state (lying between 35 and 80 kev for the other 0dd-mass golds) by andlogy

can be assigned a spin and Parity of ‘/2+“and thisvﬁalue'seems corroborated .
' by the log ft value of > 8.4 derived from the data of Josh1 et al. (assuming |
for l99Pt I = /2 ) foz the decay of . 99PL to this level. The two close-
lying levels at 317 and 324 eV appear to correspond to the 3/2+»- 5/2+ pair
95 - 197 u.. As will be seen
93 _ 97,

Au - u) seems to be

which appear between 200 and 280 keV' for
later, the 5/2+ level (lylng lower 1n energy for

: tending to approach more closely in energy to the 5/2+ level as the neutron
'number increases. The question then arises as to whether the two levels

. have crossed by the time we reach ma;s 199. As will be seen in the odd;mass
" golds, the,transitions from these levels follow aidefihife pattern. The
5/2+ level in the other cases is seen tovdecay by a strdng transition to

the l/2+ level, and a weak transition to-groqﬁd@A For  the 5/2+ ievel the

- situation is reversed, with the strong transition going ﬁo ground ‘and the
weak one going to the-l/2+. If we assume the analogy to,hold for the
transition strengths in this case, it would appear that the level at 317

keV with its strong transition to ground and weak transition to the 1/2+
“level can be agssigned a spin of 5/2; and that at 324 keV (weak transition

-to ground - and strong transition to l/2+ level) cén be assigned a spin and

. parity of 3/2+. This is, of course;‘an-important obsefvation since it in-

‘dicates a crossing of the 3/2+ and 5/2+ levels.
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_ Wé have fentatlvely assigned an isomeric level at 5h8 keV. This :-
"should»correupond to the 11/2~ isomeric 5ta1e found in Lhe other odd-mass-
_gold isotopes. As will be seen’'in the cher gold isotopes, the strong =

‘tfahsition (usually of around 200 keV) populating this isomeric state is

. of E2 character and arises from a level. of spin and parity 7/2-._ From

: anélogy we would predict the 185.6—kev transition to be E2 and the level

‘.at 73k4.3 keV.to be 7/2- (and thus would expect this le?el to receive consi-
' . derable population from the. B decay of l99Pt) The decay of the isomeric

'state usually proceeds through an E3 transition to a level of spin and parlty

5/2+. In the case of 99Au, however, the situation-is not clear.-ilf the -
.5h 9-keV ﬁransjtion was E3 in character (Ll/e x 107t sec), we would expect
to observe tranSlL10n° from the 493.6-keV level (for this case I = 5/2) to.
. levels of spin 1/2, 3/2 and 5/2. We have not observed transitions which -
',would correspond to these. If theAtransitioh from the isomeric state was
M2 in character (t1/2 1077 sec), the H23%6—kev level would be assigned as

' /2+ and decay primarily (as is seen in Au coulomb excitation work) to
“ground. The position of the 7/2+ would then be generally what we expect

| from analogy to the other golds; For this reason Ve have given a very ten-
: totive assignment of 7/2+ to the level at U9%.6-keV. The measurement of
.the half lifé of the,5h8.5fkeV level should permit differentiation.between
.EE and M2 character for the 54.9-keV transition as should L- subshell measure--
ments. | . ' o ‘ _
| Since the trénsitions from the levels at 542.5 and 791.6 keV populate
the four low-lying levels, we‘expect their spins and parities to be éither
.5/2 or 5/2+. The measurement of the multipolarities of the 465.4- and
Tih.5-keV tran51t10ns woqu al]ow differentiation between the two possible
:_.values ‘ ' ‘ o

While the above assignments are quite tentatlve, ib seems quiLe
~'like1y, due to the very zegular chanwes observed as one examines heavier

© odd-mass gold isotopes, that thoy are correct, Certainly more work is necest

. sary on this decay. Accessibility of a reactor is of importance for thls

study, due to the fairly short half life of 99Pt. Proximity %0 a reactor

- Wiil also allow study of the 15-sec isomer 199mp arising from the 13/2+ ex-

“cited state.
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B , Very recent measurements by K. G. Prasad, R P. Sharma, and B. V.
' Thosar (Phys. Rev. 1h9, 980 (l966))have conflrmed many of our a551gnments
" They found the multlpolarltles of the 5k2. 5—, 317.1-, 2k6.5-, and 185.6-
keV transitions to be ML + E2, M1+ E2, Ml + E2 and E2 respectlvely These

yield spins and parities for the levels from which they orlglnate which are

in- agreement with our assumed values. Their interpretation of the position '

of the isomeric state is also identical to ours. The conversion-electron

spectrum published in this work shows no observable lines which would cor-

respond to those from the h95.5-keV.transition. Since the conversion lines

ffom the SW2.5-keV transition are quite strong, it.would seem that the
" 493.5-keV transition has a low conversion coefficient and probable E2
- character, thus giving tentativesagreement to our assignment of 7/2+ for

" the 493.5-keV level. Due to the poor resolution of their Ge(Li) detector,

- they were unable to resolve the doublets at 190, 2h7, 320, 420, and 470 keV.

They also assigned the gamma-ray observed at 191 keV to the decay of 99

. Thls_ls in direct disagreement with our half-life measurements which show
this line decaying with the half 1life of 197Pt.

2. l97Au R ‘ S .
' The low-lylng levels of 97Au have been studled through the decays

of 18-n *9Tpt and 97-min 19T 7, 78,79,80 o5\ 19T, and 24-h 7Kg 81,82,83

as well as by Coulomb excitatlon and inelastic neutron. scattering on

197,  84,85,86,87

. The low lying levels and their interpretation in terms

56

| ofvthe "core excitation" model of dé-Shalit” are shown in Fig. 21.

i

8
Prior to our work on the mass-197 isobars 8 there were a number of

197

points of contention with regard to the Au exc1ted states.- In particular,

197Au ex01ted level at 268 keV was not deflnlte

the spin assignment for the
'This was due to the great variation in the experlmentally measured values
~for the ICC of the 191-keV transition-which connects the level at 268 keV
. with the 1/2 + level at T7 keV. Various measurements nad'led to an assign-
ment of either 3/2+ or 1/2+ to the 268-keV level. This assignment is, of

! : .
course, critical to the interpretation of the levels in terms of the core

3
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TL_excitatlon model Another meortant series of observat:ons that had no+
“ ‘been substantiated was the work by Griesackcr and Roy8o on the decay of o

‘both 197Pt and 9{mPL Their resu]to, gained by beta-gamma and gamma-

.. gamma coincidence techniques, suggested a more complicated’ level scheme for

v‘l 7Au than had been previously dccepted, 1n07ud1ng a nev level at 155 keV

1 l
(2) Moy, 9Tm

Pt decay. The half-lives of the various gamma

rays observed in tbe decay of the Pt fréctionvof the neutron-irradiated en-

vriched 196Pt source were ﬁeasured to determine whether they arise from the

- deeay df'197Pt or 9 TMpy, In Figs. 26(a) and 26(b) we show this spectrum

taken at jh and 12h after ifradiationyreSpectiVely.- From these and similar
spectra it was found that the 279- and 3L46-keV photons arise from the decay
f ngmPt, and the 77-, 191-, 268-keV photons. from 197py, decay, with no
ev1dence of compound decay ‘ i ‘

"It is also seen from these spcctra that the 155- and 202. keV transi-
tions observed by Grlesacker‘and Roy are not present_wlth the intensities
.quoted by these authors. The 202~keV‘photon,'whicb is observed in our eerly
spectrum. is much weaker'than,tﬁe‘EYQ-keV gamma-ray. This is an opposition /
to the results of Griesacker ehd Roy, where the 202 is reported to be stronger
"than the 279-keV photon., It is quite probable that the 155- and 2025keV '
‘photons observed by Griesacker and Roy are in reality due to the 158- and

199

. 208- keV transitions from the decay of Auv, which would have been formed

199

from the decay of Pt, since a radio-chemical separatlon was not under-

taken in thelr exberlment

e ‘
Table III summarizes our gamma ~ray datsa for 97Pt and l)7mPt In

this table we also include the 52.95-keV B2 transition found by Sehgal and

97Pt The photons from this

Emery89 from the- decay of 97mPt to levels in
fransitlon are not observed in our spectrd due to 1ts large conversion co-

. efficient (e/y =~ 100).
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Table TII. - Photons from 7 (Pt and *71"pt aecay. -

" Energy (keV) - ° Relative intensity .

Y% oo o 33030
Coaony e L 100
268 . et e
]-279.(noﬁis¢¢9) 1; 1' 'fi;" ; < O.Z

e g5t
. 202 o T ‘ : Y
219 '  ST
we a0

’;\gL'subshell conversion électrons'observed3byvSehgal_and Emery,sgb'r-

ivi3'fransition photons.hdtaobservedtdué~to'lgrgé cpnvefsidh;coefficiént,;
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C L o , o o
(b) 97Fg nd 97mﬁg; Thb ha“f lives ox the'photgns observed frcm
“the decay of the purified Hg fractﬁfn of the Au*d bombardment were measured -
197

from a series of timed gamma-ray spectra. 1In Flg. 27 we show the 7 Hg +

l97mHg gamma.-ray spectrum. From this and. siﬁilav'snectra it vas defefmined
that the 191~ and 268-keV photons decay -with the half-life (66- h\ indicative
*97Hg, while the 134, 164-, 202-, and ?ZO keV photons decay with the

22-h half—llfe of 197 Hg None of these photops eAhlblted compound decaj

The 263-keV photon obqerved in Fig. 27 can he a531gned to the decay of
i 19) Hg. In Teble IV we present a summary of the gamma-ray data for ’ng and
'l97mHg. : : : | | - -
From ouf studiés, the 268-keV gamma has been observed from the decay
~ of 66-h lgr{g, as wall‘a% the wedlc 202-keV transition from the decay of 22-h -
l97mHg. Ne]th“l of thése gammas had previocusly been reported,

( } Conversion coefficient of the 191-keV transition. As we men-

.tloned prev1ou°ly, the assignment of the: mult1polari+y of the 191-keV +ran31w
tion is par*Lculafly 1mbortant in order to establish the spin and parlty of
the level of 9704 at 268 keV. The previous measurements of the X-ICC had
varied widely as is shown in Table V. For a tpaﬁsition of this.energy in

- 'gold, the theoretical K conversion coefficients of Slivll5‘are 0:95 for an

- ML tranéitionvand 0.185 for an E2 transition. Thus, a meésured K-ICC of

: greater than 0.95 will indicate an Ml + EO admixed transition from the 77-.
keV 1/2+ level to- the 268-keV level, and an assignment of 1/2+ to the 268-
keV level. If the measured value Q&s less than 0.9%, an’' Ml 4 E2 transi-
tion and spin assignment of 3/2% are -indicated. '

o ‘The measurement of the K- ICC of the 191-keV trahsition was made
auL11121ng the conversion coefficient spectrometer deséribed in Section II
of this thesis. The approprlaue sections of our l97+l97mPt electron and
gamma spectra are shown in Figs. 28(a) and 28(b). From the areas and
efficiencies of the electron and gamma ~ ray fu]l -energy peaks we determlned

E that the exnerlmental K-ICC was 0.69 * 0.07 which, when compared tp the

. values of Sliv, indicated an Ml + E2 admixed transition with 5° = 0.52 *

. 0.20. The K/L ratio, which was measured simultaneously, gave a value of
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197

. _Table Iv. -Ph.o‘toné from l97Hg' and - mHg decay._ L
Energy (keV) Relati_vé intensity
1 ‘ :
101 100

268 } T7.6%0.7
279 (not seen) <2 '

WOTtyg 134 100

' 165 0.95+0,1

202 , 0.23%0.03
279 15.7 £1
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. Table V. 'Reported values of the K conversion coefficient and K/L
SR ratio of the 191-keV transition in 197au. :

a

k ‘ . KL - Bef.
~L.T a
0.90+0.10 - 6.3 b
2.5 o , e
2.0.20.5 6 .5 4
' 0.65%0.15 . T e
1.sgr0.07 N
0.77:0.2 e REEE
. 0.93%0.2 o .j' o ‘: - ho
5.5:0.3 R
| 5.9¢0.2 - -k
_O.69i0.07" ' A.'5.210;6-"', ' prééent work
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;;,5 O 6 and when compared to theory 1nd1cated an Ml + E2 tran51t10n wwth '
8% =09 0.6 TR :
' _' To check our method we also measured the K-ICC of the 3&6 keV
'traﬁsitlon 1n,197Pt, which had prev10usly been a581gned an’. M4 multlpolarity.

_ Our experimental yalues, o = 3.9 * 0.4 and K/L 1.8 * 0.2, clearly esta-
~blish the multlpolarlty as M4 when compared to -the theoret1Cal values of
'BK (Mu) = h.2, K/L = 1.75.

(d) Additional featcres of the decay scheme. From our observed ' -

gamma ray inten51t1es and eltxer measured or estlmated conversion coefficients,
it was possible to assign log ft values to the varlous ‘beta transitions in-

volved. In particular, our values allowed the assignment of spin and parity

to the ground state of 197Pt the’value of which had prev1ously been in doubt

The reported obser\(ation77 of a weak 279-keV photon from 97Pt decay and its

~ interpretation as arising ffom a weak beta branch of l97Pt to the 279-keV
(5/2%) 1evel of l97Au'had_ led to a 3/2+ assignment for thevl97Pt ground state.
It is seen from our data that this observed trahsition is actually the 268-
.'keVAgamma ray. It is possible to set a quite small upper'limit for the in-
~tensity of the 279-keV phoﬁon from 197Pt decay using our gamma-ray half- _
life data: This upper limit leads to an upper limit of 0.013% .for.the beta.
brandﬁng to the 279-keV level. This corresponds to a log ft value of 9.7.and
allows an interpfetation of the beta branchvas beig$ of the "AIl = 2, yes"
P

type, ylelding a spin assignment of 1/2 for the t ground state (as is

observed for 197y Hg).
Our data are summarized in the decay scheme for these isomers shown

“in Fig;v29; Not shown: is the 7/2+ level of 97Au at SU8 keV, Which ‘has been

" observed in coulomb excitation stud1e985 and decays to grdund (Ey 5h8 keV)

"'and to the 5/2+ level at 279 keV (By = 269 keV),



. 'muB.3ges

4”  1‘{"Fig.-29, Decay scheme of the A =.l97.isdmérs'of'Hg and Pt. The 7/2+
"ot level in 1YTAu at 548 keV is not shown in this figure, Rty




”_.a 51mple level scheme for the very low lylng levels in

-, these early studies, Bruuner, Halter and co-workers

778;:

195Aﬁ'

The early work on the electron capture decay of - both hO h 19/mH
95

‘and 9 5 h Hg to levels An -9’Au was undertaken by - Moon and Thom.oson90

91

'and Gillon et al. The latter was the more exten51ve work, examlnlng

‘ the. conversion- electron spectrum below 300 keV in detail using a permanent
magnet srectorgraph From this- study, Gillon et al. were able to formulate

195 :
Au. Follow1ng

83,92,93,94, 9/)90
i_llshed an extensive series of artlcles coverlng their work on the decay of
95Hg isomers. In their stndy, Brunner et al. utilized a NaI(T1)
".spectrometer, pefmanent—magnet-spectrogrephs, a double-focussing electron.

. spectrometer, and a‘BFyvcoincideﬁcevarrangement incorporating a "lens"

" spectrometer for high efficiency observation of the conversion-electronr

_ spectrum. They nere'able to position some 25 tfansitions unamniguously in

1954,

a level scheme for Using K/L ratios and some absolute conversion-

" - electron-to-gamma-ray measurements they were able to assign mnltipolarities

- to a few transitions and allow spin and parity assignments for some levels.

In our study, we produced 9/mHg, and 95Hg by the bombardments of

lg?Au -foils with 35- MeV deuterons. The gamma, spectra of the sources pro- .

‘duced by evaporation of the Hg from the gold target onto a "catcher" foil

were examined as function of time to determine whether a given photon arose

195

from the decay of the ground or isomeric levels of the parent ~~““Hg. Since |

the half life of the isomeric state of 195Hg is longer (40Oh) than that of
the ground state (9.5n), the photons arising from the ground state decay

. will exhibit a complex decay pattern, while those arising from electron

capture of the isomeric state will show a simple decay with a 40-h half llfe.'

96

: From traneltlons known to be populated only from ground state decay” we
determined the shape of the decay function. The shape of this functlon is

lidentlcal to that generated under the assumptlon that the isomeric state of

195

Hg is produced ‘with a Cross sectlon which is a factor of two greater

than that for the ground state. This finding is in accord with the results
91 195

obtained by Kaufman”' for the production of Hg isomers from the bombard-

R
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V,menu of’ gold with ? 8- GeV pro+ons, 7here he finds of lj/2+ /0(1/2 ) 2 h

0.5. These values are in contrast to the Low- energy case, where the: isomeric i

S

. ratio for 97Hg produced by the (p, n) reaction on gold was found to be O 2)-

lO;56vat energies of T.3-10.4% MeV. 161

the isomer ratio favoring the low-spin isomer is determined primarily by

Thus, at low energies it seems that

the predominance of compound nuclei formed with low angular momentum (target
spin l97_Au is 3/2), while at higher energies both protons and deuterons
vbring.in large aﬁounts of angular momentum via the high - 1 partial weves,
‘that'ﬁecome important for higher.energy reactions. v ‘

The .decay curve for thOseetransitions known to arise fromemereury
ground state decay was then used to determine the origin of many new lines
found in the high-resolution gamnfa~-ray spectrum observed using a Ge(Li)
detector. A number of‘tranSitions observed were too weak‘to permit half-
life determination and thus their final positioninginmthe decay scheme is
| solely from energy consideratione. In Figs. 30, 31, and 32 we show the" v
. gamma- ray and conver51on electron spectra’ ‘observed with moderate resolutlon o
Ge(Li) and Si(Li) detectors in ‘the energy reglon 100 - 1300 keV. Portions
of the gamma-ray spectrum taken with greater amplification gain, utilizing .
Ge(Li) detectors of quite high resolution or in the anti-Compton configu-

. ration described previously, are shown in Figs. 33-37. A summary of our
gamma-ray data for the decay 195Hg and lgim?g is shoWn.in Table VI. The
relative intensity values listed in Table VI are the average values obtained
from many runs using a number of different detectors. _ : '
N Using the relative intensities of those gamma rays llsted in Table

~ VI along with that of ‘the 57.1-keV ML transition in 95Hg (through which
100% of the isomeric decays in 95Hg must pass) and - either measured or
assumed ICC, it was possible to determine relative electron capture proba-v
bllt‘es for both 9’mHg and g’ﬂg decay.. From these branching percentages,
it was possible, after correction for the K/L capture ratio, to determlne ‘
log ft values for the various decays. Both the K/L capture correction |

162 : ‘ :
formula and the log ft nomograms of Wapstra were utilized for these cal-

culations.



PN —
- 0T e
l34ker

180kev

19

ng + m""Hq 'qommo spectrum

Ge (Li) detector
{6cmZ x Tmm deep) .

Aot

'! 05 L 20207V —
F KeV E
i ! 560 keV |
- 279keV 387 keV A
'04 E 452 keV 1
. N 44lkeV 467keV  526keV 1
 o— ad -
(s3] 3 -4
[ oy I 4
c .
o 3 g
% -
|03 S R ST R N VR RN ST A TR TSI S S ST S S ST I U T S
w050 100 150 ‘200 25 - 300. . 350 400
8 107: LA IR N SN N MO R B B rzs'”-r. T T o T I'“rm, LB EAR A A B S IV ML L B A
o ; : : Hg + "~ Hg electron spectrum ]
2. L © 8i{Li) detector ]
5 " (0.8 cm® x 3mm deep) 1
o . . . : J
& 560K
-~
6.5 keV 3
600K 560K h
560M o

Al PO RN VAT U [N SN Y ST SN SIS YUY SUNY SOUN U SN USSR SUUY S SH N
1055 100 150 200 250 300 350 400
C . Chonnel' number '
195

Fig. 30. Pa'rtia,l gamma~ray and electron spectrum from the decay
and 195MHg taken simultaneously in th

trometer.

Hg

e conversion-coefficient spec-



.81 |

f"o5v1i--1.:|1'|v..v.-r|.(||'rrxrr Illf'l1![l|lr!g

- (o) L '9SHg 4195mbg electron spectrum 7
. oo Si{Li) detector i
4 . e (08cm2x3mm deep) .
107 serwsen ' ' -3
[ 67 K(387M) ]
- 526K 780K , By
2 ' ‘\“"'\s"“ ‘ ' ]
) L - . . 4
|03~— { . 7eoL » ]
E 844K 1 853K - 5
o BZI'\K Y11 r6om ]
[ e J A © g3k |
= | t . PR ,:r._g,.aA ,._,:
c
c 2 _ | ¢
g 10° |- } T+ + bt Il e : {~—+ L
5ﬁ . LF £
© 10 195 195 m —
L :b_(b) stoney *Hg #%"Hg gamma spectrum ]
o - Ge(Li) detector -
* t (6cm? x 7mm deep) ]
— L ’ 780kev R
[ ons 585“\/6001( v
pal v . .
O IO4E__‘_ 826kev ég\? . —
© [ \\,.,.JL : N . k
i Mt 680 keV B4lhev | . ]
i “%nav o B;3kev C 93zkev J
3 " e ,~~w"‘ ’/\‘\ 963keV
'O E— e, _ Z‘
+ . : .
- "-‘.,.;-ﬂ
'02 U ST SRR NN GO S } TN WU ST SR, NY TN GO T l SRR R T B B TR T N S D T )
IOO ' 200 300 - 400 .
Channe!l number '
)
95

_ Fig. 31. Partlal gamna-ray and eleciron spectrum from the decay
and,lQSmHg taken 51multaneously in the conver51on coaff1c1ent spec—

trome er.



8o

and, 195MHg taken s
. . trometer. :

I.OSE . T "I' - T - T T T
- - T8okeV (a) oL "3y g + 199Myg gomma spectrum
Ge (Li) detector 1
104 " (6cm? x 7mm deep) -
é 833keV  g932kev 1 2hev uﬁn v 1
- 963 kev — T ety 1
10° i
—_ N2 —
o 107 E
c 4 3
C " b |
5 F ]
.g - p
' | ! . | . ! n .
- IOS l ! R ! L E i 1
[V 10" HT3keV -3 .
Q. o H7IL ’ k
. f (b) :
5. 1939 +'29™ g electron spectrum
o Si{Li) detector
© 1ot (0.8cm2 x 3mm deep) - —
0 3 ' 12410 - ]
i 1241 M i B
'03:—" ¢oa E
3 S
L - n eeed]
5 cnae e
zr v o
10 -
0 ' 400
Channe! number .
Fig. 32. Partial gamma-ray and electron spectrum from the deca l951{
Y 3 g

imultaneously in the conversion-coefficient spec-



\ J :
' =83
T ;: T ] {T\II [ T ! llfll (yi“l l "7 (@]
. o , L AR RN =
# ) ] . =
- 40T =
I}' o
. q [hd ——JO
= o mzu Ve ! ‘%
R gl
- 34[ L X @'y b
& - .
. ot
b~ ~ . . -
— \:: -—
- g -
- o .c 1
-
o o x"m‘ s |
2Pk |
- LFAE 1.
' * . e (o]
fi . e A "—'O -
o S
- ) N €
m L ‘ | -
- 0, . c
j~ 5 ! e, e 'a-,
. ) o
I J b g
o i -3 5
£ i O
- > 3 B .
- Q Y
) [ ..,
- r~ Q@ W - s, 4
P Qv R
2 v N oo
. o E N 1
. - g € B B
£ \ o
.. 0 X L 19
o, O .
r - E ..: \ .-1 .
=22 3 \ . .
FR )
- 3 '
L e a % .
o -
[N (o]
- — 0
- 3
L o ; T
-d ot
R o ® 4 ’
I 4 = ~ 5
I &8 o = ”. . 7 ’
_1Lll, it i lllll’ Ly [ 'I;LL’:I!.I L | 8
. " o~ .0. L . RS LR B <
o o 2 . et
1PUUOYD J8d 5 junoeY

o 195

Fig. 33, low-energy gamma-ray spectrum'o* Hg and

" recorded with high-resolution Ce(Li) detector.




s
. Io - _T T I ¥ l T T ¥ 1] T T T T T ’ T T T T lﬁ 1 T 3 r T T T
5 . | 1
. r o -
2 s .
180.17 ) -
. L T R 207.11
° af - . ; - AR
- 'Q - 200,37 3
Lo : 197 S ~
[*) 5 |- . . ] H(]_ . . -
5 o 172.26 N 191.26 - -
a S i e _ -
o . - . '."\f""--"-v-‘«..';.'.'-'.r L : -...._ RIS Sy -
g 2 —.. . ) i R : - v ~, &
3 g +**™Hg portial . gommo spectrum
10 F . Ge (Li) detector lcm® x Smm: deep , A
- with  FET preamplifier ' .
. - e : =
2 + A
'|0t NN BRI BT ST R TS T S RS A R | B T WY S :

1000~ -i050 oo - 160 ~° ' 1200 . 1250 . 1300

" Channel .number :
h . ’ Y WMyYB13266

Fig. 34. Gemma-ray spectrum of'l95Hg and '195"1}13 sampie_ in the region .. R
160-210 keV recorded with high-resolution Ge(Li) detector. o



Fi

g

Al g
. w 2
F
5
H
(@)
n
g <
=
2
I
QJ
a
& .
o N
£
€ R o
(<) C (o]
S, ' k3
5 e
4 = g
5 Sy
a . .
o N
I 4 (o]
& ] 0
2 L "
+ . R
o ’
=X - e
® Lo
5
B
. : N (o]
: . A\ ©
i g 2l ~
. . L : ©
Y & <”/ o
E
R ° & \ - 3
iy B 3
3,
.'|'.
~ -
< Q P
© [re -
"] ~ €
o
=
©.
o
o
~
<
Ue]
© -
o oo e + e
o 3 \
© i S o -
¢ el °
@ m——
v EQ
L g
S -
N
. o
" 0
)
) Lol '
i 1 A A b A o
" -
o . ~ NO_ o ~ o

35. Gamma-ray spectrum of
5402780 ke
node. . i

195

lauuoyd J3d  sjunod

105 ,
lig and JSHHg sample

V recorded with Ge(Li) detector operating

in the region
in anti-Compton-



86

T e ; o
. . . . o .
. o ~
B
’ a
E
a
© (o]
. ﬁ . a
€ <
E] e
5 .
@
a
w
° .
£ o
€ O
o
> <
=
5
a
o
4 o
€ ~”
o
<
+
o
X
P
o 2
' o
. [ (o]
E Lt
is '
> -
@
o
€
3>
4
o _-
U2l [
~E
I3
£
(&
Q
o
. &-
(o]
s}
Q
=
',
Q
'e]
Liead o . o
. - o -
' ~ ® o “ " ~ °

|9uuoyd J2ad  spnod

Fig. 36. Gamma-ray spectrum of 195Hg and ;95mHg sample in the region
800-1040 keV recorded with Ge{Li) detector operating in anti-Compton
mode. The broad peaks at 900.2 and 1028.8 keV are due to Compton
scattering of the 1112.1- and 1241,0-keV gamma rays.. A similar peak

arising from.the 1173.2-keV gamma ray is obscured by the 962.9-kaV

gamnia ray.
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Table VI. 'Photons from 195Hg an Hg decay. ”
Energy (kev) - Parent Level (keV) ' Relative Intensity
e (s6.)* 7 sz -
C6l.sz0.2 61.5- 366 %20
.180.2£0.2 2u1.6 99+ 6
200.L4#0.2- - 261.7 | C 2a 0.2
207.120.2 Cos2s.k ok 7
. 2h1.bx0.k 2h.6 5.2 0.6
| 261.6:0.2. 2617 . oh &7
318.140.4 318.2. 0.1 % 0.02
58L4.520.2 1109.9" 118 %7
599.0£0.2 840.7 100"
T79.420.2 840, 7 ko3 220
821.2+0.3 © T 1083.7 17.9 +' 0.8
841.420.3 1083.7 | 35.5 % 1.6
911.5%0.5 1173.3 5.2 + 0.3
931.8x0.3 . 1173.3 28.6 £ 1.3
990.2#0.6 * 1251.5 | 0.8't 0.2
1010.0£0.7 . 1251.5 - 0.9 + 0.3
| 1022.8+0.1 1083.7 8.0 + 0.k
© 108k.0%0.6 1083.7: 3.k 2 0.2
1112.140.4 1173.3 8tk
1173.2£0.3 ©1173.3 T2
1189.9+0.5 . 1251.5 .9 * O.
~ 1251.1%0.5 1251.5 0.8 + 0.
C190my 37.us0.2° : - 9 I e
R (s6.T)® - 82
61.50.2 S 6LSs . 5.8:0.6
172.280.3 87179 - 0.55% 0.06

continued
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Table VI. Continued.

Energy (keV) " Parent Level (keV) Relative Intensity

439.6£0.4

441.3+0.6 .

553.6+0.7

578.2+0.6

664, 70k

670.1%0.6

692.3+0.5

726.9+0.5 . _
Th8.6t0.5

811.2+0.5
845.8+0.7
1286 #1.0

1352 #1.5

+Normalized to 100 units for €ach isomer separately.

®photons of E3 transition not observed due to large ICC.

bTransition in 195Hg.‘
®Al) unassigned lines have intensities less than 5% of that of the
599.0-keV transition. : T
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The measurement of the K-ICC of=a»numbér-ofv+ransi+ions.was under-
© . taken us"ng the convergion coeiflclen - spectrometer described in Section,
I of this thesis. The measured ponversion coefficients are tabulated in

Table VIX and summarized graphically in Fig. 38.
' ] 1 . . '
The dﬂcay scheme of TQSHg and 9’q”c as developed from the worx of

o

26 C c .
Brunﬁer et al:,” and modified by the present work is .shown in Tig. 22.. In
the following discussion we shall describe our interpretation of the spins
. and parities for the various observed levels shown in Fig. 39

' : . , 195
(a)  Ground state. Tha‘ground state pin of Au, as Vcll -as the

spins of the other odd-mass QGWd L%otopen mentioned 1n this worﬁ, has been
experimentally measured to be 3/2 The level has bpen a551gned pop~,1ve
parity according to the interprehation of it ar;sing from a hole state in
shell-model proton orbital.

(b) 61.5-keV level. Thé ML + E2 nature of the 61 5-keV transition

~was determined by Joly et al. 8 Fr@m luS L—aubshell ratwo. The corresponding
transition in 22 7Au (77- keV) has been shown to originate from a level of spin
’11/2 (corroborated by Mbssbauer measurements)s , ]95Au, the E3-E2 transi-
‘ tion sequency joining the ll/2~ isomeric level at 318 keV to the 61.5-keV
" level 1ndiéates a spin:assignment for the latter leﬁelfiden ical to %that
in the ~2TAu case. R | .“ o
| (c) 241.6-keV level. The multipoiarity of the 180-keV transition

iS the key to the spin assignment for this level. This case is identical
97Au, where the 121-keV transiticn multlpolarlvy has been the deciding

factor in a 3/2+ assignment for the 268- keV level Joly et al. 83 have de-

termlned an ML + L9 character for the 180- an uran81;$on, which is in agree- 

ment with our Llndlngs (as well as theirs) for the Au case, and leads to

a 3/2+ assignment for the 2h1 6-keV level.
(d) 261 T-keV level. The E§ transmt¢on connecting this level to

K the 11/2- isomeric state is again suf 11c1en+ to allow the a551gnment of //2+
for the spin and parity. This assignment is supported by the Ml + T2 transi-

~tion to ground.
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"Table VII. Internal conversion coefficients of tran51tlong
- © from 19%Hg and 195mig decay. '
" Gamma-ray K-ICC (exp) Theory+ Multipolarity |
energy ELl. B2 ML »
(keV)
261.6 2.4%0,3(-1) 16(-2) 9.0 (-2) 4.0 (-1)  wM+E2
'”-v368.1 _'i.5i0.2(-l). 38(-2) 3.95(-2) 1.60(-1) - ML(MU+ER)
385 Ggnnio(-z)  1.23(-2) 3.50(-2) 1.38(-1)  ER
- 387.4 ' o ‘ S . S E2 ‘
467.2 8.3%1.2(-2) 8.10(-3) -2.21(-2) 8.25(-2) . ML(MI+E2)
525.4  “4,0£0.6(-2)  6.50(-3) 1.75(-2) 6.00(-2) ML+E2
559.8 3.3:0.4(-2) . 5.55(%3) 1.49(-2) 5.00(-2) MIL+E2
~5T75.2 3.1#0.5(-2) 5.30(-3) 1.h41(-2) k.70(-2) ML+E2
.. 584,5 8.9%1.1(-3) 5.10(-3)  1.35(-2). %.50(-2) El
| 599.0 . 2.9+0.4(-2) 4.80(-3) 1,30(-2)* k.20(-2) - MI+E2
o 679.9  2.3t0.3(-2) - 3.75(-3) 9.80(-3) 3.07(-2) . M+E2 |
692.3  9.5:1.7(-3) - 3.61(-3) 9.k0(-3) 2.98(-2) E2(ML+ER)
697.2 . 1.9:0.3(-2)  3.58(~3) 9.22(-3) 2.89(-2) | ML+E2
8.6 3.1#0.5(-2)  3.10(-3) 7.90(-3) 2.45(-2) M.
779.%  1.5:0.2(-2) 2.88(-3) 7.30(-3) 2.21(-2) = ML4E2
821.2  1.2#0.2(-2) . 2.62(-3) 6.60(-3) 1.95(-2) ML+E2
8hi.k  7.0t1.0(-3)  2.49(-3) 6.22(-3) 1.78(-2) - ML+E2(E2)
931.8  5.8£0.8(-3)  2.08(-3) 5.10(-3) 1.35(-2) ML+E2 (E2 )
962.9 1.2+0.2(-2) 1.94(-3) L4.76(-3) 1.25(-2) ML(ML+E2)
71022.8 . h.Whx0,7(-3)  1.78(-3) k.32(-3) -1.07(-2) E2 (ML+E2 )
1112.1 5.7¢0.7(-3)  1.50(-3) 3.60(~3) 8.50(-3) MI+E2
1173.2 ° 5.2%0.6(-3)  1.39(-3) 3.30(-3) 7.50(-3) ML+E2
.1241.0 4,0£0.6(-3)  1.25(-3) 2.95(-3) 6.40(-: MLeEZ

*Pheoretical ICC taken from Sliv and Band.
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electron capture from the 1/2-

95

' (e) 318.2.keV level. The, 30-sec half-life of th*s len eL; along

with the first-forbidden character’of the electron-capture deca ay to this

. - 1 t:, e
level from the 13/9+ isomeric state in 195 - the appearance of lL/H" lavels
as - exnlted states in many of" the odd~ proton nuclides, and the M4 trans 1uion
to ground serve Lo indicate a %pzn ans parity of Jl/2 ioL this level.

T 517, h-keV level. The transitions we have interpreted as Je-
. ~ " a2

@opulating this level lead to the 5/2+ level and the 3/2+ ground staté. A

| very similar pattern is obs erved for the dppooulatlon of the 7/2+ level

197

(popu lated in cculomb excitation studies) in Au. Due to the wesk nature

-of the depopulating transitions it is very difficult to undertake either

coincldence or inte:naJ conversion measurements, however, from our fPtC“~
pretation the 517. 9- keV Lran511lon should be E2 character and the 255.3 keV
transition M1 or M1 + E2. '

(g) 525.4%-keV level. The spin and parity of this level are seen

" to be either 7/2~ or 15/2- from the E2 character of the 207-keV transition -

to the 11/2~ isomeric state. The population of this level by the 58L.5-keV

Il transition which decays from a state of fairly low spin lends support to

‘the interpretation of this level as 7/2-.

(h) 705.8-keV level. The 387.4-keV transition has been shown by

Brunnerle't'a]...gf3 to be E2 character from L- subshell measurements. Since
this transition leads to the ll/2~ level and the only transitions leading
to the 705.8-keV level arise from levels of high spin, a spin andparity of
15/2- is assigned to this level. | ' |

(i) 8140,7.-kev level. The 779.k- and 599.0-keV ML + EE transitions .

depopulating this level lead to s tates of spin A/Q and 3/2. An indication .

was seen in our spectra of a gamma ray having an energy of approximately

579.5~keV which might correspond to the transition from'this level to the

5/2+ lével at 261.7 keV. Wnhile these tran itions permit an assignment of

| either 1/2 or 3/2 for ‘the spin of the 840.7-keV level, the log £t value for

195

Ho ground state seems to indicate g first-

forbidden transition and a probable bpln and pallfy of 5/2+ for the QMO T

. keV level.
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(J) 877.9-keV level. The M1 + E2 character of the 559.8-keV transi-

tion connecting this level with the ll/2~'isomeric state, and thev172.2~keV
transition to the 15/2— level suggest that the SDih and parity ef the 877.9-
_ keV@level either 11/2- or'lB/E; The absence of a photon corresponding to
:the 352.5-~keV tran51tlon from this level Lo ‘the 7/2- level at 525.4 keV
' tends to make an assignment of 13/2- somewhat more Dlau51ble . _
(k) 893.k-keV level. Our determination of the M1 + E2 character \
of both the 575.2-keV and. 568 1-keV transitions to the 11/2- and 7/2 levels
.-_respect;vely, ylelds an‘aeﬁlgnment of 9/2 for the 89).H keV level.
(i) 1067.1-keV level. The 549.1- and Sh2. 5-keV transitions to the
7/2+ and 7/2- levels suggest that the 1067.1-keV level has a spin and par1ty3

of 9/2+ The log ft value of 10. 8 determined from the gamma-ray relative

intensities is in agreementywlth an EC decay of the type "AI = 2, no". '
Since this electron. capture arises from the 13/2+ isomeric level of 195Hg,
.~ this observation agein indieates a spin and parity of 9/2+ for the 1067.1-
keV level. o ' - '

(m) 1083.7- keV level.. We observe four transitions from this level

which go to ground (spin 5/2) and the first three excited states (spins 1/2,
5/2, and 5/2). Our measurement of the multipolarity of the 1022.8-keV
transition indicates E2 character, thus aliowing an assignment of 5/2+ to
.the 1083.7-keV leﬁel. _However, the error in the value of thiS'multipolarity
is such that significant Ml contribution may be present and the spin and ‘
parity for.the level in question would be asswgned as 3/2+. The log ft value
“ for 95Hg ground-state decay is such that neither assignment can be made.
with certdinty. _ ' ' v
(n) 1109.9-keV level. The work of Brunner et al‘96 has established

the 584.5-keV as being in c01nc1dence with the 207-keV gamma-ray; half-

life measurements havevshown Lhat the 58kL.5-keV gamma decays with a period
.indicetive of population from 95Hg ground state decay; and ICC measurements
have shown the 58k4.5-keV gamma to be El in character. Since the 525.k-keV. ,
level has‘been shown tc be of spin 7/2, the El character of the 58k.5-keV -
:gamma 1eéds.tb a'5/2+ assignment for the 1109.9-keV ievel. One is forced

to be quite skeptical of this assignment due to the seeming-very low log ft -



e

_value observed for the electron capture decay from 95Hg ground state to

this level. Another.point against this assignment is the absence of ob-. -
served transitions to any of the lower-lying 3/2+, 5/2+, or T/2+ levels.

(o) "1173.3-keV level. We again have observed transitions “he

tor

iow-1lying 3/e+, 1/2+, 3/2+ and 5/2+ levels. The ML + E2 nature of the
1173.2-, .1112.1-, and the E2 character of the. 931.8-keV transition point
to a spin assignment of 3/2+ for this level. ’

(p) 1251-keV level. The weak intensities of the four transitions

depopulating this level do not permit measurement of multipolarities, but
. the decay pattern again points to an assignment of either 3/2+ or 5/2+ for

this level. The large log ft_Value-for ﬁhe electron capture decay to this-”

: 1
level from the 1/2- ground state'of 9

Hg suggests that a spin of 5/2 may
be quite prcbable. \
. {q) 1280.hk-keV level. 'We‘observe transitions from this level to

lover-lying levels of spin 9/2-, 7/2-, and 11/2-. This indicates possible
. assigmments of 9/2- or 11/2. for this state. While the ML or Ml + E2 nature

 of the transitlons to the 9/2- and 11/2- levels are consistant with either
‘6f the above assignments, the multipolarity of the T5k.2-keV transition to
the 7/2- level at 525, h-keV is needed to decide Between the two possible
spin assignments. ' v ' '

(r) 1290.7-keV level. This tevel seems analogous to,tﬁe level»at"

1067.1 keV. The two weak transitions populating both the 7/2+ and 7/2-
levels ét 517.4 and 525.4 keV as well as the characteristic log ft valueAin~__
dicate that this level may also be assigned a spin and parity of 9/2+°

(s) 1345.0-keV level. The two transitions depopulating this level. 

lead to levels of spin 9/2- and 11/2-. Since we were only able to measure
_the K-ICC of the 466.9-keV transition leading to the (11/2,13/2)- level

‘ (ML or M1 + E2 in character), we are uneble to make a definite spinvassignf'
': ment for,this level. The épins of 9/2, 11/2, or 13/2 with negative parity

arehpossible for this level with the latter two more probable as seen from -

195

the log ft value from- Hg electron-capture decay.

T
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(t) - 1403.1-keV level. Those transitions depopulating this level

:'lead to otates of spin 11/2 15/2, and either 11/2‘or'15/2 (all with negative‘
arlty) The M1 + E2 character of the 697.2-keV transition to the 15/2-
level at 705.8 keV seems to indicate that 15/2~ is the best assignment for

thls level. . I | ' o

(w) 1557 8-keV level. The decay patﬂern of this transition is

quite similar to that of the last dlscussed level at 1403.1 keV. 1In this
'case, however, 1t is the mulfloolarwty of the 853.3-keV transition to the
‘15/2 level at 705 8 keV which has not been measured The log ft value ob-
.served for electron capture from the 15/2+ level is’ l95ﬁg 1s .quite low _
(lowest of all observed electron-capture decays. from l95mHﬁ This lends
~ great support for the asolgnmept of 15/2- as the spin and parlty for the

© 1557.8-keV level.

b, l95Au J

‘

91 92-96

served to
19)Hg

and. Brunner et al.

indicate how very similar the decays of 95HG and 95mHg were to the

The earTy work by Gillon et al.

:1eomers. These measurements used double—foeussing spectrometers to examine
the conversion-electron spectra at high resolution. A high-resolution in-
strument 1s particularly necessary in the study of the l95Hg'isomers.due to
the very complex spectrum arising both from the numerous trahsitions in thev

- mercury decay and from the large number of transitions in the decay of the

. 1

. radiocactive daughter 95 u. The decay of 95Au has been shown by Ewan98 to
lead to some 25 trgnsitions having energiesvbetween 0 and 500-keV. The work
by Brunner et a1.9 led to the establishment of some 20 transitions in

l95Au vith the dbservation of an additional 100 unassigned weak con#ersion
electron lines. | . | . 4
We have Droduced 95Hg and l95mHg by the bombardment of gold foils
w1th £0-MeV deuterons. The gamma-ray spectra were taken wvith a Ge(Li) de-
" tector of high resol utlon.f A series of timed spectra was taken in order to
.determlne half lives for -some of the photopeaks Pairs of these spectra

taken approximately 12 h apart are showm in Figs. 40 and 41. These cover
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" port this shorter value for the half life of

C0101- 0

the energy region of 100-500 keV. "FrOﬁ these and ‘similar spectra the half
l fe of 95 Hg was deuermln d to be approxlﬂauelj 11 h which is in good
agreement with the values determined by DOtH ulllon et al. o1 and Bruruvf et
al.96 Our observea half life for those uran51tlons arlslnb from 9ng
positron and electron- capture decay is 3 h which is a factor of two less than
the value measured by Gillon et all.(6 h). This may well be'ﬁhe reason no
conversion lines of ehergy > 500 keV coula be assigned to l95Hg ground state

: y 9 . P ;o - L . . N a
decay by Brunner et al. In their studies all measurements of conversion

‘lines having energies greater than the above value were not undertaken until:

97

approximately 10 h afﬁer bombardment. Redeﬁt measurements by~Kaﬁfman- sup-
) - 195- -

4
Our primary go“I in examining the gamma ray opectrum of - )Hg and .

1
93mHg was the measurement .0f the relative intensities for the gamma rays

depopulatlnc those low—Lylng levels which might be 1nterpreuaole as members

19,4

~of the "core multlple‘”. In Fig. U2 we show the low-lying levels.of

6 .
ds determined by Brunner et al.9 'The'COmplete analogy to the levels of
1 ‘ -
95Au is qulte obV1ous - We have utilized our gamma-ray energy measurements

to a551gn energles to those levels below tne 890-keV level. Our energy

- and intensity values for the tran51t10ns of interest below 800 keV are -

" shown in Table VIII.

Ut 1llzlng our gammsa- ray relative intensity values and tae relative

conversion-electron 1nten51ty values from Brunner et al., we may calculate

K-ICC values for many of the transitions of interest. To derive the ICC

193m,

values of those transitions populated only from Hc decay, we normalize
the two;seﬁs of data by means of'the,MOY*keV E2 theoretical K-ICC. This
‘transition has been shown by Brunner et al. to have an E2 multipolarity

- from L-subshell line intensities. For those transitions which. have a com-

poénd dﬁcay (11 n + 3 h) we normall"e the 1nuens1ty daua ;rom the intensi-

ties | of the 218 + 219.7 peaks These have both been shown to be of E2
- character. = The derived ICC are alsolayea in Taole IX along with the assigned '

- multlpolarltles These multipolarities have been used.Ln the a881gnment

193,.

of spins and parities to'the low-lying levels of Au as shown in Fig. ME.
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- '_ju?;higﬁzvﬁuQTable VIII;V Somé'photohs7from'l93Hg'énd l93mHg,decay.

Energy (keV) - ° . Relative intensity

1 2.31£0.15

_ 0.40£0.05
20,5 +1.5%
17.0 1.
7.9 %0,
1.0 0. IR -
T8 o o

S - 38.2:0.
T L 165.80.
o 186.8:0.

' 217.9%0.

219. 5+0.

225.0+0,

257.9+0,

290.90.

i+

L and ) N V)

F=g
(e¢]
g
o

o 308 L :w'lf’ RN 2 +0.9
. 382.620. - S

407.9+0,

- 573.6%0,

" 600.7+0.

W W
l._J
o
O

e

- *Normalized to 100 units.

8‘Correc,ted for contribution from'193Au f>l93Pt 186.1-keV ga&ma ray.
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" Table IX. v Conver31on coeff1c1°nts of tran51t10ns observed in tne
: . ‘decay of l93“g + 193myg,

 Energy . K-ICC El E2 Vi Multipolarity -

211.9 1.36(-1)" o 1i36(-1) . B
219.5 - - w2
257.9 o 3.76(-1) 23.2.(-2) 9.0 (=2) - k.19(-1) ML+E2
3.8 gau(z)  1.e7(-2)  3.55(-2)  1.41(-1) MLAE2
382.6 . : - S .
407.9 . 3.0 (-2)" 3.0 (-2), - B2
573.6 1.k (-2) . 5.45(-3)  1.39(-2) 5.08(-2) | E2(Ml+E2) .
600.7 (-2) 4,98(-3), 1.26(-2) L.57(-2) =~ ML+E2
> —

+Determined to be EZ transitions by Brunner et al,
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. 0f partiéular'importance in our measufement“ was the observation of
the 22h 9- keV- gamma-ray which may be interpreted as the transLtlon between
‘the first excited )/2+ level at 225 keV and ground. Thus, for the transi-
- 193, :
U,y

tions within the‘vcore multiplet" of our work leaves still-either
~unohserved or uninterpreted the transitions from the 7/2+ level. A number.
of possible pairs of transitions which appeared aslthough they might popu-
late both the 225.keV and»gro@nd states were examined, but none of the pairs
differed by the proper energy. |

-

D. Comparison of Experiment and Theory

1. Energy levels

The cornarlqon of experlment and theory is of prime lmoortance in
judging the re'atch merlts of those theoretical treatments suggested for
the gold region. Perhaps the easiest comparison to be made is that between
the theorétically predicted and experimentally observed ordering of the
energy levels. ”heIVariation in energy of the experiménta;ly observed lbw—
lying levels of the odd-mass gold isotopes with increassing neutron nunber
is shown in Fig. U43. The regularlty of the level motion shown by these gold'
isotobeS'is quite remarkabie. Particular points to notice in this figure
| are the decreasing energy of the 1/2+ level after'the addition of the 118th
neutron, the crossing of the_3/2+_and 5/2+ levels at approXimatély the same
nuetron number, and the decreasing energy of the 7/2+ level (if our inter-
pretation is correct) again'beyond_lLS neutrons. |

The core excitation model of de-Shalit,5O while not capable of a
‘detailed prediction of the gold excited‘levels, does predict the existence
of the low-lying 1/2, 3/2, ,/2 and 7/2 levels of p051t1ve parity arising
‘from the coupling of the odd a5/2 proton to the 2+ excited state of i.the
even-even core. These levels. are obaerved in the odd-mass gold isotopes,

: bﬁt the interpfeuatlon of their ar1"~ng from strict part1c1e~core coupling
is open to question ACCOle“g £0 the core excxtatlon model, the 'éenter
_of gravity" of the multiplet should fall at an energy equal to that of the

2+ exc1ted atate of the nuc;eus correspondlrg to the even-even core. In the
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‘Au isotopes with changing neutron number,
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" _case of the Qdd—mass gold isotopes, the éven—éven.core,has-been assumed;to

, be reppesented by the-platiﬁum iéotope‘having'anlequél number of neutrons.

i .In Fig. 4b we show the tfend of the multiplet center of gravity energy

with increasihg neutron number. It is Seen that while the tenter of’graviﬁy
‘does follow the same trend as the 2+ level'of the Pt core for neutron
numbers 116 and 118, it tends to decrease after 118 nuetrons (1f our assign-
~ment for -the 7/2+ state in -99Au is correct). -For all cases, however, it is
observed that a weak monopole-monopole interaction term must be included in
the deShalit model if either the even.mass Pt or Hg isotopes are taken as
.the core. It is particularly interesting to ﬁote the near coincidence of

199,

u_(again if our assignment

) ! ' . 2
of the 7/2+ level is correct) with the anomalously low 2+ level in OOHg.

‘the center of gravity:for the multiplet in

If the actual éituation in.the odd-mass gold nuclel is described
well'by‘the de-Shalit model, we would expectvfew major changes in the
muitiplet level structure with changing neutron number.  Those that‘would
-oceur, should arise from (l) variation of the energy required to excite the
2+ core state, and (2) changes in the contrlbutlon from admixed single
‘particle states. These changes would be expected to be quite regular as ‘

_the neutron number is varied. In Figs. U5 and 46 we show the low-lying
levels of thevodd—maés thallium and copper-isptopes.' These nuclides Have

. also been discussed in terms of the core-excitation model of de-Shalit.56’99
" The 3/2+ and 5/2+ levels of the odd-mass thallium isotopes have been'describf

 ed as arising from the coupling of the odd proton in the 551/2 single-
particle orbital to a 2+ excited state of the even-even mercury core. Due
to the presence of only two "core-excited" levels in thls'case, there are

. insufficient data to undertake én extensive ﬁreatmentwof.the levels. How-l

évér, if thev”core excitation" model holds we would still éxpect some ad-

mixture of dj/e and d5/2 to theue levels, and perhaps any distinctive pab—

tern arising from these admixtures could also be observed in the gold -
isotopes. As is seen in Fig. 45 the 3/2+ level in Tl increases very

' :smoothiy in energy as the neutron number is decreased. The 5/2+ level in-

- creases in an almost identical manner with the exception of the dip between
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_neutron numbers 118 and 120 Thls dlp seems. to correspond 1o a 51mllar re-

C 200
duction in the energy of the 2+ excnted state of <V Hg (hav1ng llS,neutrons).

The low- lylng levels of the odd-mass, Cu isotopes, disenssed by Thankappan

and True99 in terms of the coupling of & 2p proton to- the 2+ excited

P3/2

state of the even-even nickel core, are . shown in Flg 46. . While the 5/2-,

7/2-, and 5/2 levels follow the same general pattern (mlnlmum energy at

34 peutrons and increasing values for either addition or subtraction of

‘enutrons), the 1/2- level acts quite differently. It_hae.been shown by

Blairlqo through (5He d) experiments, that the 1/2- level has approximately

‘70% pl/2 single-particle admixture. Since the other states of the prooosed
'multlplet have been shown to have 40% or less single-particle admixture, we

might expect a falrly:ulgnlflcanﬂ dlfference in the actlon of the 1/2 level

with 1ncrea51ng neutron number.

The general energy trends of the odd-mass gold levels with changlng

.neutron number, then, seem to indicate significant admlxtures of single

particle levels to the wave functions for these states. The treatments of.

197Au by both de-Shalithl and McKinley and Rinard 29 have treated the 3/2+

‘excited state as the only one of the core multiplet which contains single-

particle admixed components. In these two treatments, the amount of d§/2
single-particle admixture which gives the best fit to the-total data is
approximately L4-15%. It is difficult to belieVevthat under the assumption

of such a small amount of single-particle admixute, the addition or removal -

of two neutrons from the core would cause the level changes ehown in Fig. U3,

We must conclude that-although the model de-Shalit does indicate the

importance of phonon-particle coupling in the odd-mass gold isotopes, it

:‘does‘not allow us to pre&iet the variance of the lOW‘lying gold isotopes.

'with changes in neutron number. In particular, since no description of the

nature of the core 2+ execited state is given in this model, the changea
which occur between 118 and 120 neutrons cannot be explained.

6
- The work of Kisslinger and Sorensen L has included a treatment of

" the 2+ phonon statesAof the even-even spherical nuclei in the Hg-Pt region

as well as a treatment of the low-lying levels of the odd-mass gold isotopes.-



© " in ordering is expected between

. =112-

qln genefai, fbr the gcld isotopes, they find the ground 5/2+;level'aﬁd theA
'first,excited 1/2+ level to be predominantly siqgle—particle'in nature. -
They do, however, calculate approximately }5% and 5% d5/2 + phonoﬁ admix-

. tures for these levels respectively. While they do not discuss the com-
ponents of the second 3/2+ state, the lowest-lying‘5/2+ level is found tovv
have approximately T6% d5/2:T phonon éharactgr. Th¢ 1ow-lyingilevels vary
- little with respect to each other as the neutron number changes in this
teatment. The general character of_£he levels does become more phoﬁon
dependent as the‘neutron number decreases. A comparison of the level

197

~ordering predicted by the Kisslinger and Sorensen treatment for Au and

195Au is shown in Fig. 47. The levels of 195Au

- that ordering observed in
were chosen for comparison both because of the large number_populated in
the radioactive‘decay of 195Hg and ;95mHg'and the fact_that_little change
197Au and l95Au. The group valevels
falling at 300-500.keV-in the Kisslinger and Sorensen prediction arise pri-'v
marily from particle-phonon coupled admixtures. It seems, as stated by
the authors, that in an increége in the strength of the quadrupole inter- .~
action taken for these calculations would yield a significantly better fit
to the experimental data by cauéing a lowering of these levels. |
The predictions of Kisslinger and Sorensen for the 2+ excited states
p of . the even-even Pt and Hg isotopes are quite good. The low énergies of
these states are predicted and a chénge in the trend of energy vs. nedtron
number for the Hg isotopes is predicted at 118 neutrons. This particular
point will be discussed later. , : | ‘
Also shown in Fig. 47 is the leyel,scheﬁe predicted by Ialongo66 for
‘ 197Au‘ This particular ordering of the positive‘parity levels was the re-
sult of a calculation taking into account'the 51/2 andﬁdB/2 single—hole(
states and up to two phohons of neutron core excitation. While the actual
.. energétic fit to the experimentally observed levels ié only fair, the
ordering of the levels is quite good. For all values of the strength para-
meter for the hole-phonon interaction, the 5/2+ level is predicted to lie

lower in energy than the first 5/2+ excited state. This situation has been
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'mcbservedvin the:case of ~“7Au, but not for the morevneutfon deficient gdld
-iSotopes; The iowest-lyinnTnegative parity levels are predicted quite well
ll/2+ phonon wave functions. v

While the wave functions for the low—lywnv states are falrly complex,
we shall indicate in Table X the- maqpr (> 5%) admixed components to the to-

- tal eigenfunctions. The unperturbed functions are written in the form ’v
I(jle) 35, J; NR)'. The importance of seniority-three components is quite
apparent. , - o '

All of the above treatments have emphasized the role nlayed by the
phonon states of the excited core in the determination of level orderlng in
the odd-mass gold isotopes. we'have noted a significant change in the trends
of the low-lying excited states Jf both the gold .and the even-even mercury
isotopes as we increase the neutron number beyond 118.' These changes may
indicate a change eilther in the character of the core phonon or in the in-
teraction between phonon and particle. If we assume that pairs of neutrons
£ill the 115/2, - /2, /2, and pl/2 orbitals in order as the magic number
of 126 neutrons is approached, ‘118 neutrons correspond 1o the complete
orbitals. A 2+ excitation of this core would

orbital .

filling of the 113/2 and p5/2

- most likely be attained by promotion of two neutrons into the f5/2
and their subsequent coupling to a spin of 2. No work has yet been under--
c taken to examine the difference in interaction between the odd proton of
Au or T1 and the neutron phonons predomlnantly formed from p5/2 or f5/2
quasi-particles. , : »
Since the de-Shalit model depends in no way upon the manner in whichc

the core phonons are created, we wculd expect it to be incapable of predict- .
ing the fine-structure effect‘we have observed here. Thus, even though the
de-Shalit model:may fit the obserVed energies'cf the low-lying levels of _ 
_197Au qulte well, it is much too inflexible to predict.the different varia-
-tion of each level with changing neutron number. The mofe sophisticated
. treatment by Alaga and Ialongo, on the other hand, would appear to be a more
reaiistic approach to energy level predictions inbthe transition: region.

However,' since this treatment is still only semi-microscopic in nature, we
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" Table X. Major‘componénts of wave functions for low-lying levels of

19Tau from theoretical treatment by Ialongo.

l
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" Table X. Continued.
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“would nOtVéXPECt close agreement with the changes.observed upon the addition
of the 119th and 120tk neutrons. ’ : - . _

2. Transition Probabilities

The various photon traﬁsition probabilities observed in the odd-
.mass gold isotoPes'offer further tests-of theory. We again shéll examine
primarily the low-lying levels, paying particular attention to those transi-
tions which connect members of the de-Shalit "core ex01tat10n multiplet.
to ground or to other.multiplet members. . The relatlve,photon 1ntensity
o measurements made possible through the use of Ge(Li) detectors have permit-
ted the measurement of relative transitions probablilities in cases where
the lifetimes of the ;tates have not been measufed
_ The first- exc1ted states’ (l/2+) of the gold isotopes of mass 193, '
195, and 197 have been shown to decay to the 3/2* ground state by tran51+1ons
of mixed Ml + E2 character. Since both the half-lives and mixing ratios
- of these transitions have beeh‘measured,102—106 it is possible to calculate
b‘boﬁh the magnetic-dipole and;electric-quadrupole reduced-transition pro-
babilities (B(ML) and B(E2)) for all three cases. These transition pro-
. babilities along with the factors showing the hindrance or enhancement of
- the transition when compared to the single-particle estimate calculated
from the formulas given by Moszkowskilo7 (except that a nuclear radius of .
1.2 X Al/B'fm is used instead of 1.45 x Al/5 fm) are displayed in Table XI.

In Table XII we show the other reduced-transition probabilities which have

19

f been determined for the other .levels of 7Au Some of these values have’

" been determined from Coulomb excitation studies. For all of the odd-masé
gold isotopes we have etudied, the lowest-lying excited 3/2+ level decays
by a strong M1(ML + E2) transition to the 1/2+ level and a weaker ML + E2
transition to the grouhd state.  Neither the half lifes nor the mixing
ratios of thege transitions have been well measured. 'For this reason we
have plotted in Fig. 48 as a function of neutron number, the ratio of the
intensity of the gamma ray to ground to the 1nteneltyaof the gamma ray to .-
the l/2+ leve)l weighted inversely as the third—power éf the energy ratic

. If both transitions were pure Ml in character or had constant E2 .admixture,



Transition probabilities for 1/2+ - 3/2+ transitions in odd-mass Au isotopes

Téble XI.
Isotope. E =~ T a- '82 cx b B(ML) : B(ML) ) : B(EZ) : _B(E2) _
U o ooye T T bz BOL) 2 g oy BER)
(kev)  (nsec) (e %10 cm”) P (e"x10 em ) -
. 382 2.9t0.% 0.16 9% 9.10x1073 1.37%1073  0.333 48.5
Ph 6.5 .2.8:0.3 0.17 12 1.65x107%  2.48x1073  0.258 37.4
323007 h.8sx073 oz 31.5

= 773 1.9%0.2 0.12 k.2

S8 Lindskog, T. Sundstrbm, and P..Sparrman, Table of Lifetime Measurements of Excited
Nuclear States, in'Alpha— Beta-, and Gamma-Ray Spectroscopy, ed. by K. Slegbahn, (North-
Holland Publishing Co ;- Amsterdam, 1965), vol. 2, p. 1599. . 7 :

-t~

Values obtairied from the tables by Sliv and Band.




Teble XII.

197Au.

‘Reduced transition probabilities in
| | - ‘. - _B(m) B(E2)
I R Me o ) sann L 0E) L s
N {keV) (nsec) (e"x10 cm ) 5P (e x10 em ) : P
1/e+ 3/e+ 7T 1.9 - 3.2x107° . 85x1073 2.axlo‘l 31.5
'_3/22+ 3/2+ - 268 ——— - o 6.6x1072" 9.4
Al 01 ~ ~2% -3 -2%
3/e,t 1/2+ 191 ——— ~1.8x10 2.67x10" "~ ~h x10 5.7
5/2+ 32+ 279 1.6x107% | 3.0x107% h.56x1077 2.3x107" 30.3
5/2+ 1/2+ 202 1.6x107° - X —-- 1.1x10°% 16.1
. h e R : hod "'*
T/2+  3/2+ - S48 5.2x1073 -—- --- 2.0x10"7% 28.6
' , U 1% -2 2%
7/2+ 5/2+ 270 5.2x00 - ®1.6x10 2.4 x10 5 x10 - 8.6

* '
Values based wpon Coulomb excitation

"work as reported in Nuclear Data Sheets

: "6‘1':“{7"
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Fig. 48. The ratio of gamma-ray intensities for the transitions from
the.3/2+ excited state to ground and to the l/2+ excited level in
the odd-mass Au isotopes, weighted inversely as the third power of
the energy. ' : ) :
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;_tﬁis‘pldp would indicaﬁé relative B(M1) values. This could, in turn, yiéid ~
finformation on the chéﬁging charécter of both the ground and‘fifstfexcited
'.stateé.‘ Tﬁe:reverse situation exists for transitions from the iowest~l§ing-

5/2+ level. For this case, the strong transition (ML + E2 in character)

. goes directly to ground, while the weaker. transition (pufe‘EQ) goes to the
‘l/2+ level. For‘these pairs we have pldtted, as a function of neutron
nuﬁber,‘tbe ratio of the intensity of the transition to ground to that of
~the transition to the 1/2% level, welghted inveréely as the fifth pbwef of .
| the energy ratio. This is shown in Fig. h9."ifvthe 5/2+.a3/2+ transition
had an M1 component which reﬁained constant as a function of neutron

" number this ploi would indicate relative B(E2) values. This particular
figure seems to indicate a rédgction in the electric;qpadrupole ﬁransition.
probability for the 5/2+-3/2+ transition with decreasing neutron number.

" Both Figs. 48 and 49 show a distinct discontinuity in the plotted ratio
'upon the:addition of the ll9£h and 120th neutrons. This again correspondé
'to the neutron number at which qhanges are Observed in the trends of the

“energy levels

. The "core exqitatioh" model of de-Shalit predicts that the reduced
E2 transition probabilities from the membeTSvof core multiplet to ground
should be equal and approximately the same.as the one found from the 2+
first~éxcited state o ground in the even-even nucleus which corresponds .
‘to_the’cqre. As is seen in Tables XI and XII the B(EE) values froﬁ the
"core-excitation" states’to ground in 197Au are very nearly equal. As is
expected, thé'3/2+*95/2+ B(E2), which is very sensitive to single-particle
admixtﬁres, is considerably re@uced froﬁ the other trénsitions to ground.
Bfaunsﬁein‘and de—Shalit58-have shown that this value of B(E2).could be
fobtained w?th the inclusion of only 3% single-particig d5/é admikture po
the 3/2+ excited state. With regard to the comparison of the above B(E2)
" values with those of the 2+-0+ transitions of the even-even nuclei which
:correspénd to the gold core, we have plotged in Fig;'BO the B(E2) for the . :
2+50+ transitions in both the even-even Pt and Hg ithoﬁés as well as .

those from the 1/2+ to 3/2+ ground state for the odd-mass gold isotopes. .
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._It ié seén that thé reduced transition probabilities_all increase as the
neutron number decreases, indicating an increasing collectivé natﬁre for
these E2 transitions.- One can also see that the transition strengths do

' ﬁot increase as rapidly for the odd-mass gold isotopes és'they do fér the

Pt isotopes. _ ) v -

| Another prediction of the de-Shalit model is that of a negligiblé,

. 'ML transition stréngth from.éore.muitiplet stétes to ground. ’A; is seen -

‘ in Tables XI and XIT the Ml transition rates tovground are indeed hindered

ﬁith respect to single particle estiﬁates, particularly those transitions

from. the l/2f.level to ground. These findings are in good agreement with
the core excitation picturé. waeyer, it must be noted that ih the single-
particle model we would expect a *vanishingly small Ml transition rate for -

the 1/2+795/2+ transition, since 1t would correspond to an 1 - forbidden A

(Sl/2 -'d3/2) proton transition. Thus, any model which would include‘large

| 'fcomponents of 31/2 or Sl/2+ phonon for the low—lying sfates5gould predict
- the hindered Ml transitions to ground. McKinley and Rinard”™” have fit
seven transition probabilities along with seven other experimental resﬁlts
with an average error of 7.&%'5y using the de-Shalit model employing 9

. adjustable parameters. If no attempt was méde to fit the reduced Ml transi-
tion pfobability for the 5/2-+ ground transition, the averagé per cent
‘error is reduced to 1.7%. Without the inclusion of .an additional paraﬁeter

describing the amount of d Single—particle admixture to the 5/2+ level

5/2

it seems impossible to fit any of the transition probabilities involving
the 5/2+ level with the exception of the B(E2)5/2 - ground value.
The work of Thiggappan and Rao; © involving fhe coupling of g d5/2
hole to the levels of"

the theoretical transition probability predictions. While the transitions

Hg, does not significantly improve the quality of

_to ground, with the exception again of the 5/2-3/2 Ml transition probability,
are explained quite well, the prediéted E2 transition’probabilities within
the multiplet are much too small when compared to expefiment (under the -
aésumption of a positive quadrupole moment for the 2+ core state as deter-

mined from the 7/2-+3/2 B(EE)). On the Sﬁher hand, if the charge distribution

a



‘ momentaof the_eore can be calculdted from the B(EQ, 2+-aO+) of the

~ Thus, significant admixtures of s

'-;1n31de Lhe core is assumed to foWlow the mass d*stzibutlon, the quadrupole

198

core., . Utilizing this technique, Thankappan and Rao have calculated'a nega-

tive quadrupole moment - for the 2+ core state and this value has also been

.  used for transition probability~calculations. With this“alternative choice,

_the fit for the transitions within the multiplet is good; but the fit for

the transitions to ground is considerably worse than the first case. Thus,

-an experimental measurement of the quadrupole moment of the first 2+ level

of-198Hg would be ef great aid in the fitting of the transition probabilities

for this particular calculation. ’ ‘ S - v

6
.In the treatment by Kisslinger and Sorensen t _the retardation of

.electromagne+1c transitions is dependent upon both pairlng and phonon consi-

derations. The pairing considerations are particularly important since g

transition between twoﬂquasinarticle states involves transitions of both
particles and holes in the shell model states. They have shown that their

treatment does a good job in predicting the systematic trends of retardation

. for the Mk isomeric transitions in both the odd-mass Hg and Pt isotopes.

The information available on the odd-mass gold isotopes is capable of yield- ‘

ing only‘qualitatjve predictions of transitian rates. Of particular interest

197

is the 5/2+4a l/2+ E2 transition whlch we have found in both Au and

99Au and which had been previously known in 93Au and 95 Since the
1
Klssllnger and Sorensen wave functions for the 1/2F and )/2+ states in ,97Au

contain 92% 51/2 and 8% Sl/2+ phorion respectively, we would expect a large

contribution to the E2 transition rate from the fast transition. between ﬁhese

components. From the work of McKinley and Rinard” 29 we can see that the

"best parameter' core-excitation model predicts a B(E2) for this transition
which is a factor of seven smaller than the experimentally observed value.

l/é and Sl/2+ phonon may be needed for a

- . careful analysis of the transition probabilities. The’Kisslinger'and Sorensen

treatment utilizes only very small changes'in the various parameters as a

. function of neutron number. There are, therefore, no abrupt changee of the
" types observed in Figs. 48 and 49 which can be predicted on the basis of

#their model.



-106. L . .
The model utilized by Ialongo has given good ag reement for the >
. : . 55
electric-quadrupole transitions observed in"97Au. In general,. however,
. the magnetic-dipole transition rates are found to differ by.a rather largs -

e amount frbm the experimentally observed values. It is important to note

that this treatment was accomplished.with onlyﬂk adjusﬁable parameters in o y
comparison to the nine used by McKiniey and Rinard fo:’the core-excitation

model. From the wave-function componenté shown iﬁ Table X we can see that

many of the experimentally observed results are qualitatively Dredlcted in

this treatment The very sizable I(s 3/2, 0 0) and

1 1/2)0 3/2’ _
l(d5/2 o 5/2, 1/2, 0 0) componentb to the ground and first excites state§
‘respectively, do allow the prediction of a highly hindered Ml tran51t10n
‘between these two levels. Altholigh it is not calculated specifically in
this treatment, we would expect the 5/2+—»l/2+ transition to be quite fast
"due to admixtures of 38% | 5/2 5 1/2’ /2 0 O) and 5%% I 59)2 i}2’ ¥
1/2 0 0) in the 5/2 and 1/2 levels respectlvely The neutron-precton
interaction, as: presently treated in this model offers no help in the pre-
diction of the various trends»in transition probabilities we have observed

with varying neutron number.

3. Magnetic Moments

197 108

The magnetic moment of the gfound staﬁe of Au has been megsured
to be b.lh59 nuclear magnetons. ThisAcofresponds very closely to the
"Schmidﬁ limit” for an odd proton-in a d5/2 single—particle state (O 126
nuclear magnetons).' The magnetic moment of the first excwted l/2+ state
has also been measﬁredlo8»and found to be 0.38 nuclear magnetons.. This
is éonéiderably smaller than the.Qalue expected from the "Schmidt limit"

~ for an odd proton in the s orbital (2.79 nuclear magnetons).

1/2
The fitting of the magnetic moments for the two lowest lylng states
. in lg(Au is one of the major triumphs of the core-excitation model. Both
‘ 29 . -

~moments are fit extremely well in the treatment by McKinley and Rinard,
with the fitted values being 0.1437 and 0.381 nm for the ground and l/2+
states respectively. These values were fitted simultaneously with 8 transi- =

tion probabilities.
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- The. pxedloflons of hlssllnoer and burenbpn6l yiéld a falue of 0.84 -
O 92 nm for the ground state avnetwc moment of 19T Au. This. is, of coursé,
muuh greater than the ehpeerentally observed value. In spite of the-fact
that their prﬂdicted l/°+ state in 9(Au is interpreted as Oelbcv92% Sl/°
umg&e particle ine nature, they find s .guite low magnetic moment. for this.
level of 0.25 nn. mhl% value is in ou1+e good agreement with the observed
value. The quadrupole moment of the ground state 1§, like the ground state

magnetic moment, predicted to be considerably greater than the observed

.value. Thus, with the exception. of predicting the low value for the l/2+

magnetic moment > Ki inger and Sorensen treatment does not seem capable
~magnetic moment, the Kisslinge d Sorens t t t does not see vabl

of accurate moment predictions for the odd-mass gold isotopes.

66

magnetic moments for the low-lying gold levels.. The same set of parameters

" The treatument by Ialongo also fails in its attempt to predict

that yleld good: predictions of level ordering and electric transition prob-

‘abilities predﬂct a magnetic moment of 0.3 am for the ground state of

197Au and 2.3%2 nm for the l/2+ excited state. It has been shown by Blin-
09 that the main cause for the deviation of the magnetic moments
from the predicted 51ngle—partkc;e,values in spherlcal nuclei-is the ad--
mixture of small amounts bf higher seniority'funcfions; They may well
explain the serious disagreement hetween Ialongo's values and experiment.
As we have seen in Table X there is an extremely large contribution of
seniority three admixed states to the ground-and first excited states of

197 ‘ - L

Au in this treatmont

4. Log ft Values

Ancther wvery interesting comparison which can be made is the vari-

ation of electron capture probability from the odd-mass meércury ground

states to loﬁ-lyihg levels in gold. While the present results, as indicated

97 95

in Figs 29 and 39, are 11mited to Au there are some 'mportant 

things to note. Toremost among these is the absence of .a detectable elec- .

v tron—capturé or positron branch from the Hgll/Qw ground state to the Au 5/2+

ground state. Thefe is, however significant branching to both the l/2+ and
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“5/é+”excited states. Also there:is a rather large increase in the lon ft R

values,fbr.tﬁe above branches as well as the 13/2+-11/2- branch as the

" neutron number decreases. _ ' . . '
The observation of no ground state-ground state branch indicates a

great disimilafitj in the state wave Punctions This may indicate the >

presence of large phonon coupled cumponenbs in ene of the SLauEQ and not

in the other. Klsellnger a§g780rensen predlct greater than 80p d5/2 51ngief

!particle'character for the Au ground state. The ground 1/2- level of
197Hg 1s predicted to have almost equal admixtures of pl/2’ f:/2+ phornon,
and p5/24 phonon.. This type of difference in character may e;plain the
retardation of electron capture between the levels. The Kisslinger and.
Sorensen treatment st%ﬁes that tHe ft value for the type of decay observed
between Hg and Au is p;oportional to (Uanp)-g,'where the U's are the non-
occupation probabilities for the neutron and proton orbitals respectively.
Using the wave functions provided by Kisslinger and Sorensen, we find that
"the ft values are expected to'decreaSe with decreasing neutron numbef.v The

opposite effect 1s observed. Considerable work remains to be done on, the

predlctlon of the change of log it values as a function of neutron number

5. Rotational Model ,
_ Wnile we have not mentioned it prev1ously, there is still an alter-
nate interpretation of the low-lying gold levels., If we consider the -gold

nucleus to be slightly deformed, the levels of gold may be examined in

: sl
terms of the unified model. 7 It would then be possible to consider the'
low-lying levels of 97Au to be a series of rotational states built upon

two Nilssonllo single partlcle states. Thus, the 3/2+, 5/2+, and 7/2+
levels would correspond to*airotational band built upon the 3/2+ [L02]
Nilsson orbital, and the 1/2+ and 3/2+ levels to an anomalous band buiiﬁ_
dpon the 1/2+ [LOO] orbitai. ‘This would yield an explanation for the ob-
served gamma-ray intensity pattern.. The intense transitions (7/2+- 3/2+,
5/2+~3/2+, and 3/22+-%.1/2+) would be considered ggggg-band,transitions)'
while tee weaker ones (5/2+—1/2+ and 5/22+—+5/2+) would be inter-band e
transitions. This might also.explain the absence of the 7/2+—>5/22¥ transi-

tion, which would be an inter-band E2.
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Thls abpllcatlon of the. unlfled model has been dwscqued by both
' 6 1
Brunner et al 9 and Jastrzebskl._ll Brunner et al. used the magnitude of

the rotatlonal level spacing constant as a criterion of the snhefical

' character of the gold nucleus. . Using semiempirical relationships, 1t was 7y

found that 1f 3% /I for the spacing of the lon—leng levels is greater than

"l5h /I ig,.where Irig is the rigid-rotor moment_of inertis, the nucleus is

considered spherical. As they state, the values for the odd-mass gold

_ isotopes are two to three times larger than the critical value and should

be considered spherical. Jastrzebski examined the Ml transition rate for
the l/2+-9.5/2+ transition as a function of neutron number. From his treat-.
ment it is seen that the Ml transition probability should increase as the
déformation increases. This effect has been observed in the Eu'i%otopes

Of course, a reduction of the B(M1) is observed as the neutron number 1sﬁ

193

decreased. Since one would expect Au to be considerably more deformed

97Au, it seems as though the rotational model does not hold.
Since the rotational model is capable of predicting relative gamma-

ray intensities, coulomb excitation B(E2) values, ML + E2 mixing ratios,

etc., we have tested much of fhe available experimental data against these

predictions. In particular, if we examine the ratio B(E2, 7/2+-3/2+)/ -
: =

B(E2, 5/2+-3/2+) using the formulas from Bohr and Mottelson” the rota-

tional model predicts a value of Q.hl7. The experimentally observed value
is 0.905 as determined from Couiomb excitation work. Also the relativé
Ml + E2 mixing ratios for the 5/2+- 3/2+ and T7/2+-5/2+ transitions can be

predicted if we assume the intrinsic quadrubole moment and g factors remain -

constant within the "band". The value of & ( /2*-»5/2+)/6 (7/2+-»5/2+) is.

predicted from- the formulas of Bohr and Mottelson5 to be 2.32. The ob-

- served ratio of 0.163. Thus, 1t appears that while the rotatiénaL model -

is qualitatively inviting, acthial quantitative predicﬁions seem quite badly o

in error.
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- E. Conclusion _ _
'";; The developmeﬁt of high-resolution Ge(Li) detectors has'permiﬁted'
a careful analysis of many gamma-ray spectra preViously.thought too com- |
~plex for detailed analysis. The ability to acéurately measure gamma—ray
energies has been of great value in positioning weak gamma rays in cases
whefe the level schemes are fairly well known. Coincidence studies have
been ruled out for most of the new transitions found in our studies due
both to their weak natufe and the heed for maintaining highest-possibie,
-vresolufion._ As Ge(Li) detectors of large volume become available coinci-
 dence studies should be undeftaken to verify our assignments. 7
The level schemes of the 0dd-mass gold isotopes examined in this

study have been sﬁown to be very'simiiar. Much of the. experimental data
_has pointed to the sizeable effect of colléctive contributions to these
levels. The theoretical treatmeﬁts we have discussed are, of éourse,
greatiy concerned with the character and magnitude of the particle—collecl.
tive ?honon coupling. While th; relatively,simple cqre-excitatidn model

. 1
of de-Shalit seems to be capable of fitting much of the data for: 97A

u, it
‘does have a number of serious failures. It would also appear very diffiCult“
for this model to predict the systematic trends we have observed with chang-
ing neutron number without greater admixing of single particle configurations
into the various wave functions. The Kisslinger and Sorengen predictions.
are by their nature much too genéral to expect Quantitative'agfeement wiih .
experiment. The work by Ialongo and Alaga seems quite promising. The ob-
served level ordering is predicted quite well, as are the electric-quadrupole
- transition probabilities. The problem of magnetic moment and transition
probability'agréementvis still to be overcome. These latter vaiues_are very
sensitive to the large amounts of high senority components- present in the
wave functions. | )

We have shoyn that there seeﬁS to be a significant change in the.
" structure of the nucleus upon the addition of the 119th and 120th neutrons.
Any further theoretical treatment for the.gold region should be capable of
inCluding_a method of describing the residual interaction between the proton-
and specifie néutron pairs. This region of nuclei appearé to be too complex

for the presently applied theoretical treatments to explain comprehensively.
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./ APPENDICES

A, The Internal Conversion Coeff1c1ent as a'
Means of Multipolarity Detelmlnatlon

il B

1. Bdsic Theory v _ o
A The nucleus in an excited state will normally proceed %o a state

_of lower energy by one of two competitive'processes These are gammaQray
emission and internal conversioﬁ It is within the scope of this work to
glve a brief description of the latter process and discuss its 1mportance
" in the area of nuclear spectroscopy

| In the internal conversion process, the energy anolved in the
transition between nuclear levels is transferred directly to an orbital
electron.. This eLectIon is then, ejected from the atom with a kinetic energy
equal to the tran51tion energy minus the binding energy of the electron in
its original atomic orbital. This process may take place in any shell of
* the atom provided the electron binding energy is 1es$ than_the.transition
energy. In a given.tranéition,'the internal conversion coefficient (ICC),

o

" for a particular shell or subshell i, is defined by:
N ()
a_ s
B A Ny

wher; N“(i) is the rate of ejection of electrons from shell i aﬁd Ny is the
rate of gamma emission... '

The numerical value of the ICC will strongly depend on a number of
a parameters. They are as follows: the electron shell in which conversion
is taking place; the atomic number, Z, of the atom in which conversibn is-
occurring; the transition energy; the angular momentum change, L, of the
radiation field; and the change in parity, Am; betweénlthe initial and final
nuclear levels. In general, for a ﬁransi@ion with energy well above the
binding éﬁergy of any of tlie shells, the following trends occur. As the
- major shell becomes farther removed from the huCleus,.the ICC decreases..
The ICC increases as Z increases, decreases.as the'energy increases, and
increases as L increasés. It is strong depéndence of the ICC on L and A

. that has made ICC such a valuable tool in the formulation of decay'schemes.
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I we consider a t}ansition between two nuclear.levéls éharactarized'
by initial and final'éngular_momenta and parity Ji, Jf;'ﬂi, and T the
. gamma ray Or conversion electron emitted will carfy away angular momentum L
according to the following restrictions |

J= 3, -d, 5 L<J, +J, andon = (ﬂi)(ﬂf)f
The. electromagnetic field of this transitioﬁ is said to be of a ?articular
‘multipole character. This is either electric QL'; pole, EL, if the change
in parity is (-)L, or magnetic 29-- pole, ML, if the parity change is (Q)L'l.‘
' As the L selection rule indicates, the observed ICC will usually be
& mixture of ICC for fields of pare L. This is stated | '

1

2 : 2 |
a = %laLja(L). .where %lale =1

vhere L is limited by‘the above resfrictibns, The mixing coefficients, aL.x.
.are the relative amplitudes of photon radiation associated_with angular -
momentum L. Due to the parityrselection rule,_the‘a(L) above will alter-'
nately be from pure electric and pure magnetic multipole fields. From the
theory of multipole radiation it can be shown that the relative intensity -~
of multipoleé with L}apd L + 2 units of éhgular momentum.will be roughly

L2l ~ (%) << 1
81,

. where R is the nuclear radius and A is the wave length of the radiation.

In some cases, however, the ratio_df a L+l/aL will not'bg s0 small. Féf

this reason, the observed ICC are usually limited to at most the mixture

of two multipoles, L = AJ and L = AJ + 1, and in some cases to oﬁe multi-
pole, L = AT. If as an exampievwe take a transition between levels of

Iy =3/2, o= +, Jf'= 1/2, e = +, the‘multi?ole‘field would be expected

to be an MI, E2 mixture, with



2. Theoretical Calculations of ICC

later calculations

5

5 o
ol a(E2) . where :

Q- "'f‘
. l, LT

|_~ai;2d(m)'+ le

. . ) v 2 ,,.‘ ) . . 2
~The rsatio Iag/al! is defined as the mixing ratio, & . In this»ease

2

5, = VEQ/Wﬂl and it is s1mplewuo.show that
2 oMl)-a
aﬁa\l«ef

*

- Since the.pure—mﬂltipole gamma ray transition probability betgeen:two levels

is a model :- denendedt, calculable quantity, values of 6 _are veryvimportant

' in the comparlson of experlment and theory.

4

It is not the purpose of this dlscu551on to go into a detalled t eat-

ment of the actual method used in calculation ICC, but rather to brlefly

. describe the basic models used in these calculations. For a. complete ﬁe crlp—

tion of the methods involved, one should consult the original -

112 1 .
works 18,15, 11,115 1 an excellent review article by Rose.:Ll6

A1l modern calculations of ICC have been done essentially in the

_same manner. First-order perturbation theory has been used to calculate

the réte of gamma-ray eMission This involves the coupling of the nucleus’
to the electromagnetic field and the subsequent em1581on of real quanta '
The rate of conversion electron ejection must be treated by, second - order
perturbation theory since it involves the coupling of the orbital electron
as well as the nucleus to the electromagnetic field. The electron wave
functions'have been those obﬁained by solving ﬂhe Dirac equation in a given

central potential The various calculations have differed in the form of

- the central potential as well as those approximations used along with this

potentlal. :
. 2]
The first computed values of Rosellg were done using a point nucleus

and a pure Coulomb potential. These were for the X - shell only. Rose's

117

used a Thomas'w Fermi - Dirac scrcened potential.

"The,effect'of scf eening is to ]ower the ICC, espeCLally at low 2 values
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~Sl]V and Band 14 were the first tollnclude the effects of f1n1te nucleavi ' .
size in the calculatlon of ICC. These effects are twofold The first” ‘
- (static effect) is the actual alteration of the electron,wave functions, ¢
'notablj the removal of the 81ngu1arltv at the origin. :This effect can
easily be taken account of by assuming a constant charge density fqr the
nucleus. The second effect (dynamic effect) arises from ﬂhe penetration

of the electron orbitals within the nuclear radius. Nuclear matrix ele-
ments, which cancel-in ICC. calculations under the point nucleus approxima-
tion, no.longer doeso if this dynamic effect is considered. The evaluation
of these nuclear matrix elements depends on the formulation of a’ partlcular
nuclear model. Thus, only under the finite nucleus assumption does the ICC‘
depend on nuclear wave functions. In the latest calculations of Rose,115
results are given for K -~ shell and LI - and LII - subshell conversion with
screening and the static effects of nuclear size taken into dccount. The

' LIII'" subshell ICC‘include screening, but no.nuclear size effects (since
they are not expected to be‘important). Rose also includes M-shell ICC
caiculated.for a point nucleus._with no screeniné For M-shell screening
corrections to the. tables of Rose it is suggested that the reader consult
the work of Chu and I"e:«rl.xnaxrl.“Ll The tables of Sliv and Ban d]lL 115 give
K~sheli and L;subshell ICC calculated with screeniﬁg as well as hoth static
and dynamic nuclear size effects.  The dynamic effects are accounted for |
through the assumption of a uniform surface transition current density. in
most cases the values found in these tables differ 1ittle from those of
Rose, although differences of 9 percent in the.K-shell and 35 percent in
the LI -.subshell oceur for high Z Ml -~ transitions. _

- In general, where the effects of nuclear structure are small, the
“errors expected in the theoretical ICC values are about 2-3 percent for '

the K-shell and sbout 5 percent for Lhe L shell. . o . -
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3. Experimental Metbods of ICC Measurement

Since we are plabln p“lmary emph°51s on the ICC as a means of de-
tnrmin1ng transiticn multlpolarlty,. the following dlscunJhons will no*
dwell on those refinements to experimental methods which have brought the
ICC into play as an indicator of nuclear structure effects on the conversion
process. The present discussion will not cover the various methods in

great detaii; but will, it is hoped, give the reader a feel for the great

‘variety of ICC measurements which can be used to determine multipolarities.

This section is organized 1n the following manner. We first w1ll exaane

those measurements which 1nvolve observation of converSLOn ‘electrons alon

"This will be followed~by those methods which involve observation cf gamma

rays (or associated events) as wéll as conversion electrons or seconlary
. i, . .
events. The final methods to be discussed are those which involve the use

of coincidence %echnigues.

(a) Determination of K/L ratio. In many instances the ratio of

internal conversion taking place in the K shell to that taking piace in the

- L shell may be used as an indicator of multipolarity. Thus, for a given

array of nuclei, one must experimentally determine the relative intensities
of K and L electrons ejected in the conversion of a particular transition.
This measurement requires only a piece of appardatus capable.of sorting the
conversion electrons by energy. This, of course, permits the differentiation
of K and L electrons due to the different binding energlies of the correspona:_

ing atomic shells. The separation of K and L lines varies frcm approximately

0.68 keV(Z=10) to '116.65 keV(Z2=100). From the preceeding values it is seen

that the instrumental resolution’qualities necessary for these measurements
will depend upon the nuclide of Interest.- In general, present measurements

of these ratios are being made w.th magnetic spectrometers or, as indicated

“in the main portion of this work, semiconductor detectors

The observed K/L ratio may be compared to theoretical values: derived

' 113 | o3
from the tables of Rose > or Sliv and Ban dll ’115. Rose et al 119 have

presented conveniént graphs of K/L ratios as a funotlon of energy for various

Z value5°and multipolarities which should be quite useful in decay scheme

- work.



_}-158f

The main drawback to the use of K/ T ratlos is the general insensi-
tivity.of this value to changes in multipolarlty Figures 51 and 52 in-
dicate K/L ratios as a function of energy for 7=40 and 7Z=80. One shbuld
note that the K/L ratio is a better indicator of multipolar%ty for high 7.
than for low Z nuclides. Particularlyﬂnoticeable in Fig. 51 for 7=h0 is
the fact that the K/L ratio will be of little value in ML + E2 mixing ratio
‘determinations for energies greater than appfoximately 300 keV. However,
in general if the parity change and an upper and lower limit to the angular
memeﬁtum»change are known from independent data, the K/L ratio can be quite
‘useful in determining multipolarity. ’

(b) I, - subshell ratios. The L-shell conversion coefficient, o

is comprised of three,oubshe;l I6C. These are the LI’~ 174 and L 11 TCC
] -
.which arise from the eJectlon of 251/2 2pl/2, and 2p5/d e*ectrons respec
tively. The ratios of these subshell electrons ejected in a particular
transition are often quite sensitive to the multipolarity of the transition.
If the Ly/Lyp;

L /L . ratio can be used to choose between alternatives. “In general, it

ratio does not conclusively give the multipolariﬁy,vthe,

is very difficult to give approximate values for the ratibs due to their
great variation with Z and energy. “erhapb the only multipolarity that

" can he easily recognlzed from its L - subshell pattern is ML, where LI >>

L. . and usuvally L__ >> L . Tor other multlpolarltles, one should consult’
11 1T III115 113
the tables of Sliv and Band or Rose for the Z and energy in question.
119

Also Rose et al. has published convenient graphs of L - subshell ratios

)

1 as a function of Z and E.
- The measurement of L - subshell ratlos requlres - hlgh resolution

. electron speutrometer This requirement is. seen from the fact that theLI -
L separation varies from 0.05 keV(Z= EO\ to approximately 7 keV(2=100).

11T
This high resolution also reguires sources of very~ulow Mass ..

This means that L - subshell measurements are very difficult for transitionev

of low energy and/or low intenéity{ Thué, according to Ewan and Graham

'L .~ subshell measurements are practical for heavy elements only up to transi-

tion energies of approximately 1 MeV, for rare earths to about 500 keV, and

®
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'“for“light élementsvto aboﬁt 200 keV. The slow—scanning maghetic spectro-
| méﬁérs,aildw'one td'méke measurements.only on isotopes having'fairly iong
half lives. R B )
- For a general discussion of the method of analysis for L - subshell
ratios.thé reader is directed to the paper by Novakov and.Holl&nder.*21

(c) Conversion - electron-peak-to-beta-distribution ratio. One

"important method of ICC measufement which requires the use of only one

méjor piece of experimental apparatus is the K - conversion peak-to-beta-

' épectrum method, or, as it is abbreviated, the_PBS method.  If one considers
"a simple scheme in which beté decay leads to-a single excited state which .
then prpceeds‘ﬁo ground by.eitﬁer gamma-ray emission or internal conversion,
' a measurement can be made of the'relative intensities of K - conversion'

electrons and beta particles using a magnetic spectrometer. One then can

+ determine-
A N :
o k%
AL T Ny(1+a) T o(Lta)

P
where ¢ is the total conversion coefficient. The K ;'ICC is then found from
. A' v ' »
o = K
- + f tooen
) 'A‘B (AK A T+ A )

LI, LII

- In cases where the decay scheme is aé.simpie as abofe the PBS.
method cah be useful. ' The chief problem in using this methéd is obtaining
a good value for the ihtensity of the Beta continuum. "The scattering_of
low-energy electrons from both saqurce and source holder tend to’dis%ort the
: beta spectrum. To obtain a true Valgé fér AB one must make a Fermi-Kurie
plot -and extrapolate to zero electron momentum.. Fermi-Kurie plots require
knowledge of the so-called “shape factorﬁ for the beta transition in questioﬂ°
. While there are goodivalues avaeilable for the shape factors of allowed and
uhique first-forbidden tranSitioné, there is considerable uncertainty in-
shape factors for nonunique first-forbidden transitions. A good example of

o ‘ 2
the uncertainties in ICC caused by this’ is shoim in the work of Parsignault.’
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engqr a‘general,discussioﬁ of.the-experimental procedures'involved in this

E method the reader is advised to read the review article by Hamilﬁpn et al.lQ5
In generdl this method of ICC measurement loses its epplicability

where the decay scheme ‘becomes compWeA It also is not useful-in cases

" where the transitions of interest are weak in eomparison to high-energy

beta disﬁributioﬁs. "Since this method requiree the observation of electrons

only, one is at the mercy of the slow measurements made by scanning with a

- magnetic spectrometer. ‘Thus, the PBS method will be of greatest value in

cases where the decay scheme is simple and the half life long.

(a) Conversion—elecfron-toanmma-ray ratio. From the definition

of the ICC, it would seem.that the most direct method for its measurement
"~ would be the relative measuremen® of the intensity of the gamma ray and its
corresponding conversion electron line. This method has indeed been of
.importance. It has been most generally applied in the following manner.
‘The relative intensities of the gamma rays emitted by the nuclide in gquestion
are‘deﬁermined. The relative intensities of the conversion electron lines |
are also determined. If the ICC of one transition in the decay has been
~accurately determined by somevether means, or if the,mqltipolarity of a
particﬁlar transition can be assumed and the theoretical ICC used, this
"standard" transition can be used to normalize the electron intensities to

"those of the gamma rays. The various ICC are then found from

’Ie Iy-std.

o .
Ie-std. IY std.

=

One regularly used variation to this method has been the mixing of a nuclide
havihg a very well known ICC with the actual experimentai source.. If this
~procedure is undertaken and electron and gamma measurements are not made
simultaneously, corrections must be made for the difference in half lives
. between standard and the nuclide in questlon

In the past, electron relative intensities have USualiylbeen measured
‘using a magnetic spectrometer and gamma-ray relative intensities using NaI(T1)

scintillation. spectrometers. ©Since the advantages and disadvantages of using



f;these as wel1 as other spec*rometer combinatian° are discassed in Sectlon'&
'fIL of this uhe51s,‘it seems su*fic1ent to say that the rapid developmen

Affof semicondnctor de+ectors hgs given vhiu gene”al method a s‘ganlcan bvost

in imporuance T
(e) X-ray- +o-vamma raj ratio. .The ejecti on of an internsl con"er-"

~-sion electron is followed by a reazzangement of the orbital elnc,xo“ﬂ Vor

_ example, immediately after K-conversion takes place, the vacancy. in the K-
‘shell will be filled by an electron dropp;ng down from a higher shell. The
4energy released in this process mayvfhen either be emitted as a K X-ray or’

transferred to an outer electron which is ejlected into the continuum. These
. X [

L eJected'electrons ére‘called Auger electrons.

If one corrects for those¢ conversions which lead to the buger vro-
- cess, 1t is possible to determine the K~ICC by a measurement of the relatvive
intensities of the K X-rays and the gamma ray corresponding to the transition .

~ being converted. This can be expressed

I

' %(W.. 'YmK ‘

.qwhere'IKx ié the K X-ray intensity, I the gemme,-ray 1ntensity,‘and Wy is
the K-fluorescent yield (the fraction of K-conversion electrons giving rise
to K x-rays), The K«fluorescent yleld méy be determined‘from the semi-.
empirical formula of Hagedoorn and wapstrala to an accuracy of from L% to_y
'about 0.5% depending upon the 2 value.' . B ‘ | l

The method in question is another which requires the use af only

 one detection system. In this case, normal gamma-ray seintillation erystals
. have been used. Since this device is a multichannel one, this method lends
'itself to measurements on short half-life nuclides, ' o
', - Clearly, any occurrence which will lead to an 1ncreased intena‘+y :
v -for the K X.vay will yield an 1ncorrect value for the X ICC. Other ure.nsi--
1';tiong vhich convert will, of course, add K-X-rays to the epectfum, as will
'“the'procese of electron‘éapture. Thus, this method is most suitable for

‘Very simple deoay schbmes fed by - beta dpcay. ‘ '
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Due ‘primarily to photomultiplier noise it is very alfficult to-
measure‘phdtoPeak efficiency and accordingly X;ray»intensity with NaI(TL)
detectors at energies. below 15 kéVﬁ Thus, one must work at Z. values
~above approximately 37 to be able to determine the X-ray intensities.

The poor resolution of NaI(Tl) spectrometers has also contributed to the
uncertainties in aK values determined by this methpd. With these ;pectro-
meters, it is difficult to analyze the gamma and X-ray peaks if thergamma
a-rays ére low in energy. The satellite_low—energy.peaks caused by iodine
X-ray escapes must be carefully considered in the analysis of the low-
energy reglon. Pile-up of pulses and summing effects also affect the re-
sults. It has been suggested by Jansen and IAI'apstral'25 that backscattering
will also affect the results using NaI(T1l) detectors yielding ICC values
that are too great, and that perhapé the best configuration would be the
well-type crystal. Many of these problems are overcome by using Ge(Li)
detectors for both X-rays and gammas as i1s discussed in Section II of this-

‘thesis.

(f) 1Internal - external conversion. The internal - external con-
.version method takes advantage'of the high resolution of the magnetic spectro-'
meter {0 study the gamma-ray emission rate in a particular nuclear decay.
The internal.conversion electrons are detécted in the normal manner with tbe
intensity proportional’to.ﬁhe area under the peak observed in the electron
spectrum. A thin layer of high Z material is then placed in front of the
source in a position identical to that originally occupied by the source
.during internal conversion measurements. The gamma rays emitted ffom the
- source may then interact with this converter material through the photoelec-
tric process with the subse@uent ejection of a»photoelectroﬁ. The photo~
electron spectrum is then observed and the intensity'of the K photoelectron
(found at an energy equal to thét of the gamma ray minus the K-binding
'energy in the converter material) is measured. The K ICC can then be found

- from the following relation.

ozK = .[(Aivn).K/(AeQK] kTKf%( db
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Tn A ,"( .
where (Ain)K and ‘Aex)K

version lines respectively, -k is the strength of the external conversion.

are the areas of the internal and external X con-

source relative to the internal conversion source thus correcting for
either natural decay or different sources ), Ty is the K-shell photoelectric

cross section for the converter, f,. is the factor which takes into account

K .
the ranisotropy of photoelectrons ejected from the converter, d is th@ thick-

o . 2 I ' .
-ness of the coaverter in mg/cm , and b is a constant which depends on the

‘converter material. Values of TK can be obtained from the calculations of
_Hultberg.et‘al.l5 and values of fK from calculetions of the types discussed
by Hulﬂbergll6 The value of b is 6.085 xAlO—u/M (atoms em® barns—l mg_l),
~wnere M is the atomic weight of the converter element. Uranium and gold are
the most commonliy used converter ‘materials.
i
Wnile this method is one of the most accurate, it suffers {rom the

maladies of slow speed and low efficiency. Thus its use is restricted to
5fairly long-lived isotopes'or to prominent transitions. Also associated .
with.this method are the standard source requirements for high-resolution
electron spectrqméters, namely thin sources of high specific activity. The
source used for external convérsion may; of course, be thicker than that
used for internal conversion, but the converter must be kept thin to pre-
vent energy loss ¢f the photoelectrons. TFor a detailed discussion of thi

- - 128 .
- method the reader is directed to the articles by Hultberg and Stockendsl ¥
129 ' o '

. and Mitchell.

(g) Coincidence methods.. Coincidence methods have been applied to

ICC measurements in many different ways. They generélly require gating

“upon the particuiar radiation populating that state from which the transiQ
‘tion in question is emitted. Thus; one may gate on alpha particles, betas,
X-rays from electron capture, gammas; or other internal conversion electrons.
If one then gounts the numbef‘of gate pﬁises,'the_ratio of the ;;tensity .
'lof‘a coincident garma ray to gate pulses will be equal to /(1 + &) where «
is'thé total ICC.‘ From a“measurement of the K/(L+M+.;..) ratic one may
determiﬁe;th -K ICC. ‘As an alternative method, one might observe the re-

lative intensities of gamma and X X-rays in the coincident spectrum, thus,
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' __still using the method described in. part e while removing'some of the X-ray

1ntens1ty arlslng from other transitions: -The variations on the general

' method are numerous. For part1cu‘ar examples  of the coincidence method 1t

is- suggested that the reader consult articles by Gerholm 120 Lewin et al.,

152

131

and Dingus et al. ' ‘ v ‘

_ As in all coincidence experiments, to obtain valid fesults, one

emust take some pains in the setting of the gate. Inclusion'of unwanted
i'ComDLon dlstrlbutlon, if one is Uatlng on a vortion of a gamma ray qoectrum,
w1ll add incorrect counts to both gate and coxncwdent spectra. ,Bac&scatterlng
 will also complicate analjsls of the results, as will summing and pile-up
effects. However, in some cases this method can be quite accurete, and can

in addition give the absolute sodrce strength if the decay scheme is simple.

B. Spectrometer Calibration

1. Introduction

- The hlgh resolution characterlstlcs of semiconductor detectors have
'placed a considerable burden upon. those data previously used for snectro-
meter energy .and eff1c1ency calibration. W1th NaI(Tl) gamma ray spectro-
meters, for examnle, one could make energy measurements accurate to anprox1—
‘ mately 1% of the photopeak energy fairly routinely. With great precautions,r
-some workers have.claimed an accuracyipf aroundboll%;. Using Ge(Li) gamma-
ray séeetrometers, with their order—of—magnitude beqter resolution, most .
energy measurements have beehlmade t0o an accuracy of 0.1% - O. 2p with some
measurements being made to a few parts in ten thousand. To take full ad-
vantage’of'this,increased accuracy, one must use Stahdards which have
extremely well known energies. “For this reason we include in this section a
 dichssion of calibration methods ana standards vhicheare of sufficient_‘

accuracy to be used with semiconductor detectors.

a



‘ence i1s the work of Dolan e
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2. Gamma-Ray Energy Calibration

In general, the best method of gamma-xray energy measurement is the
simultaneous measurement of a large number of gamma rays having well-known
energies along with the unkaown spectrum. In pra actice , however, the
standards ars usually meésured separately\ I one takes care
approximately ejual oouqtlna rates between sample and standards, this should

_\

cause very 11 ervor. One then determines the centreids of the stan ndaxrd

0

peaks. TFrom adjacent peaks one may then obtain vaiues for the number of

—keV per channel in each region of’ the spectrum. At this point we find that

the most convenient method of analysis is to average all measured keV-per-
channel values and plot Eo as a function of chaanel number from the relation
[

E=8 + (“eV/Chahnel)( Channel Number).

if the system were completely linear EO would have a consbant value, but

with most systems non-linearities show up as some continuous function for

EO. For example, Fig. 55 shows the Eo funectvion for one particular experi-
. . . ~Lr ) F s P 2 )
ment in which an average gaLn of 0.2 b(L keV/Charnel was used.

‘vaiue of BE_ is Gue to the presenc of a oiased (windcw) amplifier in the

There sre, of course, numercus other methods of energy calibration.
. ‘ . e o L35
mong the most interesting are those described oy Kennett ~~ and neath et

134

U
et

The firsst is particularly applicable in measurements of nign—energy

"doubie-escape' veesks are quite prominent.

L
o
<
=5
o .
2]

a
ot
jaxd
]

gamma-ray Spect
Both references concern calibration methedes auitable for uzé with an experi-
rent which iz “on line' with a small compuber. Ancther interestving refer-

in which an alternative method o

numerically handling the standard calibration procedure is described.
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Table ¥TTI. Gamma-ray energy standards,

Sourcé : Gammémray energy (keV) 'Half—lifé Comments Reference
2\ 11.887io;06u 458"y Np L 'a
2hdy 13.9 0.1 458y Np I, a
>Teo 14,36 0.05 268 . a b
24 178 201 48y Np Ly é
gh, 20,8 #0.1 458y ¥ I a
1994 : 22.11 %0.08 _470 d  Aé K, a
In 2h.1k 0,08 - - on In K, a
10904 25.03 £0.10 W70 @ Ag Xg a
2 g 26.318%0.,010 458y , 25
™ 27.37 io.ip_ e In K a
1370s 32,07 £0.08 0y Ba K a
1370 36.52 £0.10 30 'y Ba Ky a
?#lAm 59,5u3to.015  &58' ;_y | )  26
203y, ,7@.855{0;001; 'h7 a TL Ko a
203y, 72.873%0.001- hTa T1 Koy s
131, 80a16%i0.009 8;05,d | 136
203Hg '82,572:o.oou' hr o od TL Kg,' a
£03y, 'Su;918io.bog- b7 T1 Kg, a
%O9CdA 87.7 0.2 470 a ' ‘1ko
1820, 101.101+0.012 115‘ a 136
l77ng .31 id.os 155 4 137

continued
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| Table XIIT. Continued. .

- lr?ﬂiu

Source camm;—ray enerzy (keV) Hélf—life Comments - Referencef
T 112,95 +0.05 155 < a 137
YT, 121.63 £0.05 155 4 137
: 5OCo 121.97 %0.03 268 a 136
AT 128.50 £0.05 155 d 137
.5700 136,33 £0.03 . 268. 4 _136
Wloe 145,43 +0.02 32.5 d 141
1820 | 152.425%0, 003 115 4 159;160
_l77mLU' 153.29 £0.06. 155 4 137
‘7 182, 156;38§to.oou . 115 . d 159,160
139 165.84 +0.03 ko q 135
182y, | 179.392+0.005 115 4 159,160
T, 204,08 0.06 155 d 137
AL 208, 34 £0.06 | 155 4 137
1820, 222.104£0. 005 115 a 159,160
YTm 228.L4L +0,06 - 155 . 4 137
”lBZTa 229.317+0.008 115 d I 159,160
Th B 238.61 %0.01 1.91 y 228g, 4;@2 |
182, 26 . 068+0. 009 115 a | 159,160  
7 203yg 279.15 fO-CZ-i ' w7 a .i36"
ATy  281.78 20,07 s oA 137
131y 28#.307i0uoh9 ' - 8.05 d 136

. continued
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_: Table XTII. Continued, )
Source . Gamma-ray gnergy (keV)  Half-life Comments  Reference
Loy - 320.1; £0.03 27.8 a .‘ N 158
131 . .'364.&67t0}o§oA' o 8.05 g
Mgy 3907 ok Coai8 a s
198, 411, 79520, 009 : L 2{70,@ | R :_7'136
Tpe - h77.57vioaos_;' ) 53 e ’:T"' - o 139
et 511 00650. 002 | o -7; B a3
E0Tgy | 569.62 £0.06 Sy | __‘136"’
ThC' ‘;' 583.139+0.023 = 1;91 yi ' 228Th:j’ o136
| 110m, . : | 657.61.¢O,15 249 a ;.‘, h Vl, .'_. 157' |
3o © 661.595%0.076 o 30y : ) o _. 136 :
llomAg_ ‘;.677.36 £0.20 7 | 29 ‘d" R coAsT
om,, _686.80»¢o.25 S alg v"id “ sy
10m, o | 706.28'0.25 ong "d:"fquﬁ'"fv _., 57
- L10mg, 743.99 0.25 ‘2&9" a7 ;.*;“"  ‘.l57
llomAg ' :763.77 £0.20 ';: 249 -4 . i‘_ © 157 -
Beo  Bl0.46 £0.10 Cn e S 136
Hom, g 817.87 :0.30 . 2hg  a o s
o 835.12 s0.21 3 a4 I |
560, 8u6.5 0.2 3 e _. ‘- C 136
‘e 8607 0.06 Loy  28m 1y
llomAg ' 88u;u6 £0.25 kg a 157

continued



Table XJII. Continued.

L1530

 Half-life

Comments

Source rGamma-ray‘énefgy (keV) Reference
?BY 898.01 td;o? 108 139
110m, g 937.2 0.3 249 157
E0Tgs  1063.63 20,07 30 139
65Zn 1115.51.10;07 245 139
600, 1173.226%0, 040" 5.26 136
5600. 1238.6 ;10.2' 77.3 136
g 127&.58'%0.10 2.58 158
606 ljj?fMSBiO ok6 5.26 136
2y 1368.§éét6'ouu . 15.0 136
- L0my. | 1383.8 #0.4 249 157
MOy 1475.5 £0.b 2hg 157
$HOomy 1504.6 0.5 '; 2lhg. 157
110my, 1561.8 #0.L 2hg 157
Beo - 1674.9 20.3 w T 136
%o 1770.8  *0.3. 7.3 136
88y 1836.17 %0.12 108 158
5. 2034.7 0.3 7.3 136
%o 2598.9 20.3 773 @ 136
Cthct 261447 £0.10. vl 1.91 | ?sth 136
‘ Zkﬁa 2753.92 £0.12 "15.0 .136
56co ' 3208.3 %0.5 7.3 | -136_

continued
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_Table XIII. - Continued.

'_Soufcé,,”VGAmma-réﬁ energy (keV) Holf-life bommgnts" Reference
%00 3esh.0 o5 ~,77-3‘ a :l S 136
5600 . 3273.6 *0.k N (A S %

o s2.6° +0.5 1.3 a "fb o 136

Calculated from the blndlng energles of Ref 138, and welghted accord—
- ing to known intensity ratios .

-

bCalculated from energy dlfference between l36 33 keV and lZl 97 keV

tran51tlons
. -0

Welghted average value from Ref. l36 in doubt due to spread of meas-
ured values..
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" Table XIV)V,Gamma~fayvenergy sﬁahdards listea by source.

SOUrcé' _ v"Gamma—ray énergy - . Source _' .Gémma~fay energy
nc® s.oostoi00e o P 1175.2260. 00
e L77;57 £0.05 | ©1332.1483%0.046
I 1274, 58 io;io *zn 15051 20,07
e 1368. 52620, 0l y | .01 0.07

. 2753.92 £0.12 1836.17 $0.12

e 320.11 i5.03 e | oo . E2AL 008
o = ~ 25.03 0,10
e L 8sazzozr 7 87 0.2
50eo - 8W6.5 0.2 Wom,, 657.61 *0.15
1770.8 +0.3 C677.36 +0.20
- 203k.7 %0.3 . 686.80 £0.25
598.9. 0.3 706.28 +0.25
13202.3 *0.5 T43.99 *0.25
3254:0 0.5  763.77 £0.20
3273.6  £0.L4 . 817.87 %0.30
‘ 3452.6 *0.5 88L. 46 £0.25
*Teo ' 14.36 £0.05 937.2 20.3
121,97 £0.03 . 1383.8 0.4
©136.33 £0.03 o LTS5 20k
5By 810,46 £0.10 06 20
o S 67h79 :o'B o S 1561.8 _iO.u
g T M3 T 3017 ok

~continued
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Table XIV. Continued.

‘ Sourcé | Gainma—ray eﬁérgy . o Sourcev o Gamma-ray energy
1311 80.16&10.@09 . _ 'l98Au - h11.795%0.009
284.307¢o.ou9 . 203Hg A ,""70.853io.oolwf
364, 467£0.050 . : : ‘ -72.87530.001;
137cs .. 32.07 +0.08 .. S " 8e.572%0.00k
36.52 £0.10 - o o 8L.918+0. 00k
661.595+0.076 | ' - 279.15 +0.02
139 165.84 x0.03 . e  569.62 £0.06
1&106 '1&5.45 0. 02 .- | | | ~1063.63 £0.07
: ' . 228, o '
| VMmoo 105.31 +0.05 Tn.‘ . 238.61 #0.01

112.95 *0.05
121.63 £0.05

128,50 0,05 o
241

153.29 £0.06 - - “Hag | - 11.8870.00k
201 08, £0.06 IR 13.9 0.1
208.34 £0.06 . 17.8 0.1,
228.4k4 £0.06 'V . 20.8 0.1
281.78 £0.07 = ’ '., .' 26,5u8io.01o
82, 101.10120.012 ~'59’5“3i0'915

152.429£0.003
156. 3890, 00k
179.392%0.005 -
222.104£0.005
229.317+0.008
26k. 068+0. 009




. 3. Electron Energy Calibration

For the generel.measurement of conversion electron spectra with
. 8i(Li) detectors Fhere'is not a great need for precise energy standards.
Under most circums stances the'gemma -ray spectrum uill hare been pleviously“
measured and 1f one knows the approx1mate energy region being observed

in the electron spectrum, rapld 8551gnment of K and L internal conversion
lines from.the gamma—ray data will allow an adequate calibration. How-
ever, since experimental situations will arise where it may be difficult
‘ﬁo'observe.the gamma-rays (convereion electrons from nuclear reactions,
»fission,'etc.), it is convenient to have a number of well-known electrcn
energy‘standards. - Fortunately, many of thevgamma—ray.standards have
‘sufficiently large.ICC values to.bermit their use as electron standards
as well. Teble XV lists those K- and,L-‘IC lines which are useful in
the calibration. of Si(Li) detectors. The energies ere computed from the
corresponding gamma-ray energy (Table XIII this Appendlx) minus the
.electron -binding energy as found in the tables by Hagstroﬂ et al. 138 -The
L- IC line energy has been determined by welghtlng the L-subshell line '
- . energies according to the 1nten51ty ratios for the multipolarity in ques-
'tion.' The errors indicated for the L lines do not reflect errors in

knowledgevof the L-subshell energies. These errors are placed in the

‘v‘ table to indicate that the actual energy will depend on the resolution

- . of the crystal and also on the experimenter's definition of peak center.

This is due to the separation in energy between Ll + L2 and L3 increasing

as one goes to higher Z wvalues.

_ The reader should rote the abgence from this uable of one of the
1primary B—spectrometer calibration standards, Th(B + C + C ). This is
fdue'to the:fect that one of the daughter products is the emanating
.1sotope ?20Rn, dould'éause serious'contamination in eny Si(Li) chamber.

Tt has been noted by a number of workers that low energy X-rays
or gamma rays cannot be used to calibrate the Si(Li) detector for electrone.
This is due to-tbe'frulue wnndow (1 e, dead layer at the surface) thick-
' - ness through Wthh the electrons muot pass.' The'energy 1oés for electrone

':above approx1mauelj 4o keV observed 1n our Sl(Ll) detectors is about l keV.
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"TPable XV..  Electron energy standards.

Source ;Cohversionéelectron energy_(kev) : ' Assignment
109Cd.. S 62.19%0.20° 0%e 87.7 K‘(E})
109 8h.2 0.2 9% 87 L o(m3)
llee K ' 103.44+0.02 , ‘ lulpr 15,43 K (M1+E2)
4 7 ' ’ : B .
13906 S 126.91+0.03 13915 165.84 ¥ (M1+E2)
141 - _ 141 , o
Ce . . 1358.63+0.08 . . Pr 1k5.43 L (MI+E2)
3% . 159.61#0.08 - 1390 165,84 1 (wem2)
_ o B ,
203Hgv S 193.62£0.02 - 2030 279.15 - K {Mi+E2)
203Hg g 26h. 4 7x0.20 205@1'279.;5 L {(M1+B2)
1980 , 328.69+0.01 = 199 i < (B2
. 328.690. : , Hg L11.795 K (E2)
fl33n ‘ 363.8 iogk o 3, 291.7 K (Mk)
u§Sn . 387.6 0.k ' 1121n 391.7 L (M)
19 ‘ .19 ,
19 Au : ~ 397.68+0.08 .l’ Heg 411,795 L {(B2)
207, o 2C7 o\
T B o . LB1.61+0.06 - Pb 569.62 K (E2)
o 7 ) R
,20731 \ : 554.,37£0.20 20‘Pb,569.62 ‘L (E2)
- . 7
1370 624.15+0.08. 1375, 661.595 K (Mh)
13;03 R | 655.88+0.10 13750 651,595 1 (M)
. . [=y ,
o .. 803.35+0.10 ’8Fe 810.46 K (E2)
B 809.62+0.10 S_Fe 810.46 L (E2)
SiMn L '829.l3t0.21 )?Cr 835.12 K (E2)
> o - 83k.kLx0.21 . C er 835.12 L (E2)
88Y 0 881.91%0.07 R 888r 898.01 K (E2)
88y . 895.81%0.07- - . . 8§Sr 898.01 1 (E2).
BTy gmsiesto.or . OTPb 1063.63 k (k)
zg'Bi' ; ‘ loug-lo#o.lo ‘O7Pb 106%.63 L (k)
5 7n " 1106.53%0.07 Oy 1115.51 K (ML+E2)
5 65Cu 1115.51 L (M1+E2)

Zo . T111b.b120.07




L.  Gemma- Ray Relatlve -Intensity Callbratlon

While gemma-ray energies are ‘quite important in the formulatlon

of a valid level scheme for a particular nucleax decay, it is the relative
intensiﬁy relationship between the gamma-~-rays which is often more diréctly
comparable to nuclear ﬁheory. This, of course, puts prime importance on

‘the ability to measure‘accurately these intensities. The improved resolu-
tion of the Ge(ii) detector has greatly 31mp11f1ed these measurements.

.; Other. methods of measurement which have equal or suberlor resolutlon
qualitles, speciflcally curved crystal or external conversion measu;ements,
require very strong sources and lengthy scanning nerlods These methods
also have much poorer peak-to-background ratios than that of the Ge{Li)
detector. .These problems make the determination of intensities of weak

“transitions (which may be among the most interesting in the scheme) quite
difficult. .The NaI(T1) spectrometer, which has a good'peak—to-baquround

- ratio, has such 'poor resolution that, for a_fairly complex gamma-ray

" spectrum, analysis of relative intensities usually requires some type of

. sophisticated, computer- -oriented spectrum stripping procedure and will

still fall short of detectlng Weak transitions. In this section we will
discuss the relativély simple methoed of relative intensity calibration
and measurementrwhich the Ge(Li) detector has-madenpossible.

For NaI(T1) detectors, two primary methods have been used for
photopeak éfficiency calibrations. “The first iﬁvolvés the use .of computed
intrinsic efficiencies (the -intrinsic efficiency is that fraction of gamma-
rays within a given solid angle which are detected invthe pulse height
speétrum), One determines experimentally the ratio of counts in the full-
energy (photo) péak to the total counts in the spectrum for a number of

:sources in a particular geometry. This peak-to-total ratio is then
‘mul+1plled by the intrinsic efficiency to evaluate the photépeak éfficiency.
Since the peak-to- tOu&; ratio varies quite smoothly Wlth energy, this method
is guite.satisfactory. It is quite tempting to apply this method to Ge(Li)

" calibration. However, since the development of these detectorsihas been so -

. " rapid, there has not, as of this time, been a standard -detector configuration



ko

{both detector shape and‘backing-ﬁaterial) establisned.- Thus, . those :
calculations of intrinsio efficiency which have been undertaken Lk lh5,lh7
nave differed in fhe sha?e of detector considered. This method, hovever,
will -bacome convenient when a standard configuration is established.

| ‘The second method of eff1c1ency calibration for NaI(Tl) detectors
is that suggested by Astrbm et al.;u8 and is the one which we have applied _
to Ge(hl) detectors. In this method, sources are used which have two or
more transitions the relative intensities of which are well known. Par-
ticularly useful for this purpose‘are.sources which have transitions in
cascade without the presence of crossover, or single gammas with well
known K- ICC (thns perritting use of gamma-to- K-X-ray ratio). If it is
- assumed that one of the transitigns is detected w1th 100% efficiency, the’
relative photopeak areas of the other transitions can be used to determine
the relative efficiency of the depector at the particular transition 4
energies. ' By plotting these sets of pointc on double logarithmic paper
and adJustlng the efficiency axis the p01nts should form a smooth curve.
.'One may then measure a few standards, the absolute dlslntlgratlon rates
-of which are known, to place the efficiency curve on an absolute scale.
~Particularly useful for this purpose are commercially available sets of
8 standards G 5700 20y, PPha, cs M, %%2n 6000) the dis-

integration rates of which are known to an accuracy of 1% - 3%. The

Sl ) J J 2 2

sources may be ordered in either 1pCi or 10pCi strengths.
In Tables XVI and XVII we present the relative intensity standards

" used for calibration of our detectors. Table XVI has been taken from

Ref. 139. Table XVII lists the main transitions in the decays of'l52Eu

154

Eu and their present intensity values from the work of Reidinger,

149

and
- Hamilton and dohnson using a well callbrated Ge(Ll) detector. It
“--should be emphasized that ,5 Eu is potentlally the finest single efficiency
calibration source avallable. Its long half 1life (l2 yr.) and numerous

‘intense bfansitions spaced well in energy make it perfect for a rapid

%
Source sets available from International Atomlc Energy Agency, Division of
Resealcn and Laboratories, Kérntner Ring 1113, Vlenna 1 AuSurla “
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'Relative-intensity sténdards used to célibrate the
gamma-ray spectrometers. = :

Isotbpe» | Photon energyd ‘Relative Method®
© (kev) intensity ‘
ZulAm 11.9 Np L 2.2 ,PROPb
14,0 Mp L, 37.5
17.8 Np L6 51.2
20.8 Np 13.8
26.35 7.0
59.55 100
lo9caf  22.2 Ag K, 25.5 ' SSD-
24,9 Ag KB 5,5
87.9 1.00°
e ik 1 SSD
. S 122.0 100
136.3 13
Q ’ :
188, 63.0 0s K, 24,2 ICC
7l.M'Os KS _ , ~6L 
1155.0 100
‘.203Hg 72.9 TL K, 11.9 'ICC
82.6 T Ky ERN
| 279.2 100
193, | 70.8 Hg K, R 1cC
80.3 Hg Ky -0.643
411.8 100
- 1376 32.2 Ba K, - 6.85 - IcC
36.k4 Ba‘KB- 1.5%
661.6 100

continued
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Tabhle XVI. Continued.

Isotope N Photon energyd Relative . © Méthod®
(keV) intensity '
180m,  55.8 Hf K, 25.2.  ICC and DS
' - 63.2 Hf Kg T | ' |
93.3 - 16.8
215.3 . 80.6
332.5 - 9k
Lh3.6 - 83.0
501.2 1k, 2°
'l6oTb - 46,0 Dy an - 1165 . "ch
| 511Dy Ky 28.8 |
8.8 . 100
e s;0 - 180 & st
o 1e7h6 100 . |
004 173.2 100 . ps®
1335 100 /
b 88!. 898.0 St 93 ?%"';?' ps®
I 1836.2 . 99 o
2 e 1368.5 © 10 o
' 2753.9 100

jaAbbreviated asvfollows: PROP - Proportional counter. spectrometry;
.8SD -~ Solidstate detector spectrometry; ICC = Assuming K internal con-
version coefficient of a pure E2 transition from negetron emitter, and
~use of K-fluorescence yield; DS -~ Well established from decay scheme,
b .
Reference 150.
o . .
- 'Reference 151.

dThe quoted x-ray energies ars Kal and Kg, .
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"152

- Table XVII. ~ 7 Eu andvlsupulgamma—ray relatlve 1ntpn51t1es‘
IR from Reference 149.
M2p0 (12,4 yr) Mgy (16 yr) |
_ N . N |
a (kev) > (Rel.) . B (keV) | I (Rel.)
1221 125 231 100
2hh,7 29 -1 - B 18
295.7 1.3 4k, 3 RS o S
3437, 100 581 0.6
1366.8 © o2 see.s . 16
410.5 . ;; 8.1 «° 693.0 | 6.0
3L ST b2 s
- 687.6 2.7 759.1 a1z
779. b 52 . 817.1 1.5
. 868.3 - 15 . .. 8.0 1.8
957.4 2.0 8.0 ;.
965.0 55 . . U962 . 2.1
1006.1 3.5  999.6 31
£ 1086.8 Moo ©1008.2.:w: . 50
1113.0 50 S 12493 3.2
1213.0 k.6 12780 100
1249.0 15 . 1495.8 |
1263.7 L1 . asko. - .o,
1298.4 6.1 1595.9 - - L6
14065 9 R
1h5k.9 1.7
152k.6 T

‘aEnergy measurements are.good to 1 keV or better

bRelatlve 1nten51ty errors are about 5% for strong tran51tlons 1néreasihg
to about 30% for weak transitions. . : ’
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 calibration source for Ce(Li) detectors. The ‘data presented are perhaps
" somewhat tentative and we are anxiOusiy awaiting.them in,theif final form.
V 1£ is éuggested thét, in order to obtain the best poésible'valueg, other -
groupsAshoﬁld measure the intensiﬁies of the transitions in both of the '
above isétbpes due to their éotential_i@portance as standards (as well
as for the actual physics of the decay schemes in queétion).

Figureslﬁh and 55 display photopeak efficiency curvesAforvtﬁo
. Ge(Li) detectors, of dimensions lem x lem X 0.5cm and 3em X 2cm X 1.lem
.respect£§ely, determined in the above manner. These show the character-
.. iétic reductioh in efficiency as one approaches loﬁ'enérgy. This is due;..
‘of course, to photon absorption in the cryostat chamber window as well aé
in the surface "dead layer" of the crystal itself. The fact that the |
eff1c1ency of the detector of Fig. 54, in comparison to ﬁhat of Fig. 55,
reaches a maximum at a lower energy as well as falling off'lessbrapidly
v'as the energy gets even lower is due both to its "thin window" construction152
.and to the 0.010 in. Be window on the cryostat. This makes the smaller
detector quite useful for relative intensity measurements in the X-ray
region. 7 '

For a'comparison of the observed efficiency to theory, we have

-2.3 and E-l'5.

: included in Figs. 54 and 55_the curves of efficiency versus E
'Theoretlcal calculatlons of the photo-electric cross sectlonlu6 suggest
that the photopeak efficiency should fall off as ~ E "2:2 between 100 - 500
keV and as ~ E'l 0 between 500 keV and 3 MeV. The fact that the small
detector of Fig. 54 follows this prediction fairly well is not unexpected,
sihce the small active volume does not permit sizeable contribution to the’
Afull—energy'peak from multiple évents. The larger detector,.hoyever, is

-1.5

seen to closely follow E over a broad energy range. This indicates

the sizeable contribution of reabsorption of the Compton scattered. gammas
to the full-energy peak. The detector in question shows this large photo-
peak'éfficiency due to its'particular experimental arrangement. . The photon

beam is dollimated, and is incident upon one of the 2cm x1.lem crystal faces,
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' .-thus present*ng an effectlve depletwon dept1 o?'ch. The pvopovtionality
between the efficiency and the gamma ray energy raised to a specific

' power.suggests a convenient method plotting the efficiency data. _Whlle
the double logarithmic plot shown sbove is quite useful, it has been

suggested155 that one may take better advanuagu of the efficiency deter-

2.0 g2'5) versus E on

minations by plotting the function Eff. X E /(E
a linear scale for the energy range 200 keV - 1-MeV. This funetion will
“closely follOW'a straight line and one may read the desired values frém
the curve much more accurately than with the double logarithmic plot.

This entlre discussion of pholtopeak efficiency determination has
'béén predlcated on the experimenter's ability to accurately determine
_the areas of the(photppeaks in question. 0f course, it is not essential
thét some absolute pe;k be defined. However, it is very important for
one tovbe.consistent in the manner in which photopeaks are analyzed. If
"all peaks vere 81tuated on a flat background there would be little nrobWem
~in determining a background value to subtract point- by point from the total
spectrum yielding the desired peak area. With single-peak spectra .or
spectra in which a given.trénéition 1s very intense, the situation is more
complex.  The 1éss’df electron enérgy from within the crystal through brems?A
strahlung and other means tends to fill in the region between the Dhotopeak
and Compton distribution. For this _reason,; the reglon Just lower in energy
‘than ‘the photopeak may be‘more than one order -of magnitude more intense
then that hlgher than the photopeak. -At this point a very important
guestion arises. What background shape should be taken in such a situation?
The problem is shown in Fig 56.

11 S
3Sn,_showing-the two ‘photo-

Spectrum A in this figure is that of
'peaks at 255.1 and 391.7 keV and the'Compton edge associated with the
higher energy photopeak. Spectrum B is'spectrum A with a background ffom i
6000 édded.in until the region under the photopeak becomes essentially
-flat In a normal experlmental 31tuatlon, the background for spectrum B
1nd1cated by the solid llne beneath the photopeak would be used to determine

I
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'“theverea; Three of the p0551ble alternatlves for the photopeak background
of” spectrum A are- shown by the- dashed lines numbered l 2, and 3. Line l
extends from the edge dué to»multlple Compton processes to the high-energy
base of the photopeak. Line 2 was determined by replotting the region
.surrounding the photopeak onnlinear-paper and Jjoining the point of maximum
radius of curvature on the lov-energy side to the base on the high—energy
side. Line 3 is that background vhich, as it will be shown, reproduces

the peak. shape from spectrum B. . '

In Fig. 57 we show the peak shapes obkained_by subtracting the
three background lines in spectrum A of Fig. 56 channel-by-chahnel from
the total specfrum‘ The solid line peak'shape is that obtained from
spectrum B, It is seen that background 3 of Fig. 56 gives a peak shape
almost identical to *hat of snectrum B. If we include only that portion
of the peak greater than 1% of the peak height, we find that hackground i
yields 2.5% greater area and background 2 yield 1.3% greater area thah that
obtained from spectrum B. -In practice'it is not'possible to consisﬁantly
determine those points frcmAwh@ch to draw background lines 1 and 3. Thus,
in order to insure reproducibility, we.use a background like that of line
2. Our method of background subtraction should then be consistent to
within 1 - 1.5. ,

If ve use a background like that of . llne 2 in Flg 56 when deter-
“ mining standard peak shapes for peak-shape analysis of complex spectra,
the general fofm of the standerd peak 1Is found to be Gaussian with a low-
energy exponentiai tail. The height on the peak at which this tail starts
is a function ‘of the gamma-ray energy and.is due to incomplete charge
collection in the detector. The tail can be lowered if the bias voltage
cn the detector can be increased. The use of sﬁandard peak shapes is
shown in Fig. 58, where the shape of the 780 keV peak from the decay of -
195Hg is used to analyze near-by peaks. _

' For well-resolved,.fairlyrintensevphotopeaks in the enefgy range
vBOO—l50b keV we feel that relative intensities can be determined to approx-
1mately 3-5% with normal precautions. It is possible to do better than

this, but anly with extreme care. There are.many effects which must be
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- considered if one wishes to push intensity measurements to their limits R ) .
of aécuracy,_but the two major problems still lie in the number of useful

' standards available and the method of phdtopeak analysis.

5. .Conversion- Electron Rélative—Tntehsity Calibration

Since the best method of full-energy electrop peak effiCLency cetermimtion
for Si(Li) detectors has been extenvlv ly discussed in Section IT of tnls
th831s; we present here only those sources which w1ll be of value in

:obtalnlng rough shapes for the efflclency curves. Table AVIII lists ﬁhe

oLz

sources in gquestion.. The nuclide = “Cm is included not only for its
électron relative intensities but also for the fact that the known aipha-
to-conversion- electron ratio* can be used to place the electron efficiency N
on an absolute scale 1 the alpha disentegration rate is known. There are
a very large number of transitions in the spectrum'of_205 Bi + 206 In
Table XVITI, we have included only those peaks which‘are fairly intense
and are relatively ﬁéll sebarated from neighboring electron lines. The
errors on the intensities of the Bi lines are probably on the order of
6-10% in most cases. It should be noted here that an accurate measure:
. ment of the relatlve lntenGLtles of the electron Jines in the decay of
the long-lives isomer, rnHo, would be quwte valuable; for the large
number, as ‘well as the wide energy span, of transitions in this decay
‘make it a likely candidate for an intensity- standard. This is also one
of the few reactor produced nuclides where ﬁhe beta spectrum will not
| seriously intérfere with thé observation of conversion electrons (aue
to the low energy of the beta endpoint).

. For the EOnvenience of the reader, we also includeihere, as
Table XIX the table of standard internal conversion coefficients from

Ref. 157, which has been prev1ously dwscussed in Sect 1on IXI of this theéls.

The alpha -to-277. 6 keV K line 1nten51ty ratio is given in Ref. 156 ds'.
0. 157 o



]

Tgble XVIII.

AT

Conversion-electron relative intensity.standards.

Source £ (keV). Line ge (keV)' I (Rel) )
2h3gy, 209.8 K 87.9. 5.1 £0.42
(35 y) 228.2 K 106.3 11.9 %1.0
' - 277.6 K ©155.8 9.8 £1.0
209.8 'Ll+L2 186.7 © 0.9h20.12
~228.2 L, +L, 2051 2.45+0,2L
277.6 L, +L, 254 .6 1.9920.13 -
??551 ‘ 282;3}  K 194.3 - 2Olb
(15 a) 284, 2% . K 196.2
| 1550.0 K 462.0 - 6.3
- 703.3 K 615.3 100
910.8 K | 822.8 9.8
1043.7 K " 955.7 '32.5 -
1190.3 K 1102.3 7.6
17664 K 1678k 43.6
206g; 343, 4" K 255.4 " 760°
(6.3 4) 398.1 ¢ K 310017 210
. k97.1 K 409.1 170
516.1 K hes.n 250
537.5 K hhg.5 280
- 803.3 K 15,3 . 100
. 880.5 . K 792.5 60
895.1 K a1 A

Relative inten51t1es taken f;om Ref 154 for the same transi*ions

observed in the B decay of 39Np

bFrom Ref. 151




Table:XIX,' Internal éonyeréiohvcoefficient éélibfafibn standards.a'

_ Source | tl/a ET (keV)_._ Multlpo%grlty N S«

109 470
Ce 33
3% - 1ko.

a 87.7. . - E3 11,0 0.3

a 1#5,43,‘ - Mi(Ez)} coh 0.379 - *0.00k

a  _165.84* f,-~' ML(E2) . 0.2142 £0.0015
g W7 a4 . 279.15 - M+E2  © 0.163  £0.002
Sn 118  d 391.7 A 438 iO,OO8_  1'
Aw . 2.7d W15 E2 . 0.0302  £0.0003
cs 30 y . 66L.595 - . M J089L - £0.0010
Co. ~ TL.da - 810.48 ., | E .000295 +0.000010
Mo 31k a4 835,12 - E2. .000224 +0,000016

Zn 2ks 4 C1115.6° . MeE2 {000166u#o.ooooo66 -

o 0 0 o O o

-8For References consult Table I; page 28 of this thesis.
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The_lSﬁ;day isoher of Tu is of greaﬁ importahcezfrom the stand-
pbint of nuclear thébry."lts'decay scheme is shown in Fig. 59¢ The
presénce of such a large number of transitions in the région of 100-

500 keV also make it importaﬁt as a standard for energy calibration._

In énticipation of its'general use, we present here, as Table XX =2

iisting from Ref. 137 of the energies and relative intensitie$ of gaﬁmaé

rays in this decay. Alsd included in this table are the values determined
= . . N )

by Alexander et al.15/ using.a bent-crystal spectrometer. To aid the

experimenter in rapid assignment of peaks 1n the calibration spectrum ve

~ also, include, as Figs. 60, 61, 62, and 63 the gamma-ray spectrum of

q . L]
YT, taken with a Ge(Li) detector having a resolution of 1.2 keV at

122 keV.
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Table XK.

. ."‘17:7._.

decay of 155-day +77mru.

Energies and Ielative mtencltle~ of gamma rays from tne

Refarence 137.

Gamma-ray energy

Relative

Alexancder et al.

Gamma -

ray energy

155

elative

(keV) intensity (keV) _intensity
7L.66 (6) 6.8 (&) TL.6k (2) 9 (2)
105.31 (5) 100" . 105.36 (2). 109"
112,95 (5) 179 (13)  112.97 (2) 251 {13)
115.96 (10) 5.0 {(4)  115.83 (k) o (2)
117.27 (13) 1.8 (2) 117.0% (&) 12 (2)

. 121.63 (5)° ‘sz (k) e 121.56 (3) 62 (3)
128.50 (5) 127 (8) 128.48 (2) 125 (5)
136.72 (5) 1.7 (8) - 136.68 (2) S 17 (3)

“145.78 (10) - 6.6 (6) 145.59 (6) 11 (2)
147,15 (8) 29 . (2) ’1h7.1o (6) 27 (3)
153.29 (6) 133 (8) 153.25 (&) - 134 (7)
159.75 (8) s (5) - 159.92 (8) 5 (1)
171.85 (10) 37 (B) 17184 (8) by (k)

L 17h.h2 (6) 96 - (8) 174.37 (6) i - 110 (6)

©177.03 (8) 26 (3) 177.05 (8) 3 (3)
181.98 (10) 0u75(13) : .

195.52 (6) 7.0 (6) 1954 (1) 9 (2)
204,08 (6) 1k (8) . 20h.00 (8) 130 (23)
208.34 (6) . 485 (40) 208.36 (6) 610 (31)
214.b5 (6) 48 (&) - 2143 (1) 79 (8)
218.06 (6) 27 (3) =80 (1) 37 (6)
228,44 (6) 287 (26) ’o?s 18 .(8) 340 (17)
233.83 (6) . 45 () 75-(10) k3 ()

1 249,65 (6) . 47 (&) ,cu9 69 (10)‘, 62 (6)
268.79 (6) 25 (3) 2684 (1) 2 (5)

continued



‘Table XX. Continued. -

R PR

Reference 137

Alexahder et al.

155

Gamma-ray energy Relative Gamma-ray. energy Relative
{keV) intensity (keV) intensity
281.78 (7) 108 (9)  281.77 (10) 32 (5)
283.42 (13) bt (o :
o 291.k2 (10) | 7.7 (9) . 291.7 (3) | 26'(u)
292.51 (10) . 7.8 (9) - |
. 296.45 (8) 38 (k) 2961 (2) 65 (7)
299.03 (10) - 12 (2) - 299.1. (3) 10 (2)
i 305.52.(8) *@1“ (1) 306.0 (3) 13 (3)
- 313.69 (8) 9.k (7)) 313.5 (3) 12 (2)
318.98 (8) 8. (8) - 318.8 (2) 86 (&)
321.32 (12) . 9 (1) - 3204 (2) 12
327.66 (8) 136 (8) 37.7 (3) 1k (15)
‘3h1.64 (8) 13 (1) 341.8 (&) 1h (k)
367.41 (8) 23 (2) 3674 (k) 25 (5)
378.51 (8) 222 (17) © 378.% (3) 223 (22)
S38s.02 (8) ek (2) 0 385.0 (W) 0 37(7)
. h13.64 (12) 131 (10) . 413.7 .(5). 163 (16)
© 418.51 (10) 161 (12) - 48.6 (5) . 185 (19)
- 426.29 (10) - 3.4 (4) -  ' I _ l
465.96 (12) 19 . (2) - k6 (1) 23 (7)

* . .
Normalized tQ 100.
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