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ABS'rRACT 

The application of semiconductor detectors to measurements of in

ternal conversion coefficients h~s been extensively discussed, with parti

cular emphasis being placed upon a spectrometer employing 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 improvernents in this system were also dis

.cussed. It was found that this type of spectrometer is best suited for ICC 

measurements of transitions 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 platinum 

' and mercury isotopes. The measurement of numerous internal conversion 

coefficl.ents permitted the assignment of spin and parity values to many of 

these levels. The systematic trends of many of the nuclear phenomen13. 

associated vrith these isotopes vere examined as a function of neutron number. 

The experimental data were compared to the various theoretical approaches 

applicable to this region of nuclei. 

The internal conversion process vras discussed along with the various 

experimental methods of ICC measurement. 

The calibration of semiconductor detectors for energy and intensity 

measurements was discussed. Extensive tables of standards for these 

cali brat'ion procedures vere ·presented. 
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I. I:NTRODUCTION .. 
The nuclear sciences have profited greatly from important instru

mental advances in recent years. Among the most important of these tn'the 

area of :nuclear spectroscopy had been the recent development of lithium-

'drifted semiconductor detectors. The applicability of these detectors to 

a wlde range of experimental problems has already 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. of internal conversion coefficients (hereafter 

denoted in both singular and plural-forms by ICC) is examin~d, and a device 

for making such measurements is described. To aid the reader in evaluating 
• the merit of this system, a general discussion of the ICC and the various 

methods of its measurement is presented in Appendix A. 

A major purpose of nuclear spectroscopy is to provide those para

meters of nuclear decay which vlill be of value in the formulation or re

finement of nuclear theory. The study of nuclear level schemes in the 

platinum-gold-mercury region ip of particular importance in the formulation 

of a consistent theory which will span the change from the shell-model 

region of the lead isotopes to the deformed region covered by the Bohr

Mottelson unified theory. To this end, we have studied the level schemes 

of a number of the odd-mass gold isotopes. In Section III we discuss the 

theoretical approaches being taken toward this region as well as the pre

sent experimental results. 

Throughout this work the importance of the lithium-drift semi

conductor detector has been stressed. The utilization_of these devices 

for the measurement of the energy and relative intensity of gamma rays or 

conversion electrons requires standards· and a standard method of analysis. 
. ' 

In Appendix B we present the method of calibration used for our detectors 

as well as tables of standards for energ~ and intensity determinations .. 



.. 

-2-

II.. THE t1EASUREMENT OF INTERNAL CONVERSION COEFFICIENTS UTILIZING 
SEMICONDUCTOR DE'rECTORS 

A. Semiconductor Ditectors 

The past four years have seen the accomplishments made possible 

... 

through ·the use of semj conductor detectJrs f!2rO'<T into a list of considerable 'f 

length. They have be~n utiliiecl in iDnost every type of nuclear measure-

ment vhich_ requires the observation of photons or particles. The benefits 

to the nuclear sciences have been enormous. Experiments.vhich would have 

been impossible or which, at the least, vould have required extremely ela

borate equipment just a fel-l ·years ago may now be· undertaken vi th relative 

ease. While several types of semiconductor detectors have been developed 

ve shall focus our discussion on, those made by the lithium-drift technique.
1 

The present level of sophistication of the lithium-drifted germanium de

tector has been attained through the vork of a number of groups; primarily 

those at Chalk River, Argonne National Laboratory, and the La-vrrence Radia

tion Laboratory in both Livermore and Berl\:.eley. The development of lithium

drifted silicon detectors has been advanced by many small groups as well 

as those above. 

Since there have been n~terous published articles ·describing the 

theory, fabrication and use of semiconductor detectors, it 1vould be of 

little 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 

will, it is hoped, be sufficiently complete to indicate the path for the 

reader to follow for information on a particular topic. 

Any discussion of.Ge(Li) detectors must begin by referring to the, 

These vere the articles by Freck first published works on this subject. 

and Hakefield
2 

and vTebb and Hilliams. 3 lt is interestins to note how the 
2 

field has progressed since Ref. 2 reported a Ge(Li) detector of l. 5 em X 

l. 5 mm depletion thickness, Hhich exhibited a resolution ( full-Hidth at 

half maximum of the full-energy peal-:) of 21 keV at 662 keV. The first 

two references were follmred by the first of a series of articles by EHan 
4 

· and Tavendale in Hhich they described a detector having a depletion depth 
' 

.. 
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of 8 ·mm· and a resolution of 6 keV at l. 333 MeV. The first discussion. of 

ari iso:tope other than a standar\1 for which. a Ge(Li). detector was used to 

· .• examine the gamma-ray spectrum is presented· in this work. Ir: general, 

these articles are primarily important frqm a historical point' of view. 

While the early work in the development of Si(Li' detectors was 

slanted toward their use in heavy charged-particle spectroscopy, it was 

immediately noted that they could serve quite ·Hell for detection of elec

trons. Among the first articles on Si(Li) detectors were those by . 6 . . . 
Elliot, 5 Bailey et al., and Blankenship and Borkowski. 7 

There have been numerous general review articles and books published 

·on the subject of semiconductor detectors .. and their application to nuclear 

spectroscopy. With r~~ard_to the detector itself (theory, fabrication, . ,,. 
etc.), the following rJvie~ors are of considerable ·value. The books by 

8 . 9 10 . ll 
Taylor, Dearnaley and Northrop, ' and Pr~ce cover the subject quite 

. 12 
extensively. Goulding has presented a detailed description of these de-

. teeters, their fabrication, and optimization of the associated electronics. 

The review articles 1-1hich place considerable emphasis on the experimental 
- 13 uses of semiconductor detectors are those by Ewan and Tavendale, 

. 14 15 16 17 Sh1rley, Gibson et al., Jungclaussen and Hollander~ Also the fo~th-

coming review articles by Ewan
18 

and Camp19 will be of g~eat interest to 

the nuclear spectroscopist. 

B. Methods of ICC Measurement with Semiconductor Detectors 

In the present discussion, ~e will touch upon many of the_published 

methods of ICC measurement using semiconductor detectors. At this point 

we shall exclude one method for which we reserve the re.mainder of Section 

II. The follmving discussion will emphasize the improvements in measure

ltlents brought about by the new .detectors. For a discuss:i.on of the indi vi

dual methods, the reader is. directed to Appendix A of .this thesis . 

. ' 



.. l. . K/L Ratio. 

The measurement ~f the K/L ratio is one vrhich can be done vri th re

lative ease using Si(Li) or pho~phorous diffused silicon detec~ors. The 

resolution of these detectors is sufficient to allow separation of K and 
- . 

L lines for nuclides greater than about 20 in Z (depf.:!nding upon the ene~gy 

.and intensity of the transition in quc:stion). The silicon detector has 

the distinct advantage over magnetic spectrometers in the multichannel 

acquisition of data which pennits.the study of short-lived activities . 

. The solid angle of the detector can also be made large, thus all011ing the 

use of weak samples. 

However, there are certain problems involved in the use c:f these 

detectors for K/L rati,
1
'o measurem~nts. The resolution is such tha~; it is 
I· 

difficult to observe the internal-conversion ele~tron lines in the presence 

of an intense beta or positron continuum. Therefore, weakly-converted tran

sitions or moderately - converted, weak transitions ~re particularly un

suitable cases for K/L measurement 1vhen the nuclide in question has a Gtrong 

beta branch higher in energy than the transition of interest. Also in cases 

where Z is less than 60, resolution of L and M+N+ lines is presently very 

difficult. When one is unable to resolve these lines an estima.te of the 

contribution to the L line from M,N, and higher shells niust be made. In 

ge,neral the relationshtp
20 

(M+N+ ... )/L ""'"l/3 is used. However, it is im

portant to note that although the photopeak efficiency for gamma rays in 

silicon is quite small, it still is such that a significant contrlbution to 

the (L+M+ ... ) line may arise from the gamma ray itself. This point is 

·particularly important in cases where the transitions of interest have very 

small ICC. Thus, one must _expe~imentally subtract the gaint'Tla contribution 

to the electron spectrum. 

The references to K/L ratio measurements vri th semiconductor detectors 

are already numerous. To indicate some of the prominent articles we point 
21 22 

out the work by Harpster and Durosinmi-Etti et al. 

~ • 
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.( 

,., 
~· 

•• 



\1.·. 

. ~~ 

. ~5- .. 

2. · Conversion Electron to Gamma Ray Ratio 

To the present time, the conversion electron. to garnrn.a ray ratio has 
. 

been the prime method of ICC measurement utilizing semiconductor detectors. 

This method has allowed the experimenter to take advantage of the high re

solution of the Ge(Li) detector for gamma rays in combination with the high 

resolution of magnetic spectrometers. for conversion electrons. The follo~oring 

three techniques have been used to relate the spectra obtained from the t~or':J 

systems. 

(a) Internal standard-transition having kno~-TD ICC. If one transi

tionin.the nuclide of interest has an ICC' which has been measured accurately 

by some means (e.g; internal-external conversion) 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. This method has been suc

cessfully employed by van Nooijen23 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 scheme. Their quoted accuracy is 8% --

10% foi· the ICC of prominent transitions. This technque is also valuable if 

one group of workers examines the. gamma-ray spectrum while another group 

has observed. the conversion ·electrons, . 

(b) Internal standard. One may also relate the conver.sion electron 

and ganllB ray spectra through the use of a mixed source (one in which a 

small amount of a nuclide having a well kno~-TD conversion coefficient is 
24 

mixed with the nuclide of interest). Brown and Ewan have used this method 

to determine, the K-ICC of the 605-keV transition in the decay of 134cs· by 
134 l3T using a composite source of Cs and Cs. The K-ICC of the 662-keV. 

transition from 137cs decay is well known. The 605-keV transition was then 

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

o.f l3
4
cs alone, giving the ICC of the other transitions in the scheme .... . ' . . 

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

.mixed source technique due .to interference between the standard and transition 

of interest in either the. electron or gawma-ray spectra or where a limited 

·amount of the nuclide precludes production of two sources (one ~onth standard, 
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·one alone) 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 to maintain constant geometrical 

detection conditions between standard and unknown. Examples of this tech

nique are the recent measurements by Yamazaki and Hollander25, 26 
of the 

8 . 166 I 208. K-ICC of the 0-keV transition from the decay of Jo and the -keV 
~· 237 203 198 . 

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

the mixed-source technique 1-ras not used due to the overlap of the gaiJUna ray 

of iriterest and the K-X-rays_ from the standard. 

The conversion-electron-to-gaiJUUa-ray method depends upon _the ability 

to determine 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 relative intensities .. The methods 

of gamma-ray detection ''lhich have extremely high resolving ability (i.e. 

curved crystal, external conve~sion) do not have as good a signal-to-noise 

ratio as the Ge(Li) detector, 9-nd thus, the ability to determine the in

tensities of the weaker tqmsttions in the spectrwn 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(Ll.) detect~r, providing the ability to determine re

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

improved the conversion electron to gamma ray ratio as a method of routinely 

determining ICC. An extension of this method will be dj_scussed in Section 

II-C of this thesis. 

3· X-Ray - to - Gamma-Ray Ratio 
.... --·- . '-·-· - . -~ ~-- :;q~ =· ---· ._.=........_......., 

Since the X-ray - to-- g:1mma-ray ratio me.thod of ICC determination 

agal.n depends·upon the abi.lity to determine the relative intensiti.es of peaks 

in the photon spectrum, it is expected that the•semiconductor detector will 

be of gr~at value in this type of measurement. It is no'-r possible to obtain 

peak widths (Fillilil) of 0. 6 - 0. 9 keV in the X-ray region using either Ge(Li) 

.. 
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cor Si(Li) detectors. This permits resolving of Ka and Kf3 X-rays from elements 

having Z = 30-1+0. Thus, only in very unusual cases vill gaiTLrna rays inter

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

detector also permits resolution· of the X-ray, and its associated backscatter 

.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

sLUP..ably due to that area of the X-ray peak arising from inclusion of back

scattered photons. However, it is not solely the resolution which makes 

semiconductor detectors valuable for these measurements. The presence of 

iodine X-ray escape peaks in the Nai(Tl) photon spectra contributes to dif

ficulties in intensity analysis. For Ge(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-rays must pass. To avoid this 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 curve at approxi

mately 15-20 keVin comparison to the maximum at 60-70 keV for "thin window". 

Ge(Li) detectors in cryostats with 0.010 in. thick Be vi.ndows. 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 (t-rhi~h is to be 

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

Si(Li) detector would be best for cases with Z < 65 and E < 100 keV. 
. . 'Y 

·Due to the great interest in using semiconductor detectors for the 

analysis of complex spectra, there has been little work reported on their 
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.. utilization on very simple decays, where this method of ICC measurement is 
26 . . 

useful. Yamazaki and Hollander, hmvever, have determined the K-ICC of 

the 208-keV transition in the decay of 237u by this method and find it in 

good agreement with the value obtained from the.external standard-conversion

electron-~o ganuna-ray ratio measurement. 

4. 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 

where N is· the number of conversion electrons from the second transi-
e2"Yl 

tion of the cascade which are in coincidence with the preceding gamma rays; 

N is the number of gamma rays observed from the first transiticm; a
2 )'l 

is the total ICC of the second transition; and (mE) is the full-energy 
e2 

peak efficiency for conversion electrons from the second transition. This 
. 27 28 

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

al. 29,30, 22 to measure a number of ICC. In ·their work, both groups have 

used silicon detectors for the observation of conversion electrons. This 

has permitted acquisition of the coincident electron spectrum in a multi

channel manner, thus, avoiding the slow point - by - point scanning of the 

magnetic spectrometer. The errors estimated for the ICC values determined 

using the silicon - Nai(Tl) coincidence combination is about 7 per cent. 

5. Other Methods 

While the work on utilizing semiconductor detectors for some of the 

other methods of ICC measurements has thus far not been extensive, we feel 

some brief mention must be made of the potential value of these detectors \' 

for the following types of ICC measurement. 
I' 

(ai) L - subshell ratio. The good resolution for conversion electrons 1 
i 'l 

presently.obtainable with Si(Li) detectors in conjunction with field-effect 
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transistor (FET) preamplifiers ( ~ l. !~ keV at 100 keV) indicates that for 

transition~ in high Z nuclides it should be possible to measure (1
1 

+ LI1 )/ 

1
111 

ratios as an indicator of multipolarity. This should be extremely use

ful for many of the short-lived heavy elements. As an indication of this 

potential, we include in Fig. l the electron and garruna-ray spectr~ of 
237u decay taken with a Si(Li) detecto~. 31 

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

As indicated by Bertolini et al. 32 -lov energy scattering of electrons was 

the initial problem to be overcome in using Si(Li) detectors for accurate 

beta spectrum measurements.· It has been shown that this problem can be 
33 3 1~ overcome by a nwnber of means. ' Thus, if one were "to devise the proper 

experimental arrangement, it shquld be possible to measure the entire beta 

spectrum as vell as the superimposed conversion lines in a s1.ngle measure

ment, This method of ICC measurement could then be extended to 1-reak or 

short-liv~d sources. 

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

version method employing high-resolution magnetic spectrometers, 1-rhile quite 

accurate, is very inefficient: Since it has been shown that Si(Li) detectors 

b . d i t l . .. t 31' 3 5 . •· . t . t . t can e use n ex erna convers1on measuremen ·s, 1·G 1s emp 1ng o 

think that they could be employed .in this method of ICC measurement for 

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

·insensitivity to garruna rays the Si.(Li) detector may be placed qui.te near 

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

for the external conversion electrons. Another advantage with the ?i(Li) 

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

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 :Lt·a useful tool in internal-external conversionmeasllrements. 
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c. An Internal Con:vers'ion Coefficient Spectrorneter. 
Employing Semiconductor Detectors 

l. Method 

In Section IJ:-B vre have discussed the conversion-electron-to-gamma

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

measurement of ICC. The methods described have taken advantage of the high 

.resolution of magnetic spectrometers for conversion electrons as vrell as 

the high resolution of Ge(Li) detectors for gamma rays. The accuracy of 

this type of measurement is q_u"ite good} w:i.th errors of only 3-'J/o possible . . 

in the best cases. This accuracy is sufficient to provide a test of ICC 

theory. However, this measurement does require the use ofmagnetic spectro

meters with their associated lo~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 if the half life of the nuclide in question is moderately 

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

scanning of the conversion electron spectrum may take a prohibitively long 

time, a .detailed knot;ledge of the gamma-ray spectr.wn 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 spectrwn in a single measurement. The thought of applying the 

combination of Ge(Li) and Si(Lr) detectors for the simultaneous observation 

of gamma rays and conversion electrons vras immediately put forth. A direct 

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

of the gamma ray and its corresponding conversion electron to determine the 

ICC. 

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

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

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

det·ectors and within the vacuum chamber surrounding the Si (Li) detector. 

''. (• 

··:. 
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.The conversion-electron and gar~~a-ray spectra simultaneously accumulated 

and the areas of the garn.ma ray and its corresponding conversion electron 

line are measured. 

where 

The ICC is then found from 

A e 

ex == (mE) 
. e 

A 
e 

is _the area under the c::mversion electron peak. 

A is the area under the corresponding gawna-ray peak. 
'Y 

(mE) 
e 

is the detection .efficiency of the Si(Li) system for 

electrons in the full-energy peak (including geometric factor). 

· (mE)'Y is the detection efficiency of the Ge(Li) system for grunma rays 

in the full-energy peak (including geometric factor). 

Thus it is possible to simultaneously determine, kno¥nng 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 constant geometry is maintained between efficiency calibration and experi-

. mental measurement, there is no need for applying the mixed sourc.e technique 

or, with the exception of occasional general system checks, running external 

standards. The importance of this method for the rapid general determination 

of ICC and especially for ICC determinations in short-lived decays is quite 

obvious. 

2. Description of Apparatus 

A photograph of ·the original design36 of the spectrometer is shown 

in Fig. 2 and a scale drawing is shown in Fig. 3. · It consisted of a. small 

vacuum chamber of dimensions 8 in. long X 6.25 in. high X 5 in. deep, in 

w:hich were mounted, in 180° fixed geometry, Si(Li) and Ge(Li) detectors. 

The' detectors were fabricated .here at Berkeley by the methods discussed by · 

Goulding.
12 

A l/16 -inch alumim.L•n absorber was placed in front of the Ge(Li) 

detector to prevent observation of conversion-electron lines in the gawna-. 
ray spectrum. In order to minimize the loss of scattered electrons at the 

.. 

; 

'~ 

'• 
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Z N-5190 

Fig . 2 . Photograph of original design of the conversion - coefficient 
spectrometer . 
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Ge (Li l detector 

Pr.eomplifier Preamplifier 

Fig. ·3. Schematic scale draHing of the original design of the con
version-coefficient spectrometer . 
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edges of the Si(Li) c1·ystal) vre placed a 5/16 -inch diarnc:ter aluminwrt col

limator j_n front of the crystal. By doi.log this, vre hoped to im:rease the 

fraction of el.et.:trons which enter the crysto.l and deposit theit· full ene1·gy 

Hithin the depleti on region) and thus) contriLute to the full-energy peak· 

in the resulting e1ect..ron specLl'unt. Th e.: vacuwn chanber \las md.intained aL 
-6 

a pressUl·e of avp1·oximutely 2 x 10 nun \ritli use of a standard oil diffusi on 

pwrtp, separated ft·om Lhe cha.mLeL· by t\·t:J c;Jld-tl·aps in series to urinimize 

deposition of pwnp oil on the detectors. Active sources vere introduced in

to the vacuum chamber through an · air lock of conventional design, vrhich was 

evacuated by a separate roughing pump. The source holder) seen in the fore

ground of Fig. 2J Has designe d so 1:1S to assure rep1·oducible posi t..ioning of 

the source directly b~tveen the ~wo detectors. The source-to-Si(Li ) -detector 

distance ·Has 0.591~ in. ' and the distance to the Ge(Li) detector 1-ras 1.177 in. 

The detectors were cooled vith the use of a 10-liter gravity feed liquid 

nitrogen reservoir of commercial manufacture. 37 The Ge(Li) detector l·ras 

kept at ''liquid nitrogen tempe1·ature" (7r K), Hhile the Si(Li ) detector 

was maintained at 208° K, at vhich temperature the resolution -...ras found 

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

mount. The per·forma.nce of the original design) \vLth Ge(Li) and Si(Li) de-
2 2 

tee tors of 4 em by 5 m.m deep and l em x 3 nun deep respecti.vely) is sho\-fn 

in Fig. 4. In the conversion-electron 

lines of the 279-keV transition in the 

r esolution of 4.2 keV. The resolution 

lL 6 keV . 

spectrum the K,LJ and M electron 
203 de cay of · Hg are resolved) with a 

of the 279-keV photon is seen to be 

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 vrithout first closing the air lock to 

the roughing pwnp) the different pwrtping rates vrould cause pump oil to be 

dl."'uW11 int th~;:; vac:uwn chambe1·, 'l'o recover the Ge (Lt) detector, the entire . 

a]Jparatus would have to be brought to room temperature) and the Ge(Li) 

detector would have to be removed) cleaned and re-etched ( possibJ y reclrifted ). 
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4.6keV-

--:1000 

203
1-tg gamma spectrum 

Ge ( Li) detector 
(4cm2x5mm deep) . 

100 

10~--~.----~--~----~--~~----~--~--~,o 

120 160 200 240 280 200 240 280 320 
Channel number 

If) ..... 
c 
:J 
0 
u 

WUB -3717 

Fig. 4. 203Hg partj_al conversj_on-electron and gamma-ray spectra taken 
simultaneously Hith original conversion-coefficient spectrometer. 
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.: While the rugged Si(Li) detector, with its varnish covering, could be' 

cleaned w·i thoLtt removing it from the chamber, the removal and subsequent 

replacing of the Ge(Li) de tector 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. 5 and a 

scale drawing shmm in Fig. 6. In this design the internal Ge(Li) detector 

and its·~ooling arm have been removed from the original chamber, the ori

ginal end wall removed and r_eplaced with a new wall having a l. 75-inch deep 

"well" positl.oned directly opposite the Si(Li) detector. A Ge(Li) detector 

in its own holder, of Berkeley design, 38 is then capable of .being positioned 
I 

reproducibly in this 11ell. Thus; the Ge(Li) detector has its own vacuum 
:· 

system and is not subject to possible contantination within the chamber. 

Since this reduces the quality of vacu~1 needed in the main chamber, the 

oil diffusion pump was replaced by another roughing pump. The final pres

sure in the chamber was approximately l x l0-3 mm. However, it was found 

that after a long period of pU~lJ?ing, 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 in~reased energy degradation and "tailing" of the 

electron lines. To remove the need for numerous cleanings of the detector, 

we have obtained a cryosorption vacuum pump of type designed by R. Hintz 

and co-vrorkers at the La1-rrence Radiation Laboratory. 39 This is a large 
' molecular sieve pump containing approximately 15 lbs. of sieve material. 

It is capable .of evacuating a 200 liter chamber from atmospheric pressure 

to l micron uithin a period of 8-10 minutes. In Fig. 7 we show a photograph 

of this pump, and in Fig. 8 we show a photograph of the pump in its normal 

experimental position. 

rn order to improve tne resolution of the S.i(Li) detector, vre have 

incor4orated into the system a preamplifier of the type described by 

Elad, 
0

' 
1~1 !which employs in its first stage a field-effect transistor (FET) 

t· 
which is cooled to 77° K and contained wit.hin the vacuum chamber to reduce 

system capacitance. A schematic diagram of this preamplifier is shown in 

Fig. 9: In Figs. 10, ll, and 12 we show spectra obtained using the Si(Li) 
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(a) (b) 

ZN-4764 

.. 

Fig . 5. Photograph of modified conversion - coefficient spectrometer . 
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Fig. 6. Schematic scale dra1-ling of modified conversioh-coefficient 

spectromete r. 
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ZN-6006 

Fig . 7. Photograph of cryosorption vacuum pump . 
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ZN-6007 

Fig . 8 . Photograph of experimental vacuum system employing cryosorp
tion pump . 
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· detector and FEr preamplifier., In Fig. 10 we show the X-ray and conversion-
. . 109 

.electron spectrum from the. decay of Cd. The resolution for the 22-keV 

. Ag Ka X-ray is 1.4 keV, and the resolution for the 62.2-keV Kline of the 

87,9-:-keV transition is 2.5 keV (which is limited due to source thickness). 

Figures ll and 12 show the conversion electron groups from the 569.6- and 
207 .. 

1063.5-:-keV transitions in Pb respectively. These spectra exhibit reso~ 

. lution 'of 3.0 and 4.0 keV at 481.6 and 975-5 keY. It is interesting to note 

that the optimum temperature. for the Si(Li) detector used in conjunction 

with the FET was determined to be 143° K. This. is essentially in agreement 
. . 41 

with the findings of Elad,and Nakamura. To attain this temperature, the 

contact between detector mount and cooling arm was made with l/2-inch cera-

mic spacers. 
\Iii 

In all of our work we have used amplifier-biased-amplifier systems 

· .. · design,ed by Goulding and Landis 
42

'
4
3 and manufactured at this Laboratory. 

Pulse-height analysis of the spectra have been made with two 400-channel 
'44 4 

R.I.D.L. analyzers or a Seipp 1600-channel analyzer 5 modified to operate 

as two independently timed 800-channel analyzers. 

Sources for this spectrometer were either liquid deposited or evap

orated onto 0.00025-incjl gold-anodized mylar. The mylar was made structur

ally solid by fastening to l~inch annular rings of aluminum with aluminum 
2 

spray lacquer. The actual source deposits were typically 0.3 em or 

smaller in area and 10 ~ Ci in strength. 

3 .. Calibration of Apparatus 

The calibration of the· spectrometer was .carried out in the following 

manner: First, the photopeak efficiency of the ·ae(Li) detector for gamma 

· rays was determined as a function of energy by the method described in 

.Appendix B-4. Then, by utilizing nuclides with well-known conversion co

e·fficients, the full-energy peak efficiency of the Si (Li) detector for 

•electrons can.be determined at a number of energies from 

I ' 

( 

~· 
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These points should be sufficient .to determine the efficiency funcUon of 

·the detector. Those sources which have sufficiently well-kno\m. ICC to be 

used as standards are listed in Table I. This table is taken from the 

compilation of van Nooijen and Hamilton.
46 

It is also suggested that a 

source which endts conversion electrons. of well-knovn relative .intensities 

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

Possible sources for such a measurement are·discussed in Appendix B-5. 

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

used with this spectr:::Jmeter J we present in Fig. 13 the photopeak efficiency · 

curve for a detector having dimensions 6 cm
2 

X 8 mm deepras determined in 

the spectrometer configuration. In this arrangement.the detector intercepts 

a solid angle of approximately 5.'3%. The thickness of aluminum which lies 

between the source and Ge(Li) detector is about o.ln2 g/ cm
2

. This amount 

is sufficient to reduce the intensity of a 40-keV gamma ray approximately. 

2Cf'/>. 
The Si(Li) efficiency curves determined. for this apparatus are quite 

interesting. Previbusly published silicon efficiency curves for electrons 
27 28 . 47 

(Bosch et al. J . and Bundri t and Sen ) have been determined for detectors 

with depletion regions shallower than those in the detectors us~d with this 

si>ectrometer (3 mm - equivalent to the range of a l. 3 -MeV electron). These 

curves have shown a decrease in efficiency with increasing electron energyJ 

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

the depth of the depletion layer for the.detector in question .. Other workers 

(e. q. McKen·zie and ~wan 48 ) have determined the efficiency of these detectors, 

by using a 1rJ2 iron-free electron spectrometer to assure a "line" energy 

source {remove the effects of electron degradation in the source itself). 

These measurements have shown the full-energy peak efficiency to be. essen

t.ially constant (within 10%) unt:l.l the. electron range surpasses the depletion 

depth. In Figs. l4·J l5J and 16J we show the electron efficiency curves de

termined for the three different Si(Li) detectors usedwith the conversion 
\· 

coefficient. spectrometer. While the efficie1.1cy of the detector of Fig. 15 
• 

seems to: oe independent of energy) 'those of Figs. 14 and 16 show a decrease 
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· Table I; .Internal conversion coefficient calibration standards. 

Source tl/2 E (keV) · Multipolarity ak y 

109Cd 470 d 87.7 E3 11.0 ±0. 3a · 
141 . 

Ce 33 d 145.43 Ml(E2) 0.379 ±o.oo4b 
139ce 140 d 165.84 Ml(E2) 0.2142 ±0. 0015c' d' 

203Hg 47 d . 279.15 Ml+Ei~ 0.163 ±0.002e 
113sn. 118 d 391.7 M4 0.438 ±0.008d 
198Au ' 

2.7 d 411.795 E2 0.0302 ±0.0003f 
137cs 30 y 661.595 1vl4 0.0894 ±O.OOlOg· 

58 co 71 d ~810.46 E2 0.000295 ±O.OOOOlOh 
54Mn 

I .. 
0.000224 ±0.000010i 314 d l[j835.12 E2 

65zn 245 d 1115.51 Ml+E2 · o.oool664±o.ooooo66i 

aH. Leutz, K. Schnekenberger 1 and H. Wenninger 1 Nucl. Phys. 63, 263 
. {1965 }. . . ' 

,• ,'. 

bWeighted average of results reported in 1) J. R. Cook, Proc. Phys. 
Soc. 77, 346 (1961); 2) L. Nemet, Izvest. Akad, Nauk; SSSR, Ser. Fiz. 
25, M(l961); 3) S. S. Pancho1i, Bull. Am. Phys. Soc. 10, 442 (1965); . · 
4) R. S. Dingus and w. L. Talbert, Jr., Bull. Am. Phys. Soc. io, 93 (1965)•_ 

cJ. G. V. Taylor and J. S. Merritt, Bull. Am. Phys. Soc. ], 352 (1962). 

ds. C. Misra, J. S. Merritt and J. G. V. Taylor, unpublished. 
·. e · · w. L. Croft, B. G. Petters.son, and J. H. Hamilton, Nucl. Phys. 48, 267 

(1963). 

f Weighted average from Nuclear Data Sheets, excluding PBS results. 

· gJ. S. Merritt and J. G. V. Taylor, Anal. Chern. 37, 351 (1965). · 
' ·- . 

hw. F. Frey, J. H. HamiltGn 1 and S. HUltberg, Arkiv,Fysik 21 1 383 (1962), 
and corrected for new photoelectric cross sections.. --

1J. H. Hamilton, S. R. Amtey, B. van Nooijen, A. v. Ramayya, and J. J. 
· Pinajian, Phys. Letters 19, 682 (1966). 
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Ge ( ~i l detector ':fficiency for 

e- Y spectrometer configura! ion 

'. ;.·. 

Detector dimensions 6 cm 2 x 8mm 

Photon energy ( keV l 

.._,.,--. . -•. I.··.·· 

MUB·13611 

Fig.· 13. $'ull-energy peak efficiency of 6 cm
2 

x 8 mm ',Ge(Li) detector 
use(j ±~n conversion-coefficient spectrometer. j 
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·.j.n efficiency with increasing energy. Since these curves were all taken 

under essentially the same experimental conditions (detector depth, source

detec·tor geometry, collima·~ion, etc. L it must be inferred that the 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 the crystal might be a possible cause. 

4. · Examples of Use 

While >fe shall present in Section III of this thesis a number of . 
examples of the use of this· spectrometer in regard to the study~of the level 

schemes of the odd-ma.ss go1d isotopes, we feel that two examples discussed 

at this point would indicate the general quality of multipolarity determina-
• 0 

tion obtainable with this apparatus. 

The ICC of the 241-keV transition in the decay of 17-hour 
86

zr, 
17 . 

l>rhich had been unknown, was determined by Hollander using the above 

apparatus. c Figures ,17 and 18 show the rel~vant portions of the photon and 

conversion electron spectra, respectively, with the background to be sub

tracted for analysts indicated-in each case. In Fig. 19, we show the con

version electron spectrmn with the background subtracted. The approximate 

contriht,.ttions of L, Iv! and N lines to the composite line is. shown in this 

. figure. Utilizing these spectra, the experimental K-ICC ;.ras found to be 

(3.5 ± 0.3) X 10-2
, leading to an E2 (theoreticai K-ICC.3.8 x l0-

2
) assign

ment for this transition. Other subsequently measured properties of the 

transition, e.g. half life, agree with.this E2 assigrunent. 

· ·Another interestl.ng use of the conversion coefficient spectrometer 

in the assigllirlent of a particular transition multipolarity has been described 
. . 49 

by Frankel. In this case the desired multipolari.ty was. that of the 168-

keV transition in. 1371a. Since this was observed in the decay of 34.4 hr. 

l37cem, . the high background. d.ue to "taiHng" f~om the electron lines of the 
· 137mc · 137g · very intense 255-keV M4· e ~ Ce isomeric tran$Uion -was sufficient 

to obscure the electron lines of the t.;ransition of interest. To determine 

the multipolarity, they took the gamma-ray.intensity of 168-keV gamma 
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Fig. 18~ /'Partial electron spectrum of 
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Zr recorded ~ith Si(Li) 
detector of conversion-coefficient spectrometer simultaneously 
with ~amrna-ray spectrum of Fig. 17. Dashed line indicates 
background subtracted for area determinatj_onj from Hollander .17 
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relat].ve to the 255-keV garruna, and using the 255 K electron line as a 

standard shape, subtracted the electr~n intensity expected for various 

multipolarittes (calculated from theory) from the background at the posi

tion of the expected 168 K line. As is seen in Fig. 20, for all multi.

polarities greater than El, the resulting bactground shapes vrere quite 

anomalous in appearance. 'l'hu.s, an assignment of El vras made for the transi

tion. 

5. · Ltmi.ts of Aceuracy and. Possible System Improvements 

In inost 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, doubly important due to its use ifl the determi.nation of the electron 

efficiency. If a large munber of intensity standards are used in the gamma-· 

ray efficiency deterinination, it should be possible to achieve an accuracy 

of '5% or. better for garruna-ray efficiency over most of the energy region be-
I' 

tvreen 100 keV and l. 5 MeV. If most of the conversion coefficient standards 

liste~ in Table I are utilized· for electron efficiency determination, the 

accuracy of this fun,ction can be appr~ximately 3% relative to the garruna 
I 

effici!=ncy. Thus, the two efficiency determinations limit the overall · 

accuracy to about 7-8%. 
Clearly, an effect which tends to compl1cate the observed spectra, 

or reduce the height of the peaks above background vTill reduce the· accm·acy 

of the measuren"Lent. Thus, the use of this device is severely limited in 

cases vrhere there are intense beta or positron spectra. This background· 

spectnun may be reduced by coincidence requi.rements. · Another source of 

bacl~ground is ganuna-ray emission from the source. We feel that the major 

contribution to counts in the electron spectra lying lower in energy than 

the conversion lines is dtle to Compton-scattered. photons' vri thln the St(Li) 

crystal. .In more advanced designs of this device, some method mw;t 1)e 

devised to reduce this gamma-ray interaction. This m::ty be either an anti

coincidence shield to surround the Si(Li) detector (thi.s removing a l::trge 

portion of those c.ounts from the spectrwn due to scattering in vhich full 

... ' 
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energy is not deposited within the crystal) or some type of magnetic steering 
50 51 device, ·'similar to that proposed by Malmfors and utilized by Watson for 

conversion electron-fission coincidence studies, capable of bending the 

' electrons away from the source and refocusing them at a point which can be 

conveniently shielded from source g~rruna -rays. Another appealing facet of 

the use of a magnetic steering device, i.s the removal of any positron spec

trum which may accompany the nuclear decay. This would extend the use of 

this device to lower Z, cyclotron-produced nuclides. 

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

ratio for both detectors. While the advances in resolution during the past 

two years have been great, therre is no reason to think that significant ad-
• vances in this area do not still lie 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 r~gard, 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 ~he determining 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 a<;!quisition with this de

vice·is the simultaneous accumulation of both conversion-electron and gamma~ 

ray spectra for a pre-set live-time interval, similar counting rates for 

the two spectra are quite desirable~ ·rn the case of sh'ort-lived activities, 

. .if the counting rates (and thus the analyzer dead-times) are considerably 

different, decay corrections are necessary for intercomparison of the spectra. 

• High counting rates also tend to make poorer the resolution obtainable with 

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 

___ .. .c.ount __ r_ate., .. presumably _due to the; efficien<:!y of the detector-. f~r )C-rays as 

well as electrons. Hopefully, this higher count rate would be reduced by 
\ i 

·methods discussed in the previous .paragraph. There will also be cases for 
\ 

·' 
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which the CQnversion <;:oeffic~ents ·vrill be small.· In these cases, the gamma

ray counting rate will determine the maximum useable source strength. For 

such cases, it would be advisable to have a variety of absorbers as part 
( 

of the assembly, and have the system calibrated for each.absorber. Another 

important variation would be a number qf fixed positions for both detectors. 

This, if properly calibrated, vrould allow the optimization Of counting rates 

for both detectors. 

D. Conclusion 

The semiconductor detector, .with many accomplishments already to its 

credit, has been shmm to have great potential in the area of ICC measure

ments. In this section we have l'lot only revie,ved this potential, but have 

also described an apparatus utilizing these detectors which i_~ capable of 

rapidly yielding much information to the spectroscopist. The conversion 

coefficient spec~rometer we .have discussed permits ICC measurements to an 

accuracy which is sufficient for most multipolarity determinations. It 

also allows ICC measurements to be made with nuclides having quite short 

half lives. These two qualities mark this device as one which would be of 

great value in the nuclear spectroscopy laboratory. The device does, at 

present, however, have a number of weak points. 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 continuum. This can only be remedied 

with great improvements in resolution. Another weak point is the sensitivity 

of the Si(Li) detector to gamma rays. It is expected that a number of meth

ods can be' used to reduce this source of background. Due to these weak-

nesses, a spectrometer of the present design will be of greatest value to 

those working with nuclides which have (1) a large EC/[3 + ratio or, (2) low 

intens~ty beta or positron distribution in the region of the transitions of· 

interest or, (3) highly converted.transitions (e.g. isomeric transitions 

from levels populated in (n,~) reactions). 
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III .. DECAY SCHE~ffi STUDIES OF THE ODD-MASS GOLD ISOTOPES 

. r''. A. Theory 

The search for systematic trends in the behavior Of various nuclear 

properties is an important aspect of nucle'ar spectroscopy. Such a syste

matic study of the spins and magnetic moments of nuclear ground'and isomeric 
·. . . ~ . 

levels led to the formulation of the shell model by Mayer and Haxel, 
. ~ . 

Jensen, and Suess. Hi th this model it has been possible ~o predict a great 

many ~uclear phenomena, particularly near the regions of the magic numbers 

of nucleons. Another model which has profited from nuclear systematic studies 
. 54 . 

is the so called unified model formulat.ed by Bohr and Mottelson. This · 

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

phenomena in regions where the nucleus assumes an equlibrium nonspherical 

shape. 

Of particular interest is the systematic study of the nuclear pro

perties Of nuclei which lie in the region between those covered by the 

above theories. This region i~ characterized by the presence of shell-model 

type' single particle, states as. vrell as low lying states arising from col

lective motion of the nucleons. Since the main features of the nuclear 

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

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 E ·are inte

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

and transitions in these nuclei can be studied to determine the extent of 

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

nucleons. . .· 
There has been considerable theoretical interest shown in the nuclei 

which occupy the region extending ·from the lead isotopes down in mass to the 

rare earth region_which commences with· osmium and rhenium. Those nuclides 
. 208 . . 

surrounding the doubly-magic isotope Pb have shovrn to be amenable to 

shell-model calculations, while the rare earth nuclides have, of course, 

been extensively treated in light of the unifiedtheory. In the midst of 

the region between lead and osmium lie the gold isotopes. A study of the 

'•. 

.• 
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' odd-mass. gold isotopes will indicate the interaction between the odd 79th 

proton and the slightly deformable nucleon core. This should act as an 

indication of the trAnsition taking place in the nuclear potential. 

In this section we shall discuss those theories which are presently 

prominent in the description of the odcl-mass.gold isotopes. 

l. Simple Shell Model 

The shell model has had considerable success in the prediction of 

various nuclear: phenomena. Its major achievement ~ras 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 formulating· 

this model and the neglect of specific internucleon interactions} ·the numerous 
f 

.quantities which are not extremely sensitive to the fine details of nuclear 

structure can be treated quite well. At present, however} the simple shell 

model .is used as a base 'upon which to build more sophisticated models. Be

fore we examine the simple shell model predictions for the gold region} let 

us discuss the basic assumptions of the model very briefly. 

The primary assumption.of this model is that each nucleon moves in 

an average field of force which is spherically symmetric and independent of 

the l.nstantaneous positions of all other nucleons. TLis potential felt by 

the nucleon is assumed to have a form somewhere inbetween that of a three-. 

dimensional harmonic oscillator and that of a square 1-rell. These assmnptions 

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 magic numbers} how-
-?-? 

ever} were not correctly predicted until a force of the form f(r)(s·£) was 

included in the total potential. This is, of course, the spin-orbit inter

action force wh.ich tends to lower the energy of those levels in which the 

nucleOn Spin and Orbital angular mOmentum VeCtOrS are "parallel II • ( j = 1 + l/2 r 
and increases .the energy of those in which the vectors are "antiparallel". 

(j = l-l/2). The inclusion of the spin-orbit force predicts shell closures 

at the experimentally observed values without additional assumptions. 

Emperical evidence indicates that the stepwise filling of the levels within 
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each shell is gov.erned to a considerable. ext~nt, by pairing. Pairing means 

.that c9nfigurations in which. pairs of nucleons have zero angular momentum 

are energetically favored and the amount of favoring increases as the angular 

· .... ·momentum of the single-particle level ·in which the pairing takes place. 

In the single particle model, the.low~lying levels of odd-mass 

nuclei are determined by those shell model states available for the odd 

nucleon. In the case of the odd-mass gold isotopes this is the 79th proton . 

. The levels available for this proton within the shell occupied by the 51st 

to 82nd nucleons are the lg
712

., 2d
512

, 2d
312

., 3s
112

, and lh11; 2 orbitals. 

The actual.order of filling of the levels is lg?/2' 2d
5
/ 2 ' ln11; 2, 2d

3
; 2, 

3s1; 2 with the 1~11; 2 filling in pairs. Thus, for the. ground state of the 

odd-mass isotopes we expect a sp!n and parity of 3/2 + arising from the pro

ton being in the _2d
3
/ 2 orbital. Low-lying excited states arising from pro

ton excitation should then be, according to the simple shell model, l/2~, 

· 5/2+, ll/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

odd nuclei as consisting of a ?ingle nucleon outside an even-even core, it 

it tempting to .consider the possibility of coupling the odd nucleon to ex

cited states of the core. This situation would arise where the energy neces

sary to excite the odd nucleon to a higher lying 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 coupling would then 

be dependent upon the particle state occupied b,y the odd 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 
54 . 

are coupled. Bohr and Mottelson first treated this situation in 1953 in 

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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. -44- . 

.. spherical nuclei,· and the collective modes in 1-rhich there .is interest are 

vibrations about a sphere. 

In the treatment of weak coupling in the unified model, the Hamil

tonian for the core plus extra nucleon is taken as 

H = H + H + H. t c p 1n 

where H , the surface vibration Hamiltonian for the core, is expressed 
c 

according to the definitions found in Preston, 55 page 231, .(considering only 

. quadrupole deformations o:t;' the core). 

H p 
is the Hamiltonian for the odd nucleon with eigenvalues corresponding 

to the single-particle levels in the presence of a spherical core, and · Hint 

-is the interaction Hamiltonian which couples the particle motion to the core 

oscillations and is expressed 

where the Y2~ are spherical harmonics of order 2. The basis wave functions 

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

coupled system 

H' = H + H 
c p ' 

-
and are specified by I j; NR; JM) ' 1-rhere j denotes the quantum numbers of 

the odd nucleon, .N is the number of phonons of collective vibrations, R is 

the total angular momentUm associated with the core vibrations, and J and M 

refer ·to the total angular momentum 
I 

-7 -7 -7 

(J = J + R). The ground state of the 

·coupled syfiitem is the state with no phonons, I j; 00; jm), 1-ri th some admixture 
' 

from those·' states 'i-rhere the matrix element 

.. 

.... 
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(j'; NR; JM!Hintljj 00; jm) . 

has a no:nzero value. Hint· will connect the ground state only with states 

with one. 2+ phonon present (N :::: l, R ::::: _2), and only for j 1 ~ j, j ± 1, or 
' 

j · ± 2 "1-rith the same parity and similar energy. The lowest lying excited 

states will be those ari.sing from the coupling of the half-integral ground 

state j 

mentum J 

to one quaru~upole phonon yielding levels of positive angular rna

such that lj+21::::_! ::::_!j-21. In the simplest model these levels 

will be degenerate, 1fith the· degeneracy being removed only by the presence . · ' 

of other particle_states or the admixture of other phonon states. 

A quite similar model wa~ derived as an extension of the jj-coupling 
.. j 1';6 

shell model by de-Shalit/ in 1961. In this case the basic wave functions 

are !J j JM), where J stands for the ~ore angular momentum, j for that· 
c c . . . 

of the odd nucleon, and J is the total angular momentum with Jz ~ M. In 

this case the absence of any core-particle interaction causes all states 

characterized by the same pair of values for J and j, but different values c 
of J and M to be degenerate. These levels make up what is termed by de-Shalit 

as a "core multiplet". The degeneracy of the core multiplet will be split 

by the core-particle interaction~ Since this interactiori is a scalar, its 

form is taken to be the product of. two tensors of rank k: T(k)(c) operating 

on the core and T(k)(p) operating on the particle. The general interaction 

is taken as the sun~ation of the tensor products over all values of k. If 

the interaction does not involve monopole-monopole (k ::::: o) effects, the 

"center of gravity" of each core mulUplet E ::::: [2: EJ(2J+l)/2: (2J+l)] 
cg J . J 

should coincide with the energy cf the unperturbed first vibrational level · 

of the even~even nucleus which corresponds to the .core. The ""center 6f 

gravity'~ aspect has been discussed extensively by Lawson and Uretsky. 57 

Monopoie effects will·. show up as a shifting of the multiplet, but will 

·· •. not split the multiplet degeneracy. 

,· f, 

Thus, according tothe description by de-Shalit, a core multiplet 

should ap~~oxi,mately satisfy the following requirements: 1) .The center of 
•. J . 

·.I .. 

. . ' 
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__ gravity of the multiplet should be at the excitation energy of the. even core 

known from the neighboring even-even nucleus. 2) The reduced E2 transition 

probabilities from members of the multiplet should be equal and about the 

same strength as 'that from the first excited state of the neighboring even

even nucleus. 3) The ~U transition prpbability from the multiplet to 

ground should be very snmll. These -requirements are based, of course, on 

the assumption that the core multiplet is "pure''. Any admixtures of·other 

· particle wave functioris to these levels or the distortJ.on of the excited 

state of the core .from that observed in the even-even netghbor •rill cause 

significant devtation from the above requirements. 

The difference between the weak coupling treatment of the unified 

model and that offere~: by de-ShaH t lies in the form of the core-particle 
• it: 

interaction. While the weak coupling i.nteractton is equivalent to the pro-

duct of two tensors of rank t•m (quadrupole-quadrupole coupling), the form 
•' 

of the interaction iri the de-Shalit model is'more general, including a sum 

over tensor products of all ranks. 

While these models have been applied to numerous nuclides, particular 

emphasis has been placed. on their application to nuclides in the gold region. 

In this region the even-even nuclei maintain their spherical 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 (preswnably in the d.
3
/ 2 orbit) 

. 196 
to an excited state of the core ( Pt). The low lying levels of this 

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

in Fig. 21. The \·rave functions used in Ref. 58 are 

13/2)1 = Alo 3/2,3/2) + 

I 1/2) = 12 3/2, 1/2) 

. 13/2) 2 = AJ2 3/2,3/2) -

!5/2) Bi2 3/2, 5/2) + 

jll/2) 

17/2) = 
lo ll/2, nj2) 

12 3/2,']/2) 

-J 1-A 
2 

J2 3/2,3/2) 

il1o 3/2,3/2) 

KB
2 I 0 5/2, 5/2) 

...... 
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, The two 3/2 levels are allowed to mix through the parameter A, and B 

accouni;.s for any admixture of d
5
/ 2 single particle state into the· 5/2 leveL 

From experimentally measured values of Ml trans'i tion probabilities and the 

magnetic moment of the ground state,. the values of A and B were determined . 

. These derived values were then used to predict various other quanti ties. 

It was found that the fit to the experimental data was quite goo,d. Later 

work by McKinley and Rinard59 attempted to obtain a quantitative fit for 

the levels of 197Au under the assumption of a ·core-particle interaction in

volving tensors of up to rank three. 
197 A somewhat different approach to Au has been taken by Thankappan 

and Rao,
60 

who have discussed the properties of the low-lying levels in 

terms.of the coupling of a protort hole in the d
3
/ 2 subshell with the ground 

state and first excited state of 198Hg. It was found that tensors up to 

rank three were necessary to reproduce the observed level positions. , Parti

cularly necessary \vas the monopole-monopole portion of the interaction (due 

to the center of gravity of the core multiplet falling about 48 keV below 
198 . 

the Hg core state at 412 keV). In this treatment it was found that the 

dominant part of the core-particle interaction was the dipole-dipole term. 

3· Kisslinger and Sorensen Treatment · 1 

In 1963 Kisslinger and Sorensen
61 

published their general theoreti

cal treatment for Spherical nuclei. Since the· extent of the calculations 

is large, we will not cover then1 in detail, but rather present a general 

introduction and suggest a reading of the original work for further infor

mation. 

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-

.· conductivity by Bardeen, Cooper and Schrieffer
62 

and .its appli~~tion to 

nuclear phenomena by Bah~, Mottelson and Pines. 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. 
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.. The long-:range farce used. in this treatment ts a quadrupole-quadrupole force 

which depends on the second-order spherical harmonic of quasi-particle co-
\ . 

ordinate~ and acts between both protons, neutrons, and ~roton-ne~tron pairs. 

Of course, the quasi.-part~cle formalism is used throughout this treatment. 

For odd-mass nucle1. there exist-low-lying states which are primarily 

one1 q1.1asi-particle states. The quadrupole-quadrupole force in even nuclei 

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

1-phonon states, microscopically consisting of a coherent superposition of 

many 2-:quasi-particle configurations. In odd nuclei the q-q force admixes 

configurations with one quasi-particle plus zero, one; or more such phonons. 

The Hamiltonian in this treatment, as in the weak coupling case, is the 
• sum of the phonon Hamiltonian, the quasiparticle Hamiltonian, and the Hamil-

tonian for the phonon-quasi-particle interaction. For the final calculations, 

the energy par,ameters for the single particle ~evels are obtained for whote 

regions from single closed-shell and closed-shell ± 1 nuclei, and are assumed 

to vary linearly as a function of A within the shell. 

While the values for tl).e calculable quantities are not expected to 

be extremely accurate for the odd-mass gold isotopes, they should give an 

ind~cation of the general trends within this region. In the comparison of 

experiment to theory we shall return to examine the results of this treat

ment more closely. 

4. Semimicroscopic Description 

An extension of the intermediate coupling theory of Choudhury64 .has 

been undertaken by Alaga and Ialongo65, 66 
in order to apply to nuclei one, 

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

guration. In the particular·case of 197Au, for example, the three proton 

holes a:re treated explicitly in the s1/ 2 and d
3
/ 2 orbitals ,.,ith an attractive 

pa1.ring forse. The core excitations (mainly ·the neutrons) are brought in 

as quadrupole phonons, with particle-phonon coupling strengths taken as ad-

. justable parameters. The vlbrating core is taken to have up to two phonons 
. -~ 

of excitation. The phonons arise as collective excitations of the neutron 
~. ' 

I • 
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.. holes in the 126-neutron shell of lead nuclei. In separate calculations, . 

they ha.ve.included up to three phonons and also taken into account the 

d
5
/

2 
hole state$, as 1-rell as calculating the negative parity levels. 

'l'he eigenvectors of the Hamiltonian ''ere then used to .calculate . 

·transition probabilities, lifetimes, mixing ratios, magnetic and quadru

pole moments. As an example of complexity of the eigenfunctions for this 

treatment, the wave function for the 3/2+ ground state is fOund to consist 

of 16 terms. We shall return to examine the predictions of this treatment, 

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

B. Experimental Techniques and Apparatus 

l. Source Preparation 

In the following set of studies we ·observed transitions within the 

level schemes of those odd-mass isotopes of gold with mass numbers 199,·197, 

195, and 193. Levels in. both 199Au and 197Au as well as 197Au are populated 

from mercury decay. 'He are therefore interested in the production of the . 

. corresponding platinum and mercury isotopes and their separation from other 

activities. 

Samples of 31-min l99Pt were prepared by neutron irradiation of 

isotopically enriched 198Ft in the LRL research reactor at Livermore, Cali

fornia.t Samples were subjected to an average thermal flux of approximately 

2 x 1012 n/ cm2 . · sec for periods of roughly two hours. The short half life 

of this isotope required delivery to this laboratory by helicopter. 67 Samples 

of 18-h 197Ft and 97-min l9?~t were prepared by irradiat1on of isotopically 

enriched 196Ft in the G.E. reactor at Vallecitos, California* at a flux of 

tThe 198Pt was obtained from Stabie Isotopes Division, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 'Isotopic analysis of this material was 
l90pt (o.o'J{o, l92pt. (o.o'Y/o, 194pt 4.94%, 195pt 11.54%, 196Ft 26.7oojo, 198Pt 
56.82ojo. ' 

*The l96pt a§ain was obtained from the Stable Isot~ees Division ~nd had an 
· isotopi~ an,alysis of l90pt (0.07/o, l92Pt (0.07/o, 1 Pt 6.57%, l9 Pt 26.18%, 
196

Ft 65. 5rjo;o, 
198

Ft 1. 70% · 
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·-1.8 X 
. 13 2 
10 n/ em, · sec, and with a thermal/epithermal (E

11
) O.l+eV) neutron 

ratio of 7. 3/L 
.. 

Chemtcal purification of the platinum '...ras undertaken by a method 
. 68 

similar to that described by Sm1th. The samples -\-rete first dissolved in 

hot aqua regia. The solution >Vas then -evaporated to dryness, and the resi

due taken up in approximately 3ml of 3N HCl. To remove the principal 

impurity, gold, the technique of solvent extraction was utilized. 'l'he go:~Jd, 

in the form of the chloride complex ion, "1-ras extracted from the HCl solution 

by repeated washings with amyl acetate. It is of course, easy. to fo~lo>V the 

gold. extraction due to the yellow color of the ion. The HCl solution was 

.then heatedj both to remove the last traces of amyl acetate and to reduce 

' the volume. Portions of the Pt solutton were then liquid-deposited on 

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

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

spectra. 

The neutron deficient isotopes ·of mercury were produced by bombarding 

gold metal foils lfi.th deuteron:;> in the L. R.L. 88-inch cyclotron. Thus, the 
. 197 ( . ) 199-X . d actual reactions utilized i·Tere of the type · Au d, Xn · · Hg, ·w1 th euteron 

energies of 15 MeV for X=2, 35 MeV for X===l+, and 50 MeV for X===D. For most 

runs, 4-5 gold foils of 0.001-inch thickness were used as a target. This 

thickness was sufficiently small to reduce.the contribution to the total 

activHy from the competing reactions of the .type 197Au(d, (X-l,2)n) 

arising from deuterons degraded in energy. 

Due to its high volatility, mercury is qui t.e easily separated from 

gold and platimun by distillation. In these experi.ment_,. the irradiated. 

gold. foils w·ere placed into the quartz vessel of an 11astatine boiler" of 
69 the type described by F'ink and Thompson. · rrhe quartz vessel was then 

clamped tightly to the boiler assembly and heated to approximately 800°C . 

by means of a small i.nd.uction furnace. The volatilized mercury was then 

collected on thin gold foils which were fasten~d to the cooled base of the 

bol.ler by means of a small end cap. The area of the mercury deposit was 

limited. by an aluminum collimator. The t:i.me for evaporati-on varied from 
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two.minutes to two hours depending upon the desired 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 evaporating when the 

· sample was introdu.ced into an evacuated chamber for the observation .con

version electrons. 

2. Apparatus 

(a) Gamma-ray spectrometers. In these experim~nts, gamma-ray spectra 

were observed utilizing li thium-clrifted germanitun ( Ge(Li)) detectors fabri

cated at .this Laboratory by .the technique described by Goulding.
12 

We have 
. 2 6 2 4 2 used detectors of dimensions 2 em X 5 mm deep, em x 9 nun deep, em x 

2 
5 mm deep, and 1 em X 5 mm deep. The first three of these detectors were 

. I 

coupled to low-noise 1'lrea.mplifier 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 cm
2 

X 5 mm deep detector was utilized with a field

effect transistor (FEr) preamplifier of the type described by Elad, 
40 

and 

exhibited a resolution of 1.2 keV at 122 keV. 

The detectors were kep.t at "liquid-nitrogen" temperature and were 

continuously pumped upon by sputtering-ion pumps of commercial manufacture. 70 

The low temperature is used 'both to reduce detector bulk leakage current 

and to prevent f~rther diffusion of lithium 1vithin the detector. The .low 

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

materials on the detector surface. 

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

of l95Hg was an anti-Compton spectrometer utilizing a Ge(Li) detector of 

dimensions 3 em x 2 em x.l. .l ern. This apparatus was designed and built by 

D.C .. Camp at the Lawre_nce Radiation Laboratory, Livermore~ California. In 

·this device, the Ge(Li) detector is· positioned between t1m Nai(Tl) scintil

lation crystals of dimensions 9-inch diameter by 4.5-inches thick. ·A col

limated (o.b inch) beam of 'gamma rays is allcnved to be incident upon one of 

of the 2 c~ x 1.~ em detector faces. Many of the Compton interactions 
I 

occurring ~thin the Ge(Li) detector·lead to scattered gan~a rays which 
' 

,'t, 
•,. 

•,' 
..•. 

• 
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. escape the. crystal.. In tr.is particular apparatus, a fast coincidence J.s 

taken betwee~ the Nai(Tl) crystal (observing the scat~ered. gamma rays) and 

the Ge(Li) detector. Any such coincidence wiilJ in this case, cause the 

analyzer to be blocked, and the pulse from the Ge(Li) detector will not be 

accepted. The block diagram of the electronics used·in this apparatus is 

shown iri Fig. 22.· The Ge(Li) detector used in this device exhibited a re-

. flolutibn of 1. 5 keV at 122 keV. When used in the anti-Compton mode a re

duction of approximately one order of magnitude was observed .. 1 for the Compton 

distribution in the 
60

co pulse-height spectrum. A mote detailed description 

of this device is included i~ the revie'Yr article by Camp. 19 · 

(b). Conversion electron and Internal conversion coefficient measure..: 

ment. The measurement of ICC in'this series of experiments was undertaken 

with .the aid of a device utilizing a Ge(Li) 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 detail in Section 

II of this thesis. ~ 

In some cases where high resolution was necessary in the observation 

of the conversi~n-electron spe~trumr the Berkeley 50-cm-7f ~2- iron-fr~e 
spectrometer was used. With this instrument, a moQJ-entum resolution (~P) 
of o.lo% to o.o'J{o was obtainable. This permitted resolution of the L.- sub

shell lines for most transitions of interest in the gold region . 
. . 

C. Experimental Results 

1. 

The decay of l99Pt to levels in 199Au was first examined by Le-Blanc, 
. 71 

Cork and Burson. · 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 Joshi, Thosar and Prasad72 was published that a level scheme which was 

systematically consistent with those of other odd-mass gold isotopes was 

·presented. In this latter work;, both gamma-gamma ·and beta-gamma coincidence 

studies :were carried out and three ne~~ gamma rays added to the "scheme. From 

relati v~ beta branchings log ft values were deri v,ed and some .assignments of 

;. 

•. 
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~spin and parity w~re po~tulated for the gold.levels. The presence of two 
, .. 

ganuna ray's of approximately 320 keV as '<Tell as two of 475 keV in their postu-

lated scheme indicated that. a higher resolution study of this decay would' 

be of value. . . 

. In the neutron irradiation of enriched 198Ft both 199~t(t1/ 2 = 15 

sec) and .199Ft( t 1 ; 2 = 31 min) are produced. The other impurities formed, 
. ~7 ~ l~ 

namely Ft, l9....- Ft, and ~t, are fairly long lived, and therefore short 

irradiation periods (30 min-1 hr) are utilized to reduce their production. 

For this reason the main peaks: not from 199Ft, which will appear in the 

gamma-ray spectrum are those arising from the decay of the daughter of 199Pt 1 . 

199 . 199 . 
- Au .. The decay of . Au 1s well known and exhibHs gamma rays of 49;7,· 

158.3, and 208.0 keV, decaying wi"th a half life of 3.1 days. 
2 

. Preliminary studies using a Ge(Li) detector of dimensions 2 em x 5 mm 

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

· rays from l99Ft decay. These studies determined ganuna rays of approximately 

185.6, 218.7,. 22).8, 240.0, 21+6.5, 317.1, 323.7, 417.5, 425.0, 466.5, 474.5, 

.493.5 1 505, 542.5, 714.8, 791.~} and 967.0 ks:V >-rhich decayed with a 

hglf life of roughly 30 minutes. The intermediate-energy region of our gam

ma . ray ·spectrum is shown in Fig. 23; Since these spectra vrere taken 

primarily for the purpose of half-life determination, neither the statistics 

nor the amplification gain was optimum for energy measurements, and for this 
. , 

reason the above 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, vre received a 

preprint of the extensive work being done by Black on this .decay._?3 Using 

both G~(Li) and Si(Li) detectors as well as Nai(Tl) detectors, permanent

magnet spectrographs, and ~-~ and ~-~ coincidence techniques, he was able 

to formulate a decay scheme which vas considerably more detailed than that 

proposed •by Joshi et al. The scheme postulated by Black is sh01m in Fig. 24. 
. l9Q . 

A close·examination of the proposed 'Au level scheme from Ref. 73 

discloses twodoublets at 541 and 789 keV with separation energies 2.5 keV 

in each case. Both of the lower levels of these doublets have their energies 
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77.1b 

185.6 

218.7 
225.8. 

240.0 

246.5 

317.1 

323.7 
4:17.5 
425.0 
lJ-66. 5 

. iJ-74. 5 

493.5 
505.0 
542.5 
714.8 
791.5. 

. 967.0 

-57- . 

Table II. ·Photons· from l99Pt decay . 

Relative intensity 

9.7±0.9 
l. 3±0~ 2. 

0.3±0.1 

l. 3±0. 2 

1.0. 2±0. 5 

30. 7±1. 5 ·. 
l. 9±0. 3 
2.2±0.2 

0.9±0.2 
14.0±0.6 

7.7±0.5 
37.1±1.6 
0.7±0.2 

100.0 
12.2±0.5 

5.8±0.7 
6 .. 3±0. 8 

Energies are accurate to within 0.3 keV for the most intense.transi-
tions and to within 1 keV for the vleakest transitions. 

b 
Mixed with AuK

13 
x rays. 
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. .. determined by swnrning gamma-ray energi.es upon .the energy of the first ex-

. cited state at 74-,6 keV. · It is quite 1.nteresti.ng to. note the effect of a 

2.5-keV error in the measurement of 74.6-keV transition. If.the energy of 

the first excited state was Tf .1 keV, from energy considerations. the 219-

keV transition would be assigned as dep0pulating the level at 51+2.8 keV 

· · along 1vith the 226- and 543-keV transitions) and 'the 4-67- and 715-keV transi

tions would depopulate the level at 790.6 keV along with the 474- and 791-

keV transitions. Along with these changes) the transitions we have observed 

at 2!~0.0 and 323.7 keV would be i.nterpreted as transitions from the second 

to the first excited and third excited to ground states respectively. These 

transitions were not observed by Black d.ue to the fact tha.t the resolution 

of his Ge(Li) detector was poore'r than that utilized :i.n our experiments. 

The energy of the transition reported by Black at 74.6 keV was deter

mined in hlgh 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
1 

and. LIII lines of a transition at 74-.'6 .keV. As will be 

discussed later, the transitioq from the first exci~ed states should be of 

mixed MI + E2 nature. Such a transit1.on would be expected to have an intense 

L1 Hne with considerably weaker LII and LIII Unes. The LII line. should be 

stronger than the LIII. The observation of only the tvro lines seems to in

dlcate that their assignment 1.s "Ln error. If 1-re assume that the line at 

62.70 l~eV 1.s. the LI l:i.ne of the transit ion depopulating the first excited 

state) the en_;;rgy of this transition ts then determined to be 77.05 keV. 

Since this energy agrees so well with the 317.1-240.0 an.d 323.7-246.5 gamma

ray energy differences, we must assume that Black's initialassignments are 

(in this case) in error. We can, however, offer no assignment for the con

version line observed. by Black at 60.26 keV. 

The fact that the !~93. 5-keV transition is not observed in any of the 

coincidence .work done by Black indicates that it is either an isomeric 

transition or is directly fed by an isomeric transition. The appearance of 

conversion electrons from a transiti.on 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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:·the gamma-ray spectrwn led us to tentatively assign this as the isomeric 
. . . . 

transition in question.· If we then asswne the 493.5-keV transition goes 

directly to ground, the isomeric state is positioned at 548.5 keV. · The 

isomerlc levels found in the other odd-mass golds have spin and parity of 
. . 199 . 

ll/2-. If this holds true for. the case· of Au, i-re expect little popu-

lation of this level from direct ~- decay of 199Ft (I = l/2- ~r 5/2-) .. 

Since the intensity of the gamma ray depopulating the level at 493.5 keV 

. is fairly large, we expect this level to be populated (through the ,54. 9-

keV transition) by a fairly strong transition to the isomeric level. The 

185~6-keV fits quite well, both in/terms of energy and intensity, as the 

transition from a level at 734.3 keV to the isomeric state. 

In Fig. 25 we sho;-r our m~dified level scheme for 199 Au. We have 

included (with the-exception of the 54.9-keV transition) only those transi

tions observed in our work. The 467.9-keV transition depopulating the 

level at 791.6 keV and the 465.4-keV transition from the level at 542.5 

keV are included due to the obvious unusual width of the gamma ray at 466.5 

keV. It would appear that this peak is composed of two ganllia rays of the· 

above energies and approximately equal intensities. 

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

gold isotopes is the examination of those levels which may correspond to the 

"core-excitation 11 quadruplet proposed by de-Shalit and discussed in Section 

. III-A of this thesis. As will .be seen in study of the other golds, 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 isomeric 

(ll/2-) level around 400 keV, and a level of spin and parity 7/2+lying 

·directly above this·. A very similar pattern again seems to be present in 

l99Au. According to our proposed level scheme we find a level at 77 keV, · 

two closely'spaceQ levels at 317 and 324 keV, a proposed isomeric state' at 

549 keV,. and a nwnber of levels which might correspond to the 7/2+ level 

of interest . 

.. 
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Fig,' 25.. . Level scheme of 1.99 Au proposed from this v/ork. 
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Due to the great similarity of. the level structuring :for the odd

mass gold isotopes 1 it is possible to tentatively assign spin and parity 

values to some of the levels in 199Au. The analogies referred to in this 

section will become apparent later \-Then vre discuss the moreneutron de

ficient golds. 

The spin of the ground state of 

l97Au 1 has been experimentally shown to 

199 . . 191. 
Au 1 as ;.rell as those of Au-

be 3/2. 74 ~ 75 ~ 76 The parities of· 

the ground states have also been sho;.m to be positive. The first excited 

state (lying bet\ieen 35 arid ~0 ke1 :!:'or the other odd-mass golds) by analogy 

can be assigned a spin and parity of l/2+ 1 and this value se.ems corroborated 

by the log ft value of > 8. 4 derived fr:)m the data of Joshi et al. (assuming 

for 199Ft I == 5/2-) f~~· the decay of 199Ft to this level. The two close-.,. 
lying levels at 317 and 324 keV appear to correspond to the 3/2+ - 5/2+ pair 

which appear between 200 and 280 keV for 193Au - 197Au. As will be seen 
. ·. ~3 ~7 . 

later 1 the 3/2+ level (lying lower tn ene:gy for ', Au - Au) seems to be 

tending to approach more closely in energy to the 5/2+ level as the neutron 

number increases. The questio~ then arises as to whether the two levels 

have crossed by the time wereach mass 199. As will be.seen in the odd-mass 

golds) the transitions from these levels follow a definite pattern. The 

3/2+ level in the other cases is seen to decay by a strong transition to 

.the l/2+ level 1 and a weak transition to ground. · For the 5/2+ level the 

situation is reversed 1 with the strong transition going to ground and the 

weak one going to the l/2+. If we assume the analogy to hold for the 

transition strengths in this case 1 it would appear that the level at 317 

keV with its strong transition to ground and weak transition to ~he l/2+ 

level can be assigned a spin of 5/2 1 and that at 324 keV (weak transition 

to ground·and strong transition to l/2+ level) can be assigned a spin and 

.parity of 3/2+. This is 1 of course 1 an important observation since it in

dicates a" crossing of the 3/2+ and 5/2+ levels . 

;. •. 
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We have tentatively assignedan isomeric level at 5Lt.8.5 keV. This 

· should,.;correspond to the 11/2~ isomeric state found in the other odd-mass·. 

gold isotopes. As ~orill be seen in the qther g0ld isotopes, the strong 

transHion (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 

analogy we ~orould predict the 185.6-keV t:ransition to be E2 anci the level 

at 731L 3 k.eV to be 7/2- (and thus ~orould expect thi.s level to receive consi-

. derable population from the. 13- decay of 199Pt). The decay of the isomeric· 

state usually proceeds through an: E3 transition to a level of spin and parity 

. 5/2+. In the case of 199Au,. hoveverJ the situation· is not clear. ·If the 

54.9-r~eV transtti.on vras E3 in character (t
1

/ 2 ~ ·10-l secL 1-re would expect 

to observe transition~ from the L~93.6-keV level (for this case I = 5/2) to. 
. ! ~· 

levels of spin l/2, 3/2, and 5/2. We have not observed transitions vrhich 

would correspond to these. If the transi tj_ori from the i.someric state was 

M2 j_n character ( t
1
; 2 """ 10-5 sec), the 493. 6-keV level wou.ld be assigned as 

·7/2+ and decay primarily (as is seen in 197 Au coulomb excitation vrork.) to 

ground. The posiUo~ of the 7/2+ vroulcl then be generally what we expect 

from analogy to the other golds. F.or. this reason we have given a very ten

tative assignment of 7/2+ to the level at Lt-9).6-keV. The measurement 9f 

.the half life of the.548.5-keV level should permit differentiation between 

E3 and tv!2 character for the 5L~. 9-keV transition as should L- subshell measure-_. 

ments. 

Since the transiUons from the levels at 542.5 and 791.6 keV populat"e 

the four lm-r-lying levels J we expect their spl.ns and parities to be either 

3/2 or 5/2+. 'J~he measurement of the multipolarities of the 465.4- and 

714.5-keV transitions would allow differentiation between the two possible 

values. 

While the above assignments a.re qui-~e tentative} it seems qui,.te 

likely} clue to the very regular changes observed as one examines heavier 

. odd-mass gold isotopes} that they are correct! Certainly more work is neces~ 

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

study) due to the fairly short half life. of 199Pt. Proximl.ty to a reactor 

.. 11 1 l] t l f th 15 . 199~t . . f. th 13/2+ Wl a so a .. ow s uc y o e . -sec 1somer .t' ar1s1ng rom . e . ex-

. cited state. 

•. 
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Very recent measurements by K. G. Pras.ad, R .. P. Sharma, and B. V. 

Thosar .,(Phys. Rev. 149, 980 (l966))have confirmed .. many of our assignments:, 
{ -- • • • I 

They found the multipolarities of the 542.5-, 317.1-, 246.5-, and 185.6-

keV transitions to be.Ml + E2, Ml + E2, M;L + E2 and E2 respectively. These 

yield spin_s and pari ties for the levels. from which they originate Hhich 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 493·5-keV transition. Since the conversion lines 

from the 542.5-keV transitio~ are quite strong, it would seem that the 

493.5-keV transition has a low ·conversion coefficient and probable E2 

character, thus giving tentative•agreement 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, 247, 320, 420, and 470 keV. 

They also assignedthe gamma-ray observed at 191 keV to the decay of l99Pt. 

This is in direct disagreement with our half-life measurements which show 

this line decaying with the half life of l97Pt. 

2. ,197Au 

The low-lying levels of l97Au have been studied through the decays 

of 18-h 197Ft and 97-min 197~tJ7,78,79,80 65-h l97Hg and 24-h ~97Hg,8l,82,83 

as well as by Coulomb excitation and inelastic neutron scattering on 

·l97Au. 84, 85, 86, 87 The low lying levels and their interpretation in terms 

of the "core excitation" model of de-Shalit 56 are shown in Fig. 21. 
. ' 88 

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

points of contention with regard to the 197Au excited states. In particul~r,
the spin assignment for the 197Au excited level at 268 keV was not definite. 

This was due to the great variation in the experimentally measured values 

. for the ICC of the 191-keV transition-which connects the level at 268 keV 

with the l/2 + leVel at 77 keV. Various measurements had 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 
. ' 
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. ·, :' 
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. excita.t·ion model.· Another important series of observations that had not 
· . so 

. been st.tbstantiated was the work by Griesacker a.nd Roy on the decay of 
. ' i97 ' 197 

both · Ft and .. ~t. Their results~ gai.ned by beca-gamma and gamma-

gamma coinc1.dence techntques, suggested. a more complicated level scheme for 

l97Au than had been pr<;viously accepte~, including a new level at 155 keV. 

,(a) l97Ft a,nd 197mFt dec~y. ·The half-lives of the various gamma 

rays observed :ln the decay of the Pt fraction of the neutron-irradiated en-
196 . 

richecl Ft source were measured to determ1ne 1-1'hether they arise from the 

decay of l97Ft or l9?~t. In Figs. 26(a) and 26(b) vre show thts spectrum 

taken at 3h and l2h after irradtatton respectively. From these and similar 

spectra it was found that the 279- and 346-keV photons arise from the decay 

of 197~t, and the 77-J 191-, 265-lceV photons, from 197Ft decay, Hith no 

evidence of compound decay. 

It is also seen from the~e spectra that the 155- and 202- k~V transi. 

tions observed by Griesacker and Roy a;re not present _w:i.th the intensities 

quoted by these authors. The 202-keV photon, which is observed in our early 

spectrum. is much weaker than. the 279-keV garruna-ray. This is an oppos:l t~on 

to the results of Griesacker and Roy, where the 202 is reported to be stronger 

than the 279-lteV photon.. It is qu:Lte probable that the 155- and 202-keV 

photons observed by Gri.esacker and Roy are in reality due to the 158- and 

208-l~:.eV transitions from the decay of 199Au, which would have been formed 

from the decay of 199Ft, si.nce a radio-chemical separation was not under

taken in their experiment. 
' 197 197m_ 

Table III summarizes our gamma--ray data f8r Pt and .l:'t. In 

this table we also include the 52. 95Mk.eV E2 transition found by Sehgal and 
89 197in... 197 Emery from the· decay of .l:'t to levels i.n Pt. The photons from this 

transition are not observed in our spectra due to its large conversion co

efficient (e/~ ~ 100). 
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Table n:t:. Photons from 197Ft and l97~t decay. -

Energy (keV) · 

77 

191.4 

268 

279 (not seen) 

1971T}>t . 
/ 

52.95 

(130)b 

202 

279 

46' 3 

a 

· .. ' 

Relative intensity 

330±30 

100 

7±1 

< 0.2 

<l 

21±2 

100 

a 88 
\. L subshell conversion electrons observed by Sehgal and Emery, .. 

. · bE3 transition photons not ·obs~rved due to large conversion ~oefficient. 
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(b) 197· · '197m 
. Hg and Hg. 'r~1e ha1f-li ves of the photons obse;rved. :('r::;m 

the de9ay of' the purified. Hg fraction of the Au+d'bombarchnent were measured· 
lQ7 

from a series of timed. gam<1la,-ra.y sper;tra: In Fig. 27 -.,re show the ·. / Hg + 

l97mHg garruna-ray spectrurn. From this and similar spectra it was determined 

that the 191- and 268-keV photons decay-with the half-life (66-h) indicative 

of l97 Hg, 1-rhile the 1.)1+-, 164-, 202-; and 279-keV photons decay \-T:i. th the 
· .. · 197m 
22-,h half-ll.fe of Hg. None of these photons exhibited. compound decay. 

The 263-keV phot~n observed in 
195 . 

· Hg. In 'I'able IV ·we present 

·197mHg. 

Fig. 27 can be assigned to the decay of 
lQ5 

a summary of the ga,.1Ulla-ray data for ~ Hg and 

From our studies, the 268-keV garnrn.a has been observed from the decay 
197 ' of 66-h Hg, as well as the wea~<:. 202-keV transition from the decay of 22-h 

197m... 'i' 
lig. Neither of these gammas had previously been reported. 

(c) Conversion coefficient of the 191-keV transition. As ·we men-

. tioned previously, the assignment of the multipolarity of the 191-keV transi

tion is particuiarly important in order to establish the spin and parity of 

the. level of. 197Au at 268 keV. The previous measurements of the !<-ICC had 

varied widely as is shown in Table V. For a transition of this energy in . 

· gold, the theoretical K conversion coeffi.cients- of Sli v115 are 0:95 for an 

Ml transi.tion and 0.185 for an E2 transition. Thus, a measured K-ICC of .. _ 

greater than 0.95 t·Till indicate an Ml + EO admixed transition from the 77-
keV 1/2+ level to· the 268-keV level, and. an assignment of l/2+ to .the 268-

keV level. If the measured 'talue \.ras less than 0. 95, an· Ml + E2 transi.

tion a!].d. spin assignment 9f ·3/2+ are indicated. 

The measurement of the K-ICC of'the 191-keV transition was made 

utiltzing the· conversion cqefficient spectrometer descri.bed in Section II 

of this thesis. The approprtate secti.ons of our l97+l9?~t electron and 

gamma spectra are shown 1.n Figs. ~8(a) and. ~B(b). E'rom. the areas and 

efficiencies of the electr.on and gamma-ray fuJ~l-energy peaks we determined . 

that the experimental K-ICC was 0. 69 ± 0.07 1-1hich, Hhen compared to the 

.. values of SJ.,iv, indicated an Ml + E2 a.dmixed transition Hith 5
2 = ~.52± 

0.20, The K/L ratio, whi.ch ¥laS rr.eas.ured simultaneousl.y; gave a value of 

.. ... 
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.Table IV. Photonf) from l97Hgand l97mHg decay. 

Energy (keV) 

197 ' 
Hg 77· 

191 

268 

279 (not seen) 

197~g 134 

165 

202 

279 

Relative intensity 

---~----------,------

100 

7.6±0.7 
~< 2 

100 

0.95±0.1 

0.23±0.03 

15.7 ±l 

.• 

.. 

'' 

,· 



Table V. Reported values of the K conversion coefficient and K/L 
ratio of the 191-keV transition in.197Au. 

a 
k 

~1. 7 

0.90±0.10 

2.5 

2.0'.±0.5 

0.65±0.15 

l. 59±0.07 

0.77±0.2 

0.93±0.2 

0.69±0.07 . 

K/L 

6. ±0.5 

.. 
6 

5.5±0.3 

5.9±0.2 

5.2±0.6 

Ref. 

a 

b 

d 

e 

f,g 

h 

h' 

i 

j 

k 

present work 

a . / 
0. Huber, F. Humbel, H. Schneider, A. de-Sha1it,_ and W. Zlinti, He1v. 

Phys;~ Acta 24, 127 (1951). 

bR. Joly, J. Brunner, J. Halter, and 0. Huber, He.lv. Phys. Acta .. 28, 
14-03 (1955). 

·c 
V. R. Potnis, C. E. Mandeville, and J. S. Burlew, Phys. Rev. 101, 753 

(1956). 
d . . 
. M. C. J~shi and B. C •. Thosar, Proc. Int. Conf. Nuclear Structure, 
'Kingston, ed. by D. A. Bromley and E. V. Vogt, (University of Toronto 
·Press, 1960) p. 623. 

eL. Feuvrais, Ann. Phys. 2, 181 (1960). 

fv ... R.· Potnis, E. B. Nieschmidt, C. E. Mandeville, L. D. Ellsworth, and 
D. D.~ Borne meier 1 Phys. Rev. 1.,~, B919 (1964). 
g .. 

D. D.. Borneme~er, (Ph.D. Thesis), Kansas State University, 1965, 
unpublished. 
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Table V. Continued. · . 

h 
. . 

R. G. Helmer and L. D. Mcissac, Phys. Rev. 137, B223 (1965). 

1J. M. Cork, J. M. LeBlanc, F. B. Stumpf, and W. H. Nester, Phys. Rev. 
§~, 415 (1952). . 

·, 

· jA. A. Bartlett and C. J, Herrlande:r, Research Institute for Physics, 
Stockholm, Annual Report, (1964) p. 28. 

k , M. Gasser, 0. Huber, and 1. Schellenberg, Nucl. Phys .. 80, 65 (1966) • 
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~- 5.2 ± 0.6 and when compared to theory indicated an Ml + E2 transition with 
. 2 
. 5 -. 0 .. 19 ± 0.16. 

To check our method, we also measured the K-ICC of the 346-keV 

transition, in 197Pt, which had previously been assigned an·_ M4 multipolarity. 

· Our experimental values:, ~ = 3. 9 ± 0. 4. and K/L = l. 8 ± 0. 2, clearly esta

blish the multipolar.ity as M4 when compared to the theoretical values of 

~K (M4) = 4.2, K/L = 1.75. 

(d) Additional features of the decay scheme. From our observed 

gamma ray intensities and either measured or estimat~d conversion coefficients, 

it was possible to assign log ft values to the various 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 previously been in doubt. 

The reported observation 77 of a vreak 279-keV p-hoton from l97Pt decay and its 

interpretation as ar~sing from a weak beta branch of 197Pt to the 279-keV 

(5/2+) level of 197Au had led to a 3/2+ assignment for the l9TPt ground state. 

It is seen from our data that this observed transition is actually the 268-

keV gamma ray. It is possible to set a quite small upper limit for the in

tensity of the 279-keV photon ~rom 197Pt decay using our gamma-ray _half-

life data. This upper limit leads· to_.an upper limit.'Of 0_.013% ,for. the beta 

brandiing to the 279-keV level. This corresponds to a log ft value 9f _ 9. 7 .. and 

allows an interpretation of the beta branch as being of the ".6I = 2, yes" 

type, yielding a spin assigM1ent of l/2- for the l97Pt ground state (as is 

observed for 197Hg). 

Our data ar~ summarized in the decay, scheme for these isomers shown 

- in Fig·. 29, Not shown. is· the 7/2+ level of 197Au at 548 keV, -"which has .been 

· observed in coulomb excitation studies85 and decays to gr:mnd (E-y = 548 keV) 

and to the 5/2+ level at 279 keV (E-y ~ 269 keY). 
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195m.. 0' . _,The early work on the electron.;.capture decay of both 40-h . li0 

195 19~ '· 90 · and. 9. 5-h Hg to levels in · 'Au 1-.'as undertaken by Moon and Thompson 
' - 91 

and Gillon et al. The latter Has the more extensive work, examining 

the conversion-electron spectrwn beloH ~00 keV in detail using a permanent 

magnet spec.torgraph. From this study, Gillon et al. were able to formulate 

a simple level scheme for the very loH lying levels in 19\u. Following 

these early studies, Brunner, Halter and c~-HorkersB3,92 ,93,94,95,96 pub,· 

lished an extensive series of articles covering their work on the decay of 

the l95Hg isomers. In· their study, Brunner et al. utilized a Nai(Tl) 

spectrometer, permanent-magnet spectrographs, a double-focussing electron. 

spectrometer, and a 13-'Y coincidertce arrangement incorporating a "lens" 

spectrometer for high efficiency observation of the conversion-electron 

spectrum. They were able to position some 25 transitions unambiguously in 

a level scheme for 195Au. Using K/L ratios and some absolute conversion

electron-to-gamma-ray measurements they were able to assign multipolarities 

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

In our study, He produ~ed 195~g, and 195Hg by the bombardments of 

l97Au ·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 
19"' .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 (40h) than that of 

the ground state (9.5h), the photons arising from the ground state decay 

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

capt':ll"e of the isomeric state Hill shovr a simple decay with a 40-h half life. 
96 From transitions knovrn to be populated only from ground-state decay we 

determined the shape of the decay function. The shape of this ftmction is 

identi~al'to that generated under the assunwtion that the isomeric state of 

l95Hg· is produced-with a cross section vrhich is a factor of two greater 

than that for the ground state. This finding is in accord 11i th the ;results 

obtained'by Kaufman97 for the production of 195Hg isomers from the bombard-

• 
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.. ment of gold with 2.8-GeV protons, ~·Yhere he finds o(13/2+)/a(lj2:..) = 2.4 ± 

0.5. These values are in contrast to the low-energy .case, where the isomeric 

ratio for 197Hg produced by the (p,n) reaction on gold was found to be 0.23-
·161 . 

0.36 at energies of 7. 3-10. 4 MeV. · Thus, at low energies it seems :that 

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

the predominance of compound !1uclei formed with low angular momentum (target 

spin 197Au is 3/2 L while at higher energies both protons and deuterons 

bring. in large amounts of angular momentumvia the high- l partial waves 

that become important for higher energy reactions. 

The.decay curve for those transitions knoWn to arise from mercury 

ground state decay was then used to determine the origin of many new lines 

found in the high-resolution g~~~-ray spectrum observed using a Ge(Li) 

detector. A nwnber of transitions observed were too weak to permit half

life determination and thus their final positioning iil. the decay scheme is 

solely from energy considerations. In Figs. 30, 31, and 32 we show the· 

gamma-ray and conversion-electron spectra observed with moderate resolution 

Ge(Li) and Si(Li) detectors in_the energy region 100- 1300 keV. Portions 

of the gamma-ray spectrum taken vrith 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 195~g is shown in Table VI. The 

relative intensity values listed in Table,YI are the average values obtained 

from many runs using a number of different detectors. 

Using the relative intensities of those gamn~ rays listed in Table 

VI along with that of the 37.1-keV Ml transition in 195Hg (through,.which 

100% of the isomeric decays in 195Hg must pass) and either measured or 

assumed ICC, it was possible to determine relative electron-capture proba-
. l9h l9h 

bilties for both .A
1
lrg and "'Hg C:ecay .. Front these branching percentages, 

it was possible, after correction for the K/L capture ratio, to determine 

log ft values for the vari.ous decays. Both the K/L capture correction 
162 

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

culations. 
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(a) 195H g + 195mH9 gamma spectrum 
Ge (Li l detector 
(6cm2 x 7mm deep) 

1112;ev 
1173 keV 

1173k_eV 

(b) 

195 Hg +195 mHg electron 
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(0.8cm2 x 3mm deep) 
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Fig. 32. Partial gamma-ray and electron spectrum from the decay.l95Hg 
and, l95mHg taken simultaneously in the co:wersion-coefficient spec

. trometer·. 
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Fi~. 33. Low-energy gamma-ray spectrum of l95Hg and 
· recorded with high-:- resolution C-€ (Li) detector. 
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Fig. 34. Ga:nma-ray spectrum of 195Hg and 195~ sample in the region 
160-210 keV recorded with high-resolution Ge(Li) detector. 
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Fig. 36~ Gamma-ray spectrum of l95Hg and l95~g 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 ga~ar:1a rays. A similar peak 
arising from. the 1173. 2-keV ga:~h":la ray is obscured by the 962. 9-keV 
gamma ray. 
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Table VI. Photons from 195Hg and l95mHg decay. .. 

Energy ( ) ' keV, Parent Level (keV) Relative Intensity .• -

195Hg (56.7)a 318.2 

61. 5±0. 2 61.5. 366 ±20 .. 
. 180. 2±0. 2 241.6 99 ± 6' 

200.4±0. 2. . 261.7 2.1 ± 0.2 

207.1±0.2 525.4 94 ± 7 

241. 4±0. 4 24l.p 5.2 ± 0.6 

261. 6±0. 2 261.7 9t~ ± 7 

318.1±0.4- 318.2 0.1 ± 0.02 

58t~. 5±0. 2 i109.9 118 ± 7 

599.0±0.2 840.7 100+ 

779. t~±O. 2 840.7 403 ±20 

821. 2±0. 3 1083.7 17.9 ± 0.8 

841. 4±0. 3 1083.7 35.5 ±. 1.6 

911. 5±0. 5 1173.3 5.2 ± 0.3 

931. 8±0. 3 1173·3 28.6 ± l. 3 

990. 2±0. 6 . 1251.5 0.8 ± 0.2 

1010.0±0.7 1251. 5 0.9 ± 0.3 

.. 1022.8±0.4 1083.7 8.0 ± 0.4 

io84.o±o.6 1083.7 3.4 ± 0.2 

1112.1±0.4 1173.3 78 ± 4 

1173.2±0.3 1173·3 ' 72 ± 4· 

1189. 9±0. 5 . 1251. 5 0.9 ± 0.1 

. 1251.1'±0. 5 1251.5 0.8 ± 0.1 

195l!Jrg 37.4±0.2 
b' 

24.7 ± 1.4. 

(56.7) 8 318.2 

61. 5±0. 2 61.5 5.8 ± 0.6 

172.2±0.3 877.9 0.55± 0.06 

;; continued 
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. . . ; .. 

.... ', 
·. Energy (keV) 

200. 4-±0. 2. 
·•· 207.1±0.2 

255.3±0.5 

261.6±0.2 

318.1±0.4 

368,.1±0.2 

386.5 
! 

.. • 387.4±0.2 

451. 7±0. 3 

4-66. 9±0. 3 

517.9±0.4 

' 525. 4±0 .. 2 

542. 3±0,'5 

549.1±0.5 
. •· 559.8±0.2 ' 

575.2±0.l+ 

679.9±0.3 

697.2±0:3 

754.2±0.4 

764.8±0.7 

773.7±0.7 

8)3.3±0.3 

962.9±0.3 

1085.3±0.5 

'•' .. 124l.O±O.j 

" .. 

Unassigned,garnma c rays. 
·' 337.4±0.4 

' 
,4~8.6±0. 4 

.,. 

. ' 

. · •. ,; . .. 

~ ... ,.•. 

,' ···:";· 

.. .. .. ' . 

'· · .... 
. ..... 

. .... , 

. .. : . ·. -89..:· ... 
< .. • 

Table VI. Continued . 

Parent Level (keV) 

261;7 

525. 4,. 

517.4 

261.7 
.318.2. 

'893.4 

1280. !~ 

705.8 

1345.0 

1345.0 

517.4 
.1403.1 

1067.1 . 

1067.1 

877.9 . 

893.4 ' 

1558.7 
140},1 I 

1280.4 

1280.4. 

. 1290.7 

1558.7 

'1280.4. 

'1403.1 

1558.7-

'· 

•, ... ·· 

. i: . 

· .. ·, 

.·- ... 

Relative .Intensity 

9·9 ± 0.6 
10.0 ± 0.6 .· 

3.5 ± l.O 

430 ±2_5 
... 0.24± 0.03 

4-.6 ± 0.3 

2.8 ± 0;2 

3.8 ± 0.3 

0.49± 0.07 

7.2 ± 0.5 

o. 28± o. ol~ 
. '· o. 71± 0.12• · .. + . 

·100 . 

3·7 ± 0.2 

' 3· 4 ± o. 2 

1.1 ± 0.1 

1.0 ± 0.08. 

0.3 ± 0.1 

. o. 29± o. 09 . 

'·4.0 ± 0.3 

. 3· 0 ± o. 2 

.. 0.65± 0.05 .· 

·8.2'± 0.5 

·, '·.· 

·, .. '" ·'' continued 
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Energy (keV) 

4 39· 6±0. 4. 

441. 3±0. 6 

553.6±0. 7 

578.2±0.6 

664". 7±0.4 

670.1±0.6 

692.3±0.5 

726.9±0.5 

748.6±0.5 

811. 2±0. 5 

845.8±0.7 

1286 ±1.0 

1352 :U. 5 

-90-

Table VI. Continued. 

Parent Level (keV) Relative Intensity 

+Normalized to 100 units for e·ach isomer separately. 

a Photons of E3 transition not observed due to large ICC. 

bTransition in l95Hg. 

CAll unassigned lines have intensities less than 5% of that Of the 
599.0-keV transition. 
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. The measurement of· the K-ICC of a number of transitions wa.s t:r:.deJ::'-
' . 

taken ~sing the conversion-coefficient spectrometer described .in Sectio:1 . 

. rr of this thesis, The measured conversion coefficients are tabulated in 

Table VII ancl surmnar).zed graphically in Fig. 38. 

The d.ecay scheme of 
195

rrg ar.d 
1951~g as developed fr-orr. the woi·:<:. of 

a"" 
Brunner et aL, '"'

0 
and modified by the present work j_s shown· ir:. FJ.g. ::•9, · :n 

the follovring discussion we shall describe our interpretation of t:1e spins 

and parities for the various observed levels shown in Fig. 39. 
. . 1°5 . 

(a) Ground state. The ground-state spin of /.Au, as vrell as the 

· spins of the other odd-mass gold isotopes mentioned J.h this vork, has been 

experimentally meA.sured to be 3/2. · The level has been assigned positive 

parity according to the interpretation of it arisb.g from a hole state in 

the d
3

/
2 

shell-model proton orbital. 

(b) 61.5-keV level. The Ml + E2 nature of the 61.5-keV transition 

was determined by J"oly et al. 83 from its L-subshell ratio. The corre:=;ponding 

transition in 197Au (77-keV) han been shown to originate from a level of spin 

1/2 (corroborated by Mb'ssbauer measurements). . In 195Au 1 the E)-E2 transi-
. • ! 

tion sequency joining the 11/2: isomeric le'rel at 318 }{eV to the 6:L. 5:-keV 

level :!.ndicates a spin assignment for the latter level identical to ;l;;hr-:J.t 

in the 197Au case. 

(c) 241.6--keV level. The multipolarity of the 180-keV transition 

is the key to the spin assignment for this level. This case is ide~tical 
197 

to Au1 where the 191-keV transition multipolarity has been the deciding 

factor in a 3/2+ assign;nent for the 268-keV level. Joly et al. 
83 

have de

termined an Ml + E2 character for th,e 180-keV trans1.tion, vhich is in agree

ment with our findings (as ••ell as theirs) for the 197Au case} a~d. leads to 

a 3/2+ assignment for the 241. 6-keV level. 

. (d). 261. 7-keV level.· The E3 transition connecting -t:.his level to 

the 11/2- isomeric state is again sufficient to all.ov the assigrunent of 5/2+ 

for the spin and. parity. Thi.s assignment is supported by the HJ. -:- E2 transi..: 

tion to ground. 
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Table VII. Internal conversion coefficients of transitions 
from 195Hg and 195mng decay. 

K-ICC (exp) 'l'heory + Multi polarity Gamma-ray 
energy El. E2 Ml 
(keV) 

• 
261.6 2.4±0.3(-1) 3.16(-2) 9.0 (-2) 4-.0 (-1) Ml+E2 

368.1 . l. 5±0.2(-1) l. 38( -2) 3.95(~2) 1.60(-1) Ml(M1+E2) 

386.5 6. 9±1. 0( -2) .1.23(-2) 3.50(-2) 1.38(-:-1) Ml+E2 

387.11- E2 

467.2 8.3±1.2(-2) 8.10(-3) ·2.21(-2) 8.25(-2) Ml(IYU+E2) 

525.4 ·r:___4,0±0.6(-2) .. 6.50(-3) l. 75(-2) 6. 00( -2) Ml+E2 

559.8 3.3±0.4(-2). 5.55(~3) 1.49(-2) 5. 00( -2) Ml+E2 

575.2 3.1±0.5(-2) 5.30(-3) 1.41(-2) 4. 70(-2) Ml+E2 

584.5 8. 9±1.1 (-3) . 5.10(-3) 1.35(-2) 4.50(-2) E1 

599.0 2_.9±0.4(-2) 4.80(-3) 1~30(-2) 4.20(-2) Ml+E2 

679.9 2.3±0.3(-2) 3.75(-3) 9.80(-3) 3.07(-2) Ml+E2 

692.3 9. 5±1. 7(-3) 3. 6_1 (- 3) 9. 40(- 3) 2. 98( -2) E2(Ml+E2) 

697.2 l. 9±0. 3( -2) 3.58(-3) 9.22(-3) 2.89(-2) Ml+E2 

. 748.6 3·.1±0.5(-2) 3.10(-3). 7.90(-3) 2.45(-2) Ml 

779.4 1.5±0.2(-2) . 2. 88(- 3) 7.30(-3) 2.21(-2) Ml+E2 

821.2 1.2±0.2(-:2) 2.62(-3) 6.60(-3) 1.95(-2) Ml+E2 

841.4 7. 0±1. 0 ( - 3 ) 2.49(-3) 6.22(-3) l. 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) 4. 76(- 3) 1.25(-2) . Ml(Ml+E2) 

"1022.8. 1~.1~4±0. 7( -3) l. _78(- 3) 4.32(-3) 1.07(-2) E2 (IYU+E2) 

1112.1 5.7±0.7(-3) l. 50(-3) 3.60(-3) 8.50(-3) . Ivl.J. +E2 

1173.2 5.2±0.6(-3) 1.39(-3) 3.30(-3) 7. 50(- 3) Ml+E2 

.124-l. 0 4.0±0.6(-3) 1.25(-3) 2.'95(-3) 6. 40( -3) .· Ml+E2 

• + . 
Theoretical ICC taken from Sliv and Band. 
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(e) 318.2-ke-~..J.:eveL The 30-sec half-life of this level, along 

with the fi.rst-forbi.dden character· of the electron-capture decay +..o this 
1 9r:; ' .· . 

level from the 13/2+ :Lsomeric state in ..L ./Hg; the appearance of ll/2- :Levels 

as excited states ln many of the odd-proton nuclides, and the ~<1~- t:ransi ti.on 

to ground. serve to indicate a spin and. -parity of 11/2-- for thi.s leveL 

(f) 517 .1~-keV level. The transitions 1-re have i.nterpre·~ed. a.s d.e

populating th:s level lead to the 5/2+ level and the 3/2+ ground. state. A. 

very simi.la.r pattern is observed for the depopulation of the 7/2+ level 

( . 1 t '" . ; l b . t t. + d · ) . 197A ,., "'" th , .J.. • popu.~a e\.<. J.n COU Om ·excJ. a_-J.on SvU.leS 111 U .•• .1Ue vO. e "\-le8.!~ navure 

of the depopulating transitions it i.s very difficult to undertake either 

coincidence or i.nternaJ. conversion measurements; however J from our ~.nte:r-. . ~,..,,. 

• pretation the 517. 9-l{eV transition should be E2 character and the 25.5. 3 keV 

transition I'H or !Vll + 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 transit:l.on 

to the ll/2- isomeric state. The population of this level by the 584.5-keV 

El transition wh:l.ch decays from a state of fairly lm·r 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 "hy 

Brunner et al. 9b to be E2- character from L- subshell measurements. s::.nce 

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 and parity of 

15/2- is assigned to this level. 

(i) Sl+O. 7-~keV level. r.rhe 779.4- and 599.0-keV Ml + E2 transltl.ons 

depopulating thls level lead to state~ of spin' l/2 and 3/2. An indication 

was seen ln our spectra. of a garrrrna ray having an energy of approx:ima.tely 

579.5.:..keV whlch might correspond to the transition from this level to the 

· 5/2+ level at 2(51. 7 keV. 1iH1.ile these tran.sHions permit an assignm.er;.t of 

either l/2 or 3/2 for the spin of the 840.7-keV level,, the log :f.'t value for. 
19<; 

· electron capture from the l/2- ..-'Hg ground state seems· to indicate a first~ 

forbidden transition and a probable spin and parity of 3/2+ for the 840.7-

keV.level . 
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(j) 877. 9-keV level. 'l'he Hl + E2 character of the 559. 8-keV transi

tion connecting this level '1-rith the ll/2- isomeric state) and the 172. 2-keV 

transition to the 15/2- level suggest that the spin and parity of the 877.9-

keV,level either ll/2- or 13/2-. The absence of a photon corresponding to 

. the 352. 5-keV transition from this level to. the 7/2- level._at 525.4 keV 

tends to make an assignment of 13/2- somewhat more plausible. 

(k) 893. 4-keV level. Our determination of the Ml + E2 character 

of both the 575.2-keV and.368.l-keV transitions to the ll/2- and 7/2- levels 

respectively) yields an .as.signment of 9/2- for the 893. 4-keV level. 
. . ~ 

(1) 1067.1-keV le~el. .The 549.1- and 542.3-keV transitions to the 

7/2+ and 7/2- levels suggest that the 1067 .1-keV level has a spin and parity . . 

of 9/2+. The log ft value of 10.8 determined from the gamma-ray relative 

intensities is in agreement with an EC decay of the type "6I = 2) no". 

Since this electron capture. arises from the 13/2+ isomeric level of l9SHgJ 

this observation again indicates a spin and parity of 9/2+ for the 1067.1-

keV level. 

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

which go to ground (spin 3/2) and the first three excited states (spins l/2, 

3/2, and 5/2). Our measurement of the multipolarity of the 1022.8-keV 

transition indicates E2 character, thus allowing an .assignment of 5/2+ to 

the 1083.7 -keV level. However J 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 assigned as 3/2+. The log ft value 

·for 195Hg ground-state decay is such that neither assignment can be made 

vri th certaif!ty. 

(n) 1109.9-keV level. The work of Brunner et a1. 96 has established 

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

life measurements have shoWn. that the 584.5-keV gamma decays·with a period 
195 indicative of population from Hg ground state decay; and Icc· measurements 

have shown the 584.5-keV gamma to be El in character. Since the 525.4-keV 

level has been shown to be of spin 7/2) the El character of the 584. 5-l.-;eV 

. garmna leads to a5/2+ assignment for the 1109~9·-keV level. One iS forced 

to be quite skeptical of this assignment due to the seeming· very lmv log ft 

• 
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value observed for the electron capture decay from 
195

ng ground state to 

this leveL Another point against this assigmnent is the absence of ob- · 

served. transitions to any of the lmver-lying 3/2+; 5/2+, or 7/2+ levels. 

(o) 1173·3-keV level. We again have observed transitions to the 

lovr-lying 3/2+; l/2+, 3/2+ and 5/'?+ levels. The Ml + E2 nature of the 

1173.2-, .1112.1-, and the E2 character of the 931. 8-keV transition po:!..nt 

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 assigmr.ent 'of either 3/2+ or 5/2+ for · 

this level. The large log ft Value for the electron capture decay to this 

level from the 1/2- grolmd state 'of 195Hg suggests that a spin of 5/2 may 

be quite probable. 

(q) 1280.4-keV leveL We observe transitions from this level to 

lower-lying levels of spin 9/2-, 7/2-, and ll/2-. This indicates possible 

assignments of 9/2- or ll/2- for this state. While the Ml or Ml + E2 nature 

of the transit:Lons to the_9/2-.and 11/2- levels are consistant ·v.rith either 

of the above assignments, the multipolarity of the 754.2-keV transition to 

the 7/2- level at 525. 4-keV is needed to decide bet1veen the two possible 

spin assignments. 

(r) 1290.7-keV level. This 1evel seems analogous to the level at 

1067.1 keV. The two vreak transitions populating both the 7/2+ and 7/2-

levels ~t 5l7.4.and 525.4 keV as well as the characteristic log ft ve.lue in

dicate that this level may also be assigned a spin and parity of 9/2+, 

( s) 1345. 0-keV level. The tvro transitions depopulating this level . 

lead to levels .of spin 9/2- and ll/2-. Since· we were only able to measure 

the K-ICC of the lt.66.9-keV transiti.on leading to the (11/?.;13/2)- level 

(Ml or Ml ,.. E2 in character); we are unable to mak.e a definite spin assign

ment for. this level. The spins of 9/2, 11/2, or 13/2 with negat~.ve pc:-r:Lty 

are, possible for thts level vrith the latter tvro more probable as seen from 

the log ft value from 195Hg electron-capture decay . 

'• 

... 
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( t) 11~03 .1-keV level. Those transitions depopulating this level 

·lead to states of spin 11/2, 15/2, and either ll/2 or 13/2 (all vrith negative 

parity). The Ml + E2 character of the 697.2-keV transition to the 15/2-

level at 705.8 keV seems to indicate that 13/2- is the best assignment for 

this leveL 

(u) 1557.8-keV level. The decay pattern of this transition is 

quite sirnHar to that of. the last discussed level at 1L~03 .1 keV. In this 

case, hovever, it :i.s the multipolarity of the 853.3-keV transiti'::m to the 

15/2-. level at 705.8 keV which has not been measured. The log ft value ob-
' . . 195. 
served for electron capture from the 13/2+ level is Hg is .quite lm-r 

' . 195m. 
(lowest of all observed electron-capture decays from Hg), This lends 

great support for the assignment'of 13/2- as the spin and parity for the 

1557.8-keV level. 

4. 193Au 
__ .. 91. 92-96 

The early work by Gillon et al. and Brunner et al. served to 
193 193m.. 19" indicate hm-r very similar the clecays of Hg and .Hg 1.rerE! to the ,.;Hg 

· j.somers. These measurements u10ed double-focussing spectrometers to examine 

the conversion-electron spectra at high resolution. A high-resolution in~ 
193 strument is particularly necessary in the study of the Hg isomers due to 

the very complex spectrum arising both from the numerous transitions in the 

mercury 'decay and from the large rn:unber of transitions i.n the decay of the 

radioactive daughter 193 Au. 'rhe decay of 193 Au has been shovn by Evan98 to 

lead to some 25 transitions having energies bet1.reen 0 and 500-keV. The 1mrk 

by Brunner et ~l. 96 led to the establishment of s.ome 50 transitions in 
193 . . 

Au uith the observation of an additional 100 unassigned veak conversion 

electron lines. 

Vle have produced l93Hg and l93~g by the bombardment of gold foils 

With 50-lY!eV deuterons. The gamma-ray spectra vere taken vith a Ge(Li) de

tector of high resolution. A series of timed spectra vas taken in order to 

determine half lives for some of the photopeaks. Pairs of these spectra 

taken approximately 12 h apart are shovm in Figs. !~o and 41. These· cover 
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the energy region of 100-500 keV. Fr9m these ancl simi:J-ar spectra the half· 

life of 193~g vras determined to be approximately 11 h which is in good 
91 agreement with the val·ues determ{ned by both Gillon et a.l. and Brunner et · 

a1. 96 bur obs~r~ed half. liie for those transitions arising from 193Hg 

positron and electron-capture decay is 3 h which is a factor of two less than 

the value measured by Gillon et al. ( 6 h). ·This may vrell be the reason no 

conversion lines of energy > 500 keV could be assigned to l93Hg ground state 

decay by Brunner et a1. 96 In their st0diei all.measur~m~nts of conversion 

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

approximately 10 h after bombardJnent. Rec.ent measurements by Kaufman97 sup

port this shorter value for the half 'life of 193Hg .. ·· 
. ' ', . . . ~ 193 ' Our pnmary go?.l 1n ex;:tm1nlng the ganuna-ray spectrum or Hg ana 

l93~g was the measur~~~ent of the relative intensities for the gamma rays 

depopulating those low-lying levels \vhich might be interpretable as members 

of the "core multiplet". In Fig. 42 we show the low-lying levels.of 193Au 

as determined by Brunner et al. 96 The complete analogy to the levels of 

l95Au is quite obvious. We have utilized our gami1la-ray energy measurements 

to assign energies to those levels belm.; the 890-keV level. Our energy 

and intensity values for the transitions of interest below 800 keV are 

shown in Table VIII. 

Utilizing our garama-ray relative intensity values and tr.e relative 

conversion-electron intensity values from Brunner et al.J 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 Hg decay} we normalize 

the two sets of. data by means of the 407-keV E2 theoretical K-ICC. This 

transition has been shown l?Y Brunner et al. to have an E2 multipolarity 

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

R~nd decay (ll h + 3 h) ve normalize the intensity data from the int~nsi-
_ties of the 218 + 219.7 peaks. These have both been shovm 'to be of E2 

.character. The derived ICC are displayed in Table IX along vrith the assigned 

multipolarities. These multipolarities have been used.in the assignment 

of spins and parities to'the lov-lying lev~ls of 193Au as shown in Fig .. 42. 
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, Table VIIL 
- . 193 ' 193 ' 

Some photons fr·om · · Hg and ~g decay. 

Energy (keV) · 

38.2±0.3 

165.8±0.3 

186.8±0.2 

217.9±0.4 

219.5±0.4 

225.0±0.3 

257.9±0.2 

290.9±0.3 

381.8 

' ' 382. 6±0. 3 

407.9±0.2' 

573.6±0.3 

600.7±0.4 

Relative intensity 

2.31±0.15 

0.40±0.05 
a-. 

20, 5 ±1. 5 

17. 0. ±1. 2 

. 7.9 ±0.6 

1.0 ±0 .. 1' 

144 ±8 

4.8 ±0.3 

16.2 ±0.9 

•. 6o · .±3 

-100+ 

7.1 ±0.~~ 

+ . 
-· Normalized to 100 units. 

'. 

' ·.· 

aCorrected for contribution from l93Au ~ l93Pt 186.1-keV gamma ray. 

',· 

; .: . . ,·· 

'.·.·. . . . , . 
~ ': .. 

. . :. ·' 
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Table IX. Conversion coefficients of transitions observed in the 
decay of 193Hg + 193mHg. 

Energy 

217.9 
219.5 

257.9 
381.8 
382.6 

407.9 
573.6 
600.7 

K-ICC 

3. 76( -l) 

6.34(-2) 

3.0(-2;+ 
l. 4 ( -2) 

2.1 (-2) 

El E2 Ml 

L 36( -1) 

3.2 (-2) 9.0 (~2) . 4.19(-1) 

1.27(-2). 3.55(-2) 1.41(-l) 

3.0 (-2), 

5.45(-3) 1.39(-2) 5.08(-2) 
4.98(-3), 1.26(-2) 4.57(-2) 

+Determined to be E2 transitions by Brunner et al.96 

···1 

Multipo1arity 

E2 

E2 

Ml+E2 

Ml+E2 

E2 

. E2 (~~U+E2) . 

Ml+E2 
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. Of particular importance.in our measurements was the observation of 

the 224.9-keVgam;na-ray which may be interpreted as the transition.betveen 

the fi~st excited 3/2+ level at 225 keV and ground. Thus, for the transi

tions within the "core multiplet'' of 193Au; our work leaves still· either 

unobserved or uninterpreted the transitions from the 7/2+ level. A munber 

of possible pairs of transiti.ons which appeared as though they might popu

late beth the 225-l\:eV and ground states were examined, but none of the pairs 

differed by the proper energy. 

D. Comparison of Experiment and Theory 

l. Energy levels 

The corrcparison,, of experi~ent and theory is of prime importance in 
I 

judging the relative merits of those theoretical treatments suggested for 

the gold region. Perhaps the easiest comparison to be made is that between 

the theoretically predicted and experimentally observed ordering of the 

energy levels. The variation in energy of the experimentally observed low

lying levels of the odd-mass g9ld isotopes with. increasing neutron munber 

is shown in Fig. 43. The regularity of the level motion shown by these gold · 

isotopes is quite remarkable. Particular points to notice in this figure 

are the decreasing energy of the l/2+ level after the addition of the ll8th 

neutron, the crossing of the 3/2+ and 5/2+ levels at approximately the same 

nuetron number; and the decreasing energy of the 7/2+ level (if our inter

pretation is correct) again beyond 118 neutrons. 

The core excitation model of de-Shalit, 56 'while not capabie of a 

'detailed prediction of the gold excited levels, does predict the existence· 

of the low-lying 1/2, 3/2,.5/2, and 7/2 levels of positive parity arising 

from the coupl:l.ng of the odd. d
3
/ 2 proton to the 2+. exciteci. state of,the 

even-even core. These levels are observed in the odd-mass gold isotopes, 

but t~e interpretation of their arising from strict particle-core coupling 

is open to qu~stion. According to the core excitation model., the "center 

of gravity" of the multiplet should fall at an energy equal to that of the 

2+ excited state of the. nucleus corresponding to the even-even core. In the 
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Fig. 43. Variation of the energies low-lying levels of the odd-mass 
Au i.sotopes with changing neutron number. 
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.. case of the odd-mass gold isotopes, the even-even core has been asswned to 

be represented by the platinwn isotope having an equal nwnber of neutrons. 

;I:n Fig. 44 we show the trend of the multiplet center o.f gravity energy 

with increasing neutron nwnber. It is seen that while the center of gravity 

·.does follow the same trend as the 2+ level of the Pt. core for neutron 
. . 

nwnbers 116 and 118, it tends to decrease after 118 nuetrons (if our assign-

ment for the 7/2+ state in 199Au is correct) .. For all cases, h.ovrever, it is 

o9served that a vreak 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 note the near coincidence of 

the center of gravity for the multiplet in 199Au (again if our assignment 

of the 7/2+ level is c,'~rrect) mi:!h the anomalously .low 2+ level in 
200

Hg. 
:r! 

If the actual situation in the odd-mass gold nuclei is described 

well by the de-Shalit model, we would expect few major changes in the 

multiplet level structure with changing neutron nwnber. Those that would 

occur, shou_ld arise from ( l) variation of the energy required to excite the 

2+ core state, and (2) changes_in the contribution from admixed single 

particle states. These changes would be expected to be quite regular as 

th~ neutron number is varied. In Figs. 45 and 46 we show the low-lying 

levels of the odd-mass thallium and copper isotopes. 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 thalliwn isotopes have been describ

ed56 as arising from the coupling of the odd proton in the 3s
1

/
2 

single

particle o.rbi tal to a 2+ excited state of the even-even mercury core. Due 

to the presence of only two "core-excited" levels in this case, there are 

insufficient data to undertake an extensive treatment of the levels. How

ever, if the "core-excitation" model holds we would still expect some ad

mixtu~e o:f' d3/2 and ~5/2 to these levels, al'ld perhaps any distinctive pat

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 increase.s very 

smoothly 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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Low-tying levels of the odd-rnoss 8 ,TI isotopes 
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Fi·g. 45. Variation of the energies of the low-lying levels of the 
odd-mass Tl isotopes as a function of neutron number. 
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.. neutron numbers 118 and 120. This dip seems to correspond to a s.imilar re-
, 200 . 

ductiOl} in the energy of the 2+ excfted state of . Hg (having 118 neutrons). 

The low-.lying levels of the odd.-mass, Cu isotopes, discussed by Thankappan 

and True99 in terms of the coupling of a 2p
3
/ 2 proton to· the 2+ excited 

state of the even-even nickel core, are.shown in Fig. 46. While the 5/2-, 

7/2-, and 3/2- levels follow the same general pattern (minimum energy at 

34 neutrons and increasing valttes for either addition or subtraction of 

enutrons), the 1/2- level acts quite differently.. It has been shown by 
,' wo 3 . 
Blair through ( He,d) experiments, that the l/2- level has approximately 

70% p
1

/ 2 single-particle admixture. Since the otner states of the proposed 

'multiplet have been shown to have 4o% or less single-particle admixture, we 

might expect a fairly .:significan~ difference in the action of the l/2- level 
' .,,,' 

with increasing 'neutron number. 

The general energy trends of the odd-mass gold levels with changing 

.neutron number, then, seem to indicate significant admixtures of single 

particle levels to the wave functions for these states. The treatments of 

l~7Au by both de-Shalit
101 

and McKinley and Riilard59 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
3
/ 2 

single-particle admixture which gives the best fit to the·total data is 

approximately ~·-15%. It is difficult to believe that under the assumption 

of such a small amount of single-particle admixute, the addition or removal 

of two neutrons from the core •-rould cause the level changes shown in· Fig. 43. 

We must conclude that·although the model de-Shalit does indicate the 

importance of phonon-particle coupling in the odd-nia.ss g:;ld isotopes, it 

does not allow us to prediqt the variance of the low-lying gold isotopes 

with changes in neutron number. In particular, since no description of the 

nature of the core 2·1" excited. state 1s given in this model, the changes 
' 

which occur between 118 and 120 neutrons cannot be explained. 
61. 

The work of Kisslinger and Sorensen has included a treatment of 

the 2+ phonon states of 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: · 
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.. In general, for the gold isotopes, they find the ground 3/2+ level and the 

first excited l/2+ level to be predominantly sir:g1e-particle in nature. 

They do, however, calculate approximately 1'7/o and 51o d
3

/ 2 + phonon admix

tures for these levels respectively. While they do not discuss the com

ponents of the second 3/2+ state, the l.ovrest-lying 5/2+ level is found to 

have approximately 76% d
3

; 2 . t phonon character. The lo>.,r-lying levels vary 

little with respect to each other as the neutron number changes in this 

teatment. The general character of the levels does become more photon 

dependent as the neutron number decreases. A comparison of the level 

ordering predicted by the Kisslinger and Sorensen treatment for 197Au and 

' b . 195A . ' F. 47 Th 1 195A that orden.ng o served in u is shown ~n lg. . e evels of u 

were chosen for comparison both because of the large number populated in 

the radioactive decay of 195Hg and 195~g·and the fact that little change 

in ordering is expected between 197Au and 195Au. The group of levels 

falling at 300-500 keV in the Kisslinger and Sorensen prediction arise pri

marily from particle-phonon coupled admixtures. It seems, as stated by 

the authors, that in an increase in the strength of the quadrupole inter-. · 

action taken for these calculations would yield a significantly better fit 

to the experimental data by causing a lovrering of these levels. 

The predictions of Kisslinger and Sorensen for the 2+ excited states 

of· the even-even Pt and Hg isotopes are quite good. The lovr energies of 

these states are predicted and a change in the .trend of energy vs. neutron 

number for the Hg isotopes is predicted at 118 neutrons. This particular 

point will be discussed later. 
. . 66 

Also shown in Fig. 47 is the level scheme predicted by Ialongo for 

l97Au. This particular ordering of the positive 'parity levels was the re

sult of a calculation taking into account the s1/ 2 and.d
3

/ 2 single-hole 

states and up to t>•o phonons of neutron core excitation. While the actual 

energetic fit to the experimentally observed levels is 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 

lovrer iri energy than the first 3/2+ excited state. This situation has been 

.. 
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Fig. 47.· Theoretical predictions of the level ordering of l97Au from 
the,tteatrnents of Alaga and Ialongo65,66 and Kisslinger and 
Soren;sen. 61 The observed levels of 195Au are shown for comparison. 

·' 



-114- .. · 

observed in the case of 199Au., but not for the more neutron deficient gold 

isotopes. The lOi-rest-lying negative parity levels are predicted quite well 

by taking into account h11; 2 + phonon vrave functi.ons. 

While the wave functions for the lo•tr-lying states are fairly complex, 

we shall indicate in Table .X the major (> 5%) admixed components to the to-
,· 

tal eigenfunctions. The unperturbed functions are written in the form 

\(j
1
j
2

)
312

j3' J; NR) The importance of seniority-three components is quite 

apparent:· 

All of the above treatments have ernphasized the role played by. the 

phonon states of the excited core in the determination of level ordering in 

the odd-mass gold isotopes. We have noted a sj_gnificant change in the trends 

of the low-lying excited states cH both the gold .and the even-even mercury 

isotopes as we increase the neutron munber beyond 118. These changes may 

indica·te a change either in the character of the core phonon or in the in

t~raction between phonon and particle. If we assume ~that pairs of neutrons 

fill the i 13; 2 , p3/ 2 ' f 5/ 2 ' and p1/ 2 orbitals in order as the magic nt~ber 

of 126 neutrons is approached, 118 neutrons correspond to the complete 

filling of the j_13;
2 

and p
3
/ 2 orbitals. A 2+ excitation of this core w·ould 

most likely be attained by promotion of tvro neutrons into the f
5
/ 2 orbital 

and their subsequent coupling to a spin of 2. No 'work has yet been under

taken to examine the difference in interaction between the odd proton of 

Au or Tl and the neutron phonons predominantly formed from p
3
/ 2 or f 5/ 2 

quasi-particles. 

Since the de-Shalit model depends in no way upon the manner in which 

the core phonons are created, we would 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 of the low-lying levels of 
1_97Au quite well, it is much too inflexible topredictthe different varia

tion of each level vi th changing neutron number. 'l'he more sophisticated 

treatment by Alaga and Ialongo, on the othe'r hand, vould appear to be a more 

realistic approach to energy level predictions in the transition region. 

However,' since this treatment is still only semi-microscopic in nature, we 

.. 

,· 
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·Table X. Major' components of Have functions for low-·lying ·levels of 
.· 197Au from theoretical treatment by Ialongo.66 

13/2:) 46.6% J(s~f2)0 -1 
d3/2' 3/2;0 o) 

18.9% J(d;/2)2 
-l. 

5/2; 1 2) sl/2' 

ll. 3% 
-2 

J(sl/2)0 
-l . 

.d3/2' 3/2;1 2) 

'6.2%' l(d3}2)3/2;o o) 

Jl/2+) 52.6%' I c.ct3/2 )o 
-1 1j2;o o) sl/2' 

14.9% !( d3/2 )2 
-1 5/2;1 2) sl/2' 

10.0% 2 -1 3/2;1 2) ·'(d;/2)2 . 8
1/2' 

9.7% !( 8~f2 )0 . 
. -1 
d3/2' 3/2;1 2) 

. •J5/2+) 38.4% !(d3/2 )2 
-1\ 

5/2;0 o) 8
1/2' 

25.6% !(s~/.2 )0 
-l 

d3/2' 3/2;1 2)' 

12.3% !Cdj}2)3/2;1 2) 

·9. 5% I( -2 ) -1 1/2;1 2) ' d3/2 '0 8
1/2' .. 

13/2;) 22.5% . .J(dj}2)3/2;o o) 

19.7% 2 '"l 1/2;1 2) J(d3;2)0 sl/2' · 

16.4% . J(d3/2)2 
-1 3/2; o o) 8
1/2' 

continued 

.· · ... : 
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Table X. Continued. 

13/2~) 11.6% l(ct~3}2)3/2;l 2) 

7.6% 
2 . -1 5/2;2 4) l(ctj/2)2 8

1/2' 
'" 

,7.3% l(ct3/2)2 
-1 5/2;1 2) 8
1/2' 

2 . 
' d3J2' .. 

~ 

6.8% l(s~/2)0 3/2;1 2) 

17/2+) 59.4% I( s~f2 )0 
-1 . 

d3/2' . . 3/2;1 2) 

10.2% l(s~f2)0 -1 
' d3/2 '· 

3/2;2 4) 

8.3% i(ctj/2)2 
-1 5/2;2 4) 8
1/2' 

5.4% , I (ctj/2 )2 
-1 5/2; 2 2) 8
1/2' · 

5.4% i(ct;}2 )3/2; 1 2) 
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would not expect close agreement with t'he changes observed upon the addition 

of the ll9th and 120th neutrons. 

2. Transition Probabilities 

The various photon transition probabilities observed in the odd

mass gold isotopes offer further tests ·Of theory. We again shall examine 

primarily the low-lying levels, paying particular attention to those transi:... 

tions which connect members of the de-Shalit "core excitation" multiplet_ 

to ground or to other multiplet members. The relative photon intensity 

measurements made possible t.hrough the use of Ge(Li) detectors have permit

ted the measurement of relative transitions probabilities in cases where 

the lifetimes of the states have not been measured. 
• ! t) 

The first-excited states (1/2+) of the gold isotopes of nass 193, 
. ·~ . 

195, and 197 have been shown to decay to th,e 3/2+ ground state by transitions 

of mixed Ml + E2 character. Since both the half'-lives and mixing ratios 

f th t •t• h b d 102- 106 . . 'bl t 1 l o ese rans1. 1ons ave een measure , 1.t 1s poss1 e ·o ca cu ate 

both the magnetic-dipole and, electric-quadrupole reduced-transition pro

babUities (B(Ml) and B(E2)) f,or all three cases. These transition pro
babilities along wlth the factors showing the hindrance or enhancement of 

the transition when compared to the single-particle estimate calculated 

from the formulas given by Moszkovsk.i107 (except that a nuclear radius of. 

1.2 X A1/ 3 fm is used instead of 1.45 x Al/3 fm) are displayed in Table XI. 

In Table XII we show the other reduced-transition probabilities Hhich have 
1 7 . . . 

been determined for the other .levels of 9 Au. Some of these values have· 

· been determined from Coulomb excitation studies. For all of the odd-n:ass 

gold isotopes we have studied, the lowest-lying excited 3/2+ level decays 

by a strong Ml(Ml + E2) transition to the 1/2+ level and a weaker Ml + E2 

transition to the ground state. Neither the half lives nor the mixing 

ratios of these transitions have been ·well measured. For this reason we 

);lave plotted in Fig .. 48 as a function of neutron number, the ratio of the 

intensity of the gamma.ray to ground to the intensity, of the gamma ray to 

the l/2+ level. weighted inversely as the third-povrer ef the energy ratic . 

. If both transitions were pure Ml in character or had constant E2 ad..rnixture, 



Table XI. Transition probabilities for 1/2+ ~ 3/2+ transitions in odd-mass Au isotopes. 

Tl/2 
a 2 b 

B(Ml) 
B(Ml) 

B(E2) 
B(E2) 

Isotope E 0 ex B(Ml) B(E2) y T 
( e2xlo-24 cm2 ) _(e 2xlo-

48 
cm

4
) (keV) (nsec) 

sp sp 

193A u. - 38.2 2.9±0.4 0.16 96 9.10x10- 3 l.37xl0- 3 0.333 48.5 

195Au 61.5 . 2 .8±0. 3 0.17 12 l. 65xl0 
-2 2.48xlo- 3 0.258 37.4 

197A 77.3 l. 9±0. 2 0.12 4.2 
-2 4.85x1o-: 3 ·. 0.221 31 .. 5 . u 3.23x10 

aJ .. Lindskog, T. Sundstr8m, and P. _Sparrman, Table of Lifetime Measurements of Excited 
Nuclear St-ates, in Alpha-, Beta-, and Gamma-Ray SpeCtroscopy, ed. by K. · Siegbahn, (.North
Holland Publishing Co., Amsterdam, 1965), Vol. 2, p. 1599. 

bValues obtained from the tables by Sliv and Band. 

.. • 

I 
1-' 
1-' 
co 



. .,-
, . .. i . 

. Table XII. Reduced transition probabilities in l97Au . 

I. If . E 
Tl/2 B(Ml) 

B(Ml) B(E2) 
· B(E2) 

~ y 
( 2 10-24 2) 

B(Ml) · 
2 -48 4 

B(E2) · · 
(k.eV) (nsec) ex em 

sp 
(e xlO em ) . sp 

~ -·~ 

1/2+ 3/2+ 77 1.9 3. 2xl0 
-2 4.85xl0_- 3 2.2xl0 

-1 
31.5 

3/22+ 3/2+ 2:68 
2* 9.4. --- --- --- 6.6x10-

-2* 6 -3 * - t2 l/2+ ::0t xl0-2 
j/. 2+ 191 --- :::::1.8xlO 2. 7xl0 . 5.7 

5/2+ 3/2+ 6 -2 -1 -? -1 
279 1. xlO 3.0x10 4.56x10 ~ 2.3xl0 30.3 

5/2+ . l/2+ . 202 6 -2 .:..1 
16.1 1. xlO --- I --- l.lxlO 

7/2+ 3/2+ 548 5.2xlo- 3 ~ -1* 
28.6 --- --- 2.0xl0 I . 

!-' 

5.2x10- 3 -1* -? -2-l(- '}-' 

7/2+ 5/2+ ~ 8.6 '.0 
2'70 :::::L6x10 2. 4 xlO ~ xlO . l 

* Values based •lllpOn Coulomb excitation \Wrk as reported in Nuclear Data Sheets 

•. 
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this plot would indicate relative B(Ml) values. This could, in turn, yield 

inform~tion on the changing character of both the ground and first-excited 

states. The. reverse situati·Jn exists for transitions from the l~•res t-lying . 

5/2+ level. For this case, the strong t.ran~.ition ('Ml + E2 in -character) 

goes directly to grou.nd, while the i·rea~er transition (pure E2) goes to the 

1/2+ level. For these pairs we have ~lotted, as a function of neutron 

number:, the ratio of the intensity of the transiti:m t'J ground to that of 

the transition to the 1/2+ level, weighted inversely as the fifth power of 

the energy ratio. This is sho'.m in Fig·. 49. If the 5/2+--?3/2+ transition 

had an Ml component which remained constant as a function of neutron 

number this plot would indicat~ relative B(E2) values. This particular 

figure seems to indicate a reducti~n in the electric-quadrupole transitL)n. 

_probability f:;r the 5/2+---"3/2+ transition with decreasing neutr:m number. 

·Both Figs.· 48 and 49 show a distinct discontinuity in the plotted ratio 

upon the addition of the ll9th and 120th neutrons. This again corresponds 

to the neutron number at which changes are observed in the trends of the 

·energy levels 

The "core excitation11 model of de-Shalit predicts that the reduced 

E2 transition pr::Jbabilities from the members of core multiplet to ground 

should be equal and approximately the same as the one found from the 2+ 

first-excited state to gr:;und in the even-even nucleus which corresponds 

to the core. As is seen in Tables XI and XII the B(E2) values fro~ the 
11 core-excitation" states to ground in 197Au are very nearly equal. As is 

expected, the 3/2+-., 3/2+ B(E2); which is very sensitive to single-particle 

admixtures, is considerably reduced from the other transitions to ground. 
~ . . . . 

Braunstein and de-Shali t..; have shown that this value of B(E2) .could be 

obtained with the inclusion of only 3% single-particle d
3

/ 2 admixture t_o 

the .3/2+ exci.ted state. With rege.rd to the comparison of the above B(E2) 

values ivi th· those of the 2+ -?0+ transitions of the even-~ven nuclei which 

correspond to the gold core, we have plotted in Fig. 50 the B(E2) for the 

2+--? O+ transitions in botp. the even-even Pt and Hg isotopes as well as 

those from the l/2+ to 3/2+ ground state for the odd-mass gold isotopes .. 
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the ·5/2+ excited state to ground and to the l/2+ excited level in· 
the odd-mass· Au isotopes, weighted inversely as the fifth pmver of 
the energ'J. 
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It is seen that the reduced transition probabilities all increase as the 

neutron. number decreases, indicating an increasing collective nature for 

these E2 transitions.· One can also see that the transition. strengths do 

not ihcrease as rapidly for the odd-mass gold isotopes as they do for the 

Pt isotopes. • 

Another prediction of the de-Shalit model is that of a negligible. 

'Ml transition strength from core multiplet states to gr::mnd. As is. seen 

in Tables XI and XII the Ml transition rates to ground are indeed hindered 

with respect to single particle estimates, particularly those transit~ons 

from the l/2+ level to ground. These findings are in good agreement with 

the core excitation picture. However, it must be noted that in the single

particle model we 1muld expect a .. vanishingly small Ml transition rate for 

the 1/2+73/2+ transition, since it would correspond to an l - forbidden 

(s
1
; 2 - ~/2 ) proton transition. Thus:; any model which would include large 

.components of sl/2, or s
1
/ 2 +phonon for the low-lying states would predict 

the hindered Ml transitions to ground. McKinley and Rinard59 have fit 

seven transiti.on probabilities along with seven other experimental results 

with an average error of 7.4% by using the de-Shalit model employing 9 

adjustable parameters. If no attempt Has made to fit the reduced Ml transi-

tion probability for the 5/2--. ground transition, the average per cent 

·error is reduced to 1. 7%. Without the inclusion of an adclit:i.onal para>neter 

describing the amount of d
5
/ 2 single-particle a~ixtliTe to the 5/2+ level 

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 Thankappan and Rao,
60 

involving the coupling of a 
198 

hole to the levels of· Hg, 
d3/2 

does not significantly improve the quality of 

the theoretical transition probability predictions. While the transitions 

t? ground, with the exception again of the 5/2--.3/2 Ml transition probability; 

are explained. quite Hell, the predicted E2 transition probabilities within 

the multiplet are much too small when compared to experiment (under the 

asswnption of a positive quadrup::Jle m')ment for the 2+ core state as deter

mined from the 7/2-:.3/2 B(E2)). On the o".her hand, if the charge distribution 
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· .. inside' the core is assumed to follow the mass distribution, the quadrupole 

moment .of the core can be calculated from the B(E2, 2+ -?0+) of the l9BHg 

core. Utilizing thts technique, Thanlcappan and Rao have calculated a nega

tive q1Jadrupole 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 :l.s 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 of great a~d in .the fitting of the transi ti.on probabilities 

for this particular calculation. . . . , 

In the treatment by Kis~linger and Sorensen
61 

the retardation of 

electromagnetic transitions is dependent upon both pai.ring and phonon consi

derations. The pairing considerEJ.tions are particularly important since a 

transition between two. quasi:..part:i.cle states inv9lves 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 Ml+ :l.someric 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 qualitative predictions of transition rates. Of particular interest 

is the 5/2+-? l/2'+ E2 transition which we have found in both 197Au and 
199 Au and which had been previously lmown in 193 Au and 195Au. Sirice the 

Kisslinger and, Sorensen wave functions for the 1/2+ and. 5/2~ states in 197Au 

contain 92% s1/ 2 and 8% s1/ 2+ phonon respectively, we would. expect a large 

contribution to the E2 transition rate from the fast transition between these 

components. From the work of McKinley and .Rinard59 •<~e can see that the 

"best parameter" core-excitation model predicts a B(E2) for this transition 

which 'i.s a factor of seven smaller than the experimentally observed value. 

Thu.s, significant admixtures of s1; 2_ and s1/ 2 + P,honon ~ay be needed for a 

careful analysis of the transition probabilities. The Kisslinger and Sorensen 

treatment utilizes only very small changes in the various parameters e.s a 

function of neutron number. There are, therefore, no abrupt changes of the 

types observed in Figs. i~8 and 49 which can be predicted on the basis of 

. their model. 
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.. 66 
The mod~l utilized by Ialongo has given good agreement for the 

197 electric-quadrupole transitions observed in Au. In general, hm-1ever, 

the magnetic-dipole transition rates are found to differ by a rather large 

amount from the ez+perimentally observed values. It is important to note 

that this treatment was accomplished i·rith only 4 adjustable parameters in 

comparison to the nine used by McKinley and F:i.nard for the core-excitation 

model. From the vrave-function components shOim in Table X we can see that 

many of the experimentally observed results are qualitatively predicted in 

I( -2 ) -1 I this treatment. The very S\Zable , s1; 2 0 d
312

, 3 2, 0 0) and 

i,(d3/2 )0 s_3j2 , l/2, 0 0) components to the ground and first excites states 

respectively, do allow the prediction of a highly hindered Ml transition 

behreen these two levels. Although it is n::>t calculated specifically in 

this treatment, we vrould expect the 5/2+->l/2+ transition to be quite fast 
r1 I -2 ) -l 1. ·due to admixtures of 381a (d.

3
/ 2 2 s1/ 2 ' 5 2, 0 0) and 

l/2, 0 0) in the 5/2 and l/2 levels respectively. The 

r1 I ( -2 ) -1 
'53JO d3/2 2 sl/2'. 

neutron-pro ten 

interaction, as~presently treated in this model offers no help in the pre

diction of the various trends in transition probabilities vre have observed 

with varying neutron m.unber. 

3· Magnetic Moments 
. . 197 108 

The magnetic moment of the ground state of Au has been measured 

to be 0.1439 nuclear magnetons. This correspond$ very closely to the 

"Schmidt limit" for an odd proton,in a d
3

/ 2 single-particle state (0.126 

nuclear magnetons). The magnetic moment of the first excited 1/2+ state 
. 108 8 ' 

has also been measured · and found to be 0. 3 nuclear magnetons.. This 

is con·siderably smaller than the value expected from the "Schmidt limit" 

for an odd proton in the s
1
/ 

2 
orbital ( 2. 79 nuclear magnetons) ., 

The fitting of the magnetic moments for the two lOi-rest-lying states 

• .in 197Au is one of the major trirunphs of the core-excitation model. Both 

moments are fit extremely vell in the treatment by McKinley and Rinard, 59 

with the fitted values being 0.1437 and 0.381 nm for the ground and 1/2+ 

states respectively. These values were fitted simultaneously with 8 transi

tion probabilities. 

• 

• 

• 

•• 
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. 61 . . 
The predictions of Kisslinger and Sorensen - yield a. value of. 0.84 

. '97 
0.92 nm for the ground state magnetic moment of ~ Au. This. is, of course, 

much greater than the experimentally obf;erved value. In s:pi te of the fact 

that their predicted 1/2+ state in 197Au is inter:pretecl as bei~g 92% s
1

; 2 
single particle in· nature, they find e, .quite lovr magnetic moment. for this 

level of 0.25 nm. This value is in quite good agreement with the observed 

value. 'I'he ·quadrupole moment of the ground state is, 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, the Kisslinger and Sorensen treatment cloes 'not seem capable 

of accurate rwment predictions for the odd--mass gold isotopes. 

The treatment by IalongoP6 also fails i.n its attempt to predict 

magnetic moments for the low-lying gold levels. The same set of parameters 

that yield good,predictions of level ordering and electric transition prob

abilities predict a magnetic moment of 0.3 run for the ground state of 
197 . Au and 2.32 nm for the l/2+ excited state. It has been shown by Blin-

109 . 
Stoyle that the main cause for the deViaU.on of the magnetic moments 

from the predicted single-particle yalue~ in spherical nuclei· is the ad-

mixture of small amounts of higher senim~i ty functions. 'rhey may well 

explain the serious disagreement betveen Ialongo's values and experiment. 

As -vre' have seen in Table X there is an extremely large contr.ibution of 

seniority three admixed states to the ground and first excited states of' 
197Au in.this treat~ent. 

4. Log :ft Values 

Another very interesting comparison which can be made is the vari

\ ation of electron capture probability from the odd..;mass mercu.ry-ground 

. 
·', 

' states to lo-vr-lying levels in gold. While the present results, as indicated 
197 195 . in Figs. 29 and 39, are limited to Au and . Au there are some important 

thi.ngs to note. Foremost among these is the absence of a detectable elec-

tron-capture or positron branch from the-Hgl/2- ground .state to the Au 3/2+ 

ground state. There is, however significant branching to both the l/2+ and 
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_3/2+ excited states. Also there is a rather large increase in the log ft 

values for the above branches -as -Hell as the 13/2+--'> ll/2- branch as the 

neutron number decreases. 

The observation of no ground state-graund state branch indicates a 

great disimilarity in the state vrave fuuctions. This may indicate the 

presence of large phonon coupled components i"n one of the states and not 

in the other. Kisslinger and Sorensen predict greater than 80% d
3

/ 2 single 

particle character for the 197Au ground state. The ground l/2~ level of 

'l97Hg is predicted to have a~_most equal admixtures of p1; 2, f
5
/

2
+ phonon, 

and p
3

/
2 

+ phonon ... This type of difference in character rnay explain the 

retardation of electr::m capture beti.reen the levels. The Kisslinger and 

Sorensen treatment sta:tes that t11e ft value for the type of· decay observed 
·,: -2 

between Hg and Au is proportional to (U U ) , where the U's are the nan
n p 

occupation probabilities for the neutron and proton orbitals respectively. 

Using the wave functions provided by Kisslinger and Sorensen, 'Yre find that 

· the ft values are expected to decrease vi th decreasi.ng neutron nu.'llber. The 

opposite effect is observed. Considerable work remains to be done on the 

prediction of the change of log ft values as a function of neutron number. 

5. Rotational Model 

Hhile we have not mentioned it previously, there. is still an. alter

nate interpretation of the lo-vr-lying gold levels. If ve consider the gold 

nucleus to be slightly deformed, the levels of gold may be examine::;_ in 

terms of the unified mode1. 51~ It would then be possible to consider the· 

lo-vr-lying levels of 197Au to be a series of rotational states built upon 

two Nilsson
110 

single particle states. Thus, the 3/2+, 5/2+, and 7/2+ 

levels -vrould correspond to· a rotational band built upon the 3/2+ [ 4-02] 

Nilsson orbttal, and the l/2+ and 3/2+ levels to an anomalous band built 

upon the l/2+ [400] orbital. 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 intra-band_ transitions_, 

while t~e veak~r ones ( 5/2+__, l/2+ and 3/22 +---7 3/2+) vrould be inter-band 

transitions. This might also. explain the absence of the 7/2+--'> 3/22 + transi

tion, vhich vould be an inter-band E2. 

... 

• t 
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This application of the unified model has been discussed by both 
96 . d J-. t .b k" lll B 1 d Brunner et al. an as·rze s '1, runner et a . use the magnitude of 

the rotational level spacing constant as a criterion of the spherical 

chara.cter of the gold nucleus. Using semiempirical relationships, it vas 1 
2 . . 

found that if 3n /I for the spacing of .the lovr-lying levels is greater than 

13n
2jr . , where I . is the r1.gid-rot~r moment of inertia, the nucleus is 

n.g r1g 
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+~. 3/2+ transition as a fUnction of neutron number. From his treat-. 

ment it is seen that the Ml transition probabi.lity should increase as the 

deformation increases. This eff€ct'has been observed in the Eu isotopes. 

Of course, a reduction of the B(Ml) is observed as the neutron number is 

decreased. Since one 1-10uld expect 193 Au to be considerably more deformed 

'than l97Au, it seems as though the rotational model does not hold. 

# 

Since the rotational model is capable of predicting rel_ative garr.ma

ray intensities, coulomb excitation B(E2) values, Ml + E2 mixing ratios, 
1 etc., vre have tested much of the available experimental data against these 

predictions. In particular, if we examine the ratio B(E2, 7/2+~-3/2+ )/ 
54 

B(E2, 5/2+~3/2+) using the formulas from Bohr and Mottelson the rota-

tional model predicts a value of 0.417. The experimentally observed value 

is 0.905.:as determined from Coulomb excitation work. Also the relative 

Ml + E2 mixing ratios for the 5/2+~ 3/2+ and 7/2+~ 5/2+ transitions can be 

predicted if we assume the intrinsic quadrupole moment and g factors rerr~in 
2 2--

constant vrithin the "band". The value of 5 (5/2+.~3/2+)/5 (7/2+->5/2+)_is 
. 54 

predicted from-the formulas of Bohr and Mottelson . to be 2.32. The ob-

served ratio ·of 0.163. Thus, it appears that while the rotational model 

is qualitatively inviting, actUal quantitative predictions seem quite badly 

in error. 



-130-

E. C~:mclusion 

,· The development of high-resoluti::Jn Ge(Li) detectors has 'permitted 

a careful analysis of many gamma-:ray spectra previouslyth::Jught too com

plex for detailed analysis. The .ability to accurately measure gaJmna-ray 

energies has been of great value in positioning veak ganm1a rays in cases 

where the level schemes are fairly vell known. Coincidence studies have 

been ruled out for most of the new transitions found in our studies du,e 

both to their weak nature and the need for maintaining highest possible 

resolution. As Ge(Li) detectors of large vol~~e become available coinci

dence studies should be undertaken to verify our assignments. 

The level schemes of the odd-mass gold isotopes examined in this 

study have been shown to be very 'similar. Much of the experimental data 

. has pointed to the sizeable effect of collective contributions to these 

levels. The theoretical treatments we have discussed are, of course, 

greatly concerned with the chara'cter and magnitude of the particle-collec:. 

tive phonon coupling. While the relatively simple core-excitation model 
' '197 

of de-Shalit seems to be capable of fitting much of the data for Au, it 

does have a number of serious failures. It i-rould also appear very difficult' 

for this model to predict the systematic tren?-s we have observed 1.,ri th chang

ing neutron number without greater admixing of single particle configurations 

into the various wave functions .. The Kisslinger and Sorensen predictions 
1. • ' 

are by their nature much too general to .expect quantitative agreement with 

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 agreement is still to be overcome. These latter values are very 

sensitive to the large amounts of high senority components- present in the 

wave funGtions. 

He have shown that there seems to be a significant change in the 

structure of the nucleus ul?on the addition of the ll9th and l20th 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 specific neutron pairs. This region of nuclei appears to be too complex 

for the presently applied theoretical treatments to explain comprehensively. 

~. 

• 
·*' 
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•APPENDICES 

A. The Internal Conversion Coefficient· as a 
Means o;f Multipolarity Determination 

1. Basic Theory 
,, 

The nucleus in an excited state will normally proceed to a state 

. of lower energy by one of t\vo competitive processes. These are gamma-ray 

emission and internal conversion. It is within the scope of this work to 

give a brief description of the latter process and C.iscuss its importance 

in the area of nuclear spectroscopy. · 

In the internal conversion process, the energy involved in the 

transition between nuclear levels is transferred directly to an orbital 

electron. This electron is theneejected from the atom with a kinetic energy 
:1 ' 

equal to the transiti~n 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 less than the transition 

energy. In a given transition,· the internal conversion coefficient (ICC), 

ai, for a parti.cular shell or. subshell i, is defined by: 

N (i) 
e 

,. 

where N (i) is the rate of ejection of electrons from shell i and N-y is the 
e 

rate of gamma emission .. 

The numerical value of the ICC-will strongly depend on a number of 

parameters. They are as follows: the electron shell in which conversion 

is taking place; the atomic number, z, of the atom in which conversion is· 

occurring; the transition ~nergy; the angular momentmn change, L, of the 

radiation field; and the change in parity, 6n, between the initial and final 

puclear levels. In general, for a transition with energy well above the 

binding energy of any of the she~ls, the following trends occur. As the 

major shell becomes farther removed from the nucleus, .the ICC decreases. 

The ICC increases as Z increases, decreases.as the energy increases,-and 

increases as L increases. It is strong dependence of the ICC on L and 6TI 

that has made ICC such a valuable tool in the formulation of decay schen1es. 



If w·e consider a transition betvreen tvro nuclear levels charactarized 

by initial and finalangular ~omenta arid parity Ji, Jf, Tii' and Tif' the 

ganuna ray or conversion electron emitted Hill carry away angular momentum L 

according to the following reBtrictions 

J = J i J f ::: L ::: J i + J f and 6TI 

·' 
The electromagnetic field of this transition is said to be of a particular 

multipole character. This is either electric 21 
- pole, EL, if the change 

L · L L l 
in parity is (-) , or magnetic 2 . - pole, ML, if the parity change is (-) - . 

As the L selection rule indicates, the observed ICC will usually be 

a mixture of ICC for f,'ields of pt'lre L. This is stated 
,: ~~ 
•J 

2 Ela~j 2 a :: L:j a1 I a(L) where :: l 
I.. . 

where L is limited by the above restrictfons. The mixing coefficients, ~· 

are the relative amplitudes of photon radiation associated with angular 

momentum L. Due to the parity selection 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 multipoles i-rith L and L + 2 units of angular momentum will be roughly 

<< l 

1-rhere R is the nuclear radius and A. is the wave length of the radiation. 

In some cases, hoi-rever, the ratio of a L+l/a1 will not be so small. For 

this reason, the observed ICC are usually limited to at most the mixture 

of two multipoles, L = DJ and L = 6J + 1, and in some cases to one multi-

pole, L = tJ, 

J i ::' 3/2, Tii 

If as an example we take a transition between levels of 

+, Jf·= l/2, Tif =+,the multipole field would be expected 

to be an MI, E2 mixture, with 

• 



... 

,, 

. . 
1
2 ; · 2 

The ratio !a2/a. 1 ~s defined as the mixing ratio, 5 . In this case 

F} -yE
2

/-yMl an~ i.t is simple. to show that 

Since the .pure-multi.pole ganuna-ray transition prohabiUty bet':l"een tv1o levels 
2 

is a model - dependent, calc~11able quantity, values of 5 are very important 

in the comparison of experimen~ and theory. 

2. Theoretical Calculations of ICC 

It is not the purpose of this discussion to go into a detailed treat

ment of the actual method used in calculation ICC, but rather to briefly 

·. describe the basic models used in these calculations. For a complete des.crip

tion of the methods involved, one should consult the original 
1 12 113 llLJ· 115 . . 116 

works - ' ' ' or an excelle;nt revie1v article by Rose. 

All modern calculations of ICC have been done essentiai.ly in the 

same manner. First-order perturbation theory has been used to calculate 

the rate of grunma-·ray emission. This involves the coupling of the nucleus 

to the electromagnetic field and the subsequent emission 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 vTell as the nucleus to the electromagnetic field. The electron wave 

functions. have been ·those obtained by solving the Dirac equation in a given 

central potentiai. The various calculations have differed in the form of 

the central potential as well as those approximation's used along l?i th this 

potentiaL 
112 .. 

The first computed. values of Rose were d.one using a point nucleus 

and a pure Coulomb potent i.al. These were for the K - shell only. Rose's 
. 117 

later calculations used a. Thomas -.Fermi - Dirac screet;.ed potential. 

The effect of screening is to lower the ICC, especially at low Z values. 
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.. SHv and Band11~- Here the first to include the effects of finite nuclear 

size in· the calculation of ICC. These effects are hrofold. The first· 

(static effect.) is the actual alterat-ion of the electron. vrave functions, 

notably the removal of the singularity at the origin. This effect can 

easily be taken account of by assum:i.ng a constant charge density for the 

nucleus. The second effect (dynamic effect) arises from the penetration 

of the electron orbitals within the nuclear radius. Nuclear matrix ele

ments, vrhich cancel· in ICC calculations under the point nucleus approxima

tion, no. longer do so :i.f this dynamic effect is considered. The evaluation 

of these nuclear matrix elements depends on the formulation of a· particular 

nuclear model. Thus, only under the finite nucleus assumption does the ICC -

depend on nuclear wave functions.' In the latest calculations of Rose, 113 

results are given for K - shell and 1
1 

- and 1
11 

- subshell conversion with 

screening and the static effects of nuclear size taken into account. The 

L II. ·· subs hell ICC include screening, but no nuclear size effects (since 
I. 

they are not expected to be important). Rose also includes H-shell J.CC 

calculated for a point nucleus.uith no screening. ForM-shell screening . 
corrections to the tables of Rose it is suggested that the reader consult 

118 Ba dllL~ ,115 . the vrork of Chu and Perlman. · 'l'he tables of Slt v. and n . · g1 ve 

K-shell ancl L-subshell ICC calculated vith screening as l·rell as both static 

and dynamic nuclear size effects.· The dynamic effects are accounted for 

through the assurnpt:i.on of a uniform surface transition current dens:i.ty. In 

most cases the values found in these tables differ li.ttle from those of 

Rose, although differences of 9 percent in the K-shell and 35 percent in 

the LI - subshell occur for high Z Ml - transitions. 

In gener'al, w·here the effects of nuclear structure are small, the 

errors expected i.n the theoretical ICC values a.re about 2-3 percent for 

the K-ahell and. about 5 :percent fdr the L-shell. 

.. 

.. 
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3. Experimental Methods of ICC Measurement 

. Since we are placing primary emphasis on the ICC as a means of ·cce

termining transition multipolarityJ the following discunsions will not 

dvrell on those refinements to experimental methods which have .brought the 

ICC into play as an indicator of nuclear· s-:.ructure effe<;:ts on the co:1version 

process. The present discussion vrill not cover 1;-he various methods in 

great detail, but will, it is hoped.J give the reader a feel for the great 

·variety of ICC measurements which can be used to determine multipolarit:!.es. 

This section is organized in the following manner. He first .Jill examine 

those measurements which involve observation of conversion electrons alone. 

'rhis will be followed by those methods vrhich involve observation of ga:nrna 

rays (or associated. eyents) as w~ll as conversion electrons or secondary 
I!' 

events._ The final methods to be discussed. are those which involve the use 

of coincidence techniques. 

(a) Determi.naUon of K/L ra~io. In many instances the ratio of 

internal conversi.on taking place in the K shell to that taking place iq the 

L shell may be used as an 1.ndicator of multipolarity. Thus) for a given 

array of nuclei,- one must experimentally determine the relative intensi.ties 

of K and L electrons ejected in ~he conversion of a particular transition. 

This measurement requires only a_piece of apparatus capable of sorting the 

conversion electrons by energy. ThisJ of' course, .permits the differentiation 

of K and. L electrons due to the different binding energies of the correspond...: 

lng atomic shells. The separation of K and L li.nes varies frcm approximately 

0.68 keV(Z=lO) to ·116.65 keV(Z=lOO). J:i'rom the preceeding values it 1.s seen 

that the inst1·1.un~ntal resolution· qualities necessary for these measurements 

will depend upon the nuclt':'J-e of :.nterest. In· general} present measurements 

of these ratios are being made w:. ~.h magnetic spectrometers or, as indicated 

i_n the main portion o:f this work, semiconductor detectors. 

The observed K/L ratio may be compared to theoreti.cal values· derived 
113 114 115 ' 119 from the tables of Rose or Sliv and Band ' . Rose e~ al. have 

presented convenient graphs of K/L ratios as a function of energy for various 

Z values· and multipolarities which should be quite useful in decay scheme 

work . 
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.The main drawback to the use of K/L rat1.os 1.s the general insensi

tivity. of this value to changes in multipolarity. Figures 51 and 52 in

dicate K/L rat1os as a functi.on of energy for Z=40 and Z=80. One should 

note that the K/L ratio is a better.indicator of multipolarity for high Z 
. \ 

than for low Z nuclides. Particularly .noticeable in Fig. 51 for Z=40 is 

the fact that the K/L ratio will be of little value in Ml + E2 mixing ratio 

determinations for energies greater than approximately 300 keV. However, 

in general if the parity change and an upper and lovrer lim1.t to the angular 

momentum.change are known fr_om independent data, the K/L ratio can be quite 

useful in determining multipolarity. 

(b) L - subshell ratios. The L-shell conversion coefficient, ~' 

is comprised of three:subshell I~C. 
;1 

. which ar1se from the ejection of 2s1; 2 , 2p1/ 2, and 2p
3

/ 2 electrons respec-

tively. The ratios of these subshell electrons ejected in a particular 

transition are often quite sensitive to the multi polarity of the trans'i.tion. 

If the r.
1
/I'III ratio does not conclusi.vely give the multipolarity,. the. 

L
1

/L11 ratio can be used to choose between alternatives. In general, it 

is very difficult to give approximate values for the ratios due to their 

great variation 1-tith Z and energy. Perhaps the ,only multipolarity that 

can be easily recognized from its L -· subshell pattern is Hl, where L
1 

>> 
LII and usually L11 » LIIIi

15
For 

the tables of Sli v ant1 Band or 

other multipolarities, one should const~lt 
lP Rose ) for the Z and energy in question. 

A 119 lso Rose et al. has published convenient graphs of L - subshell ratios 

as a function of Z and E. 

The measurement of L - subshell ratios requires ·a high-resolution 

electron spectrometer. 'l'hts requirement is. seen from the fact that theL
1 

-

LIII separation varies from 0. 05 keV(Z:::20 ~ to approximately 7 .keV(Z=lOO). 

Th1.s high resolution also requ:i.res sources. of. ver;,• ··.low mass .. · .. ·· .. '. ,. 

This. means that L - subshell measurements are very difficult for transit:i.ons 

of lovr energy and/or lovr intensity. ]o 120 Thus} according to Ewan and Gra ... am 

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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Fig. 51. · K/L ratio for various multipolarity t-ransitions in Z == 40 
isotopes. 
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for light elements to about 200 keV. The slow-scanning magnetic specitro

meters. allmv one to· make measurements _only on isotopes having fairly long 

half lives. 

For a general discussion of the method of analysis for L - subshell 
121 

ratios the reader is directed to the paper by Novakov andHollander. 

(c) Conversion - electron-peak-to-beta-distribution ratio. One 

important method of ICC measurement 1-rhich requires the use of only one 

major piece of experimental apparatus is the K - conversion peak-to-beta

spectrum method, or, as it is abbreviated, the PBS method. If on~ considers 

a simple scheme in which beta decay leads to a single excited state •.-rhich 

then proceeds to ground by either 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 
K K 

A~-= N-y(l +a) = 

where a is the total conversion coefncient. The K .. ICC is then found from 

+A + .... ) 
LII 

In cases where the decay scheme is as. simple as above the PBS 

method can be useful. · The chief problem in using this methbd is obtaining 

a good value for the intensity of the beta continuum. 'The scattering of 

low-energy electrons from both sQurce and source hoJ_der tend to distort the 

beta spectrum· To obtain a true value for Al3 one must make a Fermi-Kurie 

·plot and extrapolate to zero electron momentum. Ferm:i.-Kurie· plots require 

knowledge of the so-called "shape factor" for the beta transition .in question. 

While there are good values available for the shape factors of allowed and 

unique first-forbidden transitions, the~e is considerable uncertainty in 

shape factors for nonunique first-forbidden transitions. A good example of 

the uncertainties in ICC caused by this is show in the work of Parsignac~lt. 22 
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For a general discussion of the· experimental pr.ocedures involved in this 

method the reader is advised to read the review article by Hamilton et a1.
123 

In general, this method of ICC measurement loses its applicabil.i ty 

where the decay scheme becomes complex. It also is not useful in cases 

1-rhere the transitions of j.nterest are w~ak in comparison to high-energy 

beta distributions. Since this method requires 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. 

(d) Conversion-electron-to-ga.'Tima-ray ratio. From the definition 

of the ICC, it vrould seem that the most dtrect method for its measurement 

would be the relative measuremen'~ of the intensity of the galllllla ray and its 

corresponding conversion electron line. This method has indeed been of 

importance. It has been most generally applied in the follm-ring manner . 

. The relative intensities of the gamma rays emitted by the nuclide in question 

are determined. 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 some other means, or if the multipolarity of a 

particular 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 

a. 
std. 

One regularly used variation to this method has been the mixing of a nuclide 

having a very well known ICC with the actual experimentai source. If this 
I 

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 question. 

In the past, electron relative intensities have usually been measured 

using a magnetic spectrometer and garruna-ray relative intensities using Nai(Tl) 

scintillation spectrometers. Since the advantages and disadvantages of using 

• 
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of semiconductor detectors has given this general method. a s!.gnificant boost 

·in importance. 

(e) X-:t·ay-to-garr.ma-ray .ratio. . The ejection of an internal conver-· 
. --

·Sion electron is followed by a rearrangement of the orbital electro~s. For 

example, immediately after K-conversion takes place, the vace.ncy. in the !<

shell will be filled by ar1 electron dropping down from a h~gher shell. The 

energy released in this process may then eit.her be emitted as a. K X-ray or 

transferred to an O\lter electron which is ejected into the continuum. These 

ejected electrons are. called Auger electrons. 

If one corrects for thosE! conversions wh1.ch lead to the A1..tger :Qro-

. cess, it is possible to ~etermine the K .. ICC by a measurement of the relative 

intensities of the K X-rays and the gamma ray corresponding to the transition 

being convert~d. · ~his cari be expressed 

·where IKX is the K X-ray intensity, I"Y the .ga.rnma .. ,ray 1ntensity1 and (J.)K is . 

. the K-fl:uorescent yie.ld (the fraction ot.' K-conversion _electrons giving ~is~ 

to K X-rays). The K-fluorescent yield may be determ1.ned from the semiM 
. . 124 4al. empirical formula of Haged.oorn .and. vlapstra · to an accuracy of from fJ to 

about ·0.5% depending upon the Z value. 
. . 

'l'he method in question is anoi~her which requ.ires the use of only . 

one detection ays·tem. In this case, normal gamma-ray scintillation crystals 

have been used. Since this device is a multichannel one 1 this method lends 

:Ltsel:f' ,to measuremen·t:.s on short half'Mlife nu.cl:LC!.es. 

Clearly, any occurrence whic~ will lead to an increased intensity· . 
. . 

· for the K x .. :~.•a.y will yield an incorrect value :f'or the K ICC. Other tre.nsig 

. tiona which convert w1lJ. 1 of course 1 add K-X-rays to ·the spectr.um1 as will . 
the process o:f' electron capture. Thus, this method is most suitable for 

very simple decay schemes fed by beta decay • 

.. 
'• . .' 

''. 

•·'·· 
I ~e • 
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Due 'primarily to photomultiplier noise it is very dlfficult·to 

measure photopeak efficiency and accordingly X-ray intensity with Nai('rl) 

detectors at energies belovr 15 keV. Thus, one must ,,rork at Z valu.es 

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 i.n O'K values determined by this method. With these spectro

meters, it is difficult to analyze the gamma and X-ray peaks if the gru~~a 

rays are lov in energy. The satellite. lovr-energy peaks caused by iodine 

X-ray escapes must be carefully considered in the analysis of the lovr

energy region. Pile-up of p'ulses and sununing effects also affect the re-
125 0 sults. It has been suggested by Jansen and 1-Tapstra that backscatterlng 

¥Till also affect the results using Nai(Tl) detectors yielding ICC values 

that are too great, and that perhaps the best configuration would be the 

vell-type crystal. Many of these problems are overcome by using Ge(Li) 

detectors for both X-rays and ga~mas as is discussed in Section II of this · 

thesis. 

(f) Internal - external conversion. The internal - external con

.version method takes advantage of the high resolution of the magnetic spectro

meter to study the gamma-ray emission rate in a particular nuclear decay. 

The internal conversion electrons are detected in the normal manner vith the 

intensity proportional to the area under the peak observed in the electron 

spectrum. A thin layer of high Z material is then placed in 
0 

front of the 

source in a position identical to that originally occupied by the source 

.during internal conversion measurements. The gamma rays emitted from the 

source may then interact with this converter material through the photoelec

tric process with the subsequent ejection of a photoelectron. The photo

electron spectrum is then observed and the intensity of the K photoelectron 

(found at an energy. equal to that of the garruna ray minus the K-binding 

energy in the converter material) is measured. The K .ICC can then be fotmd 

from the following relation. 

,. 



where (Ain)K and (Aex\ are the areas of the internal and external K con

version lines respectively;· k is the strength of the exterrial conversion 

source relative to the internal conversion source (thus correcting for 

either natural decay or different sources); rrK is the K-sheil photoelectric 

cross section for the converter; fK is the factor -v;hich ·takes into account 

the•anisotropy of photoelectro~s ejected from the converter, dis t~~ thick

-ness of the converter in mg/cm , and b is a constant vrhich depends on the 

converter material. Values of "K can be obtained from the calculations of. 

Hultberg. et. al. 15 and ·J'alues of fK from calculations of the :t;y:pe discussed 
16 . 4 2 . -1 -1 

by Hultberg·. The value of b is 6.025 x .10- /M (atoms em oarns mg ); 

where M is the atomic weight of the conv:erter elem.ent. Uraniwn and gold are 

the most commonly used. converter 'materials. 
''f, 

Wnile this met'hod is one· of the most accurate) it suffers from the 

maladies of slo¥; speed and low eff~ciency. Thus its use is restricted to 

fairly long-J.ived. isotopes or to prominent transitions. Also assoeiated 

with this metho¢1 are the standard source requirements for high-resolution 

electron spectrometers, namely thin sources of high specific activity. The 

source used for ~xternal conversion may; of course, be thicker than that 

used for internal conversion; but'the converter must be kept thin to pre-

vent energy loss cf the photoelectrons. For a detailed discussion of this 
1?8 

method the reader is directed to the articles by Hultberg and Stockendal -

and
- . M . .~- h _ , 129 

lc.C eLL. 

(g) Coinc~.dence methods. Coincidence methods have been applied to 

ICC measurements in many different ways. They generally requir~ gating 

upon the particular radiation :populating ihat state from which the transi-

·tion in question is emitted. Thus, one may gate on alpha particles, betas, 

X-rays from electro~ captureJ g~wnasj or other int~rnal conversion electrons. 

If.one then co~~ts the ntL~ber of gate pulses; the ratio of the intensity 

·.of a coincident garruna ray to gate pulses will. be equal to l/(1 + ex) ·'\·There a: 
is the total ICC. }~rom a measurement of the K/(L+M+ .... ) ratio one may ,. 
determine· the K ICC. .'As an alternative met.hod., one might observe the re

lative intensities of gamma and K X-rays in the coincident spectrtur.; thus; 

.. 
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still using the method described in part e 1-rhile remqving some of the X-ray 

intensity arising from other transitions,: The variations on the general 

method are numerous·. For particular examples of the coincidence method it 
130 . 131 

is· suggested that the reader consult articles by Gerholrn, Lewln et al., 

and Dingus et _al. 
132 

As in all coincidence experiments, to obtain valid results, one 

-must take some pains in the setting of the gate. Inclusion ·of unwanted 

Compton distribution, if one is gating on a portion of a garrnria-ray spectrum, 

uill add incorrect counts to both gate and coincident spectra .. Backscattering 

will also complicate analysis of the results, as \-Till summing and pile-up 

effects. However, in some cases t,his method can be quite accurate; and can 

in addition give the absolute source strength if the decay scheme_ is simple. 

B. Spectromet~r Calibration 

1. Introduction 

The high-resolution characteristics of semiconductor detectors have 

placed a considerable burden u~on those data previously used for spectro

meter energy and efficiency calibration. Hith Nai(Tl) garnma-ray spectro

meters, for example, one could make energy measurements accurate to approxi

mately l% of the photopeal<. energy fairly routinely·~- With great precautions, 

some workers have claimed an accuracy of around:O.lojo._ Using Ge(Li) gamma

ray spectrometers, lvith their order-of-magnitude be~ter resolution, most 

energy measurements have bee.n made to an accuracy of 0.1% - 0. 2ojo with some 

measurements being made to a few parts in ten thousand. To take full ad

vantage-of this ,increased accuracy, one must use standards which have 

extremely \vell lmmm energies. For this reason we. include in this section a 

. discussion of calibration methods and standards -.rhich are of sufficient 

accuracy to be used with semiconductor detectors. 

. 
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2, · Gamma-R,3.y Energy Cal.i brat ion 

In general: the best method of gamma-ray energy measurement is the 

simultaneous. measurement of a large mur,ber of gamma rays having we}.J.--kno·vm 

energies along w:Lt!:1 the u::-1l:movm spectruJn. In practi:::e, hmiever, the 

standards are ~sually measured separately. If one takes care to maintain 

a;ppl"OXirnately equal counting rates between sample and standards .• this should 

cause very little error., One then determines the centroids of the stan&ard 

peaks; From adjacent peal.;:s one may then obtain va.lues fo:t the number of 

·keV per chan:1e::. in each region of the spectrum. At this point we find that 

the most convenient method of analysis is to average a:Ll. measured keY-per

channel values and plot E as a function of channel nu.mber· from the .:relation 
0 

If the 

E = E + (keV/Chai:mel)(Crmn~lel Number). 
0 

system ·,.;ere completely linear E v:ould have a ccnstar1t value, but 
. 0 

vith most systemc; nor.-liD.earities sr~o'W' up as some continu.ous function for 

E • For exacnple, Fig. 53 shovs the E functior:. for oD.e particular experi-
o . 0 

ment in vhich an average gair. of 0. 26746 keV/Char:.nel Has ;;,sed. ':l:he large 

va::Lue of E :i.s o.ue to the presence of a. ~iased ( -....i.ndow) amplifier in the 
0 . ' 

system. The i'L<ll deflection bf this carve corresponds to nearly "c~hree charl-

nels ( o~t of 1600). 

J:here S~J:--eJ of cotlrse, n~~erous othe:r· n1ett.~.ods .of energy cc.litratton. 
. . . . . . . - .. . . .. ' . 133 iu'ilong the mosc. 1nteresc.1ng are tr~ose descrl0eo. oy l\.e1-:nec."c and Heath et 

1"4 
aL ~.J The first is particc;,larly applicable ii:-, measurements of high-energy 

ganrrna-ray · spec·~ra where the "double-escape" pee.ks are <;,ui te prominent. 

Both references co::;,cel~n calibration :n2thods i>LA.i.table for ·c..se with an experi

n:ent which is a.,::,n l:Lne" vith a smaLl. computer. fmcther :;.;:-"terestj_ng refer-
" 135 . L-. ' ence is the vorS. of Dolan et aJ.. li:l Wulcn an 

numeri.cally handling the standard ca,libration p:::·ocedure is d.esc.ribed. . 

. . 

. . 
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·-rith th·2 exce:p-cion ·of those mehtods i.'1 ~orhich a precision ptilse 

generator 'is 'J.sed for· calibration_, it is most advantageous to have a large 

nuJnber of garmna ::."ays -.ri·tt. vTell--Knovm energies for. t<.se in eacr, spe:ct::.al 

~egion. of inte~est 6 .l\.s an aid t,o "0l1e e?Cper:i.raenter, .... re ha·ve 'i.ncl.~tded in 

Tables XIIJ: and XIV a compilation of tl:ose gmnma-:rays with w8ll-enough 

kno;-m energies tc be convenii:mtl.y used. as standards. These t;;~bles ccrne 
17.•/ 

·v.~ -· ~ ;~0 :pr:i.marily from the eo::pilat.:i.on by Lo.r ,_cu ar:d j_nclude bis -vrei.ghted error 

· values. For thc:; c"..eta:i.led references; it is suggested. tha.t the reader con-

s·c.lt this co:npi::;.a:~ion. We have includ.ed -t.he energies of e. mJmbcr of X-r2.ys 

vihich occt.cr in t;,e garcma.-r2.y spectre:. of selected. standards. The X-:c2.ys of 

In are includeC. in this- ta'Jle due to their presence in :nany Ge(Li) gamm.c~-

ray spectra. They ad.se from flt .. :Jresence in the In foil used as thermal 
. 1!, 

and elect:dcal contact between the Ge(Li) detector and j:ts mou:-.ticg block. 

Also inclu.ded are maay of the 
177m.. ' . -"' ' . . h Lu, tne er,ergles OJ. wnl.c have been determined 

from the d2c2.y cf 
137 in this laboratory 

using Ge(Li) detectcrs. This source) w·ith its !.tany low-energy (100·- 4oo 

keV)lines, .and i~s fairly long half-life, is particulatly suited for a 

calibration stanianl ·in this energy range. 'l'te G.ecay scheme and gamma-ray 

spectrum :Jf ti1is iso::ner are included in part 6 of this appendix. 



. -150-

Table XIII. Gamma-ray energy standards. 

Source Gamma-ray energy (keV) ·Half-life Comments Reference 

241Am 11. 887±0. OOLI. ~~5s·· y :Np T ·.U a 

211-l 
Am 13.9 ±0.1 ~-5·8 y Np La a 

57 co 14.36 ±0.05 268 d b 

. 21~1 Am 17.8 ±0.1 458 y Np :LI3 a 

241A .m 20.8 ±0.1 li-58 Np L y a r 
. 109Cd 22.11 ±0.08 470 d Ag Ka a 

·''' In 24.14 ±0.08 --·- In Ka a 

109Ccl 25.03 ±0.10 1~70 . d Ag Kl3 a 

2l~1Am 26. 31~8±0. 010 ~58 y 26 

- In 27.37 ±0.10 In K(3 a 

137 Cs 32.07 ±0,08 30 y Ba I\(y a 

137cs 36.52 ±0.10 30 y Ba K(3 a 

21~]_ 
59. 9+ 3:t0. 015 458 26 · Am y 

203Hg .70. 833=1:o. oo1 h7 
··. 

d ~:1 Ka:, a 
G 

203Hg 72.873±0.001·. 11·7 d. T1 Ka1. a 

1311 80.161:.±0. 009 8.05 d 136 

203 Hg 82.572±0.004 11·7 d 'rl K(3~ a 

203H _g 84.918±0.004 1~7 'd Tl Kf32t a 

109Cd 87,7 ±0.8 L1.70 Cl ll~O 

182Ta 101.101±0. 012 115 d 136 

' 177~u 105.31 ±0.05 155 d 137 
continued 
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r (" 
Table . . XIII. Continued . 

Source Gamma-ray energy (keV) Half-life Comments Reference .. 

177 ~u 112.95 ±0.05 155 d 137 

177~ .u . 12l. 63 ±0.05 15.5 d 137 

50 Co ].21.97 ±0.03 268 d 136 

177mLu. 128.50 ±0.05 155 d 137 

57 Co 136.33 ±0.03 268 d 136 

141Ce .• 145. h3 ±0. 02 32.5 d· 141 

182 
·' Ta 152 .14·29±0. 003 115 d 159,160 

177~u 153.29 ±0.06. 155 d 137 

182rp 
~a l56.389±0.004 115 d· . 159,160 

139ce 165.84 ±0.03 140 d 136 

·182 . Ta 179.392±0.005 115 d 159,160 

177mLu 204.08 ±0.06 155 d 137 

177m7 · 208.34 ±0. 06 155 d.· 
.. · ., 

137 . .J.JU 

182Ta 222.104±0.005 ''115 d 159 .. 160 

l77mLu • 228.44 ±0.06 155 d 137 

182Ta 229.317±0.008 115 d 159,160 

Th B 238.61 ±0.01 1.)\1 y 228Th 142 

. 182Ta 261.;.. 068±0. 009 115 d 159,160 

203H . g 279.15 ±0. C2 11·7 d 136 

177mLu 281.78 ±0.07 155 d 1.37 

1311 281.~. 307±0. 049 8.05 d 136 .. 
continued 

.. 
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' Table XIII. C!=mtinued, 

Source GanL1la-ray energy (keV) Half-life Comments Heference 

5lcr 320.11 ±0.03 27.8 d 158 

1311 364.467::0.050 8.05 d 136 

113 Sn 391.7 ±0. L~ 1i8 d ]_l~3 

· 198Au 411. 795±0. 009 2.70 .d . 136 

7Be 477.57 ±0.05 53 d 139 
.2 

511.006±0.002 136 moe 

207Bi 569.62 ±0.06 30 y 136 

Th C" 583.139±0.023 1.91 y. 228Th P6 ..) 

llOmAg 657.61 ±0.15 249 d 157 
137 .. Cs 661. 595±0. 076 30 y 136 

llOmAg 677.36 ±0. 20 2~9 d 157 

110mAg 686.86 ±0.25 249 d· 157 

110m .A 
... , ,·. ,, 

.g 706.28"±0.25 21~9 d 157 

110mAg 7L~3.99 ±0.25 249 d .157 

llOmAg 763.77 ±0.20 2~·9 d 157 

58 co 810.46 ±0.10 71 d 136 

110mAg 817.87 ±0.30. 2~-9 d 157 

5~· 
Mn 835.12 ±0.21 314 . d c 

. 56co 84.6. 5 ±0.2 77.3 d 136 

Th C" 860.47 ±0.06 1.91 y 228Th 136 

110m .A .g 88LL 46 ±0. 25 249 d 157 ... 

continued 
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Table XIII. Continued. 

Source Gamma-ray energy (keV) Half-life Comments Reference · · 

88v 898.01 ±0.07 108 d 139 ... . 
110mAg 937.2 ±0.3 21+0 

·-' d 157 

207Bi 1063.63 ±0~07 30 y 139 

65zn 1115.51 ±0.07 .. 245 d .139. 

6oco 1173. 226±·0. o4o · 5.26 y. 136 

56 Co 1238.6 ±0.2 77.3 d 136 

·i22 l271L 58 '±0.10 2.58 y 158 Na ' . 

60Co 1~32.483±0.6~6 5.26 y 136 

24Na 1368. 526±0. o4lJ. 15.0 h 136 
110m .. Ag 1383.8 ±0.4 249 d. 157 

llOmAg 1475.5 ±o.l~ 249 d 157 

· llOmAg 1504.6 ±0.5 249' . d 157 

llOmA 
."I 

1561.8 ±.0.4 249 
... 

. g d 157. 

58 Co 
l.: .. '• 

1674.9 ±0.3 71 d 136 

56 Co 1770.8 ±o.} 77.3 d 136 

8~y 1836.17 ±0.12 • 108 d 158· . 

56co.· 2034.7 ±0.3 77.3 d 136 

56 co 2598.9 ±0.3 77.3 d 136 

Th C" 2614.47 ±0.10 1.91 7 228Th 136 

24Na 2753.92 ±0.12 15.0 h 136 

.. 56 Co 3202.3 ±0.5 77!3 d 136 
continued 

" .. 

' 
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Table XIII. ·Continued. 

- ' I 
Source· Gamma-ray energy (keV) Half-life Comments Reference 

56 co 3254.0 ±0. 5 77.3 d 136 

56 co 3273.6 ±0.4 77.3 d 136 

56 co 3452.6. ±0.5 77.3 d 136 

aCalculated from the binding energies of Ref. 138, and weighted accord
. ing to ~nown intensity ratios. 

b Calculated from energy difference beh1een 136. 33 keV and 121.97 keV 
I 

transitions. 
G -

c . 6 Weighted average value from Ref. 13 in doubt due to spread of meas-
ured values .. 

',''. 

:. · .. 

·:, 

. ~· 

. ' 
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Source· 

2 
m c 

0 

7Be 

22Na 

24Na 

51cr 

.. ·'54 Mn 

56 eo 

-58 · Co 

-155-
'•, .. 

Table YJ.V. Gamma-ray energy standards listed by source. 

) 

Gamma-ray energy 

511. 006±0. 002 

477.57 ±0.05 

127LJ .. 58 ±0.10 

1368.526±0. 044. 

. 2753.92 ±0.12 

320.11 ±0.03 

835.12 ±0.21 

846.-5 ±0.2 

1770.8 ±0.3 
2034.7 ±0.3 

2598.9 ±0.3 
3202.3 ±0.5 

3254:0 ±0.5 
3273.6 ±0.4 

3452.6 ±0.5 

1!~.36 ±0.05 
121.97 ±0. 03 
136.33 ±0.03 

810.46 ±0.10 

1674.9 ±0.3 

. ' 

Source 

6o · 
Co 

Gamma-ray energy 

i+73.226±o.o4o 

.. 1332. 483±0.046 

1115.51 ±0.07 

898.61 ±0.07 
1836.17 ±0.12 

22.11 ±0.08 

25.03 ±0.10 

87.7 :1:0.2 

657.61 ::0.15 
677.36 ±0.20 
686.80 ±0.25 
706.28 ±0.25 
743.99 ±0.25 
763.77 ±0.20 
817.87 ±0.30 
884.46 ±0.25 

93'7.2 ±0.3 
1383.8 ±0.4 
1~·75.5 ±0.4 
1504.6 .. ±0. 5. 
1561.8 ±0. 4 

391.7 ±0. 4 
continued 

f .... 



Table XIV. Continued. 

Source Gamma-ray energy Source Gamma-ray energ-y 

--~------------------------~------------------------~~ 

137Cs 

139 Ce 

141Ce 

177~u 

80.164±0.009 

284.307±0.049 

_364.467±0.050 

32.07 ±0.08 

36.52 ±0.10. 

661. 595±0. 076 

165.84 ±0.03 
' .. 

145.~'3 ±0.02 

105.31 ±0.05 

112.95 ±0.05 

121.63 ±0.05 

128.50 ±0.05 

153.29 ±0.06 . 

204.08, ±0.06 

208. 3)+ ±0. 06 

228.44 ±0.06 

281.78 ±0.07 

101.101±0.012 

152.429±0.003 

156.389±0.004 

179.392±0.005 

222 .104±0. 005_ 

229. 317±0. 008 .. 

264.068±0.009 

241 
Am 

. · .· 

41~.· 795±0. 009 

70. 833±0. 001 ... 
72. 873±0. 001' 

-- I ' 

,-. 

82.572±0.004 

84.918±0.004 

279.15 ±0.02 

569.62 ±0.06 

1063.63 ±0.07 

238.61 ±0.01 

583.139±0.023 

860.47 ±0.06 

2614.47 ±0.10 

11.887±0.004 
' ' 

13.9 ±0.1 

17.8 ±0.1,, 

20.8 ±0.1. 

26.348±0.010 

. 59· 543±0. 015 

'\ 

. . 

• 
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3. Electron Energy Calibration 

For the general measurement of conversion electron spectra 'Hi th 

Si(Li) detectors there is not a great need for precise energy standards. 

Under most circumstances the gamma-ray spectrum 'dill have been previously 

measured, and if one knows the approximate energy region being observed 

in the electron spectrum, rapid assignment of K and L internal conversion 

lines from. the gam .. ma-ray data will allow an adequate calibration. Ho'rl

ever' since experimental situations will arise 'where it may be difficult 

to observe the gamma-rays (cc.:mversion electrons from nuclear reactions, 

fission, etc.), ;it is convenient to have a number of well-known electron 

energy standards. Fortunately, many of the gam..ma-ray standards have 

sufficiently large ICC values to 'permit their use as electron standards 

as well. Table X.V lists those K- and L- IC lines which are useful in 

the calibration of Si(Li) detectors. The energies are computed from the 

corresponding gamma-ray energy (Table XIII this Appendix) minus the 

electron-binding energy as.found in the tables by Hagstrom et al. 138 ·The 

L-IC line energy has been deter:mined by vleighting the L-subshell line 

. energies according to the intensity ratios for the multipolarity in q_ues

. tion. The errors indicated for the L lines do not reflect errors in 

knov1ledge of the L-subshell energies. These errors are placed in the 

table to indicate that the actual energy vlill depend on the resolution 

. of the cqrstal and also on the experimenter 1 s definition of peak center. 

This is due to the separation in energy between 11 + L2 and 1
3 

increasing 

as one goes to higher Z ~~lues .. 

The reader should note the absence from this table of one of the 
I I 

primary !3-spectrometer calibration standards, Th(B + C + C ) • This is 

·due to the fact that one of the daughter products is the emanating 

isotope ~20Rn, would cause serious contamination in any Si(Li) chamber. 

It has been noted by a number· of workers that 10'1·1 energy X-rays 

or gamma rays cannot be used to calibrate the Si(Li) detector for electrons. 

Th. . d t th f. . ~ II • d II (. d d 1 t th f ) .... h. 1 1s lS ue o
1 

.e 1n1Ge WJ.n ow 1.e., ea ayer a e sur ace u lCK-

. ness through which the electrons must pass. The energy los.s for electrons 
' 

above approximately !t-O keV observed in our Si (Li) detectors is about l keV . 

. ' 
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Table A.'V •. Electron energy standards. 
• 

Sol.lrce ;Conversion-electron energy (keV) Assignment . 

l09Cd _ 62.19::0.20 
1 oo 
~ "'Ag 87.7 K ~:E3) 

l09Cd 84.2 ±0.2 109Ag 87.7 L ( "'~. ) 
\'-'5 

141 103.44±0.02 l4L 145.43 "r (f!Jl+E2) Ce rr !\. 

139ce 126.91±0.03 139-La 165.84 iC' (H1+E2) 
141Ce 138.63±0.08 141 Pr 145.43 L (Ml+E2) 
l39ce 159.61±0,.08 139-.L,a 165.84 L (r'IJ....:..E2) 
203 .. .Hg 193.62±0.02 203T1 279.15 ·K (iVLl+E2) 
203Hg 264.47±0.10 203rp-

~l. 27,..., 'c: 
I ';J• J.._,; L (Ml-t·E2) 

198Au 328.69±0.01 198Hg hl1.795 K rE" ) \ I G 

l13Sn 363.8 ±0.4 113In 391.7 K ( l'!h .\ 
l . I 

113~ un 387.6 ±0.4 113In 391.7 L (M4) 
198 397.68±0.08 

108 
41l. 795 (E2) Au "' Hg l.J 

207Bi 481. 61±0. 06 ' 207Pb 569.62 K ( -~-,-:;, \ 
.wu I 

207Bi 554.37±0.10 207Pb r::i9 ?:z 
. J'-) .v L (E2) 

j 
137Cs 624.15±0.08 137Ba 661.595 K (M4) 
137 Cs 655.88±0.10 137B·a 661. 595. L ( H4 ) 

58 co 803.35±0.10 58,_, 
l!e 810.46 K (E2) 

'58 Co· 809.62±0.10 58~ 
l!e 810.46 L (·E2) 

' 54Iv'ill 829.13±0.21 "'4 ) Cr 835.12 K (E2) 
54 

M.'1 .· 834.44±0.21 54 Cr 835.12 L (E2) 
88y 8SL91±0.'Y(i' 88Sr 898.01 K (E2) 

'88 y 89s:81±o.o7. 88Sr 898.01 L (E2) 
207Bi · 975. 63_±o. o? 20?Pb l.063.63 K (M4) . ' 
207Bi 1048.io±o.1o 207Pb 1063.63 L (H4) 
65zn '1106. 53±0.07· 65cu 1115.51 K (1YLl+E2) 
65 . Zn ' 1114.41±0.07 65cu ·1115. 51 L (M1+E2) 
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4. Ga~~a-Ray Relative-Intensity Calibration 
~ 

\vhile ga~rna-ray energies are· quite important in the formulation 

of a valid level scheme for a particular nuclear decay, it is the relative 

intensity relationship betv1een the gamma-rays 1-lhich is often more directly 

comparable to nuclear theory. This, of course, puts prime importance on 

the ability to measure accurately these intensities. The improved resolu

tion of the Ge(Li) detector bas greatly simplified these measurements. 

Other methods of measurement vlhicb have equal or superior resGlution 

qualities, specifically curved crystal or external conversion measurements, 

;require very strong sources.and lengthy scanning periods. These methods 

also have much poorer peak-to-backgrollild ratios than that of the Ge(Li) 

qetector. These problems make the determination of intensities of weak 

·transitions (which may be among the most interesting in the scheme) quite 

difficult. The Nai(Tl) spectrometer, Y~hich has a good peak-to-background 

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 spectr~~-stripping procedure and will 
. 

still fall short of detecting weak transitions. In this section we Y~ill 

discuss the relatively simple method of relative intensity calibration 

and measurement which the Ge(Li) detector has made possible. 

For Nai(Tl) detectors, two primary methods have been used for 

photopeak efficiency calibrations. The first involves the use of computed 

intrinsic efficiencies (the·intrinsic efficiency is that fraction of garrL-na

rays within a given solid angle which are detected in the pulse height 

spe~tr~rn). One determines experimen tallJ! the, ratio of counts in the full~ 

~nergy (photo) peak to the total counts in the spectr~~ for a n~rnber of 

·sources in a particular geometry. This peak-to-total ratio is then 

multiplied by the intrinsic effic-iency to evaluate the photopeak efficiency. 

Since the peak-to-total ratio varies quite smoothly with energy, this method 

is' quite·.satisfacto!'y. It is quite tempting to apply this method to Ge(Li) 

c~~::.ibration. Hm-1ever, since the development of these detectors has been eo 

.'."a;,id, ~here has not, as of this time, been a standard ·detector configuration 

... 
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(both detector shape and backing ~aterial) established. Thus, those 

J- .co • t . . f.CO' . h' ' ha.ve been undertaken144,l45,l47 calcula~ions OL 1n r1ns1c e LlClency w 1cn 

have differed in the shape of detector considered. This method, hm-1ever, 

'.dll·become convenient "When a standard configuration is established. 

The second method of efficiency calibration for Nai(Tl) detectors 
0 . 148 

is that suggested by Astr8m et al.. and is the one "Which l·le have applied 

to Ge(Li) detectors. In this method, sources are used which have two or 

more transitions the relative intensities of which are "Well knmm·. Par-

ticularly useful for this purpose are sources "Yihich have transitions in 

cascade "Yiithout the presence· of crossover, or single gammas with well 

known K-ICC (thus perrr:itting use of garruna-to-K-X-ray ratio). If it is 

assu.rned that one of the transitic~ms is detected "With lOCY/o efficiency, the· 

relative photopeak areas of the other transitions can be used to determine 

the relative efficiency of the detector at the particular transition 

energies. By plotting these sets of points on double logarithmic paper 

and adjusting the efficiency axis the points should form a smooth curve. 

One may then measm·e a few standards, the absolute disintigration rates 

of which are kno"Wn, to place the efficiency curve on an absolute 

* Particularly useful for this purpose are corr~ercially available 

8 standards (
241

Am, 57co, 203rrg, 
22

Na, 137cs, 54Mn, 
6

5zn, 
60

co) 

integration rates of which are kno"Wn to an accuracy of 1% - 3%. 

so~rrces may be ordered in either 1J..LCi or lOJ..LCi strengths. 

scale. 

sets of· 

the dis-

The 

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 

and 154Eu and their present intensity values from the work of Reidinger, 

. Hamilton and Johnson149 using a "Well-calibrated Ge(Li) detector. It 

. ·.should be emphasized that l52Eu is potentially the finest single efficiency 

calibration source available. Its long half life (12 yr.) and numerous 

· intense transitions spaced ."Well in energy. make it perfect for a rapid 

* SOLrrce sets available from International Atomic Energy Agency, Division· of 
Research and Laboratories, K~rntner Ring 1113, Vienna l;.Austria. 

·.·' 

.. 
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Table XVI. Relative-intensity standards used to calibrate the 
gatruna-ray spectrometers. 

Isotope· Photon energy d Relattve Method a 
(keV) intens ::Lty 

241A m ll.9 Hp L 2.2 PROP0 

14.0 Np La: 37.5 

17.8 Np Lp 51.2 

20.8 Np 13.8 

26.35 7.0 

59.55 100 

109Cd' 22.2 Ag Ka: 25.5 . SSD 

24.9 Ag Kp 5.5 

87.9 1.oo· 

57 co. 14.4 11 SSD 

122.0 100 

136.3 13 

188Re 63.0 Os Ka: 24.2 .. ICC 

71.4 Os Kp . 6.6 

155.0 100 

203Hg 72.9 Tl K .a: 11.9 ICC 

82.6 Tl Kp 3.44 

279.2 . 100 

108 ,/ Au 70.8 Hg Itt 2.24 ICC 

80.3 Hg Kt3 0.643 

411.8 100 

137cs 32.2 Ba K a:· 6.85 ICC 

36.4 Ba Kp· 1. 54 
661.6 .100 

continued 
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Isotope 

l60Tb 

22 
. Na 

24-
Na 
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Table XVI. Continued. 

. . d 
Photon energy 

(keV) 

55.8 Hf Ka 

63.2 Hf K~. 

93·3 
215.3 

332.5 
443.6 
501.2 

46.0 Dy I\x 
51.1 Dy K~ 

86.8 

511.0 
127L1 .. 6 

·1173. 2 

1332.5 

898.0 
1836.2 

1368.5 

2753.9 

Relative 
intensity 

25. 2. 

7.4 
16.8 

80.6 

91+.8 

83.0 
11~. 2 

116. 

28.8 

100 

180 

100 

100 

100 

93 .. 

99 

100 

100 

. a 
Method 

ICC and DS 

ICC 

aAbbreviated as follows: PROP- Proportional counter spectrometryj 
SSD - Solidstate detector spectrometryj ICC .. Assuming K internal con
version coefficient of a pure E2 transition from negatron emitter, and 
use of K-fluorescence yieldj DS - Hell established from decay scheme, 
b . 

Reference 150. 

c 
. Reference 151. 
d 

The quoted x-ray energies ar:: Ka1 and K~1. 
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Table XVII. 
'152 · Eu and 

154 . . ' 
Eu gamma-ray relative intensittes 

from Reference 149. 

1 c2 ;; Eu (12.4 yr) 154Eu (16 yr2 

E a (keV) b (Rel. ) E a (keY) b 
(Rel.) I I y y y y 

122.1 125 123.1 100 

244.7 29 247;8 18 

295.7 l. 3'. 444.3 1.3 

343.7. 100 558.1 . 0.6 

366.8. 
.• 

2.1 592.5 16 

410.5 . ' . 8.1 693.0 6.0 ,, ·,j .. 

443.4 
:i 

13 724.2 56 

687.6 2.7 759.1 12 

779.4 52 . 817.1 1.5 
868.3 15 848.0 1.8 

957.4 2.0 876.0 31 

965.0 55 906.2 2.1 

1006.1 3.5 . 999.6 31 

1086.8 44 1008.2 .·. ·:·; 50 

1113.0 50 1249.3 ( 3.2 

1213.0' 4.6 . 1278.0 100 

1249.0 1."5 1495.8 1.8 

12?3·7 1.1 1540 0.1 

1298.4 6.1 1595·9 4.6 

1406.5. 79 

1454.9 . l. 7 

1524.6 l.2 

. ~nergy measurements are good to 1 keV or better. 

bRe1ative intensity errors 'are about' 5% for strong transitions increasing 
to about 30% for weak transitions. 



calibration source for Ge(Li) detectors. The data presented are perhaps 

:somewhat tentative and vie are anxiously av1aiting them in their final form. 

It is suggested that, in order to obtain the best possible values, other 

groups should measure the intensities of the transitions in both of the 

above isotopes due to their potential importance as standards (as 'tlell 

as for the actUal physics of the decay schemes in question). 
i 

Figures 54 and 55 display photopeak efficiency curves for t·wo 

Ge(Li) detectors, of dimensions lcm x lcm x. 0.5cm and 3cm x 2cm X l.lcm 

. respectively, determlned in the above manner. 'Ehese show the character

istic reduction in efflciency as· one approaches lo'" energy. This is due, 

of course, to photon absorption in the cryostat chamber "Yiindow as well as 

in the surface "dead layer II of tQ.e crystal itself. The fact that the 
:·; 

efficiency of the detector of Fig. 54, in comparison to that of Fig. 55, 

reaches a maximum at a lower energy as well as falling off less rapidly 

as. the energy gets even lm~er is clue both to its ''thin window" construction152 

and to the 0. 010 in. Be '"inclow on the cryostat. This makes the smaller 

detector quite useful for relative intensity measurements in the X-ray 

region. 

For a comparison of the observed efficiency to theory, we have 

included in Figs. 51+ and 55 the curves of efficiency versus E-2 · 5 and E-1.5. 

Theoretical calculations of the. ph0to-electric cross section1 ~·6 suggest 

that the photopeak efficiency should fall off as "'E-
2

· 5 between 100 - 500 

keV and as "' E-:-1. 5 between 500 keV and. 3 MeV. The fact that the small 

. detector of Fig. 54 follov1s this prediction fairly well is not unexpected, 

since the small active volume does not permit sizeable contribution to the 

full-energy peak from multiple events. The larger detector, however, is 

seen to clo·sely follow E-1. 5 over a broad energy range. This indicates 

the sizeable contribution of reabsorption of the Compton seattered. gam.rnas 

to the full-energy peak. The detector ln question shows this large photo

peak efficiency clue to its particular experimental arrangement. The photon 

beam is collimated, and is incident upon one of the 2cm x l.lcm crystal face~, 
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thus presenting an effective depletion depth of 3cm. The proportionality 

betwee.n the effiCiency and the gamrn.a-ray energy raised to a specific 

power suggests ~ convenient fuethod plotting the efficiency data. While 

the double logs.ri thmj_c plot shmm above is quite useful, it has been 
153 \ suggested that one may take better a_dvantage of the efficiency deter-

1.5.( 2.0 2.5, 
minations by plotting the function Eff. X E E or E } versus Eon 

a linear scale for the energy range 200 keV - l MeV. This function vlill 

closely follow ·a straight line and one may read the .des !.red ve.lues from 

the curve much more accurately than with the double loga:i'itrnnic plot~ 

This entire discussion of photopeak efficiency determination has 

been predi~ated on the experimenter's ability to accurately determine 

the areas of the _photopeaks in qtwstion. Of course, it is not essential 

that some absolute peJk be defined. Hov1ever, it is very important for 

one to be consistent in the manner in which photopeaks are analyzed. If 

all peaks -v1ere situated ori a flat background there would be little problem 

. in determi0ing a background value to subtract point-by-point from the total 

spectrum yielding the desired peak area. ~ith singl~-peak spectra or 

spectra in which a g4.ven transition is very intense, the situation is more 
I , . . 

complex. The loss· of electron energy from within the crystal through brems

strahlung and other means tendr;> to fill in the .region between the photopeak 

and Compton distribution. For this reason,_ the. region just lower in energy 

than the photopeakmay be more than one order ·of magnitude more intense 

than that higher than the photopeak. ·At this point a very important 

question ari.ses. ifuat background shape should .be taken in such a situation? 

The problem is sho1m in Fig 56. 
1n -

Spectrum A in this figure is that of Sn, showing the t-v1o photo-

peaks at 255.1 and 391. '7 keV and the Compton edge associated with the 

higher energy photopeak. Spectru.m B is spectrum A with a background from 
60 ' ' . ' 

Co added in until the region under the photopeak becomes essentially 

flat. In a normal experimental situation) the background 'for spectrum B 

indicated by the solid line beneath the photopeak would be used to determine 
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_the area. Three of the possible alte:rnati ves for the photopeak background 

of spectru.'Tl A are shovm by the· dashed lines numbered r, 2, and }. Line l 

extends from the edge due to multiple Compton processes to the high-energy 

base of the photopeak. Line 2 was determined by.replotting.the region 

surrounding the J?hotopeak on linear paper and joining the point of maxi!imm 

radius of curvature on the ·l0\·1-energy sj_de to the base on the high-energy 

iide. Line 3 is that background which~ as it will be shown, reproduce~ 

the peak. shape from spectrum B. · 

. In Fig. 57 we show the peak shapes obtai ned by subtractlng the · 

three background lines in spect;cum A of.:F'ig. 56 channel-by-channel from 

the total spectru..rn. 'l'he solid line peak shape is that obtained from 

spectrum B. It is seen that bacl{.ground 3 of Fig. 56 gives a peak shape 
:·:· 

aL'Tlost identical to that'of spectru.'Tl B. If we include only that portion 

of the peak greater than F/o of the peak height, -we find that background l 

yields 2.5% greater area and background 2 yield 1.3% greater area than that 

obtained from spectrum B. In practice it is not possible to consistantly 

determine those points from which 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 - l. 'Y/o. 
If we use a background like that of line ~ in Fig. 56 when deter-

·. mining standard _peak shapes for peak-shape analysis of complex spectra, 

the general form of the standard peak is found to be Gaussian with a low

energy exponential tail. The height on the peak at which this tail starts 

is a. function of. the ga~!Tla-ray energy and.is due to incomplete charge 

collection in the detector. The tail can be lowered if the bias voltage 

on the detector can be increased. The use of stap.dard peak shapes is 

s~own in Fig .. 58, where the shape of the 780 keV peak from the decay of 

l95Hg is used to analyze near-by peaks. 

For well-resolved, .fairly:-intense photopeaks in the energy range 

300-1300 keV we feel that relative intensities can be determined to approx

imately 3-'5% vlith normal precautions. It is possible to do better than 

this, but only 1tlith extreme care. There are. many effects which must be 
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Fig. 57. Peak shapes determined from subtraction of the background 
values shown in Fig. 56. 
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considered if one wishes to push intensity measurements to their limits 

of accuracy, but the h1o major problems still lie in the number of useful 

standards available and the method of photope.9.k analysis. 

5. Conversion-Electron Relative-Intensity Calibration 

Since the best method of full-:energy electron peak efficiency deter.mimtion 

for S.i(Li) .detectors has been extensively discussed in Section II of this 

thesis, vie present here only those sources which ·Hill be of value in 

obtaining rough shapes for the effidency curves. Table XVIII lists the 
. 243 

sources in question. The nuclide Cm is included not only for its· 

electron relative intensities but also for the fact that the knmm alpha

* to-conversion-electron ratio can be used to place the e],ectron efficiency 
. . 

oh an absolute scale :J:f the alpha disentegration rate is knovm. There are 

a very large nu.rnber of transitions in the spectrum of 
20

5Bi + 
206

Bi: In 

Table XVIII, we have included only those peaks ·Hhich are fairly intense 

and are relatively well separated from neighboring electron lines. The 

errors on the intensities of the Bi lines are probably on the order of 

6-lCP/o in most cases; It should be noted. here that an accurate measure

ment of the relative intensities of the electron lines in the decay of 

1 1 
166~. 

the ong- iyes isorner, tto, v1ould be quite valuable; for the large 

riu .. rnber, as well as the 1-1ide 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 the beta spectru.rn 1vill not 

seriously interfere 1-1i th the observation of conversion electrons (due 

to the lm·l ·energy of the beta endpoint). 

For the convenience of the reader, we also include here, as 

Table XIX the table of standard internal .conversion coefficlents from 

Ref. 157, 1-~hich has been previously discussed in Section II of this thesis. 

* The alpha-to-277.6 keV Kline intensity rati.o is given in Ref. 156 as 
0.157. 

.. 
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Table XVIII. Conversion-electron relative intensity standards. 

Source 

(35 y) 

205Bi 
l'O 

(15 d) 

E (keV) y 

209.8 
228.2 

277.6 
209.8 
228.2 

277.6 

282; J, 
,( 

284.2 ·:~ 

550.0 

·. 703.3 
910.8 

1043.7 
1190.3 
1766.lJ. 

34J.l~' 

398.1. 
lt-97 .1 

516.1 

537.5 

803.3 

'880. 5 
895.1 

Line 

K 

K 

K 

Lj_+L2 

Ll+L2 

Ll+L2 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

·K 

K 

K 

K 

K 

E (keV) 
e 

8'{.9 

106.3 

155.8 
186.7 
205.1. 
254-.6 

194.3 
196.2 
462.0 

615.3 
822.8 

955.7 
1102.3 
1678.4-

255.4 
. 310.1 

4-09.1 
1~28 .1 

1~49. 5 .. 

715.3 
:792.5 
807.1 

I (Re1) 
e 

5.1 ±O.l~a 

11.9 ±1.0 

9.8 ±l,O 

0. 9'+±0.12 
2.45±0.24 

l. 99:!:0.13 

6.3 
100 

9.8 
32.5 
7.6 

. 1~3.6 

760b 

210 

170 

250 

.280 

100 
60 
44 

a . 
Relative intensities taken from Ref. 154 for the· same transitions 

observed in the (3'decay of 239Np. 

b 
From Ref. 151. 

... ' 
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Table· XIX. 
. . a 

Internal conversion coefficient calibration standards. 

Source tl/2 E (keV) Multi polarity o:k y . 

109Cd 470 d 87;7, E3 11.0 ±0.3 
141Ce 33 d 145,4 3. M1(E2): 0.379 ±0.004 
139ce 140 d 165.84 M1(E2) 0.2142 ±0.0015 
_203Hg 47 d 279.15 ML+E2 0.163 ±0.002 
1138n 118 d 391.7 M4 0.438 ±0.008 

198Au 2 .• 7 d ' 411.795 E2 
.. 
0.0302 . ±0.0003 

····137 . 
Cs 30 y 661.595 M4 0.0894 ±0.0010 

58 Co 71 d 810.48 ... E2 0.000295 ±0.000010 .. : 4 
5Mn 314 d 835.12 E2. 0.000224 ±0.000010 
65 .. 

Zn 245 d 1115,6 'Ml+E2 0.0001664±0.0000066 

8 For References consult Table I; page 28 of.this thesis. 
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. 6. lT7~u 

The _155-d.ay tso:ner of' Lu is of great importance from the stand-

· .... point of nuclear theOry. ·~ Its decay scherr..e is sl1own in Fig. 59 9 The 

presence of suc:h a large nmnber of transitions in the region of 100-

500 keV also make it important as a stahdard for energy calibration. 

In anticipation of Hs· general use, vie present here, as Table XX a 

listing from Ref. 137 of the energies and relattve intensities of ga!P.me.

rays in this decay. Also included in this table are the val'...les det"ermi.ned 
155 . 

by Alexander et al. using .a bent-cl~ystal spectrometer. To aid the 

experimenter 1n rapid assignment of peal~:s :tn the calibration spectrum vie 

also, include, as I•'igs. 60, 61) 62, and 63 the gam:na-ray spectrLtm of 
177m.. t ( ) • . Lu ·aken 1-lith a Ge Li detector having a resolution of 1.2 keV at 

122 keV. 
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'I'able XX. Energies and :relative intensities of gamma rays i'rorr. the 
·.· · . decay of 155-day 177mLu. · · 

Reference 137. Alexander et al. 155 

~ 
Ga~~a-ray energy Relative Gamma-re,y energy Relative 

(keV) intens:i.ty (keY) intensity 

71.66 (6) 6.8 ( lj.) '71.64 ( 2) 9 (2) 
'-) * 105.36 (2) * 105.31 (.::>, 100. 100 

112.95 (5) 179 (13) 112.97 (2) ·_. 251 /1")) 
\ _)' 

115.96 (10) 5.0 ( ( lj.) 115.83 ( ~:) 0 . ( 2) .-

117.17 (13) 1.8 (2) 117.01 ( 4-) 12 (2) 
121.63 ( ) . '.52 (4) ~ 121.56 (3) 92 ( ~) 

.•t 5, 
,1:- \J 
.. ~. 

128.50 (5) 127 (8) 128.48 (2) . 125 (6) 
136.72 (5) 11.7 (8) 136.68 (2) 17 (3) 

' 145.78 (10) 6.6 (6) 145.59 (6) 11 (2) 

147.15 (8) 29 ( 2) 11+7.10 (6) 27_ ( 3) 
153.29 (6) 133 . (8) 153.25 ( lt) 134 (7) 
159.75 ($) . 5.4 (5) 159.92 (8) 5 (l) 

171.85 (10) 37 (4) 171.84- (8) 41 ( lj.) 

171~. 42 (6) 96 (8) 174.37 (6} .• 110 ( 6) 
177.03 (8) 26 (3) 1T{.05 (8) 311. (-) ,j, 

181.98 (10) .0~75' (13) 
195. 52 (6) 7.0 ·( 6) 195.4 (1) 9 (2) 
204.08 (6) 114 (8) .. 20lf .. 00 (8) 130 (13) 
208.34 (6) . 1~85 (40) 208.36 (6) 610 (31) 
211~.45 ( 6) L18 ( 4) .. 214.3 (1) 79 (8) 
218.06 (6) 27 ( 3) . 218.0 (l) 37 (6) 

228. 41+ (6) _287 (26) 228. !j.8 . ( 8) 34·0 (17) 

"' 233.83 (6) 1~5 ( 4) 23"'.'7 '3·(10) I , , .. J f ~ 43 ( 4) 
. ' 249.65 (6) 47 ( ~-) . 21~9.69 (10) 62 (6) ... 

' 
268.79 (6) 25 (3) 268.4 (J) 32 ( 5) 

continued 
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Table XX. Continued. 

Reference 137 I 

Alexander et 81. 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) 4.7 (7) 

\ 

291.42 (10) 7.7 (9) 291.7 (3) 20. ( 4) 
292.51 (10) 7.8· (9) 

. 296.45 (8) . 38 (4) 296.1 (2) 65 (7) 
299.03 (10) 12 (2) ,299.1 (3 y 10 (2) 

" 305.52 (8) ,j' 14 (1) • 306.0 ( 3) ' 13 (:3) 
+ 

313.69 (8) 9.4 (7) 313.5 (3) 12 (2) 
318.98 (8) 78 (8) 3i8.8 (2) 86 (4) 
321.32 (12) 9 (1) 321.4 (2) 12 
327.66 (8) 136. (8) 327.7 (3) 149 (15) 
341.64 (8) 13. (JJ 341.8 (4) 14 (4) 
367.41 (8) . 23 (2) 367.4 (4) 25 (5) 
378.51 (8) 222 (17) 378.4 (3) 223 (22) 
385.02 (8) 24 (2) 385.0 (4} .. · '· .· 37 (7) 
413.64 (12) 131 (10) .. · 413.7 . ( 5 ) .. 163 (16) 
418.51 (10) 161 (12) 418.6 (5) 185 (19) 
426.29 (10) j.4 (4) 
465.96 (12) 19 ( 2) •' 466 (1) 23 (7) 

* Normalize·d 'to 100. 
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