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The Walrus ‘and the Carpenter
Were walking close at hand;

They wept like anything to.see
Such quentities of sand:

"If this were only cleared away,"
They said, "it would be grand!"

"Tf seven maids with seven mops
Swept it for half a yesr,

. Do you suppose," the Walrus said,
"That they could get it clear?”

I doubt it," said the Carpenter,
And shed a bitter tear,

Lewis Carrolll
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ELECTRON-SPECTROSCOPIC STUDIES
"OF NEUTRON~DEFICIENT RHENIUM ISOTOPES

Charles J. Gallagher, Jr,

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

" September 1957

ABSTRACT

The transitions arising from the electron-capture decay of the
181 to Re BA, have been
s . RS o 181 182
investigated. Five radioactive species: 20-hr Re , 12.7-hr Re s
6o-hr-Rel82, T1-day Re183, and 50-day re B have been studied., Evidence

neutron-deficient isotopes of rhenium, from Re

v » . 181 : .
confirming the mass assignment and half 1life of Re L is reported.

Twenty=-one transitions’are'assigned to thig:isotope and a partial decay

_scheme is presented, Twelve transitions are assigned to the decay of

82

N 18 . ,
12.7-hr Re” , and because of previous investigations on’ the energy

levels .of the daughter W182, from Ta Z‘decay, it is possible to assign -

15 other transitions to this isomer. A décay'scheme is presented,

. Fifty-seven transitions have been assigned to arise from the decay of

_ _ : 8
60-hr Rél82, and because of previous studies on the levels of Wl 2, from

Téle decay, it is possible to assign 11 other transitions to this
isomer, A decay scheme is presented and the levels are analyzed in the
light,of the Bohr-Mottelson unified model, Evidence for fiyé transitions

in addition'to those already'repdrtedvfor Rel83 decay is presented,

“bringing the total number of transitions observed -in the decay of this

isotope to 25, Because of previous investigations of the lévéls of the
daughter,w;83, from T3183 decay, it is possible to assign at least four
other trahsitions to this isotope. Eleven tranéitions arising ffom the
decay of_RelSu are reporﬁed, and a partial decay scheme proposed,

The K-Auger electrons observed in this study are reported, and
an_empirical correlation of their energies is made,

A speéificvprediction of the BohrrMottelsoﬁ unified model allow=- -
ing ﬁhe calculation of électron-capture decay energies from primary-
branching_ratiosvis pointed out, and an gpplication is made to the Rel8lL

decay scheme,
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EIECTRON-SPECTROSCOPIC  STUDIES
OF NEUTRON-DEFICIENT RHENIUM: ISOTOPES -

¥

.I. INTRODUCTION

In recent years two models of nuclear structure have achieved
remarkable success in explaining the physical properties and low-energy
states of nuclei, -The nuclear shell model, proposed independently by

3

M. Mayer,2 and Haxel, Jensen, and Suess,” has led to an understanding of
the particle states of nuclei and has brought,clearly into focus the
relationships existing among many apparently unrelated physical phenomena.
Probably its major achievement has been to establish regions in which a
consistent pattern.of nuclear properties can be expected, It has, in
effect, provided a broad basis for thinking about the nucleus.

| The unified collective- and individual-particle model‘of nuclear

structure of Bohr and Mottelsonlh"5

applies in general in the regions
between the shell closures predicted by the shell model.. Its principal
suééesses have been to systematize the experimental data regarding the
low-lying states of even-even nuclei, and to predict what stafes besides
the single perticle states should be expected in odd-mass nuclei in these
regions. The technique of Coulomb excitation, the feasibilitybofbwhich
was predicted by'tne theory, has become a magnificent tool for obtaining
information on the low-lying states of stable nuclei.6 Anq, very im-
portant from the viewppint.of the spectroécopist, the model makes quanti-
tative prédictions regarding the energies of states arising frbm collect-
ive excitations, and the transition probabilities connecting ﬁheﬁ,

The outstanding success .of these theories ie too well known to
be discussed further here,i However, in spite «of the very great stimulus
that they have given to the experimentalist, there is»atvleé;t one aspect
of the unified model that has been relatively neglected -- the”study of
the predicted vibrational states in even-even nuclei, ) Iy

The model predicts that if the spheroidal nucleus vibrates, it
can do so in one of two ways: in'one way, it will preserve its symmetry

about its major axis; in the other, this symmetry is lost. These modes:
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'octupole nature, Sheline
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of vibration are called B- and-rivibrationsArespectively, and are pre-
dicted to have the same parity as the ground state. Some of these states
have been identified in the heavy-element and transition-element regions,

A study of the rotational states based on these states is also important

in order to obtain information on the moments of inertia associated with

the vibrational states and, perhaps, lead to a.clearer understanding_of
the number of particles participating in the collective motion.
' Besides these states, however, other states have been observed

to occur systematically in the regions where the properties:predicted by

. the unified model begin to appear, or. have already appeared. In the

heavy-element region some of these states have been characterized by

,StephénS"8 as 1- states with a K quantum number of 0.. These states

have'been attributed to the appearance of non—symmetrié vibrations of
9 has recently pointed out that in.the‘rare—
eafth and héavy transition-element region other negétive~parity_statés
occur systematically and méy arise from Vibrétions similar in nature to
the 1- vibrational states in heavy nuclei. |
This stud& was undertaken in an effort to obtain data on the
high-energy states in even-even nuclei in an effort to establish their
character more exactly and perhaps through this afrive at a clearer

understanding of the nucleus.
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II. EXPERIMENTAL TECHNIQUES

-A. Energy and Intensity Measurements. .

Internal conver51on electron energles were measured using a
"lens" type beta—ray spectrometer of 2% resolution and 2% transm1551on,lo .y
:a double-focusing beta-ray spectrometer of 0. 3% resolution and 0.1%
transm1ss1on,l; and 52. 6—, 99— 160— 216— and 350- gauss permanent-
magnet spectrographs of 0, l% resolutlon and from about 0. Ol% to about
- 0.1% transm1ss1on - ' ) '

Gamma-ray energles were measured us1ng a l-inch by 1- l/2 -inch
" dismeter NaIl (T1) 501ntlllatlon spectrometer of approx1mately &% re-
‘solutlon The detector was connected to 50—13 and lOO channelllL dif-
ferentlal pulse—helght analyzers '

Gamma-ray c01nc1dences were studled uSrng the apparatus de~
scribed by'Stromlnger 1 _ - » '

Internal- conversion electron line intensities were obtalned
wherever pos51ble by’analy51s of electron spectra measured in the vari-
able-field magnetic spectrometers In most cases, however, the re-
solutlon of these spectrometers was 1nsuff101ent to resolve the many
lines present, so that the electron 1ntens1t1es had to be obtained from
spectrograms exposed in the permanent—magnet.spectrographs, Dens1tometer
traces of these plates were made using a Dietart ARL Recording Densi-
tometer,l6 The ‘method of Mladjenorié and Sl!itisl7 for relating photo-
graphic blackening to numerical intensities was used to calculate the
numerical intensities listed, }

Gamma-ray intensities were obtained through analysis of the
. various gamma spectra,measured using the gamma-spectrometer and analyzers
mentioned above, The correction curves of Kalkstein and Hollander
were used to correct the observed gamma intensities for crystal absorp- i
tion and Compton effect,

v
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B. Source Preparation

_Because many types of bombardments weré made to.obtéin the

rhenium activities used in this study, severalldifferent chemical sep-

arations were utilized to isolate the rhenium aétivity. In order to

-avoid repetition, the production of the activity used ip the study of

each isotope Will be discusséd separately in the,section deyoted to that
isotope; the chemistry used to purify the-rheniuﬁ activities will in
every,case‘be.described in‘Appendix A, ‘ ’

The,sourcevpfeparations were of two types: cathodic .electro-
deposition .of an undetermined basic rhenium compcund,from (NHI‘;)ZSOlF
solution on a platinum or copper electrode; and-.evaporation of activities
on aluminum counting plates,

_ The sources used in the‘double-fdcusing spectrometer and the
permanent -magnet .spectrographs were made by electrodeposition of the
cérrier-free rhenium activities on 0,0lO-inch.diameter-platinum wires
in the plating cell described by Smith and Hollander.l9’ The .electron
activity of some of these sources, measured at the surface of the wire,
was .as hiéh.as 30 roentgens, '

Sources used in the "lens"-type beta-ray spectrometer were

.prepared by electrodeposition of the carrier-free rhenium activities on

0,005-inch copper foils 2 cm in diameter. The foils were first painted

~with,fingeranailvpolish.except'for an area 2 mm in diameter in the

center of the foil, This unpainted area was cleaned with insulin and
dried, A drop-of solution .containing the radioactivity was placed on

this clean area, and a platinum anode (a platinum wire with its .end

melted and flattened) was inserted, Electrodeposition was continued

until a source of predeterminediactivity'had been prepared, Solution
must'be added dropwiée continually in_fhis‘method,owing to its high

rate.Qf.evaporation.ffom the drop, -Optimum intehsity for sources for
this spectrometer were foundvtovbé approximately 100 mr (electron) at

the surface of the source.
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\

Electrodeposited sources used in this study were never flamed

following the electrodepos1tlon, because rhenium oxide is volatile,

The evaporatlon sources were prepared by evaporatlng a drop
of carrier- free rhenium activ1ty on alumlnum countlng plates Sources
were also prepared by‘drylng Re2 7 slurrleQ on aluminum countlng plates,

These evaporated samples were used exclu51vely for gamma—ray analyses

" and half-life measurements

%
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JITI, ELECTRON SPECTROSCOPIC STUDIES ,
OF.NEUTRON*DEFICIENT RHENIUM ISOTOPES

A, EO-Hour‘RGLBl

Mass Assignment and Half Life

The 20-hr electron—capturlng isotope rhenium-181 was first pro-

-duced by alpha-partlcle ‘bombardment of stacked tantalum foils by Sweeney,o

who assigned it a 17<hr half life. His a551gnment/was tentative. because

he only observed a 17-hr component in his decay curves when the bombarding

alpha energy was greatef than 40 Mev, D@ring,the.present investigation_of_

rhenium isotopes produced by 48-Mev alpha particles on tantalum, a very

prominent 366-kev gemma trensition was observed that decayed with an ap-

proximately 20-hr half life On'the basis .of these data we assigned the

20 hr half-life to rhenium 181 and the 366-kev gamma transition as a
l8l

transition in the daughter nucleus, W

.Tb verify this mass assignment, two experiments were done. The

first consisted of two stacked-foil excitation functions performed by

,bombarding‘a.stack,of_0.00lninch-téntalum_(99.98%,pure) with a very low-
intensity beam of alpha particles in the Berkeley 60-inch cyclotron.

_ JIn the first experiment the foils were counted directly in a
;sodium‘iodide counter withlthé 50-channel differential pulse-height ana-
lyser. .ThéAintensity'of the 366-kev gamma in each foil was .then plotted
against the mean energy of the alpha particle in each foil to give a
rough excitation function, .The threshold energy was approximately 33_Mev,_
and the curve was still rising at the full energy of the cyclotron, 48.6
Mev. This threshold and the shape of the curve clearly mustlcoérespond
to a TalBl (a,hn),Rel8lvreaction. The excitation function is illustrated
in Fig. 1. A |

‘The second stacked-foil bombardment was used to determine the

half-life of the isotope. Much greater activities,were'produced, and

,carrier-fréé,éhémical-separation (Ghemiétry 4, Appendix A) to obtain pure

rhenium was performed on the first foil., The decay of the 366-kev

transition was followed in the double-=focusing beta-ray spectrometer and
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on .the 50~channel anslyser, vThevresults.obtained'byjthe.two methods were

" in good agreement, The half life determined was 20 * z'hrs

The second experiment was conducted several weeks after the
second.bombardment - ‘Tungsten .carrier was added to the previously sepa—

rated,pufe,rhenium activity, WO was,pre01p1tated (Chemistry B, Appendix .

3

A) and the,precipitate was gamma-analyzed, A s1ngle peak was observed

at the energy of tantalum K x-rays. Because -W: 81; the only radioactive

tungsten isotope in this region, has been observed to decay almost
181 21-25

entirely to the ground state of Ta s and .since the long-lived

rhenium isotopes exhibit complex gamma spectra, we feel that this ex-

181

- periment further establishes the activity first observed as Re . .The

half life of the K x-ray peak is in agreement with the 140-day half 1life
26 ; .
reported for WlBl but we\have not followed it for a long enough

period to verify this value,

General Resume ofISpectroscopichesults

The decay of Rel8l is observed. to .populate predominantly a level
- ' 8 -
365.50rkev aboye.the ground state of Wl l. This level has a.long’(> 10 6

sec) half life, and is observed to decay by a highly converted transition.

Besides this transition, 16 other transitions are established on
the basis of conversion-electron and gamma spectroscopy. Four other
transitions are reported, buﬁ their assignments aie tentative,

Only a partial decay scheme is,giveﬁ.because the data are in-
dicative of a more complex spectrum than has been established in the
present study. A total of six_levels are assigned on .the basis of energy
sums and differences, Nine transitions are :found to fit into these,leveis,

leaVing,seven.defindtely established and the‘four_qpestionable transitions
. / L
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Gamma, Spectroscopy

The complex1ty of the radiat:ons ar1s1ng from the decay of the
neutron-deficient rhenium 1sotopes studied made it necessary to employ a
-somewhat c1rcu1tous method to obtain gamma, 1nten31t1es for. Rel l. -Such
.a method was necessary because RelBl.could not be obtalned free from the
rhenium 1sotopes of higher mass number, and because its. half llfe is of
the same magnltude as the. 13-hr isomer of Rel82,. | '

The follow1ng method was used to obtain the gamma spectrum of
.Rel8l. A stack of 0.001-inch tantalum foils was bombarded in the 60-inch
cyclotron. From exc1tatlon function curves for the Tal8 (a xn) Re
reactions, it was concluded that the actlvity in the first £oil would be
predominantly . Relsl,_and that in the fourth foil would be predomlnantly
the two Rel82 isomers, essentlally free of Re 810

After bombardment, -chemistry C (Appendlx A) was employed to pre-
pare the samples for gamma analysis. The two gammaispectra.observed from
the two foils were, indeed, different., They are illustrated in Fig. 2
(a and b). Hereafter we shall refer to the sample ?rom the first foil as
the Re181 sample and that . from the fourth foil as the Re182 sample,

 The decay of the llOO and lZOO-kev transitions in the Rel8l

spectrum appear to be complex, with 13- and 60~hr components, The decay
of the remalnlng peaks .of the Rel8l spectrum appeared to be complex also,
but the components were approx1mately'20 and 60-hr, It was, therefore,
concluded that transitions with energies 366- hBO—, 560-, 6L40~-, 815-,
890-, and 980—kev were trans1t10ns arising from "the decay of Rel8l° It
was not pos31ble to decide whether there was a 20-hr component in ‘the
decay of the 1100~ and lZOO=kev trans1tlons The 1430- kev transition
appeared to decay'almost entlrely with a 60-hr half llfe However, the

 1430-kev transitlon in the Rel8l_sample was<considerably'morevintense

relative to the llOO— and 1200-kev peaks than it was in the Rel82 samples,

Because this might possibly be due to coincident "stack-up" of some of
the transitions in the sample, the assignment is tentative,

' In order to‘obtain the intensities of the high.energy gamma,
transitions of‘Relgl.listed above, the following method was used, The
1200-kev .transitions of the. RelBl nd'Re182 spectras were used as normali-

. . 1
zation points, and the gross Re 82 spectrum was subtracted from the

gl
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_qteken.at.the same time .as the Re

of the peak. Bi and Cs

~15-

gross Relal spectrum, Such a procedure is Jjustifiable because:
(1) the 1200-kev peak was used for the normalization because it had decayed
as -the half lives of the two Rel82 isomers, whiéh.indieated no-Rel8l,com-
-fonent;_and (2) the transitions are all observed to decay with a composite
half life, indicating a mixture of the 60-hr component,

A further consideration led us to subtract not,the-Re182 spectrum

181 spectrum but rather that taken five

181

days later when all the Re and l3-hr‘Re'l82 had decayed awey. This was

believed necessary in order to avoid subtracting,any'RelBlepresent in the .

Re182 sample, -To insure that there would not be a serious discrepancy

'Wintroduced due ‘to possible differences in the 13-hr and 6O-hr-Re182.spectra,
therRélgzspectrum3taken immediately after bombardment was normalized
against that taken five. days.-later,le ..., The normalization showed that,
at_ least in the region above 366—kev, the twd-speetra.were the same to
within the statistical error in .the counting rate.

The difference spectrum is the envelope curve in Fig. 2 (c). .The
intensities.of,each.transition have been obtained by normalizing standards
to each peak, one at a time, and subtracting, starting with the highest-
energy_peak. This method removes .the Compton eontribution of this peak
from the background .of the lower-energy peaks, and comparison of the
width of the .lines permits a fair deterﬁination of the relative complexity

207 1371were used as standards.26

When the analysis was completed, it was found that only the 980-
kev peak was broader than thet of the standard, indicating that there were
at least two_transitions:with.an.energy difference < 8% in this peak. An

1100-kev component also appeared in the difference spectrum, indicating

that there is probably a transition of,thissenergy in the decay of RélSl,
~ The results of the intensity measurements are . listed in Table I,
a7

performed coincidence studies on the
15 He ob-

Dr,. Ponald Strominger
.RelBl, using fast-slow coincidence pulse-analysis apparatus,
served no coincidences betweennthe 366-kev gamma transition and K x-rays,
and from this result it was concluded that .the half life of the state

giving rise to this gamma is greater'than 10_6 sec, At the time of the



(N

~ COUNTS x 0%

(Ae¥%) ADY3INT

.Fig. 2c. Analysis of the "difference" spectrum: the ga

spectrum of Re "

. 40 60 80
'CHANNEL NUMBER

corrected for the presence of R

100

MU-14144

(S )

Ui



)

o

-17--

(e) ~1430 © 'o.3k

‘Table T
\ Transitions in W}S; following decay of RelSl'
Initial Gamma-*ay  Gamma- v_' , , Multi-
and energy ray Conversion lines gbserved - . polarity
nm )
levels . ! K Ly Ly Lppp Mp My By |
DC "47.38:0.05° - c W ' : (ML)
EC © 103.13t0.05° c e e e (E2)
(e) 122.55:0.06° ¢ et |
EB - 252.3%0.2 c vw - yvwa® Cew yvwd 4 (Eé)
(e) 332.3+0.3 c W ew '
(é) 342.0£0.3 c vvwa
FD 360.95£0.2 c m W
BA 365.50£0.2 5.0 vs ms VVW VYW W vwd M2
GD §41.9£0.% ¢ VW o oew |
(e) 469.9+0.5 & VW
(e) =~ U486.720.5 e ew
TGC 489.0+0.5 c ew
FB 557.3t0.6 0.3 ew?
GB 638.3:0.6 1.0 ew ,
(e) 815£20 0.6 J
(e) é9h.7i0.9 0.3 ew?
()  953.8:t1.0 0.9 ev
K x-rays 8.7
Questionable. Transitions |
(e) 31074 + 0,3 €. vvwa®
(&) 318,86 + 0,3 ¢. —
(e)  am000.. 0.3° '
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Notes on -Table I

a.

The abbreviations used for the intensities are e = extremely, d = diffuse,
m = moderate, s = strong, v = very, w = weak. The intensity scale used is
es, Vvs, Vs, S, ms, m; mW, W, VW, VVW, €W. .

Energies and intensities obtained from a 5z-gauss perménent—maghet plate.

‘A1l other energies and intensities were obtaiﬁed from 216- and 350-gauss

" magnet plates.

Masked by transitions of Rel82 and Compton-electron background.. from the
365.50-kev transition. | c

Line possibly misassigned.

Unassigned in decay scheme.

This line might be-LI
K 310.4, L's 252.3 superimposed.
K 318.8, M's 252.3 superimposed.

of a 65.13-kev transition.

Not observed in conversion-electron spectrum.

These might possibly'be Rel82 transitions which had enhanced intensities

due to stack-up:

I‘/'»
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- o181 : , . .
coincidence study the Re component had already decayed appreciably,

and the numerous radiations from the longer-lived rhenium isotopes

precluded further coincidence studies at that time.

" Electron Spectroscopy

The electron lines assigned to*Relal have been assigned on the
basis of half life alone, In spite of the fact that the rhenium spectrum
is so complex, we believe that all the lines that we report. are correctly
assigned)tQ4Re;81, except possibly one group, The .one exceptlon is the
grouplofjliﬁes assigned as thef%I, LII’ and*LIII lines of the 103,13-kev
transition, These lines were observed as very weak lines on only one
spectrogram and might possibly be conversion electrons from an unassigned
Atransition.in.60~hr:Ré182b All of the lines reported were sorted from
among ,the.many'Rel82 lines present in the exposures made, The major
source of concern in the study of this isotope is that many lines might
‘accidentally have the .same energy AS»transitions in 60=hr Ré182, in which
case they would not have been identified. '

- As is described in the next section, the possibility of mis-’
assignment,of_low-energy,linés of the short-lived Rele_isomer to fransim
tions in RélBl was greatly reduced by the preparation of sources of the
13-hr RelS? isomer from the decay ;of Os182° As .a further check, tantalum .
was bombarded .below the threshold for Re 181 production and the electron
spectrum searched for the,Relg1 lines., .These lines were not observed in
" any of the plates studied. ' '

The .decays of the hlgh-energy transitions corresponding to the
electron lines observed were followed in the gamma spectrometer, All the
high-energy transitions assigned:to.RelBl were observed to decay with a
.20-hr half 1ife,

Although we have attempted to prepare electron-spectrometer
sources of Re181 in the same manner as -the Re181 gamma -ray Ssources were
prepared, we have, up to the present, been unsuccessful, Our lack of

success in this aspect of the work results from the fact .that the



-20-

preparation of high-act1v1ty rhenium sources needed for electron studies
requires intense cyclotron-beam currents and thlck targets, nelther of
which can be used in the thin-foil techniques used to produce the pre-
dominantly Rel8l activities,.

In Table I .we .list the energies .of the tramsitions in Re181 decay
deduced from internal-conversion-electron lines,  The low-energy transi-
tions are quoted to 0,05% resolution, the higher-energy lines to 0.1%,
The limits of error on the low-energy lines are based on the very ac-
curate internal-field calibration at theseAenergies,provided by the
presence of many conversion electrons of transitions that were measured
by Murray et al. (hereafter referred to as MBMD), 28 u51ng a bent-crystal
gamma, spectrometer; The limits of error on the hlgh-energy llnes are
larger because the magnetic fields in the high-field spectrographs have
not been calibrated as accurately, owing to thevscareity:of precise
energy standards in this region. |
: Of the high-energy gamma transitions observed and iisted in
Table I, only the 815-, 1100-, and 1430-kev transitions were not veri-
fied by at least a K-conversion line in the electron spectrum,: The
energy of the ~980-kev £ransition»is calculated from its K-convereion
line to be 953,8-kev, which is lower than the energy observed in the
gamma spectrum by about 30-kev. It thus appears that this peak is in-
deed complex, as was suggested in the interpretation of the gamma spectrum,

The exact energy of the other component or componenté has not been '
determined, 4_ _ | /

Visual intensities are listed in Table I because the electron
lines observed were either too weak to be measured from a densitometer
trace or else the background on the plate ﬁfecluded determination of
numerical intensities. , )

The energies of the conversion llnes and the complex spectrum
from which they were obtained are tabilated in Appendix B, part 1. 1In
part 2 (b) of Appendix B the-RelB; conversion lines are tabulated ac-

v
cording to transition energy.
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- Discussion of Transitions

Because the 366-kev transition is more intense than the sﬁm of
the other tran51tlons observed in Rel8l decay, 1t seems likely that the
state that gives rise to it is populated directly and decays directly to
ground, Therefore, we shall begin our discussion by considering what is
known about this transition from other experlments

29,30

Recent studies of short-lived isomers produced by betatron
excitation of natural tungsten have revealed a 366-kev transition with

a half-life of 1.4 x 10-6 sec, (We will discuss this half life in

“relation to the state assignment in more detail later,) The transition

was reported to have a K-conversion coefficient of 0,30 = ,03, These

workers ass1gned the transition to W 8l. Our work confirms this a881gn-

ment, because the isomer is formed in the decay of Re18 . Bureau and
Hammer3o (hereafter called BH) suggest that the multipolarity of the
366-kev transition, as determined by their absolute conversion coeff1c1ent
agrees with either a 28% E1 -- 72% M2 or 65% M2 -- 35% E3 mixture. From
the very low intensity-of the LII and LIiI conversion electfrons felative
to the.Li, we can rule out the M2--E3 mixture, Their mixing ratio was

31

theoretical conversion coefficients which are

now generally éonsidered-to be too high because of the neglect of a

finite-nuclear-size correction. Using Sliv's32,K—shell internal -con-
version coefficients, we re-calculate the mixture to be 14% E1 -- 86%

M2, Furthermore, the experimental limits of error given by BH do not

eliminate a pure M2 assignment., It is this latter assignmént that we

prefer,

The other transitions in Rel8l decay can be discussed briefly,
The 47.38-kev transition appears'tq be ML on the basis that only the L.
line is seen and all other multipolarities are predicted theofetically

to have.felatively strong LII and LIII.conversion at this energy.

'Furthermore, if these lines were present in intensity comparable to the
ﬂLI (as required for M2, El, E2, etc., multipolarities) they would have

‘been observed. The 103,13-kev transition has already been discussed,

K, LI’ LII’ LIII’ MII’ and MIII conversion lines of the 252,3-kev transi-

tions were observed, Because these were only observed on the high-field
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permanent magnets, their energies are only quoted to O.l%, It must be
pointed out that it is possible to assign the L. and M. lines of this
transition as the K lines of transitions of 310,4-and 3l8,8rkev, _Such
dssignments appear to be supported by the observation of weak lines at
the calculated energies of the L lines of these transitions.x Because
these latter were observed in the plate.. exposed to the strongest
source we were able to prepare and the plate turned out to be damaged,
weICOuld not be confident that the lines observed were really the L
lines, All three transitions are listed in Table I.

Although we have both gamma and electron 1ntensities for the
transitions above 557-kev, we do not believe that the.data_merlt the
calculation of absolute conversion coefficients, principally‘becausevof
the weakness of the lines and=£he poor quality of the plate, However,
we can estimate the relative conversion coefficients for clOse-lying
lines, In this way it can be concluded that the conversidn coefficients
of the 557.3- and 638,3-kev transitions are about equal, the conversion
 coefficient of the 89k4.7 is about twice that of the 954.8, and these
latter two both are‘more highly converted than'the 815, Because the
numbers calculated are so approximate we do not include-themvhere, The
essential aspects of the data leading to these conclusions can be seen

from Table 1,

Decay. Scheme

The partial decay scheme we assign .to Rel8l is presented in Fig.
3. Experimentally, level B is the only level which is well eStablished,
and this level is assigned to decay into the ground state on intensity
arguments alone (see discussion). | _ v

The proposed ordering of levels C, D, E, F, and G is based on
transition-energy sums and differences. The position of this group of
levels within the decay scheme is not experimentally established., This
_grOup has several possible alternative arrangements, as can be seen from

33

topological COHSlderatlons The reasons for placing levels above rather

than below-B are discussed below,
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The internal-conversion-electron lines of the trahsition,a-which'
is dotted in the decay scheme, would be masked by conversion lines in . ..

: 18; 18 »
the electron spectra of Re 2 and Re 3. :

Discussion of Results

, . . 8
The states to which primary electron-capture decay of Rel L

occurs are, at present, uncertain, However, from the intensity of the
365.5-kev transition in both the electrbn and gamma spectra, it appears
that the level which gives rise to this transition is probably populated
by direct electron capture., We can calculate the branching ratio in
order to check this assumption, if we first assuﬁe that all the intensity
of»the 365.5-kev transitioh is due to .primary capture., -We obtain .the
corrected 365,5-kev transition intensity by correcting the gamma in-
tensity for internai conversion using the experimentally determined
conversion coefficient of 0,36 (BH's value of aK.=v0030 corrected for
L- and M-shell conversion using our experimentally determined K/L/M
ratio of 5.7/1/0.2)., The total decay intensity is calculated by sub-
tractihg the total intensity of K.vécancies due £o'the conversion of
the 365.5—ke§ gamma from the observed K vacancies (K.x—rays,corrected‘
by’Aﬁger coefficient) and. corfecting the remaindér for K/L branching.
An L/K-branching ratio of 0,16 (corresponding to a decay energy of
0.7 Mev to the 365.5-kev sﬁate) was obtained from the curves of Brysk
and Roseo3LL A value‘of.d,OAS for the Auger coefficient was obtained
from a plot of Fluorescence Yield vs Atomic Number given by Gray.35
The value of the branching ratio to this state .thus calculated is 80%,
The maximum limits of error which can be set from the K x-ray intensity
vafe + 15%, ‘The presence of highly K-converted transitions which have
not been observed will act to increase .the value, /
To calculate a log ft value for electron capture ‘to this state,
we estimated 2 total decay energy of 1 Mev from the Coryell beta
3

systematics, When we used the branching ratio above, a log ft of 5.8

was calculated,
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We must now discuss;our-original aésumption'thatuno secondary
decay occurs to this level. As is manifest from the proposed decay

scheme, secondary decay does .occur to the level, However, the direct

result of this will be to raise -the log ft value. If -we now calculate
what the.log,gg;would-be, assuming 50% .of the decay occurs by secondary
decay, we calCulate.a log ft of 6.1, -We can, therefore, conclude that

unless the unresolved and unobserved transitibns in;Rel8l decay which

cascade into level B -are .present in intensity up to almost twice that

.of all the other transitions that have been.resoived (in which case all

of the decay to level B is secondary), the log £t value for electron-
capture decay to it will be about 6, It is :Likely,.thereforé, that

level B is populated directly.

An explanation of the half life of level B in terms of nucleon
37

states in a spheroidal well as calculated by Nilsson has been advanced

by BH, .They suggest that the transition observed corresponds. to a
transition between two NilsSon37lodd-neutron states, 7 /2— —> 9/2+,
the predomlnant M2 character resultlng from a high degree of cancellation

37

of El-transition matrix elements for the Nilsson states 1n question,

'Although retardation from 51ngle-part1cle formulas8:mﬁzsoccurs generally

for low~energy El transitions, the retardation (granting E1 admixture

- .of 14% here) of about lOlO,would be exceptionally large for El transi-

tions not K-forbidden, retardations of lOl|r toleBvbeing the general .»

:rule;39 These life-time considerations strengthen our alternative
assignment of pure M2 character to the isomeric transition. The M2

“transition is retardedzby.abouﬁ a factor of 700,

It has been suggested by Derbrunner, Heer, Kundig, and Ruetschi2

18 . :
that the W 1 ground state is 7/2-, as determined from the decay scheme

181 , .
of W . Such an assignment would not appear to be consistent with the

- data we have obtained, It is, furthermore, quite possible to explain

the Wl ~-decay data using a 9/2+ assignment for the ground state of

8
Wt l.' We, therefore, prefer: the.9/2+ assignment .-
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Consideration of the-Nilsson37 diagram for odd-neutron states

(Fig. 4a) shows a nearby 5/2— state that would give rise tora pure Ma

transition to the 9/2+ ground state of WlBl, and we. favor this state

)

assignment for the isomer. .

Another test of the assignment of the isomeric state can per-

-

haps be applied using our experimental vglue for the log ft for electron
capture to the isomeric state., This fest is a consequence of the '

. asymptotic-quantum-number beta-selectron rules proposed by Alaga.

If we postulate thafgthe 5/2+ odd-proton state (with.asymptotic guantum

8
numbers N, n_ , A = L, .0, 2) proposed for the ground state of,Rel 3, k1

Re185, k2 aid Re187, b2 is also the ground state of Re¥8l, then decay
to the 7/2- state (N, n, A=5, 1, 4) proposed by BH should theoretically
exhibit a larger log fi value than decay to the_5/2- state, This in-
creased hindrance for electron capture to these states is caused by . the
fact that the 5/2+ —> 7/2- beta transition is first-forbidden, hindered,
‘while the 5/2+ —> 5/2- transition is first-forbidden, unhindered. On
the basis of our log ft value, the 5/2~ state is favored; in fact, it
appears to be almost too favored for a first-forbidden transition.

Perhaps this result indicates that a large percentage of the primary-
electron capture does indeed go to the higher-energy states,

The ordering of levels C, D, E, F, and G such that they populate
level B, rather than A, is based on two logical extensions of the reason-
ing followed in assigning the spin.and parity’5/24 to thé isomeric state.
The first is based on the 5/2+ assignment to the gfound.state of RelBl,
If this assignment is correct, then Rel8l can be éxpected to decay to
states (assuming no second-forbidden or first-forbidden; unique, beta
decay) with spins and parities 3/2%, 5/2%, and 7/2%. The second is
that such states are known to be neafby‘from experiment and are pre-
dicted to be nearby from the-Nilsson37 diagram. They are the 3/2— state,

and the rotational states of the 1/2- state observed .in th‘e-WlB3

28,h2 177 k2

and the-7/2- state assigned as the ground state in Hf .

The 7/2— state is the state suggested for the isomeric state in Wl8l by

nucleus,

BH. From the Nilsson37 diagram, however, this state is expected to be

below the 5/2- state in energy.
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‘To carry the comparison further, we might expect to observe a

183 if the same s

decay pattern for-Re181 similar to that .observed for Re
odd-neutron states are available in Wl8l. Such & comparison would
predict that the major part of the primary electron-capture decay would

go to the 3/2- state and the spin-5/2 member of its rotational band.

&

vOnly a.very'small fraction, or perhaps none at all, would be expected
to populate the rotational states of the K = 1/2 band, Furthermore,
because the 5/2- state assigned as the isomeric state has the same
‘asymptotic quantum numbers, (5,1,2) (N n_, and A, notation) as the
3/2— state in W 183 (i, e,, they are spin. ofblt partners differing only
in Z), we might expect .a largeuamount,of primary depopulation to this
state also, As already noted, primary decay. to -the 7/2- state would
be hindered. ’

The next consideration is whether or not the otherAlevels would
lie higher or lower in energy than the isomeric state, If_fhey were
lower in energy they might be expected to recei&e the depopulation of
the 5/2- state and also direct electron capture. On the other hand,
if they were higher in energy they might be expected to decay into the
isomeric state, while direct population to them would be lowered by
decay-energy considerations. Therefore, in constructing,the.decay'
scheme, we favored the drrangement,of levels that placed levels above,
raﬁher than below, the isomeric state.

.The absence.of any sums equal to the 365.50-kev transition
raised a guestion about the position of the-7/2- state predicted in- the

37

Nilsson diagram, Because many of the transitions that could make such

a sum are masked however, it is not at present possible to answer it,

It is clear from the number of unassigned transitions in W 181
that .the complete level scheme .must be extremely,complex. We could not fi:.
fit the unassigned ﬁransitions_into the decay scheme through any sum or
difference within experimental error, and we believe our eétimated
limits of error are accurate, A possibility, which we believe we have

eliminated, is that the field of the high-field magnets is slightly

(fg,

different from the field used in .the calculations. This would chahge

the absolute energies of the transitions but should not affect the
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been seen definitely, but they establish that 8 of the 11 levels in W
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differences. Such energy changes might produce new.sums that would fit
into the decay scheme. The maximum energy change that would be caused
by such é,field uncertainty we believe to be about 2 kev and would apply
only to those transitions whose conversion lines. lie above the conversion
lines of the 365.50-kev transition., The calibration used'to,determine
the lower-energy lines has already been described.

. o 131 . .
Tt is clear from the proposed W &1 spectrum that further studies

must be’made3 ‘These will have to be made with sources containing large

lBl.and very little of the short-lived isotopes,- espe-

cially the 60-hr Rel82° .We hope that the present study will serve as a

" useful guide in such work, but until more data are obtained on the

81

‘transitions of Wl' , especially coincidence data, we believe the inter-

pretation we give must be considered tentative,

B. 12,7-Hr Re102

Mass Assignment and Half Life

1267-hr-36182 was first reported by Wilkinson and Hicbs,u3

i

who
characterized it as an electron-capturing isomer of‘Rel82_ They were
not able to distinguish the higher-energy state of the isomeric pair,
The results of the half-life determination and mass assignment obtained

in the presernt study are in excellent agreement with the earlier results.

General Resumé of Spectroscopic Resuiis

. 18
- The decay of the 12,7-hr Re - e (hereafter referred to as.RelSz)

is observed -to proceed entirely to high:-aen.ergy‘levels.of'Wl82 previously

reported by MBMD, Only 10 of the 27 transitions reported by MBMD have
‘ ' 182

reported By MBMD are'populated, either directly or by cascade transitions,

‘Two transitions that would establish the population of two of the re-

maining levels are masked, We have obtained no experimental verification

of the MBMD level E f'rom.R'eJ~82 decay,
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Gamma-Ray Spectroscopy

The .sample used in the analy51s of the Re 182 gamma, spectrﬁm was
vvthe.samplevdlscussed in Section III-A, "Gamma Spectroscopy and called
the Rel82 sample", The method of preparation is described in that
section, » _ o

Because of the complexity of the gamma spectrum,ariéing from the
- decay of t'hevRel82 isémers, the gamma spectrum could only be used as a
gross check on the . decay scheme, The only promlnent peaks were the K
x-ray and composite 1100- to 1200-kev peaks, The Rel8 gamma. spectrum
is illustrated in Fig. 2 (b).

The decay of the .sample Was-followed in the_gamma.spectjometer
until essentially all of the 60-hr isomer had decayéd away and it was
no longer possible to obtain.avstatistically'significant counting rate
for the 1100- to 1200-kev peak, The 60-hr component was then subtracted
from the peaks and the activities of the 13-hr components of the peaks
at.timevzero (the time at which.the.samplevhad been taken out of the
cyclotron) were calculated, These results are listed in Table ITI., The

limits of error on the intensities are estimated to be ~ 30%.

" Tlectron Spectroscopy

The determination of the Re182 conversion-electron spectrum re-
qulred the preparation of sources free from the 60-hr Rel82;activity.
Such a step was necessary because it was expected that the two isomers
decayed through some of the same states of.W;82“and, therefore, the short-
1lived component of these transitions would probably‘be overlooked in the
very complex 60-hr Re182 spectrum, .

To prepare these sources, a radioactive parent of Rel82,vOsl82,
was produced by bombardment of naturally occurring tungsten with 48,6 -Mev

balghgiparticles. It had been shown in preliminary experiments that

8 ‘ v
,Osl z_decayed.only into the 12.7-hr Re]_'82 isomer, Carrier-free-osmium

. 45 .
chemistry Z was performed by V. S. Shirley, and the sources were. prepared

by cathodic deposition of the osmium activity from (NH )80, . plating
: _ - - Sy =L .

[N
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‘Table IT

Photon pesks resolved from the‘lZ.Y-

hour Rel8'2 spectrum

Gamma-ray  Intensity
K x-ray , 83 '
1122 to 1222 ) 40
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solution at pH ~ 2eonto 0,010-inch diameter platinum wires, Invthe study
of Rel82, the most important data were obtained from permanent-magnet
gpectrograms of the .electron spectrum of a mixture of fhenium and osmium -
activities, prepared»by J, O ‘Newton and V, S. Shirley‘hu

The analysis of the very complex spectrum resulting from the : e
simultaneous presence of five radloactive 1sotopes, each with very many
transitions, was difficult. The problem was solved by subtracting every
line observed in the already carefully ahalyzed rhenium‘spectrum from the
osmium-rhenium spectrum., The rhenium spectrum that was obtained was then

183 183

divided into Re and RelSz'spectra. The Re speetrum was then checked
against the already-determined spectrum of this J‘_sotopeul to insure con-

sisﬁency of the results, The Rel82 spectrum was compared to the spectrum
of the 60-hr- Re182

Ll _
sure correct assignment, a series of exposures was made = which wverified

and found to be consistent with it., To further in-

the growth and decay patterns to be expected for the electron lines of
osmium daughters; ‘Exposures from a series of bombardments at different. .
,energieshn were compared! to insure that no new lines were actually
rhenium lines, The intensities of the new lines were then checked against
the estimated isotopic abundance:: of the osmium isotope: to which they had
been assigned. The results were in agreement with the assignments that
had been made, The analysis of the internal conversion-electron lines ef
Re182 by transition energy is tabulated in Appendix D, All of these lines
were obtained from the osmium-rhenium electron spectrum,

‘The transitions observed in Rel82 decay were surprisingly easy te
analyze, because all of the transitions observed have already been seen
in T3182 decay and thoroughly analyzed by MBMD, We have listed in Table III
all the transitions reported by MBMD and the intensities that we have ob-

served for the conversion-eléctron lines of those transitions,

L
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Table IIT

.
) Transitions in W oC following the dacay of 12.7-hr Re1OZ
% Initial Gamma-Ray iCdnversion—éléctroﬁ,intensitiesaAobtained Multi-
and ' energy from exposure of a 13-hr Re182 source in a polarity
a fifal (kev) 99-gauss: permanént-méghet spectrograph
Sy TP x Ly Lyp Dppp Mp Mpp Mppp Ny
ED .33.36 Not observed ih.Rel82 decay
HG h2.71 Not observed in RetO? decay
KJ 65.71 10 0.9 o 1.4 ML + E2
FD 67.74 32 1k 16 9.1 3.4 2.1 2.5 El-
HF 84.67 ¢ 26 11 7.4 7.0 3.0 5.6%% M 4+ .E2
BA 100.09 ¢ 24% 104 92 <ot <6t a6 Ez
JH 113.66 15 e | ML+ E2
KI 116.50  <0.1® (ML + E2)
HD 152.5 5.29  3.19 . El
JG 156.37 " Not observed in_Rele.decay
KH 179.36 Not observed _in.Re182 decay
JF 198.31 Not observed in Rel82 decay
KG 7222.05 Not.bbserved_in Re182 decay
CB 229.27 K | | E2
KF - 264.09 Not observed in Re182 decay
EC 927 Not observed in Rel82,decay
FC . 960 - Not observed in Re‘l82 decay
'GC' -1003 - Not observed in Rel82 decay
DB 1122 ew’ o ML + E2
EBv 1155 Not observed in Rel82 decay .
FB 1189 e | , ) El + M2
DA ‘1222 ew E2
“ GB 1231 ew ML + E2
FA 1289 | Not.observegi'in.Re182 decay
v HA 1375 Not observed in Re182 decay
IA 1437 No‘c.observedvin;RelE}2 decay
KB N Not observed in Rel82 décay
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Notes on Table 11T

a.

o'

o & 0

Hy

W Pom

Numerical intensity units are arbitrary. Visual intensity units have the
same meaning as in Table I.

65.71, L 67 Th superlmposed

III . <
Line is in reglon where intensity correctlons are excess1vely large.
Probably N and N - : 5 ;

T’ II’ IIT 1 v : : =
On intense background. : ‘

Resolution of these partially_sﬁperimposed lineé is difficult and leads
to too high intensities.
intensities. .

(Re), and K 116.40 superimposed.

Nyt Nimz
KLILIII (W), KLI IT
This very anomalous K/L intensity has been observed from two sources.
K 229.27, M 162.33 (Wl%3) superimposed.

Lines observed on the 350-gauss permanent magnet.

’

)
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Discussion of Results

: _ 182
Decay scheme, Because only levels observed in Ta decay are

. 1 ~
-populated in Re Bz‘deca , we can use these data as a check on the high-

energy states in.the;Wﬂ'zblevel scheme proposed by MBMD, .-We compared our
electron data with theirs, and our results are in.éompléte agreement with
their level scheme.forAWlBZ,

v The relative .direct beta-decay»tovthe various excited states in
Wl82 from Ta182 and Réle decay was determined by comparing .the ratio of

MBMD's electron intensities to ours., Their electron intensities were

.obtained by multiplying their gamma intensitiesrby their absolute con-

version coefficients. .This method allows us:to-cbmpare transition in-
tensities directly, without employing assumptions about .our gamma in-
tensities, In Fig. 5 (a), we illustrate a schematic drawinglof the W182
levels proposed by MBMD and ahalyzed by Alaga et al,, (hereafter referred.
to as AABM), The numbers on the transitions are the ratios of the
transition intensities from.Rel82 decay to those from Tal82 decay. All

. 18 N :
of the transitions observed in Re 2 decay are illustrated, The ratio for

.each transition is the average.of,the ratios .of the individual conversion

" lines observed for tha.t,transition° The ratios have been normalized so

that the intensity of transition HF is 1.0,

v <In Fig, 5 (b), we illustrate the same type of sChematiC'drawing of
the enérgy.levels of.Wl 2 as in'Fig,'S (a)., In the former case, however,
the numbers on the transitions are the ébsolute intensities determined by
MBMD to depopulate the levels after‘Tal82 decay. These numbers are ad-
Justed so that a total intensity of 100 populaﬁesvthe ground state, A

comparison of Figs., 5 (a) and 5 (b) allows a rapid estimation of the

primary population to these states by‘Re'l82 décay°

Tt can be seen from a comparison of Figs, 5 (a) and (b) that .the
W182 states predominantly populated in Rel82 decay are the 2- state‘(F)
and the spin-3 member of its rotational band (H), It can also be seen '
that a much smaller amount .of decay occurs to the twb h- levels (J énd K)
in Rel82 decay than.in,Tal82_decay, Because'no low~energy_transi£i§ns

depopulate the high=-energy poéitive—parity states (D, G), it .is not .pos-

sible to detérmine»directly:the inténsity of decay to these states,
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‘l.

| § \ \73\

MU-14147

Fig. 5a. Comparison of electron intensities of transitions
observed in both Tal8% and 12.7-hr Rel82 decay. The
ratios indicated on the transitions are normalized so
that the ratio of the electron intens 1ty of the Ly 65.71- kev’
transition observed f0110w1ng Rel82 decay to that observed
following Tal82 decay is 1.
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&
‘/"':
&
K
J _
H
G
F
D
C
B
A
?l MU-14148 :
W

Fig 5b. Transition intensities reported by MBMUD for the transitions
of Wl82 following Tal82 decay. The intensities are u.ormalized
so that a total of 100 populates the ground state.
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From the observed decay to states of spin 2, 3, and L4, it is most probable
that the spin of,Rel82 is 3, although as discussed below, spins of 2 and ~
4 are possible, For decay fo proceed predominantly to the negative parity' -~
states when there are states of similar spin and positive parity nearby

strongly suggests that the l3-hr~Re182 state has negative parity. Because >
decay occurs to the k- states, a spih-Z assignment seems implausible since
2~ ——+$.h- transitions would be second-forbidden, Similar arguments from
the intenSity of population to the 2- state rulé against the spin-4 as-
signment, The data thus strongly suggest the 3- state assigmment.,

37

It is interesting to consider the Nilsson diagrams for odd-
neutron and‘odd-proton states in this region, to determine what states
should be available to make up a 3~ state. These diagrams are illustrated
in Figs. 4 (a) and (b). If we first assume that the 5/2+ odd-proton state,
with the asymptotic quantum numbers (4,0,2, in the N,n.,A notation) assigned
the ground state of Rel81 (Section A), Rel83, bl Re185, ke and Rel87, k2
 is the odd-proton state available in Rel 2, we can make up a 3- state with
either a 1/2- state (parallel coupling) or an 11/2- state (antiparallel
coupling). An,ll/Z— state can be present in this region, although it has
not been observed experimentaily. The odd-neutron state assignment that
we prefer, however, is the 1/2- state, observed as the grouhd state of

o3 37

(5, 1, 0).

5 aﬁd is probably the Nilsson state with asymptotic quantum numbers

Primary branching and log ft values, From the gamma-ray intensities:

quoted in Table IT it is clear that these data alone are insufficient to
provide more than a limit on the primary electron-capture branching of Rel82,

On the other hand, the branching can be determined from the electron
data because the W182 levels, the transition multipolarities and conversion
coefficients, and the branching from these levels have been established in-
dependently,

We can calculate the primary decay intensities to the high-energy b
negative-parity stateé using our electron intensities and the MBMD absolute~
con?ersion coefficients and branching ratios., Furthermore, we can calculate

the contribution to the total intenéity of transition BA from £he negative .
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parity states., If the intensity of BA is greater than the calculated
intensity of the feeding transitions, we can assumefeither"ﬁhaf:the
ground-state band is being populatedidirectly'or elee deeey isiqeeurring
to the high-energy p051t1ve-par1by states. ' After ‘having made these cal-

culations, we found that the percentage excess of BA over the feeding

intensity was about 20%, We assumed that this decay went to the high-

energy states for reasons that wili'be discussed later. We thus ob-
tained the total decay intensity and the primary branching to the various
states. The probable errors of the primary populations listed are about
30%, the statistical errofh7 in the eum or difference of the incertainties
of the intensities. of the individual lines,_about 20%.

The percentage primary branching to the high-energy states is
shown in Table IV. We have also calculated log ft values for electron
capture to these states assuming total decay energies of 1630 and 1850
kev. These values are shown in Table IV, We have used theése values of
the decay energy because the lower value, 1630-kev, is a limit on the
K-capture energy, set by'fhe observed population of state K, at 155k-kev,

We have assumed K-capture is necessary to cause the observed ~6% population

‘of state K, The upper energy value is arbitrary, and was chosen to re-

present what is believed to be an upper limit of the decay energy, because
the 155h kev decay energy limit is already ~ 300 kev greater than the
decay energy estimated from the Coryell36 beta systematics,

From the population of a level at 1554 kev, we know that the total

'~ electron-capture decay energy is above the threshold for positron pro-

duction., We have attempted to determine whether or not any positrons are
observed in Re182 decay. From failure to observe an annihilation peak in
the gamma spectrum, we can rule out the possibility that the major fraction
of Re182 nuclei decays by positron emission. However, because of inter-
fering activities in the samples studied, we cannot rule out the possibility
that a small fraction of Re182 nuclei decay in this way.

The failure to observe direct decay of Tal82 to the W182 ground -
state rotational band strongly suggests that these transitions are K-~
forbidden. Such an explanation has already been proposed by AABM for

182 :
Ta decay. Because the observed data are consistent with a spin of 3
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“Taple IV

Percentage of primar ‘branching and logvfﬁ values for electrot-capture
. e

"decay of 12.7-hr RelS2 to levels in Wl
populate the states of the ground-state rotational band.

. - No decay has been asstimed to

Log ft (célculated

State Percentage Log ft (calculated
populated population usiné_QE6=l850'Kev)*}f usiné—Qchl63O kev)
D,E,G, 25 6.1 | . 5.6
F 35 5.9 5.3
H 29 5.8 5.1
g 5 6.3 5.1
K 6.1 3.9

%
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' 18 182
for Re182, we suggest that the electron- capture decay of Re A2 to W

is also K- forbldden The possible L—forblddenness has led us to assign
the 20% excess populatlon to state- ﬁ over that ow1ng to the depopulatlon
of the negatlve—parlty states as arising from direct populatlon of the

other hlgh energy states in W182

Conversion coefficients and mixing ratios. To'calculete the
primafy branching, it.was'necessary to use convereiohvooefficients. We
‘used the conversion coefficients experimentallyidetermined hy'MBMD
throughout, after we had reduced them by 20%,: This correction was made
because MBMD normalized their experimental conversion coefficients to
Rose's value for the aK of an M1 transition, From the work of SllV and
Band, which accounts for the finite nuclear-size effect neglected by
Rose, Rose's conversion coefficients are estimated to be about 20% too
high., However, because of recent studies on conve?sion coefficients by
a number of workers (see for example, the peper of Wapstra and Nijgh,
which summarizes much of the data) there is reason to believe that even
8liv's calculations may not be exact, owing to the affect of nuclear

k9

contributi ons (see, for example, the.papers of Church and Weneser, and

NilssonSO) which have previously been neglected, If Sliv's calculations
are not exact, the mixing ratios that We_have‘determined will have to
be changed by that factor by:which, the o of.thele of 246.05-kev used
by MBMD for normalization is changed, However, it is a little too early
in these ihvestigatiohs to be able to forecast the outcome, so that we
shall not attempt further corrections here, We used MBMD's .conversion
coefficients in preference to the theoretical-values‘of Sliv and Rose
‘because we found that, although our experimental intensitles were, in
general, in excellent agreement (in terms of ratios) with those of MBMD,
' the agreement with the theoretical values for eome of the transitions v
was not good, even after accountlng for m1x1ng This is especielly thue
for ‘the Ml and M1-E2 mixtures. - '

" It should be noted that although both the MBMD and our LI/LII/LIII
~ ratio (and our MI/MII/MIII ratlo) for the 67 74-kev transition are in

good agreement with the ratio of the theoretlcal values for a pure E1
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transition, the absolute values measured by MBMD are twice the theo-

retical values. The general trend of these convers1on coeff1c1ents is f
in the direction of M2 m1x1ng, but M2 m1x1ng would enhance the LI

conversion rather than increase all three of the convers1on cogfficients,

.The difference might possibly arise ow1ng to the experlmental uncertalnty

in MBMD's 67.T4-kev gamma intensity, although it is outs1de their quoted =
limits of error.

An anomalous value of the K/L ratlo of the 152 hl-kev E1 gamma
1ntens1ty has. been observed in this study Because a 51milar anomaly in
this ratlo was observed in the study of the 60-hr Re182 decay, it seems
possible that this effect is real., The values obta1ned are 1.6 (i ~ 3)
and 3.4 (+ ~ 2) for the 13-hr and 60-hr isomers, respectlvely The
limits of error are estimated, because the K-intensities are taken from
a photographic__plate:in a regionlwhere.the background is intense and
the lines poorly defined, it was impossible to estimate them'more.ac-
curately, In spite of the large ekperimental limits»of error, however,
the theoretical ratio of 8.3 appears to be considerably larger'than
that observed. | | “

In Table V a comparlson is made of the corrected absolute con-
version coeff1c1ents of MBMD, theoret1cal values from the tables of
Sliv and Rose and our experlmental values for all the transitions of
which we have seen more than one conversion line. Our values are
normalized to one of the theoretlcal values (normallzatlon 1nd1cated
by parentheses), The LI and LII conversion coefficients were reduced
by the ratio of SllV s to Rose's K-conversion coefficients, This cor-
rection was made because we believe that the finite nuclear-size effect
should be the same on both the K-, LIj, ahd LII—shell conversion for
an Ml transition, but in view of the recent studies of Wapstra and

49

nggh this correction may not be suff1c1ently large. It is interesting
to note that because we have always used the L-conversion lines for
normalization the .conclusions of these workers (that.the'reduction of “
the K-conversion coefficients of M1 transitions from Rose's values is

greater than 20%) seem substantiated by our data.
The mixing ratios which were calculated wherever p0531ble from

the observed L-subshell conversion ratios, are listed in Table V.



*SOUTT UOTSJIDAUOD.

TIT 1T

N 9uy3 Jo A9Tsuequt Syj ST STYL °®

sanTeA
L0*0 (TT°0) POZTITEWIOU INQ:
€t0°0 TI°O TeOT3oI09Y],
™= 9600 aWaW T 26T
‘ , sanTeA’
,Amnmvudmwﬁﬂmﬁhog ang
. . €900 6£°0 9°2 TEO T30
™ %00T~ 960°0  2£°0 °T AHEH 99°ETT
. SONTeA .
20" THIo> 950> 90°T (2°T) Lzro® PRZTTEULIOU JINQ-
. _ G0°T 02°T° 0I'0 £8°0 TeoT4a09Y]
S0E 9T0 96°0 g0°T 9T°T  O0T°0 2T - aian  60°00T
. sSSNTBA
. G2 0 2€°0 H®E'oo (05°0) . 2°T . PezTTEWmICU JNQ- )
} S 2E oY W 9t*0 04°0 gL°0 06 TedT3aI09Y]L
o %91 0% %78  2T°0 260 o0 8’0 T T 0L g
. : : v sanTeA’
900°0 G00°0 Q00°0 T20°0 LEo°0 (2£0°0) £L0°0 PIZTTEULIOU INQ
S . LE0'0 2E0°0 £80°0 TeOT32.109Y],
e OTE TOTO gr0*0 960°0 9%0°0 HTI O C@EW tLcL9
santea
T€°0 (Te"0) 2°2 PIZTTBUIOU JINQ
2d 03 ™ 700 T2°0 €2 TedT38I09Y],
4T O% %66 _ %9°0 QT'0  2t°0 2°2 QU TL° 99
: ) o ) ) : . ADY
. .Hz HHHS HHS a HE HHHA Hqu Hq A QUSTOTIIO0D Mwhme
OT}RBI B SQUSTOTIIO0O UOTSJISAUOD qOﬁmhw>noo Lex
- SUTXTH v IO 9oanog’ -wuWeD

.mmmmspzwpmm.hp,@mpmowﬁdﬁ 9JB SonTBA UOT}BRZTTBULION

£q pauT®BlqQO oI8 I9918T ISOYJ

“UOT3ISUBI] UoBS JOJ SUTT UOI109Td
-UOTSJ9AUOD 9BUY JOJ SnTeA TBOT33I09YU3 9Y3 03 AGTSULGUT SUIT-UOJZDITS Ue JO UOTREZTTEULIOU

*SQUOTOTIIO00 UOTSJISAUOCD PSZITEWIOU JnO pue ‘oscoy pue ATTS

Jo soTqel 92Ul WOIJ SONTBA TBOTH2IALYYL 9U3F ‘WA JO sanTea Teruswgadxe 81NTOSHE PajIdaII00

U3 9J8 PO1STT SHUSTOTIIO0D UOTSJISAUOD 9, °

8T

M UT SUOTQTSUBI} JO SIUSTOTIFO0D -UOTSIDAUOYD

-
”
&
-~
¥
Yo

A STABRL



-43-

¢. 60-HAr Rel82

Mass Aséignment and Half Life

_ The 60<hr electron-capturing isomer of:Rel82 waé first'idenﬁified
vby'Wilkinson and Hicks.18 The half life they reported was-64 hr, but in
the present study a better value was found to be 60 + 4 hr, ’We"fedeter-
mined the half life by following the decay of the 1122 to. 1222 peak in
the NaI (Tl) gamma spectrometer, with both 50- and 100-channel gemma
analyzers. We believe that this method is less susceptible,te uncertain—
ties than the absorption method used by Wilkinson and Hicks. h3‘ The mass
assignment was verified in the stacked-foil excitation study used to '
determine the mass assignment .of Rel8%,

Since the initial studies of Re182 by Wilkinson and.ﬁicks;h3 no
further studies on the decay scheme of 6O-hr'Re182 (which.will hereafter
be referred to as Re182) have been reported. As seen from the previous
sectlon, however, the energy levels of the daughter nucleus, Wl82;.have
been extensively studies from the decay of Ta182, The last and most

"definitive work in this study is the analysis of MBMD,

General Resumé of Spectroscopic Results -

The. decay of Re182 populetes by cascade-transitions all the ievels
of Wl82 oﬁserved in Tal82 decay, with the possible exception. of MBMD
level E, Thirteen of the 15 low-energy transitions observed in Tal8
decey were seen, Besides these, a total of 4O new transitions have been
identified by observation of internal-conversiocn-electron lines and as-
signed to Rel 2, Thirty-eight of these transitions establish 10 levels
based upon the high-energy states feund by'MBMD, We found it necessary
to reassign MBMD level I, A transition was observed which has been as-
signed as the 6+ —> b+ transition of the groﬁnd-state.fotational,band,
thus:estéblishing the energy of the 6+ leVel, One transition is un-

assigned.

"r
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Gamma.-Spectroscopyo”

The sample used in thé analysis of_ﬁelsz.waé the samé 13-hr sample
described in Section III B, "Gamma Spectroscopy". As was the case for
that isomer, the.only'useful ianrmation which Qould.be obtained from the
gamma-ray spectrum was the raﬁio of.the 1122 to 1222 peak to the K x-ray
peak, The 60-hr contribution to these peaks was'dbtained by extrapolating

" the observed 60-hr component to time zero (time at which the target was

removed from the cyclotron), These results are .shown in Teble VI, The
limité of error on the intensities are estimated to be 20%, The activities
were extrapolated to time zero in order to compare the ratio of 13 to 60-hr
activities in the sample, To insure that our extrapolation was accurate,
we checked the ratio of the K x-ray to 1122 to 1222 peaks in Table VI by
comparison with the same ratio from data taken after essentially all of

the 13-hr component had decayed,

' Electron Spectroscopy

The rhenium samples used in thevelectron-specfroscopic studies of
Re182 were 'all prepared by helium-ion bombardﬁent of tantalum foils (TalB;),
The.most intense sources were prepared from targets .of 0,012-inch tantalum
fbils bombarded with 48.6-Mev helium ions, using both the internal and ex-

ternal beams .of the cyclotron, The permanent-magnet spectrogfaphs.were

employed almost exclusively because of the extreme complexity of the con-

version-electron spectrum, For the lowrenergy spectrum, the most important

results were obtained using the 99-gauss permanent-magnet spectrograph,

- The resﬁlts on the high-energy spectrum were obtained almost entirely from

the 350=-gauss spectrograph. In.thé latter stages of the study, when a
tentative decay scheme had been constructed, the multipolarities of many
intermediate-energy (200 to 40O kev) transitions predictéd to be E2 transi-
tions by the decay scheme were verified by exposures on the 160-gauss

spectrograph, "Because its trapsmission is higher than that of the 99-gauss

magnet, this instrument resolved the L lines, thus verifying the assignments,
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_ Table VI
Phoﬁonrpeaks resolved from the 60-hr
_ 182 N |
Re ‘spectrum
Gamma-ray - Intensity
'K x-rays 642 7°
1122-1222 o \ 282

a. Corrected for crystal'efficiency18

(a = 7.8).

b.,Correétéd_for‘Auger coefficient
=.0.045.

35
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The .conversion-electron spectrum was.alsorstudied using the
double-focusing beta-ray spectrometer at a resolution of 0.3%. .However,
this resolution was insufficient to resolve many of.the groups of lines,
so that the data thus,obtainedAwere used mainly for supplementary in-
tensity checks,

| In electron¥spectroScopic studiés.of a mixture .of radioactive

isotopes, a seguence of steps is usually followed, namely, the assignment

of electron lines to isotopes, the assignment of electron lines to transi-

tions (and, if possible, the assignment of multipolarities to transitions
from the relative intensities of the subshell conversion), and finally
the determination of the décay scheme ,

In the study of Re182 we.were able to identify most of the lines
fairly readily by a series of exposures .on the permanent magnets, The
series allowed us to distinguish the 60-hr Relsz,lines from those,of:lé-hr
Rel82,_zo-hr el 50-day Re® ¥ and 71-day Re1O3. The assignment of the
electron lines to transitions was much more difficult because of the
possibility, especially at low energies, of_misassigningblines, and the
ever present possibility ofAthé accidental superposition of iines, The

resolution of the spectrum, however, allowed us to assign many multi-

polarities, because the activity levels used in most of the experiments

‘were sufficiently high to enable us to see the L- and higher-shell con-

version lines of almost every transition., These transitions, the
electron lines observed, and the intensity of these lines are listed in
Table VII, In Appendix B, Part 1, the .energies and viéual intensities
of all lines observed in the studies of the short-lived (< 60-hr) isotopes
are listed; in Part 2a the electron lines are listed by transition énergy,
The numerical intensities given in Table VII were determined from
photographic films by the method of.Mladjenovi{ and. Sl'altis,l7 and have
estimated uncertainties of'éo%‘ The intensities of the stronger lines

were compared to intensities for the same lines obtained from the double-

" focusing spectrometer and were found to be in agreement within experimental

error, The intensities from the magnetic spebtrométer‘were not used

throughout because 0,3% resolution was not sufficient to resolve some of

the groups of lines, .We eéstimate the probable error of the energies as
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Transitions in WLOE following the decay of 60-hr

182
Re

scale.

Electron intensities are on an arbitrary

Initial Transition. Electron intensities Total Multipolarity
and energy . ‘ electron assignments
final (kev) intensity First Second
states K LI . LII LIII MI MIIMIII NI NI'INIII confidence confidence
RQ 19.85+0,05 ' e - S (E14M2)
ED 33.36:0,01°°¢ Bl
NM 39,10+0,05 13 13 (ML)

HG e 0 kA E— (F1) ,
KJ' 52.96+0.05 Ze- E (m2)
RP 60.5110,05 b L (M)

KJ 65.71&0.01b 97 15 .3ud o2k ' 1ko ML+E2

FD 67.7420.01° wd 1 1 17 Bm% 1 68 EY

MK 68.10+0,08 S&EL (£2)
16 74412005 e foe . (81)
HF 84.670,02° 250 b 17 13 0 26 T2 B 'L 360 M1+E2

BA 100,090, ozb 130 ~1080 ~260 b 1470 E2

NK 107.1340.05 29 5.9 8.8 6.0 - 50 (ML+E2)

PN 108;5740,05 19 kb 0.8 €0.6. 24 (M1)

H 113.65%0.02° 170 34 5.8 589 12 3.4 2. 220 ML4+E2

IF 116,50%0.02°  7.28% B (M1+E2)
MI 120,090,062 Do {E1)
J'H 126.4020.06  Z---

SR 130.76#0.07 220 Lo 15 7.3 12 6.0 290 (M1+E2)

R 131.30:0,07 -2 e e
MJ 133.78:0,07  80% 1004 5.3 98" (1)

PM 147,68:0,07 15 5.6 3.7 €7.5" 27 (ML+E2) o
PL 148,8120,07 46 9.2 <7.5" 15° <78 (ELeM2)
Qx 149.3950.07 16 <7.5" 2.6" --- <26 (51)
TQ 151.19#0.08 2o e e
HD 152.410,03° »12" 3.6 256 E1

33 156.37:0.06° 340 49 137  3.5% >8.9 E1 _
N 160.09:0,08 6" 3.4 9.k (1) -
RN 169.18:0.08 256" 13 3.5 Y--o 13 1.3 315 ()

NJ 172.7820.09 580 10 2.5 T (m1) \
K 179.36:0.05° 31 7.2 3.3 Lz 12 b ML4+E2

oK 181.63+0,09 3.2 ' 3.2 (m1)
QL 189.4840,10 6.2 6.2 (M1)
SP 191,31#0,10 - 100% 16 ) Qs (M1)

JF 198.3120.06° 19 &% 6.1 aa 3k E2
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Table VII (cont.)

Initial Transition . Eiectron Intensities Total Multipolarity o
and energy electron assignment
final (kev) ] intensity First Second
states . K LI 'LII LIII MI MIIMIII NI NIINIII confidence confidence
RM 208,18£0,10 . 15° v : <18 (m1)

RL 209.33t0.10 5.5 5. (1)
e 214 412011 137 - P -
PK 215,69+0,11 3.5% LI 3. (E2)
(ce) 221,60+0.11° 9.5 .95  emees
KG 222.05:0,07° 7.9 7.9 El
TO 226.1010,11 30 v A,

. cB 229.2740.08° 96 vb__ b % . E2

ML 247435002 19 2o 19 (22)
QK | 256,37:0.13  65° L. <98 (ML or M2)
XF 264,09:0,10° 12 . g 12 E2

RK 275.3020.1% 15 vo . BB 15 (E2)
FJ 281,42+0,14 8.6 tb__ bb__ bb__ 8.6 (E2)

© W | 286.5240,1% 37 2. PR BB _ ‘ 3 (E2)
ax 299.88:0.15 . 2.5°0 %2 P2 PR o 2.5 (£2)
™ 300.49:0.15 ~ 3.0°% €2 ' 3.0 - R
sM 338.98:0,17  (4.8)fTRRRR__ To_ 4.8 (£2)

c'e 351.020,18 (2) bb__ bb__ . (E2)
EC 927 © 0P e (3)
FC 960 21° 2o (E3)
b
GC 1003  #1 - (ML+E2)
ic 1076.7 *0.6 - (E1+m2)
DB 1121.6 0,258 2. ML+EZ
EB 155 #1° L. E1+M2
Jc 1158 0.6 v (EL+M2)
¥B 1189.3 0,288 20 El+M2
DA 1221.8 20,288 PO e
oB 1231,3' 0.5 vo__ MI4E2
EA 125488 hh__ (51)
HB ‘127388 hh__ (E1+M2)
. .
FA 1289 1 < .- (2)
HA 1375 #2° . Seo- - (83)
? 137 4P i
KB sk ° <. (M2+4E3)
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Table VII (cont.)

Notes on' Table VIT,

a. Intensity too weak to be obtained from densitometer trace.

b. "Limits of error assignéd by MBMD,.

c. Not seen in 60-hr Re162 decay.

a. L 67.7h, L. 65.71 superimposed,

e. The assignment of this line is yuestionable.
f. Lir Th.b1, M 65.71 superimposed.

g. LIII 7,41, K 133.78 superimposed.

h. K 169,18, NIINIII 100,09 superimposed.
3. K 172.78, LIII 113,65 superimposed,
k. K- 116,40, KLILIII superimposed,
. LI 116,40, MI 107.13 superimposed.
m. Lt 116,40, MIII 107.13 superimposed.
n, Seems too intense to be LI 120, 9h but because K is on a dark background it is dlfflcult to be sure,
o KLINI-NIII would be superimposed on K 126,40,
18
P. This line observed only weakly on one plate, It may belong to Re 1
g. X 191_31, L 133.78 superimposed.
r. L 149,39, LII th,Ql, LIII 147,68 superimposed.
s. K 208,16, Lirg 148,81 superimposed.
t. This line visible only on densitometer trace as a low-energy tail of K 208,81 (Re183) line,
Cu. X 208.81, LIII 149,39 superimposed. A comparison of intensities of Re183 transitions in sample with
183 183

the intensities of the Re lines in a pure Re.
On very dark background, ‘

W, K 21k.41, L__ 156,37 superimposed.

1T
X. K 215.69, LIII 156,37 superimposed..
y. K 229.27, L 169 18 superimposed.
z. K 256,37, LII 198 31 superimposed.

sa. I 208.81 (Re 3) MII 111 198,31 superimposed.

bb. Weak llne observed on higher-field, less- accurately -calibrated magnets

ce. Transition not assigned in decay scheme, K 221,60, Lo 162.33 (Re 3) superimposed, ’

daa. The sum of the intensities of the lines was observed as equal to 5.6 on the exposure used to calculate
intensities, but the lines were not resolvéd. The'intensity ratio was estimated visually from another
exposure., )

ee, This line was diffuse and difficult to read.

ff. These intensities were estimated from a second plate.
ge. Limits of error assigned by Bickstrom, - .
hh. Lines reported by Backstrom and not by MBMD in the decay of Talez. Not observed in Re182 decay.

ii, This transition was assigned as IA by MBMD, Because we have reassigned level I, it not longer fits into

the decay scheme. It should be noticed that the K 1437 and LI 1375 would be superimposed.

sample indicates a very low intensity for the LIII 149,39,

@’
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0.0S% which we feel is an accurate evaluation, It is only possible because
of the excellent field calibration provided by the presence of a large
number of conversion lines of transitions whose energies were very accurate-

ly'measured by MBMD with a bent-crystal gamma spectrometer,

.Discussion of Results

Decay scheme, The high-energy resolution and probabletmultipoiarity

assignments for the more intense transitions enabled'us to build on the
‘existing level scheme of W182 proposed by MBMD, Many transitions, assigned
on the basis of a number of their conversion lines were found to fit into
this scheme, The'scheme also predicted wéak-transitions, whose K- or L-
conversion lines were observed but were unassigned, Only 8 electron lines
assigned to Rel82.are not assigned definitely to‘transitioné in the decay
scheme, These eight, their probable assignments, and their intensities
relative to other lines on the same plate are listed in Table VIIT.

.Becausé much of our interpretation assumes the,correctnesé of the
decay scheme of MBMD, we shall review other experiments (Coulomb excitation
of Wl82 and studies of the decay scheme of Ta182) which support it.

Coulomb ‘excita‘cionSlu55 of Wl82 has verified level B, Mihelich56
has performed gamma-gamma coincidences that indicate that DB (1122) and
BA (100,09) are in coincidence, while DA (1222) and BA are not, Williams
and Roulston57 have recently performed gamma-gamma angular correlation
 experiments on theicascades F-D-A, H-D-A, and F-D-B; and their results -

- agree with'sp;n assignments8to these levels of 2-2-0, 3-2-0, and 2-2-2,
7 >

respectively, Bickstrom” has carried out high-resolution electron
~ spectroscopy on the transitions DB, FB, and DA and has determined the
energies 1121,6 * 0,2 kev, 1189,3 * 0.2 kev, and 1221,8 * 0,2 kev, re-
58 '

spectively. He has also observed, for the first time, cdnvérsion lines
that correspond to transitions EA (1254) and HB (1273). Because of the
high-resolution gamma .spectroscopy employed by MBMD to study the low-
energy transitions in Tal 2 decay, thevenergies and arrangemént of levels
D through K (excepting I) seem excellent, The careful studies mentioned
above gave confidence for building upon this level scheme for interpre-

tation of the highly complex decay of 60-hr Rel82w



-50-

Table VIIT -

‘Unassigned internal-conversion electron lines of = 7 .° >
transitions of.wl82 followinngel82Jdécay~
Energy Intensity ‘Possible assighmeht : w
54.99 ew? KLIM Auger electrons
56.64 ew L._ 68.10-kev
. S ..II 4‘ .
.58.86 ew? KLy Auger electrons.
66.28 Cew "KMN Auger electrons
74.86 ew L. 86.40 «ev
A v Prr Y EEY
.76.;6 ew? .LIII 86,36fkej
°108.99 ew - Ly 120.9k-kev
187.44 ew ‘Pfobably film imperfection

(PM IV, plate 397)
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In order to determine whether the levels of W182 populated by
TalB2 decay were also populated by Re182 decay we first determined whether
we saw all.of the low-energy transitions (< 300 kev) reported by MBMD. We
found that all except the 33.36- and 41,72-kev transitions were seen, Be-
cause these two are very weak in Tal 2 decay, their absence in no way af-
fects the levels proposed by MBMD, :

Because of the low transmission.of_our high-resolutdon instruments,
we were able to see the electron lines of oﬁly six high-energy transitions.
Two of these, the 1158- and 1076.6-kev transitions, have not been reported
previously., The 1158 was found to fit the energy difference JC very well
and has been so assigned; the 1076.6 has been a551gned as transition IG,

Another useful item of information, adding. confidence to the MBMD
scheme, was obtained by comparing the relative intensities of transitions
common to both decay schemes., We did this by comparing our electron in-
tensities with the electron intensities of MBMD calculated by multiplying

their gamma intensities by the experimental conversion coefficients they

. report, The ratios of our electron intensities to MBMD's for these transi-

tions are illustrated in Fig. 6 which is a schematic diagram of the MBMD
decay’scheme. The/ numbers on each transition are the ratio of the electron
intensities .of the convgrsion‘lines of the transition in the Rel82 spectrum
to those in the Tal 2 Sﬁéctrum. The ratio for each transition is the
average of the-ratios for\all the conversion lines seen in both spectra.
A1l ratios are normalized'b&‘assuming that the ratio for the LI of the
65.71-kev transition is 1.

A pos1t1ve check on the MBMD level scheme is provided by'these
ratios, If their scheme is correct, the ratios that we calculate for the
transitions depopulating one of their levels will be equal,- within experi-
mental error, whereas this would probably not be so if they have misas-
signed some of the transitions, From the ratios shown in Figs. 5 (é) and. 6,
it can be seen that our results are consisfent with the MBMD level scheme,
because -the deviation in the ratios is within_the probable error of the
electron intensities, From a comparison of Fig. 6 and Fig. 5 (b), we can
readily draw some conclusions -about differences in level populations be -~

182

182 R : :
tween Ta and Re- decay. It is clear from the comparison that a large
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7

(10)

24) (24) (94)
(24 (a4 /u y

—
0.2)

l C
69)
i B
(2.1) o
| A
'W 182

MU-,I4149

Flg 6. Compar1son of electron 1nten51t1es of transitions observed
in both Tal82 and 60-hr Rel82 decay. The ratios indicated on
the transitions are normalized so that the ratio of the electron
intensity of the Lj 65.71-kev transition observed following Rel82
decay to that observed following Tal82 decay is 1.
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1
percentage of depopulation in Re 82,decay cascades through states J and K,
whereas in 'I'al 2 decay a large part of the primary beta decay goes directly
to level F and H, It also indicates a much larger population of level C

than in the former case, thus indjcating that statés.of higher spin must

‘-receive more direct population in Re decay.

182
Flgure 7 i{1lustrates our proposed decay scheme for Re ., It in-
cludes all the tran51t10ns reported by MBMD (1nclud1ng those unobserved

by us) and the new tramsitions reported by Backstrom?8

(also unobserved
by us). This level scheme is based primarily on agreement of energy sums
of pairs .of transitions being equal to the.énergy"of a third transition.
Because of the complexity of this decay there are many accidental energy
sums; thus there are several alternative decay-scheme possibilities if
the energies alone are cbnsidéred. Fortunately, the intensities and multi-
polarities of the observed transitions often guided the choice of alter-
native level schemes, Thé new parts of the séhemeﬂof.Fig, 7 are based
solely on coﬁversion~electfon-spectroscopic'résults High-resolution
gamma,-ray spectroscopy and coincidence studles would be of the greatest
value toward confirming or reV151ng our proposed scheme We will discuss

the sums ‘that constitute the basis of the decay scheme later, .We feel in

~particular that the high-energy electron spectrum deserves much further

study, because the new decay scheme predicts many weak high-energy transi-

tions that our low transmission prevents us from seeing.
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7. Decay scheme of 60-hr Re .
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Discusgion of the new levels in.Wl82.',As'previoﬁsly stated, the

energies of the levels were.based primarily;upon'sﬁms and differences,
The levels may be considered to fall intobthreeA“cenfidenée"'grbups, The
first is those levels that'ﬁere placed from differences equal to differences
between levels established by MBMD. The eecond is those pleced“by dif-
ferences cdfyesponding to differences between states established by MBMD
and our "primary" states, and the third arises from differences not in-
volving any levels of MBMD. Levels I, M and N, are in the flrst group;
J', P,.Q, and R are in the second group; and_L, 0, S, and T in the third,
The agreement .of the sums for the various groups is shown in Teble IX.
We do not include all poesible differences in Table-IX, bufrrather only _
those that directly support each state, Level C'.is so placed because'C1C
is E2, and its energy fits the theoretlcallyzpredlcted rotational spacing
for the 6+ state of the ground rotational band of W 82. Because all of
the levels except C' and O have at least three transitions tyiﬁg_them into
the decay scheme (and some have as many asvseven), we feel that the sta-
" -tistical significance of the scheme is quite large. Before discugéing the
level spin assignments we shall digress first to discuss the method of
determining multipolarities and then the traneitionsvfor which multipolari-
ties are not very well established. This will then allow us to discuss the
level spin assignments. |
In Fig. 8 (as and (b), we illustrate the LI/LI and L

III/LII
for M1, M2, El, and E2 transitions that were calculated using Rose's .theo-

ratios

retical L-subshell conversion coefficients. We have not .considered higher
multipole arders for the low-energy transitions because their much longer
half lives were.expected to prevent their competing favorably with the
dipole and quadrupole transitions. From Fig. 8 (a) it is clear that at
low energies thevpresence-of‘Lil conversion comparable teo LI is usually
. indicative of electric radiation. LLIII»conversion stronger.than LII con-
version is usually indicative of El or M2 radiation at the energies of
interest. _ ' _ ”. '

The LII and LTII conversion is greatest férrthe electric quadrupole,
for which the LII cenversionvonlyvbecomes equal to the I_. at about 350 kev,

II
In the El, however, the LI/LII ratio is unity at about 25 kev, three at
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Table IX.

Differences supportlng the proposed. W 8 level scheme -

Trans- . -Trans- ‘Differ-. . . “Trans=~ .. : Edergy . -.:.State

ition ition ence ition = of state = .desig-

1 2 o 3 above' D ° nation
1076.7  Th.W1 - 1002.3 1003 18L.1L I
1076.7  116.40  960.3 960  18k.1k I
©2h7.h3 ‘133.78""” 113.65  7113.66  399.8L M
172.78 167.13 ~  65.65  65.7L 1438.8L4 N
286.52: 172.78 113.7% .+ 113.66  1438.93 N

Group II - \ . '
.160.09 120.94  39.15 39.10° 278.81 - g
160.09 °~ 52.96 107.13 . 107+13 278.81 J'
281.42 215.60 ©  65.73 .. 65.7L  .547.48 P
281.42 147.68 133.74 © 133.78 547.48 P
281.42 1108.57 - 172.85 172.78 547.48 P
256.37 149.39 106.98  107.13 588, 1L q
276.30 160.18  107.12 1107.13 608.07 'R
208.18 169.18 © 39,00 39,10 - 607.98 'R
Group IIT , . -
215.69 -1h8.81 66,88 - 66.83% 398.60 "L
209.33 189.48 19.85 .. .19.86 = 398.67 L
209.33 1&8.81_ 60.52 . .60,51 - 398.67 L
338.98  299.88 39.10 0 39.10  T738.78 8
338.98 191.31 147.67 - 147.68 738.78 ‘S
- 338.98 130.76 208.22 208.18 - 738.78 -8
191.30 130.76 60.54 60.51 738.78 S
151.19 131.30 19.89 19.86  739.28 T
300.49 169.18 131.31 .131930 739.34 T

- a, .The line supportlng thls transition can also be a351gned

as the LI 68 10,




N
23

. -57-

100f T T

oa—

0.0 I TR

|

| ENE S S

1000

100

TRANSITION ENERGY (KEV) -

Fig. 8a. '-'LI/LI-I ratios for M
for Z = 74. ‘

MU-14152 -

1, M2,. E1, and E2 multipolarities



-57a-

100" MR T " LR
o —]
1.0
_JL‘: -
S b
v_]‘_‘ -
—\
[oX]um _]
L Ml
0.0l 7| 3 .11-...| e PR B
10 100 _ 1000
TRANSITION ENERGY (Kev)
MU-14153

Fig. '8b. LIJ7I/LII ratios for M1, M2, ‘El, -and E2 multipolarities
for Z2 = 74. -
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100 kev, and about seven and a half at 350 kev.  In both cases the
LIII/LII ratio decreases slowly. From these considerations it is clear
that for transitions between 250 and .350 kev. the presence of LII TIT
conversion in intensity greater than'that of-the»Li is ‘indicative of E2
character. New transitions which. were assigned E2 character on this
basis are PK MH, RK, PJ, NH, SN, SM, and C'C. We assigned these transi-
tions pure ‘E2 character, although M1-E2 mixing is possible. The amount
of Ml admixture is very small if present; the Li/LII.ratlo,vwherever it
was possible to observe it, was in good agreement with (if not somewhat
smaller than) the theoretical Li/LII‘ratio‘for E2.

In the case of the three new transitionSwassigned‘as M1-E2 mix-
tures, tran51t10ns NK, SR, and PM, the Li/LII/LIII ratios ruled out El.
“The remaining transitions in Table VIT with Ml-E2 mix1ng,were so assigned
_on the basis of MBMP's.results, In .Table VII we list_Ml-EZ,mixing ratios.
The basis of these ratios will be discussed later, 4

Above 100 kev it really becomes difficult, on the basis of electron
spectroscopic results albna, to distinguish between M1, M2, and El1 transi-
tions. Sometimes, however, it.is possible to differentiate between them
by remembering that'the total conversion of magnetic transitions is much
‘higher than that of electric .transitions; Therefdre, if we know that a
certain transition in this energy range is a pure El of total intensity.
comparable'to strong:Ml and E2 transitions.in.thefsample,mwevcan use its
eléctron-conversion lines to serve as a sort of internal intensity stand-
ard, - We can do this if we say:thét all transitions with electron lines
three or more times more intense than those of the standard cannot be E1
because then the ‘total intensity of .this transition would be too large to
~ be.consistent with the decay scheme. InVW182 there- are three transitions,
- JF, HD, and.KF,ﬂwhose.multipolaritiés were established by MBMD, which we
used in this way. .The decay scheme was used.whereipéssiblevto differ-

- entiate between Ml and M2,
We have not found it-possible to differentiate between weak ML

or M2 and strong El transitions on the basis of subshell conversion alone,
From subshell-conversion ratios alone it has mot been necessary to

assign to any electric transition a multipole order higher than E2, In



=59~

three or four cases there appeared to be M2 .character in the transitions.
In at least one of these cases this may be El-MZ2 mixing. We.will discuss
~ these casés later, .

Although in many cases our multipolarity assignments éeemed clear
cut, the very complexity of‘the.spectrUm_engendered some .ambiguity. We
will now discuss the.cases,where‘suCh ambiguity exists.

M

Discussion of transitions. The 19.86-kev transition (RQ) was

assignedvon the basis of two M- and two N-conversion linee_ The electron
_enefgies were established using theucalibration afforded by the K lines
of transitions HF and BA. Because the second line was diffuse and very
difficult to read, it was not possible ‘to decide definitely whether the
spacing between,it and the first line,corresponded better to an MI—M

or an Mi_MIII SPacing._ Because this also introduced an uncertainty in
deciding whether the lowest-energy line was an MI or MII"line we felt it
was necessary to try to establish the energy of the transition using the
decay scheme, When this was done it was found that the line exactly fit-
‘ted the energy of the Mi line of a transition of energy equal to RQ. If
this transiticon energy is correct, then the presence of two lines, one .of
which is the MI line, favors El or M2 assignment for RQ.

Weak LI- and MI-conver31on lines of the 52 96 -kev transition (Ka)
were observed, indicating that the multipolarity of this transition is
probably either M1, M2, .or El, However, this transition was not observed
by MBMD in their gamma spectrum; although it probably should have been if
the transition is Ml or E1, The absence of this ﬁransition from the gamma
spectrum might indicate that it is M2, We feel that Mz or E1-M2 is the
most likely assignment. . : |

 The evidence for the 68.10-kev transition (MK) consisted solely
of a ﬁeak LII-llne, therefore, the transition must be cons1dered highly
tentative. The line was so assigned only because the LIIfline is consist-
~ent with' gn Ml-E2'or E2-assignmentfor MK, which 'might be expected from the
decay scheme, The L was not observed although it is not magked, but

11T

because the"LII is extremely weak we do not believe this is a serious

- discrepancy.
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| " Only the LIfline of the Tk 4l-kev transition (IG) was seen, A
multipolarity assignment was difficult to make because the liI and IiII
lines are‘masked by the MI line of;transition KJ, and the K line of
 transition'MJ, respéctively. .The presence'offthe.LI line rules. out pure
E2 multipolarity for this transitioa. - ,
" The 116,40-kev transition (IF) was reported by MBMD, but they
were unable to assign a multipolarity to it, although their data essen=
tially exclude all multipolarities except M1, E1, or E2, We are also
unable to-assign it a multipolarity. - By accident, the K line is masked
. by the K_LI.LIII Auger line, the LI line byv the_MI line ofvt?ansition
NK, and the LII line by the MII MIIi lines of NK. The LIII.line might

be in the diffuse low-energy tail of the N lines of NK, but it appears to
be missing. However, we can calculate what fraction of the intensity of
thisgeak containing.the K line is due to it because we have data from

Re

the K-line intensity, we can calculate thatvthe LIII‘line of a pure E2

on the relative intensities of the-KLp»Lq Avger lines., Knowing

transition would be seen were it there, This, therefore, further re-
stricts the multipolarity to M1, El, or an/ML:E2 mixture that is pre-
dominantly ML, . . N . . . L

‘The K and LI lines of the 120,94-kev transition'(MJ’) were both
observed,; but the L

I
on a dark background (which makes intensity calculation difficult) and

intensity appears too large. Because the K line is

no other assignment could be found for the-LI, we retained this assign-
ment, : . .
The K line of the 126,40-kev transition (J'H) is masked by the
K LIyNI-NIII Auger electrons.' Because the line is diffuse, and has about
the same intensity relative to the K L. I Auger lines as .that observed
in an exposure of a sample containing only Re183_and.Rel8h, the latter
assigmment is probably eorrect, and J'H, if present, is.not .detectable,
Only the K line of the 131,30-kev transition (TR) was observed,
- However, because none of the other tramsitions would have a line at this
‘energy the assignment is probably correct. '
The most .complex group of transitions is- that containing the L o

lines of the 147,68-, 148.81-, and 149,39-kev transitions (PM, PL, and QN),
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We have had to assign these transitions as.M;-EZ, El-M2, and El, re-
spectively, to obtain conéistency between the observed intensities and
the decay scheme, -Because these three -transitions have .ndne possible
I lines and since there are also two K lines and the L lines of two
other transitions in thisvsame.energy.fegion,(approximately 10 kev), the !
resolution of the group was difficult. Although we believe our analysis
is correct, it is definitely not unique. For this reason we illustrate
a densitometer trace of this group of lines in Fig. 9, with our analysis
indicated.

©  The energy of the 151,19-kev transition (TQ) was ascertained
from only onewconversion line. However, since this line was visible on
..on. every plate, there seems to be little question of its validity.

MBMD were unable to observe the K- and LI-conver51on lines of
the 156.37-kev tramnsition (JG). 1In Rel82 decay this transition is much
stronger, and we saw both the K and- LI lines. Besides these, however,

.we have also observed lines that correspond to the calculated energies
of the LII apd LIII lines of this. transition, = On the bagls of the MBMD
gamma spectroscopy, we have, however, assigned these latter two lines
as the K lines of transitions LI and PK, Because we have observed the
L lines of these transitions we believe the assignments are valid.

The K and.Li lines of the 160,09-kev transitions were observed,
indicating that it is probably E1, Ml, or M2, .Only the K lines-of the
181.63- (OK), 189.48-7(QL), 209,33~ (RL), and 221,60-kev transitions

fwere observed., . Consequently, we are unable to assign multipolarities to
these transitions,

The K- and L -lines of. the 214 141+ (LI), and 226.10-kev (TO)
transitions were observed, indicating that they are probably El, Ml,
or Mz, : _ : » o

Only the K-line of the.300.49-kev transition (TN) was observed X
definitely. _The,LI line appears to be present, but is masked by the |
L lines of the 299,88-kev E2 _transition (SN). , ,

, . All of the remaining transitions have ‘been assigned M1, M1-EZ,
or E2 multipolarities. The basis- of the Ml assignments, where given, is

that these transitions'cOnﬁect.statesvwhose parity is established by
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~Fig. 9.  Densitometer trace of the group of electron 11nes between
133 and 145 kev observed in the decay of 60-hr Re 182 The analysis
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the transition energies indicated. :
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interconnecting E2 transitions, . For this reason we will not discuss -them

individually. The multipolarities of these three groups are listed in _
e "First Confidence" multipolarity column of Table VII, The multi- ;

polarities that we believe are the best assignments for the transitions

that were discussed individually are listed in the "Second Confidence" -

multipolarity column of Table VIT,

Spin .assignments, The spin assignments of five of the new levels

in Wl82 were based upon the E2 transitions. Negative parity_was‘establi-
shed for these five states since the Ezvtransitions populate the negative
parity states assigned by MBMD, The levels so fixed are M, N, P, R, and
S. The spin assignments are illustrated in Fig, 7. Most of these levels
are also connected by transitions consistent with Ml and ML-E2 assign-
ments, serving as a further check on the spins, We assume that the E2
transitions connect states with A I = 2 in order to'assign the.spins
shown in Fig. 8, although»it:is possible that a predominantly E2 transi=-
tion may connect states with AI =0 or 1, '

Besides these five levels, we place six other levels in the decay
scheme. These are levels C', I, J', L, 0, and T, We shallfdiscuss the
evidence relating to the spin and parity of each of these states separately,
because they are not ag well established as the first five, '

" The spin and parity a551gnment of 6+ to level C' has been dis-
cussed previously,:

Ievel I in our decay scheme is not the MBMD level I, In their
decay scheme they suggested that the 116,40-kev transition depopulated
'level K and populated a level at 215,37 kev above the 2+ state, Because
their data were not definitive they regarded their assignment as tentative,
The two other transitions that now establish our level I make it appear -
that the assignment of the 116 hO-kev transition as IF is better Justi-
fied than its previous assignment as KI., The data do not allow us to .
decide between positive or negative\parity for the level, A &pin 'of 3
is consistent with the data, A spin of 2 appears to be ruled out because
LI is probably E1, M, or M2, A spin of Y or 5 ispruled out if IF is
ML, ML-E2, or El; as the data suggest.
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Level J' can be a381gned either p031t1ve or negative parlty If
negative, the possible spin asslgnments are 4 or 5, This must be so be-
‘cause all_three gammas populating this level convert-in“the K and.LI
.shells, which in this case would mean the transitions would have to be ML,
If positive, spins of 3, k4, or'5 are‘pOssible3'becausehthe K- or LI-shell
. conversion is..also characteristic of.El and M2 transitions,

Level L can have a spin_ofnﬁ orvS,.positivé'parity,hor a spin of
5 or 6, negative parity. Attotéluof four transitions populate and de-
populate . thig level, Two of these,,RL-anvaL, are very weak and are
observed to convert .in the K.shell-only - PL is strongly converted in
the LT shell and may also convert in the LII and LIII sheils, although
this is not likely. (see. Dlscu551on) _ Hence, this transition is
probably magnetic, but can be either ML or M2, II is observed: to coné
vert in the K and'LI shells_and,may be, M1, El, or M2, :These restric-
tions on the transitions’ multipolarities place the restrictions on the
level's spin and parity. -

Level O is the most poorly established level in the decay scheme,
It is based solely upon the fact that the sum of TO and OK is equal fo‘
the difference between levels T and K, although a transition_of energy
equal to TK is not .observed, for this reason the transitions could be
reversed so that 0 would lie 557.87 kev above state D. -The level is so
placed because TO is stronger thgn.OK? TO converts in the K and LI
shells, indicating magnetic radiation. -(On the basis that the Mi line
. was seeh, we tentatively rule out E1), The radiation can be either Ml
or M2, Only the K-conversion 1iné ‘of 0K was seen, so that we cannot .
determine its multipolarity. :From<consideration of the.spin'and parity
assignments of levels T and K, we ‘believe that the .state prdbably has a
spin of 4 or 5, negatlve parity. . ' .

Level Q is populated by two transitions (besides probable direct
population) and.debopulates by three, The feeding transition RQ is
- probably an ML-E2 mixturé, El, or Mz,  This restricts the le?el-spin to
either 5, 6; or 7. Transition QK-is so:highly converted that it must be
predominantly magnetic radiation, This eliminates spin Inand.restriéts

the -spin to 5 for negative parity and 5 or 6 for positive parity.
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Transitions QL'andiQN7afe/consisteﬂtuwithleither of these assign-
ments but do not definitely decide between them, v

Ievel T wasAéstablishedvby four depopulating transitioné, Only
transition TO was obseérved to .convert in,otherfthan the K shell, and
level O is so poorly established as to be .of little value in»éssigning
.a spin and parity to level T, The_fact that ‘T is directly populated
suggeéts, however, that its spin is 6 or 7. (from consideration of the
sping of the directly populated negative-parity states). The data are
.consistent.Withreither spin, and with positive or negative parity.

In Fig, 7 we énly indicate ‘possible spins and parities for the
states connected by E2 radiation, In cases where the multipolarity of
a transition is in doubt it is not indicated on the transition® in Fig. 7.
As stated previously, proposed assignments for these transitions are
given in the "Second Confidence™ multipolarity column of Table VII, We
defer unfil later our analysisﬁof the decay scheme, which we consider to
' be. the most reasonable interpretation of the data. It is from this
analysis, however, that the "Second Confidence" multipolarities of the

.weaker transitions were deduced.

Conversion coefficients and mixing ratios, The presentation of

the conversion coefficients in Table X is identical to that of Table V,
In addition, the observation of several more L-electron lines .of some of
the traﬂsitions,reported by MBMP has allowed us to extend the Table,

It can be.éeen from Téble X that we have used two methods to
normalize our electron intensities to the theoretical values, This is
because two normaiizatidn.points ére needed to obtain normalized con-
-versioﬁAcoefficients for mixed transitions: the first, to obtain the
mixing ratios the.setond,.the normalizétion,conStanté In the cases in
Table X in which oﬁly ohe normglization point is indicated;uWe have used
the mixing ratio caleulated from the 12,7-hr RelB2

are those reported.for the first time in Table X, hence. two normalization

data; the other cases

ppoints are needed, Normalization points are indicated by parentheses in

Table X, . In order to obtain_L,cdnversion coefficients corrected for
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Table X
Comparison of theoretical and experimental
_ conversion coefficienﬁs of transitions in w182 .
Gamma - Source : _ R Multi-
ray Conversion coefficients polarity
energy . : : and mixing
(xev) . K ‘LI "LII LIJ:I MI ratio M-E2
A. M-E2 Mixtures o 7 - , }
65.71 _MBMD b 2.2 0.32 -2 0.64  99% to 1%
. ‘Theoretical 2.3 0.21 .O.gh
This work 1.k (0.21) --" . 0.33
84.67 'MBMD 1.4k 0.48 0.4 0.52 84 to 16%h
o Theoretical 5.0 0.78 0.50 0.36 :
This work 1.hh (0.50) 0.38 0.77 _
113.66 MBMD ' 1.4 0.32 0.056 - 95% to 5%
: Theoretical 2.5 0.38 0.062 0.026 -0.12
o This work - 1.9 (0.38) (0.065) 0.025 0.1k
179.36 MBMD 0.33 0.12 - 0.005 62% to 38%
: -Theoretical 0.55 0.07k C.034 0.025 0.032
X . This work - 0.32 - (0.074) (0.03%4) 0.012 0.012
107.13 Theoretical 2.0 0.31 0.46 0.38 - . 50% to 50%
‘This work 1.5 .(0.31) (0.k46) 0.30
130.76 Theoretical 1.4 06.20 0.077  0.05  0.066 8u4% to 16%
. This work 1.1  (0.20) (o.o77) 0.0  0.06
147.68 ‘Theoretical 0.96 0.13 0.086  0.061 63% to 3T%h
- .This work 0.82 (0.13)  (0.086)
B. El Transitions ' I
67. 7k MBMD 0.14%  0.056  0.056 0.048
Theoretical O,g83 6.032 0.037 '
This work -- (6.032) 0.035 0.050
152.41 MBMD 0.056
Theoretical .O.l.ld 0.013
\ , This work ~0.0k"~ (0.013)
156.37  MBMD ‘
.Theoretical 0.11_ - 0.013
. This work ~0.019 (0.013)
160.09 Theoretical 0.09_ 0.011
This work d
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Notes on. Table X
65.71, L 67.7h superlmposed

III
b. Theoretical conver81on coefficients were obtained in the following way:
o= o (Sllv),,abl._;aLI“(Rose) ,Gk(Sllv) }

' : aKiRoses ’

o= aLII(Rose) %(Sli"')_. [ — ='i’°‘LIII(R°S'e)5
aKiRosei ’
Qg QMI(Rose) (unscreened).

. C. Only dne line was used for normalization of these trans1t10ns because

the mixing ratio was determined from the decay of 12,7—hr_Rel82u

4. These intensities may be too small by é factor of 2 or 3, because the
lines are on a very intense background. .Unless something completely'
unexpected is affecting the photographic blackening of the plate here,

however, the;KI/LI ratio is much too small.
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 finite nuclear size, we reduced Rose's LI-.and LII~convereipn coefficients
by the ratio o Sllv/a Rose, This correction essentially assumes that
Rose's LI/K ratios are correct, a point that is not clear at present

It is apparent from Table X a, that in every case where M1-E2
mixing occurs our experimental results 1nd;cate that the K,conyer31on of
these transitions is low, We at first suspected a systematicverror in
our intensities; however, after completing the .comparison of our normalized
coeff1c1ents w1th the corrected absolute experimental conversion coef—
f1c1ents of MBMD shown in Tables V and X, it became gpparent that the
”experlmental results are .consistent and both are at variance with the
theoretical values, even when the lattertmwe'been corrected for finite
nuclear-gize effects., The general dlrectlon of the experlmental results
indicates that the theoretical K conversion coeff1c1ents are still too
high. Such a conclusion has also been reached by’Wapstra and Nijgh. 48
» In part b of Table X, we show* the results for transitions that
we believe to be E1l. The 67,74», lSZ,Mla, and 156,37-kev transitions
j have been definitely assigned El ﬁultipolarity_by MBMD, The 160,09 is
>assigned El multipolarity from the decay scheme, It is apparent from
Table X fhat, at least for the transitions around 150-kev, the LI/K—
conversion ratio seems high. Although this discrepancy may reflect the
large experimental difficulty involved in obﬁaining the K intensities of
this group of tran81t10ns because they lie on a very intense background,
the fact that a similar result was obtalned for the 152 hlmkev transi-
“tion in 13-hr Re182, where the conditions are more favorable, tends to
support these conclusions. The high LI/K ratios suggest a p0551ble
systematic error perhaps owing to the neglect of some geometry factor
in calculating the intensities, 1In fact, the direction of the results
is the same as for the M1-E2 tfansitions, but such an erfor seems un-
llkely because of the similar results obtained by MBMD for the M1-E2
mlxtures

Another trans1t10n, the 120, 9h—kev, which was a551gned an E1
multipolarity from the decay scheme, appears to have.too large an,LI/K
ratio. 1In this case the intensities of both lines were too weak to be

calculated from the densitometer trace, but because both were visible
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the K/LI ratio must be about the same as those of the transitions listed,
if the line assignments are correct, This might be the first observation
in this region of the periodic table of anomalous El1 conversion coef-
ficients similar to those which have been‘observed in the heavy=~element
region by Asaro,59 However, because of the large uncertainties in our
electron intensities and the absence of . - gamma data, we do hot believe

that further discussion of this aspect of the pfoblem is warrented here,

Primary population and log ft values. Although the complexity of

the decay scheme prevented accurate determination of primary electron-
capture branching from electron data alone, we attempted to éstimate
primary branching by assuming that the total decay proceeds through states
Q, P, R, S, and T. This assumption is probably not strictly correct, but
the intensities populating and depopulating the lower energy states are
consistent with it., Furthermore, because we have no high-resolution
gamma—inteﬁsity data, fhe percentagé primary populations we caleculated
are multipolarity-dependent, Using the electron intensities and assigned
mulﬁipolarities shown in Table VII, we calculated that the percentage
primary populations to states Q, P, R, S, and T, are, respectively, 1T%,
5%, 27%, 48%, and 3%. |

An estimate of the decay energy was made, but as is almost always

A

true for electron-capturing isotopes, it has large uncertainties, We
know that the total decay énergy'must be greater than the energy of the
highest state populated, so that the total decay eﬁergy must be greater
than 1960 kev, Because an éppreciable fraction of decay goes to state
S, we estimated that the decay energy is probably 200 kev greater ﬁhan
the excitation energy of S. Using this estimated decay energy, the
primary-branching percentages discussed above, and the Li/K—capture
ratios from the curves of Brysk and.Rose,34
for K capture of 6.4, 6.9, 6.1, 5.5, and 6.7 to the states Q, P, R, S,

we calculated log ft values

and T, respectively;
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‘ Because most of the observed decay of Rel82 is -to levels as~
signed spin 6 and 75 although levels. ass1gned spin 5 are present, it
séemed reasonable to assign a spin' 7 to Rel 2, Since the magor fraction
of decay goes to the states which definitely appear to have negative
parity, and because the, log ft for decay to S may be as low as 5.5 these
electron-canture transitions are probably allowed and hence,Rel8? prob-
. ably has negative parity, | ' .

Because of the unusually'hlgh spin of the isomer we looked for
odd-proton and odd-neutron states. observed in nelghborlng nucle1 which
could couple to produce a T~ isomer, There are only two such states
‘observed The odd—proton state is the 7/2+ state observed as the ground

181
state in T k2 the odd-neutron state is the 7/2- state assigned as

the ground state of aet 17, b2 (There is also & T/2- excited state ob-
served in W 35 it is not known whether the two states are the same
although they . probably are not), From the Nilsson diagrams for odd—

" neutron and odd-proton states37 (Fig 3, (a) and (b)) we determinéd that
only the two.states above and a second-7/2— odd-neutron state are ex-
pected to be present on theoretical grounds, Thus if it is assumed tnat
-the .state is composed of only'two partlcle states, these states seem the

most probable

182

Analysis and Discussion of the Ievels of W

The presence of large numbers of low-energy'magnetlc dlpole and
electrlc-quadrupole transitions between states of over 1 Mev of ex-
citatlon energy is rather remarkable and cannot be-understood in terms
of single-particle transitions. Howevef, the marked‘similarity of such
.patterns to those observed for loﬁ—energy states“in strongldeeformed
nuclei 1ndicates that these states may have .a collective character
AABM. have prev1ously analyzed the levels of W182 populated by Ta 82'in
Ssuch a way.‘ They grouped all but three of the states into rotatlonal _

~ bands,
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In Fig. 10 we present a possible amnalysis’ - into rotational states
for'the levels in W above 1 Mev,. This interpretation assigns the
'eigﬁteehgievels into four rotational bands and six extra levels, It must
be pointed out that this interpretation is consistent with the experi-
mental data now known but is not completely proved by them, =

Because the explanation of cur analysis requires .some discussion
in addition to that already,given; we shall begin by discussing the .ex-
pefimental evidence supporting the assigmment of the base states of the
four bands. :

Level D is assigned K = 2, + because of the agreement of the ob--
served branchlng ratio from this state to levels B and A (and ) by E2
radiation with that predicted theoretically, The ass1gnment,of K =2
to this level was originally proposed by AABM, who calculated the ex-
perimental value ' ) ’ ‘

B (Bj; 2,2 == 3,0) -
: = 1.61

B (Ez; 2,2 —> Q0)

from the data of MBMD, assuming_transition DB was pure E2, Using the
10% to 90% E2-Ml mixing ratio determined by Williams and Roulston from
57 '

angular-correlation studies involving transition DB, ‘we recalculate
this value to be 1.42, in excellent agreement with the theoretical value
for Ki =2, of 1,43, The theoretical ratio for Ki = 0 is the same, but
the choice Ki =2 is c;earlyjmade in view of the weakness pf the transi-
tion to level C,

' No evidence supportlng level E was obtained in this study, but

the data of MBMD and Backstrom58

support this level qulte conclu51vely
The 1- assignmeht was made by’MBMDO In order to determine which of the
two possible‘K-quantum numbers‘(o or 1) is the most likely for level E,
we aéain compared'the,experihental bfanchingwratio from this state to
states B and A'with the theoretical.brahching ratio for E1 transitions.
Because we did not observe the transitions supportlng thls level, we had
to use the data of MBMD and Béckstrom58 which fortunately‘were sufficient,
The theoretical reduced transition probabilities for depopulation of

states with K = O and K = 1 are, respectively,
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B (E1; 1,1 —> 2,0) ~ 0.50

B (E1; 1,1 —> 0,0) ’
and

B (E1; 1,0 —> 2,0) _ 20

B (£1; 1,0 —> 0,0) -e

We have used the algebraic tables of Clebsch-Gordan coefficients prepared
by Sears and Radtke,éo to calculate the_Clebsch—Gordan;cbefficients
throughoﬁt this paper, TransitionvEB was seen by MBMD.énd assigned M2
multipolarity However, because their conversion coeffiéients are .at
least 20% too hlgh (see discussion under "Conversion coefficients" in
Section III B) we reduced their og for this transition by 20%. Their
correctedvaK is con51stent with an 83% El =~ 17% M2 mixture, We used
Sliv's convers1on_coeffic1ents of 0,0012 (E1) and 0,013 (M2) to calcu-
late the mixing ratio. :Using;MBMD‘svgamma intensity of 6{5 for this
.transition, we found that the total amount of El radiation is, on the

same scale, 5.4, An estimate of the»gamma intensity of the 1254 photon

is somewhat more unéértain, because it was not observed by MBMD although
it was observed by Béckstromgsa Fortunately, Blckstrom has published

the electron spectrum-containing,the K line of the 1255-kev (EA) and the
LI lines of the.1189-kev (FB) and 1222-kev (DA) transitions, Using MBMD's
conversion coefficient and K/Lfratiow for FB, and'Béckstrom'558 K line
intéhsity for the 1255, reduced by 22% to account for the LI.linevof the
1155 which he shows as superimposed, we obtained a ratio of the intensi-
ties of the LI lines of the 1155 and 1255-kev transitions By aSSumiﬁg
that the 1255 is pure El, and 0 = 0,001 (Sliv's value), we obtained a
gamma intensity of 10.5 for the 1255, on the same .scale as above, From
these dafa, we calculated\the experimental reduced transition probability
ratio ' - |
B (B1);~ (1155) - _f ‘5.1
B (E1); (1255) \10.5

which, in spite of the number of factors involved, is in much better
agreement with the theoretical value for K = 1 than for K = 0, Its

intensity indicates that.previouély it has probably beeh included in
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the 1231»peak, which would account for the fact that it has not been
reported by MBMD. State E is assigned K = 1 rather than K = 0 on this
basis. o | o -
The assignment of K = 1 to state E suggests the poésibility that
level F, which was assigned by AABM as the base.stéte of a K =.2y+ band
 might»actually'be the second member of the K =:1,- rotational band, Using
the results of MBMD and B'a“ckstrom,58 in order to obtain experimental data
to compare with the theoretical predictions, we were able to show that

o7

AABM's assignment is correct. Because F has spin 2,7 it will be ex-
pected to decay to levels A and B by M2 radiation. The ratio of reduced
»transition probabilities for M2 radiation from state F to states B and A

is, for K =1

B (M2; 2,1 —> 2,0)

= oo3}‘|"5)
’ ' B (M2; 2,1 —> 0,0)
and for K = 2 ’
| B (M2; 2,2 —> 2,0) 1,
B (M2; 2,2 —> 0,0).

Although MBMD did not see the 1289-kev (FA) transition, they did measure
the gamma intensity, K/L ratio; and absolute K-conversion coefficient for
transition FB, They assigned the transition as an M2 —fE3 mixture, How=
ever, after their value was reduced by the 20% correction previously dis-
éussed, the only possible interpretation,for_this transition (assuming
only two components) was that it is a 69% to 31% E1-M2 mixture, Sliv's
conversion coefficients O (M2). = 0.013 and o (E1) = 0,00113 were used
to determine the mixture. From this mixing ratio we calculated an M2
gamma intensity of 1k on.the{MBMD gamma?intehsity,scale;

'B'éckstrom58 resolved the L lines of the 1289- (FA) and 1189- kev
(FB) transitions. Without making.any aSsumptions about the multipolarity
of FB,'we.Calculatédva gamma intensity from these data, assuming an M2
multipolarity for FA. WFTom the assigmment .of 2- to level F the multi-
polarity'cahﬂonly be M2, ‘To-calculaté.the gamma intensity of FA, we first
calculated the absolute Ii-shé}l coﬁversion.coefficient of 0,00074 for FB
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from the MBMD  (corrected) and the K/L; ratio for this transition. The

theoretical aLiqur an M2 transition of 1289 kev is, from Rose!s tables, .
0.0015. Weestimatéda finite-nuclear-size correction for the oy by as-
suming th&t the K and LI shells are similarly affected. Rose"s'aLI was
then reduced by the ratio o (Sliv)/aK (Rose), - By this method we obtained
a value aLi-= 0.00135, ;Theugamma intensity of FA. (on the MBMD intensity
‘'scale) calculated from these data and Bickstrom's experimental L line in-
ten‘sities58 is 12.9. The experimental value of the reduced transition
probability is

B (u2)imm) (v \[=e)

= | - 1.61
B (M2); (FA) \ 12.9 J\1189

which agrees quite well with the theoretical value, l,h3, for a,stete-with
K = 2. It thus appears that level F is the base state of a K =2 band and
is not the second state of a K = 1 band,

Because state F fails to satisfy the branching,expected from the
I = 2 member of the K.% l,nfrotational‘band,"and because we have not been
able to find evidence for a state elose in energy to state F that might
beied;assigned, we are led to question the K = 1,7.assignment of state E,
andaeﬁggeet-thatva K = 0,- assignment. is preferable. We shall later sug-
gest ether reasons why a K = 0,= assignment would be preferredifor state
E.. However, tecause the present branchingeretio datas agree with the K =1,
assignment to level E, this assignment is illustrated in Fig lO
. From these .calculations we concluded that there are: at Jleast three
rotational bands to be expected in the.Wl82- level spectrum above 1000
kev, Besides these three, a fourth with K = 4, was postulated by AABM
in thelr analys1s of the W 162 - levels observed from Tal decay. We have
. attempted.to analyze the observed levels in terms of rotatlonal states
'based upon these four states, Our analysis is shown in Fig. 10,
_ BeforebdlSCussiﬁgtour-analysis, we would like:tohpoint,out that,
because it'is based upon‘comparison of theoretical andfexperimental E2
reduced transition prdbabllltles, there ex1sts the possiblllty that other
assignments .can also be made .which will be 1n agreement with other theo-

retical values., In order to avoid this possibility, we calculated reduced
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transition probabilities for all the values of K less than 4, for all the

" states (but keeping the present spin assignments) and found that the best

over-all fit of the datafwas'given by the assignments illustrated,.

In Fig, 10 we havetassigned twelve of the eighteen levéls as levels
of four rotational tands, Five have been assigned to the K = 2,- band,’
four to the K = 4,- band, two to the K = 2,+ band, and only one, the base
state, to the K = l,-.band. We have also assigned tentative spins and,
parities to the levels unassigned in Fig. 7. The multipolarities shown ..
in the "Second Confidence" multipolarity'colgmn are deduced from the level
scheme in Fig, 10, = '

Tt is immediately clear from Fig. 10 that our proposed assignment
does not‘show the expected rotational-energy spacing between levels,
Although.we.attempted at first to analyze the levels by energy relation-
ships (Which ended-by assigning levels K; N, and R as states of the K = 4,- |
band, J,.M,.P, énd.S as members of the K = 2,~ band, all other levels
being unchanged) from Fig. 10 it became clear almost immediately that the
energy levels of the observed states do not fall into_ﬁeil-developed
rotational patterns. This is not excessively surprising, .since thelinter-
actions acting to perturb the rotational spacing at this exeitation energy

-

The analysis shown in Fig, 10 is based on the comparison of the

- reduced transition probabilities for E2Z transitions from the rotational

levels to other members of their same rotational bands, and also for the
crossover radiations to rotational states in the other bands. The com-
parison of experimental and thedretical reduced transition probabilities
is shown in Table XI, The agreement of the experimental with the theo-

rétical values'is remarkable, considering the amount of K-mixing that must

be responsible for such large perturbations of the level energies, In

making the analysis we have given the gréatest.weight_to the agreement of
the intraband tgansitions. o

States J (K = h,—)-énd,K (K = 2,-) have been changed from the pre-
vious assignment given by AABM, on the basis of the résults in Table XTI,
although the energy spacings favor the earlier assigmment, State N (K =

2,-) was so assigned largely5because the ratio of the reduced transition
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‘Table XI

Comparison -of theoreticai‘and.experimental réduced transition

probabilities for de-excitation of some of the levels ‘in W

182

4,h-=2,2)

K,n Trans- “Reduced trans-. “Theor-, Experi-
: itions ition probability etical mental
compared calculated
- m/m e T o o8
2,+ " . DB/DA §E§§V§j§flgjgg 1.43 1.22°
2,-  TB/FA ‘géﬁi 2;32:3;83' 1.3 1.61°
2,- RN/RK gggg gg-zgg 0.36 | -
2. m/m e 100 2.2
2, KB/KF 'gggg i:g::gjg%. 2.2&_ 1.90°
o gEEEEY s
o HEEER) e
e MEREES e
- e R 5.5 3"
G wa EEIESE s ol
N L=l 135
T T
by- o JB/IE gggg bh--3,2) 0.56 o, th
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‘Notes anTable.XI

a.

b.

Calculated from.fherdéta of'MBMD;and,BééEstfom,v

,CalCulated.from.MBMD,gamma intensitles assuming a lO% to 9O%JN&aE2

mixture in FB(deduced by Williams and Roulston from angular-correla-

tion data).'

. The E2 component. of the transition is too small to be detected from

L-;ubshell.conversion, in agreement with the theoretical prédictfon,
Calculated from electron intensity data assuming.a,SO%.to 50%;Mle2
mixture in SP. - ' |

Calculated from MBMD gamma intensities and 62% to 38% ML-E2 mizture

" in XH.

Calculated.from_electron'iﬁtensities assuming a 63% to 37% ML-E2
mixture in PM. o |

Calculated from electron intensity -data assuming an84% to 165 ML-E2
mixture in SR. Although the uncertainty in the intensity of SR is
quite large, we doAnot believe the intensity data are in error by

an order of magnitude.

Calculated from MBMD. gamma intensities assuming a 95% to 5% ML-E2

mixture in JH.
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probabilities. from N to K andVH is in excellent agreementwwith that for
K=2 for all these levels, The E2 radiations from M are so weak that
reduced transition probabilities cannot be calculated w1th much certalnty,
but the data are consistent with the assignment. M and P are assigned to
the K = k4, - band because the ratio of the reduced tran51tlon probabilities
from P to M and J is in excellent agreement with the theoretlcal value
for K = k. . - .

,‘ The a.ssignment of levels § and R, although not dotted in Fig. 10,
must be considered samewhat tentat1ve because the radiations populatlng
and depopulating R and S show anomalous behav1or .The evidence support-
ing the present ass1gnment for R is that RN is an extremely'strong ML, and
the crossover E2 goes to K and not J, The E2 component of RN is also
predicted to be small, which it is, On the other hand, thetlarge primary
population of R relative to‘that,observed.to>state P, which has been as-
signed the same spin and parity would suggest (assuming thatinforbidden-
ness will be a factor in inhibiting primary electron capture) that R has
K = 4, It might be p0551ble to explain this if we postulate that R has
a very large admixture of higher—K wave functlons # However, in the pre-
sent state of knowledge thls is a moot p01nt .

If level S has K = 4, it can be expected to receive a large amount
of primary population, and this is observed, It is also observed to decay
by strong M1l radlatlon to P and by strong B2 radlation to M and N, SM being
much the stronger of the two, which also supports the a551gnment The
anomalous features are the strength of transition SR, which is. about twice
as strong as SP, and the ratio of reduced transition probab111t1es (which
is much larger than that predicted theoretlcally) from S to R and to N,
whlch seems well outside the experimental limits of error on the inten-
sities. _

We have not been able to assign any states .definitely to a rota--
tional band based on E, Of the unassigned states'there are three that
might possibly'be assigned as members of this band, Of these, state I
is the most likely, and we have tentatlvely a351gned it in Fig. 10 (dot-~
ted level) to this band We have prev1ously dlscussed the reasons why

we believe a spin of 3 is most probable for +hls level That it has
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K = 1, rather than K = 2, or 3, is supported by the observation that it
is populated only weakly from 7102 decay, and very weakly, it at all,
from 13-hr Rel82'decay, both’isotopes probably having K =3. It also
decays at least partially to ground whlch suggests a low K value
_ The possibility that state I is the spin-3 member of the K=1
band, whereas no state has been observed with I =2, K =1, suggestsv
that this latter is only weakly populated, if at all. Because this
level must be present if the assignments dfstates E and I -are correct,
it would be very 1nterest1ng to attempt more detalled studies of Tal82
and 12.7-hr Re182 to see if ev1dence for such a state could be found.

~ Only two states of the eighteen observed have definitely been
assigned positive'parity These were both assigned by MBMD. We have
observed three states which we have tentatlvely a851gned (dotted levels
in Fig. 10) to the K = 2,+ band, The reason for such an assignment is
that the observed branching to these states occurs with the same branch-
ing pattern from the high-spin, negatlve-parlty levels as is observed
from the low -spin, negatlve—parlty levels to the 2+ and 3+ states,
Furthermore no strong radiations are observed to depopulate levels J'
and L, whlch is con51stent with the 1nterpretat10n that they would decay
dlrectly to the hlgh spln members of the ground -state rotational band.
Such an explanation could account for the 1ncreased 1ntens1ty of popu-
latlon of the sp1n -4 member of the ground -state band in Re182 decay over
that observed in Tal82 decay (cf. Fig, 6). .State Q is a851gned to this
band although the observed radiation pattern from thlS state differs
from that of the lower states, which might p0551bly 1ndlcate that states
w1th hlgher K are mixed .in this state,

Although the experimental data. are 1nconclu31ve about many
aspects of the dinterpretation presented it is 1nterest1ng to speculate
upon a possible 1nterpretatlon of the very strongly perturbed rotational~
bandbenergy spacings that appear as a consequence of the_assignments°
Tt must be emphasized that what is written below is in the line of
speculation and wlll require much additional data to prove, '

If we con51der the p051t1ve parity states first, 1nclud1ng the

levels only tentatlvely as51gned it is Very’lnterestlng to  observe that
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the level spacings are alternately large and small, This is.extremely

1nterest1ng, because as discussed in the 1ntroduct10n, the unified

- model predicts the»presence of B—v1bratlonal states, whose character-

istic rotational pattern is O+, 2%, bt ete. If we_assume that per-

turbation theory holds, (which is probably incorrect) it is interesting

to observe that Bohr has suggested a perturbation that he'called UZ’

which_canjcouplevstates of AK* 2, A Q=0, If this perturbation is
applicable, states of B- and'r vibrational modes”can couple, and only
even-spin states would couple because of the absence of odd spln states
in the B-v1brational band.. Such an effect could produce a rotatlonal
pattern similar to that postulated. v v

An explanation of the negativesparity states is more difficult

because of the greater number of negative-parity’states observed It

s 1nterest1ng to note, however, that the effect of a Coriolis inter-

action, as suggested by K.erman,6l (which could couple rotational state

bands with X = 1,- and K = 2 -) would not be expected to produce the

‘alternation in level spacing observed for the K = 2 - band ' However,

if state E did not have K = 1 but perhaps has K —fO then the alter-

nation of the energy-level spa01ng could be due tobthe same interaction

postulated to couple the K ~AO o+ and K = 2 5+ rotationalaband states,
because the K = 0, - band also has an alternating spln pattern, in this
case 1, 3, 5, ete. This would reyuire, however, that the K = 2,- and
K = 0,- band have the same intrinsic wave function,,a.suggestionvthat
has already been proposed by Sheline, ? It must‘be\admitted however,
that the very large spacing KH suggests that there are additional forces
at . work, if state I is really the spin-3 member of a K = O,- band,

If we try to estimate whether the levels of the K = L, - band

‘are perturbed, we can only conclude that level P appears to be about

13 kev lower than the energy calculated from the,moment,of inertia
calculated from spacing MJ, whereas spacing JS is approximately that
calculated, The moment of inertia calculated from spacing MJ is about
20% greater than that of the ground-state band. It seems qualitatively,
however, that the states of the K = k4,- band are not as seriously per-

turbed as those assigned to the other bands,
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Conclusion

, The rather tenuous evidence for the assignment .of the positive-
parity states demonstrates the need for highéresolution gamma-spectro—
scopic studles ~ Such studies would definitely establish theivalidity
.of many of our ass1gnments and the predlcted strong El radiations should
be easily observable. Further studies also need to be carried out on
the high-energy spectrum, ‘the results of which are needed to verify some
‘ of the present ass1gnments, espe01ally those of. J' and L.

The negatlve—parlty states we have observed appear to have good
Kéquantum numbers, if we base our conclusions on the reduced transition
probabilities alone, From the observed energy spacings, however, K is
not expected to.be a good‘quantum number, because the energy—level
perturbations appear to be large° A similar anomaly appears in the
observed primary electron -capture branching, which suggests that the
assigned spin-6 levels should be 1nterchanged although thelr gamma,
branchlng favors the assignment given, The levels observed appear to
account for %Pe expected members .of the K = 2,- and K = h - bands, but
do not accoupt for all the expected levels of the K = 1, - band, Further-
1more, we have not definitely established whether other negative parity
‘states due to still other rotational bands are'present. '

In general, the data most needed are gamma intensities obtained
-from high-resolution gamma spectroscopy. These will serve to check our
assigned multipolarities and reduced transition probabllltles, .and
' establish more accurately the primary electron capture branchlng inten-

sities,
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D. Tl-Day Re 103

Mass Ass1gnment and Half Llfe

The T7l-day electron-capturlng 1sotope Re 183

_ was firstoproduced
by Wilkinson and chks,lL3 who ass1gned it a lzoeday half life, The
investigations that led to the present half-life assignment are discus-
sed in the .recent paper of Thulin, et al,,'(hefeafter referred to as
TRGSH) on Re183 decay;hl The mass assignment was verified by the

stacked-foil excitation function.described in Section A,

General Resumé of Spectroscopic Results 18
is observed to populate only states in W 3

The decay of Re 183
that are populated by the decay of Ta183. 28 Of the 29 transitions
reported by MBMD for this nucleus, 20 were reported by TRGSH. Besides
these 20, internsl-conversion lines of five .of the others were observed

in the present study.

Gamma, Spectroscopz

l83"were made by br.

The gamma spectroscoplc studies of Re
Donald Strominger, 2'.who obtained the gamma-ray intensities reported
in Table XTI, The intensity of the 160- and 208-kev transitions re-.
lative to .the transitions around 300 kev supports TRGSH's assignment
,that‘primary decay occurs predominantly to the 3/2 state at 208,81 kev.
The low resolution and the known complexity of this spectrum, however,
make these data useful only for such a gross intensity check. We will

not, therefore, attempt to analyze them further,

Electron Spectroscopy

8
1 3 were studied in the 99- 216-, and

The electron lines. of Re
350-gauss permanent-magnet spectrographs The sources were.prepared in

two ways, the first of which is described in TRGSH. The second method
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Table XIT

Photon 1nten51t1es of tran51t10ns of -

W183 observed in Re 183 decay

Photon - ' Inten51ty
K x-rays ‘  100.0
we 63
160 - A 12.9
210 1.k

250 - ~0.8
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was to bombard a thick (0.12-inch) fhhgsten.foil in the high-intensity
low-energy deuteron beam of the Livermore A-L8 linear accelerator.'63
The rhenium activity was produced by barrier-penetration reactions
because the deuteron energies were 517.6‘MEV, which is below. the
Coulomb barrier for (d;xn) reactions‘in-tungsten. After the foil had
 been allowed to cool for several months, Chemistjy D was employed to
remove the bulk of the natural tungsten‘and_Chemistry_E was used to
prepare the carrier-free rhenium activities, .Thesevwere electrodéposit-
ed on a 0,010-inch-diameter platinum wire in the ménner previously
déscribed,lz’l9 : . )

The second source was\exposed in the 99-gauss magnet for 30
days. The‘Rel83'lines.observedjare_reportéd in'Table XIII; only -
visual intensities are listed, In Appendix C, Part 1, we list all the
electron lines observed in this study inrorder of increasing energy.

+In Part 2, a, the electron lines are listed by tranéition‘energy. The

transition energies in Table XIII are those reported by MBMD.

Discussion of Results

The data obtained in this study are consistent with the results
previously reported by TRGSH. Although we observed several transitions

. that they did not report, these transitions arise from levels that they

83

1 :
showed  were populated by Re decay and hence had to be present, The

3 determined by MBMD and analyzed by Kerman61 is

level spectrum of Re
,reproduced'in Fig. 11, v _

In our analysis of the electron spectrum we attempted to check
the mixing ratios predicted by‘Kerman6l in his analysis of the levels
o in Wlas. .Unfortunately, we were not able to obtain any data in addition
to those already reported by TRGSH to check Kerman‘s6; theoretical

predictions,
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Transitions in W183 following the decay of Re .
The intersity symbols are: s = strong, m = moderate,

183

.w = weak, Vv = very, e = extremely. OrQinAry type

refers to an exposure in the 99-gauss magnet. Under-

1lined intensities were observed in an expoéure in the

) 216-gauss magnet. Doubly-underlined transitions were

observed in an exposure in the 350-gauss magnet.

Initial Transition Conversion lines observed j.n Re:L83 decay.
and energy
final (kev) -
states {(from MBMD)® K L Ly Lggp M Mg oM W o
IH k0,97 Cew | -e-0 ew?
BA 46,48 vs w W ms ew - ew vw
CB 52.59 ms W W wm ew" ewc
FE 82.92 : ew  ew R vt ew' ewcv e ew
© FD 84,70 ew smd ew’ gewe ew ew®
cA 99.07 v vw ms ms <wmf w vw
GD . 101,94 ) no lines seen from R9183 decay
g 102,49 | "no lines seen from R§183 ciecay
HG 103,14 no lines seen from Rel 3 decay
DC 1107.93  om vm gwm v vw
EC 109.73 ~  ms wm vah (wj v
HF 120,38 ' no lines seen from Re183 decay e
g - 142,25 smd
16 Tikh1z €ew
DB 160.53 ew
IF 161,36 ew
EB . 162.33 vvs ms w v v W ew
FC - 192.64 ew,w ‘ .
HE 203.27 no: lines seen from Re183 decay
. 205.06 ew® ‘
EA . 208,81 m,ms vw,m . : v
Ge 209,87  ewt® e’
1E 2lk, 26 ew’
FB . 245, 3" ew
ID 246,05 v,ms W
FA 291.71 wm w v
HC 313.03 © W
Ic 354,0k W ews®
HB 365.60  ewmS
1B 406,58 -_e__iyc
a., See referénce 28,
b, Masked.
c. VRe183 lines reported for the first time.
a. Ly 84,70, K 142,25 superimposed.
e. Ly 84,70, K 144,12 superimposed.
f. LII 107.93, MII 99.07 superimposed,
g. Transitions not assigned to the decay scheme by MBMD.
h.  Lyqp 107.93 and LI 109.73 superimposed.
Joo Lppp 109.73 and LII 111.20 (Relsh) superimposed.
k.

Lines of transition FB were not seen by MBMD. The energy of this

transition was reported by TRGSH,
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184
E. 50-day Re

Mass As31gnment and Half Life

8y o
‘The 50- day electron-capturlng isotope Re was ‘discovered: by

L3

The mass assignment, and the half life of 52 + 10 days determined in this

study6l are in excellent agreement with the results of the earlier workers,

Genéral Resumé of Spectroscopic Results

Analysis - of the long-lived internal-conversion line spectrum of
the neutron-deficient rhenium isotopes haé made it possible to assign

- _ 18 : v :
eight transitions to Re b decay. From energy sums; six of these transi-

184

" tions establish four excited levels in W . Two of these levels fit the

energies of the predicted 2+ and U+ rotational levels of the ground-state
rotational band, The other two states have an excitation energy of nearly

1 Mev, and have been tentatively assigned as the 2+ and 3+ members of a

y-vibrational band on the basis of their E2 branching to the ground state.

(A crucial test of our assignment will be the measurement of‘the*éross
section for Coulomb excitation of this level,) Three definitely estab-:.
lished and one questlonable transition are unassigned. '

65

Coincidence studles by Dr. Donald'Stromlnger, have shown the

validity:of the electron¥spectroséopic assignménts. - Coincidehces were

.observed between some Ofvthevestablished transitions and weak transitions
that were not seen in either the electron spédtrum'or thevsingles gamma,

- spectrum, It has not been possible to establlsh unlquely ‘the energles of

the states giving rise to these transitions,

Gamma, Spectroscgpl

' 18k .
The samples used in the gamma, - spectroscoplc studies of Re “4'were

prepared from the carrler-free rhenium activities that were discussed in

Section E under Electron Spectroscopy "All the samples contained a mixture

183 18k

and Re activities, The gamma—spectrbscopic‘studies.were car-

65

of Re
ried out largely by Mr, John Unik and Dr, .Donald Strominger;
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183

The relative ihtensities of the photons present in mixed Re -

183

and Re%gh were

184

Re samples containingpvarious proportions of Re
studied With-the scintillation spectrometer.preyiously.deecribed. From

this study it was possible to deduce which photons belong to Rel_8lL and to
obtainvrough iptensities;for them‘» Because_the.photon.peeks are complex,

they will be dlscussed later,

Electron Spectroscopy

The sources used in the study of RelSh were‘the seme as those

descrlbed in Electron Spectrogscopy in Section E, The first,of‘these,was

found to. contain little RelBM; the second sources:were prepared specifi-
cally to study‘this isotope. ,The studies were made using the 99- and 350-
gauss permanent -magnet spectrographs

43

Wilkinson and Hicks examined the convers1on-electron spectrum of

»,RelghAw1th a magnetic spectrometer and reported tran51t10ns of energies
Ah3—, 159-,A205-,'andA285—kev. Wllklnson26 also studied Relah decay and
found electron lines corresponding to transitions of 159-, 206=, 2&4-,
784-, and 890-kev, The assignment of these transitions to Re_l8 was made
on the ba51s of :the rate of décay. of the electron llnes o _

From our studles we conclude that all of the tran51t10ns exXcept
the 78h and 890-kev transitions assigned to Rel8¥ ln.prevlous studies were
1ncorrectly as51gned ~ The low-energy tran51t10nsrreported are very similar

183

in energy to trans1t10ns in Re 183 (c f Re ~ gamma spectrum, Table XII),
and we belleve thatrthey should be so assigned. The incorrect assignment
could very easily be due to the incorrect 120-day half life previously
reported for Re183, (cf. discu551on of this point in TRGSH, Ref, 41, ) The

T1l-day half life determined by StromlngerlLl can perhaps explain why these

Alow-energy lines were previously assigned to 50-day Re;BM, It is also
1nterest1ng to note that the 120- day half llfe reported for Re183 is in
l8l "21-25

excellent agreement with the reported half llfe of W It seems

81
very llkely, therefore that Rel', was produced in the origlnal studles of

43

the rhenium 1sotopes by Wllklnson and Hicks butvwasvnot identified,
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Their assignment of a jh6~kev transition to Re182 seems to support this
conclusion, .Th’e-wl'81 that was formed by_RelSl.decay would then cause
the 120-day tail in the rhenium decay curves.

The transitions of RelglL are shown in Table XTIV, These transitions
were so assigned only after the 1nternal-conver51on_11ne spectrum of the
long-lived rhenium isotopes had been carefully analyzed, and the maﬁy

183

transitions of Re accounted for, We list only visual intensities for
the conversion lines in several cases where the intensities, if calculated,
would be subject to excessively large corrections from either the photo-
graphic-efficiency or photographic-blackening corrections. In Appendix
. C, Part 1, we list the long-llved conver51on-electron spectrum in ordixe'LL

of increasing line energy; in Part 3 we list the electron lines of Re

by transition energy.

Coincidence Studies

The coincidence studies that are reported here were carried out

65

by.Dr, Donald Strominger. The fast-slow coincidence circuit used in

the study has been described previously.15 . v
In the previousAsectionAwe noted that the .780- and.890-kev fransi-v
tions were‘assigned to Re18u on the. basis of half life, Coincidences were
looked for between these two»photone and other photons in the sample to
help determine the decay scheme of Re184d Uanptunately, the samples pre-
pared by the previously described methods contained large admixtures of
Re:L83 activities, To produce a RelBu source relatively free from Re183,
a 0,001-inch foil of natural rhenium was bombarded in the fast-neutron
beam of the Berkeley 60-ineh,cyclotron; The neutron beam is produced
by stripping ~ 15 Mev deuterons-in a beryllium block, The sample was
shielded on both sides with l/h—inch.cadmium absorbers, to reduce the
nﬁmber of thermal-neutron-induced.reactions After bombardment, the foil
was allowed to cool for two months to allow the 92.8-hr Re 186 26 produced
by the Re 187 (n,2n) Re186 reaction to decay. No purifying chemistry was
performed, because charged-partiele reactions had been eliminated by thick

shielding foils, The.leng\cooling,period, small cross .sections, and
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Table XIV Transitions in Wlsl" foliowing Releh ;decay_.' v’Coﬁversién
coefficients listed are normalized and depend on the,
absolutevvalues of th_e coefficients in pa.rer_ﬂ;hesgs.
Two values were used for normaliza'i;ion, becausé the

high- and iow—enérgy fanges weére measured separately.

Initial and Gamma-ray . Gamma-ray Conversion coeft’icients . ... .. Decay Multi-
final states energy (kev) ~ intensity K LI LII LIII Total * fraction polarity
(a) - 97.33%,05 —elia wesk .  wesk —eaal cioed TP deeee (MI4E2)
BA - : 112,20:.06 © - 15 -eee- ¢ e (.12)° .16 2.6 56 . ‘E2
(a) 210 20 ~0.1 ‘ e 7 oa (51)
() - 220° %20 0L 0.k (E1)
(a) 2hk1,1 20,2 ~0.8 .01 D emeem 0.8 (E1)
CB 252.84+0,1 ~0.6 .08 weak wesk  ‘weak BT 0.7 E2
(a) 330 %25 ~0.3 s e 0.3
DC 540 +hO ~0.3 e 0.3 (E2)
EC 641,77 20.6 ~0.,5 .008 ) ’ . .008 0.8 M1+E2
(a) 787.7 0.8  eemm- weak ) - Lmmmme T Temded eemes
DB . 792.1+0.86 . ¥ . 009 ,001 , © 0w MaE2
EB 89k.5 0,9 15 .006 T T ot 15 E2
DA . 903.5:0.9 . - 16 - (.0045)%  weak B N B2
' K x-rays 100
a.' - Not assigned in decay scheme, . )
L - 97.33 masked by L, and Ly -'99.07 (Re 3 qecay). - . . -
c. Correction factors excessively large for this line, a .
d,' Value used for nomalization of conversion coefficients of low-energy lines, Rose's value of‘aL was used.
€.

Value used for normalization of conversion coefficients of hlgh-energy lines. Sliv's value of O/.K was used.
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coincidence apparatus were believed to be effective discrimination against
the products of any (n,xp) reactions, The sample, when. studied, showed
a much larger RelBh/Re 3-act1v1ty ratlo than had been obtalned by the
other methods employed
Table XV summarlzes the results of the c01n01dence experiments,
The photon intensities listed 1n,Table XIV were determined from the coinci-
decne measurements, ‘ . ’
Delayed ceincidence sfudies were also made .on RelBh decay by Dr.
Donald.Strominger.65 He was able to set an upper limit of 1.1 musec for
the half life of the state giving rise to:the 903.5~ and 791.2-kev transi-

tions. He also measured a half life of 1,3 * O,4 musec for the 111,20-kev

level, -Theee'resulte and the.experimentai methods used in these studies

A

will be reported in more detail elsewhere,

Discussion of Results

Discussion of transitions. The,LI and L__ lines of a 97.33-Kev

: 1T
transition were observed. The expected LIII line is masked by'the LI and

183

VLII lines of the strong 99.07-kev transition in Re . On the basis of

the relative L-subshell intensities, the transition was as31gned as ML1-E2,

18
The two most intense low-energy transitions in Re’™: * are the 111. 20—

kev and 252, 84-kev-transitions They were assigned E2 multipolarities on

the ba51s of their observed LI/LII/L ratios, Because we obtained both

I1I
gamma, and electron intensities for these transitions, we calculated their

absolute conversion coefficients. The experimental electron-to-gamma .- .

ratios we obtained were normalized against the theoretical conversion co-

efficient for the.LII'line of an E2 transition of 111.20-kev, The ab~
solute conversion coefficients, so calculated for the conversion. lines
of the 111,20- and 252.8h-kev transitions, agree within experimental error

with the theoretical E2-conversion_coefficients.of:Sliv and Rose, The

241,1-kev transition is assigned El multipolarity on the basis of its low

K-shell conversion coefficient, The anomalouslyvsmall value 1is probably
due to the very great uncertainties in both the gamma and electron in-

tensities of this transition.
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Table XV

g

' Gamma-gammé coincidences observed in the decay of Re

Transition K x-rays 110 210 230 250 330 540 640 790 900

K x-rays Y Yyoo- - X - 2 - Y v
110 - - - - Y - - - Y Y*
250 - - - - "; - ¥ Y Yb Yb
790 - . ¢ - Y ¢ oy N N N
900 - Ye YY v ow S I TR
Y. Coincidepce:definitéiy obseTVed.
N.- Coincidencé looked for but not observed.
a. 25%'of 900-kev photons are in.céincidence with,250—kev_phbtons.
. b. «l% 6f.790-kev aﬁd_900—kev'ph9£ons-aré in coincidence with 250-kev
photons. .
c. Zlb—kév, T90-kev coinci@eﬁces are observed in extremely weak -
_ intensity. - | | \
a; ~0.3% of 790-kev and 900-kev photons are'in‘coinéideHCe with
330-kev phopons. A | . | .
Aé., ~1% Qf 900-kev;phétons-are in-coincidencé with7230%kev’photéns.
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‘The high—energy’%rénsitions for which we . were able to obtain
absolute conversion coefficients are EC, DB, EB, and DA, Because the
electron intensities of these high-energy transitions were obtained from
a different study, and.conéequently had a different scale factor.than;_
those of the low-energy transitions, the previous normalization could
not Be used, To normalize these conversion coefficients, we assumed
that the K line of the 903;5ekev transition has Sliv's theoretiéal aK
(0.0045) for an E2 of this energy. The results shown in Table XIV
indicate that the data are consistent.With.the assignment of E2 and M1-E2
multipolarities to these transitions. .We shall discuss later‘why we
used .the 903.5-kev transition fﬁr normalization,

A very weak K line is the only evidence for the 787.7-kev transi-
tion, Because we cannot resolve the two ~790+kév photon peaks, we
estimated what fraction of the :790-kev photon peak would belong to this
tranéition if it had E1, M1, or higher multipolarity, If the transition
is El, the gamma intensity will be aboﬁt a fourth of the observed peak,
On the other‘hand, if the transition.haé.Ml, E2, or higher magnetic or
electric multipolarity, its contribution to the photon peak can be
heglected. ' In the later discussions‘we assume that the intensity of the
787.7-kev photon can be neglected relative to that of the 791.2,

~ The ~210-, ~230-, and ~330-kev photons were detected only in the
coincidence studies, We believe ah El assignment is most probabiy cor -
-rect for the ~210- and ~230-kev photons, because we failed to observe
their K-conversion electron lines although their intensities are large
‘relative to that of the 252,8k-kev photon, the conversion electrons of
- which were seen, The data do not permit an unambiguous multipolarity

assignment to the ~330-kev transition,

" Decay Scheme, The level échéme'porposed for Wl84 is shown ‘in
- Fig. 12, The first excited state of ngh was determined to have an.energy
of 111.25 + 0,10 kev from Coulomb excitation.experi_ments,55

this transition is in excellent agreement.with the 111,20 0.0Slev

The energy of

transition observed in our study and the latter transition is therefore

assigned as transition BA,
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Flg 12. Partial decay scheme of Re ‘and ‘some of the levels of

- wli84,
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, -The .coincidence data of Table XV show that most of the ~900-kev

, tran31tions are in coincidence with K x-rays.’ Therefore, the 903.5-kev
transitlon is placed to decay 1nto ‘the ground level (A), establishing
»level D. Strong ~790- 110 coincidences were also observed,'ahdithe sum,
792.1 + 111,2 = 903.3, is equal to transition energy DA within the energy .
uncertalnty of 0. l%, thus, further supportlng level D. o :,

. The coincidence data show that about 20% of the 9OO -kev photonsv
are in coin01dence w1th 111,20-kev trans1tlons The strong 894 5-kev
transition is therefore placed to establish level B, It can then be
seen that the sum, 252,8 + 6417 = 894.5{ is equal to transition EB.
Because the'252 84:key transition is in excellent agreement with the -
fexpected bt —> 2+ rotatlonal spac1ng, the 252 8l-kev trans1tlon is
placed to establish level C.

Although our coinc1dence data 1nd1cate that the complex1ty of the
,Wl8h level scheme is con51derably greater ‘than is shown in F1g 12, we
,have not been able to establish the energies of the other levels uniquely,
dso that we do not 1nclude them 1n Fig. 12,

' We believe that because there is a pos51b111ty that the high-
energy W 84—level spectrum may be as complex as that of WlB2 populated
by Ta182 decay, the flnal analy51s of these hlgh-energy states must await
Hfurther high- -resolution studles w1th more 1ntense sources.
| - It is 1nterest1ng to note that the levels of W 184 have also been
studled from Tal&lL decay.by Butement and,,Poe.66 In thls study.llO-; 160-,
210-, 240-, 300-,‘405-, 780e, 890;,‘and 1180-kev photonsdwere reported
with relgtive intensities 3, 1, 1, 6, 3.5, 10, 1.7, 9, and 5. Because
the resolution of the photon energies is insufficient to define the
energles of the states with the pre0151on that the studles of the levels
f W 8» now 1nd1cate is necessary at this exc1tatlon energy, we have

deferred any attempt to analyze these data untll more hlgh-resolutlon

spectroscopy has been performed on Tal8J+ decay. ‘
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Primary population and log f£t values. The most striking feature . -

of RelSu decay, as it was in 12 7-hr Re182 decay, is.that apparently the

total primary. electron—capture decay occurs to a group of levels around
1 Mev., Such . behavior is difficult to explaln on the basis of the single -
partlcle model because the spins are similar to splns of states much lower *
. in energy, but .can perhaps be understood41n terms of the K forblddenness

| redicted by the unified model, 46 In order to obtain an idea of the
strength of the K forblddennes , we calculated a lower llmlt of .the log
ft value to state A, From our absolute upper llmlt of 20% decay to_
.ground and assuming a 1300-kev decay energy and an L /K ratlo of 0.13,

we calculated a log £t value of > 8.7, compared to the usually observed
~log ft of 7.5 for a flrst-forbidden transitlon. This.lndlcates a hin=.
drance of at least 20 for the decay. | . ‘

The reported prlmary branchlng, 84% to level D, 15% to level E,
was deduced from_the_ratlo of the total 1ntensity of the high-energy
transitions.to tnevobserved K x-ray intensity reported in Table XIV,

‘ level D was assigned a spin of .2 because it decays to'levels A,
B, and.C.' level E is ass1gned spln 3 because 1t decays to B and C, but
not to A, The states havevbeen assigned pos1t1ve parlty'because the
normallzed absolute conver51on coefficients discussed prev1ously are
con31stent with E2 and Mi-EZ multipolaritles No normalizatlon other than
that used leads to results that are con51stent with all of the data,

The. branchlng rat1os from, and energies of, states E and D pro-:. .
vided a,check_on the appllcablllty the wavé functions of the unified
‘model to the high-energy states,through comparison of‘the experimental
and theoretical reduced transition :,probabiliti'es.. In Table XVI.these data
are compared .The - agreement of the'experimental”and theoretical values
for the ratlos DB/DA and DC/BA suppcrts our assignment of spin 2 to this
level; while EC/EB 1s in reasonable agreement w1th the theoretlcal value
assuming E has spin 3, and suggeﬂs that K is a good quantum number for
these states. The experimental reduced transition probabilities DB/DA
: and.EC/EB do not agreé as well as DC/DA but are estimated to be within

experimental error of the theoretical values. We assumed that all the
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" Table XVI

Comparison.of;experimental—'and,theoreticai-réduced transition

~Pr0babiliféﬁs for E2 .de<excitation of the high-energy states of
. W

All transitions were assumed to be pure E2.:

K,n 'Trané-. o Reduced trans- - Theor- ~ Experi-
' itions '~ ition probability = etical mental
compared calculated :
: : s ' B(E2 2,2--2,0) . . .
erommo RREESY 0wk um
G - B(E2 2:2';4L0) B :
2,4 DC/DA B(Ez 2.2--0.0) 0.072 0.08
o B(E2 3,2--4,0) R
2,+ . EC/EB B(E2 3.2-2.0) 040" 0.28
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transitions were pure E2; the absolute conversion coefficient. for DB N
suggests it has some M1 m1x1ng, ‘which would tend to reduce the experl-
mental ratio DB/DA in Tab;e XVI, ‘EC and EB probably also have some ML ' *
mixing; we have not attempted to determlne these mlx;ng_ratlos because
the uncertainties in the intensities are too large to make such a cal- / -
culation meaningful. B

From the observed.priﬁary decay of Rel8lL to“2+ aﬁd.3% stetes and
not to ground, it is possible thathel8u has  a spintof 2 or 3, Because
the log ft to state D, calculated assuming a decay energy of 600 kev to
this state, is ~ 7.5, decay 1s probably: flrst forbldden, suggestlng
negative. parlty for this state On the,bas1s of.calculatlons which will
be discussed 1n-Sect10n.I% we assign a spin 3 to Rel8u, From these latter
calculations we obtain log ft values of 7.1 and 7.5 to Stetes.D and E,

respectively, and a .total electron-capture decay energy of 1325 kev,

General Discussion

It is interesting to note that the moment of inertia calculated
from spacing DE is about 10% greater than the ground-state-bend_moment
of inertia. This.result is to be compared with the analogous moment of
inertia in WiCZ, which is 10 smaller than that of the W2 ground state.
We do not believe it is possible from data now known to determine the
cause of this change, but it is possible that such an effect results from
the perturbation of the even spin levels of the K = 2,+ band by the as
yet unobserved states of a near-lying B-vibrational band, These states,
because they have the same intrinsic nucleonic wave functions can couple
through.the U, interaction described by Bohr, (cf. Ref, 4, Ch, V, p. 35.)
Only even spin states can couple because the symmetry of the wave
functions prevents the appearahce of odd-spin states in a beta-vibrational
band. ' . -

The results of the present study on the levels of W 162 and Wl8u -
can be compared with the energies of levels 1n~W186. Unfortunately, only

the energy of the 2+, O state (1 i, K notation) in Wl86 has been deter-:

67,68

mined, In Fig., 13 we compare the experimental data for the energies
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Fig. 13. Cor‘npai'is'on of the en_ergies ofané,logous' states in even-
even tungsten nuclei. ‘ . S
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of analogous levels in the even-even tungsten nuclei, It.canvbe.seenfim-
mediately that a striking trend exists. In Table XVII we compare the _
1nert1al constants calculated from these data. The results show .that ~
the energles of the 2+ states manifest: a marked dependence on the mass

number. The increased vibration-rotation interaction also shows this ' .
dependence, Such results probably indicate an increased."softening".of

the nuclear potential toward shape vibrations as the nuclei move out of

the mass region of stable spheroidal deformation. Although the energy

of the 2+,2 state in W186 is not known, the increase in energy of the

186

184
2+,0 state between W and W indicates an even larger vibration='.

186 . 18h 182

rotation interaction in W than in _ or W . Such a result in- -

dicates that the second 2+ state in W186 is probably lower in energy

than that in W 8h

'F. K-Auger Electrons of Tungsten

Thé study of the electron spectrum of the electron-capturing
rhenium isotopes provided an excellsnt opportunity to obtsin“inten-
sities and energies.of,many of the K-Auger electron lines of tungsten.
These data are listed in Table XVIIT,

‘The data have been used to test the conclusions of Bergstrom
and-Hill69

From these energies we calculated a "A Z" for each transition, Thése

regarding the calculation of energies of KLqu-Augervlines.

are in very good agreement with the A.Z‘s -proposed by’Bergstrom and
Hlll.69 These energy data have prev1ously been reported by TRGSH. =
In Table XVIIT we also list .intensities for the KLqu-Auger
electrons, again from the two samples, The method of relating inten-
sities to photographic blackening has been describéd_by Mladjenovié and.
Slé'.tis.l7 The uncertainty in the intensities is about 20%.

In a treatment similar to that employed for the KL L eAuger
‘lines, the energy, A Z, and intensity of the KL Mq-Auger llnes observed

are reported in Table XIX, Because of the smaller energy difference
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Table XVII

Inertial constantsa,for the levels of even-even
tungsten nuclei

Tacleus ¢ o )
. (xev) _(kev)  (kev)
lw182 : 16.68 1677 . 0.0153
W 18.53 18.68 0.0237

w86 20.5 | R |

a. The inertial constants are defined by the
relationships: ' .

1. Ep-Ep =C {(1(1+1) - IO(IO+1)} |
- ' f - —~

2. Ep-Ep =C {1(I+1) _Io(10+l)} ,

1]

B (1%(1+1)° - Ii(IOfl)z} vhere EL
is the energy of»theArotétiohal‘state 3
with spin I.
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.Table XVIII

Enefgies and iiggnsities "of KL L - A\‘Iger'electronisgf tungsten, . The lines observed on plate 1 were

mainly from Re decay; thosePolt plate 2 from Re decay, The uncertainties in 47 are set by those of‘Ee
Auger Rélative intensities . Plate 1 . Plate 2 Average

Electron Plate 1  Plate 2 Average Energy LAz Energy LAz A4

KL L 1.4£0.3  1.3%0.3 1.3%0.2  45,0920.05 0,57:0.12z 45.07#0.05 0.61:0.1%  0.59:0.09
KLl - 2.7¢0.5 2.7¢0.5  145,91:0.05%  -oce- 45.63$0,05 ~0.600.14  0,60:0.1k4

KLLo,  0.9%90.2 2.310.5° 0.9:0.2  46.93:0.05  0.88:0.1h 16.97:0.05. 0.76:0.1k  0.8210.10
KLIILII Not seen

KLirbrrr 2.3t0.5 T 2640.5 2.5:0.%  47.5020.05  0,8240.14 47.5120,05  0,7940.14 - 0.8020.10

Kyl 5 1.0° 1.0 . 14B8.8620,05 0,76:0.1k 148.85:0,05 0.79+0.1%  0.78:0,10
3 183
a. I(LILII, N_ 46,48 superimposed, (Re exposure)
I R : 182
KL Lors K 116.40 superimposed, . (Re exposure) . .

c, Value used for normalization,
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Table XIX

'Energies and intensities of the KL M - and KL_N -Auger elections of tung-
‘sten, The limits of error of AZ cgr%esp0nd t8 $he limits of error on the
electron energies, The intensities.are normalized relative to value of 1
for the intensity of the KLIIILIII intensity in Tablé XVIII.

Auger Intensity Electron o7 f: " E calculated ‘
electron : - energy = v agSumingth=l
KL | 1 0.630.2 54.5140,05 0.83+0 41 5k L9
KLIMI'I 0.540,2 54,7420,05 1.09+0.45 - ‘54 75
KL_M : o - 55.06
T 11T . o ’
KL Mo - 0.620.2 22.0320.05 '1.07:0.11 , 55.0k
KL Moo 0.330.1  55.53+0,05 1,89%0,55 55.61
KL oM ' 0.5%0,2 . 56.37+0.05 1.08+0,41 56,38
KhopfMp  0.7%0.3 56.6420.05  0.9120.l5 56.63
KL M __ & = : : 0.89+0,55 56.95
Kii§1_§11 a 0.920.3.  56.96%0.05
T 1 III _ _ ette, o T
KLIINI-NIII . 0.5+0.2 57.43+0,05 . -—---
KLIIINI-NIII 0.240.1 ?8,82i0.05 R IR
- KMM-N | weak bands
KN weak bands .

v V Tt i
a. KLIII“III’ KLlI s‘superlmposed.
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»befcween the Mq shells relative to that between the qushells, the limits
of error on A Z corresponding to the same energy uncertainty are much
larger. We do not report a A 7 for the KLpl\T_q—_Auger lines in Table XIX
‘because the energy difference is less than the energy uncertainty. The
'.in’tens.it'y Un'certainties' are also larger in these cases ’becaiis'e 'tﬂhe lines
are very close -lylng, making accurate a.nalyses difficult, 'Very weak
‘bands correspondlng to the KMM- and Kl\IN Auger llnes were also observed,
but the energy uncertainty was too great to permit any 1nterpretatlon )
of the data.

It is 1nterest1ng to note that the over-all trend 1ndicates AZ
tends %o appro‘ach ,one as the blndlng energy of the thlrd electron de-

creases,



=10k~

IV.: An Extension of the Predictions of the Unified Model

to the Determination of Electron-Capture Decay Energies
Theory

In the_regiens of the periddic table where orbital-electron
capﬁure is an important mode of decay for beta;unstable'nuclides,-it
has not-been pessible in many cases to determine the energy differences
between the ground states of neutron deficient’isobars.r Such‘informa~
tion.is important, however, in many calculatlons |

The methods of determination of electron- capture decay energles
mass measurements, "closed cycles", internal bremsstrahlung spectra,
and LI/K capture ratlos - have experimental drawbacks Mass measurements
are not sufficiently sensitive in the heavy-mass region, closed cycles
can be used only where alphaeemitting isotopes exist, and internal .
bremsstrahlung is easily masked by high-energy transitions. LI/K-eapture
ratios are difficult to measure for all but the simplest decay schemes,
and because they are so extremely energy-dependent, are essentially
limited in application tq cases where a single energy level is popu-~
lated by a very low-energy electron-capture transifion.

The predictions of the Bohr-Mottelson unified'modelu’5 regarding
the beta- decay tran51t10n probabllltles to states of a rotatlonal band

prov1de a flfth method for the determlnatlon of electron-capture decay

'energles ThlS method utlllzes only the measurement of direct prlmary

branchlng to a number of rotational states, and hence is a measurement -

‘that is ‘usually made in spectroscoplc studles This relationship can

be seen from consideration of the expression (cf, Ref, 46, Eq, 12) for
the beta-transition probabilities to two rotational states of the same

band from a given initial state:

log £t (A —>X) - 41 L K, K K, ]1 LIYKB> | o
1
"1og'ft (A‘ Y)f <I LKAKBK |I LIX \ 2 '

where - KX KY KB is the K quantum number of the final state,
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'KA is the K quantum number of the initial state,
I, -is the spin of state n (n = A, X, Y),
and o : . . n
L is the vector change in angular momentum between initial and
flnal states, .
The rlght-hand side of the equatlon is seen to be dependent only
on the splns and K-quantum numbers of the 1n1t1al and final ‘states, and
vthe vector change in angular momentum between them ' '
v The comparatlve lifetimes of the left-hand side of Equatlon (1)
‘have an lmpllclt energy dependence through the expressions for K- capture

" to state A:

N B s 2 . : :» S P
(fK tK)A 2 & Y m o @

- yz (exp-)' o . .
o + 11 ; exp. branching L
. —_— + L to state A

| K A ‘ .

_ o 2 2 »

T fL, “LA o o

where g is the value of the large component of the radlal Dirac-electron
_ o '.wave functlons evaluated at the nuclear surface
Aand 7 Uy is the neutrino energy in units ofmoc2 for X- shell capture

' Expressions(ﬂzand(@ have ‘been shown to be valid for allowed and
first-forbidden, non?uni@ue electron-capture transitions by Hoff and
’:Rasmussen'7o The reasons for neglecting all modes of electron capfure
T and K capture have been discussed by Brysk and Rose 34 v o
It is implicit in .these expressions that the beta—decay selection

.except L

rules proposed by Alagal+o are valld Such an assumptlon Jdmplies that in
the casé of allowed and flrst4forb1dden transitions, only the operators
that change K by + 1 contrlbute to. the transition probability. The re-

laxation of these rules would introduce additional terms with cross
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. Application to Re and 12,7~hr Re
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products in Expression (1) and the matrix elements.would no longer cancel,

. Thé method would then have no use to the experimentalist because the

number of parameters would be larger than the number of experimental

'measurements that could be made,

Since ‘it is inherently based on the energy dependence of LI/K-

capture ratios, this method is applicable largely to cases where the

edecay*energyfto a given rotational band is small, Because of .its model

dependence, ‘it can also only be applied in regions where K is a good
quantum number, However, in these regions and especially for odd-odd’

nuclei, this method should be applicable because, as-has been shown for

. example in this study, the electron-capture decay of odd-odd nuclei
-po?ulatesvhigh-energy states in even-even nuclei, many of which appear

to have the characteristics of rotational states; Because of the limited

amount of high-resolution data now available on the decay of neutron-

‘deficient isotopes to a.series of rotamional,sfates,-we shall only at-

tempt to apply the method to the decay of odd-odd:isotopes that we have
studied,
The ideal nucleus for the: testing of this method would be: one

 which has an observed positron. group., Unfortunately, the decay scheme

of such a nucleus has not yet been studied with sufficient resolution

to give any confidence in the results obtained. We can, however, test

-the method to see whether it yields results that are consistent with

' the experimental measurements made in this study,.

184 182

 Of the nuclei studied,itﬁe two Re 0% igotopes and RO are the

1 .
most carefully worked out., The 60~hr Re.82 is not ‘at present a good

choice because of its complex1ty. The 12.7-hr Rel82 and SOQdayfRel84

184

are 51mpler and seem the loglcal ch01ces to use Of these, Re is

deflnltely the better, because the decay occurs predominantly to only

two states; when then decay'to the ground-state band, allowing a deter--

mlnatlon of both the primary population and permlttlng a check on the

» goodness of the K—quantum ‘number of the states
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The decay of RelBu'populates two  states that-(cf.'Part 111,
Sec. E) have been assigned spins of 2 and 3. The reduced transition
' probabilities from these states:to the loWest,three members of. the
ground-state rotational band support the assignment-of K'= 2 to. these
bands. The spin.ofvEOeday Rel8l+ deduced from these data is 2 or 3.
We -calculated the theoretical-values of the ratio for branching from
states with I = K = 2 and I = K = 3 to states with I = 2 and 3, K = 2,
which;are-z;OO and 2‘855‘respect1vely, +Using the curves of Brysk and
34

Rose to determine the necessary parameters, we calculated the values
of the decay energy that gave best agreement between the observed data
and the theoretical values fdr a Relah spin of 2 and 3. The decay
“energies calculated are, respectively, 320 and 420 kev to state D,

We can rule out the first possibility because a 330-kev transition is
observed in coincidence with an ~900-kev transitidn The values of

" log ft calculated for decay to states D and E-are 7.1 and 1. 5, re-
spectively, It thus seems that the experimental data are in best -
agreement with a 3- state assignment and a total electron- capture

~ decay energy'of ‘1325 kev for Re18u.

It should be pointed out that in the calculations of log ft
values, only a vector-like beta-decay operator corresponding to an ’
angular momentum of 1 unit has been considered, whereas a tensor term
' that has 2 units of angular momentum should also be included, However,
because these latter operators are known to result ( AI = 2, yes, beta
decay) in_lcg ft values of ~ 8.5, and because the log ft to state D is
about 7.1, we believe that we are Jjust on the borderline of the region
where we can neglect the tensor term ‘

The 12.7-hr Re 182 . would prov1de a better test than Re 184 if the
transition intensities‘werevmcre accurately established than from
l_electron data alone, This test is a}consequence:of'the fact that Re182 .
populates three rotational statee witb I=2,3,andk of a'K =2,-
rotational band with the absolute branchlng ‘percentages of 35% 29%, N
and 6%, respectively, The theoretical ratios (compared to the I=
state) are_l:2.85:20. It is 1mmed1ately clear from the branchlng per-

centages that even at infinite decay energles the observed primary
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branchlng will not match the theoretlcal values, but will attain the

© ratio 1: 1,2:5.8, whereas for smaller decay energles the ratio will

change 50 as to lower the ratlos to the I = 2 and I = 3 states, The

,'dlsagreement between theory and experlment suggests that more precise

studles should be made on the prlmary branchlng of 12 7-hr Rel82o

Although the present data are. 1nconclus1ve regardlng the
general appllcablllty of the method, the cons1stency of the data in
18
the case of Re - suggests that the method is appllcable It is

hoped that the rapid increase in the number of experlmental studles

v on nuclear energy levels and the 1ncreased reflnement of the tech—

niques. and data will soon provide further tests of the method
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Appendlx A, Chemicdl Procedures
Chemlstry A _n”

- The meth6d=describedAbe10w is due to Giles, Garrison, and

o

Hémilton, ‘We described it here mainly tofpoint'outidetails that

- proved to be troublesome ‘during the. study. .The procedure ‘is as

follows:

1.' Dissolve the tantalum target in a conc, HF-conc, HNO

3

~mixture in a platinum crucible,.

NOTE:'vHighwconcentrations of HF, relative to HNO_, .proved

3)
to dissolve the foils most rapidly, but introduced excess
fluoride that interfered later in the chemistry unless

special:-effort was made to‘deStroy‘the'HF.

. 2. After the tantalum dissolves, continue heating the solution —
‘withvfrequent=addition‘of HNO

3 —to destroy the HF, -After the HF is

will begin to precipltate

2’5
ENOTE Heat orily gently, as ReZO7 is :volatile,
3. When the TaZO5 begins to precipitate in the cru01ble

transfer the activity to. a 50-cc centrifuge cone, and digest in a

water: bath .until the TaZO ‘has completely precipitated.

b
'NOTE: . Complete precipitation can be estimated from the

volume of Ta 0_ formed, A blank foil can be used to deter-

25

mine. the expected volume, ‘It is very'important to remove
the TaZO5 here.,
"4, After complete precipitation of Ta O has occurred centri-

o S:andadlscard‘the centrifugate. Thg volume should. be
5. Take up the 5 cc in about 15 cc of 36 N H,80, and transfer
the solution to the distillation assembly.

6. Coé'gas is.?assed through_the distilling flask as the
carrier gas, When the solution has been heated to 2#000, add conc.
HBr dropwise., The rhenium volatilizes, probably as.an oxybfomide, and

is collected in 10 ce of 16 N HNO, at 0°C,
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NOTE: Ordinarlly, if the distlllatlon is carried out over a
15 to 20 min interval, about l ce of B soh distills along
with the activity, This introduces a volume problem later,
To avoid this, heat the .solution rapidly to 240°C and stabi-
- lize as quickly as,possible; Then-distill for about 5 min,
~during which time the;majorvfraction-ofﬂthe_rhéhium activity
distills, If this is done, very little-HZSOh is carried by
“the distillate, and very high specific activities can be ob-
tained. ' ‘ '

7.. The collecting tube. containing 10 cc of conc. HNQ3 is reduced
to dryness (if no: H SOLL is present) on.a water bath, If HZ,SO)+ is
present, the volume ean only be:reduced to that .of the stoh'

NOTE: During the -distillation process some of the HBr is

.carried-by.the.co2 and oxidized to Br vin:the.HNO3, col-

lecting as a black, organic-locking sibstance on -the bottom
of the .collecting tube, This is easily removed by heating
during the evaporatlon of HNO3 but a stfong jet of air must
be kept dlrectly on the .surface.of. the HNO3, as otherwise the
Br evaporates in very large and explosive bubbles.

8. When the solution has been reduced to dryness, the act1v1ty

 is taken up in a minimum volume - of NHAHSOH solution (pH = 2).
NOTE: ~ The volume is dependent on the number of sources that
are needed, We assumed ~0,500 cc/ source.

. B8a, IfH SOlt distilled, reduce the volume to the volume of

H SOlL and cool to O C. . Add 6 N NHAOH dropwise with continuous agitation

until the solution ceases to boil-on.addition‘of_NHhOH. Adjust to

pH = 2, using thymol blue as an indicator (redayellowvchange).
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Chemistry B

The solution of rhenium act1v1ty 1n NHuHSOu solutlon obtained in

Chemlstry'A remalnlng after the ‘sources had been prepared was allowed

‘Meinke,

181

to stand until all the Re had decayed Then lOO mg of tungsten, as

wou, was added to about 5 ce of the solutlon in a 50 ce centrlfuge cone,
Ten ce of 6 N HNo3 were added and the solutlon was dlgested for approxi-
mately 30-m1n The WO that prec1p1tated was centrlfuged and ‘the
supernatant conta1n1ng3the rhenium act1v1ty was dlscarded The WO3 was
dlssolved in a minimum volume of 6 N NHhOH, and repre01p1tated by the
additlon of 6 N HNO3 This purlficatlon was repeated several tlmes,

and WO3 was flnally'prec1p1tated free from rhenlum act1v1t1es _The

WO, was slurried onto a countlng plate and drled Because it was ‘to

3

be used for gamma analysis, the sample was covered w1th "Scotch" tape

AA‘to prevent the contamlnatlon of the gamma analyzer

Chemistry C
Chemistry C is an adaption of the rhenium chemistry proposed by
e '
A tantalum foil that had been bombarded with alpha particles
was dissolved “in a mixture of conc- HF and conc| HNO3 in a platinum

crucible, The solution was heated gently after the foil had dissolved

‘completely to drive off the HF, After the HF was destroyed, the solu-

tion was transferred to a glass centrifuge cone and_~0;5 mg of rhenium
carrier, as,ReOh—, was added, Ten cc of 8 N HC1l were then added, and

~1 cc .of 10% S0

5 3= was added to precipitate Re_S_. The Re_S_ was

N 27

- washed twice with ~10 cc of 1 N HC1l, then was slurried onto a counting

plate and dried. The sample was covered with "Scotch" tape as above,

¢
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'”fChemietryﬂD ' o .

: The separatlon of carrier-free rhenlum from the ma551ve quantities =

of tungsten from the -thick tungsten foils bombarded required a 51mple,

jbut tedious,chemistry Thls was necessary rather than Chemistrz A .
because the efflciency of the rhenlum distillatlon appears to. be quite

- low (although an accurate study was not made to determine the eff1c1ency)

The f01ls, whlch -had been bombarded w1th deuterons, were. dlssolved in

a mixture of cone, HF and conc, HNO3 in a platlnum crucible The solu-

tlon was heated gently to destroy the HF and the ma551ve amounts of

tungsten were removed by repeated prec1p1tations of WO from the nitric

"ac1d solution, The rhenium act1v1ty stayed in solutlon, probably as
the Reoh ,.but somerwas carried down by'the WO3. To achieve greater
.yleld by freeing some of the ReolL from the prec1p1tated WO3, the WO
was dissolved in 6 N NHAOH and reprec1pitated in6 N HNO.. This was

3" .=
- repeated twice, which roughly doubled the yield obtalned, The Reou

5

was eventually isolated in about 50 cec of solution containing milligram
quantities of tungsten. Chemistry E was employed to complete the

separation,.

Chemistry E

To. separate the rhenium activity from the tungsten.remaining“in

1, 13

solutlon, the chemistry -proposed. by Huffman et al .was followed, This
chemistry provéd very successful, as specified, and 80 will not be

. discussed here,
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Appendix B-1.

11k~

Electron lines observed in the decay of the short~lived

rhenium isotopes in order of lncreasing energy. :

Assignment

162.33

Elecfron Magnetic Visual, Assignment Electron Magnétic Visual.
Energy Rigidity - Intensity Shell Ey Isotope Energy Rigidity Intensity Shell Ey Isotope
(kev) (gauss-cm) . (kev) (kev) (gauss-cm). . (kev)
15.15  418.11 n K 84,67, 182 56,64 B2k.ls ew L, ~ 6810 182
115,22 419,30 . . © 56,96 826.68" ew KL,N  Auger
17.06  bu3,8h v W 19.8 182 57.55 8312 e Lgp 7.7+ 182
17.30 47,23 W MII 19,8 182 58.86 841,32 ew? KLIIIN Auger
19.39  474.00 ew? N 19.86 182 61.29  859.L49 vs K 130.76 182
19.59  476.50 ew?. Ny 19.86 182 61.78  863.13 ew K 131.30 = 182
27.00  561.36 m L 39.10 182 62.28  866.81 ew Ly Thb1 o 182
27.54  567.13 ew L, 39.10 182 62.88 871,80 m w6571 182
30.58 - .598.43 s K 100,09 182 63.14  873.10 ew My 65.71 182
34.39 . 635.77 s L 4648 183 63.46  875.41 T ew Mprp 65.71 182
34,96 641.19 mw L 46 48 183 64,25 881,21 - s K 133.78 182
35.29  6kk.33 w L 47,38 181 64,93  886.10 W Moo 67T.7h 182
36,30 653.73 mw LIII 46,48 183 65,14  887.63 W Mg 67.74 182
36.54  655.97 ew(d)  Mp-M 39.10 182 65.47 890,06 ew Mo - 67.7h 182
37.62 665.99 m K - 107.13 - 182 66.28 895.85 ew KMN Auger
38.48  673.78 m K 107.93 183 67.15  902.06 v "Ny 67.7% 182
39.05 679.20 m K 108,57 182 72.59 940,25 s L ‘84,67 182
50,32 690.35 m K . 109:73 183 7314 9hk.Ok Ly, Bk67 182
4049 691,86 m L 52.59 183 Th.HT 953,18 kS Lo 867 182
40.82 594,78 ew L " 52,96 182 74,86  955.82 ew Lpg '86.40  (182)7
43,67 719.57 m M W5, 48 183 76.16 - 964,65 ew(a) Lot 8.4  (182)2
44,03 723.64 s K 113.66 182 78.16  978.08 m X 147.68 182
45,07 731.50 m * KL L Auger ' 79.36 . 986.13 s K 148,81 182
45,53 736.22 n KL Ly Auger '79.92 989.85 m K 149.39 182
45,89 738,40 W N 46 .48 183 81.68 1001.5 v K 151.19 182
. b6.97  : ThT.L2 m KL L. Auger 81.92 1003,1 m(a) 'MI 84,67 182
, 47.54 752.18 m KLIILiII Auger 82.15  1004.5 ew MII 84 67 182
‘48,42 759.38 W L 60.51 182 82.47 1006.7 ew Moo k.67 182
38.85 *762.90 w KLypLppp Aveer 82.91 . 1009.6 n K - 152,41 182
L7 769.94% - ew M 52,59 183 - 84,14 1017.6 w(d) . N 84,67 182
_ 50,17 773.61 w M 52.96 183 84,58 . 1020.4 ew 0r 8k, 67 182
:51,41 783,58 ew “K 1209k 182 1 86.86 1035.2 m K 156.37 182
5}.96 787.95 ew N 52.59 . 183 87.49 . - 1039.2 m L 99.07 183
53,04 796.46 ew K 122,55 181 88.00 . 1042.5 I 100.09 182
53.63 801.16 s Lo 65.71 182 88.58 1046.2 vs L 100.09 182
5h.19 895.&8 w Lo 65.71 182 , 89.89  105k4,5 vs -~ 100,09 182
54 kg . 807,85 ew KL M Auger ' 90,53 . "1058.6 - K 160,09 182
54,99 811,64 ew KIM Auger 91,10  1062.2 ew ' LI 103.13  (181)
55.64  816.80 . m L 67.74 182 91.59  1065.3 ew L 103.13 ~ (181)
56.20  821.08 w(@? L 67.7TH 182 92.69 1072.2 s K_II 155
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Appendix B=1 (cont.)

Electron ' Magretic Visual Assignment . Electron  Magnetic Visual _ Assignment
Energy Rigidity Intensity Shell ' Er Isotope Energy Rigidity Intensity Shell ' Ey Isotope
(kev)  (gauss-cm) ) (kev) o (kev) - (gauss-cm) (kev)

93.03  1074.3 ew Ly 103.13  (181) 139.82  13kk.4 v K 209.33 182
95.04  1086.8 wm L 107.l§ 182 140,28 1346.5 ew L, 152,41 182
95.60 ;090.3 © wm Log 107.13 182 144,18  1367.8 v L 156.37 182
'96.49 . 1095.8 wm L 108.57 182 14483 1371.2 w K 21k, 41 182
96.93  1098.5 v Lyp 107.13 0 182 146.18  1378.4 w K 215.69 182
97.51 1102.1 s M, 100.09 182 148,09  1388.5 v L 160,09 182
97.82 110k,0 5 Mo, 100.09 182 150,25 1399.9 W L 162.33 183
99.67 1115.3 vs K 169.18 182 150,76 ;uoz.s vw L 162.33 183
100.07 1117.7 vw 0770ppp 100.09 182 152.09  1L409.5 w K = 221.60 182
101.56  1126.8 m L, 113.66 182 152,54  1411,9 w K 222,05 182
102,12 1130,1 Lo 113.66 182 156.57 1432.9 ‘m K = 226,10 182
103.39 1137.8 ms K 172.78 182 156.96 ~1435.2 m CLg '169.18 182
104,39 1143.8 ew M 107.13 182 157.50  1437.7 vvw Lo 169.18 182
10h.¢6 1145.6 ew Mpp 107.13 182 159.76  1huig k4 ms K 229,27 182
105780 1152.2 ew(d) M 108.57 182 160,69  1hshk 2 v Ly 172,78 182
105.70 1157.6 ew(d) N 107.13 182 - 161,23  1456.95 vvw Ly 172.78 182
107. 44 116270 ew Moo 109.73 183 166,36 1483.1 W ’ My 169.18 182
108,01 1165.4 ew Np 108,57 182 .167.25 1487.7 vw LI 179.3% 182
108.?9 1171.1 ew ’Li © 120,94 182 167.78  1490.3 ew 1 179.36 182
109.85 1176.2 m K 179.36 182 168,54  1Lok 2 ew N 169.18 182
110.89  1182.3 vvw M 113.66 182 169.18  1497.4 vw L 179.36 182
111.52 1186.0 ew(d) Moo 113.66 182 170.07  1501.9 vvw My 172.78 182
112,12 11894 ew K 181.63 182 172,46  1513.9 ew(d) N's 172,78 182
113,21k 1195.4 W NI 113,66 182 176,5{7' 1534.5 - W M 179.36 182

, 113.26 1196.1 ew(d) NIII 113,66 182 177.92  1541.2 mw K -2&7.&3 182
118.63 1227.0 ms Ii 130,76 182 179.31  1548,1 mw . LI 191,31 182
119,21 1230.3 w Lyp 13076 182 182,59 = 1564.4 ew ? . 181
119.97 1234.6 W K 189.48 182 183.89 1570.8 ew K? 252.4 181
120.51 1238.3 W - 113.66 182 186,34 1582.8 ew L 198,31 182
121,80 1245.0 s K 191.31 182 186.87 1585.4 ms ‘K 256.37 182
127.99 1279.3 vvw M 130.76 182 187.44  1588.2 ew L.? 198.31 182
128,80 128k, 2 wm X 198,31 182 187.98 1591.8 ew Lo 198.31 182
130,17 1291.8 vw Ny 130,76 . 182 188.59  1593.8 T oew M 191,31 182
131,03 1296.5 vw oM 133.78 182 190,93  1605.3 ew ? ? ?
135.59 1321.5 ew L 147.68 182 194,58  1622.9 v X 264,09 182
’135.9h 1323.5 . ew LII 147.68 182 195.77 1628.7 -ew MII v 198.31 182
136.67 - 1327.4 W Ly 148.81 182 -195.95  1629.6 ew Mo 198.31 182
137.27  1330.6 w S L 14939 182 (196,05 1630.0 ew - L~ 208,18 182
138.57 1338.2° w K 208.18 182 197.56  1637.8 ew L's 208,81 183
139.19 1341.0 W . K 208,81 183 202,55 1661.3 ew(d) L7 2k 182
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Appendix 3-1 (cont.).

-Eleciron Magnetic Visual Assignment ) Electron Magnetic Visual Ass ighment
Energy -Rigidity Intensity ¢chell Er Isotope Energy Rigidity 1Intensity Shell ' Ey Isotope
(kev) (gauss-cm) kev) (kev) (gauss-cm) (kev)
204,17 11669.0 ew L 215.69 182 278,76 2008.,7 ew ML 28,42 182
205.33 1674.5 ew LIII © 215.69 182 281,51  2020.6 w K 351,02 182
206,78  1681.4 mw K 276,30 182 283,90  2031.0 vwa(d) MII’ 286,52 182
209.88  1695.1 ew L 222,05 182 286,56  2051.3 ew(d) LII 1299.88 182
211.37  1703.1 ew(d) M 2lhh o 182 289.83  2056.8 ev Lppp 299.88 182 -
211,95 1705.9 W K 281, b2 182 291.44  2063.7 w K 360,95 181
214.,0" 1715.8 VW LI 225,10 182 295.11& ‘ 208_)4.1 s K 365.50 181
217,02 1729.7 m K 286.52 0 102 327.0  22ls.b ew. Lo 338.98 182
217.73 1733.0 ' m T 229.27 182 328.9 2223.5 vww(d) L's 338.98 182
219.07 1739.3 mw Lot 229.27 182 339.3 2267.6 vww(d) L's 351,02 182
223.27 1758.8 ew My 226.10 182 38,7 . 2206.2 VW L; 360.95 161
228.70  177h.7 v Moo 229.27 182 350.,3 2312.8 ew? L's. 360.95 181
227,00  1776.1 vw Mppp 229.27 182 353.4  2325.6 mw L 365.50 181
228.85 176L,7 vvw N's 229,27 182 353.6 23264 vvw Line Quéstionable
230.37 1791.7 vvw K. 299,88 182 354.0 2328.,0 ew LII 365,50 181
230.98 . 179%.b v K 300,49 182 355.2  2333.0 ew Ly 365.50 181
235.21 1813.9 VW LI 247 .43 182 362.8 2364.5 W M 365.50 . 181
235.90 1817.0 vvw Lo 247,43 182 364.9 2372.8 vvw(d) N 365.50 181
237.34 1823.6 VW Lot 2h7.43 182 372.4 2403.6 S Vv K 4h1,9 181
240,85 1839.6 vyw(d) LII? 252.4 181 L4OOo. 4 2517.3 ew K 469.9 181
2421 18454 ew(4d) I 252.4 | 181 117.3 2585.0 ew K - 486.8 7181.
244 2 1855.3 W L 256.37 182 419.5 2594 .0 ew K = 189.0 181
2449 1857.9 ew? M, eb7.h3 182 429.7  263h.4 ew L kL9 181
2459 1867.1 ew N's  247.L43 182 487.6 2862.7 ew? X 557.3 181
249.3 1877.8 vwi(d) K 318.8 181 569.8 3176.7 ew K 638.3 181
252.55 1892,5 ew L 264,09 182 825,2 4118 ew? K 8ok, 7 181 -
252,43 1896 .4 vvw My 256.27 182 86L,3 4330.8 ew K 953.8 181,27
253.89 1898.5 vvw - 264,09 182 - 1007.2 4768.5 ew K 1076.7 182
262.7 ©1937.8 ew K 332.2 181 1052.3 4928,3 w K 1121, 182
263.96 1943 4 VW Ly 276.30 182 1088.5 5_655.9 ‘ ew K -1158.0 182
264,79 19L7.1 VW L;p 276.3¢ 182 1119.8  5165.7 ew K 1189.3 © 182
266.15 1953.1 VW Lo 276.30 182 1152.3 5279.7 ew K 1221.8 182
269,41 1967.5 W K 338.98 182 1162 5313.2 ew K 1231.3 182
259.93 1969.8 vvw Lo 281,42 182

. 271,09 1974.9 vvw? - 281,42 _182
272.5 1981.1 vvw(d) K2 3kz.0 181
273.9 1987.2 vvw? M's  276.30 182

© 274,65  1990.5 vww(d) Lp 28.52 18
274.98 1992.0 NALLT. 286.52 182
275.30 1997.8 vvw? Lz 286.52 182
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Appendix B~2, a-1.

Electron lines observed in the decay of the short-lived

fhenium isotopes according to-transition energy.: -

60-hr Re

182

electron lines of transitions seen by MBMD.

.Transition Electron . Assignment . Comments
Energy Energy (E ) Shell .Ey (cale,. Visual Multi-
(kev) (kev) € from Ee) Intensity polarity
33.35 Not observed in Relgz decay.?
L2 71 Not observed in Rele d=acay.
65.71 ML+E2
53.62 - L 65.71 s :
- 5h.17 Lig 65.71
55.65 LIII 65.85 — 65.71, LI 67.74 superimposed.
62.89 M 65.70.
53.14% , Moo 65.71 ew
T 63.46 MIII 65.73 ew ‘
65,14 N ‘65.73 _ w . N 65.71, MII'67.7A superimposed.,
57,74 El . v
© 55,64 L 57,74 LI 67.7h, LIII 65.71 superimposed,
56.20 LiI ».67.7h ’ . .
57.55 Ligr 67.75 mw
54,93 My 67.74 o
65.14 Mo 67.71° Moo 67.74, Ny 65.71 superimposed,
65,47 L 67.74 ew
67.15 Ny 67.74 ew
84,67 M1+E2
15.15 'K 84,66 m
72.58 Ly 8k, 69 s
73.13 Ly 8L.67
Th. b7 Lopg ' 84 67
81.92 My 84.73 m(d)
82.15 Mpg 8k, 12 ew
82, h? Mror 84,74 ew
84,14 N 84,73 w(d)
8k,58 07 8k4.67 ew(d)
100,09 E2 .
130,58 K- 100,09 s The K 100,09 would mask the M 33.36, if
88.00 LI 100,09 m, this transition were present.
88,56__ Lig 100.10 vs
89.89 LIII 100.09 vs
97.51 MII 100.c8 s
97.82 - 100,09 s
99,67 NIINIII 100.09 vs NN, 100,09, K 169,18 superimposed.
1135 100,07 OII.OIII' | 100,1% vw ez
4L 15 K 113.56 5
101,556 Ly 113.65 m
102,12 LII 113.55 w

) . 182
a. In this Appendix, Re

refers to 60-hr Re

182
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Appendix B-2, a-1l {(cont.,)

Assignment Comments

Transition Electron _
Energy Energy (E ) Shell Ey (cale, Visual Multi-
(kev) - (kev) € from Ee) Intensity polarity

113,66 (cont.)

113.59

103.39 . LHI 7 ms ’ i 1.III 113.66, K 172,78 superimposed,
110,84 MI 113,65 w
111,52 Moo 113.79 ew(d)
011314 Ny 113.73 v
113.26 N 113,68 ew(d)
116.40 T (M1L+E2) ?a
U6.97 K 116,48 m K 116.L0, KIIi'III superimposed,
L * Masked by M's 107.13,
» by '
152.41 . El
82.90 K 152,41 m
140, 25 Ly 152.37 ew
156.37 El
86.87 K 156,38 m
144,18 L 156.27 W
179.35 ML+E2
109.85 K 179.36 ms
1+ 167.23 Ly 179.32 A
167.82 L 179.35 ew
169.1k Lty 179.34% ew
176.55 My 179.35 ew
198.31 E2
128.80 K 198.31 wm
18638 L 198,43 ew
186.87 Loy v198,h1 ms : L 198,31, K 256,37 superimposed,
187.98 Lot 198.18 ew .
195.77 MII 198,34 ew
195.95 Miry 198,24 ew(d)
222.05 , ' . Bl
152,54 K 222,05 v
209.88 L; 221.97 ew
229.27 ) . E2
159.76 K 229.27 ms ’
217.02 LI 229.11 m LI 229.27, K 286.52 superimposed,
217.73 Lop 229.27 W
219,09 Loy 229.29 W
226.70 My - 229.27 v
227.00 Moy 229.27 v
228,85 L 229.27 W

In Appendix B this type of multipolarity designation will refer to "Second Confidence" multipolarities,
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ippendix EB-2, a-1 (cont.)

Tranéj‘tion Electron Assignment : .~ Comments
Energy Energy (E ) Shell Ey (calc. Visual Multi-
(kev) (kev) € from Ee) Intensity polarity
254,09 E2
' 19458 X 264,09 s
252.55 Loy 261&.09' ew
253.89 LTII 264,19 ew
227 . - Not Observed in Re182 dzcay.
950 Not ooserved in Rel82 decay,
: 18
1003 Not owserved.in Re 2 decay,
1121.6
1052.3 K 1121.8 W M1+E2" .
. - 1
1155 Not observed in Re 82 decay.
1189.3 ’ E1l+M2
1119.8 - K 1189.3 ew
1221,8 a MI+E2
1152.3 K 1221.8 ew
12313 ML+E2 ' .
1162 K 1231.5 ew
1289 Not voserved in Re182 decay.
1375 Not observed in Re182 decay,
1
1437 Not observed in Re b2 dacay.
1hsh 182

Not observed in Re decay.

%

@
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Electron lines obser\red in the decay of the short-lived

rhenium isotopes according to transition energy.

60-hr Re

18

2 electron lines of new transitions.

Electron

Transition Assignment - Commenus
Energy Energy (E_) Shell Ey (calc. Visual Multi-
(kev) (kev) € from Ee) Intensity polarity
19.86 (E1+M2)?
17.04 MI 19.85 ‘ ew ‘These lines are weak and difficult to read.
17.30 MII 19.87 ew:
19.39 Ny 19.86 ew?
19.59 20,01 ew?
39.10 ' e (a)®
27.00 LI 39.09 m
27.54 Lo 39.08 ew
36.54 MIMII 39.11 ew(d)
52.%6 (M2)?
’ 40.82 L " 52.91 ew
50,17 MI 52.98 W Apparent discrepancy in intensity between
and might be due to rapid change in
erficienCy correction at these energies.
60.51 (M)
48 42 L 60.51 v
57.55 My 60.36 mv My 60.51, Liop 67.74 superimposed,
68.10 (E2) :
L L 68,10 masked by KIM-Auger electrons.
56,64 LII v 68.}8 ew Assignment questionable,
: LIII-‘ LII is so weak LIII might not be observed.
R ’ (E1)2 '
62.28 L TH.37 ew
107.13 (M1+E2)
37.52 K 107.13 m
95,02 LI 107.11 wm
95.60 Lot 107.15 wm
95.93 Lort 107.13 wm
10k4,39 N& 107.20 ew
10L,86 Mirr 107. ]..3 ew
105.70 NIH 107.12 ew(d) !
108.57 (ML)
39.05 K 108.56 m
96,49 L 108,58 wm
105.80 My 108,61 ew(d)
v 108.01 Ny 108.60 ew
'120.94 , (E1),
' 51,41 K 120,92 ew
108:99 LI 121,08 ew

a, In Appendix B this type

of multipolarity designation will refer to "First Confidence" multipolarities.
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Avpendix B-2, a-2 (cont.)

Transition Electron Assignment . Comments
Energy Energy (E ) Shell Ey (calc. Visual Multi-
(kev% (kev) ‘e from Ee) Intensity polarity
130.76 . . (M1+E2)
61.25 - K 130.76 vs
118.63 L 130.72 ms
119..21 Lp 130.75 ‘w
120,61 LIII 130.81 w
127.99 My 7 130.80 W
v 130.17 N 130.75 v
131.30 ?
o 61.78 X 131,30 ew
133.78 ' (m1)
: 6k, 25 K 133,76 s »
121,80 L '133.89 s L. 133.78, K 191,31 supermposed.
131,03 My 133.84 v -
147.68° (M1+E2)
78.16 K 147.67 n
135.59 L 147.68 ew
135,94 Ly 1h7. 48 o ew .
137.27 Lrr 14747 W §}%I 137.68, L, 148,81, L 149.39 super-
oseda.,
148.81 (E1+M2) 7 '
79.36 . K 148.87 5
136.67 L 148,76 w v
137.27 Lot 148,80 W LII 148,81, L 149,39, Lo 147,68 super-
’ . imposed,
. 138,67 LIII . -148.86 W LIII lh8.§l, K 208,15.5 superimposed,
149.39 (E1)7
79.92 X 149,43
137.'27 L 149,36 Ly 149,39, Lo 148.81, - 147,68 super-
imposed,
139.19 Lirr 149.39 W Lt 149,39, K 208,81 (Re183) superimposed.
151.19 ? '
81,68 K 151.19 v '
160.09 . ' (E1)
' . 90.58 K 160,09 - v
148.09 L, 160.18 -
169.18 (M1) )
99.67 X 169,18 vs v K 169.18, N's 100.09 superimposed.
156.96 LI 169,95 Coom
1157.50 Lo 169.0 vy
156.36 M 169.17 w
168,54 N 169,13 ew
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Appendix B-2, a-2 (cont.)

Assignment

Transition Electron : Comments
Energy Energy (E ) Shell Ey (calc, Visual Multi- "
(kev) - (kev) € from Ee) Intensity polarity
172.78 - (a1) i
' 103.39 . K 172.90 ns K 172.78, L,;;113.66 superimposed.
160,69 LI 172.78 W .
161,23 Liy 172.77 vvw
LIII .LIII 172,78 not observed.,
170.07 - MI 172.88 vvw .
172.46 N 172.88 ew(d)
181.63 ?
112,12 K 181,63 ew ’
189.48 ?
119.97 K 189.48 w
191,31 ‘ (M) ’
© 121,80 K 191,31 s K 191.31, L 133,78 superimposed. '
179.31 L 191,40 m
188.59 MI 191.4%0 ew
208,18 (ML)
138,67 K 208,18 w
196.05 L, 208,14 ew .
205.33 208,14 ew M 208.18,.LIII 215,69 superimposed,
209.33 : (1) : -
139.82 X 209.33 vw
197.56 LI or LII ew
21k 41 . ?
144,83 K 214,34 W
202,55 L 21k, b1 ew(d)
] 211.37 My 214,18 ew?
215.69 (E2)
146,18 K 215.69 vw
 20k.17 Lip 215,71 ew
205.33 ‘LI>II 215.53 ew
- 221,50 ' : ?
152,09 X 221,60 w K 221,60, LIII 162,33 superimposed.
226,10 ?
156.57 K 226.08 m
214,05 L 226.15 vvw
223.27 MI 226,08 ew
247,43 (B2)
177.92 K 247,43 mw
z35.21 C L 247,30 vvw
235.90 Ly 247 . 4L v
237.34 Lot 2l7,54 vvw
k4,88 My 247,45 ew?
246,91 N 247.38 ew?
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Appendix B-2, a-2 (conts)

Ce

. Transition Electron . Assignment . Lo " Comments - -
Energy Energy (E_) Shell Ey (calc. Visual Multi- .
(kev) : (kev) € from Ee) Intensity polarity
256.37 (2)?
: 186.87 K 256.38 ms
24k, 30 L, . 256, 39 W
253.43 My 256.2h VW
276.30 _ : (B2)
206,78 . K 276,29 mw )
263.96 L 276.05 ew
264,79 Lo 276.33 " ew
266.15 Lor 276.35 ew
_ 273.886 Mo 276.15 ew?
28142 (E2)
’ 211,96 X 261,47 v .
259,81 - L 281,50 L L 281.h2, K 338.98 superimposed,
269.93 Lig 281,47 v » .
271.09 Lot 281.29 vw?
278,78 M_II 281,35 ew
286.52 _ : (E2) )
217.02 K 28653 m © X 286.52, Ly 229.27 superimposed.
27k .65 L 2E6.,Th Lvvw(d) )
274,98 Lo 286.52 vvw?
275.30 Lip 286,50 vvw?
283,90 Myp 286,47 T ovvw(d)
299.88 : ‘ " (E2).
230.37 K 299.88 . vvwe . :
288,56 Ior 300.10 gw(d') : ;£ 2949.88, LI 300.49 are perhaps s_uper—.
289.83 Lirt 300,03 ew osed,
© 300,49 _ S '
© 230.98 K © 300.k9 v
288.56 L 300.65 Cew(d) I‘_L;Inpz(s)géh% LII 299,88 are perhaps supér-
338.98. ' : : (B2)
259,41 X 338.92 w
327.00 L 339.09 ew(d)
328.92 LIII 339.12 vvw
351.02 , - (E2),
: 281,51 K 351.02 - '
339.30 L, 350.8k u(d)
1076.7 2
' 1007.2 K 1076.7 ew
1156 : ‘ 0

1088.5 K 1158.0 ew
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Electron lines observed in the decay of the short-lived

rhenium isotopes according to transition energy.

20-hr Re:L 1 electron lines.

Transition Electron Assignment Comments
Energy Energy (E ) Shell Ey (calec, * Visual “Multi-
(kev) (kev) € from Ee) Intensity polarity
k7.38 :
: 35.29 L 47.38 W Might be K 117.89.
103.13 _ (ML+E2) ' . 5
91,10 LI 103.19 ew These lines were assigned to Rel 1 because
. they were only observed on PM I in an ex-
91.59 LII 103.13 ew posure made shortly after bombardment,
_ 93.03 — 103.23 ew They, therefore, might belong to Rel®2
122.55
. 53.04 X 122,55 ew ) Might be LI 65,13,
252,14 (E2) '
182.6 K 252.1 vw Lines were observed
_ : . Might be X 310.4, only on the high-field
2ho.8 I"I 1"'II 252.4 vvw(a) - magnets and hence Eg
2h2,1 Lot 252.3 ew Might be X 318,8 is not kr}own better
~than 0,1%. The same is
24k9.3 M's _ 252.1 vvw(d) true for all the ‘trans-
itions below except the
360.95 and 365.50.
332.2
262.7 K 332,2 ©ovvw
3k2.,0 .
272.5 K 342.0 vvw(d)
'360.95 ‘
291, 4k K 360.95 vw
) 348,72 L 360.81 ew(Q)
365.50 (M2)
) 296,14 K 365.65 vs
353.42 LI 365.51 ms
353.99 Lig 365.53 VW
355.20 Lorg 365.40 vV
362.84 My 365.65 v
364,89 Ny 365.48 vvw(d)
Lkl .9 This transitionela.nd the rext three, were
assigned to Rel®l because they were seen
3124 K 4.9 v - on plates taken only very soon after bomb-
429.7 LI 441.8 ew arl gnt, They therefore might belong to
. 469.9 Re .
. Loc, b X 469.9 VW
486.8
417.3 K 486.8 ew
4189.0 .
419.5 K 489.0 ew
7.3 This transition8 and the rext three, were
487.8 K 557.3 ew? assigned to Rel®l pecause photon peaks
638 of similar energies were observed to decay
3.3 with a 20-hour half life, The lines were
569.8 K 638.3 ew also only observed on exposures taken soon
after bombardment. .
8oL 7
825.2 K 89k .7 ew
953.5
&8k .3 K 953.8 VW
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Electron lines observed in the decay of the short~lived

rhenium isotopes according to transition energy.

T1-day Re183 electron'-lines appearing in the short-lived spectrﬁm.

Gh

I

fe )

Comments

Transition Electron Assignment
Energy Energy (E_ ) Shell Ey (calc, Visual Multi-
_(kev) (kev) € from Ee) Intensity polarity
46,48 - M14E2
34,39 L 46,48 s ;
3k.94 L » 46 48 mw
36.33 Lirr 46,53 mw
43,69 M k6,50 m
45.89 Ny 46 47 W
52.59 _  M14E2
| 40,50 L 52.59 n
49.93 Moo 52. 7L W
) 51.96 Ny 52.55 ew?
99.07 E2
87.52 Lip 99,06 m ) _
LIII LII'I 99.07, LII 100,09 (182) superimposed,
107.93 : ML
' 38.43 K 107.Gk m
109.73 : ML
. 40,32 X 109.83 m
162.33 . ) MI+E2
92.69 K 162,20 s [
-150.25 L 16z, 3k m
150.75 I 162,30 v
152.09 Lo 162.29 W LIII 162,33, K 221.60 (182) superimposed.
159,76 1 162.33 ms M's 162.33, K 229,27 (182) superimposed.
208,81 ) ML )
139.19 K 208,70 w




| | . -126-

Appendix B-2, 4. .
Electron lines observed .in the decay of the short-lived
rhenium isotopea according té transition energy.I
Electron lines'not definitely as‘signed to an isotope.

Transition Electron Assignment ’ ' Comments

Energy Energy (Ee) Shell Ey (calc. Visual Multi-

(kxev) (kev) from Ee) Intensity polarity

68.10

v 56,64 LII 68,18 Cew ‘ . This probably belongs to Re182 but it was
. only observed on one plate taken soon after
bombardment,

74.86 . ew Observed on only one early exposure.
107.44 . ew Observed on only one exposure,
183.9 ew?? Probably a film imperfection.
272.5 - . ew : Observed on only one exposure’,

© 353.6 _ . ew Probably a film imperfection,
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Appendix C-1.
Electron lines observed in the decay of the long-llved

- rhenium isotopes in order of increasing energy.

“a

Electron  Magnetic Visual Assignment Electron . Magnetic . Visual Assignment

Energy Rigidity Intensity Shell Ey Isotope ~  Energy Rigidity Intensity Shell By Isotope
(kev) (gauss-cm) (xev) . (kev) ° (gauss-cm) (kev)
1513 417.89 wi(d) K 84,70 183 h59  953.93 © wu(a) K W1z 183
29.48 587.2k mw(d) K 99.07 183 80.07 990.88 vww(d) MI 82.92 183
34,41 635.92 vvs L. L6, 48 183 80.45  993.37 vvw(d) My 82.92 183
" 3k.92 640.8% m Ly 46,48 183 - 80.80  -995.71 vww(d) Mg 82,92 183
36.23 653.1k me - Lo 6.4 183 81.87 1002.75 wi(d) M 84,70 183
38,38 . 672.93 ms K 107.93 183 82.31  1005.6k ew NI 82.92 183
40,16 588.91 s K 109.73 1837 82.73 1008.38 " ew 0 82.92 183
40,52 692,11 ms L 52,59 183 84,21 1018,06 ew(d) NI 84,70 183
41.03 696,64 W Lo 52.59 183 85,24 102471 ew Ly 97.33  (18Y4)
b1, 57 ©702.26 ms K 111,20 18k 85.77 1028.18 ew Lig 97.31  (184)
42,36 708.23 W Li1q 52.59 183 86.97 1035.85 ew Ly 99.07 183
u3,65 719.51 vs Mo 46,48 183 87.54  1039.54 s Ly 99.07 183
43,89 721.k7 vvw Mg 46,48 183 86.88 1048.11 s Log 99.07 183
4413 723.48 Vv Mr 46,48 183 | 91.03 1061.72 v K 160,53 183
45,09 731.66 v KL Ly Auger 91,78 1066.43 vw K 161,36 183
45,91 738.52 mw(d) N u6.48 183 92.95 1073.78 vys K 162.33 183
5,34 Th2.16 v 0; 46,48 183 95.85 1091.82 mw L 107.93 183
45,93 747.10 vw  KijLprp  Auger 96.51  1095.89 mv Mo 99.07 183
47.50 - 751,80 v KL Loop Auger 96.84  1097.91 v Mg 99.07 183
148,856 762.0% vw KL o Lypp Avger 97.53  1102.10 vvw Loy 107.93 183
49,76 770.31 m M 52.59 183 97.64  1102.86 m L 109.73 183
49,99 772.19 ew Mg 52.59 183 98.13  1104,9k4 ev L 109.73 183
50.30 774,69 ew Mg o 52.59 183 98,56 1108.50 - v Nop 99.07 183
22.02 788,42 w N 52.59 183 99,08 1111.65 vw LI 111.20 184
54,51 808.01 vvw KL M, Auger 99.73 ' 1115.67 vs LII 111,20 184
sh.7h 809.80 vvw(d) KL Mo Auger 101,04 ;123,58 vs L&II 1}1.20 184
55.03 812,o§ vvw(a) KLy My Auger 105.13  1148.23 vvw M 107.93 183
55.53 815.93 ww(d) KL Mg Auger 106.98  1159.19 VW M 109,73 183
55.37 822.37 vvw(d)  KLpp My  Auger 108.66  1169.12 ms M 111.20 184
56,6k 82k ks vvw(a)  KLop My Auger 108.9%  1170.79 m My 11120 18k
55.95 826.87 vvw(d)  KLpp M g Auger 110.76  1181.46 " mw Ny Moo 111,20 184
~57.43 830.50 vvw(d) KLIIN'S Auger "111,16 1183.83 T ew 0110111111.20 18h
58,82 841,05 vvw(d) _ KLiIIN'S Auger 123.15  1252.60 VW K 192,64 183
5h.52 883.16 vvw(d) KMM's  Auger 135.72  1322.18 ev(d) K 205,06 183
57.21 902.50 ew KNN's Auger 139.38  1342.02 m K 208.81 183
70.75 927.47 w Ly 82.92 183 140,47  1347.90 ew? X 209.87 183
71.29 931.22 w L 82.92 183 149,23 139448 vvw Ly 161,29 183
72.62 940,43 ms Ly 84,70 183 150,35  1400.41 ms Ly 162.33 183
73.14 9lk, 03 ew Lip 8i.70 183 - 150.83 1402.95 v Lip 162.33 183
‘*52.51 792.27 vvw 0; 52.59 . 183 f52‘3o 1410,60 — Lrg 162,33 183
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" Appendix C-1 (ccnt,)

o,

Electron Magnetié Visual Aésignment . Electron Magnetic " Visual Assignment
Energy Rigidity 1Intensity Shell Ey Isotope Energy Rigidity 1Intensity Shell Ey Isotope
(kev) (gauss -cm) (kev) (kev) (gauss-cm) (kev)

157.93  1439.95 ew Mo 160.53 183 241,30 184164 ew LII' 252,84 18k
158,47 442,67 ew M 161,36 - 183 2k2,56°  1847.36 ew? L 252,84 184
159.65 148,75 . W Mo 162.33 183 243,45  1851,41 ew K 313,03 183.
161,93 1450, 47 v N 162,33 183 281,9  2020.6% m - 183
162, 4k 1463,10 ew? o, 162.33 183 ~ 28h.5  2033.8 m K 3540k 183

17149 1509,09 ew? X 241,1 18k 290.7 2060.5 w(a) MM 291,71 183
174.88 1526.04 ew K 244,26 183 . 296.0 2083.4 vvw? K 365.50 183
175.81 1530.70 ew K 2h5.32 183 337.1 2257.6 vvw? K 406,58 183
176.75 1535.35 v K 246,05 183 3J+l+,3 2287.7 vvw? L 35&.9& 183
183.35 :  1568,09 ew K 252,84 184 347.7 2302.1 ew? ? ? ?
196.88 1633.97 ew L 208,81 183 572.2 3185-8 W K 6417 184
198.19 1640.33  ew? Lyl ;208.81 183 718.2  3729.0 ew? K 787.7 184
206,17 1678.48 ew? M 208,81 183 722.6 3745.2 w K 792.1 184
222,30 1754.30 ew? K 291,71 183 780.0 395L4.6 ew? LI 792.1 184
234,00 1808,33 ew L 246,05 183 825.0 4117.4 VW X 8ok, 5 184
235.73 1816.22 ew? ? 2 ? 834.0 kg, 9 vw K 903.5 184
240,71 1838.95 = ew L 252,84 184 891.k  L356.3 ew L 903.5 184

.&, These transiﬁions seen only on the 35o-gauss magnet,
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Electron lines observed in the decay of the long-lived

rhenium isotopes according to transition energy.

Tl-day Rel83 electron lines.

Assignment

Transition Electron Comments

Energy Energy (E ) Shell Ey (calc. Visual Multi- :

(kev) (xev) € i from Ee) Intensity polarity

10 .97 Not observed in Rel83 decay.

46,48 MI+E2
311».17Ll LI 46,50 vvs
3k.92 Lo 46,46 m
36.23 - Ly 46,43 mw
43,56 My . 46 47 vs
43,89 MII L6 45 vvw
44,13 - © o h6.ho vvw
45,01 N k6,50 mw(d)
k6,34 OI 46,43 vw

52.59 . M1+E2

= - 40,52 L 52.61 ms l
41,03 LII 52.57 w
- k2,36 L 52,56

49,76 MI 52,57 m
49.99 My 52.56 v
50.30 Mirpr - 52.57 ew
52.02 N 52.61 w
52.51 CI 52.60 vvw

Bz.92 MI+E2
70.75 L 82.84 ew
71.29 Lo " 82,83 _ W K o _
72.52 I— 82.82 w L 82.92, LI 84,70 superimposed.
80.07 M -82.88 (@)
80.45 Mo 83.02 vww(d)
80.80 MIII 83.07 vvw(d)

AR 82.31 R 82.90 ew
. 82.73 oI 82,82 ew

8k, 70 ML
15.13 K 8L 64 vu(d)
72.62 L 84,71 s
73.1k4 Lo 84,68 w 1 84,70, K 142,25 superimposed,
4,59 Liig “8L.79 vw(d) Liq 84.70, K 144.12 superimposed.
81.87 My 8L .68 vw(d)
8k, 21 N 84 .80 ew(d)

99.07 E2
29.48 K 98.99 mw(d)
86.97 LI 99,06 ew
87.54 Lot 99.00 s
88.86 Loy 99.083 s
96.51 Moy 99.0& my
96.8k M1 99.11 w .
98.55 N 99.03 v
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Transition

Electron

Assignment Comments
Energy Energy (E ) Shell Ey (calc. Visual Multi-
(kev) (kev) © from Ee) Intensity polarity
101,94 Not observed in Re183 decay.
102,1&9 Not observed in R6183 decay.
103,14 v ] Not observed in Rel 3 decay.
107.93 w1
38.38 K 107.89 ms
95.85 LI 107.94 mw .
,96‘51 . LII ;08,05 mw LII 107.93, MII 99,07 superimposed.
97.53 LIII 107.73 ew This. line might possibly be'misa_ssigned_,
but the energy discrepancy is probably due
' to the difficulty in reading the line,
105,13 My 107.94 v
109.73 Ml
k0,15 K 109.67
97.64 Li , 109.73 n
098,13 Lo 109,67 W -
99.73 Lo 109.93 vs i}%gsig?,73, - 111,20 (Re™ ") super-
106,98 M 109,791 W 163
120,38 / Not observed in Re decay.
k2,25 M1l
72.62 K 142,13 ms K thI.IZS, ]‘_.I 84,70 superimposed.
14k,12 ) ML
i 74.59 K 144,10 vw(d) K 14k 12, I"III 84,70 superimposed.
160,53 E2 -
91.03 K 160,54 W
149,23 L 160.77 VW L 160,53, LI 161,36 superimposed.
150.35 Lorg 160,55 ns Lo 160.53, LI 162,33 superimposed.
157.94 Mpp 160.51 ew : )
158,47 Mooy 160,74 _ew MIII 160,53, M 161,36 superimposed,
161,35 M1 :
91.78 K 161.29 v
149,23 L 161,32 VW 'LI 161,36, ;II 160,53 superimposed.
158,47 M 161,28 ew B M 161,36, M 160.53 superimposed.
162.33 ’ ML+E2
92.95 K 162,46 es
150.35 LI 162 .44 ms LI 162,33, - 160,53 superimposed.
150,83 L 162.37 v
152,30 Lir 162,50 VW
159.65 MI-MIII 162,46 w
-161.93 N 162.52 W
162, bk 0z 162.53 ew?
192.64 ‘ ML
123.15 K 192.66 vvw

203

2

. 18
Not observed in Re 3 decay.
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Assignment.

Transition Electron : ’ Comments
Energy Energy (E_) Shell Ey (calc. Visual Multi-
. (kev) (kev) € C ._from Ee) ~ Intensity polarity
205.06 ML
135.72 K 205.23  ew(d)
208.81 ' M1
139.38 K 208,89 m
196.88 L 208.97 ew
206.17 M 208,98 ew?
209.87 : E2
o7 K 209.98 ew?
198.19 " LII 209.73 ew?
2k 26 . E2
o 174.88 - K 2kL 39 ew ) :
245.3 ‘ (ML) Not observed in Talg3 decay. .
175.81 K 245.32 ew
246,05 M1
176,75 K 246 .26 -
_ 234,00 L. 246,09 ew
291,71 - E2
222.30 K 291,81 W )
282.0 LII—LIII 292.2 m Seen on the 350-gauss magret,
290.7 MM 293.0 w(d)
313.03 : oM
243.37 K 312.88 ew
35k Ok M1 . !
284 .5 K 354.0 m Seen on the 350-gauss magnet,
3443 L 356, 4 vvw? Seen on the 350-gauss magnet.
355.50 (M1) _
295.0 K 365.5 vvw? . Seen on the 350'—gaﬁss megnet.
106,58 ~ (E2)
337.1 X L406.6 vvw? Seen on the 350-gauss magnet.
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Appendix C-2, b.
- Electron lines observed in the decay of the long-lived
rhenium isotopes according to transition energy.
50-day Rel& electron lines.
A
Transition Electron - Assignment . Comments
Energy Energy (E ) Shell Ey (calc. Visual Multi-
(kev) (kev) € from Ee) Intensity polarity -
97.33 " (4E2)
85.2k L, 97.33 ew '
85.77 Log 97.31 ew
LIII LIII masked by LII and LIII of 99.07.
111,20 E2
41,67 K 111,18 ms
99.08 LI 111,17 vw
99.73 Ly 111.27 vs
101.0k Loy 111.2k vs
108,56 Mt 111,23 ms
108,94 M 111.21 m
110.76 NIINIII 111, 18 ‘ S omw
111,16 OIIOIII 111,18 ew R
2k1.1 E1l
171.49 X 241.1 ew?
252,84 ' A ) E2
o 153.35 K 252,84 . W
2&0.71 LI 252.83 ew
241,30 LII 252,88 ew
2h2.55 Lo 252.82 ew? _
6417 (M1+4E2) From this transition on the electron lines
572.2 K 617 w were seen on the 350-gauss magnet,
787.7 ?
718.2 K 787.7 ew?
n92.1 ' ) (Ml+E2_)
7 722.5 K 792.1 W '
’ 780.0 LI' 792.1 ew?
894.5 (MI+E2)
{25.0 K 894,5 vvw
903.5 : (£2)
34,0 K 903.5 v
91k Ly 903.5 ew
=
c. ‘Electron lines not definitely assigned to an isotope,.
. 235.7 ew?
~ 345.1 ew?
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Appendix D . i
Elegtron lines of 12.7~hr Reli82 observed in the decay of . -
Os{L 2, according to transition energy. All the lines

" observed in the decay of this isomer have been reported

previously by MBMD. ) T A,
'i‘ransition Eléctron Assignment - Comments
Energy Energy (E_) Shell . Er {calc. Visual Multi- :
- (kev) (kev) € from Ee) ‘Intensity polarity
33.36 o Not observed in Reujz decay.?
42,71 . "Not observed in Re182 decay.
65.71 M1+E2
53.6L L 65.73 mw
62.80 65.61 vw(a)
67.74 » El
55.6k L 67.73 ms
56.17 Ly 67.71
57.5 i 67.79 »
6L4.97 My ‘67.78 mw
65.17 Mg 67.7h vvw?
65.54 M 67.81 W ’ M 67.7%, unidentified Os line
67.24 HIII 67.83 . v . : .SLIQI)grimposed . ’
I
84.67 : . . M1+E2
15.11 K 8k.62 n _
72.58 L ) 84.67 ms L 84.67, Lo 8k.70 (ReleS) superimposed .
73.07 Lit 84.61 mw
7J+.hz.v Lirr 84.62 mw 8
81.80 M 8k.61 mi ’ ) M 84.67, M 84.70 (Re 3) superimposed.
100.09 ) E2 _ : .
30.54 K 100.09 ms It should be noticed thét the K 100.09
88.47 Ly 100.01 ‘ve and My 33-3§ have the same energy.
89.87 LIII 100.07 vs
97.51 My 1100.08 s
97.80 MIII . 100.07 5. - .
29.60 NHNIH. 100.02 ' m : N
100.00 ‘OIIOIII 100.09 v
113.66 ) MI+E2
4y .18 K 113.69 .omw .
116.40 ) (M1+E2) ) )
L7.00 X 116.51 m K 116.40, KL L i -Auger electron super-
imposed.
152.41 4 v ) El . _ ' - ¥
82.85 - K -152.36 e : '
140.40 LI L "152.49 ww This might be an Os line (unassigned).
156.37 ' Not observed in Re182 decay. &
179.36 - Not observed in Rel 2 decay.
138.31 Not observed in Re182 decay.
222.05. Not observed in Re182 decay.
264.03 Not observed in Re182 decay.
182 '

a. Re

in this table refers only to 12.7-hr Refd?



-

o

&

-134-

Appendix D (cont.)

X

Transition = Electron . Assignment : . Comments
Energy Energy (E_)  Shell By (calc.” Visual “Multi-
(kev) (kev) © from Ee) Intensity polarity
927 Not observed in Rel32 decay.
960 Not observed in Relszz decay ..
1003 Not observed in Rel82 decay.
1121.6 ML+E2
1052.3 K 1121.8 ew )
1155 ' ' Not cbserved in Rel®? gecay.
1189.3 ML+E2
1119.8 K 1189.3 ew
1221.8 : " B2
. 1152.3 K 1221.8 ew
1231.3 o Mi+E2
1162.0 1231.5 ev ' ,
1289 Not observed iril Rel82 decay.
1375 Not observed in Re:L82 decay.
1437 Not cbserved in‘Rel82 decay.
LT Not observed- in Rel82 decay.
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