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ABSTRACT

High resolufion beta and gamma-ray spectfoscopic studiesrof the decay
of 5.7 hbur Mo90 have been carried out, with use of the Berkeley 50-cm W'JE
iron—frée spectrometer and lithium—driftea‘germanium gamma~ray detectors. Th% f
gamma-~ray spectrum‘revealed transitions of 42.8, 122.5,‘163.0, 262.9, 257.5,
323.0, ~h20, uﬁ5.2,vh7e.5, ~Lo0, 95, 993, 1272, 1389, 1455, and 1463 keV.
The internal-conv@xﬁon—electfon spectrum was stuaied in the energy range 0 to
Lco keV. Frém measurements of L-subshell.internal—conversion ratios, the
multipolarities of tﬂe 122~ and 257-keV transitibns‘were determined to be E2

90

and EJ, respectively. A partial decay scheme for Mo’ -is proposed that utilizes
the data on the 122- and 257-keV transitions together with considerations of
the available shell-model statés for Nbgo. This scheme reguires the presencen

of an undetected low-energy (<3keV) transition in A

[\
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~T. INTRODUCTION

1 .
Molybdenum-90 was first identified by Diamond. This activity, which
9%

was produced by the_p,hh reaction on Nb””, was shown to decay with a half-life

Q0

2
of 5.7 hours. Subsequently, in a study of Mo”- decay, Mathur and Hyde

observed gamma rays of 120 and 250 keV and a positron end point of 1.2 MeV.

90

Mathur and Hyde also noted that the levels in Nb”  populated by the decay of

Mo9O are isomeric, and they reported values of 24 seconds and 10 milliseconds;

respectively, for the half-lives of the 120- and 250-keV transitions. They
. %

reported no other radiations, and spin assignments to the Nb levels were not

made.

90

The daughter activity, 14.6 hour Nb”, the decay of which populates

levels in the closed-subshell nucleus qurgo, has been the subject of many

0 ' _
investigations. When the Nb/o decay data are examined together with the known

90

information on Mo” , some interesting inconsistencies appear, as follow::

. . 0 '
From its decay properties, Nb9, has been given a ground-state assignment of

3

8+ or 9+ by Bjprnholm, Nielsen, and Sheline,” and this can be considered rather

Q0

definite. The even-even nucleus Mo’ , with spin and parity O+, decays with a

small log ft value (5.3, calculated from the positron end pdint and half-life
with use of the theoretical EC/B+ ratio from Feenberg and Trigg&); this low
log £t indicates a spin change in the beta transition of O or 1, and implies

90

that Mo’ decays to a state in Nb” with spin O or 1. Only two transitions

nave been reported in the decay of Mo90 and the above considerations require

that the sum of their multipolarities be at least 7 units. On the basis of
its half-life, the 250-keV transition was'assigned by Mathur and Hyde as an

M3 or E5. The data on the 120-keV transition were ambiguous, with an E3

- assignment indicated by the half-life and'K/L conversion ratio but an E2 assigh-

ment indicated by the total conversion coefficient.
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Evén if these transitibns were both octgpoles, as suggested by their , v
half-lives, angular momentum could not be conserved if the suggested spin dif-
ference (7 fo 9.units) between the initially-populated state and the ground
state is correct. Either a higher multipolarity is required for one or both
transitions, or ddditional transitions are required.

This work was undertaken in the hope that an investigation of the
internal-conversion-electron spectrum with the high—resolution7rJé iron-free
spectrometerj and of the gamma-ray spectrum'with lithium-drifted gerﬁanium

detectors might resolve the above inconsistencies and provide a clearer picture

of the levels in the odd-odd nucleus_Nb9o.

II. - EXPERIMENTAL PROCEDURE
The internal-conversion-electron spectrum was examined with the Berkeley

2 and a l80—deg permanent-magnet photo-

l50—cm radius'WWfé iron-free spectrometer
graphic-recording épectrograph.6 The cdunter used in the irbnrffee spectrom-
‘eter was a Geiger couﬁter with a window aperture, 1 mm by 20 mm, covered with
a formvar film of.surface denéity §50 pg/cmg;

| An electrostatic preaccelerator system wés used for the study of the
very low -energy regibn in the iron-free spectrometér. An exploded view of

the elements of the preaccelerator system is shown in.Fig. 1. This assembly
was designed to repléce the standard spectrometer source holder which fits
into the source chamber from the top. All source elements were electrically NV

insulated and connected to "feed through" electrodes in the top plate of the

machined lucite mounting block. The accelerating electrodes were made from

7
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The Mo90 aétivity used- for ‘electron spectroscopy was produced by bom~
barding natural zirconium foils (99.9+% Zr) with 65-MeV alpha particles in the .
Berkeley 88~inch (22L-cm) cyclotron;‘.The'Zr foils were dissolved in concentrated
hydrofl&oric acid, the resulting solution evaporated to dryness, and the .
activity taken up in 5N HCl—OjO6N HF. This solqtion was placed on a Dowex-1
anion exchange column of dimensions 7- to 8-cm long by O.b-cm in diameter.
Molybdenum forms anionilc complexes that stick tightly to the column while niobium

and zirconium pass on through. The Nb and Zr are quantitatively separated by

eluting with several column volumes: of 5N HC1-0.06N HF. The Mo activity was

stripped from the column with 1N HCL ahd'further purified and concentrated into
2 drops by repeating the above column procedure with a column 8-mm long by l-mm in
diameter.

The Mo90

" source for the iron-free spectrometer was prepared by vacuum
sublimation of the dried chloride solution from a tungsten boat at ZLQOOCOC

through a collimator 1 mm by 10 mm onto an aluminum foil backing of surface

. . 2 ) .
density =7 mg/cm . The source for the permanent-magnet spectrograph was pre-

pared in a similar manner, except that the activity was sublimed onto a l-cm _v

length of 0.25-mm platinum wire. |
The Mo90 source for the gamma-ray studies was also produced and éepa-

rated‘by'the procedure described above. In addiﬁ;on,.ﬁb9o.gamma sources wvere

produced by bombarding natural NaBr with 80-MeV Nlh‘iohs in the Berkeley Heavy-
Ton Linear Accelerator (Hilac), and by bombarding Nb metal foils with 47-MeV
protons in the Berkeley 88-inch cyclotron. .

90 from the NaBr

When NaBr was used as the target, the separation of Mo
and other activities was made by dissolving the NaBr in 5N HC1-0.06N HF. This
solution was passed through a Dowex-1 column and eluted with 5N HC1-0.06N HF.

All impurities pass through the column. - The purified Mo was stripped from the

column with 1N HCL.
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When Nb metal foil; were used-as the target, they were dissolved in.
a mixture of concentrated HF-and HNOB’ and the solution evaporated to drypess.
The Mo activity was then takeﬁ up in SN_HCl—0.0éN HF and purified further with
a Dowex—l anion column as described above.
: Thé gamma-~ray spectrum was studied with.a'lithium;drifted germanium
detector wi%h an active volume of 6 cm2 by 9-mm deep. It was maintained at

“]iquid-nitrogen temperature” (-196°C) with use of a 10-liter gravity-feed

s . . 8 . .
liquid-nitrogen reservoir of commercial manufacture. The associated electronics

consisted of a low-noise, low-capacity pre-amplifier and biased-amplifier sys-
tem designed by Goulding and Landis9’lo and constructed at this Laboratory.

" 1
Pulse-height analysis of the spectrum was made with a 40O-channel analyzer. L

III. EXPERIMENTAL RESULTS.

A. Gamma-Ray Spectrum

The gamma~-ray spectrum observed with the Ge(Li) detector clearly shows
the two prominent gamma rays previously réported_by Mathur and Hyde,2 but in
addition a number of low-intensity gamma rays are found. (The gamma rays were
shown to have originated from the decay of Mo90 by their half-lives and their
relative intensities, which were independent of the method used to produce

the activity.) Examples of our recorded spectra are shown in Figs.2a~e, and
the energy and intensity information on the MoP0 photons is summarized in

Tablé I. (The photon relative intensities were detérmined by making measure-
ments of the areas uhdgr the peaks and correcting for the variation of the
Ge(Li) photopeak efficiency with energy. fhe de(Li) photopeak efficiency
' functiqn was experimentally determined with use of a number of isotopes with
well-known photon inﬁensities, and this efficienéy curve is reproduced in

Fig. 3.)

V4
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It is‘interesting to note that'although many other gaﬁma-rays were
observed in addition to the prominent 122.5- and 257;5~kerradiatione, none
has an intensity greater then 12% of the 257-keV gamma intensity, and therefore
unlees one or more of the transitions is very highly‘converted,_none can be

in 100% cascade with the 122- and 257-keV transitions.

B. InternalfConVersion-Electron Spectrum

9>m

The internal-conversion spectrum of Mo90 (including Mo~

1

taken with the 180° permanent—magnet spectrograph, is reproduced in Fig. .

and Nbgo)

The energy range of this spectrum is from 10 to 400 keV, and it shows clearly

the K and L lines from the 122~ and,257-keV transitions from Mo90

decay, the
132~ and 142-keV transitions from'Nbgo decay, and_the 262-keV transicion froﬁ
M095m.. In addition, M lines from the 132-, 1lhe-, 257-, and 262—keV transitions
and the very weak K llnes from the 163- and 20%-keV tran51tlons of Mo9O_ are |
B also‘visible.‘ From this spectrum it is obvious that there are no sﬁrong;
highly converted transitions within thebenergy range-lo-hOO keV that heve beeh ‘
previously unreported. | .

A scan, with the iron—free spectrometer, of the energy range frod 10

keV to 100 keV revealed only the low 1nten51ty K and L llnes from the 42.76-keV -

transition (Figs. 5 and 6) and a large number of lines from 13 to 18 keV of

about the same low intensity &s the K line from the 42 :76-keV tran31tlon This

region was not scanned in detail but it is noted that the. energles of these

lines correspond to the energies expected for the KXY Auger electrons from Zr,

Nb and Mo due to the decay of Nb9o, Mogo, and M095m.
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-C. BSearch for Low-Eneréy Transition

-The.region from about O keV to lO'%eV was studied with the preaccéléra— '
tor, using an acceleratingvpotential of -4.69 V.. Thé'spectrum observed in the
initial scan of this region is shown in Fig. 7. The-region below 0.255 keV
was'ho# studied until several half-lives lafer because of its high intensity.
The.specfrum observed at that time is shown in Fig. 8. These lines could not
be identified unambigubusly, but from their energies and thelfact that they
decayed with a complex half-life, it is thought that they are aséoéiated wifh
the LXY Auger and LiLjX Coster-Krénig transitions. We cannot, however, rule
out the presence of a very loﬁuenergy con;érsidn line; mixed in with the Auger
lines. Froﬁ this experimenf, we can'say that there is no intense transition
in Mogo decay vith conversion lines in the region 2;5¥10:KeV;fbélow“é:5\kéVathe

results are not definitive.

N

D. Multipolarities of the 122~ and 257-keV Transitions

As pointed out in Sec. I, the multipolarities of the 122~ and‘257—keV
0 .

transitions are crucial to the intérpretation of the Nb level schemé.v In an

effort to determine thése multipolarities unambiguously.we have madé cafefulv
measurements of the L-subshell conversion intensity ratios:with the iron-free
;pectpometer, .The L-subshell conversion intensity :atios are a very sensitive
indicaﬁqr of the multipolarity of a transition and have always been definitive
vhenever the L lines could be resolvedi HoWéver, the L-subshell—fétios method
.has not in<the past beenvused for low-Z nuclel because of the difficulty'in
resolving thevlines.' In this particular case the L l;nes:were notrcompletely
. resolved, but with the.accumulation of good counting statistiés the complex

structure of the line could be analyzed so as to characterize the multipolarity

of the eorresponding transitions.
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The following method was used to make‘compariéons betﬁeen the experi-~
.mentai L-éubshell ratios and the thebretical ratios fér various multipolaritiesi
The experimental‘composite line was plotted on semi-log paper éfter background
subtfaction, and compared Qith'a "theoretical line" constructed by using the
theoretical L-subshell conversion coefficients of Sliv.lg (The individual-
theoreﬁical L-subshell conversion coefficients for the 1227keV transitions
were inﬁerpﬁlated»from log-log plots of S1liv's conversion coefficients as a
function of gamma energy; fop the 257-keV transiﬁion the theoretical values
for k=0.5 were used.) The theoreﬁical composiﬁe;L~iine was constructed as
follows: First_the current position of’the Lith line was determined from the
current position of the K line and the known K—Li electrbn binding energy
difference. (S8ince the difference in the X and L natural line widths is less
than 5 eV,15 it was assumedvthat the L-line shapes are the same as that of‘the
élosest K line. In the case of the 122-keV L group, this was the K.line of

90

the 142-keV transition in Zr” (Fig. 9), and for the 257-keV L group it was

the 257-keV K line.) With use of the experimental lihé shape, thé theoretical
composite line was constructéd with relative intensitieé of ;he individual
L-lines in the composite taken from ithe theoretical L-subshell ratios. For
the comparison with experiment, this theoretical composite L line was adbusted
along the ordinafe axis untii the best fit of this line with the experimental
data points was obtained. The validity of this method of’analysis is shown
in'Fig. 10, whére a comparison is.made between the tﬁeoretically—construCted

I group for the known 132-keV E3. transition :\'.n.Zr9O

and the experimental
L-group points. The agreement is seen tb be excellent. -
The experimental points for the 122- and 257—keV Ir+lines are compared

in a similar manner to the theoretical composite lines constructed for various

multipolarities, and the results are shown in Figs. 11 to lh;' This analysis
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determines unambiguously that the multipolaritieu of the 122~ and 257-keV
transitions are E2 and E3, respectiuely. In addition, the K/L ratio obtained
for the 122-keV transition, 5.76, and that for the 257~keV transition, 5.6&,
agree very well with the corresponding theoretical K/L ~ratios. Table II
contains a summary of the experimental and theoretical information on these
transitions, other than the L-subshell data, whicu was not obtained in numeri-

cal form.

E. EC/8’ Ratio Determination
: 0

The electron capture-to-positron ratio of Mo decay was detefmined by
measuring the intensity of the 122-keV gamme ray (100% transition abundance)
relative to the 511-keV annihilation radiation.' The source was located 20 cm
from a Ge(Li) detector, 2 cm2 X T7-mm deep, and was sandwiched between two
lucite absorbers to localize the creation of the annihilutibn radiation so that
the same solid angle would be'éubtended by the gamma rays gnd tue annihilation
radiation. Correction was made for the contribution.to the annihilation peak
from the daughter Nbgo decay. An experimental photopeék felative efficiency
curve (Fig. 15) for the Ge(Li) detector used (with a source-to-detector dis-

tance of 20 cm) was obtained by using the known equal -intensities of the 122~

and 257-keV cascade transitions in Mo C decay and the 262- and 68%5-keV cascade

transitions in Moo™ as standards.

The value so obtained for the EC/B+ is 3.0 £ 0.5. This may be compared

to the value of 1.9 * 0.5 obtained from the curves of FeenEerg and TI'igg.LL The
agreement is not unsatisfactory if one considers that there is possibly some
Pure electron capture to high-lying states. Ten percent pure electron capture

~to upper levels (which is reasonable in terms of observed gamma-ray relative

[
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inteﬁsities) and subseéuent'cascade through the 122-keV state would give a
value}of 2.5 £ 0.5. |
The'value for the EC/B+, 3.0, together with the halfflife, 5.7 hours,l
and the positron end point, 1.15 Mév,g determine a log £t value of 5.5 %= 0.3
90

for the Mo’ positron decay. This suggests an allowed or first-forbidden

. . Q0 .
(non-unique) decay from the O+ ground state of Mo’  to .-either a 0 or 1% state

in Nb9o.

IV. DISCUSSICON
The definite éssignmentyof E2 for the multipolarity of the 122-keV
transition leads to a gross inconsistency because the reporte& helf-life of

1

2M.seéonds for this transition ié a_faétor of 10° longer than that pfedicted
by the single—partigle model. for an E2 transifion of‘this;energy.‘ In additiom,
there 1s a problem with the cqﬁservation of angular‘momentum because the sum
of the tﬁo'multipolarities.is at least 2 units less.than the spin difference

(7 to 9 units) between the stéte initially populated by the decay of Mo9o and
the grouhd state of.Nb9O.

To explain the very long half-life for the 122~keV E2 transition and
to conserve angular momentum, we propose a dccéy scheme (Fig. 16) in which.a
veryvlow energy (less than 3 keV) transition'is postulated'és preceding the
122-keV.tfénsitionf The 24 second half-life is then assigned to this very low
'energy transition and not té_the 122-keV transition.

Let us consider the arguments bearing on spin.assignments bf the states

. . . . o0 .
in the main gamma cascade. The ground state of Nb”  decays by more than 90%

90

. . . z
to the 8+ state in Zr”  and less than 0.1% to the 6+ state.” The log £t value,

6.0,3 indicates either an allowed or first-forbidden transition. According to
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the shell model, the lowest- lylng conilguratlon in Nb9 (k1 protons, Lo neutrons)

should be the even parity configuration ﬂ(gg/z) v(g9/2 Thus the transmtlon

from Nbgo to the 8+ state in ngo is probably an allowed transition. The

above considerations exclude all spins except 8+ or 9+ for the ground state of 159

Nb7°.
The Brennan-Bernstein_rulelu (whioh is based on experimental informa-
tion and delta—force calculations by Schwartzl5) that one.less than the maximum

spin lles lowest for odd- ~odd, partlcle—hole nuclei, suggests that the ground

- state of Nb9 has spin 8 and even parlty Other calculatlons by Kim and
. :
Rasmussen,l6 whlch include a tensor force, suggest that the 8+ state lies

lowest and that the next lowest state is 6+. We choose these assmgnments for

the lowest two states.

90

.The.log £t value of 5.5 for the decay of Mo _signifies either an

90

allowed_or first;fortidden (non-uniquej-decay from the O+ ground state of Mo
(h? protons,.48.neutrons)vto either a O or 1l* state inergor
The proposed low-energ§ gammaAtransition,is in dasoade.with 122-keV
and 257-keV transitions,vso its total intensity nust be approximately'equal to
that of the 122- and 257 ~-keV transitions. Since neither avgamma ray’norvanv
electron line of intensity comparable to that of‘the 122-keV trans1tlon‘was
observed above 2.5 keV an upper limit of BxkeV,can be set for the energy of
' this transition. -Conservation of angular momentum and parity considerations
" help us restrict the possiblelmultipolarities of the Eh-second isomerie transi~ . -
tion. If the state receiving the beta decay is 1+ and Nbgq ground state is 8+,
©an.M2 asslgnment (with posslble E3 admlxture) is demanded for the 24-second
transition in' cascade with the E3 and E2 transitions. If the initial state in

the cascade is 1-, an E2 assignment is indicated. If thé initial state is O%,

' . an octupole assignment. is indicated.
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‘ ' -] - .
Experimentalfevidencel7 on the levels in N09 (41 protons, 50 neutrons)
shows an energy separation between the p1/2 and g9/2 proton orbitals of only
about 100 keV, whereas the separation between the p5/2 and g9/2 orbitals 1is
i ... 18 e ) 891(r .
“ about 1.3 MeV. The experimental evidence on the levels in Zr (40 protons,
49 neutrons) gives the energy separation between the pl/2 and go/2 neutron
. . ./
orbitals as about 600 keV and that for the p5/2'somewhat greater. One there-

fore expects excited states involving the p orbitals to lie higher in the

| 5/2
Nbgo spectrum than those arising from thé Pl/? orbitals. The cogpling of a.
pl/2 proton (neutron) ana g9/2 néutrbnv(proton)_can ieadvto k- or 5- states,
~and the Nordheim strong rulel9 and thatvéf de-Shalit and:Waleékago puts the

L- level lower. We postulate that the next level above the 6+ in the main
cascade of Nb9o is of ﬁhis éharacte? witﬁ spiﬁ 4 and odd parit&. Admittedly,
-the assignment of 4- on shell-model grounds is ‘the weakest lihk in_oﬁr chain

of reasoning; from the experimentéi aata'alone alternative assignments of 3-,
3+, and 4+ cannot be excluded. |

The level: assigﬁed as L- is fed by the 257-keV EB.transitibn'from the

state that receives primary beta decay. The spin of the latter has already
been restricted by £t value considerations to values O or l;'but of these only
\the assignﬁent 1+ ié consistent with the k- assignmsnt. There are several wéys
\to c§uple the lower-lying é9/2’ pl/2 and‘pB/g:orbitalsvﬁo form l+f and ;t is
not obvious which configurations will be predominant. From Table II we see
that the E3 transition rate to the L- state is five. times faster than the -

21

: singlé-particle rate, according to the graphs of Wapstra et.al. 0Of the 40

 different E3 transiticas. plotted by Goldhaber andvsunyar,22=on1y 3 are enhanced;
thus the unusual speed of this E3 transition suggests that there. is considerable
- configuration mixing in the 1+ and L- states of Nb9o. Descfiptions of these

states invelving collective octupocle phonon excitations may be worth exploring.



_io- o | UCRL-11923

Yitrium-88 (39 protons, 49 neutrons), vhich also has an unusually fast

E3 transition (factor of 10 over‘single—protoh rate) from a 1+ isomeric state
to a M; ground state, has the same proton and neutroﬁ orbitals available as
Nbgo. This similarity in E? transition-ratelenhancemént lends support to our
proposed_l+ and 4~ level assignments.

The 24-second half-life of the proposed very low-energy transition
(< 3 keV) is not unusually shprt. The gamma-ray transition probability: does
decrease rapidlyrwith aecreaéing transition energy butvtheré is also a corres-

-ponding increase in the'probability of decay by interhal conversion. These

opposing trends keep the half-life from becoming very . long at very low energies.

A case*ingpoinﬁ of this is the 26-min isomeric state in U255 which is < 1 keV

ove ' 23 |

above the ground state.
In cdnclusion, the data reported here have established unambiguously

90 to be E2 and

the multipolarities of the two most prominent transitions in Nb
E3. The present experimental and theoretical information strongly suggests a
level scheme for Nb like that of Fig. 16 in which a very. low -energy transi-
Tion, less than 3 keV,from a L- state to a 6+ state has been proposed to con-

serve angular momentum and parity, and to explain the anomalous half-life of

the 122-keV E2 transition.

o
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Photons of Mo decay. -
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Energy (keV)

ko, 76%+ 0.08
122.50%+ 0.1
i62.99at 0.1
202.9 £°0.5

257.52%+ 0.15

323.0 * 0.5
~L20.
Lhs.2 £ 1.
hr2.5 1.
xU9o. t 2.
oks.2 +# 1<5
992.7 * 2.
1272.5 + 2.
1389.0 * 2,
1455, ‘t.B.
S 1k63. o 3,

Relative intensity®

0.4
8L.
5.8
6.6
; 100.
8.9
11.
2.4
~2, (complex?)
12.
o
9.4
5.2
3.6
0.6

~]. (complex?)_

Energy values determined from conver51on electron spectrum. Cali-
bration of the iron-free spectrometer was made with X line of the
208. 36 + 0.2-keV transition from Lul77 decay (P. Marmier, F. Boehm,
Phys. Rev. 97, 103 (1957))-.

bThe relatlve accuracy of the quoted 1ntens1ty figures is thought

to vary from 10% for the strongest lines to as much as a factor
of two for the weaker lines.
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Fig. 3. Gamma-ray photopeak efficiency curve for the 6 ecm~ x 9-mm deep

Ge(Li) detector system used for the gamma-ray measurements.
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Mo92 and Nb9o) recorded with 180° permanent-magnet spectrograph.
2



per minute

Counts

-25- UCRL~1192%

o

b
S

r - | T | | T
90 ,
8000} Mo of Volts on -
42.8 keV K line
B source: Ix10 mm? 11 '
counter slit: 2x20mm?Ze 7]
Volts off baffle operture O.1%
6000} ' | i
A .
. Ap
40001 ./ ' ' '*—H" - -E—= 0.14 %
- Ap o | .
1 - p =0.15 o .} |
L4 .
2000} / [ 1 i
. l o
! (4 ' J
/
- ; \ | _
0 2 & ] 1 ] ]
6-68 6.74 7.33 7.38
Spectrometer current (A) -
MUB-5212-A
Fig. D. K line of the L42.76-keV transition from Mo9 decay measured

with 50-cm iron-free 2 spectrometer, with and w1thout bh.69 xV
preaccelerator voltage.



-26- UCRL-11923

2000 ILI 1 T T
u ’\ I\/Io i
— 42.8 keV 'L group 4
N Isource: IxIO mm2 |
counter slit: 2x20mm?
1500 o | baffle aperture: O.1% |
- ’ e | -
£ J _
€ B : -
o - ’ -
g 1000 —
wn — P -
€
pum | — —
o
O — - s
Loplm
| /f . _
500 ’ \ 1 —
g
1 1 ] 1 ]
8.74 8.78 8.82
Spectrometer current (A)
MUB-5214-A
Fig. 6. L-shell conversion line group of the 42.T76-keV transition

from Mo90 decay.

W



. L‘/

0.2 min

per

Counts

-27- UCRL-11925

Illllll

T

'\ Electron energy scale P
.\' A o ' e \
0_.,%%‘..,..-,.4_.—..,,' St \ 4
Mo2°, M093, Nb2° Y
LXY Auger group \ =
source: Ix10mm?2 \ ]
counter slit: 2x20 mm?2 "3 —
counter window thickness ]
~50ug
baffle aperture: 0.05% 3 .
preaccelerator voltage on \1

I 1 1

€Y
b ]lll

Fig. 7.

L
3.4 3.5 36 37
(A)

3.1 3.2 3.3

Spectrometer current

MUB-5215-A

Internal-conversion-electron spectrum of Mo measured with
4,69 kV preaccelerator voltage, showing the LXY Auger group.



per 4 min

Counts

-28- UCRL-11923

0° T J T T T T
0 0.5 1.0 1.5 20keV1
i [ T T T T T T T T T T T T T T T T T T T 1 ]
. Electron energy scale :

- Mo, Mo™> , Nb™°
i “source: Ix10 mm? o
i counter slit: 1x20mm?2 ]
i . Li Lj X Coster-Krdnig group counfer- window thickness ]
\ ~50ug

' baffle aperture: 0.05%

B preaccelerator voltage on 1
\

10% |- \ _
[ 4 ]
| \ i
B 3 LXY Auger group i

103 [ 1 L | L !

2.9 3.0 3.1 3.2 3.3 3.4 3.5
Spectrometer current  (A)
MUB-5216-A

Fig. 8. Internal-conversion-electron spectrum of Mo?° measured

with L4.69 kV preaccelerator voltage, showing the LiLjX Coster-

Kr8nig group and the LXY Auger group.

E



-29- UCRL-11923

. 4
- IO - T T T T T | | B
: %9=o.|3% :
£ B ]
€
0 3
o 10 —
_ - i .
0 p— —
, Q - h
(71} [ -
. -E i o i
3
(o]
O - ]
102 < Nb90 —]
| 142- keV K line ]
— source: 2x 10 mm? N
- - counter slit:2x20 mm?2 i
- baffle aperture: 0.1% i
o} i | 1 | | | |
15.92 15.94 15.96 15.98 16.000
Spectrometer current  (A)
MUB-5030
- Fig. 9. K line of the 142-keV transition from Nb90 decay used as

the standard line shape for the Mo90 L-subshell ratios analysis.



-30-

UCRL-11923

104 T T T T T 1 T | —
— —4
c..3
107 —
e} [ ]
O B .
t Y — ]
7] = 4
Q
° N |
—
c »
S .
o
(&
2| ¢
| /s
10 [~ // y; // \ \\ —
- 7 // e \ .
| // A4 90 \ n
| — //// Nb \ \ B
[ _-7%7" I32-keV E3 transition \ \ i
B - L group \ i
source: 2x10 mm?2
B ‘counter slit: 2x20 mm?2 y
baffle aperture: 0.1 % ‘
10 I 1 | ] L l ! L
16.42 16.44 16.46 16.48 16.50
Spectrometer current (A)
MUB-5031
Fig. 10. Comparison of experimental and theoretical L-group line
shapes for 132-keV E3 transition from Nb90 decay. Normalization

procedure is described in text.

>

.
W



Counts per min

10

_34- UCRL-11923

- j |
- —
= 7]
[ 90 o ]
L ! MO \ ' \\ -
i 122-keV L group | \\ ¢\ ]
- source: 2x10 mm? ) \ i 4
" counter slit: 2x20mm \ ‘
paffle aperture: 0.1% v\t
- W
- _——M2 \ \‘ -
[ — M3 ' P ]
I M 4 VI 7]
i - \ \f\ ]
_ VT
\
\
I | | | | | | | |
15.68 15.70 - 15.72 15.74 15.76 15.78
Spectrometer current (A)
~ ' MUB-5033 -A

Fig. 11 Comparison of experimental L-group line shape of 122-keV
transition of Mo90 decay with theoretical composite L=group lines
for M2, M3, and M4 multipolarities.



min

Counts per

-32- UCRL-11923

10 B
3
10° | _
/ .
. // Mo_go : \
- 1I22-keV L group \ T
, source: 2x10mm?2
2|/ . . 2
10— counter slit: 2x20 mm \ —
n baffle aperture: 0.1% ]
[ 7
B —— —EI §
= —=E2
—————— E 3 \
10 ! L 1 | | I ! L
15.68 15.70 15.72 15.74 15.76 15.78
Spectrometer current (A)
MUB-5028

Fig. 12. Comparison of experimental L-group line shape of 122-keV
transition of Mo90 decay with theoretical composite L-group lines
for E1, E2, and E3 multipolarities.



Counts per min

-33- : UCRL-11925%

»

4
lo | | I | | | [ 1 1 ] ] | ]
IO3 — —

B \ _
» 90 . ) \ \\i _
2 257-keV L group \\
10" = source: 2x10 mm? \ =
n counter slit: 2x20 mm? (AR =
[ baffle aperture: 0.1 % \\ \b _
:} —_ M2 \ ‘ ]
M3 \
10 ] ! ] ] L ] 1 ! ! \ A
24.19 2420 24.22 24.24 24.26 2428 24.30
Spectrometer current (A)
| M.UBK-SOZQ-A

Fig. 13. Comparison of experimental L-group line shape of 257-keV

transition of Mo decay with theoretical composite L-group lines
for M2, M3, and ML multipo]iarities. . :



min

Counts per

-34

UCRL=11923

i

,!'41
0% ¢ T T T T T T T T T T T =
K 3 4
: ]
| \ =
~ \
90 s
2 Mo . \\ |
10 = / v ) -
/L 257-keV L group’ \ ]
- 7 source: 2x10mm?2: \ n
—/, counter slit: 2x20mm? A\ W
Pl baffle aperture:0.1% v\
] ———E2 \
[~ E3 ® —
______ Eq \
, \
10 1 ] ] ! ] ] _1 [ ] i 11
24.19 2420 ‘ 24.22 24.24 24.26 24.28 24.30
4 Spectrometer current - (A)

~

MUB-5032-A

Fig. 1k, Comparison of experimental L-group line shape of 257-keV

transition of Mo90 decay with theoretical composite L- group lines

for E2, E3, and EL multipolarities.

o



~-35-

tr
i
_
~ -
~
<
v —
- -
S -
c
o —
0 .
w 4
ol
M m
0.l ! I logl 11 L
100 500 1000
Energy (keV)
MUB-5205

Fig. 15.

Gamma-ray photopeak efficiency curve for the 2 cm

2

UCRL-1192%

X -mm

deep Ge(Li) detector system used for-electron capture-to-positron

ratio determination..



-36-

UCRL-11923

I
(0,1¥) (1 +)

(3'4+)(4 =)

24sec

(8,9+) (8+) '-‘1-6---"

S keV

_122.5+8
-122.5

-0

90

5.7 h

(S< 3 keV)

MUB-5035

Fig. 16. Partial decay scheme of Mo9o, showing postulated low-energy

transition.

The preferred state assignments are underlined.
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