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ABSTRACT 

High resolution beta and ~~~a-ray spectroscopic studies of the decay 

of 5. 7 hour Mo9° have been carried out, >-lith use of the Berkeley 50-cm 11 J2 

iron-free spectrometer and lithium-drifted germanium ga~~a-ray detectors. The 
} 

gamma-ray spectrum revealed transitions of 42.8, 122.5, 163.0, 202.9, 257.5, 

The internal-conversion-electron spectrum ~as studied in the energy range 0 to 

400 keV. From measurements of L-subshell internal-conversion ratios, the 

multipolarities of the 122- and 257-keV transitions were determined to be E2 

and E3, respectively. A partial decay scheme for Mo9°·is prDposed that utilizes 

the data on the 122- and 257-keV transitions together with considerations of 

the available shell-model states for })JtJ90. This scheme requires the preseiwe:~ 

of an undetected lo~-energy ( < 3keV) transition in Nb9°. 
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·I. INTRODUCTION 

l 
Molybdenum-90 was first identified by Diamond. This activity, which 

was produced by the p,4n reaction on Nb93 , was shown to decay with a half-life 

of 5.7 hours. 90 H " 2 Subsequently, in a study of Mo · decay, Mathur and yae 

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

Mathur and Hyde also noted that the levels in Nb90 populated by the decay of 

Mo9° are isomeric, and they r~ported 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 1Th90 levels were not 

made. 

The daughter activity, 14~6 hour Nb90, the decay of ~hich populates 

levels in the closed-subshell nucleus 40zr9°, has been the subject of many 

~ . investigations. When the Nb decay data are examined together with the known 

information on Mo9°, some interesting inconsistencies appear, as follow:. 

From its decay properties, Nb90 has been given a ground-state assignment of 

8+ or 9+ by Bjprnholm, Nielsen, and Sheline, 3 and this can be considered rather 

definite. The even-even nucleus Mo9°, with spin and parity 0+, decays with a 

small log ft value (5.3, calculated from the positron end point and half-life 

with use of the theoretical EC/~+ ratio from Feenberg and Trigg4); this low 

log ft indicates a spin change in the beta transition of 0 or 1, and implies 

that Mo90 decays to a state in Nb90 with spin 0 or 1. Only two transitions 

h~ve been r~ported in the d~cay 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 E3. The data on the 120-keV transition were ambiguous, with an E3 

assign~ent indicated by the half-life and K/L conversion ratio but an E2 assign-

ment indicated by the total conversion coefficient. 
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Even if these transitions were both octupoles, as suggested by their 

half-lives, angular momentum could not be conserved if the suggested spin dif-

ference (7 to 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 additional transitions are required. 

This work was undertaken in the hope that an investigation of the 

internal-conversion-electron spectrum with the high-resolutionn~2 iron-free 

spectrometer5 and of the gamma-ray spectrum ·with lithium-drifted germaniU.!il 

detectors might resolve the above inconsistencies and provide a clearer picture 

of the levels in the odd-odd nucleus.Nb9°. 

II .. EXPERIMENTAL PROCEDURE 

The internal-conversion-electron spectrum was examined wi'th the Berkeley 

50-cm radius TI~2 iron-free spectrometer5 and a 180-deg permanent-magnet photo-

6 graphic-recording spectrograph. The counter used in the irbn~free spectrom-

eter was a Geiger counter with a window aperture, 1 mm by 20 ~~) covered with 

a formvar film of surface density ~50 JJ.g/cm2 ~ 

. An electrostatic preaccelerator system was used for the study of the 

very low energy region in the iron-free spectrometer. An exploded view of 

the elements of the preaccelerator system is shown in Fig. 1. This assembly 

was designed to replace the standard spectrometer source holder which fits 

··«' 

into the source chamber from the top. All source elements were electrically " 

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

machined lucite mounting block. The accelerating electrodes were made from 

30/cm mesh nickel grid which has> 9o% open area.7 
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The Mo9° activity used· for'electron spectroscopy was produced by born-

barding natural zirconi~~ foils (99.9+% Zr) with 65-MeV alpha particles in the 

Berkeley 88-inch (224-cm) cyclotron .. The Zr foils were dissolved in concentrated 

hydrofluoric acid, the resulting solution evaporated to dryness, and the 

activity taken up in 5N HCl-0.06N HF. This solution was placed on a Dowex-l 

anion exchange column of dimensions 7- to 8-cm long by 0.4-cm in diameter. 

Molybdenum forms anionic complexes that stick tightly to the column while niobi~~ 

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

eluting with several col~~ volumes-of 5N HCl-0.06N HF. The Mo activity was 

stripped from the colQ~ with lN HCl and further purified and concentrated into 

2 drops by repeating the above column procedure with a column 8-mm long by l-~~ in 

diameter. 

The Mo90 source for the iron-free spectrometer was prepared by vacuQ~ 
·o 

sublimation of the dried chloride solution from a tungsten boat at > 2000 C 

through a collimator l ~~ by 10 ~~ onto an aluminQ~ foil backing of surface 

density ~7 mg/cm
2

. The source for the permanent-magnet spectrograph was pre-

pared in a similar manner, except that the activity was sublimed onto a 1-cm 

length of 0.25-~~ platin~~ wire. 

90 
The Mo source for the gamma-ray studies was also produced and sepa-

rated by the procedure described above. 

produced by bombarding natural NaBr with 

In addit,ion,. ~o90 gamma sources 

$0-MeV N
14 

ions in the Berkeley 

were 

Heavy-

Ion Linear Accelerator (Hilac), and by bombarding Nb metal foils with 47-MeV 

protons in the Berkeley 88-inch cyclotron. 

When NaBr was used as the target, the separation of Mo9° from the NaBr 

• and other activities was made by dissolving the NaBr in 5N HCl-0.06N HF. This 

solution was passed through a Dowex-l colQ~n and eluted with 5N HCl-0.06N HF. 

All impurities pass through the colQ~. The purified Mo was stripped from the 

colQ~n with lN HCl. 
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When Nb metal foils were used as the target, they were dissolved in 

a mixture of concentrated HF and HN0
3

, and the solution evaporated to dryness. 

The Mo activity was then taken up in 5N HCl-0.06N HF and purified further with 

a Dowex-1 anion col~~n as described above. 

The gam.~a-ray spectr~~ was studied with a lithium-dri.fted germanium 

detector with an active vol~~e of 6 cm2 by 9-m.~ deep. It was maintained at 

,liquid-nitrogen temperature" (-196°c) with use of a 10-liter gravity-feed 

liquid-nitrogen reservoir of commercial manufacture. 8 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 .. 

Pulse-height analysis of the spectr~~ was made with a 400-channel analyzer.
11 

III . EXPERIMENTAL RESULTS, 

A. Gam.~a-Ray Spectr~~ 

The gam.~a-ray spectrum observed with the Ge(Li) detector clearly shows 

the two prominent gam.~a rays previously reported by Mathur and Hyde, 2 but in 

addition a number of low-intensity gamma rays are found. (The gam.~a rays were 

shown to have originated from the decay of Mo9° 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 Mo90 photons is s~~arized in 

Table I. (The photon relative intensities were determined by making measure-

ments of the areas under the peaks and correcting for the variation of the 

Ge(Li) photopeak efficiency with energy. The Ge(Li) photopeak efficiency 

function was experimentally determined with use of a number of isotopes with 

well-known photon intensities, and this efficiency curve is reproduced in 

Fig. 3.) 

• 

• 
, 
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It is interesting to note that although many other garrLma rays were 

observed in addition to the prominent 122.5- and 257.5-keV radiations, none 

has an intensity greater than 12% of the 257-keV garrLma intensity; and therefore 

unless one or more of the transitions is very highly converted, none can be 

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

B. Internal-Conversion-Electron SpectrQm 

T . . t f M 90 ( . l d . M 93m d Nb 90) he J.nternal-conversJ.on spec rQ'U o o UJ.C u J.ng o . an , 

taken w~th tne 180° permanent-magnet spectrograph, is reproduced in Fig. 4'. 

The energy range of this spectrQ'U 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 

. oo 
132- and 142-keV tr~nsitions from Nb 7 decay, and the 262-keV transition from 

M 93m 
0 • In addition, M lines from the 132-, 142-, 257-, and 262-keV transitions 

and the very weak K lines from the 163- and 203-keV transitions of Mo90 are 

also visible. From this spectrQm it is obvious that there are no strong, 

highly converted transitions within the energy range 10-400 keV that have been 

previously unreported. 

A scan, with the iron-free spectrometer, of the energy range from 10 

keV to 100 keV revealed only the low intensity K and L lines from the 42·.76-keV · 

transition (Figs. 5 and 6) and a large nQmber of lines from 13 to i8 keV of 

about the same low intensity as the K line from the 42.76-keV transition. This 

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

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

Nb and Mo due to the decay of Nb9°, Mo9°, and Mo93m. 
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.c. Search for Lm.;-Energy Transition 

The region from about 0 keV to 10 keV was studied with the preaccelera-

tor, using an accelerating potential of -4.69 kV •. The .spectru.T11. observed in the 

initial scan of this region is shown in Fig. 7. The region below 0.235 keV 

"\olas·l1ot studied until several half-lives later because of its high intensity. 

The spectru.T11. observed at that time is shown in Fig. 8. These lines could not 

be identified unambiguously, but from their energies and the fact that they 

decayed with a complex half-life, it is thought that they are associated with 

the LXY Auger and L.L .X Coster-Kr8nig trans.itions. We cannot, however, rule 
. ~ J . 

'· 
out the presence of a very low ·energy conversion line,. mixed ·in with the Auger 

lines. From this experiment, we can say that there is .no intense transition 

in Mo9° decay 1-1ith conversion lines in the region 2.5.:.10 J<eV;: below· 2.-5·,keV· the 

results are not definitive. 

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

As pointed out in Sec. I, the multipolarities of the 122- and 257-keV 

transitions are crucial to the interpretation of the Nb90 level scheme. In an 

effort to determine these multipolarities unambiguously we have made careful 

measurements. of the L-subshell conversion intensity ratios with the iron-free 

spectrometer •. The L-subshell conversion intensity ratios are a very sensitive 

indicator qf the multipolarity of a transition ,and have always been definitive ... 

1-1henever the L lines could be resolved. However, the L-subshell-ratios method , 
has not inthe past been used for low-Z nuclei because of the difficulty in 

resolving the lines. In this particular case the L lines 'were not completely 
, 

resolved, but with the accu.T11.ulation of good counting statistics the complex 

structure of the line could be analyzed so as to characterize the multipolarity 
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The follo-wing method -was used to make comparisons bet-ween the experi-

mentai L-subshell ratios and the theoretical ratios for various multipolarities: 

The experimental composite line -was plotted on semi-log paper after background 

subtraction, and compared -with.a "theoretical line 11 constructed by using the 

theoretical L-subshell conversion coefficients of Sliv.
12 

(The individual 

theoretical L-subshell conversion coefficients for the 122-keV transitions 

-were interpolated from log~log plots of Sliv's conversion coefficients as a 

function of gam.rna energy; for· the 257-keV transition the theoretical values 

for k==O. 5 -were used.) The theor.etical composite 
I 

L-line -was constructed as 

follo-ws: First the current position of the L.th line -was determined from the 
l 

current position of the K line and the. kno-wn K-L. electron binding energy 
l 

difference. (Since the difference in the K and L natural line -widths is less 

than 5 ev, 13 it -was assumed that the L-line shapes are the same as that of the 

closest K line. In the case of the 122-keV L group, this -was the K line of 

the 142-keV transition in Zr 90 (Fig. 9), and for the 257-keV L group it -was 

the 257-keV K line.) With use of the experimental line shape, the theoretical 

composite line -was constructed -with relative intensities of the individual 

L-lines in the composite taken from :the theoretical L-subshell ratios .. For 

the comparison -with experiment, this theoretical composite L line -was adjusted 

along the ordinate axis until the best fit of this line -with the experimental 

data points -was obtained. The validity of this method of analysis is sho-wn 

in Fig. 10, -where a comparison is.made bet-ween the theoretically-constructed 

L group for the kno-wn 132-keV E3 transition in zr9° and the experimental 

L-group points. The agreement is seen to be excellent. 

The experimental points for the 122- and 257-keV L· 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 14. This analysis 
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determines unambiguously that the multipolarities of the 122- and 257-keV 

transitions are E2 and E3, respectively. In addition, the K/L ratio obtained 

for the 122-keV transition, 5.76, and that for the 257-keV t~ansition, 5.64, 

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, which was not obtained in nQ~eri-

cal form. 

E. EC/$+ Ratio Determination 

The electron capture-to-positron ratio of Mo90 decay was determined by 

measuring the intensity of the 122-keV gamma ray (lOa% transition abundance) 

relative to the 511-keV annihilation radiation. The source was located 20,cm 

from a Ge (Li) detector, 2 cm
2 

x 7-ITL~ d_eep, and was sandwiched between two 

lucite absorbers to localize the creation of the annihilation radiation so that 

the same solid angle would be subtended by the gamma rays and the annihilatio~ 
I 

radiation. Correction was made for the contribution to the annihilation peak 

90 from the daughter Nb decay. An experimental photopeak relative efficiency 

curve (Fig. 15) for the Ge(Li) detector used (with a source-to-detector dis-

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

and 257-keV cascade transitions in Mo9° decay and the 262- and 685-keV cascade 

transitions in Mo93m as standards. 

1,.1 

The value so obtained for the EC/$+ is 3.0 ± 0.5. This may be compared c 

to the value of 1.9 ± 0.5 obtained from the curves of Feenberg and ~rigg. 4 
The 

agreement is not unsatisfactory if one considers that there is possibly some 

pure electron capttrre 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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intensities) and subsequent· cascade through the 122-l\.eV state would give a 

value of 2.5· ± 0. ). 

The value for the EC/~+, 3.0, together with the half-life, 
1 

5-1 hours, 

and the positron end point, 1.15 J.l1eV, 2 determine a log ft value of 5.5 ± 0.3 

for the J.l1o9° positron decay. This suggests an allm·Jed or first-forbidden 

ao 
(non-tmiq_ue) decay from the 0+ ground state of J.11o/ to -either a 0± or 1± state 

. Nn..-90 
~n ~~ u • 

IV. DISCUSSION 

The definite assignment of E2 for the multipolarity of the 122-keV 

transition leads to a.gross inconsistency because the reported half-life of 

2lf seconds for this transition is a factor of 101 longer than that predicted 

by the single-particle model for an E2 transition of this energy. In addition, 

there is a :problem with the conservation of angular momentu..'ll because the SUDl 

of the two multi:polarities is at least 2 units less than the spin difference 

( ~ I to 9 units) between the state initially populated by the decay of J.l1o/ and 

the ground state of 1~9°. 

To explain the very long half-life for the 122-keV E2 transition and 

to conserve angular momentu..rn, we propose a decay scheme (F;i.g. 16) in which a 

very low energy (less than 3 keV) transition is :postulated as :preceding the 

122-keV transition. The 24 second half-life is then assigned to this very lmv 

energy transition and not to the 122-keV transition. 

Let us consider the arguments bearing on spin assignments of the states 

in the main ga~'lla cascade. 
ao 

The grou.11.d state of J\'b/ decays by more than 900/o 

to the 8+ state in zr90 and less t.han 0. J.O/a to the 6+ state. 3 The log ft value, 

6.o, 3 indicates either an allowed or first-forbidden transition. According to 
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the shell model, tl}.e lowest-lying configuration in Nb 90 (41 protons·, 49 neutrons) 

1 -1 
should be the even parity configuration n(g

9
/ 2) v(g

9
/ 2 ) . Thus the transiti0n 

from Nb90 to the 8+ state in Zr90 is probably an allov1ed transition. The 

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

Nb90. 

B t · 1 14 ( h' 'h · b d · t 1 · f r a The Brennan- erns eln ru e w lC lS ~se on experlmen a ln o m -

tion and delta-force calculations by Schwartz15) that one less than the maximQ~ 

spin lies lowest for odd-odd, particle-hole nuclei, suggests that the ground 

state of Nb90 has spin 8 aRd even parity.· Other calculations by Kim and 

Rasmussen, 16 which include a tensor fore~, suggest that the 8+ state lies 

lowest and that the next lowest state is 6+. We choose thes.e assignments for 

the lowest two states. 

· The log ft value of 5. 5 for the decay of Mo9° signifies either an 

allowed or first..:forbidden (non-unique) decay from the 0+ grotl.l?-d state of Mo90 

· ao · 
(42 protons, 48 neutrons) to either a 0± or l± state in Nb/ . 

The proposed low-energy gamma transition is in cascade with 122-keV 

and 257-keV transitions, so its total intensity must be approximately equal to 

that of the 122- and 257-keV transitions. Since neither a gamma ray·nor an 

electron line of intensity comparable to that of the 122-keV transition was 

observed above 2.5 keV an upper limit of 3. keV can be set for the energy of 

this transition. Conservation of angular momentum and parity considerations 

.. 

v 

help us restrict the possible multipolarities of the 24-second isomeric transi-'' ~ 

tion. If the state receiving the beta decay is 1+-and Nb90 ground state is 8+, 

'-. an.M2 assign.~ent (with possible E3 admixture) is demanded for the 24-second 

transiti.on in cascade with the E3 and E2 transitions. If the initial state in 

the cascade is -1-, an E2 assign.~ent is indicated. If .the initial state is 0±; 

. an octupole assign.~ent~ is indicated. 

-- ' 
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E:?,:})er imental_ .evide~ce17 on the levels in J1Tb 91 ( 41 ~protons; 50 neutrons) 

shm·Js an energy separation bet1-1een the p
1

/ 2 and g
9

/ 2 proton orbitals of only 

about 100 keV; 1-1hereas the separation between the p
3

/ 2 and g
9

/ 2 orbitals is 

. t 1 . l . 18 "h 1 l . z 8 9 ( 40 -'- s about 1.3 MeV. The experlmen a.L .evlC ence on c e ~eve s ln r pro von ; 

49 neutrons) gives the energy separation betlveen the p 1; 2 and g
9
; 2 neutron 

orbitals as about 600 keV and that for the p
3

/
2 

somewhat greater. One there

fore expects excited states involving the p
3

/
2 

orbitals to lie higher in the 

No9° spectrum than those arising from the p
1

/
2 

orbitals. The coupling of a 

p
1

/
2 

proton (neutron) and g
9

/
2 

neutron (proton) can lead to J.~- or 5- states 1 

and the Nordheim strong rule19 and that of de-Shali t and Walecka
20 

puts the 

4- level lower. i{e postulate that the next level above the 6+ in the main 

cascade of I'tb90 is of this character with spin 4 and odd parity. Ad.rni ttedly; 

the assignment of 4- on shell-model grounds is the weakest link in our cbain 

of reasoning; from the experimental data alone alternative assignments of 3- 1 

3+ 1 and 4+ cannot be excluded·. 

The level assigned as 4- is fed by the 257~keV E3 transition from the 

state that receives primarybeta decay. The spin of the latter has already 

been restricted by ft value considerations to values 0 or 1 1 but of these only 

. the assignment l+ is consistent 1-1i th the 4- assignment. There are several -v1ays 

to couple the lo-vJer-lying g
9

/
27 

p
1

/
2 

and p
3

/
2 

orpi tals -to form 1+7 and it is 

not obvious -v1hich configurations -v1ill be predominant. From Table II 1-1e see 

that the E3 transition rate to the 4- state is five. times faster than the 

single-particle, rate 1 according to the graphs of vlapstra et al. 
21 

Of the J+O 

22 
Sunyar 1 · only 3 are enhanced; different E3 transitidns plotted by Goldhaber and 

·•' 

thus the unusual speed of this E3 transition suggests that .there. is considerable 

configuration mixing in the l+ and 4- states of 1~9°. Descriptions of these 

states involving collective octupole phonon excitations may be worth eA~loring. 
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Yttriu.>n-88 (39 protons) 49 neutrons)) 1-1hich also has an unusually fast 

E3 transition (factor of 10 over single-prot on rate) from a l+ isomeric state 

to a 4- ground state) has the same proton and neutron orbitals available as 

~o9°. This similarity in E3 transition-rate enhancement 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 short. ·The garmna-ray transition probability does 

decrease rapidly with decreasing transition energy but there is also a corres-

ponding increase in the probability of decay by internal conversion. These 

opposing trends keep the half-life from becoming very long at very lm·l energies. 

A case> in point of this is the 26-min isomeric state in u235 which is< l keV 

above the ground state. 23 

In conclusion) the data reported here have established unambiguously 

the multipolari ties of the tviO most prominent transitions in :Nb90 to be E2 and 

E). The present e:>..'})erimental and theoretical information strongly suggests a 

level scheme for ND 90 'like that of Fig. 16 in vlhich a very low·energy transi-

tion_, less than 3 keV.lfrom a 4- 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. 
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Table I. 
. . 90 

Photons of Mo . decay .. 

Energy (keV) Relative . t •t b ln ensl y· 

42.76a± 0.08 0.4 

122.50a± 0.1 84. 

162.99a± 0.1 5.8 

202.9 .± 0.5 6.6 

257-52a± 0.15 100. 

323.0 ± 0.5 8.9 

::;::420. ::;::1. (complex?) 

445.2 ±l. ll. 

472.5 ± l. 2.4 

::;::490. ± 2. ~2. (complex?) 

945.2 ± 1.5 12. 

992.7 ± 2. 2.4 

1272.5 ± 2. 9.4 

1389.0 ± 2. 5.2 

1455- ± 3. 3.6 
) 

1463. ± 3. 0.6 

aEnergy values determined from conversion-electron spectrLL~. Cali
bration of the iron-free spectrometer ~as made ~ith.K line of the 
208.36 ± 0.2-keV transition from Lul77 decay (P. Marmier, F. Boehm, 
Phys. Rev. :n_, 103 ( 1957)) • · 

bThe relative accuracy of the quoted intensity figures is thought 
to vary from 10% for the strongest lines to as much as a factor 
of t~o for the ~eaker lines. 
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Fig. 5. K line of the 42. 76-keV transition from Mo·90 decay measured 
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preaccelerator voltage. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 
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