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ABSTRACT 

The energy levels of 90Nb populated by the decay of 5.7-h 90Mo have been 

studied with the use of high-resolution germanium ~-ray spectrometers. The 

~-ray spectrum revealed a number of low-intensity transitions in addition to 

the intense 122- and 257-keV lines. The multipolarities of most of these 

transitions were determined by means of K-shell conversion coefficients, 

which were calculated from the photon intensities measured in this work to-

gether with previously reported conversion electron intensities. In addition, 

coincidence relationships among the more intense transitions were studied with 

~-~ coincidence systems using Ge(Li)-Ge(Li) and Ge(Li)-Nai(Tl) detectors. 

These and previously reported data have been used to construct a decay scheme 

in which all of the transitions of greater than 1% intensity are placed. The 

low-energy transition depopulating the 24-sec isomeric state has not been 

observed directly, but from lifetime considerations its multipolarity is 

interpreted as M2, and from energy d1fferences its energy is inferred as 

tpresent address: Battelle Memorial Institute, Pacific Northwest Laboratory, 

Richland, Washington. 
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1. Introduction 

The odd .. odd nucleus 90Nb, with 41 protons and 49 neutrons, can be de-· 

scribed in terms of the simple shell model as having one "particle" outside 

the 40-nucleon shell and one 11hole" outside the 50-nucleon shell. Thus, it 

is expected that the lowest-lying levels are composed of the g
9
/ 2 proton and 

neutron orbitals, and exhibit spins 9, 8, 7~ ••• , 0 with even parity. The 

1 . . 2 
Brennan-Bernstein rule ),.based on experimental data and 5-force calculat1ons ), 

suggests that the ground state of 90Nb has spin 8 and even parity, as do also 

the tensor-force calculations of Kim and Rasmussen3 ). Experimental infer-

. 90 90 . 4 5 
mation on the decay of Nb to Zr also supports this assignment ' ). 

The low-lying excitation spectrum of 90Nb is expected to involve, in 

addition to P(g
9
; 2 )N(g

9
; 2)-l states, also the p1/ 2 orbital, which occurs as 

the_ first excited state in the neighboring odd-proton and odd-neutron nuclei. 

The g
912

,p1; 2 combination produces states of spin and parity 4 and 5, odd. 

In ~~b50 the .g
9
; 2-p1; 2 orbital energy separation is only 100 keV and in 

89 6 . ( ) ( ) -1 . 
40sr49 it is 00 keV, so it is expected that P p1; 2 N g

9
/ 2 . states will be 

fairly low in the 90Nb excitation spectrum. 

The electron-capture and positron decay of 5-7-h '~Mo leads to 90Nb 

excited states, and recently several experimental investigations of this 

decay have been reported6-9 ). In a study of the ~-ray and internal-conversion 

6 
electron spectra, Cooper et al. ) determined the energies and intensities of 

16 ~ rays ran~ing from 43 to 1463 keV. From measurements of the L-subshell 

conversion intensities the two most prominent tra~sitions, 122 and 257 keV, 

were found to have multipolarity E2 and E3, respectively. From these data 

and from considerations of the available shell model states for 90Nb, a partial 
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decay scheme was proposed that incorporates the 122- and 257-keV transitions 

but also requires the presence of an undetected low-energy (< 3 keV) isomeric 

transition in 
90

Nb. The presence of this low-energy transition was later 

verified by Cooper et al.
8), by means .of an experiment in which the lifetime 

of the 24-sec isomeric state was altered by a change of chemical environment • 

. The isomeric transition was not seen directly. The partial level scheme of 

90Nb proposed by Cooper et al. 8 ) is shown in fig. 1. 

More recently Pettersson et al.9) have reported the results of a study 

of the positron and conversion electron spectra of 90Mo. They assigned 

probable multipolarities to the more intense transitions, as determined from 

K/L conversion ratios and K-shell conversion coefficients. (The conversion 

coefficients of Pettersson et al. were calculated from their conversion line 

intensities and the previously reported photon intensities of Cooper et al.
6). 

On the basis of these data plus transition-energy sums and intensities, they 

proposed a decay scheme for 90Mo that includes all but one of the observed 

transitions. 

The purpose of the work reported here was to reinvestigate the decay 

scheme of 90Mo with use of improved Ge(Li) -y-ray detectors, in singles and 

coincidence arrangements. The re-examination of the -y-ray spectrum was 

undertaken with the object of improving the accuracy of the photon intensities 

and therefore of the K-shell conversion coefficients. It was also hoped that 

~-'Y coincidenc~ studies with Ge(Li)-Ge(Li) and Ge(Li)-Nai(Tl) detector systems 

would define with greater certainty the levels of 90Nb. 

... 
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2. Experimental Method 

The 90Mo· activity for the ~-ray spectroscopic studies and for one coin-

cidence experiment was produced by bombarding niobium foils with 50- and 

55.,.MeV protons in the Berkeley 224-cm cyclotron. The 90Mo source for another 

coincidence experiment was produced by bombarding zirconium foils with 65-MeV 

ex particles. 

The chemical procedures used to purify and prepare sources of 90Mo for 

~-ray spectroscopy have been described by Cooper et al. 6 ). An ion-exchange 

column in which Mo activity was absorbed served as the source for both the 

singles and coincidence experiments. To prevent the daughter activity 

(9°Nb) from growing-in, the column was continuously washed with an elutant 

solution for Nb. To maintain constancy of the counting rate and to make long 

counting int~nals possible, 90Mo activity was periodically added to the 

column. 

The ~-ray singles spectrum was studied with a lithium-drifted germanium 

detector with an active volume of 1 cm
2 

by 5 mm deep. The resolution of this 

detector (FWHM) was 1.3 keV at an energy of 122-keV ( 57co). The container of 

this detector has a 0.010-in. Be window and the detector has a "dead-layer" 

of about one micron of gold. The associated electronics consisted of the 

Goulding-Landis "198" biased-amplifier system
10

'
11

) with a preamplifier con

taining a cooled field-effect transistor as the first stage12 ). Pulse-height 

analysis of the spectrum was made with a 1600-channel analyzer. 

The ~-ray coincidence spectrma was studied with two germanium detectors 

(with active volumes 6 cm
2 

by 9 mm deep, and 6 cm
2 

by 7 mm deep), and a 1-l/2 

by 2-in. Nai(Tl) scintillator was also used in some experiments. The con-

tainers of the Ge(Li) detectors have 0.020~in. Al windows and the detectors 

have "dead-layers" .of about l mm. The "fast-slow" coincidence circuitry was 
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assembled from units of the "198" _system. This equipment uses a "crossover" 

circuit to generate the fast;..coincidence pulses at the crossover points of 

the slower pulses from the linear amplifiers. A resolving time of 50 nsec 

was used. Pulse-height analysis of the coincidence spectrUm was made with 

three 4oO-channel analyzers. 

Two coincidence experiments were performed. The first was done with a 

90Mo source in which 90Mo and 93IINo had been produced in about equal amounts 

by bombarding natural zirconium with 65-MeV a particles. The source for the 

second experiment was produced by bombarding 93Nb with 50-MeVprotons. Very 

little 93IINo was produced in the latter bombardment. In both experiments the 

ion-exchange column containing the activity was placed between the two Ge(Li) 

detectors (at a source-to-detector distance of about 1 em), and the angle 
_ .. --

between the two Ge(Li) detectors was 180 deg. 

In the first experiment, the Ge(Li)-Ge(Li) system was used. A single-

channel analyzer was used as a "gate" to select a portion of the spectrum, 

and the detector pulses in coincidence with the gate pulses were displayed on 

a multichannel analyzer. The smaller detector was used for gating on several 

of the lower-energy ~ rays, and the coincideht ~-ray spectrum was detected 

with the larger detector. In the second experiment, a Nai(Tl) detector was 

used to gate on high-energy ~ rays while the small Ge(Li) detector was used 

to gate on low-energy ~ rays, and the ~~ray spectra in coincidence with the 

two gates were recorded simultaneously. Because of the large number of ~80-deg 

Compton scattered ~ rays detected by the Ge(Li) detectors with the geometry 

used, it was necessary to record spectra in coincidence with the Compton 

backgrounds on both sides of the photopeaks as well as spectra in coincidence 

with the photopeaks themselves. 

ii_ 
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3· Experimental Results 

3.1 GAMMA-RAY SPECTRUM 

In the initial study of 90Mo by Cooper et al.
6

), 16 photon lines were 

observed. The ex:lstence of these was verH'ied in the study of the internal 

conversion spectrum by Pettersson et al.9), who found in addition a transition 

at 1482 keV. In the present study, 23 ~-ray lines have been identified in the 

Ge(Li) spectrum as arising from the decay of 90Mo. The assignment of these 

lines to 9°Mo rather than ~o 93~o, to the daughter 90Nb, or .to other isotopes, 

was based on several considerations including that of the high chemical purity 

90 of the Mo sources and also of the fact that these lines were not observed in 

spectra of pure 93~o or 9°Nb. 

~· ~ A sample Mo gamma spectrum is reproduced in figs. 2 and 3, and the 

energy and intensity data are sunnnarized in Table 1, together with other in-

formation. The relative photon intensities were computed with use of a 

photopeak efficiency fUnction experimentally determined for this detector by 

Haverfield13). Several observations can be made concerning the gamma-ray spec-

trum: 

a. One notes in the figures several peaks marked as "double-escape" 

90 90 93~-peaks arising from high-energy ~ rays of Mo, Nb, or Mo. Some of the 

intensity of the 365 and 455 peaks is probably due to ~ rays of these energies, 

as the double-escape-peak to photopeak ratios are abnormally high in these 

cases. 

b. The indium x rays (fig. 2) arise from ~-ray interactions with 

the indium metal used to make electrical contact with the detector. The lead . 

x rays were produced in nearby shielding blocks. 
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Tnble 1 

Swmnary o:f 90Mo transition energ1ea 1 · 1ntena1t1ea, and internal. conversion coefficients 

Trunnition (a) Photon(b) Convcrnion Convcrnion(b,c) Tranoition(b) Internnl Convcrnion Coefficient 
energy (keV) intcnoity shell electron {~;~~~!~} 

( experimento.l) ( thcorctico.l) ( thcorctico.l) 
(percent) {;~;~:~~} IU E2 

1~2. 70 t o.oJ~ 2.18 ± 0.2 K 4.8 ± 1.6 ?.') ± 1. 7 2.2 ± 0.7 !0) 2.11 !0) 
L 0.5<) ± 0.13 2;} ± o.6 -1) 2.9 -1) 8.1 (0) 

1~.370 t 0.022 6~.,,~ i 2.1. K ,1?8.86 i o. 7 100 ''·'· 1 o.'• ~-11 1.0 !-1l '•.6 !-1l 
L 4. 79 ± 0.10 7.} i 0.9 -:-? 1. J -:'"! '/. 7 -2 
Mi·N l.O'• :t 0.13 

162.9} ± 0.09 6.oG ± 0.') K 0-3'•~ i 0,013 G.'•J t o.') 5.G , 0.8 n 5.5 !-"l ~:~ !:g L 0.038 ± 0.003 G.} ± Ll• -3 G.:; -3 
M<N 0.009 ± 0.003 

203.13 ± 0.10 G,IIG ± 0.5 K O.l?O? ± 0.006· G. '{0 ± 0.5 }.2 ± o.G !-2l }.1 !-"l 1·9 (-2l 
L 0.026 ± o.oo~ '•.0 ± 1.0 -3 }.G -} 1.1 (-2 
M .. ·N o.ooG ± O,OOI• 

E} 
257.34 i 0.04 79.1 i 2.6 K ll.2} ± o.4 92.8 i 2~7 ~ 1.42 !-1l 

L 2.04 ± 0.06 2. • !-2l ·2.G -2 
M;N o.IIO :t. 0.03 5.1 i 1.0 -3 

323.20 ± 0.18 6.41 :t 0.5 K o.o642 ± 0.0020 G.r.a • o.5 1.0 ± 0,1 ~-2~ , o:9Yl 1.5 (-2) 
L o.0074 ± 0,0006 1.2 ± 0.3 -} 1.1 -} 

421.0 i 0.3 0.25 ± o.oa K o.OOQ92 ± o.ooo14 o.25 • o.oa 3.6 i o. 7 (-3) 4.9 (-3) 6.7 (-3) 

425.1 :1: 0~5* 0.36 :1: 0.08 0.36 • o.oa 

4110.5 ± o.6" 0.95 :1: 0.2 0.95 ± 0.2 

1•1•5.37 ± 0.21 6.13 t o.6 K 0.0288 i 0.0018 6.1G±o.G· 4. 7 i 0.9 (-3) 4.2 (-3) 5.G (-3) 
L 0.0025 ± o.oou 

~.~m.:?'• ± 0.26 1.4~ t 0.15 0.00110 ± 0.0002 1.1~~ .t 0.15 2.8 i 0."/ (-3) }.7 (-}) 4.7 (-3) 

1!8?.8 :t 0,1• 0.'{11 t 0.1 K 0.0027 i 0.0003 o. ·rl~ ± o.1 }.7 ± 1..0 (-3) 3.5 (-3) '•.2 (-}) 

::>17.7 t 0.7* 0.16 ± 0.1 0.,16 ± 0.1 

?'•1.5 ± o.'• ,.G~ t o.G K 0.00377 ± 0.00013 5.G2 ± o.G G. 7 ± 1.2 (-1•) 7.G (-11) 7.1, (-'•) 

?liG,4 t o.u• 0.68 :1 0.2 o~GO ± o.2 

9137.3 i 1. 0.111 ± 0.05 0.11~ i 0.05 

?90.2 i 0,6 1.01~ ± 0.1 K o.ooo69 ± o.ooooa 1.011 ± 0.1 6.6 ± 1.7 (-1•) 6.8 (-4) 6.G (-'•) 

1271.3 ± o.6 1~.17 1 o.'• K o.0019G ± o.oool'• 1 •• 1~r ·.t o.'• '•·1 ± 1.0 (-'•) 5.1 (-1•) '•·9 (-'•) . 
LOU :t 0.'2 '•.2 ':: 0.9 (-'•) ,.1, (-11) 3·2 (-1•) 1}87.4 t 0.5 1.88 ± 0.2 K 0.00079 i 0.00005 

1411<5 i 2. 0.05 :t 0.02 0.05 ± 0.02 

14,1,,6 t 0.7 1.91 i 0.5 K 0.00064 i 0.00007 1.91 i 0.5 }.} i 1.6 (-'•) 2.0 (-4) 1.9 (-4) 

1463.::> i 0.9 0.68 ± 0.2 K 0.00031 ± 0.00010 0.68 i 0.2 4.5 i }.6 (-11) 2.0 (-'•) 1.9 (-4) 

11VJ1.G i 1.4 0.21 t 0.2 K 0.00032 ± 0.0001G 0.21 ± 0.2 

11 All quoted tr:,nGition cncrgiec except thOGc marked* 1 uro the vu.luco dctcnninc(l by Pcttcrooon ct u.l.9). 
LThc- r1uotc-d iutcur:itit:o uJ·c ul.loolutc vuluco in percent oi' totul 90 Mo decayo, noi'lnulhed to l.Of:ll. intcnoity for the 122 kcV trMoition. 

c COtiVC't•r:iOJ' lin'! relutivc i11tcrmity vnlueo were tukcn from Pcttcrooou ct ul. ~), unJ thciJc were uot'lnulhcU to the Ilhoton relative inteuo:i.tieo by uoe of' the vnluc 
0.1112 J'or the K-convcroion cod"i'icicnt of the 257-kcV Jo:3 trun£1ition. 

'"' 
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c. It was possible to obtain a more accurate relative intensity 

value of the 42.7-keV photon than in our previous work
6

) because of the much 

lower absorption of low-energy ·y. rays by the very thin "dead-layer" and win-

dow of the new detector used in this study. 

d. Special mention should be made of the 425.1-keV 'Y ray seen in 

our -y-ray spectrum of 90Mo. Pettersson et al.9) report observing a conversion 

line that they assign to a 423.4-keV transition in the daughter 90Nb, on the 

basis of half-life information. We have however examined the-y-ray spectrum' 

of pure 90Nb sources, and no -y rays were found in the vicinity of 423 keV 

(see fig. 34, ref. 14). If we reassign the conversion line observed by 

Pettersson et al. to the decay of 90Mo, the transition energy becomes 424.4 

±O.j keV, which is consistent with our value 425.1 ±0.5 keV. 

3.2 COINCIDENCE STUDIES AND LEVEL ENERGIES 

a. Levels at 854, 2126, and 2309 keV 
90 

·The Nb level scheme proposed by Pettersson et al.9) differs in essential 

respects from the one that evolved from our studies (fig. 4)·and these dif-

ferences are best described with reference to the coincidence data on which 

our level scheme is based. 

A major feature of the level scheme resulting from the coincidence in-

formation is tJ:?,at the 43, 163, 203, .and 323 .... keV transitions are in cascade, 

with no strong crossover transitions. This contradicts the scheme of Pettersson 

et al., which shows the 43-323 pair occuring in parallel with the 163-203 pair. 

The data bearing on this point are shown in figs. 5 through 8. Evidence for 
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the simple cascade relationship ·comes·· from the fac.t that the relative in

tensities of the 43, 163, 203:, and 323-keV photopeaks are equal, in the three 

coincidence spectra taken by gating with the 163, 203, and 3;23 ~. lines, as well 
·~I I 

as in the singles spectrumi,(Table 2). The same is true of the 1271 a..Yld 1455 

photopeaks,·and we conclude' that the latter two transitions feed the cascade. 

(See section d below for further discussion of 1455-keV coincidences.) The 

data also show that the 490- and 990-keV transitions are in coincidence with 

the 163-keV transitiom 
.. 

It is interesting to take note of the sum relationshipE43'y + E
323

l' = 

E163l' + E203)'. which was the basis for the conclusion by Pettersson et al. that · 

these two pairs of transitions de-excite a common level in parallel. Because 

of the coincidence results, however, we conclude that this sum is accidental. 

In constructing the level scheme, it is necessary to establish first 

the base state of the 163:..: cascade. (In the following, "the 163- cascade" 

refers to the 43, 163, 203, 323 series of)' rays, with sequence unspecified.) 

The possible choices, from the basic level scheme of fig. 1, are the ground 

state, either of the isomeric states (l+ or 4-), or the 6+ state at 122.4 keV. 
-~ 

We rule out the l+ state on the basis that 90Mo has insufficient.decay energy 

available to allow the 163- cas~ade plus 1455-keV transition to feed this 

state. The choice bf decay to ground can be eliminated on angular momentum 

arguments; that is; the maximum spin change that can be brdught about by the 

electron capture plus the )'-ray cascade (starting with the 1271-keV transition) ; 

is 7 units, according to multipolarity and log ft informatidh discussed in 

Section 4, whereas the spin difference between parent and daughter ground 

states is 8 units. Of the remaining states, 4-. or 6+, the even parity state 
• 

is chosen because of the magnetic dipole character of the transitions in the 



-·-

._., 

UCHL-17101~ 

Table 2 

Relative intensitiesa of the 43-, 163-, 203- and 323-keV 
gam:ina rays in the coincidence spectra 

Gate energy 
(keV) A/B 

163b,c 0.25 ± 0.03 

203b 0.29 ± 0.03 

323b 0.22 ± 0.04 
163d,e 0.265 

942d 0.24 ± 0.03 
' 1130d 0.29 :;!; 0.03 

1387d 0.26 :t 0.05 

Singles 

A = intensity of the 43-keV photopeak 

B = intensit~ of the 163-keV photopeak 

C = intensity of the 203-keV photopeak 

D = intensity of the 323-keV photopeak 

C/B 

0.64 ± 0.04 

0.64 ± 0.07. 

0.68 ± 0.02 

0.68 ± 0.03 

o.68 ± o.o3 
0.72 ± 0.03 

0.68 ± 0.05 

D/B 

0.26 

0.26 ± 0.02 

0.26 ± 0.02 

0.25 ± 0.03 

0.27 ± 0.03 

0.26 ± 0.03 

0.26 ± 0.02 

~he intensities have not been corrected for photopeak efficiencies. 

bObtained from first experiment, Zr (a, xn) Mo9°. 

cThese relative intensities were normalized to the 323-keV photopeak intensity. 

dObtained from second experiment, Nb93 (p, 4n) Mo9°. 

eThese relative intensities were normalized to the 43-keV photopeak intensity. 
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cascade and those feeding it, and because the high-lying states receiving the 

primary electron-capture decay appear to have even parity. (The fact that 

the 122-keV transition, de-exciting the 6-t- state, was not observed in coinci-

dence with any members of the 163-cascade might be regarded as evidence against 

this interpretation, but it is likely that the half-life of this state is much 

longer than the.50-nsec resolving time used in the coincidence experiments.) 

We note that the foregoing arguments, which define levels at 854.3, 

2125.6, and 2308.9 keV, do not establish the sequence of the 43-,.163-, 203-, 

and 323-keV transitions in the cascade. 

b. Levels at.l844 and 2334 keV 

The following energy sum of the type E1 + E2 = E
3 

is valid within the 

experimental errors, and indicates a cascade-crossover relationship: 

E990~ + E490~ = E1~~· The coincidence data indicate that both the 490- and 

990-keV transitions are_ in coincidence with the 163- cascade. The 990 is the 

more intense so we place it below the 490. Thus, levels are located at 1844.5 

and 2334.3 keV. In support of this interpretation one notes that the ratio 

of the relative intensity of the 990-keV peak in the coincidence spectrum to 

that. in the singles spectrum is 0.90 ±0.13 while that calculated from our 

proposed decay scheme (fig. 4) is 0.83 ±0.04. The same quantities for the 

490-keV transition are 0.56 ±0.05 and 0.~ ±0.1, respectively. 

c. Placement of the 472-keV transition; energy of the 21~-sec isomeric 

transition. 

The position of the 472-keV transition in the decay scheme is, in our · 

interpretation, the key to the determination of the energy of the 24-sec 

90Nb isomer. A cascade-crossover relation is indicated by the energy sum, 

E47~ + E99~ = El463~, which is satisfied within experimental error. The 

... 
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472-k~V transition cannot precede the 990, as does the 490, because in that 

case there could be no incoming-outgoing intensity balance at the 1844-keV 

level. Therefore, the 472 is placed below the.990 and a level is defined at 

382.1 keV. The coincidence data strongly support this interpretation; in 

addition to the fact, already mentioned, that the 990-keV ~ ray was observed 

in coincidence with the 163- cascade, the data also revealed that the 472-keV 

~ ray definitely was not in coincidence with the 163- cascade~ This confirms 

that the 472-keV transition does not precede the 990-keV transition. (In the 

scheme given by Pettersson et al., both the 472- and 490-keV transitions· 

precede the 990-keV transition, but this situation contradicts both the 

coincidence and intensity arguments presented here.) 

The energy of the isomeric transition is calculated by closing the 

energy cycle shown in fig. 9· The validity of this cycle is supported by 

the good incoming-outgoing intensity balance at the 122.4-keV state. Thus 

the value of EIT' determined in this way, is 2.38 ±0.36 keV. Note that this 

value and its error are independent of the relative order of the transitions 

in the 163- cascade since only the sum of the transition energies in the 

cascade enters the calculation. 

This result is consistent with the 3-keV upper limit placed on the tran-
6 

sition energy by our previous study ). .Intense electron lines, observed below 

2.5 keV in the earlier st~dy but unidentified because of insufficient resolution, 

would be consi~t~nt with the expected predominant MT and Mlii conversion lines 

of a 2.38-keV M2 transition, which would occur at 1.91 and 2.01 keV. 

d. The level at 1769 keV 

The existence of a level at 1769 keV is indicated by energy-sum, intensity,. 

and coincidence data. Good agreement in the energy sums E445y + E94~ = E1387~ 
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and E441~ + E
94

6y = E1387~ suggests a cascade-crossover relation, and this 

is substantiated by the coincidence spectrum shown in fig. 10. , The only high

energy ~ ray definitely in coincidence with the 445-keV ~ ray (gate) was the 

942-keV ~ ray. No low-energy coincidences were observed. 

For verification, it was desirable to examine the spectra in coincidence 

with the 942- and 1387-keV ~ rays, but the poor resolution of the Nai detector 

made it impossible to select individual photopeak "gates" in the high-energy 

region. Thus, the gate "window" set over the 942-keV photopeak also in

cluded the 946-, 987-, and 990-keV photopeaks. The ~-ray spectrum in coin- · 

cidence with this gate, shown in fig. 11, clearly shows the 445-keV ~ ray 

and confirms the 445-942 coincidence relation. (One also sees 163, 203, 323 

coincidences because of the 990-keV component of the gate windo~..r.) 

The spectrum in coinciden~e with the 1387-keV gate,which includes the 

1387-, 1446-, 1455-, 1463-, and 1481-keV 'Y rays (fig. l2),shows all four 

members of the 163 cascade with the same relative intensity that they have 

in the singles spectrum. We interpret this as being due primarily to the 

1455-keV component of the gate pulses. It is reasoned that essentially none 

of these coincidences can be due to the 1387-keV gamma ray because this line 

did not appear in the spectrum in coincidence wlth the 163-keV gate (fig 6). 

If the 1387 were in coincidence with any of the other members of the cascade 

( 43-, 203-, 323-), the intensity of the 163-keV photopeak in fig. 12 would 

have been not:i,ceably low. It is al.so known from the 163.-keV coincidence 

spectrum that the 1455-keV ~ ray is in coincidence with the 163-keV ~ ray. 

Thus, if the 1455-keV transition were not in coincidence ~th all 4 of these 

low-energy ~ rays, one, two, or three of them would have had an intensity 

noticeably lower than the 163-keV photopeak intensity. 

,,, 

·"' 
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The placement of the 445-942 cascade in the level scheme was made on the 

basis of the following arguments: 

1. Since no prominent transitions were found to be in coincidence with 

the 445-, 942-, or 1387-keV 1 rays, the intensity of this cascade 

(-8"/o of total decays of 90Mo) must be due to primary electron-capture 

decay to the 1769-keV level. 

2. The lack of coincidences also indica;tes that the 445-942 cascade feeds 

a state with lifetime much greater than the resolving time, 50 nsec. 

The 4- (124.8 keV), and the 1+ (382.1 keV) are such states, and the 

6+ (122.4 keV) is probably such a state. Of these states, the 6+ 

and 4- are already associated with -lOo% feeding intensity. (The sum 

of the 257-keV transition intensity and that of the 163-keV cascade 

is actually about 99.'C'jo.). Since the intensityof the 445-942 cascade 

is .about 8"/o, it cannot possibly bypass the 257-keV transition. 

Thus, the data indicate that the 445-942 keV and 441-946 keV cascades feed 

the 1+ state at 382.1 keV and therefore a state at 1769.0 is defined. The 

order of the transitions in these cascades is not certain, since their in-

tensi ties are about equal. However, we take note of an energy sum of the 

type E1 + E2 = E
3 

+ E4 which, if not accidental, would indicate that the 

91+2-keV transition li.es lower than the l.t.!t.5-keV transition. The sum is: 
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3. 3 TRANSITION INTENSITIES, CONVERSION COEFFICIENTS, AND MIJLTIPOL.ARI'l'Y 
ASSIGNMENTS 

In Table 1 a summary is given of all the energy, intensity, and multi

polarity data on the 90Mo transitions. In constructing this table, the photon 

intensity data obtained in this work were combined with the conversion electron •· 

data of Pettersson et al. 9 ), to give relative values of the internal conversion 

coefficients. From these, absolute values were computed by normalizing to the 

Sliv and Band theoretical value15) for the 257-keV E3 transition. In the 

table, all photon and electron intensities are given as percentages of 90Mo 

decay; the normalizing factor used here was obtained from our knowledge of 

the absolute intensity of the 122-keV transition (lOo%). 

For a comparison of the experimental conversion coefficients of all 

· transitions (except the 2~.4- and 42. 7 -keV transitions) with the theoretical 

values, fig. 13 was prepared. From this plot a definite multipolarity 

assigmnent of Ml is made to the 163-, 203-, and 323-keV transitions. All 

others appear to be Ml, E2 or mixed Ml-E2 transitions. 

In our previous investigation 6), the L-subshell electron lines of the 

42.7-keV transition were recorded. with the Berkeley 50-cm iron-free spectre-

meter. The experimental LI/(LII + LIII) ratio for this transition is 10.5 ±1.5. 

The theoretical ratios (determined from log-log plots of values in the Sliv 

and Band tables) for El, E2, Kl, and M2 multipolarities are 3.28, 0.220, 

10.9, and 7.6, respectively. Thus, it appears that the 42.7-keV transition 

is also predominantly Ml. 
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3.4 THE 2.4-keV ISOMERIC TRANSITION 

Of central importance to our understanding of the 
90

Nb level scheme is 

the multipolarity of the 2· •. 4-keV isomeric transition, since the considerations 

of angular momentum and parity conservation that led Cooper et al.
6) to 

postulate its existence also restricted. the choice of multipolarities to M2 

or E3. 

One obvious problem in this connection is the lack of direct experimental 

information on the conversion lines of this transition. We do however know 

the half-life of the isomeric state, and it would be instructive to compare 

the reduced photon half-life with theory for different multipolarities. For 

very low-energy transitions (where the conversion coefficient a>> 1) the 

reduced photon lifetime is given by 

where a = total conversion coefficient 

~ = total half-life. 

At the time this work was done, there were available no tables of theoretical 

conversion coefficients for very low-energy transitions converting in outer shells, 

and it was necessary to make use of extrapolations and approximations in order to 

] ~') . 16) estimate them· • Recently, however, Hager and Seltzer have made an extensive 

calculation of relativistic, screened conversion coefficients including the M-

shells, and these calculations have been carried.to very low.energies so that 

no extrapolations are necessary for our analysis. In computing the values for 

the 90Nb isomeric transition, we have estimated the N-subshell coefficients as 
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one-third the corresponding M-subshell values, and the N~- and N~- subshell 

values were further reduced by the factor 0.4 to correct for the incomplete 

4d orbit of niobium. The 0
1

- subshell value was assumed to be one-sixth the 

N I value because the 5s orbit is only half full. 

With use of conversion coefficients estimated in this way for the 2.4-keV 

transition in 90Nb, we have calculated the reduced lifetime values for the M2 

and E3 alternatives, and they are plotted in fig. 14 (vs. neutron number). 

The similarly calculated value for the 2.1 keV isomeric transition in 99Tc, 

known to be an E3, is also plotted. For reference to known M2 and E3 transi-

tions, we have included also reduced lifetime values taken from the book of 

' 17 
Sliv ) for these multipoles. This comparison indicates that the 90Nb isomeric 

transition is a slow M2, which is common, rather than a very fast E3, which is 

uncommon. Were this transition an E3, its reduced lifetime would in fact be 

. the shortest of any of the known E3 transitions shown in fig. 14. It is 

interesting to note, however, that the value for the 2.1-keV E3 isomer of 99T~ 

is considerably shorter than most other E3 transitions. 

. . 90 
4. Electron Capture and Positron Decay of Mo 

4.1 LOG Ft VALUES 

The level scheme shown in fig. 4. incorporates 19 out of 23 transitions 

identified in ~0Mo decay, and ~ccounts for 99% of the decay intensity. 

. 90 
The transition intensity data indicate that 82 ±5% of the primary Mo 

decay populates the 1+ state at 382~1 keV. With use of the theoretical EC/13+ 

18 ratio 2.2 ±0.1 (obtained from curves given by Wapstra ) and Feenberg and 
'1 

Trigg 9 )) we calculate a positron branching to this level of 26 ±1.4%, which 
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agrees closely with the value 25.5% measured from the positron spectrum by 

Pettersson et al.9) Also in agreement is the value for the EC/~+ branching, 

6 
~ 3.0 ±0.5, reported earlier by us ). 

4. 2 SPIN AJIID PARITY ASSIGNMENTS 

Our experimental log ft values for EC and ~+ decay, given in fig. 4, 

indicate that all observed transitions, with the possible exception of that 

to the 1844-keV state, are of the allowed type. We conclude that the high~ 

lying states shown in the figure have ~ parity and spin values 0 or 1. 

The most prominent new feature of the 90Nb level scheme resulting from 

this study is the cascade of Ml transitions leading from the 854-keV state 

to the 6+ state at 122 keV. This cascade seems clearly to be identified with. 

the band of even-parity states expected from the P(g
9
; 2 ) N(g

9
; 2)-l con

figuration, and thus we have made the assignment 2+, 3+, 4+, 5+, 0+ for this 

sequence of levels. As stated before, we have no data bearing on the order 

' of the transitions in the cascade. 

5. Theoretical Considerations 

The decay scheme and transition energies and intensities obtained for the 

9°Mo to 90Nb decay should provide valuable te~ts of nuclear theory. The 

neighboring nu~leus ~zr50 has a closed major neutron shell and a closed proton 

subshell. Thus, to a first approximation we expect to find in 90Nb the-simple 

multiplet 0+, 1+, •••• 8+, 9+ resulting from the interaction of a g
9

/ 2 proton 

with a g
9
/ 2 neutron hole. Figure 15 is taken from the 1963 work of Kim and 

Rasmussen
20

) and shows the expected particle-hole spectrum for P(g
9
; 2 )N(g

9
; 2 ) 
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. . .. 

in A-;_ 90: Their_ calculation used the "Potential II", inciuding tensor 

-- _- - 210 21 
components, that they employed in fitting the spec_trum of Bi _ ) • It is 

seen that the theoretical spectrum ,_of ;Ug. 15 correctly_ predicts a cascade 

2+, 3+, 4+, 5+, 6+, 8+. The 2+ level lies theoretically ~0.8 MeV above the 

lowest lying 8+, in surprisingly good agreement with the 854.3 keV of experiment. 

The smallest energy spacing in the above cascade ~s expected to 'be the 4+ to 5+ -

transition, lending some argument for placement.,of the 42. 7-keV transition in 

that position. 

The theory predicts that the 0+ and 1+ states of the multiplet lie near. 

2 MeV. The simplest shell model considerations, ignoring residual interactions-

such as pairing force, would predict that these 0+ and·l+ states should in-

corporate the predominant 'be~a decay strength and exhibit low log ft values. 

The parent 90Mo would 'be assigned predominantly the configuration of a pair 

of g
9

/ 2 protons and apair ~f g
9
/ 2 neutron holes outside the 9°zr core. In 

allm-red 'beta decay a g
9
/ 2 proton co:ud transform into a g

9
/ 2 or g

7
/ 2 neutron, 

'but the latter strength (g
7
/ 2) would be centered_ at such high excitation 

energy in 90Nb that it would 'be negligible. 

Experimentally, we see that the three largest beta decay matrix elements 

(log ft between 4.5 and 4.7) go to states at 2126, 2309, and 2334 keV. This 

feature is consistent ~~th the above theoretical considerations if we realize 

that above ~1 MeV the 90Nb states may have a complex struct\J.te with considerable 

configuration mixiJg. The beta decay strength may be sprea4 across many states, 

with the beta decay matrix elements being a measure of the afimixtlire of the 

simple [P(g9;2 )N(~9;2 )-
1 J 0 ,l+ in the various_states. The 90~ states of low 

spin above 1 MeV may involve core e:x;citation (90zr has a, 0+ excited state at 
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1. 75 MeV and a 2+ at 2.182 MeV) and also configuration mixtures of 

[P(p1; 2 )-1(g
9
; 2)

2 
N(p1; 2 )-1 JO,l+. The 1+ state at 382.1 keV may be predominantly 

of the p-state character above: It remains for a more sophisticated shell-model 

theoretical calculation to make quantitative comparison with experimental 

energies and transition intensities. 
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FIGURE CAP.riONS 

1. Partial decay scheme of 9°Mo proposed by Cooper et al.8). 

2. Low-energy portion of the gamma-ray spectrum of 90Mo observed with 1 cm2 

X 5 mm deep Ge(Li) detector with cooled F.E.T. preamplifier.· 

3. High-energy portion of gamma-ray spectrum of 90Mo (with Pb absorber) 

observed with 1 cm2 x 5 mm deep Ge(Li) detector with cooled F.E.T. 

preamplifier. 

4. Decay scheme of 5.7 hour 90Mo. 

5. Low-energy portion of the gamma-ray spectrum in coincidence with the 

(A) 163-keV photopeak and (B) Compton background on the high-energy 

side of the 163-keV photopeak. Also shown for comparison is the singles 

spectrum. 

6. .High-energy portion of the gamma-ray spectrum in coincidence with the 

(A) 163-keV photopeak and (B) Compton background on the high-energy side 

of the 163-~eV photop~ak. Also shown for comparison is the sirgles 

spectrum. 

7. Low-energy portion of the gamma~ray spectrum in coincidence with the. 

(A) Compton background on the low-energy side of the 203-keV photopeak, 

(B) 203-keV photopeak and (C) Compton background on the high-energy 

8. 

side of the 203-keV photopeak. Also shown for comparison is the singles 

spec'tl"\m\. 

Low-energy portion of the gamma-ray spectrum in coincidence with the 

(A) Compton background on the low-energy side of the 323-keV,photopeak 

and (B) 323-keV photopeak. Also shown for comparison is the singles 

spectrum. 
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9. Energy cycle used to calculate energy of the 24~sec 90Nb isomer. 
I 

10. High-energy portion of the. gamma-ray spectrum in coincidence wlth the 

(A) 445-keV photopeak (B) Compton background on the high-energy side of 

the 445-keV photopeak. 

11. Low-energy portion of the gamma-ray spectrum in coincidence with the 

(A) "942-keV photopeak" and (B) Compton background on the high-energy 

side of the "942-keV photopeak" •. 

12. Gamma-ray spectrum in coincidence with the (A) "1387 (+)-keV photopeak" 

and (B) Compton background on the high-energy side of the "1387 (+)-keV 

photopeak". 

13. Theoretical K-shell internal conversion coefficients plotted against 

gamma-ray energy. The experimentally determined K-shell coefficients 

are also shown (points with error bars) •. 

14. Reduced lifetimes of (A) M2 and (B) E3 transitions plotted versus neutron 

number. 

15. Theoretical particle-hole spectrum for A - 90, from Kim and Rasmussen 20 ). 
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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: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulneas of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or f~r damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






