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ENERGY LEVELS OF 90Nb POPULATED BY THE DECAY OF 90Mo

. Jd. A Cooper,Jr J. M.;Hollander, and J. 0. Rasmussen
- University of California and Lawrence Radiation Laboratory

University of California
" Berkeley, California
October 1967
ABSTRACT

- 90 | 90, o

The energy levels of “ Nb populated by the decay of 5.7-h “ Mo have been
studied with the use of high-resolution germanium <y-ray spectrometers. The

Y-ray spectfum 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. 1In addition,

" coincidence relationships among the more intense tranuitions were: studlcd Wlth

v~y coincidence systems using Ge(Li)-Ce(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-enefgy transition depopulating the 24-sec isomeric state has not been

‘observed directly, but from lifetime con31derat10ns its multlpolarlty is
-1nterpreted as M2, and from energy differences its energy is inferred as

2.38 0.36 keV.

~ TPresent address: Battelle Memorial InSﬁitute, Pacific Northwest'Laboratory,,‘

. Richland, Washingfon.
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1. Introduction

' The odd-odd nucleus 90Nb,'with 41 protons and.h9'neutrons, can be de-
scribed in terms of the simple shell model gs’ﬁaving one "particle" outside
the uo-nucleon shell and one "hole" outside the 50-nucleon sheil. Thus, it‘
is egpected that the.lowest-lying levels are cémposed of the g9/2 proton and
neutron orbitals, and exhibit spins 9, 8, 7; «++, O with even parity. The

1 . ~ ' 2
Brennan-Bernstein rule ),,based on experimental data and §-force calculations ),_

90

suggests that the ground state of ” Nb has spin 8 and even parity, as do also
‘the tensor-force calculations of Kim and’Rasmussen5). Experimental infor-
mation on the decay.of 9oNb to 90Zr also supports this assignmehtu’5).

90

The loW-lying excitation spectrum‘of Nb is expected to involve, in
addition to P(g9/2)N(g9/2) states, also the Pl/2 orbital, which occurs as
the first excited state in the neighboring odd-proton and odd-neutron nuclei.

The g9/2,p1/2 combination produces - states qf spin and parity U4 andl5; odd.

9 : . o ' : :
In Mle thevg9/2—pl/2 orbital energy separation is only 100 keV and in

17750 ,
89 . : -1 .
uOSrug it is 6oo keV, so it is expected‘thgt P(pl/e)N(g9/2). states will be
fairly low in the 9ONb excitation spectrum.

The electron-capture and positron decay of 5.7-h ngo leads to 9ONb

excited states, and recently several experimental investigations of this

6-9).

decay havé been reported In a study of the -y-ray and internal-cpnvérsion'
electron spectra, Cooper et al.6) deﬁermined_the energies and intensities ofk_ :
16 7y rays ranging from 43 to 1463 keV. From measurements of the L-subshell
conversion intensities tﬁe two most prominent transitions,léQ aﬁd 257 keV,’

were found to have multipolarity E2 and L3, respectively. From these data

and from considerations of the available shell model states for 9-ONb, a partial



would define with greater certainty the levels of

2. ' UCRL-17104

. decay scheme was pfoposed thatvincorporétes the 122- and 257-keV transitions

bﬁﬁ éiéo‘requires the presence of an undetected low;energy (<3 keV) isomeric.
O . . l‘r
transition in 9 Nb. The presence of this low-energy transition was later
v '8 . . :
verified by Cooper et al. ), by means of an experiment in which the lifetime

of the 2Lh-sec isomeric state was altered by a change of chemical environment.

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

PO, proposed by Cooper et al.8) is shown in fig. 1.
More recently Pettersson et al.9)"have reported the results of a study.

9OMo. They assigned .

of the positron and conversion electron spectra of
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 liné
ihtensitieé.andvthe previpusly repqrted]photon intensities of Cooper‘ét al. ).
On the_bésis of‘these data'plus transition-energy sums and intensities, they
proposed a decay scheme for 9-oMo that iﬁcludes all but one of the observed
transitions. |

- . The pufpose of the work(reported here was to reinvestigate tﬁe decay.
scheme of 9OMQ with use of improved Ge(Li)vy-ray d?teétors, in singles and
coincidence arrangéments. ‘The re-examiﬁation of the ~y-ray spectrum was
undertaken with the;object ofrimpfoviﬁg.the accufacy of the photon intensities

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

-y coincidenéq studies with Ge(Li)-Ge(Li) and Ge(Li)-NaI(Tl) detector systems
90Nb;

s

&
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E;IfExperimental Method -+ .

The 90Mo'activity for the y-ray spectroscopic studies and for one Eéin-‘
cidence experimeht was.produced by bombarding niobium foils with 50- and -
55-MeV protons in the Berkeley 224-cm cyclqtron; The 90Mo source for another
'éoincidencé experiment was produced by bombarding:zirconiuh foils with 65-M¢V '
o particles.

90Mo for

The chemical procedures used to purify_and preparé sources of
© Yy-ray spectroscopy havé-béen described"byvCooper et al.6). An ion-exéhange
column in which MQ activity was absorbéd_served as thé source for bbth the
singles and coincidence experiments. io prevent the daughter‘activity
(90Nb) from growing-in, the column was.cbntinuously washed with an elutant
solution for Nb. To maintain consﬁancy of the cbunting rate and to make long
counting inté;nais possible, 90Mo activity waé'periodically added to the
column.

The y-ray siﬁgles spectrum was sﬁgdied with a lithium-drifted germanium
detector with an Active volume 6f 1 cm? by 5 mm déep. The resolution of this
detector (FWHM) was/l.3 keV at an energy of 122-keV (5700). The containef of 
this detector has a o.oio-in. Be window ‘and the detector has a "déad-layerV
of abouﬁ‘one micron of gold. The assbciated electronics consisted of the

lO,ll) with a preamplifier con-

12).

Goulding-Landis "198" biased-amplifier system
taining a cboled field;effect tréﬁsisﬁor as the first stage Pulse—heighﬁ
analysis of the spectrum was made with a l600;channel analyzer.

The -y-ray coincidence spectrﬁm waé studied ﬁith two éérmahium detéctbrs .
(with active voiumes_6 em® by 9 mm deep, and 6 em® by 7 mm deép); and a 171/2
by 2-in. NaI(T1) s¢intillator was also used in some.experiments.  The con-
tainers of the Ge(Li) detectors have 0.020-in. Al windows and the detectorsv

have "dead-layers".of about 1 mm. The "fast-slow" coincidence cifcuitry was'
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assembled from units of the fl98"_syspeﬁ. _?his equipment uses a "crossover"
circuit tévgenérate the fast;coincidéncé'pulses at the crossover points of
the siower pulses from the linear amplifiers. A-resolviﬁg time -of 50 nsec .’ e
was used. ‘Pulse;height analysis of the coincidence spectrum was made with |
three 400-channel anaiyzeré.

Two coincidence experiments were performed. The first was done with a
, 90Mo-sdurce.in which 9OMo and 95mMo hadlbeen produced in about equal amounﬁs ,
by bombarding-natural zirconium with 65;MeV & particles. The source for the
second experiment was prodﬁced by bombarding 93Nb with 50-MeV protons. Very . .
little 95'mMo was Produced in the latter bombardment. In both_experiments the
ion-exchange column containing ﬁhe activity was placed between the two Ge(Li)
detectors_(at_é source-to-detector distance of aboutvl cm), and the éngle
.beﬁweeh the two Ge(Li) detectors was 180 deg. |

In the firsf experiment, the Ge(Li)-Ge(Li) systeﬁ was used. A single-
channel analyzer was used as a "gate" to.éelect a portion of.the spectrum,
and the detector pulses in coincidence ﬁith the gate pulses were displayed on
- a multichannel analyzer. The smaller detector waslused for gating on several
‘of_the lower-energy 7y rays, and the coincidént Y-ray spectrum was detected'
vwith the larger deteétor.' In the second experiment, a NaI(Tl) detector was
usedﬁto gate on high-enefgy ¥ rays while the small Ge(Li) detector‘was used
to gate on low-energy 7y rays, and the Y-ray spectra in coincidence with the
- two gates were‘recordéd simultaneoﬁélj.  Because of the large number of 180-deg .

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

Ll

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.
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3. Experimental Results

3.1 GAMMA-RAY SPECTRUM

L . , 6 |
In the initial study of 90Mo by Cooper et al. ), 16 photon lines were

observed. The existence of these was verilfied 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'y-ray lines have been identified in the
, : 9

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

90

lines to 90Mo rather than to 95mMo, to the daughter ~ "Nb, or to other isotopes,

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

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

)

spectra of pure 93mMo or 90Nb.
90

A sample “ Mo gamma spectrum is reproduced in figs..é and 5, and the

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

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

photopeak efficiency function experimentélly.determined for this detector by
HaverfieldlB). Severél observations céﬁ{be made concerning the gamma-ray spec-
trum: |

a. One notés in the figures séveral peaks marked as "double-escape"
peaks arising from high-enérgy Y rays of:9oMo, ?oNb, or 95mMo, Some of the
intensity of the 365 and U455 peaks is probably due to -y rays of these energies,
as the double-escépe-peak’to photopeak rétios aré abnormally high iﬁ these

cases.

b. The indium x rays (fig. 2) arise from vy-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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Table 1
Summary of 90Mo transition energies, intensities, and internal conversion coefficients
'l‘mnuition(a) Photon(b) Conversion Conversiun(b’c) Tranuition(b) Internal Conversion Coefficient
encrgy {keV) intennity shell electron intenoit, {experimental] "~ (theoretical) B {theoretical)
(parcent) . intensit (percan . .M E2
: (percentg
42,70 t 0.0 2,18 t 0.2 K h.8 + 1.6 7.5 % 1.7 2.2 % 0.7 50) 2.4 (o) -
. L 0.50 + 0,13 . 243 % 0.6 (-1) 2.9 (-1) 8.1 (0)
122,370 & 0.022 65.3% & 2.0 K .28.86 40,7 100 Aot 0k (-1 1,2 E-l ho6 5-1
L 479 + 0,10 7.3 0.9 (-2 L5 (-7 7.7 (-2
" M4N 1.0k + 0,13 .
162.93 £ 0.09 6.06 % 0.5 K 0.3h0 0,013 G.h5 £ 0.5 S 56 0.8 E-.’?; 5.5 é-?; 1.7 2.1;
L 0.038 % 0,003 6.3 14 (-3 6.5 {-3 2.5 (-2
Ml 0.009 * 0.003
203.13 % 0.10 6.6 £ 0.5 K 0,209 * 0,006 6,10 £ 0.5 W2 '% 0.6 é.e 3.1 5.9; ’ 7.9 (-2
L 0.026 % 0,002 k0 1.0 (-3 3.6 (-3 1.1 (-2
MaN 0.006  * 0,00h
. E3
257.34 + 0.0h4 79.1 t 2.6 K 11.25 % 0.k 92.8" & 2.7 Lh2 (1) 1.h2 (-1
L 2.04 £ 0,06 . : 20RO E-e; 2.6 -2;
MN 0.40 t 0,03 5.1 % 2.0 (-3 -
323,20 * 0.18 6.41 % 0.5 K 0,0642 + 0.0020 6,48 £ 0.5 1.0 £:0,1 g-e; ~ o.'9'$-2 2.5 (-2)
L 0.0074 & 0,0006 . 1.2 % 0.3 (-3 L1 (-3
421.0 ¢ 0.3 " 0.25 t 0,08 K 0.00092 + 0.000Lk 0.25 ¢ 0,08 3.6 % 0.7 (-3) k9 (-3) 6.7 {~3)
W51 & 0.5* 0.36 + 0.08 - 0.36 + 0,08
4o.5 t 0.6" 0.95 t 0.2 - 0.95 ¢ 0.2
hhs,37 ¢ 0.21 6.13 t 0.6 4 0.0288 % 0.0018 6.16 + 0.6~ 5T % 0.9 (-3) b2 (-3) 5.6 (;3)
L 0.0025 % 0,0011
Wpa2h % 0.28 1.4 % 0.5 K 0.0040 * 0.0002 145 ¢ 0,15 2.8 £ 0.7 (-3) 3.7 (-3) 4.7 {-3)
hg9.8 £ O.h 0.7h % 0.1 K 0.0027 * 0.0003 0.7h £ 0.1 3.7 % 1.0 (-3) 3.5 (-3) ko2 (-3)
AT ¢ 0.7% 0.16 % 0.1 — 0.16 £ 0.1
9hr,5 & 0.4 5067 t 0.6 X 0.00377 £ 0.00013 5.62 £ 0.6 6,71 1.2 (-4) 7.6 (<h) 7.4 (-b)
9464 £ 0.8" 0.68 t 0.2 - 0.68 £ 0.2
B7.3 & 2* 0.1 £ 0.0 —— 0.1h ¢ 0,05
990.2 1 0.6 1.0b £ 0.2 K " 0,00069 + 0.00008 1.04 £ 0.1 6.6 £ 1.7 (-4) 6.8 (-4) 6.6 (=)
1270.3 + 0.6 k.17 1 0.4 K 0.0019G £ 0,00014 ho2t & Ouh 7% 2,0 (<h) 5.1 {=h) 4.9 (=h)
.
1287.% ¢ 0.5 1.88 * 0.2 X 0.00079 £ 0,00005 1.8814 0.2 4,2 ¢ 0.9 (-h) s (b)) 3.2 (-h)
whe - 1 2" 0.05 % 0.02 ' 0,05 t 0.02
'11»51».6 £ 0.7 191 % 0.5 K 0.00064 ¢ 0,00007 1.91 £ 0.5 3.3 & 1.6 (=h) 2.0 (.h‘) 1.9 {-b)
1W63.5 ¢ 0.9 0.68 t 0.2 K 0.00031 £ 0.00010 0.63 £ 0.2 b5t 5.6 (-4) 2,0 (-h) 1.9 (-4)
11,6 2 1.4 0.21 t 0.2 K 0.00032 ¢ 0.00016 0.21 t 0.2 ) '

2an quoted transition encrglec cxcept thoce marked * » are the yuluco determined by Pettersson ot ul-g).

b_'l‘hc nuoted intentities ure ubsolute vualues in pereent of totul

0. 1h0 {'or the K-conversion coclficlent of the 257-keV £3 tranuition,

Mo decays, normulized to 1.00'[: intencity for the 122 keV transition.
¢ X .
Conversion line relative intensity values were token from Petteroson et ul.)), und thebe were nommalived to the photon relative intenoities by use of the

value

<
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c¢. It was possible to obtain a more accurate relativevintensity
value of the 42.7-keV photon than in oufipreviousiwork6) because of the much
lower absorption of low-enefgy v-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 vy ray seen in
our v-ray‘spectrum 6f 90Mo. Pettersson ¢t al.9) report»observing a conversion
line that they assign to a 423 b keV trénsition in the daughter 90Nb,”on thev
basis of half-life informatiohf We have however examined the y-ray spéctrum'
of pure 9oNb sources, and no vy rays were found in the.vicinity of 423 kev.
(seé fig. 34, ref. 14). If we reassign.the conversion line observed bj

90

Pettersson et al. to the decay of Mo, the transition energy becomes 42u.h

- +0.3 keV, which is consistent with our value 425.1 +0.5 keV.

3.2 COINCIDENCE STUDIES AND LEVEL ENERGIES

a. Levelé at 85k, 2126; énd 2309 keV

* The 90Nb ievel scheme proposed by Pettersson et al.9) differs in'essential

respects from the one that evolved from‘our.studies (fig.'ﬁ)'and these dif-
ferences are best described with reférgﬁce to the.coincidence dé£a on which
our level scheme is based. i

A major feature of the level schemébresulting from the colncidence in-
'formatiqn is that the 43, 163, 203, and 32%-keV transitions‘are:in cascade, .
with no Strong érossover trahsitions. 'This contradicts the scheme of Petterésohv
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 relatlonehlp comee.from‘the fact thet the relatlve in-
tensities of the h5, 163, 205, and 523 keV photopeaks are equal in the tbree\
coincidence spectra'taken by gating with the 165, 205, and 323 y,lines,as well :"
as in the singles s;ectrﬁmé(Tabie 2). The same isffrue cf‘the 1271 and 1455
photopeaks, and we conclude that the latter two tran31tlons feed the cascade.
(See section 4 below for- fUrther dlscus51on of lh55 keV c01nc1dences ) The
data also show that the h90- and 990—keV transitions are in coincidence‘with:;
the 163-keV transitions | |
t is 1nterest1ng‘£o take note of‘the sum relatlonshlp E

fw 523v

El657 + E2057 which was the bas1s for the conclusion by Pettersson et al that'
these two palrsvof transitions de-excite a common levelvln'parallel. Because i
~of the coincidence results, hcwe#er,_we conclude'that this sum is eccidental." 
“In constructing the level scheme, it is necessary to estabiish first |
the base state of the i65¥ cascade. (In the following,l"the 163~ cascade"
refers o the 4z, 163, 203, 323 series of <y rays, with sequence unspecified;)
The possible choices, from the basic level scheme of fig. 1, are the ground.
state, either of the isomeric states (1+ orvh—), or the 6+ state at 122.4 keV.l.
» .
We rule out the 1+ state on the basis that 90Mb has insufficientedecay energy
available to allow the 165- cascade plus 1U455-keV transition to feed this
state. The choice of decay to ground can be eliminated on angular momentuﬁ_
arguments; that is; the maiimum spin change.that can be brdught about by the
electron capture piﬁs the y-ray cascade (starting with the iQ?i-keV transition)"
is 7 units, according to multipolarity and lcg It informatieh discussed in
Section U4, whereas the spin difference between parent and daﬁghter 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
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Table 2

Relative intensities® of the 43-, 163-, 203- and 323-keV
s gamma rays in the coincidence spectra

Gate energy o ' o S o
(keV) A/B _— c/B ' 'D/B
16302¢ ©0.25 * 0.0% 0.6k o0.08  0.26
203° 0.29 % 0.05 » : , 0.26 + 0.02
303 0.22 % 0.04 - o 0.64 + 0.07
l63d’e 0.265 o o 0.68 £ 0.02 0.26 * 0,02
 gued 0.24 * 0.03 ' 0.68 £ 0.03 0.25 % 0.03
T1130¢ £ 0.29 % 0.03 . 0.68+0.03 - 0.27 % 0.03
1387d - 0.26 & 0.05 A 0.72 + 0.03 0.26 * 0.03
Singles . 0.68%0.05  0.26 % 0,02
A = intensity of the 43-keV photopeak |

intensity of the 163-keV photopeak
intensity of the 203-keV photopeak
intensity of the 323-keV photopeak

B
C
D

8 he intensities have not been corrected for photopeak efficiencies.

Pobtained from first experiment, Zr (Q, xn) Mo?°, _

®These relative intensities were normalized to the 325-keV_photopeak intensity.
Yobtained from second experiment, Nbo (p, bn) Mo”0,

®These relative intensities were normalized to the hB-keV’photopeak'intensity.
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cascade ahd thosé feeding i%t, and because the higﬁ—lying stafes recelving the
primary electron-capture decay appear t6 have even parity. (The fact that
the 122-keV ffansition, de—exéiting thei6+ state, was not obsérved in coinci-
dence with any members of the 163-cascade mighf 5e régdrded as evidence égainst_
this interpretation, but it is likely thatvthe half-life of this state is muca
longer than thel50;nsec resolving £ime ﬁsed in the ‘coincidence experiments. )

We note that the foregoing arguments, which define levels at 85&.3,
2125.6, and 2308 9 keV, do not establish the sequence of the b3-, 163- 203-,
and 325-keV trans1t10ns in the cascade.

b. Levels at.18Mk and 233l keV

The following ehergy sum of the type El + E ,= Eé is valid within the
experimental errors, and indicates a cascade-crossover relatlonshlp

E The coincidence data indicate that both the 490- and

Bo00y * Phooy = F1idey
990-keV trans1t10ns are in coincidence w1th the 163- cascade. The 990 is the
more intense so we place it below the h90. Thus, levels are loéated at 18%4;5
and 2334.3 keV. In support of this interpretation one notéé that the ratio.

'of the relative intensity of the 99O-keVVpeak in the coincidence speétrum to -
that in thé singles spectrﬁm is 0.90 iO.lBIWhile 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 QQMB +0.1, respectively.

c. Placéﬁent of the ﬁ72-keV transitidn; energy of the 2h-sec isomerié
trans;tion.v | | |
Thevposition of the h??-kev transiﬁion in thé aecay scheme is, in ouf.

interpretation, the key to the determlnatlon of the energy of the 24—sec
' 90Nb isomer. A cascade crossover relation is 1nd1cated by the energy sum,

Elh65y’ whigh is satlsfled w1th1n experlmental error. The

Eyroy * Bogoy =
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472-keV transition cannof‘precede'the 990, as'qoes'the 490, because in that
case there could be no incomingfoutgoing_intensity balance at the 184k-keV
level. Therefore, the 472 is placed‘beiow the 990 and a'leﬁei is defined at
382.1 keV. The coincidence data strengly support this interpretation; in
_ addition to the fact, already menfiohed; that the 990-keV ~y ray was observed
in coincidence With_the 163~ eascade,.the data aleovrevealed that the.u72-ke&
¥ ray definitely was not in coincidence. with the‘l63- cgscade. This confirms
that the W72-keV transition does not precede the 990-keV transition. (In the
scheme'given by Pettersson etbal., both'tﬁe 72~ and ﬁ90-kevv£ransitionS'vf‘
' érecede the 990-keV transition, but this sitgation contredicts.both'the
coineidence and intensityvarguments éresented here.) |
‘The energy of the isomeric transition is calculated by'clesing the _

energy eycle shown in fig. 9. The vaiidity of this cycle is supported by

the gooa incoming-outgoing intensity balance et the lEE.ﬁ-keV state. Thue

the value of E determined in this way; is 2.38 i0.36 keV. Note thet this

I’
‘value and its error are independeﬁt of the reiative order of the transitions
in the 163- cascade.since only the sum_ef the transition energies in the
caseade enters the calculation.

This result is consistent with the 3-keV upper limit placed onvﬁhe tran;"
sition energybby our previous study ). Intense electron lines, observed below
| 2.5 keV in the earlier study but unidenﬁified because of insufficieﬁt resoiﬁtion,
weuld be consietent.with the exﬁected predomihant MI and MIIIacoﬁversion linee
of a 2.38-keV M2 transition, which would occur at 1.91 and 2.01 keV.

d. The level at 1769 keV | |

The exisﬁence of a level at 1769 keV is indiceted by energy-sum, intensity,l

and coincidence data. Good agreement in the energy sums Ehh5y + B

gy = F1387y
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and Eugly,f E9h6y = E15877 suggests.a cescade-croseover relation, and this
is.substantiated.by thevcoincidence}spectrum shown in_fig. 10. . The only high-
energy Y ray definitelyvin‘coincidence with the hh5-keV‘y ray (gate) was the
9h2_-keV y ray. No low-energy coincidences were observed. v

| For verification, it was desirable t0 examine the spectra'in coincidence
with the 942- and 1387-keV <y rays, but the poor resoiution of the Nal detector
‘made it impossible to select individual photopeak "gates" in the high-energy
'region. Thus,'the gate "window" set over the 9k2-keV photopeak also in-
cluded the oLk6.-, 987-, and 990-keV phonopeaks. The yfray.sbectrum in coin-
cidence with this gate; shown in fig. il, clearly shows the Lh5-keV v ray
and confirms the MH5-942‘coincidence relation. (One also sees 163, 203, 3235v.
,coincidences because of the 990-keV comnonent of the gate window.) |

. The epectrum in coincidence with the 1387-keV gate,nhich includes the

‘1587;,'1h46-, 1455-, 1463-, and 1481-keV vy rays (fig. 12);shows all four
members of the'165 cascade with the sane relative intensity that they have
in the.singles spectrnm. _We interpret‘this as being due primarily to the
v lh55-keV component of the gate pulses. It ie reasoned that essentially none
of these coincidences can be due to the l§87-keV gamma raj because this line
did not appear in the spectrum in coincidence with.the 163;keV gate (rig 6).
If the 1387 were in coincidence with any of the othef members of the caScade
(u3-,_203-, 323-), the intensiny of'the 163-keV photopeak in fig. 12 would
have been noticeably low. It is also known from -the 163-keV coincidence
'snectrum that the 1455-keV 7y ray is in coincidence nith the 163-keV vy ray.
Thus, if the 1455-keV transition were not in coincidence with all 4 of tnese

low-energy 7y 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 4L45-9L2 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 LU5., oho-, or 1387-keV vy rays the 1nten31ty of this cascade

(~8% of total decays of 20

decay to the 1769-keV level.

2. The lack of coincidences also indicates that the 415-942 cascade feeds

Mo) must be due to primary electron—capture

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 he are already associated with ~100% feedlng intensity. (The sum |

of the 257-keV tran31t10n 1ntens1ty ‘and that of the 163-keV cascade

is actually about 99.2%.)  Since the intensity of the M45-9h2 cascade

s about 8%, it cannot possibly bypass the.257-keV transition.
Thus, the data 1ndlcate that the Wh5- 9&2 keV and 441-9L6 keV cascades
.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-
ten51tles are about equal However, we-take note of an energy éum of the
type B, + E_ = E_ + Eh whlch, if not ac01dental, would indicate that the

1 2 3
9h2_keV transition lies lower than the 4i5-keV trans1t10n. The sum is:

| Foney * Pogry = M(Qv 1h55y'

feed
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3.3 TRANSITION INTENSITIES) CONVERSICN COEFFICIENTS, AND MﬁLTIPOLARITY
ASSIGNMENTS
In Table 1 a summary is given of all the energy, intensity, and multi-
polarity data on the 9OMo transitions. In constructing this table, the photbn
infensity data obtained in this work:were combined with the conversion electron «
data pf Pettersson et al.9), to give relative values 6f,the internal coﬁversion
coeffieients. From these, absolute values were compﬁted by normalizing to the
' 8liv and Band theoretical valuel5) for the 257-keV E3 transition. In the
table, all photon and electron intensities are given es percentages of 90Mo‘
decayg the nofﬁalizing‘factor uéed here was obtained from our knowledge of
the absolute 1nten31ty of the 122-keV transition (100%). v ‘ .
For a comparison of the experlmental conversion coefflclents of all
- transitions (except the 2.4~ and Lo, - keV trans1tlons) with the theoretical
values, fig. 13 was prepared. From this_plot a definite multipolarity -
assignment of ML is made to the 163, 203-, and 323-keV transitions. ALl
others appear to be Ml, E2 or mixed Ml-Eé transitions.
| In our previous investigafion6); the L-subshell electron lines of the
42, 7-keV transition were recorded with the Berkeley 50—cm iron;free.speetro;

meter. The experimental L /(L ) ratio for thls transition is 10.5 +1. 5

III
The theoretical ratios (determined from log-log plots of values in the Sliv
and Band tables) for El, E2, M1, and M2 multipolarities are 3.28, 0.220,

10.9, and 7.6, respectively. Thus, it appears that the L42.7-keV transition

is also predomihantly M1.
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3.4 THE 2.4-keV ISOMERIC TRANSITION |
of central importance to our undefsﬁanding of the 90Nb level‘scheme is

the mﬁltipolarity of the'Q;h-keV isomerié tranéition,‘since the consideraﬁions
of angular momentum and barity'conservatioh that led Cooper et al.6) to
postulate its existence also restricted the choice of multipolarities to Mé
or L3, | |

| One obvious problem in this‘connection iélthe la¢k of direct experiméntal

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 o >> 1) the

reduced photon lifetime is given by

total cdnversion coefficient
total half-life.

"

T

#

" At the time this work was done, there weré available no tables of theoretiééi"
conversion coefficients for very low-energy transitioné_converting in outer shells,
and it was<hecessary to make use of extrapolations and approximations iﬁ order to
estimate themlu). Recently, however,‘Hagér.and Seltierl6) have.maderan extensive 
calculation of relativistic, screened conversion coefficients including the.M- |
shells; and these'calculations have'beenvcarried_to very low;ehergies 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 correspondihg M-subshell_valués, and thetNII- and Ny- subshell
values were further reduéed by the factor O,H fo corréct for thevincomplete
ha ofbif Qf niobium. The Oi— subsh611YValué was éssumed to be ope-sixth the
‘ NI value because the Ds orbit is only half full. |

: Wifh use of conversion coefficients éstimated in this way for the 2. h-keV
transition in 90Nb, we havé calculated the'fedﬁcéd lifetime values for the M2
and E3 alternatives, and they are plotted invfig. 14 (vs. neutron number).‘
The similarly calculated vaiue for the 2.1 keV isomeric transition in 99Tc;
known'to be an E3, is also plotted. Tor reference to knbwn_ME and E3 transi-
tions, ﬁe have inclﬁded‘aiso reduced lifetime values taken frém the book of
élivl7) for these multipoles. This comparisoh.indicates that the 90Nb iéome:ic
transition is a slow M2, whiéh_is commoﬁ, rather than a very fast E3, whiéh is.
"uncoﬁmon. Were this transition an E3, its reduced lifetime would in fact be
~the shortest of any of the knoﬁn E3 transitions shown in fig. 14. It is

interesting to note; however, that the value for the 2.1-keV E3 isomer of

is considerably shorter than most other E3 transitions.

4., Electron Capture and Positron Decay of

90Mo

4,1 LOG Ft VALUES

The ievel scheme shéﬁn'in fig. L iﬁcorporates'l9 out of 23 transitions
ideﬁtified in ?OMO decay, and accounts for 99% of the decay intensity.

The transition intensity data indicate that 82 iS% of the priﬁaﬁy 90Mo
decay populates the 1+ state at 382,1 keV. With use of the theoretical nc/gt
" ratio 2.2 iO.l.(obtained from‘curvesbgiven by Wapstral8) and Feenberg and

.t ' ' _
Trigg 9)) we calculate a positron branching to this level of 26 *1.4%, which

Ppe

¥
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agrees closely with the value 25.5% measured from the positron spectrum by
. N + .
Pettersson et al.9) Also in agreement is the value_for.the EC/B branching,

3.0 #0.5, reported earlier by us ).

4.2 SPIN AND PARITY ASSIGNMENTS
Our experimental log ft values for EC and S decay, given in fig. U,
indicate 'that all observed tran51t10ns, with the p0551b1e exception of that
to the 18hh-keV state, are of the alloved type. We conclude that the hlgh-
lying states shown in the figure have even parlty and spln values 0. or 1.

" 90

The most promlnent new feature of the " "Nb level scheme resulting from
- this study 1s the cascade of Ml transitions leading from the 854-keV state
to the 6+ state at 122vkeV. 'ThlS cascade seems clearly to be identified withf‘v'
the bend of even-parity states expected from the P(g9/2) N(g9/2)~1 con-
figuration, and thus we have‘made the assignment 2+, 3+, W+, 5+, O+ for this
sequence of levels. As stated before, we have no date bearing on the order

{
N
of the transitions in the cascade.

5. Theoretical Considerations

The decay scheme and transition energies and intensities obtained fofrthe

90Mo to 20 b decay should provide valuable tests of nuclear theory. The
90

neighboring nueleus MOZr has & closed major neutron shell and a closed proton

50
subshell. Thus, to a first approximation we expect to find in 90Nb the-simple
multiplet O+; 1+, «e.. 8+, O+ resulting from the interaction of a g9/2 proton
with a g9/2 neutfon hole. Figure 15 is taken from the 1963 work of Kim and

'RaemussenQO) and shows the expected particle-hole spectrum for P(g9/2)N(g9/2) “
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in A~ 90. Theifccelculeticn used the "Potentisl‘iIﬁ;fihclﬁdisgttensor
ccﬁponents,that they employed in fitting the spectrum:oftngBi_2l). It is
seen that the theoretiCai spectrum . of fig. 15 correctly_predicts a cascade
2+, 3+, U+, 5+, 6+, 84+. The 2+ level lies:theoretically_w(lSVMeV above the“'

lowest lying 8+, in surprisingly good agreement with tﬂe 85ﬁ.5 keV of experiment._
» The smallest energy spacing in the above‘cascade iS'expected,to be the 4+ to 5+
transition, lending some argument fof placementﬁCf the-42.7-keV transition iﬁ
that position. _ '}. |

The theory predictsvthat thé'0+ and 1+ statés of the multiplet lie near

2 MeV. The simplest:shell model-coﬁsiderations, iénoring'residual interactions:
such as palring force, would predlct that these O+ and l+ states should in-
corporate the predomlnant beta decay strength and exhlblt low log ft values.
The parent 20 Mo would be assigned predominantly the configuration of a palr

90

of g9/2 protons and a Palr of g9/2 neutron holes outside the Zr core."In

allowed beta decay a g9/2 proton could transform into a g9/2 or g7/2 neutron,‘

© but the latter strength (g7/2 would be centered at such high excitation

energy in 9ONb that it would be negllglble.

Experimentall&, we see that the three iargest beta decay matrix elements
(log £t between 4.5 and L4.7) go to states atv2l26, 2309, and 2334 keV. Tﬁis
feature is consistent with the ache theoretical cohsiderétiohs if we realize.
that above ~1 MeVltke Nb states may have a complex structure w1th considersable
Acon*iguratien mixiég The beta decay strength may be sprea& across many states,
w1th the beta decay matrix elements being a measure of the a&mlxture of the

90 Nb states of low

1
7r has a O+ eXClted state at

simple [P(gO/Q)N(g9/2 l]o ;. in the various. states. The
(9

spin above 1 MeV may 1nvolve core excitation
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1.75 MeV and a 2+ at 2.182 MeV) and also configuration mixtures of

[P(pl/g)'l(gg/é)2 N(pl/Q)—l]O,l+' The 1+ state at 382.1 keV may be predominantly

of the p-state Character'abovél Tt remains for a more sophisticated shell-model
theoretical calculation to make quantitativébcomparison with experimental

energies and transition intensities.
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FIGURE CAPTIONS

Partial decay scheme of 90Mo proposed by Cooper et al.8).
. ‘ %

Low-energy porﬁion of the gamma-ray‘spectrumfofb Mo observed with 1 cm?
X 5 mm deep Ge(Li) detector uith cooled F.E.T. preamplifier..
High-energy portion of gamma-ray spectrum of om0 (with Pb absorber)
observed with 1 em® x 5 mm deep Ge(Li) detector with cooled F.E.T.
preampllfler.'

90,
Decay scheme of 5.7 hour " "Mo.

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'l65-keV photopeak. Also shown for comparison’is the singles-
vspectrum. | | |

High-energy portion of the gamma-ra&‘spectrum in coincidence with the
(A) 163-keV photopeak and (B) Compton background on the high-energy side .

of the l63—keV photopeak. Also shown for comparison is the'siqgles

spectrum.

Lowaenergy portlon 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
side of the 203-keV photopeak. Also shown for c0mparison is the singles

spectrum.

]

- Low-energy portion of the gamma-ray spectrum in coincidence w1th the

(A) Compton background on the low—energy 51de of the 323-keV photopeak

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

spectrun.
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5.9

Energy cycle used te caiculate energy of the 2h.sec 7 Nb isomer.
High-energy portion of the gamma-ray spectrum in coincidence with the
(A) hh5—keV photopéak (B) Compton background on the hlgh energy 51de of
the hh5-keV photopeak

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 "9h2-keV photopeé.k".,

Gamma-ray spectrum in coincidence with the (4) "1587 (+)-keV photopeak"”
and (B) Compton background on the hlgh-energy side of the "1387 (+)-keV
photopeak".

Theoretical K-shell internal‘conversion coefficiente plotted against
gamma-ray energy. The experimentaily determined K-shell coefficients

are also shown (points witn error bars). -

Reduced 1ifetimes of (A) M2 and (B) E3 transitions plotted versue neutron:
number. |

Theoretical particle-hole spectrum:for A~ 90; from Kim end Rasmussen 20).»
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Note: The order of these stotes is undetermined
- .

Fig. 4
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 usefulness 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 for 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 employeé 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.








