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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ENVIRONMENTAL EFFECTS ON THE DECAY CONSTANT OF Nb 1
John A. Cooper

Lawrence Radiation laboratory
University of California
Berkeley, California

September 2, 1966

ABSTRACT
A new method has been developed to study changes in nuclear decay
constants due to alterations in the chemical or physical environment. This
method has been applied to the study of the effect of chemical state changes,
the effect of a large increase in pressure and tﬁé effect of changes into

and out of the superconducting state on the decay constant of the 24—second

‘.isomeric state in Nbgo. The following results were obtained for these en-

vironmental changes:

A(Aqueous Fiuoride) - A{Metal) = (-0.036 + 0.004) A(Aqueous Fluoride)
X(100,000 atm) - A(1l atm) = (0.005 t 0.007) A(100,0Q0 atm)
“A(12°K) - A(k.2°K, superconducting) < 0.002 A(12°K)

Pl

These results have shown that the energy of the transition aepopulating

this isomeric state is very lowvand that an appreciable fraction of the

isomeric decay fpkes place by ejection of velence electrons. ' .
Thé gamma -ray spectrum Mo90 has also been'investigated. Several

new lines have been observed and the photon intensities have been measured.

' The multipolarities of many of the intense transitions have been determined

and thelir coincidence relationships resolved with gamma—gamma coincidence
studies. A decay scheme has been postulated from which the enérgy of the
transition depopulating the 24-second isomeric state has been determined

from energy differences to be 2.38£0.36 keV.
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I. INTRODUCTION

it was well known by the late 19th century that ordinary chemical
reactions are generally sensitive to changes in the chemical and physical
environment. It was only natural ﬁhen, after the discovery of radicactivity
by Becquerel in 189 and the subseqdent discovery of the rate laws governing
radioactive decay, that chemists and physicists should investigate the
effects of environmental factors on fhe decay rates. A great deal of in-

* terest was shown in this area in the years immediately following the dis-
covery of radiocactivity. Among the early pioneers to éxplore these
posSibilities were such notable investigators in the fiéld of radioacfivity
as E. Rutherford and the Curies. They used the natural radiocactive elements
available.to them, such as radium, uranium and thorium, and they employed
temperatures ranging from'liquid hydrogen to 1000°C and pressures up to
2000 atmospheres. These early investigators made comparisons between the
decay;rates'bf the various radioactive species in different chemical com-
pounds and subjected the radioactive elements to high magnetic fields and
intense illumination. The results of these early investigations,.in every

. case, indicdted that the rate of radioactive decay was independent of its
phy51cal and chemical environment. '

It was the hope of these early investigators to shed some light on
the theory of radiocactive decay. However, it was not until the advent of
the Rutherford nuclear model of the atom’and the complete understanding of-
the origin of radiocactivity that this insensitivity of radiocactive decay
rates to the eﬁvironment was understood. It was with the realization that
the nucleus is surrounded by a protective sphere of electrons whichvacts
- as an effective shock absorber to the relatively small perturbations caused
by chemical and physical changes, that interst in this field suddenly '
dropped in the 1910 S.

' There was practically no work in this field follow1ng the initial

surge of activity in the early 1900's until the latter part of the 1940's.

It was then that the more subtle theoretical points of nuclear decay were



sufficiently developed to lead the way by pointing out the type of nuclide
and influencing factors that might'be'employed. ‘Segfeg and Daudel5Awere
the first to renew active interesf in this area of investigation’when in
1947 they 1ndependently suggested that nuclei which decay by orbital elec-
tron capture might have their decay constants measurably altered by changes
in either their chemical or physical environment. They pointed out that in
the case of electron capture decay, the decay constant is dependent on the

. atomic electron density in the vicinity of the nucleus and thus dependent
on the electronic environment. Usually these effects ére too small to
measure because the electrons involved in electron capture decay are the
inner-shell electrdnsrwhich:are”usﬁallyHVery-effectively shielded from
environmental chahges by the vaience eleetrons. However, this is not the
case with Be7 |
The Be7

1s and two 2s electrons, which can take part in this procese. Both ‘shells

nucleus decays by electron capture and has only four electrons, tuwo

will contribute to the electron capture porcess, although the K shell will
contribute to a much greater extent, and both shells will be affected by
changes in the environment

The expectations of Segre and Daudel ;ere confirmed by several in-
vestigatorsu_lo, starting with Boucher and co-workers in 1947, who studied

7

the effect of the chemical staﬁe on the decay constant of Be . However,

the values given by Kraushaar and co-workers are the most precise; they are
. ' I
[ e XBeO] /xBe
4

[ e._ >LBeF]/XBe - (7'5t;53) X 107 -

Although the effect obtained for the oxide is not much greater than the

n

(1.31£.51) x 10

'experimental error, the effect for the fiuoride is much more definite. As
one might expect, the results.seem to indicate that the more electronegative
0 and F atoms are pulling electrons away from the vieinity of the nucleus,

with the fluorine exhibiting the stronger effect.

, as wae pointed out by Segre and Daudel in their 1947 articles.
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The Be7 nucleus is the only one which decays by electron capture
that is suitable for this type of study. The other light nuclei are too
short-lived, and in the case of longer-lived heavy nuclei, the inner ‘elec-
trons, which contribute to the electron capture process, are very effectively
shield from the environment by the outer electron shells. Thus little
"additional interest was shown in this area after the original excitement

in the late 1940's and early 1950's.

v Daudel, in his original article, also reéognized the possibility

of altering the decay constant of abnuclide undergoing decay by the internal
conversion process. Goldhaber, who independently recognized the same pdssi—
bility, further realized the advantage thét might be gained by employing a
low-energy isomeric transition.ll An isomeric state, which is simply an
excited state of a nucleus with a measurable half 1life, decays by two in-
dependent modes: (1) the transition energy .can be given off in the form of

a gamma ray; or (2) the energy’can'bé transferred to'an orbital electron
which.isbthen ejected from the atom. The process of photon emission is
‘quite independent of fhe environmental conditions. waever,vthe latter pro-
cess, internal conversion, is dependent on the eléctroh density in the
vicinity of the nucleus and as such will depeﬁa on the electroﬁic environ- .
ment. The strength of this dependence on the electronic environment will
be determined by the energy 6f.the transition and thé‘probability of inter-
nal conversion. Usually the energy of the transition is sufficient to
eject electrons ffom the K shell, in which case the excited nucleus trans-
fers its energy to the electrons in the innermost shells, which are '
effectively shielded from environmental changes by the outer shell electrons.
For very low-energy isomeric transitions, there are two factors which alter
this situation. First, with decréasing transifion energies, the pro-
Jbability of photon emission decfeases very rapidly and although the pro-
bhability of internal conversion also decreases, it decreases at a much
slower rate and rapldly becomes the dominant mode of decay. Thus, for low-
energy transitions, the lifetime of the state is defermined essentially

by the probability of internal conversion, which for transition energies
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below several keV accounts for more than 90% of the transitions. The
second factor which increases the dependence of the nuclear lifetime on ' =
its environment is that for lower energy transitions, there may be in- |
sufficient energy available to eject electrons in therinnér shells, and .
as a result the internal conversion probability and.thus the isomeric.life- ‘
time will depend to a greater extent on the outer-shell electron densities.

In the early 1950's, Tc99m

for observing such an effect. 1Its unusually low transitionvenergy, 2 keV,

offered the most favorable situation

was unapproached by any other isomer and is sufficiently low to preclude
conversion of any electrons.inside the third shell. The transition has the
added advantage of béing almost_entirely conﬁerted, and the transition is
followed immediately by a conveniently measured 143-keV gamma transition to
the ground state. |

Environmental effects on the decay constant of T999 can be grouped -é.
into three categories; (1) chemical effects, (2) high-pressure effects and d
_(3) low—temperaﬁure effects. The first investigation of the effect of the

9%m

chemical state on the decay constant of Tc was reported by Bainbridge,
Goldhaber, and.Wilson.le, In this investigation two compounds in which the
technetium displays a valence of T+, KIcO), and Te oSy were compared.with1
each other and with Tc in the metallic state. They found the decay constant
for the technetium in the potassium pertechnetate to be 0,30+ .01% greater
than the technetium in the metallic state and 0.0jlt.OlE% greater fbr the j
technetium sulfidé than the metallic technetium. Bainbridge15 has also :
reported observing a 0.02% greater decay constant in the metal at 100,000
atomospheres than at atmospheric pressure. The low-temperature effect was
reported in 1958 by Byers and Stump,lu who -found that the decay constant
in the superconducting state is 0.061%.004% greater than the decay constant
in the normal state. ) '

Thus, the ability to affect the radiocactive decay constant héé de- 3 i
finitely been established for these two systems, Be7 and Tc99m. However, . : %—
before 1957 these were the only two systems known that might possibly have L

their decay constants measurably altered by changes in the environment. .
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But in 1957 Asaro and Perlman™ ~ and Huizenga et al.l6 independently found
another very low-energy isomeric transition to the ground state of U255.
Aithough the energy of this transition is less than 1 keV and hence its
decay rate is presumably quite sensifive to changes in the atomic environ-
ment, liﬁtle interest was shown in environmental effects on its decay rate
because of the difficult problems involved in working with an isomer with
such a short half life, 26 minutes, and one which is.so difficult to de-
tect because of the extremely low energy of its radiation. It was not
ﬁntil 1965 that Shimizu and M’azakil7 carried-out a successfui decay rate
modificatibn by collecting the U255m recoils on the first stage of a photo-

multiplier. Rutherford'sl8 difference method could then be used by measuring -

" the difference current between two photomultipliers containing chemically’

different first stages. They found that the decay constant of the U255m
collected on a platinum first stage was 0.32+.05% greater than the decay
constant of U2§5m collected on a carbonized platinum first stage.

Another low-energy isomeric transition was recently found by
Cooper et al.l9 in a reinvestigation of the decay scheme of Mo90. The de-
cay scheme as it was prior to our investigation is summarized in Fig. 1.
From thé M0907log ft value,20 the spin of the”380-keV level had been
assigned as O or 1, and from the Nb90 decay prOperties; the Nb9o ground
state was considered to have spin 8 or 9. Only two transitions hadﬂbeen
observed in the Mo9O ‘
half lives of 10 m sec (250 keV) and 2k sec (120 keV)Jgo However, the

decay, and these both had measurable lifetimes, with

above spin assignments require that at least 7 units of angular momentum
be carried off by the two transitions, and this was not consistent with

the half life and preliminary internal conversion data, which had indicated

‘that the transitions are at most octupoles.eo\

" In our reinvestigation, the multipolarities of the 122- and 257-
keV transitions were determined unabiguously to be E2 and EB, respectively,
by measurements of the L-subshell convérsion ratios with 50-cm iron-free
spectrometer. The K/L ratio also agreed very well with these aésignmehtg.

However, the reported half life of 24 seconds for the 122-keV transition



57 hr
90
42M0, g

o+

B*log ft 5.3)

on e lOm sec.

380
| 24 sec| —122
8,9+ ‘ -0
| 90
4 Nb49‘ |

) MUB-6593
Fig. 1. M090 decay scheme as known at the ‘start of this investigation.
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is longer by a factor of 107 than that predicted by the single-particle
model for an E2 transition of this energy, and thus a gross inconsistency
existed. In addition, the two multioolarity assignmente were still in-
consistent with the expected large spin difference (7.t6 9 units) between
the state initially populated by the decay of Mo90 end the ground state of
Nb90. o

To explaein the very long half life measured for the 122-keV transi-
tion and to conserve angular momentum, we proposed a partial decay scheme
.(Fig. 2) in which another transition is postulated as preceding the 122-
keV transition. The 24-second half life is then assigned to this new state
and not to the state from which the 122—keV transition originates. The
most likely multipolarity of the missing transition is M2, although E3 is
also possible. ' ‘

Avsearch,'ueing a high—resolution Ge(Li) gamma-ray detector, for
new transitions in the gamma-ray spectrum revealed many new, weak lines
ranging in.energy up to 1500 keV, but none are of sufficient intensity to
correspond to the missing 24-second isomeric,tfansition. A search of the
internal conversion spectrum also failed to reveal any ﬁew, strong conver-
sion lines above 2.5 keV. The region below 2.% keV was so complex, due to
‘the presenee of the IXY Auger and LiLjX Coster-Kronig electrons, thet the
presence of a very low-energy conversion line cannot be ruled out. Thus
we concluded that the energy of the 24 -second isomeric transition must be
less than 3 keV.

It is thus of interest to try to obtain direct evidence for the
existence of this isomeric transition. If the transition energy is suf-
ficiently low, the possibility exists of altering the decay constant by
changing either the chemical or physical environment as in thevcase of the
2 keV isomeric transition in Tc99ml However, the 2l -second half life of
this isomeric state is too short to allow the study of environmental effect

by the usual difference method developed by Rutherford.18 :
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1w
(0,1£) (I'4)

(341)(4-)
(6,7+) (6+)

(8,9+) (8+)

EC

5.7 h

O+

ﬁ+

IO msec E (kev)
380.0+8
o .
~IE3
e
o
24sec ﬁ o |
122.5+8 (3<3keV)

0
NIE2
4.6h &

S keV.

122.5

0

Fig. 2. - Partial decay scheme of Mo
The preferred state assignments are'underlined. .

transitions.

90

MUB-5035
showing postulated low-energy
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Thus one of the.pdrposes of this research was to develop a new
method of measuring small differences in nuclear lifetimes which would be
applicable to short—lived isotopes, and then to use this method in ex-
ploring the possible environmentél effects on the decay constant of the
2h-second isomeric state in Nbgo. The purpose of these environmental
studies is to verify the existence of the isomeric transition and to survey
the effects of various environments with the hope of shedding some light
on the energy of the transition, the conversion coefficient and éﬁe nature
of the environment. |

' A detailed discussion of the M099 decay scheme and our ideas about
the decay paths of lesser population than that of Fig. 2 is given in the
appendix. ' ‘ ‘ |
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vII.. THE PERTURBED EQUILIBRIUM METHOD

- The method used by all of the prev1ous 1nvest1gators to measure
fsmall differences in nuclear decay constants due to changes in the enViron—
ment has been the difference method as first set forth by Rutherford18 in
1911. With this method, the difference in the decay constant (&) is de-
;terminedifrOm the variation with.time of the differential current obtained
when the intensities of two radiocactive sources are compared in two es-

:sentially identical ionization chambers connected to collect ions of the

opposite signs. A plot of the difference’ current (X ) times eX at different

times yields a linear plot of the form
y = a + bx
The fractional-change in the decay constant is given'by the following re-’

‘lation,

/X = b/I A

where I refers to the initial current of 'the ‘source with decay constant

A + M. This method works very well for measurlng ‘small differences in de-

~cay constants of isotopes with half lives greater than several minutes,
The basic time‘limitation is the time required‘to measurevthe difference
current. Since this measurement almost always involves some sort of po-
tentiometric measurement and balanc1ng system, it usually requires at lcact
a minute or two per measured point. Thus, another method must be uscd tov
measure'the change in the lifetime of the 2M-secoggmisomeric_state in Nbgp.
. In the case of a short-lived daughter (Nb' . l, 2l Seconds)‘in
90

equilibrium with a'longflived parent (Mo” , 5.7 hours), a sudden change in
the'decaybconstant of the daughter caused by either a chemical or physical

change in the environment will perturb the equilibrium, which will again

be restored with the half-period of the daughter in the altered env1ronment;

The equation which describes the rate at which the system Wlll return to

its equilibriumvstate is derived as follows.
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Assume the following parent-daughter relation in which it is assumed
that B decays by way of a very low-energy isomeric transition,
.)‘A 2B

\
A > B )

and assume that a state of transient equilibrium exists just prior to any

change in the environment, i.e.

- dN, /N, dat = dNB/NB at

The change in the environment will perturb this equilibrium due to the
change in the decay constant of the daughter. Immediately after this alter-
ation, the rate of change of the number of daughter atoms will be given by

the differenée between the rate of production‘énd the rate of decay; i.e.

v —XAt . '
dNB/dt =X, N; e T N - (1I.1)

- where kg’is the new decay constant (XB + M) bf the daughter in the new en-
vironment and Nz.represents the number of A.é}oms present at the time of
the change.

Equation (II.1) is the usual parent-daughter, growth and decay re-

lationship which has the following well-known solution,

AAN; , ‘-XA‘t_to) _kg(t-to) o -Xg(t-to)
—_—— e - e B¢ s

%-XA

where Nz and Ng are the number of corresponding atoms present immediately

before the environmental change. Thé Product KANR in Eq. (II.1) cannot

N = + N (11.2)

- be replaced by the usual equilibrium condition. -

NZ?\A=N}3A_B . . : o | (11.3)
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This relétion is only an approximate one and is not valid when considering = -

very small effects. To see this more clearly,»the'eQuation from which

Eq. (II.3) was dbtained must be examined in detail. If the reference time,’
t,» is taken to be the time of the end of the irradiation, then the number
of‘iﬁomeric states, NB’ present at some time t‘ after the irradiation i
giveh by Egq. (II.Q), where NA° and NB° are now'the-number of correspondingv
atoms present at the end.of the irradiation.. For 't >‘>-1/XB’. Eq. (I1.2)

. simplifies to

Ng = [XANA. /()‘B_KA)] < o (TT.4)
. _ -XA(thto)

and by substituting NA for‘NA° e
Np = AANA/(XB-AA) | ' : _ , .(II.vf”))

(In the experiments which fbllow, the cooling times were at leaét 30 minutes

and usually longer. Thus, the terms with 'XB = A in the exponent

. . v 90m”’ .
willibe reduced by a factor of at least BTJB whérggs,the term with*XA = A

Mo90

will have been reduced by only a factor of 1/2 or less. Although
KA/XB may bg gquite small (XM09O/¥Nb9oml = 0.001), it 'may be of the same order
or magpitudevas AA/AB . Therefore, the usual approximatQOn, XB—AA A AB’
is not valid when used to replace XANAQ in Eq. (1I.2). -
There 1is a discontinuity in the decay constant at the time'ofvthe
¢nvironmental changé, aﬁd thusra new reference time, to, must befgiven td
the time at which the change takes place. The number of A and B atoms pre-
sent at the time of the change are defined as NA° and NE°{ respectiﬁely,
~and are related to each other by Eq. (II.5), i.e., S L

NB(?»B-XA)=>\ANA B .(_1:.6)
This ‘then, is the relation which must be used to replace XANA’in Eq. (I1.2).




.NB = (XB-XA) €

13-
After making the above-mentioned substitution, Eq. (II.2) becomes

NBO()"B-XA) —XA(t-tO) ' ->‘B>(t-to) o
I r——e e -e + NB e
LY o '

and simﬁlifies tb

-Xﬁ(t—to)

NB

NBchfo) Ay (E-t)) Ny(Ag-2,) e'ls(t-to>
1 x
A A

e + N - (11.7)
By substituting ABI+ O\, where M\ is the change in the decay constant,

N_ =

B B

~ for Ké in the term contained within the brackets, Eq. (II.7) takes the

following form,

‘lN° -\, (t-t AL (b=t
B al _°) + Me 5 '9> (11.8)

>‘13'>‘A_

" The intensity of any radiation in cascade with the low-energy iéomeric

transition is given by the following, .

' o NS -\t A (t-t ) - *(f-t-)' L S
I(t) = Const. ? .- (xB—xA)e A ° & Me 3 © (I1.9)
' Aa :
By setting t_ =0, Eq. (II.9) takes on the following form
Lt At . '
I(t) = e . (11.10)
where
o Bfor = (B/a) (X, /2y) ‘ | | | (T1.11)
x T A,XB ) L S ’

Thus, the fractionalAchange in the decay constant of an isomeric state

caused by a change in its environment can be obtained by observing how the
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1nten31ty of a radiation which is in cascade with the low- energy igomeric
state, varies w1th time after the change. Although the decay constant
before the change is notvmeasured, the fractional change_invthe decay con- .
stant, M/, can still be obtained by fitting the intensity data after the
change with Eq. (II.10) by the method of lease squares. This gives values
for & and B which can be used with Eq. (11. ll) to calculate /.
This method is generally applicable to all systems, regardless of
the lifetime of the isomeric state, so'long as (1) a state of transient
equilibrium can be obtained, and (2) the environmental change does not
directly affect this equilibrium in any way except by altering the'decay
constant. For example, a chemical change which would separate'some of the :
~parent from the daughter would not be an acceptable procedure. That is,
the same number of parent and danghter‘atoms must be‘present‘before and after
apy’instantaneods environmental change. The error associated with this
methodvis essentially the statistical counting error. vTherefore, the'size
'of the smallest effect which can be detected by this method is determined
by the feasibility of obtaining the required number of counts to reduee
the fractional error below the lower limit de51red
'In the next three’ sections, this method is further developed and o :
refined as 1t is applied to the M09O_ 90m, system. Three types of effect R :
are considered; (l) the effect of chemical state changes, (2) the effect of
_large pressure changes and (3) the effect of transitions between super—

conducting and normal metallic states.
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III. THE EFFECT OF A CHANGE IN THE ng%ICAL STATE ON THE
DECAY CONSTANT OF Nb 1

A. Introduction

- The primary purposevof the first experiment is to demonstrate that
the lifetime of the 2U-second isomeric state of Nb90 is dependent on its
chemical environment and thus verify the proposed partial decay scheme
(Fig. 2). Although the evidence suggesting the presence of the proposed
low-energy transition is very convincing, there was still no direct evi-
dence for its existence. However, an observed alteration in the decay
constant would be direct evidence of the existence of the proposed low-
energy transition. If the 122-keV transition were to depopulate the isomeric
state, the decay constant would not be measurably_dependent on the electronic
environment because of the transition's relatively low internal conversion
coefficient and the high probability of this conversion occuring ih the
" innermost electron shells. On the other hand, if the depopulating transi-
'ﬁidn energy is less than 3 keV, it wduld be much more sensitivé to ifs
environment because df its larger internal conversion coefficient and the
higher probability of this conversion occurrjng in the outer electron shells.
Thus, an alteration in the decay constant would indeed verify the existence
of the proposed low-energy transition. However, the converse would not
have been true because it was possible that the effect might not ﬁave been
large enough to measure. ’ * |

| The fractional éhange,in the decay constant, AA/X, can be expressed
‘as a summation of terms composed of two fégtors; one of which is dependent
on the energy and multiﬁolarity of the nuclear transition and the other
determined by the change in the electron density in the vicinity of the
nucleus. This-caﬁ be seen more clearly by expressing the fractional change
in the decay constant in terms of internal conversion coefficients. The
observed decay rate, A, of an excited nuclear state which decays by internal

conversion and photon emission 1s equal ‘to the product of the characteristic
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decay rate for the gamma process, Ky, times one plus the total conversion

cbefficient, i.e.,
A = xy (1+x) - | (II1.1)

The decay constant under anoﬁher set of environmental c¢onditions is then

represented by
A= Xw(l«a*) ‘ (111.2)°

(The gamma process is independent of the electronic environment thus is
the same in both cases). For low-energy trénsitions, the convérsion co-
efficient is much greater than one. Therefore, by replacing 1+Q and iﬂ]'
in‘Eq. (III.1) and Eq. (TII.2) with their appéoximate values, O and Q',
,and'combining the two results, the fractional7change in the decay constant

becomes

M\ = (@) fa o (111.3)
where ' '
O\ = AN,

The total internal conversion coefficient, &, can be expressed as the sum

of the conversion coéfficients for the vafious electron orbits, i.e.,
a =30 L (III.4)

where 1 ranges over all the occupied electron orbits. The fractional
change, after substituting this relation into Eq. (III.3) and rearranging

the terms, then takes on the following form

M\ =3 W T, ' (II1.5)

where
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ai-ai _ :
W= , : (I11.6)
R ,
~and _
£y = ai/a . (11.7)

The first factor, Wi, is a.function_of'the envirdnmental change. The second
factor, fi,.is the fraction of_transitipns which take place by ejecting
electrons from the 1 th ~electron orbit and is dependent on the energy and
multipolarity of the nuclear transifion,; For low-energy transitions inl
which the  dominant mode of decay is internal conversion, this'f. factor is
approx1mately equal to the relative tran51t10n probablllty for electrons in
the i~“th orblt

Table I. Fraction of 1nternal conversion for various atomlc
orbltals for a 25.55-keV (k=0.05) transition.®

£ f - f f

£y _h T CLypp My
e 1a(e)® 3.8(-1) .2.5(-2)% . 2.0(-1) La7(e1)
B3 . 3.5(-5) - haa(-3) 2.5(-1) 3.3(-1)  1.5(-3)
My Mg My My e
w2 id(-2) ,1.0(-1) - 2.2{-3)_ 2.2(-4) 9.5(-2)
CE3 0 1.3(- 1) 5(-1) 1v8(-2) 2.6(-2) ~  1.1(-1)

The T factors were calculated for Z=t1, from the internal conversion co-
eff1c1ents given in Rose's tables, Ref. 21. ' '

The numbers in parentheses are the powers of ten by which the first number
listed is to be multiplied; i.e., 1.6(-2) = 1.6 X 1072,

cIt has been assumed that the N shell I.C.C. is 1/5 the-M shell I.C.C.
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It is intereéting to note at. this point that the fractionai change ,i
in the‘decay constant is independent Qf.the magnitude of the internal” E
conversion coefficient as longvaé the internal conversion coefficient is
much greater than one. Thus, although low-energy transitions of the same
energy but different multipolarity may have conversion coefficients which
differ by several orders of magnitude, it is possible that the transition
with the lower multipolarity might'exhibit a larger effect; For example,
compare the M2 and E3 factors for a 25.55 keV (k=0.05) transition (Table T).
The most obvious dlfference between these multipolarities is in the £
factors for the s orbit electrons (fk, 115 fMI) The fraction of transi-
tlons which occur by ejecting electrons from the s orblts is two’ order of
magnltude greater for an M2 transition than for an E3 transition. In
addltlon, the M2 tran31t10ns tend to have smaller f factors for p(LII’ LIII"
M ) and d(M

11’ v’
_vironmental alterations which tend to strongly affect s electrons (give

MV) electrons than the E3 trans1t10ns. Thus, en-

large wS values) would probably give larger decéy'constant.changes for an _
Mé transition than for an E3 transition. On the other hand, E3 transitions
would probably show the larger change in decay constant for environmental
alterations which strongly affect p electrons (give large W values).

_ The magnltude and the algebraic sign of the w factor are determined
by how the electron dens1ty changes in the v101n1ty of the nucleus. A
change which decreases the 1 th electron density near the hucleus will give
a negative W-i whereas an increase in the i th electron density will give
a positive Wi. Since wi for another orbit might be negative, the summation
in Eq. (III.5)'could reduce to zéro, in which case no effect would be ob-
served. The results of the previous experiments indicate that both negative
and positive terms are important and that they.can be about the same order
17

or.magnitude. For example, Shimizu.and Mazaki observed a 0.5% lower de- -

cay constant for'U235m in a carbon compound than in the metal whereas
99m
in

Bainbridge et 31.12 obServed a 0.3% gréater decay constant for Tc

KTcOu than in the metal.

'
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The two physical characteristics of the system which have been
used in the past to explain these results are the electronegativities of
the combining atoms and their bond distances. The importanoe of the

7

electron-d:awing power of the atoms is welloillustrated by the Be' results

which show that the Be7

" a more electronegative atom. Thus, as one would expect from the relative

decay constant decreased when it was combined with

electron drawing powers.of the Be, O, Cl and F atoms, BeF2:has a lower

decay constanf'than BeCl2 and BeCl2 has a lower decay constant than BeO
which has a lower decay constant than Be metal. Obviously, another pro-
perty of the chemical system was needed to explaln the dlrectlon of the

99m effect. _ _ ) :

Slateree'was the first to suggest that this effect is caused by a

greater squeezing of the electrons in. the TcOu ion than in the metal. He
has estimated the relative trans1t10n probabilities for the various electrons
in Tc99m(Table 2)»and he suggested that the pertechnetate ion's greater de-

o

Table II. ,Cdntribﬁtion of electron shelis:to transition probabilifies.22

‘ :  Transition » - Ionization
Electron . Probability ' Potential, eV
I o 0.60 _ . 430
39 o 0.27 260
hp | 0.10 ° | 5
ha - . 0.03 7
' Sum 1.00

oéy constant can be explained by a probable inQreaéevof a few per.cept in
the 4 p electron density. He reasons that although the M shell has the
highest transition probability, it is buried‘too deep in the atom for its
‘electron density to be signiflcantly altered by the change in the env1ron-
ment. That is, although the f factors are large for this shell the W
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factors are very small. Therefore, the éontribution of the third shell to
the summation in Eq. (III.5) is negligible. His calculations also show
that the transition probabilities are negligibly small for electrons in
the s state. (At highef energies, the tables of Sliv and Band?3 and Rose21
indicate a similar trend for E3 transitiohs, i.é., the s conversion co-

efficient is two to three orders of magnitude less than the conversion co-

efficient for p electrons). He further reasons that since the 4 p electrons.

do not take paft in the chemical bond, they will be subjected to only the
greater restrictive forces in the pertechnetate ion (Tec - O bond distancé
of 1.75) than in the metal (Tc - Tc bond distance of 2.72).2“ Slater
estimates that this could cause a few % change in the eléctron density and
thus change the decay congtant the few tenths of a per cent observed.
Although the 4d énd 5s eléctrons will also experience such a squeeziﬁg,‘it
is aifficult to estimate their contribution because they will also take
vpart in the chemical bond, which will tend to draw electron away from the
Tc atom. . _ | 4 _ _ -
It isogifficultvto estimafe the size of the effect on the decay
constant of Nb , which might be observed pecause of the absence of a
definite knowledge of the energy* and multipolarity of the nuclear transi-
.tibn. ‘The multipolarity of the proposed low energy transition is most
likely,M2, although the E3 possibility cannot be definitely ruled out, and
its energy is less thah 3 keV. The modt significant Qistinction between

99

the E3 transition in Tec and this probable M2 tfansitioh-is the much

. larger relative transition probability for s electrons in the M2 transition.-

Thus, since the f5s factor for the M2 transition is possibly about 100
times greater than it is for the E3 transition and since the 5s electron

will be the one effected the most by any chemical change, it seems possible

)

“¥Recent décay-schéme proposals, as ‘described in the appendix, have fixed
the decay energy of the isomeric transition at 2.4 * 0.4 keV.
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that the effect mlght be measurable and could in fact be larger than that
observed for Tc99m. However if the transition energy is greater than the
LI binding energy (2.7 keV),»then the effect would probably be too small

to observe because such a large portion of the transitions would take place
TIby ejecting'electrons from the insensitive electron shells buried deep
within.the atom. An effect still mlght not be observed even if the transi
99m

tion energy is less than the Tc transition energy because of the pos-
s1b111ty that the negatlve terms might Just cancel the positive terms and

result 1n»an effect too small to measure.

B. FExperimental Procedure v ‘
Several hundred Nb- foils (O 02 in2 x 0.005 in) were irradiated

with 50-MeV protons in the Berkeley 88- 1nch (224 -cm) cyclotron. The prin-

cipal products of thls trradiation are Mo (formed by the p,in reaction)

and Nb9 (formed by the p,p3n reaction and by the decay of Mogp) which are

formed in about ‘equal abundance. _
The gamma ray detection system is shown in Fig. 3 A lithium-

drifted germanlum gamma-ray detector with an actlve volume of 4 cm2 by Smm

o

deep was used in this experiment. It was maintained at "liguid-nitrogen
. temperature" ( 196°C) with use of a 10-liter grav1ty -feed liquid nitrogen
reservoir of commercial manufacture. 2> "The assoc1ated electronics con51sted

of a low-noise, low ~capacity pre-ampllfier and blased ampllfler system de-

26,27

s1gned by Goulding and Landis and constructed at this laboratory.

Pulse-height analysis of the spectrum98;s made with a 400-channel analyzer.28

Each foil, which contained Nb 1 in equilibrium with the Mo9o,
was placed in a polyétyrene cone and positioned in front of the detector
so as.to yield.a predetermined analyzer dead time. (The source and def
tector arrangement is shown in Fig; 4). The foil was then rapidly dissolved

(1-2 sec.) in a mixture of hot, concentrated HNO, and HF, thus changing the

3

chemical environment of the metastable state from metallic niobium to that

of a fluoride complex. Although this chemical reaction does affect the
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ZN-5166

Big. 3. Expefimental arrangement showing the glove-box, detector and
associated electronics, and pulse-height analyzer.
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ZN-5775

Fig. 4. Source and detector arrangement showing

the foil, polystyrene
cone and detector.
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chemical state of both the parent and the daughter; it does not bring
about a chemical separation of the parent and daughter. The dissolving
of the foils is quite vigorous and a clear solution results after a
couple of seconds. ‘ . ' .

_ Immediately after the chemical reaction, four gamma-ray spectra,
including the energy range from 100 to 150 keV, were‘recorded in each of
the fourilOO-channel blocks of a 400-channel pulse-height analyzer.28
Each count interval lasted for 18 seconds with about a one second intergal

between each count. This chemical reaction and the recordihg of the four

spectra at various times after the reaction constitutes one complete experi-

ment. However because sufficient statistics could not be obtained with.
one experimént, the experiment had to be repeated about 200 times to insure
the statistical reliability of the results. The counts from each experi-
.ment were accumulated‘invthe analyzer by recording the spectra from each
experiment in the appropriate block of 100 channels. The entire series of
experimentsvwas:repeated at a later date, and a lower counting rate was
used to'improve the resblution. The resulting gamma-ray spectra.from the
first block of lOO chanhels for both series of experiments are shown in
Fig. 5. Although the peaks are not completéiy resolved in these spectra
éince the resolution is spoiled by the very high couﬁt rate, é low-count
rate, high-resolution speétrum (Fig. 6) taken of one foil at the beginning
of the experihent showed thaﬁ tggﬁi are only thrggophotopeaks_presengoin
this region, one at 122 keV (Nb ), 133 keV (Nb” ) and 142 keV (Nb77).

- C. Method of Analysis and Results

. The results of this first experiment clearly indicate the presence
of a large environmental effect. This can be seen from a plot (Fig. 7) of
the total number of counts in the 122-keV photopeak and the total number
~of counts in the 133-and 142 keV photopeaks af spectrum (A), Fig. 5, without

compton . background subtraction. This plot shows an approximately exponential

approach to a new equilibrium in the intensity of the 122-keV photopeak,

-
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Fig. 5. Accumulated gamma-ray spectra from the first 18-second counting

interval after the chemical reaction, showing.the 122-k
of Mo decay and the 1%3- and 142 keV photopeaks of Nb
Spectra A and B were taken at different counting rates.

photopeak
58 decay.
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Fig. 6. Low-count rvatelspectrum taken of one
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indicating a large, negative value for M, If the 122-keV transition had
depopulated the isomeric state, the intensity would have been essentially
constant or slightly décreasing over this time interval. The intensity of
the 13%- and 1l42-keV photopeaks is essentially constant, within the experi-
mental error, indicating the absence of any systematic error. If the
change in the 122-keV photopeak intensity had been due to some systematic
error such as a separation or migration of the two elements or a change in
the geometry, it would also have affected the intensity of the 13%- and
142-keV photopeaks. '

The 122-keV photopeak counts must be separated from the background
counts to obtain quantitative results. This was accomplished with the use

29

of a leasts squares spectral analysis program”~’ which used a linear back-
ground and photopeaks formed from a gaussian with an exponential tail.
This program gave the intensity of the 122-keV photopeak, but accurate to
only 5%. This accuraéy is not acceptable since it is of the same order as
the effect and the use of such peak fitting analysis would seriously dis-
tort the growth curve. The most important information which we wish to
extract by careful analysis is the change-in the intensity, for it is the

>
change in the intensity that is significant. An indiscriminate use of the

least squares program without forcing the'peak energies, compton background,

etc. to be constant wéuld obscure the effect due to the large error in the .
analysié. However, this was not an unsurmountable problem because it was
noted that the 5ackground intensity on both sides of the 122-keV photopeak
is constant within the experimental error, i.e. 0.1% (Fig. 8), as it must
be. Therefore, it seems only reasonable that the background under the
122-keV photopeak is also constant. Thus, the accuracy of the intensity
difference can be preserved to within 0.2% by subtracting the same back-
ground from all four of the 122-keV photopeaks. To obtain the best value
for the background intensity, the 122-keV photopeak intensities, as
obtained from the above least squares program were subtracted from the -

total number of counts under the photopeak. An average value for the

SUNUUY TSRO
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Fig. 8. (a) Growth curve of the 122-keV photopeak (A) intensity and plot

of the background at lower and higller energies. The solid line in-
dicates the least squares it to the points. (b) Growth curve of the
122-keV photopeak (B) intensity and plot of the background at -lower
and higher energies. The solid line indicates the least squares fit
-to the points.
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background intensity was obtained from the four spectra and then this
value of the background intensity was subtracted from the total counts
under the photopeak to obtain the resolved 122-keV photopeak intensity.
vThus; although the absolute magnitudes of the photopeak intensities are
only accurate to about 5%, the difference in the intensities is accurate

to about 0.3%. Plots of the intensities so resolved are shown in Fig. 8.

' The functional relationship of Eq. (II.10) was fitted to the four
points of the growth curve by the method of least sqﬁares. The best so-
lutions, tgglsolid lines drawn through the points in Fig. 8, were obtaiqed
with a Nb half life of 21 seconds, which is in good agreement with the
24 * 3 geconds value reported by Mathur and Hyde.20 The results of this
analysis show:that the decay constant of the metal is 3.6 * 0.4% greater
than the>decay constant of the fluoride complex. The error in JAVWON in-
troduced by the possible use of an incorrect half life in the 1eastrsquéres
fitting program is rathef small. A variation of 20% in-AAﬁ changed the
final value of &\/A by only 2%.

The results of the two series of experiments are compared in Fig.

.

9. . The results of the "B" series of experiments have been normalized to
.the first point. of the "A" series by multiplying the points of the "B"

series by a normalization factor of 2.865.

D. Discussion
. The size of the effect, an order of magnitude greater than that

observed by Bainbridge et al.12 with Tc99m in the 'metal and KTcOu and by

17

Shimizu and Mazaki™  ‘with U255m in the metal and a carbon compound, in-
dicates that the transition depopulating the 2k -second igomeric state has
a very low-energy (as indicated in the proposed decay scheme, Fig. 2) and
decays by internal conversion in the outermost electron shells, where
changes in the chemical state can'be-expected to affect most étrQngly the
electron density at the nucleus. S0 far as is known, this 3.6% change is
the largest alteration in half-life yet brought about for a radicactive

isotope.

'
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Fig. 9. Comparison of the experimental growth curves obtained from

spectrum A and spectrum B.  The B results were normalized to the
first point of the A results by multiplying all B point by 2.865.
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Not only is the efféct an order of magnitude greater, but it is
also in the opposite direction from the effect observed in Tc99m. As
previously mentioned, Slater22 suggested that the faster decay rate ob-
served for KTcOu is due to a greater squeezing of the Tc atom in the |
KTcOu (Tc-0 bond distance of 1. 7A) as compared with the metal (Tc-Tc bond
distance of 2. 7A) The same effect of small bond distance should also be
present in the case of the solid Nb fluoride salt, K NbF7’

Nb-~F bond distance of 2. OA3 compared with the Nb-Nb metal bond distance

since it has a

of 2. 85A 2k However, we have no definite knowledge of the exact chemical

species present in the HF-HNO, solution whlgh was the final state in our

experiment. However, if it iz also less than the Nb-Nb bond distance in
the metal, then this effect would have to be attributed to the very high
electronegativity of the fluorine atom. That this is feasible is illustrated
by the 5 times larger decrease of decay constant from the metal obtained
 for BeF2 than Be0.6 _

. A detailed interpretation of the results of this chemical experi-
ment with regards to the energy and multipolarity of the isomeric transi-

tion is given in section VI where the significance of the results of all

the experiments is discussed.
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IV: THE EFFECT OF A LARGE CHANGE IN PRESSURE ON THE DECAY

90my .
CONSTANT OF Nb

A. Introduction

The results of the chemical effect experiment (Section III) have
verified the presence of the>pr0posed low-energy transition and have demon-
strated the applicability of the perturbed equilibrium method. The size of
the chemical effect suggests that this decay constant might serve as a sen-
sitivevmeasure of the change in e€lectron densitiés for other environmental
changes. It is thus of interest to explore further the possibility of
altering this decay constant by other means in the hopes of obtaining infor-
mation which would help to determine the energy and multipolarity of the
transifioh and which might add to a better understanding of the environment
about the nucleus.

', The first report of an effect onté nuclear decay constant due to
a large.change in pressure was given by Bainbridge at the 1952, New York
City.meéting of the American Physical Society. He reported observing a

99m

(0.023 * 0.005)% greater decay constant for Tc under a éressure of 100,000
. atmospheres. than at atmospheric¢: pressure.> Although this work has never
been published under his name, it has been referred to in other publica- .
tions.la_’51 The only other account'of a study of the effect of high pres-
sure on a nuclear decay constant was given by Gogarty et al. in an un- '

32 T onal

published report. They reported that Be', under a pressure of 100,000

atmosphéfes;,'has about a 0.2% larger decay constant than Be7 under a
pressure of one atmosphere. They also reported that the decay constant

of Ba131 was increased by 0.066% by increasing the pressure from one '
atmosphere to 100,000 atmospheres. Although they did not assign errors tob,
these results, a careful examination of their data suggests that very large
limits of error must. be assigned to these results. For example, out of

24 Be7 data points, 6 showed a dec;ease, rather than an increase, in the

decay constant outside of the statistical error. In addition, on the basis
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of qualitative physical considerations, one would not expect to see such

151. Although the change in
33

a large effect on the décay constant of Ba
volume of Ba due to this pressure change is Lsg, it is due almost en-
tirely to changes in the valence shell electron densities. Thus, it seems
highly unlikely that a sufficient portion of the electron capture trahsi—
tions could occur by utilizing electrons in these outermost shells to
account for this large an effect.

The possible presence of both positive and negative wi factors
made it very difficult to be certain which direction the change in the de-
cay constant would take for the chemical effect. However, if it is assumed
" that the electron density increases at the nucleus when the average electron
denéity of a material is increased by very high pressure, then the Wi
factors in Eq. (III.5) would all be positive and &\ would most certainly
be positive. The previous results certainly imply that this is indeed
what happens and that a very large increase in pressure should result in
an increase in the decay constant. It would als seem reasonable to ex-

pect that the effect on the decay constant of Nb l due to a large change

99m

in pressure should be greater than that obsgrved for Tc by Bainbridge

since the‘effect'of compregiion is greatest on the 5s electron density and
the f5s factor for the Nb » M2 transition is possibly es‘Tuch as 100
times greater than the corresponding factor for the E3 isomeric transition
in Tc99m. In addition, there is the p0§sibility that the observed 3.6%
chemical effec£ is the difference between two even larger positive and
negative W f terms, 1n which case the pressure effect might be much
larger than that observed for Tc99m. Thus, from the above considerations,
it seemed likely that an effect in the range of a few tenths of a percent

to a few per cent might be expected.

'




_55_

B. Experimental Procedure

Four targets, each containing about 90 Nb metal pellets (1/8 in.

dia. by 0.015 in. thick), were irradiated with 50-MeV protons at 8 hour .
: 90

intervals. The principal products formed with this irrédiation are Mo

and Nb90

; Which are formed in about equal abundance.

The lithium-driftéd.germanium gamma-ray detec&or system used in

- this experiment was the same system that was used in the chemical effect

experiment and described in section IIIB. The detector system and the

hydraulic press are pictured in Fig. 10. So as to reduce the absorption

of ‘the gamma-rays by the anvils, the detector was adjusted vertically 80

A as to align it with;the‘slit between the anvils. The detector was also

'.wmdunted on a movable platform so that the analyzer-deéd time could be

regdlated by adjusting the source-to-detector distance. v
A hydraulic press (Fig. 10) was used with 0.25 inch Bridgeman type

anvils.  The anvils, pyropholite ring and Nb pellets are pcitured in Tig.

11. The Nb pellet (0.125 inch dia. by 0.015 inch thick) and pyropholite

ring (Or25 inch 0.D. and 0.125 inch I.D. by 0.020 inch ﬁhiék) are shown

_ opposite the tweezers and assembled on the right anvil.

The experiment was started by sandwiching the ring and the pellet
between the anvils and placing this unit in the press. Then by moving the
detector, the analyzer déad'time was adjusted and the pressure was rapidly
(in about 6 seconds) increased to 100;000 atmospheres. (The stability of
the final pressure was better than 1%). Immediately after the final pres-
sure was reached, the first count was started.in the first block of 100
channels. TFour 18-second counts were taken using each of the four blocks
of 100 channels in the 400 channel analyzer. This éohstituted one complete
experiment. However, because sufficient statistics could not. be obtained
with one experiment, several hundred such experiments were conducted. At
the end of each experiment, the pressure was released and a new pellet and.-

ring assembly used. The couﬁts from éach experiment were accumulated in
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ZN-5776

Fig. 10. Experimental arrangement used in the high pressure experiment
showing the detector, press and pulse-height analyzer.
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Fig. 11. Anvils, pyropholite ring and Nb pellets used in pressure
experiment.
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~ the analyzer by recording the épectra from each experiment in the appro-+
priate block of 100 channels. The gamma-ray spectrum in tge first block
.0of 100 channels resulting from this accumulation is shown in Fig. 12.

The spectra were aqalyzed as described in section IIIB of the
chemical experiment and the rsuits are shown in Fig. 13. The best least-
squares fit of the experimental points was obtained with a AA/X‘value of
0.0063 £ 0.007.

_ ) _ . C. fDiscussion

Although the best least-squares fit of the experimental decay
points was thaihéd with a &\ /X value of 0.0063, the poséibility of a
value of zero'éannbtvbe'ruled out absolutely. (Fig. 13) The fact that
the first point is one standard deviation above the zero-effect line could
be due to the normal statlstlcal error in which case one: would expect
about one-third;gf the points to be outside one standard deviation. Also
shown in Fig. iBbis'the least squares fit ﬁsihg a M/ valﬁe of 0.02. On
statistical grodnds, there is a probabiiity of about 99.9% that the effect
is ‘less than 2% whereas the probability that the effect is less than 1% is
only about 50%. Thus a definite upper limi% of 2% and a standard deviation
of about 0.7% can be assigned to this effect. ‘ S

The main limitation of this expériment was the long time required
per experiment. It took on the average 8 minutes to load, count and un-
load the samplé in this experimgnt while it took only 1 1/2 to-2 minutes
'per chemical-effect experiment. This prevented the accumulation of a
larger number of 122-keV photopeak counts and thus a reduction of the
statistical error. This difficulty could be eliminated if the same sample
could be used for several compression cycles. This count not be done in
this particular experiment because the pressure was not reproducible when
the. same pellet and rlng were used more than once. _

The results of this experiment will be discussed further with re-
gards to the energy and multipolarity of the isomeric transition in section

“VI.
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' Fig. 12. Accumulated gamma-ray spectra from the first 18-sec counting
’ interval after applying pressure showing the 122-keV 98hot0peak of
Mo decay and the 133- and 142-keV photopeaks of Nb”” decay.
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curve of the 122-keV photopeak before and after background subtraction.
Also shown are the theoretical values for fractional changes of 0.02,
0.0063 and O.
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V. THE EFFECT OF THE TRANSITION TO AND FROM Tg% SUPERCONDUCTING
. m
STATE ON THE DECAY CONSTANT OF Nb =

A. Introduction.

The effect of superconductivity on a nuclear decay éonstant was
previously investigated by Byers and.Stump.lu They studied, with the
usual difference method, the effect of both low temperature and super-

99m

conductivity on the nuclear decay constant of Tc In their investi-
gation they compared the decay constant of a source which was‘képt at

room temperature with the decay conSﬁant of four other identical sources,
each of which was maintained in a different environment. One of the four
compariéon‘sources was kept at room temperature with the purpose of checking
the validity of'the method. One was kept at 77°K and two were maintained

at 4.2°K. Of the two sources that were maintained at M.QdK, one was in the
superconducting state (The superconduting transition température for Tc is
ll.2°K;§') and one was maintained in the normal state by keeping it in a
magnetic field (5300 gauss) which was almost three times the critical field

for that temperature (1800 gauss). The. results of these comparisons are

given in Table III. ‘ >
_ X 1k
Table III. Experimental Results.
_Source .. = (/X)) x 100
293°K (check source) ' -0.016 * 0.011
TT°K ) -0.005 * 0.016
4.2°K superconducting 0.064 = 0.00L
4.2°K normal (5300 gauss) © 0.013% * 0.00k4

These resuilts séem to indicate that there is sufficient alteration

in the electron distribution at 4.2°K in the superconducting material to

cause an enhancement of the internal conversion of the 2-keV E3 transition.

—
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They reasoﬁed that the disappearance of the effect with the magnetic field
demonstrates that the effect is due to an electron rearrangement brought
about by the transition to the sﬁperconducting state and not due to a volume
contraction brought aboﬁt by the decrease in temperature. These authors
suggest that the conduction electrons in the superconducting material may
either be allowed a closer approach to the nucleus or may alter the shielding
effects sufficiently to permit a slight contraction of the bound electrons.

However, there does seem to be reason to question these resulté
because of the effect observed for the normal metal at L4.2°K and because
of the‘magnitude of the change in the electron density required in the
viecinity of the nucleus to produce the effect attributed to the supercon-
ductivity. The effect observed for the normal metal at 4.2°K>by Byers and
Stump does not seem to0 be consistent with Bainbridge's pressure resulps.
‘The specific volume decrease for Tc metal upon being subjected to a pfessure
of about 100,000 atmospheres has been estimated by Porter55 to be about
3% (Bainbridge observed a 0.023 * .005% effect on the decay constant.)
whereas the difference between the volume at room temperature and at &.2°K
is less than 0.3%56 (Byers and Stump observed a 0.013 * .004% effect on
the decay constant.) Thus, although the ef%ects on the decay constant
differ by é factor of less than two, the volume changes differ by a factor
of at least 10. ‘

The superconducting transition.will affect essentially just the
electrons in tﬁe conduction band, i.e. the 5s and hd-electrons. Thus, it
should be possible to attribute the entire effect to the change in the
density of the conduction electrons in the vicinity of thé ﬁucleus. Thus,
the wm"js factor is estimated to be 0.02 (0.06) by substituting the f

- 22 35 ka,5s
factor estimated by Slater”” (Porter””) into the following equation.

Wygss fgd,sé = 0.0006 .

Al
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Inaeed, this 2 to;6 per cent change in the conduction electron density in
this region of the atom does seem to be large for so subtle a physical
change as the trénSition to ‘the superconducting state.

It would thus be of interest since Nb metal is also a super-
conductor at the teﬁperature of liquid helium, to investigategage effect

of the superconducting transition on the decay constant of Nb 1. An

9%m

dbserved'effect in addition to varifying the Tc results and contributing
£to a better underqtandlng of the superconducting state, would also aid in
the interpretation of the chemical effect and the determination of the f

factors for this isomeric transition.

" B. Experimental

1. Gamma-Ray Detection System

A.lithium—drifted germanium gamma-ray detector with an active
volume-Of l&cm2 by S5mm deep was used in this experiment. It was maintained
at "liqﬁid-nitrogeh' temperature ( 196 C) with the use of a 10=liter gravity-
._feed liquid-nitrogen reservoir of commercial manufacture. 2> The assoc1ated
electronics consisted of a blased-ampllfler system des1gned by Goulding

26,27

and a low-noise, low—capac1ty pre-amplifier which had a

37

and ILandis
cooled field-effect transistor as a first stage. A.hOO-'channelvanalyzer28
was used both as a pulse-height analyzer and as a multichannel scaler.
‘The experimental arrangement. of the. cryostat, detector and assoclated
electronics is pictured in Fig. 14, and a.block diagram of the detection
circuit is shown in Fig. 15. | |
. The primafy eoncern in the design of the counting system(was the
rate of>accumulation of eounts in the 122-keV photopeak. To maximize this
count rate and the number of points on the decay curve, the MOOfchannel
analyzer was used in multiscaler mode in conjunction with a single channel
enalyzer whose gate ﬁas set on the 122-keV photopeak. With this arrange-
ment the count.rafe could be increased to almost a factor of 2 over that
obtained in the previous- experiments. V(The analyzer dead time in the pulse
height analysis mode in the previous experiments was about 50% while the
analyzer dead time in the multiscaler mode was only about 1%). In addition,

many more points than the four points obtained in.the previous experiments

could be obtained.
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"Fig. 15. Block diagram of gemma-ray detection system.
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2. Dewar

The Dewar vessel used in this experiment was specially designed
to maximize the count rate of the 122-keV gamma ray by miniﬁizing its
absorption by material between the source and the detector. This "double"
dewar was contructed'as a single unit with one vacuum chamber which was
connected by a side arm at the top to a MCF 60 0il-diffusion pump and
forepump capable of pumping the Dewar to 10-6 mmHg. A copper heat shield
with-a‘one inch hole for a gamma-ray window was placed around the outside
of_fhe tailed down portion of. the liquid helium reservoir and was attached
to the outside wall of the liquid nitrogen reservoir. The Dewar was

silvered except for half-inch windows. It is shown in Fig. 16.

3.  Cryostat

-~ The cryostat consisted of a & ft. long piece of stainless steel
tubing, 1 inch in diameéter, to which a copper tube, 2 inches in diamter
by 8 inches long, was welded at the bottom and a "6-fingered" formvar-
.glass-feed—through was connected at the top. The stainless_steel tube
was suspended from the top of the Dewar by a brass sﬁpport and was con-
nected by a wéided_side arm near the top to}an MCF 60 oil-diffusion pump
and forepump capable of pumping the chamber to lO-6mmHg. _A thin gamma-
. ray window was constructed by soldering (80% Cd, 20% Zn solder was used.
for,this joint} a 0.005 inch thick cap on the side of the copper chamber.
The copper block was soldered to the base of the copper chamber with pure
indium. This seal was broken and the copper block removed whehéver the Nb
’target foils had to be changed. The electrical connection to the blpck
was made with a plug-in unit constructed from a radio tube base and -a radio
tube plug. The plug was attached to the copper block and the tube base
was connect to the lead wires. There were two B.S. 30 manganin wire leadsl
which were used for the heater and carbon temperature sensor and four B.S.
. 36 copper wires for the leads to the two induction coils. A sketch of the
copper block and chamber are shown in Fig. l7 and the cdpper block and
" eryostat are piétured in Figs. 18 and 19.
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Fig. 16. Dewar vessel showing copper shield with hole for low-energy
gamma-ray window. . :
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Fig. 18. Dismantled copper block showing the two induction coils.
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Fig. 19. Copper block and cryostat prior to sealing.
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L, Temperaturevcbhtrol

' The temperatufe of the isolated copper block (Fig. 17), and there-
fore the temperature of the Nb foil, was controlled by means of a brass
"heat-leak" and heater system. The "heat-leak" consisted of a brass
~"spool“ (Fig, 17) with a "neck" 0.125 inches in diameter by 0.25 inches

long. This brass "heat-leak" was soldered to both copper blocks with Ca-
Zn solder (80% Cd-20% Zn) to obtain a good thermal contact. The heater
consistedvof formvar coated B.S. hO copper wire which was coiled around
'the‘Back'portion 6f the copper block to which the Nb foil was attached.
The maximum heat’ihput by this heater was about 180 milliwatts.

A The temperature of the isolated block was regulated by controlling
the power input to. the heater with a Wheatstone type bridge balancing
system (Fig. 20). One arm of the bridge was a 500-ohm carbon resistor
which was embedded in the isolated copper block. The variable resistor
was adjusted to balance the resistance of the carbon resistbr at a tempera-
ture several degreeé above the superconducting transition temperature of
b, 8.9°K.5h If the temperature of the copper block, and therefore the
carbon resistor, was too low, the resistance of the carbon resistor would
be too high, and a current would_fldw throﬁgh the ieft side of the tréns-
former and would induce a current on the right side which would be in
phase with the original current. If, on the othér hand, the temperature
was foo high, a current which was out of phase would be produced.

The silicon rectifier controlled the power delivered to the heater.
(The possible voltages at points A, B and C of the control rectifier are
shown in Fig. 21). When the temperature of the isolated copper block '
drOpped‘below the set temperature, the resistance of the carbon resistor -
would increase.and the‘bridge would no longer be balanced; ;The voltage at
point B (Fig: 20a) woﬁld then be in phase with the Voltage at point A.
- If the amplitude of‘the B voltage‘was‘sufficient (The amplitude of the B
voltage and thus the sensitivity, was controlled with the amplifier.) it

would open the rectifier gate and allow power to be sent to the heater
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Fig. 20. Block diagram of temperature control unit.




-53_

b N

3]
o = |
g X\ //\ NN VAN
el O+ =0 i
A | | _
- Time ' Time
4l Rectifier ¥ :
o | trigger level w Rectifier
S = ____-__73/_\\_ o b= — N\ drigger_level.
= 0 N I e | .
B ) o .
| Time ' o o Time
. | - 4 |
2 | V-\ S !
= o _ } 20 :
> S I
C o I
Time > _ Time
Carbon temperature Too cold ' . Too hot
sensor ' . : .
MUB-11966

Fig. 21. Schematic representation of the power delivered to the heater
for cases where the temperature of the copper block is below the
temperature setting (too cold) and above the temperature setting

(too hot) .



-5l

uantil the resistanée of the carbon resistorvwas sufficient to once again
balance the bridge (Fig. 21). If the temperature was too high, the cur-
rent in the transformer would be in the opposite direction and the voltage
at point B would be out of phase with voltage A. Thus, when the B voltage
triggered the gate, no power would be delivered to the heater becuase the
A voltage sould be negative and the rectifier would only pass power from
a positive pulse. '
| Avtempérature below the superconducting trgnsition'temperature'was
obtained by disconnecting the circuit with afswitch_locafed between point
C and the heater. The block was then allowedvtg codi to the temperature
of liquid helium (4.2°K). |
‘The time required to heat the block with the Nb target foil from
L.2°K to several degrees above the superconducting transition was 5 to 7'

seconds and the time required to cool it was 6 to 10 seconds.

5. Superconducting Transition Detector

_ ' The property of the superconducting state which was used to detect
the superconducting transition was the exclusion of a magnetic field from
superconductors when in the superconducting‘sﬁate (Meissner effect).

The detection system consisted of two induction coils, one on each

side of the Nb foil, a sine-wave generator (oscillator) and an oscilloscope

(Fig. 20b). One induction coil (50 turns, 3/8 inch diameter, of B.S. 36
formvar-coated Qopper wire) was recessed in the copper block behind the Nb
foil (Figs. 17 and 18). Four slits were cut 3/4 of the way through the
copper block to reduce the induced currents in the cbpper block. However,
there was_still about a factor of 2 attenuation in.the magnetic field byl
the copper block. The other induction coil (25 turns, 5/4 inch diameter,
of B.S. 36 formvar coated‘copper wire) was suspended on the other side o?
the Nb foil. The output from the oscillator (frequency of 30,000 cps, |
maximum voltage of lﬂ5 volts) was applied to the leads of the inside éoil
~and the sine wave induced in the outside coil was observed with the oscil-

loscope.

ol
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In the normal state, the magnetic field (The-maXimum magnetic
field strength at the center of ‘the Nb foil was estimated to be less than
80 gauss.) readily passed through the Nb foil and induced a voltage in the
other coil which was observed with the oscilIOScbpe. However, when the Nb
foil was in the sﬁperconducting state, no magnetic field was able to pene-
trate the foil and thus no potential was induced in the outside‘coil.
Therefore,. no ‘sine wave appeared>on the oscillbscope screen. Thus, the
moment the Nb foil became superconducting could be detected by the dis-
appearance of the sine wave from the oscilloscope's screen and the return

t0 the normal state could be detected by the return of the sine wave.

6. Experimental Procedure
A Nb foil (1.25 in. by 1.75 in by 0.005 in.) was irradiated with

50-MeV protons in the Berkeley 88-inch (224 cm) cyclotron. The principal

isotopes produced in this irradiat%Pn were Mogo and Nb9o. ’
m

90

The Nb foii, containing Nb in equilibrium with Mo’ was assembled

on theICOpper block, and the cryostat was sealed with indium solder. The
cryostat was then placed in the Dewar and evacuated to about lO—6mmHg at
".which time liquid helium was added to the in§ide reservoir. The time
elaﬁsed from the end of the irradiation to the moment when the Nb foil be-
came superconducting waé about 2 hours. While the crjostat was being
evacuated and cooled, a spectrum was recorded and the single-channel analyzer
gate was adjusted to include only theleQ—keV photopeak. (The'low count
rate spectrum (Fig. 22a) indicates that Only‘tﬁe 122 -keV (M69O), 13%-keV
(Nb9o) and 142-keV (Nb9o) photopeaks are present in this region of the
spectrum. The high counﬁ rate spectrum used in the experiment is shown in
Tig. 22b. The portion of the spectrum included in the gate is also shown

in Fig. 22b). After the block had reached the temperature of liquid-helium
(4.2°K), the heater was switched on and the variable resistor adjusted so
that the temperature control syétem cduld,méintain a témperature several

degrees above the.transition temperature (8.9°K) when the heater was again
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Fig. 22. The low count rate spectrum (a) and the high count-rate spe'ctrum
(b) showing the region of the spectrum which was selected with the
single channel analyzer window.. . .~ ‘ :
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_switched on. Then theoglOCk and Nb foil.weré again allowed to cool to
L.2°K. Thus after Ib 1 had again come to equilibrium with Mo9O in the
superconducting state, the single channel analyéer gate selected; the
400 channel analyzer switched +to multiscaler modé and the variable resistor
adjusted,_fhe system was ready to start the first experiment. The heater
was thenvswitched on and the temperature allowed to reach a temperature
'above the superconducting transition temperature. The moment the transi-
tion to the normal state was detected by the appearance of the sine wave
on the oscilloscope, the first count was started. Sixty successive 3-
second counts were recorded in the first block of 100 channels of a L0O
channel analyzer. Immediately after the end of the last count, the heater
was switched off and the block allowed to cool to 4.2°K. As soon as the
sine wave had disappeared from the oscilloscope, indicating thaﬁ the Nb
foil had passed into the superconducting state, another series of 60,'3-'
second counts was immediately started in the next block of 100 channels.
This procedure was repeated every .6 minutes for about 10 to 12 hours, each
.tiﬁe recording the éounts in the appropriate biock of channels. After
about 2 half lives, the counting of the foil was discontinued because of
the high background to 122-keV photopeak ratic. During the eiperiment,
several spectra were taken, from which an estimate‘of the ratio of 122-keV
counts to background counts in the gate was obtained. A schematic re-
presentation of the sequence of eventt is shown in Fig. 23. The experi-
mental pdints shown in Figs. 24 and 25 are the accumulated results from

~ the experiments which fdllbwed each of the 9 separate irradiations.

C. Method of Analysis -

| The results of the experiment are shown. in Figs. 2L and 25. The
points in Fig. 24 are the accumulated counts per channel pér 3 sécdnd in-
terval from the 122-keV photopeak gate as shown in Fig. 22. The points in
v Fig; 25 are theléounts per 18 second interval and were obtained from the

points in Fig. 24 by summing these counts in groups of six. The line
. J :
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drawn through the points is the least squares Tit of the data points
assuming a linear relation in which both the slope and intercept were
allowed to véry. The fact that the straight line drawn through the points
'is a good statistical fit (Theoretically, 38 of the 120 points (Fig. 2k)
should deviate from the best fit by more than one standard deviation.
IExperimentally,rjh of the points deviate by more than one standard de-
viation.) indicates that if there is an effect, it is too small to observe
and that the experiment was statistically valid. _

The points shown in Figs. 24 and 25 are the total number of ccunts
accumulated from the counts contained in the single.channel analyzer gate,
" i.e. the total number of counts under the 122-keV photopeak. This number
is the sum of the 122-keV photdpeak counts plus the background counts
under this photopeak. The background is composed of the Compton background
from the higher enérgy'gamma rays, which originate from the decay of Mogo,
Nbgo and any other impurities which might be present in small quantity.
Although the fraction of these counts which is due to the 122-keV photo-
peak can be estimated from the spectra which were faken'periodically during
the expériment,-an accurate representation&ofvthe change in the 122-keV
photopeak intensity cannot be obtained from these data because of the un-
certainty in the composition.of the background. (The relative portion of
the background which was due to thé various components is not known and
therefore the change in the background intensity cannot be as accurately
estimated as it waé ih the chemical exberiment). Data, similar to that
obtained in this experiment, i.e;, the total number of counts under the
122-keV photopeak, were also obtained in the chemical effect experiment
(Fig. 7). However, in the chemical effect experiment, spectra were avail-
able from which a much more accurate estimate of how the background under
the 122-keV photopeak varied with time was obtained. Thus,‘the background
could be subtracted from the total humber of counts to obtain the 122-keV

 photopeak intensity as a function. of time.  The fact that the estimate of

the number of 122-keV photopeak counts obtained in this experiment is-
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probably accurate to only about 20% while the same intensify in the chemistry
experiment was known to a 3% accuracy is not as critical as the lack of
knowledge about how the background varies wiﬁh time. The magnitude of the
122-keV photopeak intensity is important only in the determination of the
magnitude of the AA/K value. However, it is the change in the intensity

of the 122-keV photopeak which determines whether or not there is in fact
an effect. Therefore, it is the change in the intensity which is of primary
concern. Consider, for example, what these data would have looked like 1
there had been an effect the size of the effect Observed in the chemical-
expefiment (Fig. 7). If this had been the case, the first point after the
transition to the normal state would have been offvthe lower end of the
graph (Fig. 25) and the others would have indicated an approximate ex-
ponential growth back to -the same equilibrium value as indicated in Fig. 25.
Theh by estimating the deviation of the observed intensity at time zero
from the value obtainéd by extrapolating the equilibrium intensity to time
zZero, anvestimate of the magnitude of the effect could have been calculated
from the estimate of the total number of 122-keV photopeak counts obtained
from the spectra which were periodically regorded éurihg the experiment.
.Although the error in the magnitude of the éffect would have\been about
50%,.the change in the observed intensity would have made the effect de-
finite. Thus, it should be clear that if there had been a sizable effect,
it would have been obvious and it would have been possible to estimate its
magnitude to an accuracy of about 30%. '

There was also in this experiment an internal check for pbssible
systematic errors. If there is, as the resuits feported by Byers and Stump
indicate, an increase in the decay constant upon passing into the super-
conducting staté, then there will be an equivalent decrease in the decay
constant upon pgssing back in58m§he normal state after sufficient time has
been allowed for the Mo

superconducting state. Thus, if there had been an indication of an increase

%0 -Nb isotopes to reach eguilibrium in the

in the intensity over the first few points after passing into the normal
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state and if this change in intensity were due to an alteration in the de-
~cay constant, then the first points after the transition to the super-
conducting  state should also have shown a change in intensity, but in the
opposite direction. If this were not the case, thén'it would not be pos-
sible to assume that the déviation observed upon passing into the normal
state was Que to a change in the decay constant. Thus, although there does
seem tO be a slight indication of a negative deviation in the actual data
points after passing into the normal state (Fig. 25), a corresponding effect
in the opposite direction aoes not appear after the transition to the super-
conducting state. Therefore, no special significance can bé attributed to
this slight deviation. .

The other curves shown in Fig. 25 are plots of Eq. (II.9) for dif-
ferent values ofvthe fractional change in the decay constant, AA/X. They
indicate how the points would have looked if there had been an effect of
that size..'The number .of 122-keV photopeak counts used in the calcuation
of these curves was estimated from the spectra which were periodically
.recorded during the experiments. TFrom a comparison of the experimental

- data points with these theoretical curves, it is possible to estimate the
upper limit to the magnitude of any possibi; alteration in the decay con-
stant. Thus it appears that the effect is definitely less than 0.4% and

is most probably less than 0.2%. However, the possibility of a 0.1% effect
" cannot be abso;utely ruled out. Thué,-a reasonable upper limit to a pos-
sible alteration in the decay constant due to the transition to the super-

conducting state would be about 0.2%.

D. Discussion
- . A definite conclusion cannot be drawn from these results regarding
the validity of the Tc99m results because of the relatively lérge statiSticalv
error associated with the résultéoﬁi our experiment; Howéver, these re-
sults do indicate that if the Nb 7 decay constant is altered by the transi-

tion to the superconducting state, the per'cent chénge in the decay constant

i
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is definitely less than 0.2% and quite likely less than 0.1%. In addition,
" this experiment has shown that this new method of obtaining data can give
stétistically valid‘results from which the change in the decay constant
can be calculatéd. |

There were several factors in this experiment which prevented a
greater reduction in the fractional error. One of these was the fact that
'although the count rate was almost twice what it was in the chemical experi-
ment, the rate of accumulation of counts per point was about 3 times slower.
In the chemical experiment, new counts were being added to the first point
(first block of 100 chénnels)_ever two minutes, while in this experiment
counting in the first channel was repeated only every 6 minutes. ~ Thus, .
although more points were obtained in this experiment, counts in the cri-

- tical region where the gfeatest change would be, were accumulated at about

one third as fast. (This could not be cggrected in this experiment because
m :
sufficient time had to be allowed for Nb 1 to again attain a state of
90

equilibrium with Mo after éach new environmental change). -

The other problems.seemed to be related to the photopeak-to-back-
ground intensity. ‘This ratio was about 0.28 for this experiment while fof
the chemistry experiment it was greater than O0.4. One reason for this
difference was the fact that the first count was started within one-half
hour after the irradiation in the chemistry‘experiment while in this experi-
ment the Mo9o'had decayed for at least two hours before the first count .was
started. Also, the éounting waé continued fro a longer time to maximize
the number of counts obtained per irradiation. In addition, there was a
greater amount of backscattering from the copper block and low-energy gam-
ma-ray attenuation by the cryostat and the Dewar. Thus, since the error
' is_determined by the total number of counts, the per cent error in the
122-keV phdtopeak intensity did not decrease as rapidly as it would have

if the ratio had been more favorable.
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Most of the above-mentioned problemé could be eliminated or re-
duced with the design of any new experiment, but not without some sacri-
fice in either the coﬁnt rate or the total counts pef irradiation. The
most significaht improvement though, would be the complete automaﬁion of
the whole procedure after the cryostat had reached the temperature of
liquid helium.  For example:it should not be too difficult to design a new
system so that the'change in the émplitude of %he'pulse from the induction
. coils would trigger the analyzer and a timer which would, aftef a 3 minute
count, turn the heater either on or off. Such a system would require only
periodic adjustment of the dead time and might make more feasible any
attempt to reduce the upper limit. ' '

The results of this experiment as they pertain to-fhe enefgy and

- multipolarity of the transition will be discussed further in-Section'VI.
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VI. DISCUSSION

_AQ Energy and Multipolarity of the Isomeric Transition

l,' Intfoduction

v The purpose of these investigations was three fold: (1) to show
that the decay constant of the 24-second isomeric state is dependent on
its electronic environment and thusvverify the presence of the proposed’
low-eneréy transition, (2) to obtain information concerning the energy
and multipolarity of this transition and (3) to obtain information con-
cerning the nature of the environment. Although the exiStence‘of the prQ-
posed low~enérgy transition was definitely verified with the résults of
the first éxperiment‘and although much new information has been found con-
cerning thisvtransition, there is much yet to be determined. However, our
decéy scheme proposals in the apﬁendix appear to define the energy of the
transition by energy differences as 2.4 = 0.k keV and the multlpolarlty as
M. Tt is thus the purpose of this discussion, in addltlon to showing
that the results of this investigation are consistent with this proposed
energy and multipolarity, to further discuss additional evidence in sup-
port of this'propOsal and to-extract as mugh information as possible con-

cerning the various environments-.

The fractional change in the decay éonstant;is given by Eq. (III.5),

i.e.,

Dfn =3 W, T - N - (1I1.5)

where'thé summgtion 1s over all the eleptron orbits. The wi factors are

a measure of the change in the radial part of the electron wave function.
The internal conversion coefficients, which determine W, are proportinal
to an 1ntegral of the product of the wave function of the bound electron, .
the wave function of the electron in the continuum and a quantity repre-
senting the nuclear potential. This nuclear potential decreases very
rapidly with increasing radial distance For an E3 transition this nuclear

potential is proportlonal to l/r , and therefore the integral is only

g e
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| important for small r. Slater has estimated that for an E3 transitioh
the integral is insignificant for r greater than O.QR.A Thus, the W factor
is dependent on the change in the radial part of the'electron wave function
and is thus a measure of the change in the electron'deneity in the region
~of the nucleus. The‘fi factors are determined by the energy and the multi-
polarity of the nuclear transition. The W factors are very difficult to
estimate, but the f factors can be calculated from estimates of the inter-
nal conversion coefficients.
However, the presently available tables of internal conversion co-
‘ efficientszl’58’59 do not include tables in the energy range of interest
(O keV to 3 keV) and the electron shells of interest (M,N and O) in the Z
range ogminterest (z = Ml).. Thus, in order to calculate the f, factors
for Nb , the conversion coefficients had to be estimated for these
shells and for energies in the O to 3 keV range. ZEstimates of the conver-
sion coefficients are also of interest in that they are needed in the cal—
culation of the comparitive lifetimes which can also give information

r

concerning the energy and multipolarity of the transition.

>

2, Internal Conversion Coefficient Estimates

The internal conversion coefficients (I.C,C.) were estimated in
the following manner: The K-shell I.C.C. were not considered since the
energy of the transition had previously'%een limited to less than 3 keV
which is insufficient to convert in the K shell. The low—enefgy Li I.C.C.
were obtained by extrapolating plots of the product of the I.C.C., obtained
directly from the tables of Sliv and Band38 and Rose,21 and the gamma-ray
energy (in MeV) raised to the 2I+1 power i.e., I.C.C. X EVEL”, versus the
square root of the dlfference between the gamma-ray energy in MeV units and
*the electron binding energy, i.e.;, (Ey E ) 1/2 , @ quantity proportional
to the final electron momentum. (Both tables were used since each had
I.C.C. for energies_which the other table did not intlude and their I.C.C.

- for common energies differed only slightly). After a variety of other
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plotting procédures_had beenltried, it was decided'that this procedure
gave plots which were the most easily extrapolated to low energies. These
plots are shown in Figs. 26a and 26b for M2 and E3 transitions and for
Z = 4l. The dashed lines connect the points calculated from the lowest

59 This large 4dif-

energy I1.C.C. given in O'Connell and Carroll's tables.
ference between the threshold I.C.C. as given by 0'Connell and Carr01159
and that.obtained by extrapolafidn may not be too unreasonable since Rose
has also noted that the I.C.C. will reach a maximum asvk(k = E/mOCE)
approaches the threshold value and then decrease to a non-vanishing value
~at the threshold. In either case, it seems reasonable to assume that the
“true I.C.C. should lie between the values calculated from these two curves.
The total M-shell I.C.C..was obtained from a similar plot, Figs. 27a and
27b. These points were obtained from semilog plots of Rose's M shell
I.C.C. (unscreened) versus Z for the different values of K.

The M-subshell I.C.C. aﬁ low energies were obtained with a two-
step extrapolation procedure. Rose's tables of M-subshell I.C.C.s have
been tabulated only for Z > 65. Thus the first step was to estimate the
M-subshell I.C.C. for 2 = 41 by exfrapolating semilog plots of these I.C.C.
versus 2 fof various energy values. Two such plots are shown in Figs.
28a and 29a. The threshold I.C.C. are plotted against Z in Figs. 28b and
29b. These plots were used to estimate the threshold I.C.C. for Z = Ul.
The fact that these increase with decreasing Z while those in Figs. 28a
and 29a decrease with decreasing Z is a fesult of the decreasing threshold
énergy with decreasing Z. The second step in this procedure was then to

téke the M-subshell I.C.C. for Z = 41, as obtained from the type of plots
| shown in Figs. 28a and 29a, and to construct plots similar to those used
to estimate the M- and L-shell I.C.C. These plots for the M-subshells for
Z.= 41 and 65 (which required no extrapolation) are shown in Figs. 28c,
284, 29c and 29d. It can be seen that the shapes and relétive intensities

of these curves do not change drasfically with changing Z. -

. .
v .
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tion times the seventh power of the gamma ray energy versus. the
-square root of the energy difference between the gamma—ray energy
and the electron binding energy
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The N-subshell I.C.C. were assumed to be one-third the value of
the'cdrreSponding M-subshell I.c.Cc. (This is a_coﬁmonly used empiricél
rule which seems to fit the experimental resuits within a factor of 2 or
3).ul The N, and Ny subshells were further reduced by a factor of 0.k
_to’ compensate for the incomplete 4d orbit of Nb and the OI'subshell was
assumed to be one sixth the N shell because the 5s orbit is only one—half
filled. [These I.C.C. and those obtained from the graphs are listed in

Table IV.

3. Reduced Lifetime Estimates
Reduced 1lifetimes, TVEYQL” 2L/3
and 1yEy2L*l A@L-QVB for magnetic multipole transitions, were calculated

_ for the 24-second Nbgo isomer by assuming that the multipolarity of the

for electric multipole transitions

transition is either M2 or EB. The reduced lifetimes for E3 and M2 type
transitions take on the following forms T&Eg A? and ﬂaEz AQ/B for low
‘energy transitions where @ (@ is the total I.C.C.) is much greater than
one and thus <t is approximately equal to fdﬁfCT is the observed li%e—
time). These éalculations were carried ougvfor the following possible
 transition energies: (1) 3.0 keV--sufficient to convert in the I shell

(LI binding energy is 2.70 keV for Nb.), (2) 2.5.keV——the'transition energy’
proposed from the decay scheme studies reported in the appendix; insufficient
to convert in the L shell (LIII binding energy is 2.37 keV), (3) 0.5 keV--
just sufficient to convert in the M.shell (MI
and (L4) 0.2keV--insufficient to convert in the M shell (Mbinding energy is

binding energy is 0.4k7 keV)

0.21). The I.C.C. used in this calculation were obtained from the plots
in the precedihg section. The total M shell I.C.C. obtained from Figs.

27a and 27b were used instead of the sum of the M-subshell I.C.C. since

the latter are the.results'of a double extrapolation.and:therefbre probably
less reliable. Howevef, the ratio of the M-shell I.C.C. to the sum of the
N- and O-shell I.C;C;‘uéed to estimate the contribution of the N and O
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Table IV. Low-Energy internal conversion coefficients.®

90ml

KeV L My Mrg Mrr My My
3.0 2.0(7)° 8.0(5) T7.0() B8.6(5) 1.8(k) 2.k(3)
2.3 2.8(6) 2.4(5) 3.3(6) 7.0(k) 9.1(3)
0.5 , ' 4.6(9) . 3.6(8) 6.7(9) 1.4(8) 1.8(7)
0.2 | S
90ml_‘

Mo =, E3
Ey(kev) = | L M Mo Moo 1y My

3.0 | 9.6(9) 1.0(7) 2.1(9) 6.4(9) 5.5(8) 1.2(9)
2.3 C U 6.2(7)  1.2(10) 3.8(10) 3.5(9) 7.5(9)
0.5 - ' 2.1(12)  3.2(1%) 1.3(15) 1.5(14) 3.4k
0.2

797 2.1 kev, B3 R
o L My Mg Mepp Mgy My
1.2(8) 2.2(10) 7.1(10) 6.6(9) 1.k(10)
P, we
By (keV) | Ny Yoo Ny Ny Ny O
3.0 ' 2.7(5)  2.3(k)  2.9(5) 2.k(3) 3.2(2) Lk.5(k)
2.3 | 9.3(5)  8.0(4) 1.1(6) 1.2(4) 1.5(3) 1.6(5)

0.5 : 1.5(9)  1.2(8) 1.8(9) 1.8(7) 3.0(6) 2.5(8)

0.2 - 1.4(11) 1.1(20) 2.2(11) 4.7(9) 5.9(8) 2.4(10)
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Table IV. (Continued)

wP, B

! , E3
KeV I I Y Mo Ny o
5.0 33(6) 7.08) 2.1(9) T7.2(1) 1.6(8) 5.5(5)
2.3 ‘ 2.1(7)  k.0(9)  1.3(10) k.8(8) 9.6(8) 3.5(6)
0.5 - “7.0(11)  1.1(2k) k.3(ak) 2.1(13) k.b(13) 1.e(11)
0.2 | 1.2(14) s5.9(16) e.k(17) 3.1(16) 7.0(26) 2.0(13)
29 5.1 kev, E3 .
. | Ny Nyg Nopp gy Ny O
(

b.o(7)  7.0(9) 2.4(10) 1.1(9)  2.k(9) 1.3(7)

a, - ' o C ‘ ' : X
- "The internal conversion. coefficients were calculated from the extrapolated
curves in Figs. 28c and 29c. ' :

bThe numbers in parentheses are the powers of ten, by which the first number
listed is to be multiplied, i.e., 1.6(2) = 1.6 x 10°. :

-

. \A'.
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_‘shells. In addition the'calculeiions were‘carried out for both the

- O, 2L+l values obtained frow the c?trepolationrcurves and the dashed curves
~connecting O Connell and C’rroll’" thre@nold values. Thue the real reduced
v‘llfetlme should lie- somewhere in betWAen these two extremes.

_ The reduced llfetlmec ce1cula\eu above assuming either pure M2 or
pure E3 are grabhicar-y compared with the Lheoretlcal reduced lifetlmes as
reported by Sl iv for E3 and M2 uran51t ions and the reduced ll?eulmes for
known E% and M2 transitions in.a plot of the,logarithm of their reduced

" lifetimes versus neutron number. This plot is shown in Fig. 30. The solid
dots (a)-are the points-ebtaiﬁedzfrem the extrapelated'values for aEy2L+l,
and the circles are the values obtained from the'dashed line connecting
O'Connell and Carroll'sﬂthresheld points. The crosses are the reduced
lifetines for known Ej and M2 tran31tloroP2 and the dashed lines in Tigs.
'7jOa and 30b . are the theorctrcal VdquQ reperted by SllV for a single-par-
blCle transition. T seems ratker clear from this comparlson that the
transition is probably a slow M2 Lrans"tlon, whlch is quite-common, rather
than a2 fast E3 tranﬁltlon Wthh i very uncommon In addition these p01nts
ehould be further Wowered since the I.C.C. used were not corrected for
screening effects.‘ Rose has estimated that these I.C.C. should be reduced
byAa>fector of from 0.6 ton.7'to compensafe for screening.

" The above calculeﬁions were performed on the known 2.1 keV E3
transition in T099 to check the abuve calculational procedure and to obtain
an estimate of which of the two curves is the better to use in this energy
revlon. The logarlthm of the value of the reduced llfetlme obtained from
the exirapolatlon curve is shown by the square in Fig. 30b and the value‘
obtained from the dashed line 1s shown with the triangle. From this com-
parison, it would appear that the estimation procedure used is rather re-
lizole and that the real curve is closest to a simple extrapclation curve

not jeining the o' Connell and Carroll threshold values, whick seem to low. -
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Fig. 30. (A) Plots of the reduced lifetimes for M2 transitions versus
neutron number. (B) Plots of the reduced lifetimes for E3 transi-
tions vegsus neutron number. 01

8The Nb”7™L values obtained from the extrapolatlon of Rose's I.C.C.
The E3 values have been off-set from the N =49 column to make them more
readlly visible.

bValues obtained from O'Connell and Carroll's threshold 1.C.C.00
The E% values have been off-set from the N= h9 column to make them more
readlly visible.
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4. Implications of the Environmental Effects

_ S0m.,
The fractional. changes in the decay constant of Nb * observed in

this investigation are summarized and compared with the largest effects

99m

observed by other: investigators for the Tc system in Table V. These
observed environmental effects are the sum of the effects on the indivi-

dual atomic electron orbits as expressed in Eq. (III:5), i.e.

.= * . I'\
AA/x‘ ;W f, (I11.5)
This eguation can be greatly simplified by assuming, as Slater's rough
estimates indicate in the case of Tc99m, that the W factors for shells
deeper than the L4th shell (N shell) are so small that these terms will not
‘make a significant contribution to the total sum. Thus, after making the

above simplification Eg. (III.5) takes the following form

4A/x =W, £+ whpfup + W afig + w5sf5s (VIi.1)

>

The f factors have been calculated from the conversion coefficients listed

in Table IV and are listed in Table VI. From this table it can be seen that
the f5s'factor is much more significant for an M2 transition than an E3
transition, that the reverse is true of the fud factor and that the fup
factor 1is somewvhat larger for the I3 transition. The ratio of the sz Tactor
to the fud factor for the M2'trans?tion is 12 while the same ratio for the
EB’transitionv(Tc99m) is 3.7 X 107, Thus the 5s.electron is significantly
more important for the decay of Nb om than it is for the decay of Tcggm.
Also listed in Table VI are Slater'522 estimates of these factors for a

9%m 38

free atom of Tc and Porter's estimates for T099m in a metallic environ-
ment. The agreement between our estimates and those of Slater is quite
good, considering that both are just rough estimates. The large disagree-

ment of Porter's results for the 3p and 3d electrons is difficult to explain,
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Table V. TFractional change in the decay Constant.

Chemical = . High - Superconducting

State Pressure State
S 9Oml
This investigation .(Nb ) -0.036 -~ 0.006 _ < 0.002
17 investigations " 0.00%2B 0.0002%7 0.0c06>*

since the difference ih the chemical state (free atom aﬂd metal) should not
effect thevelectrons this deep in the atom to this extent. Although the
absolute magnitude of the I.C.C. obtained with the procedure described may
not be too accurate; their relativé'magnitudes are probably quite good. In
addition, the f factors calculated from O'Connell and Carroll's threshold
I.C.C. ére in good agreement with both Slater's and ours. This large amount
of agreement does seem to lend support to the procedure used to estimate

- these f factors and does seem tO support their approximate magnitude.

/ . v 90
. The much larger difference observed between the Nb . decay con-
IV;Stant in the metallic state and the decay constant in the fluoride complex
S o :
‘than the difference :observed for tgs T099m decay constant in the metal and

»?KTCOA indicates that either the Nb. . W factors are much larger due to the

.~ fluoride environment_or that the f factors for the valence electrons are

'mﬁéh.largér. A.larger f factor could-be due to either the difference in

f the multipolarity or to a much lower isomeric transition energy. Insight

E ihtg which of thesebmight be the ﬁajor cause of this much larger effect

lscaﬁ?bé obtained by inserting the value of A\/A obtained for the ¢hemical
‘effect (0.0BG)-intélEq. (VI.1) and replacing the first three terms or the

~ left side of this4quatipn'(wAsfus SR W, 4f)q) With & . Then, after

the above-mentioned substitution and rearrangement, Eq. (VI.1) becomes

W Loy + 6= <0.036
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Table VI. Fractlon of 1nt89nal conversion for various atomic OlbltaJS in
Nb and Tc for M2 and E3 trans1tlons a

Nb9oz M2

E (keV) LY Moo Mg My My

3.0 O 8.9(-1)° 3.5(-2) 3.1(-3) 3.8(-2) 8.0(-k) 1.1(-h)
2.3 : 3.2(-1) 2.8(-2) 3.8(-1) 8.0(-3) .0(-3)
0.5 - - 3.0(-1) 2.3(-2) L.2(-1)- 9.0(-3) 1.2(-3)
0.2 : ‘ ' ‘

Nb90z E3 _ S : ‘

L (keV) : L- MI MII MIII . MIV MV
3.0 ho3(-1) h.3(-k) 9.1(-2) 2.8(-1) 2.h(2) 5.2(-2)
2.% 7.6(-k) 1.6(-1) u4.8(-1) L.3(-2) 9.6(-2)
0.5 ' 7.8(-k) 1.2(-1) L.8(-1) 5.2(-2) 1.3(-1)
0.2 4

Threshold”, w° ' . .

L M Mg Mg Moy Yy
iz C3(-) 1.7(2) 3.h(-1) 8.2(-3) 1.1(-3)
E3 1.6(-%) 1.7(-1) 3-3(-1). 9.0(-2) 1.k(-1)
7?7 g3, 2.1 keV

r M Mg Mg Mgy Yy

Extrapolation 8.1(-4) 1.5(-1) u.8(-1) k.5(-2) 9.7(-2)
. slater® - o 6.0(-1) 2.7(-1)
)

Porter38 ‘ - 3.8(~1) 5.5(-1
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Teble VI. (Continued)

P, M
E (kev) = N Ny Noop Ny o Ny Oy
3.0 1;2(-2) 1.0(-3) 1.3(-2) 1.1<fu) 1.4(-5) 2.0(-3)
2.3 1.3(-1) 9.3(-3) 1.3(-1) 1.4x(-3) 1.7(-4) 1.8(-2)
0.5 1.0(-1) 7.7(-3) 1.k(-1) 1.2(-3) 1.6(-%) 1.6(-2)
0.2 u.;(-l) 3.2(-2) k.9(-1) L4:.1(-3) 8.9(-k) 6.9(-2)
N‘ogoz E3
E (keV) N Nop  Nppp Ty o Ny Oy
3.0 1h(h) 3.0(-2) 9.3(-2) 3.2(-3) 6.8(-3) 2.h(-5)
2.3 2.6(-k) 5.3(-2) 1.6(-1) 5.6(-3) 1.3(-2) k.k(-5)
0.5 2.6(-%) Lk.o(-2) 1.6(-1) 6.8(-3) 1.8(-2) L.3(-5)
0.2 1.2(-3) 1.8(-1) 6.8(-1) 3.9(-2) 9.k(-2) 2.1(-k)
Threshold®, N6 70
N; Mg Nrrg Hoy Ny O
M2 1.2(-1) 5.6(-3) 1.1(-1) 1.1(-3) 1.5(-k) 2.0(-2)
E> | 5.5(-5) 5.6(-2) 1.1(-1) 1.2(-2) 1.8(-2) 9.3(-6)
7e??, B3, 2.1 keV
| | Ny Npq Voo Ny Ny O
Extrapolation 2.7(-4) s5.0(-2) 1.6(-1) 7.5(-3) 1.6(-2) 9.0(-5)
Slatercc 1.0(-1) - 3.0(-2)
Porterd 5.0(-2) S1.0(-2)

‘aThe f factors were estimated from the internal conversion coefficients
.given 1n Rose's tables, Ref. 21. The method used to estimate these factors

is discussed in the text.

b ' .
The numbers in parentheses are the powers of ten by-which the first number
listed is to be multiplied, i.e., 1.6(-2) = 1.6 x 1072.

“Ihe M shell threshold conversion coefficients were obtalned from O'Conmeldl

and Carroll, Ref. 39. ‘ ’ :
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The - & term is assumed to be less than one fifth w5sf5s for the following

reasons: From the f factors given in Table VI it appears reasonable to

assume that fﬁd S'l/lOf In addition, the 5s electron will experience

the greatest effect due5:o:ch¢mical bonding and therefore the whd should
be ;ess than the W55 term. Thus the 44 electrons should contribute less
than 1/10 of the effect. Slater has suggested that the effect observed
for the Tc99m isomer in the metal and KTCOLL was due to an estimated 5% in-
crease in the Up electron density due to a greéter squeezing of these
electrons in the KTCOM‘(TC-O bond distance of l.7£) cdmpared to the metal
(Tc-Tec bond distance of 2.7&). Thus it seems reaéonable to assume &
similar order of magnitude,éffect for the Nb bp electroné. Becéuée the
ks electrons are buried so deep within the atom, it is felt that their
contribution would not be.as great as thékhd or the Up electrons. Thus it
seems reasonable to assume a maximum value of about 0.006 for the & term

and a minimum value of about -0.03 for the W term. That is

5sf5;
oo = o.oao/w55

=

Table VII lists various values of W ; and the corresponding values of f5s

which would explain .the chemical'ef?éct'on the lifetime. By comparing
these f factors with those estimated in Table VI, the largest of which is
0.069 for a 0.2 keV transition, it seems likely that the change in the
electron density in the vicinity of the nucleus is at least 10% (-W = 0.1
and f5s = 0.3). A smaller vélue of W would require.éuch a iarge f factor
to account for this chemical effect that the transition energy would have
to be less than the binding energy of the electrons in the first few N sub-
shells. A,much‘iargér effect would then have been obéervéd.for'the pres-
‘sure and supercondudting effects. In addition, if the tranSition is én M2

transition of about 2.3 keV, the 5s electron denéity'would appéar to be

about two to four times greater in the vicinity of the nucleus in the metal

than in the fluoride. These results are'not definitive with regards £0
[ .

[
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Table‘VIi, Poséible f_ wvalues for the corresppnding W.. values.

5s Os
. S ;

0.1 S 0.3

0.5 ) : 0.06

1.0 . 0.03

3.0 ' o . 0.01

6.0 : ' 0.005
a

Oﬁ‘.‘ludride . ghetal

W o= S5s Ss
5s fluoride
a [
| 5s-

Slnce /X 1is negatlve, ametal must be greater tnan agluorlde and

ametal/ fluorlde must be greater than 1.

the energy and multipolarity of the transition, but these results are cer-
tainly consistent with the assumed 2.4 xeV, M2 transition. 1In addition,

they indicate that W term is quite large for this change in the environ-

5s

ment.
The results of the high pressure experiment suggest that the
value of the f factor might be about 0.3. This can be seen from the

5s

following reasoning: As with the chemical effegf, the effect of a large

change in pressure should be the gréatest on the bonding electrons, i.e.

the 4d and 5s electrons. In the case of the Tcggm'EB iransition, it is

possible to further restrict the'major portion of the pressure effect to :

the 4d electrons because of the very small f factor for this transition.

5s

© Thus, the 0. 0002 effoct observed by Balnbrldge can be apprOXLm tely attri-

buted to Wud L i. e.

'wudfhd ~ 0.0002
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9%9m

E3 transition in Table VI, it appears

term‘for Nb should be at

From the fhd factof for the Tc
that W) o factor is abogt 0.0l and thus the W5é
least as large as this since the 5s electrons are the ones affected the -
most by pressure. Therefofe,'from arguments similar to those used in

the preceding paragraph, it follows that

W Fog 2 0.008

and thus

Then when one takes into account the fact that the pompressibility of Nb
is almost twice the Tc compressibility and that the W
' been almost doubled, it appears that the f

58 factor should have
s factor should be less than

5

0.3, if the observed pressure effect is real. Howéver, from a comparison
with the tabulated f factors (Table VI) it appears that this upper limit

could only be significant if the transition energy were less than the NI

or NII binding energies.

If the effect of superconductivity observed in the case of Tc:

is real, then the results of the superconducting experiment in this investi-

- gation would indicate that the T factor is not as large as possibly in-

. 5s _
" dicated by the pressure experiment. It follows that if we assume the esti-

mate of the f&d factor given in Table VI for T099m

, then the W, , factor
9o La
for the Tc

superconducting transition should be about 0.03%. Thgg by
_ _ : ' ‘ 70+
assuming this value as a lower limit for the w55 factor for the Nb +

superconducting transition and the upper limit to the f5p Tactor suggestaod

21

by the high pressure results, it appears that the observed superconducting
effect should have been about 0.009. However, the upper limit to this
effect set by our results is about 0.002. Thus it would appear thal the

factor could have would be about 0.06.

largest_possible value that the f5s

9%9im

g s e
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However, it is surprising that Byers and Stump even saw an effect.
Their observed 0.06%'chénge in the decay constant would suggest about a
2% change in the electron density near the nucleus énd would represent
the first'indigation‘of a substantial physical change in this transition.

Although their experimental data are very convincing, it is difficult to

see theoretically how a change which should only modify elecfron‘wave

. functions at the top of the conduction band over an energy interval of

order ch (TC is the superconductlng tran51t10n temperature.) could alter

the electron density near the nucleus by about 2%. It would thus be very

- interesting if this effect could be verified with further experiments.:

B. TFurther Implications

The pertufbed-equilibrium method of étudying environmental effects
on nuclear decay constants describe 8m1n this report is not restricted in
its appllcablllty to the Mo90 - Nb L equllLbrlum or to isomeric states.
This method is app icable to all systems 1n which (1) a long-lived parent
decays to a short-lived daughter, (2) some state in the daughter has &
method of decaJ whose decay constant 1is dependent on the e];ctronxc en-
vironment. and (3) there is an observable radjatlon which fOiJOWu the decay
of the environmental dependent state.

' : _ 7 . 110w
To amplify this point, consider the following examples: Be , Ag -kn,

235m 99n !

U .

even though it qecays by electron capture, as 1t is to the isomeric states

and Tc This method woula be just as applicable to the Be nucleus,

<if 1t weren't for the first condition. It has a state which is dependent

4-10

on the environment, the ground state, ~— and it has several gamma transi-

tions following the decay of the environmental dependent state. But Be7
does not form an equilibrium with its perent. Thus, this method could

not be applied to Be7. On the other hand the major difficulty preventing

the use of this meunod in the gtudy of environmental effects on the nuclear
decay constants of Ugj5 and the proposed low-energy, El tranbitlon id

Agllom is that they both decay to the ground state and thus have no easily
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observed radiations which follow the decay of the state dependent on the

environment. However, this method can be used to.study the effects of

environmental changes on the decay constant of Tc99m' It can exist in a

599

), it has a

state of transient equilibrium with its parent (66 hour, M
state (the isomeric state) whose.decay constant is dependent on the en-
vironmentu-lo and it has a lMO;keV gamma'ray that is in cascade with the
isomeric transition and which can be used to monitor the perturbation in
the equilibrium. |
The Tc99m

look very favorable for the study of environmental effects with the per-

isomer has two additional characteriStics which make it

turbed equilibrium method. These two properties are its -long half life,

6 hours, and the simplicity of the gamma-ray spectrum. The long half

life would make it easier to obtain a larger number of counts than is
possible with the Nb9O isomer. Becaﬁse of the simplicity of the gamma-
ray spectrum it would be possible to use a NaI(Tl) crystal instead of the
Ge(Li) crystal for the detection of the gamma rays. Both the simplicity
of the gamma-ray spectrum and the use of a NaI(Tl) crystal would grestly
inérease,the ratio of the photopeak inte?s}ty to bag%giound intensity.

For. example, the best such ratio obtained in the Nb studies using a
Ge(Li) crystal was 3.0 while the same ratio for the 140-keV photopeak
(Tc99m) with a 3 in. by 3 in. NaI(T1l) detector is aboutVBO.uO Thus, it
should be possible to obtain a larger number of 140-keV counts in a 6

" hour NaI(Tl) count of 79 than cgg%d be obtained with 200 18-sec. counts
of the 122-keV. gamma ray of the Nb L uith a Ge(Li) detector. An addi-
tional favorable factor is that is is a very common iéotOpe which is
easily obtained as a fission product. Thus, although the effect on the
Tc99m decay constant due to environmental changes nay be smaller than
those on the Nb90m decay_constant, the greater ease of studying the éffect
on the Tc99m decay constant and its ready avaiiability make this iéomer

look very favorable for future study.
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It should alsovbe'noted that with improved counting methods and
computer fitting programs it should be possible to detefmine some decay
'constants to an accuracy of a féw tenths of a per cent, thus making it
possible to étudyvdifferences of the order of a per cent by the direct
measurement of the décay constant. Thus it might be possible to study
certain chemical states which might not be possible with the perturbed
equilibrium method by studying the decay constant of chemical compounds

of the daughter which have been separated from the parent>activity.

v C. Further Investigations
1. Chemical State Studies |

The uncertainty in the actual chemical species present in the HF-

HNO, solution prevented a more defihite'interpretation of the results of

3

the chemical effect experiment as to the relative importance of bond dis-
tance ahd electronégativity effects. Results which might be easier to -

interpret could be oBtained by measureing the difference between the de-
cay constant in the'KéNbF7 salt and in.the HNOé—HF solution. To do.this

one.might either irradidte the KéNbF salt, in which case equal amounts

7
of Nb9o and Mo90 would be produced, or one might try to prevare the salt
with MogQ (separated from an irradiated foil) substituted into niobium

sites in the crystal. The change in the decay'constant on rapid disso- '
lution in HNOB-HF would be measured. -The difference between the decay
constants in the metal and the KQNbF7 salt could then be obtained by

subtracting this M/X value from that obtained for the metal and solution

since they both have the same final state. If the.reduced bond distance
: 9%m

interpretation of the Tec results 1s correct, a slightly less negative
effect for the metal-salt system than the metal-solution system would

- indicate that the bond distance effects on the bk and “p electrons are

small compaied to the electron withdrawing\effects on the hd and 55 elec-

trons by the fluorine atoms, i;e},-
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YOS Wud g * w53f5s . (vi.2)

If it is assumed, as seems reasonable from the M2 ‘f factors giveh in .
Table VI, that fSS > 10 f&d’ then Eq. (VI.2) can be further simplified to
the following. ' '

/N = W5Sf5s . , - (VI.3)
If such results were found it would indicate that the effect is due pri-
marily to changes 1n the density of the 5s electrons.

Another experlment which might further clarlfy the origin oi the
effect would be one in which the wi terms would be measured directly. The

W, term can be expressed in the following form

W.=1-<2e, B (VI.L)
where : ’ : :' v . .‘
e, =al/a.. . : (VI.5).

is Simply the ratio of the 1 th‘convérsion electron intensity in one

" chemical state to the i th electron intensity with the isotope in another

chemical state. Thus €, could be obtained by measuring the relative
electron intensity in a high-resolution beta spectrometer with the radio-
active isotope in thé two different chemical states. The most appropriate
measurements with regards to the present Droblem would be the ﬁea surement
of the eu s Chd and e5 values for the 29- keV Nb95 transition. The

measurement of these terms would make it possible to calculate the f factors

from which insight into the energy and multipolarity cof the transition might

-be obtalned

‘It would also be of 1nterest to measure the dlfference in the decay’

constant between the isomeric state in different metallic environments and

the same HNOi—HF solution. The MO)O activity could be separated Lrom the

SR

vt of it < g e S5 A i o e e ekt e bt = i ma < M




-89-

rest of the target activity and then dissolved in some metal such as Sn,

Pb, Hg, Fe, K, etc. 'Then the'expériment could be carried out with Smal%o
i ) ’ ’ . Sl
pieces of the activated metal in much the same manner as used in the Nb +
90

f

experiment described in section ITI.B. The separation of the Mo rom
thé rest of the target activity would greatly enhance the peak to background
ratio for the 122-keV phoﬁopeak which should reduce the number of experi-
ments needed to 8g§ain the required number of counts. Since the.final
state of the Nb isomer would be the same in each case, the decay con-
stant of the isomer in one metallic enviromment could alsb be compared to
that in anoﬁher metallic environment. These results would give information
on the. electron density in the metallic state and insight into the relative
importan¢e of the bond distance and the electronegativities. |
Another very ihferesting series of experiment might be conducted

» O
99m Nb9 my

with either Tec s metallic sodium and liquid ammonia. Metallic

sodium'diséolves (reversibly) in liquid ammonia according to the following

. reaction:

Na + (x+y) iy Na(NHB):; + §—(NH

3)3/

The properties of solutions with low Na concentrations indicate the pre-
- sence of ammonated electrons whereas the properties at high Na concentra-
tions suggest the presence of free electrons. Although the Tc, Mo and Nb
would probably form ammonates of the form M(NH-)6 upon evaporation. of the

P

NHB’ the form in the NH, solution at different Na concentrations is not

known. It would thusjbe of interest to see i1f the decay constant couid
be»varied by changing the concentration of Na ions and therefore the con-
centration of ffee electrons. Although the solubility of these isotopes
in NHB-is probably rather small,‘they mighﬁ go into soclution in tracer
amounts 1f first dissolved in Na. ‘ »

It would also be interesting to deter@ine the differehce between .

the decay constant in the metallic sodium environment and the HF-HNO.j sO-

lution used in the chemical effect experiment by dissolving the isomer in
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Na and then this Na mixtiare in the HF-HNOB solution. The results of such

studles would add to a better understanglng of the particular environment.
. m
" In addition, i1f results for both the Nb L and Tc99m isomers could be

obtained, they might help to determine the relative contributions of the

5, P, and d electrons to the nuclear transition and their relative role

—

in the various environments. -

2. High Pressure Studies i
. 9%m 90 _
The size of the change in the decay constant of the Tc © and No -

isomers due to a large increase in pressure might possible be enhanced by
diésolving these iéomers in someAhighly_compressible metal such as K or Na.
The conpressibilities of these metals is of the order of 40 to 50 per ce%tA
whereas the compressibility of Tc and Nb is of the order of a few ver cent,
abduf an ‘order of magnitude less. Thus, it would be intgagstihg to see how
the electron density in the v1c1n1ty of the Tc99m and Nb L nuclel changed
with a 1arge increase in pressure when these isotopes are dissolved in
hlghly compressible metals like K and Na. Results from such an experiment
would yield further %ﬁiight into the relat%ye.importance‘of the bd and 55
electrons in the Nb isomeric transition and might make it possible to

further restrict the value of the f5s factor.

3. Superconducting Studies .

v o
The magnitude of the superconducting effect observed for Tcgjm

(0.0006) is very interesting because if it is real, iﬁ would be the first
indication of any substantial structural. difference between the normal and
superconducting state. Thus it would be very interesting to investigate
this further With.the purpose of either verifying the preyiously observed

effect or disproving it.

The perturbed equilibrium method could be applied to the M099 -

99 . 99m

could

Tc99m

transient equilibrium if a carrier-free mixture of Mo

99

be incorporated into a large enocugh sample of Te”” to give an alloy whlcn

is superconducting at the temperature of” llquld helium. Tc¢ 'is superconducting
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below 11°K while Mo doesn't become superconducting until its temperatur

L
drops below l°K.3

[

If four such samples could be prepared, then the fcollowing
simple experiment could be conducted which would utilize the temperature
gradient within the Dewar vessel to maintain the ﬁémperature of the material
above and below the superconducting transition temperature. The four samples,
located at the end of & rdd, could be maintained in the normal state by
proper vertical positioning in the Dewar vessel. One of the samples could
then be immersed in the liquid helium, thus reducing the tempefature well
below the superconducting transition temperature. Then a COﬁntingbprocedure
similar to that used in the chemical experiment could be used in which U
successive 4 1/2-hour counts of the energy region including the 140 keV
photopeak could be recorded in the & bloéks of 100 channels in a L40O-chan-
nel analyzer. This sample could then'be returned to the same level as the
other samples and allowed to return to a state of transient eguilibrium

with its parent in the normal state while the other samples afe being suc-
cessively immersed in the ligquid helium and counted. Although the sarple
activity would be decreasing relatively fast, thé count rate could be main-
tained constant by adjusting the source to detector distance between samplé

99

changes. Tn addition, since the Tc” grouna state is so long lived, therc
would be no significant decrease in the photopeak to background rétio with
time.

The éboVe—mentioned procedure could also be applied to the measure-
ment ggmthe effect of the superconducting transition on the decay constant
of Nb . However, in order to obtain sufficient statistics to reduce the
error to the one~hundredth of a per cent region, méfe'sophisticated mechani -
- cal and electrical engineering would be required to automate the immersion
sﬁep and the éounting précedﬁre, _

" An additional improvement in the Nb experiment could be obﬁaingd by
first separating the Mo90 activity from the Nb ﬁarget material. This acti-

vity could then be mixed with inacfive Nb carrier and the resulting mixture

—
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keV photopeak intensity to the background intensity and would thu

the rate of accumulation of the 122-keV photopeak counts.

-

0

1

el
343

converted to the metal. This would greatly improve the ratic of t}

¢

b b s e e

2

-

-l
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\ VII. CONCLUSION |
This investigation has shown that the decay constant of the 2k-
second isomerickstate is dependent on its enviromment and therefore that
the transition energy is indeed quite low as indicated in the proposed
deca& scheme (Fig. 2). Moreover, a new method has been developed for the

study of environmental effects on nuclear decay constants. It has been

shown that this new method is applicable to a large number of environmen-

tal'investigations and that the results obtained from this method are
definitive and easily interpretated. In a%%ition, the following environ-
mental effects on the decay constant of Nb + have been measured with

this method:

A(fluoride) - A(metal) = -(0.0%6 * 0.004) A(fluoride)

A (100,000 atm) - A(1 atm) = +(0.006 % 0.007) A(100,000 atm)

A(L.2°K, superconducting) - A(12°K, normal) < 0.002 A(L.2°K,

superconducting) .

Although the energy of the transition has not been clearly defined
by this investigation, the above-mentioned results have been shown to be
consistent with the 2.h-keV, M2 transition suggested by the decay scheme

proposals iﬁ the appendix. In addition, it has been shown that the calcu-

- lated reduced lifetime of this isomeric state suggests very strongly that

the multipolarity of the transition iz M2.
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APPENDIX: MO90 DECAY SCHEME STUDIES

A. TIntroduction

The pufp05e of this appendix is to present and discuss additicnal
experimental information pertaining to the decay scheme of Mogo which was
not included in our earlier report.19 This included another look at tlie
gamma-ray spectrum in which several new lines ﬁere observed and the pnhoton
intensities measured. These photon intensities and the conversion electron
intensities reported by Pettersson et a1.45 have been used to calculate the
total transition probabilities and the K-conversion coefficients.' In addi-
tion, gamma—gamma coincidence studies have been condueted with Ge-Ge eﬁd
Ge-Nal couhtingvsystems. These studies have led to the determination of
the multipolarity of several transitions and the proposal of a deeay scheme

which utilizes all but 5 of the 28 observed gamma rays.

B. Experimental Method -

The Mo90 act1v1ty for the gamma-ray spectroscopic studies and for
one of the c01nc1dence experiments was produced by bomoardlng n1001um.101ls
with 50~ and 55-MeV protons in the Berkeley 22k - en cyclotron The Mogo
source for the other coincidence experiment was produced by bombarding
zirconium foils with £5-MeV alpha particles in the Berkeley.QQM—cm cyclotron.

The Zr foils were dissolved in concentrated hydrofluoric acid, the
resulting solution e&aporated to dryness, and the activity taken up in 5N
HCl - 0.06 § HF. This solution was placed on a Doﬁex -1 anion exchange
column of dimensions 7-8 cm long by 0.4 cm in diamter. Molybdenum forms
anionic complexes that stick t;ghtlybto the column while niobium and zir-
conium passbon through. The Nb and Zr are quantitétively separated by
eluting with'sevéral_column volumes of 5N HC1l —:0;06 N HF. The Mo acitivity .
was stripped from the column with 1N HC1 and further purified by repeating
the above column procedure with 0.1 N HCl - 0.06 N HF to remove iron and

other interferring activities that might have been produced.
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When Nb metal foils were used as the target, they were dissolved
in a mixture of concentrated HF and HNOB' and the solution evaporated to
dryness. The Mo activity was then uaken up in 5N HC1 - 0.06 N HF and
purified with a Dowex -1 anion column as described above.
The separated Mo activity was then absorbed on another Dowex -1
anion column in 5N HCl - 0.0692 HF. This column with the Mo activity ab-

sorbed on 1t served as the Mo source for both the gammz-ray singles

studies and the gamma-gamma coincidence studies. To preveot the dzughter
act1V1ty (Nb9 ) from "growing-in", the column was continucusly washed with

5N HCL - O. 06 N HF. To malntaln a constant count rate and to make long
90

count 1ntervals possible, Mo activity was periodically added to the column.

5

_ The gamma-ray sihgles spectrum was studied with_a'lithium—drifted
germénium detector'with an active volumeo:f‘..lﬁcm2 by 5 mm deep. Tt was
maintained at "liquid-nitrogen temperature" (-196°C) with the use of a 10
1 gravity-feed liquid-nitrogen reservoir of commercial manufaciure. > The
associated electronlcs consisted of a biased- ampllfler system designed

26,27

by Goulding and Landis and a preampllfler which had a cooled field-
effect transistor as a first stage.57 The detector conualner had a 0.010

1

inch Be window and the detector had a "dead- laye“ of about one micron of

gold. .The puise-height analysis of the spectrum was made with a 1600-chan-
nel analyzer.u6 » ' _ l

The gamma-ray coincidence spectrum was studied with two lithium-
drifted germanium detectors, one with an active volume of 6 cm2 by 9 mm
_ deep and one with an active volume of & cm2 by 7 mm deep, and one 1 1/2
in. by 2 in. NaI(T1l) scintillator.  The Ge(Li) detectors were maintained
at "liguid-nitrogen temperatures" in a similar manner to that described
in the precediog paragraph. The associated electronics for the two Ge(Li)
detectors consisted of a low-noise, 1ow—capacity‘preamplifier and blased-
amplifier system designed by Goulding and Landi526’27'and'constructed at
this laboratory. The containers for these Ge(Li) detectors had 0.020-

inch Al windows and the detectors had "dead-layers" of about 1 mm. The
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pulse-height analysis of the éoincidence spectrum was made with three 400
channel analyzers.

The experimental arrangement used for the coincidence studies and
the "fast-slow'" coincidence circuit are shown in Fig. 21. The components
contained within the dashed blocks are all part of the Goudling-Landisz 198
linear-amplifier system. This coincidence unit uses & ”crbssover” circuit
to generate the fast-coincidence pulses from the crossover points on the

_sléwer pulses from the linear amplifiers. The resolving time used was 50

nsec.
90

source in which Mo90 and Mo95m had been produced in about egual amounts by

Two colncidence experiments were conducted. The first used a Mo

bombarding natural Zr with 65-MeV alpha particles. The source for the se-

cond experiment‘was produced by bombarding 50-MeV protons on 1 95. Very
little Mo95m was produced in this bombardment. In both experiments the anion

column cbntaining'the activity was sandwiched between the two Ge(Li) detcctors
(The source-to-detector distance was about 1 cm.) and the angle between the
two Ge(Li) detectors was 180°. Only the two Ge(Li) detectors were used in
the first experiment. A single channel analyzer was used as a "window" or
”gate”vto select a protion of the spectrum aﬂa the counts obtained in coin-
-cidence ﬁith thOSe'selectedVWere displayed on ‘a multichannel énalyzer.

The smaller detector was used for the gate and the gamnma-ray spectrum in
coincidence with the 163-, 203-, and 32%- keV gamma rays was detected with
the larger detecﬁor. One: of the 400-channel analyZers reccrded the low-
energy region of the coincidence spectrum and the other'recorded the high-
energy region. In the second experiment, a'NaI(Tl) detector was used in
addition to the two Ge(Li) detectors. The NaI(T1l) detector was used to gate
on the high energy gamma rays while the small Ge{Li) detector was uscd to
gate on the low energy gamma rays.. Thus, with the experimental arrangement
shown in Fig.'Bl; the gamma-ray spectra in colncidence with the two gutes
(The Ge(Li) and the NaI(Tl) detector .gates.) were recorded simultancously..

Because of the large number of Compton scattered gamma rays detected by the
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Ge(Li) detectors with the 180° geometry used, spectra in coincidence with
the Compton backgrouhd on both sides of the photopeak were recorded to
determine which photopeaks occurring in the photopeak coincidence spectrum
were due to a photopeak coincidence and which wére due to a Compton coin-

cidence.

C.  Experimental Results

1. Gamma-Réy.Spectrum

The gamma-ray spéctrum of Mo9O is shown in Figs. %2 and 35. A Pb
absorber which had a negligible attenuation coefficient for gamma-rays of
'energy greater than 600 keV was used to reduce the intensity of the low-
‘energy portion of the gamma ray spectrum shown in Fig. 33. The indium x-
réys (Fig. 32) originated from the indium which was used to make electrical
contact with the“detéctor and the Pb x-rays were due to nearby Pb shielding.
The apparentlgreater intensity of the Lo .7 keV photopeak in this spectrum

(Fig. 32) than that previously reportedl9

.is due to the greatly reduced
‘absorption of low-energy gamma rays by this defector's housing and "dead
layer". ' | v L »
Several new, low-intensity lines (109, 365, 421, k25, L33, k55, 517,
ok6, 987; and 1446 keV) wefeobbserved in this investigation. They were |

9

assigned to the decay of Mo”  on the basis of the following reasoning: (1)

Théy were either definitely observed in' other spectra from this source and
spectra from sources produced by the N 114 (Br79’81, Xn) Mo90 reaction'(hzl-,

" L425-, L40-keV lines) or there was a clear indication of their presence, with
about the same relative intensity, in other spectra of this source, (This
does not apply to the shoulaer at 14L& keV.) thus indicating that their half
lives are approximately equal to that of Mo90. (2) The sources was of high
chemical purity (Reactor grade Nb foils - 99.9 + % Nb- were used as tar-
gets, the 5N HC1 - 0.06N HF @nd the 0.1N HC1 - 0.06N HF elutions should have
removed any 1nter1err1nw elements produced in the bombargment und the column

 was continuously being washed with SN HC1 - 0.06N HF during the counting.)
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(3) The bnly-iSotbpe which was eluted from the column during the count was

90

Nb”~ and its gamma-ray spectrum (Fig. 34) did not reveal any of these
gamma rays. (4) None of these gigma rays have been prev1ou 1y observed in
the gamma-ray spectrum of M095m. Alsoc, none of these lines appeared in

' s . ‘ ¥ e . ;
our spectra in which the 262-keV photopeak of M095L vas as intense as the

- 0] o . B .
257-keV photopeak of Mo9 . @o9 and Mézrlamzproduced in gbout egual amounts by
the reaction of 65-MeV alpha particles on natural Zr). In addition, in our
coincidence studies, we did not observe these lines to be in coincidence

with the 262-keV gamma ray. (5) These lines cannot be assigned to any other

-

1sotopes on the basis of their energies and relative intensities. Thus,

there is con51derable ev1dence for the assignment of these lines tc the de-

cay of Mo9O

i

even though their half lives were not determined. Specilal
note should be made of the 425.1- and the 517.7-keV gamma rays acscigned to

0 L ) 5
the decay of Mo9 Pettersson et al. 2 reported observing a 42%.4%-keV K-

90

conversion line which they.assigned to Nb on the basis of half-1ife in-

formation but they did not observe a line corresponding to the L25.1-keV
garma ray we Observed in our spectrum. The fact that this 425.1-keV line
is not the corresponding line that they refer to is cleérly indicated by
the complete absence of any gamma ray in’the region of the Nb9U decay

spectrum (Fig. 34) between the %71- and the 51l-keV photopeaks. Thus, the
‘ %

assignment of the 425.1-keV gamma ray to the decay of Mo is rather delir
90

Although the energy of the 517.7-keV gamma ray agssigred to D

is very close 1n energy to the 519.3-keV gamma ray in the Tb9 spectrum
90

(Fig. %4), its assignment 0 the decay of Mo’  is based on relative in-

tensities. The ratio of the 371l-keV photopeak area to the 919.3%-keV photo-
peak in the Nb °
371-keV photopeak area to the 517.7-keV photbpeak area in the Mo

. spectrum is 7.8 = 0.5 while the relative intensity of the
' 90 -
spectrun
is 1.9 £ 0.5. Thus, these two photopeaks are not the same, and the 517.7-keV

90

gamma ray appears to belong to the decay of Mc

d

Le
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The energies and intensities of these lines are listed in Table
VIII. (The photon relative intensities weré.determined by making measure-
ments Of the areas under the photopeaks and correcting for the variation
of the Ge(Li) photopeak efficiency with energy. The photopesk efficiency
function was experimentally determined by Haverfield.47. This efficiencyv

" curve is reproduced in Fig. 35).

2. Transition Multipolarity Determinations

The phbton intensities listed in Table VIIT and thé K-conversion

b5

line intensities as determined by Pettersson et al. ~ and listed in Table

" IX have been used to calculate the K-conversion coefficients and the total

transition intensities, Table X. These experimental conversion coefficients

are compared with the theoreticdl K-conversion coefficients in Fig. 36.
From thié plot it appears that most of the transiﬁiohs are either MLl.or E2
multipolarity. The 32%-, 203-, and the 163-keV transitions appear to be
definitely ML transitions. _ '

In our previous i_nvestigation,19 the L-subshell electron lines
(Fig. 37) of the 42.7-keV transition wefe measured with the Berkeley 50 cm
radius ﬂ”Jé iron-free spectrometer.u8 The experimental L. to LII plus
LIII ratio for this transitibn_was calculated to be 10.5 1*1.5. It is
compared with the theoretical values in Table XI. From thie ratio and the
relative L-subshell intensities, it appears that the multipolarity of this

transition is definitely MI1.

3. Coincidence Gamma-Ray Spectra

The gamma¥ray spectra in coincidence with the 163-, 203-, 323-,
Lh5-, 9he-, and 1387-keV gamma rays are shown in Figs. 38-46.. The gamnma-

"

‘ray spectrum obtained in coincidence with pulses from the ' !

gate’ detector
with the "window" set over the photopeal: cannot be quantitatively related
to the gamma-ray spectrum obtained in coincidence with pulseggfrom the

"gate'" detector with the "window” set over the Compton background because
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Table VIII. Photons of Mo” decay.

Energy (keV) . Relstive Tntensity
22,70

+ 0.042 , C 2.76 % 0.2
109.0  * 0.5 ‘ . 0.12. % 0.03
122.370 * 0.022% 82.65. = 2.k
162.93 * 0.09° o 7.67 * 0.5
© 203.1% % 0.10% 8.17 * 0.5
257.34 £ 0.04% 100.
523.20 * 0.182 S 8.11 % 0.5
365.2  * 1. 0.09 £ 0.01
k21.0 + 0.3% - 0.32 % 0.08
Ches1 2005 : 0.45 + 0.08
k33,1 1. | B 0.053% + 0.01.
Lho.5 £ 0.6 ' 1.20 * 0.2
k5,37 £ 0.01% " ST £ 0.6
455,353 £ 1, 0.30 % 0.05
L72.24 + 0.28% - . L83 0.5
189.8 -z 0.L% ' 0.9 % 0.1
517.7 £ 0.7 ‘ ~0.20 = 0.1
k1.5 = 0.48 | - 7.11 % 0.6
k6. £ 0.8 - 0.86 * 0.2
987.3 + 1. . 0.18 £ 0.05
990.2 +0.6% 132 % 0.1
1271.%  + 0.6° | - 5,27 £ 0.h
CaEgr A o o0t 0,385 & 0.2
hG. 2. © 0.063 % 0.02
C1bsk.s = 07" o 2.41 £ 0.5
1463.5 £ 0.9° | [0.86 0.2
1481.6 = 1.4% o 0.27 # 0.2
. 45

& . . -
Energy values are those reported by Petterson et al.
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: . e s a
Table IX. Conversion electron line intensities.

Photon . ‘ _ ' o ;
energy : ‘ ) : ‘ '

(keV) : ' X ‘ ; L /o M+ N
La.7 6.1 £ 2.0 0.6k ‘% 0.16 //-1;52 £,0.16
122.k C36.5 + 0.8 . 6.06 % 0.12° 0.011 * 0. ool
2162.9 o - 0.k32 % 0.016 0.048 = 0.00Ck 0.007 £ 0.005
20%.1 0.264 % 0.008 0.03% *+ 0.003  0.51 % 0.0L°

257.3" awe® ' ~ 2.58. £ 0.07
303,2 . 0.0812 * 0.0027 0.009% + 0.0008
421.0 ~0.00116 * 0.00018 |
Wsd 0.036k * 0.0023
hro.2 0.0051 =+ 0.0003
489.8  0.0034 £ 0.000k

k1.5 0.00477 % 0.00016
950.2 " 0.00087 * 0.00010

1271.% 0.00250 + 0.00018

1387,k 0.00100 % 0.00007 R

1454 .6 0.00081 £ 0.00009

"1463.5 © 0.00039 % 0.00013
1481.6. 0.000k1 * o;ooozo

Theueqconverulon electron line 1nten51L1es were reported by Pettersson
et al.t? : ‘
b . . . . -

TFor normalization, a K-conversion coefficient of 0.142 was assumed for the
257-keV E3 transition.
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Table X. Total relative transition intensities

Transition ’ Total
- energy inteasity
(keV) (¥ 100)®
Lo,7 750 k2.3
109.0 0.1% % 0.03
122.4 ‘ 100. -

'162.9 6.45 £ 0.5
203.1 - §.69 .t 0.5
257.5 2.7 2,7
323.2 6.54 % 0.5
365.2 0.071% + 0.01
421.0 0.25 + 0.08
425.1 0.35% = 0.08
L3%,1 “o0.042% + 0.01
440 .5 0.95% = 0.2
45 L 6.15 0.6
1455.3 0.24% £ 0.05
2.2 715 :0.15
4L89.8 0.7% £ C.07
517.7 . 0.16% * 0.1
9&1.5 . 5.62 0.6
M6 0.68% + 0.2
SB7.% 0.14% + 0.05
990.2 1.06 % 0.1

1271.3 b,17 % 0.k

1387.4 1.88 £ 0.2

1hbs. | 0.05% + 0.0%

14546 , | 1.90 . + 0.5

C1k6%:5 , 0.68 % 0.2

1481.6 ' 0.21 £ 0.16

4mo obtain these total intensities, it was assumed that the ilnternci
conversion process was nepiigible. '
The total transition intensity of transitions for which either ‘incomplote
-or no conversion electron intensity data was available was agsuwsed O Le
equal to the photon intensity. '
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Mo9o activity was periodically added to the.column during the counting
and the geometry was continually<changing due to the movement of the Mo
‘in,the column. However, an attempt was made to keep the couting rate
approximately constant and the couting period with the window set ovér
the photopeak épproximately equal to that with the window set over the
Compton background. The cbunting intervals ranged from 6 to 18 hours.

The gamma-ray spectra obtained in coincidence with the 163-keV
gamma ray are shown in Figs. 38, 39 and 40. These figures indicate very
clearly that the 43-, 203, 323~ LQO-, 526-, 990-, 1271- and 1455-keV
gamma rays are in coincidence with the 163-keV gamma ray. (A.high—energy 
spectrum in coincidence with the 163-keV gamma ray was élso obtained for
the source witﬁytﬁe high M095m concentration, but because of the high co-
incidence,coun%_rate‘for the~1477—keV~Mb9j“ gamma ray, the 1271- and 1k55-
p keV peaks -could not be definitely identified in the coincildence spectrum) .
There is also, some indication of & 365-keV coincidence and elther-a Loa-
or a 425-keV Qoincidehce:' The relative intensities of the 203-iand 323-
keV photopeaks, uncorrected for phbtopeak.efficiency,hare the same in the
. coincidence spectrum as in the singles spec@rumﬁ(Table XII), and the same
" is true of ‘the 1271- and the lh55—keV'phdtppeaks. <112”l/*1455 =40 %
0.3 in the singles spectrum and 411 * 0.2 in the coincidence spGCuruu).

In addition, tbe 990- and the 1271 -keV photopeaks have approximately the
'_same relative ;nten51ty in the singles as in the coincidence spectrum

(1 AO/11271»; 0.38 * 0.06 in‘thevs;pgles spectrum and O,5¥:i_0.05 in the
'coinc1dence spectrum,) while the h90— and the 203-keV photopeak “éla+*ve
intensity is only about one-half as large in the coincidence spectrum as-

in the singles spectrum. . (Ih9o/1205 singles/ Iu9o/1205/coincidence =

-

0.56 * 0.05). The appearance of the Lz, 163-, and 20%-keV photopesks and

the absence of the 323-keV photOpeak in the spectrum in coincidence with
the gate pusles with the window set over *he Compton background to the
high-ernergy side of the 163%-keV photopes™ (Fig. 39B) is due to coinci-

dences with the 323%-keV Compton pulses. {Thé Compton edge of the 323-keV

i
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~‘Table XIi. The ‘relative intensitiésa of the 43-, 163;,_205— and 323-keV
: gamma rays in the coincidence spectra..

Gate energy

(kev) =~ | B A/B ; B/B‘ : c/B : DZB‘

16577 ° 0.25 *0.03 0.64 = 0.0k 0.26
203 0.29 *0.03 1.0 - 0.26 % 0.02
3030 - 0:22 0.0 1.0 0.6k % 0.07
165d’e - 0.265 C ; 0;68'# 0.02 0.26 £ 0.02
ool 0.2k £0.03 1.0 - 0.68 £0.03 ~ 0.25 % 0.03
113od ' 0.29  * 0.05"' 1.0.;5__0.684: 0;03‘ 0.27 1‘0.05
1387% 0.26 '£0.05 1.0  0.72 %0.03  0.26 £ 0.03
Singles 1.0 . 0.68£0.05 .. 0.25 % 0.02
A =7inténsityyoflthe’h5—kev photopeak N ‘
B=- M Mgy v
c= " "™ ooz v R
D=t omzez v

.Y

“The intensities have not been corrected for photopeak efficiencies.
b s A . . . . ) :
Relative intensities obtained from first experiment.
e, ' . ot s . = \ .
These relative intensities were normalized to the 323-keV photopeak
intensity. : ‘ . - -
dRelative ihtensities obtained from the second experiment.
e . . . % : . -
These relative intensities were normalized to the 43-keV photopeak
intensity. ' : : '
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gamma ré? is at 181 keV'~—Tablé~XIII—~ahd the 523—keV gaﬁma.ray is in
- coincidence with the h5—, ¢6§~ and 203-keV gamms rays--Fig. LQ) ‘The two
?. broad peaks (o) and.(ﬁ) in Pig. 59 are due to the kL5- and 5ll—keV Cormp -
ton coincidences and the (@) and (B) peaks in Fig. 38 are the 511-keV and
665-keV (Mogj ) Compton coincidences. The Compton coincidence peaks can
be identified by their broad nature, the sum of the gate energy and the .
peak energy, the fact that the peék moves to lower energies as the gate is
moved up in energy and the variation of the intensity as the gate is moved
over either the Compton edge.or~the backscatter peak. A very clear example
of this is the 685-keV Compton peak (B) in Fig. k1. Thé‘above comments
o cleérly rule out the possibility of thé peaks at 327~ (8) and 500-keV (e)
~ being due to Compton evénts'as‘just described." However, no other exolana-
+tion . con51stent w1th the dbserved data can be presenued to explain these
'.peaks., ' ' . h
‘ *The spectra 1n c01n01dence w1th the 203~ and. 535—keV gamma rays
.are}shown in Figs. 41 'and L2. ‘These spectra clearly indicate that the L3-,
163- énd 525~kev gamma rays are in coincidence with the 203 -keV aamma ray
and with the same relative intensity as in: the singles spectrum (Table X*I)
" and that the same is true of the 43-, 165-, and 203-keV gamma rays.in ‘
coincidence with the 323-keV gampa ray. The high-energy spectra gbserved |
in coincidence with the 205—and 225—keV’gmma rays were not definitive i
because of poor stat istics, but there wac some indication of the poss“bTe
- 1271- and 1455#keV coincidences. Thus, ic appears rather deflnite that
the L43-, 163-, 203- and 32%-keV gamma réys belong to a cascade with on+y
a few exceedlngly weak crossover transitions. = ' - ‘ g
‘The high-energy upect"um in coincidence with the 445-keV gate % RN
(Fig. 39) is shovn in ng L3, The only high-energy gemma ray definitely 5
in comnc1dence with the Mh5 -keV gamma ray is the 9k2-keV gamma ray. The
low- energy spectrum obtained in coincidence with this 4lh5-keV photOpeam |
‘gate showed coincidences with the U3-, 163-, 203- and 325-keV gamma rays;
however, éﬁproximately the same ‘spectrum wasidbserved with the window ?et'?

i

i
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: Table'XIII; . Compton edges and. baékscatter_peaks.

E (kev) - | Ec(keV)  * . Eb(keV)
w2 39 .83
163 . ek S99
203 o T S . 112
257 L1299 - 128
262 . - 130 - 130
23 . 181 T ke
| R ;S 161
Cotk2 0 307 o165
koo LT e tiomes o 16T
tsuoclo U Tskel T sy
ce8s Lo 00 T gy
gk 1 T3 - 199
1% - s . oe07
B v P S 1o
1387 . um . 215
Takss 139, 216
aktr 0 160 . 217




over_the Compton background to the high-energy side of the photooaesl

These, coincidences may have been dus ©0 the low intensity 4h0- and L53-
keV gamma rays or- to coincidences with Comgpion vulses from higher encrgy
gamma rays. The

) ‘,-F‘ -
the 445-keV gamma

LL5 -xeV prhotopeak

is set over the O42-keV photopesk.

.

The high-energy protion of the gamma-ray spgectrum detected Ty

the NaI(T1l) detector system is ghown in Fig. Lk, Because of
resolution of the Nal detector system, individuel photcpesis could not te
selected with this windov. Thus, the window set over the 942-keV photo-
peex (A) aleco incl aqes the.9%5, 987 and the 990-keV photonezaks.  The
window set over the 1387-keV photopeok‘also included the 1hL&-, 1442- and
748¢-Aev photopeaks of Mogo and the 1L77-%eV photoneak of ¥o 77 Tre gam-
-ray spectrum in coincidence with the pulscs in the W2-keV window (&4
is shown in Figz. 5. The appearance of the Li5-keV photopesk in the
vépectrtm in coincidence with the *ulses from the window set to the high-
energy side of the peak clearly verifies that the Llis-

re derinitely in coincidence as'suggested by the
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in coincidence with the LL5-keV. gate. Although less def:
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appears that the 472-%eV gamns r

Py - . -~ RN v,
spectrum. Thus it is either in les: than 100% coincidence with the 42-
7 -
¥eV gammz ray, due to the Compion background, or it is perhsps in coinci-
dence with the lower intensity gamma rays also inclucded in the windcw.

The appearance of the 43-, 183-, 203- and 323-xeV photopeaks in

h*gne* energy garma rays and that these transiticns QO not crossover Tn:z
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statés in the 43-, 163%-, 203%- and 32%-keV cascade. -The spectrum in coin-
cidence with the 163-keV gamma ray indicated that the 9%0-, 1271~ and
1455-keV gamma rays are in coincidence with the 163-keV garma ray} How -
ever, because of the low intensity of the 990-keV photopeak and the fact

hat the two spectra cannot be related guantitatively makes it dmpossible
to determine how many of tpe c01nc1dence counts are due to the 990-keV
photopeak and how many are possibly due to 1271- and 1455-keV Compton cd—
incidences. (The Compton cd ¢ of the 1271-keV gamma ray is at 1061 keV
and the 1455-keV gamma ray has its Compton edge at 1239 keV).

The speétrum in coincidence with the 1387-keV gate (1387-, 1hkéE-,

ik55-, 1463-, 1b77- and 1481-keV gamma rays) is shown in Fig. 46. The L3,
163-, 203- and 32%-keV gamme rays are again in coincidence with the

in this gate in the same intensity as in the singles spectrum (Taeble XII).

N
-

N
[¢¥)
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i

o)
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It is reasoned that none of these coincidences can be due to t
gamma ray pecause it did not appear in the spectrum in coincidence with the
163-keV gamma ray (Fig. 40) and if it were in coincidence with any of the
others, the intensity of the 16%-keV photopeak in Fig. 46 would ha ve been
noticeably low. It is also known from the 105 -keV coincidence spectrum
that the 1455-keV gamma ray is in coincidence with the 16%-keV gamma ray.
Thus, if the 1455-keV transition were not in coincidence with all b of these
low—energy gamma-~rays, one, two or three of them would have had an intensity

noticeably lower than the 163-keV photopeak intensity. In addition, such &

crossover (1.9%) would have been ncticed in the singles spectrum. . Thus, the

1155-%eV garma rey is in coincidence with all L of the members -of the Low-
energy cascade. There is also a strong indication of a LLO-keV Samng fay
coincidence with one of the gamma rays in this gate.

Thus, in summary, it appears quite definite that: (1) the kh5- and
9&2—keV gemma rays are in coincidence with each other and that neither is

a4

. . . . . . /N v . el T .
in coincidence with any other prominent gamme ray. (2) The 1337-keV gamna

ray is not in coincidence With any of the prominent gamma rays. (3) The
b%.  163-, 203~ and 32%-keV transition re in cascade,  and there are no

strong crossover trensitions. (h) The 1271- and 1k55-keV gemma rays arc
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in ceincidence with the L3-, ¢b)—. 203~ and 5¢3~KCV gemma
te in zcoincidence with each cther because Ttheir sum exc ceeds tThe decay
energy. AlsO, Tecause there:arsino. strong crosscver trdnsi a
cause a 184-keV gamme ray (ihii—;27l) ves not obseérved, both of these
high-energy tyensition “ust‘pcpulate'the-tOP state of e 45-, 165—;

s
203~ and 323-keV cascade. oo

ence wilth the 153-keV gamme ray and, $ince ther

Py )

¢ ) - V : . . ' . . -
It also appears that: {1) The 365-keV gamma ray is in coincidence

a T
53 -keV gamma ray. (2) The 472-nev gama. May 15 in coincidence
0

\
2)
-keV’ Bammd ray. ,(5) The Lho—keV gamne ray is in coincidence

3 PP H

. ; ‘ '
with one of the gewmma rays in the z8”-—keV gate {1387+, ibhE-, 1455-, ]
1LE5- and 1481-keV gamma reys). | . ” ) ;
. li PERY - ) ) . f.

D. Discussicn ! . . ‘

' The decay scheme showa in Fig. 47 can be constructed on the vasis

o
th
ek

he ahove- -menticned experinental resulis and those reported previously.
& parity assi nments of the“g”oun“' state and the levels at 122
124 .8 and 382.1 keV have been ho“oaghly dhscussea praviously and can Be |

considered as quite definite. (Althcuqn the energy. o f tue unobserved 1ow--;

nergy lsomeric transition has noi ‘been measured dl*ect 1y, it has Deenz ' i
-?éterminei indirevu*y by energy differences anﬁ will be discussed in de- . %
telil in sectioa 4). : S ‘ ;

] . » . : ;
1. Discussion of the L3, 163, 2 5 523 L1273 and 3o, 163-, 205-, 1 .|
1h55-keV Cascades. « - o

'

Tet us consider the arguments besring on the level assignments of, |

) 5. 4 o 3 kel ‘ P
the #3-, 153-, 203~ and 32%-keV cascads and tne i271- ana 1&55 -keV transi- |
' : ' RERF A

i i
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lons feeding if. Because there re Qo other prominent'ﬁrénsitionsIin‘
coincidénce with this cascade, the ievelslwhich the 1271~ and 1L55-keV
transitions depopulate must be fed by elecﬁrbn capture decay of Mogo andé
' the bottom level of the_ééscade must elither decay to the ground state,
‘one of the isomeric states or to the 6+ state which is de epopulated by the
120-keV transition. This cascade can't possibly feed the 1+ state at

582.lfkeV because there is insufficient decay energy-available. Decay

to tﬁe ground state can be eiiminated as.a'possibility by the fact that !
the maximum spin change possible with th. cascade starting with the 1271-2
keV transition is 6(1271(M1,E2), u3(1vn),;205(1\11) 163(M1) and 323(M1)) an
' the meximum spin possible for the 2126-ke 2V level is one, since the lo% %
log £t value #ules_ouﬁithe possibiliﬁyro¢ a first forbidden unigue e¢evt”on
rcapt re decay?to this level. Thus thiS‘cascade feeds either the L- or 6~

|
X

level. L T N } I

It should be moted that the p0551owlluy‘of decay to the 6« le‘ '

cannot be ruled ouu; éven though none of the members of the cascaae we*e ;
dbserved to be in coincidence with the, 122-keV gamma ray, because the! L“*
~time of thg'lEE,h—keV ievel~may be bf the order of a microsecond and uhuS :
not in prompt coincidence with any .of the Gther gamma rays. (A.reso_ying
time of 50 nanoseconds was used in the coincidence experiments). In é
support of this are ‘the measurements by Eabnerug'of the lifetimes of éwot |
analogous states and transitions in quO and Moge.f He has reported thatf
the lifetime of the 141 keV ﬂ(g9/2)§, to T(gg/2 G+ ER trensition in

Zr9o is 125 nenoseconds end that. the llpetlme of the 135-keV ﬂ\gq/e)a té

2 % .

1(89/2\ E2 transition in Mo 192 nenoseconds. Thus it seems

“easonable to assume}tna the lae-kev {F(gg/e_l u(g9/2)'l}6+ to
,W(bg/g) 0(59/2) i8 E2 +ransition ;in"Nb9o,might also be of the order
of several hundred n ﬂOSECOPdS and therefore not 1n p”OTDb coincidence
with any of the casceade transitions | .

. T%é order of the 43-, 163-, 203- and‘325;kev transitions in the

cascade cdn be reasonadly explained by adding the lﬂvel at 1801 keV and
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noting that the energy difference between the 987- and Y46-keV gamme rays
is Lo, 7—AeV within the experimental error. .'mhus ‘this relation puts the

L3 keV trans tion at the top of the cascade and determlnes a level at

812 keV. The fact that 323 + 203 = 526, 43 + 323 = 366 and 203 + 163 = 366

suggests that the observed 526- and 365-keV gamma rays are E2 crossover
‘tranéitions. Thus, 1f the order of the remaining three transitions is
resvricted so as to allow for these crossover - transiti ons, the 163, 323, .
203, %3 sequence can be eliminated. There are two remaining possible se-
guences which would allow for such crossovers,,lSB, 2031’323: L3, and 323,
205; 163, L3. Even though the 526-keV photopeak was much more prominent
in the spectrum in coincidence with the 163-keV gamma ray, thus indicating
verhaps the second choice, the greater intensity of the 365—keV Dhouoneak
than the 526-keV photopeak in the 51ngles ‘spectrum may, have been due to
the 163, 203 crossover in>the first sequence and not the 32%, 43 crossover
and thus the 565-kév phdtooeak would not have been‘as intense in the coin-

cidence spectrum. Ther efore, no de?lnltlve choice can be made as to which

of these possible sequences is correct. °‘Although the decay scheme shows

R
e

H)

irst seguence, its uncertainty is indicaged by the dashed line and

[

e

. the listing of both values for the energy. Tt would be desirable to have

charged-particle, direct reaction*studies’(such as Mo92 (a,0)= M092, (p,HB)
or Zr9O(He5,H5)) to locate definitely the levels in question. urther
coincidence studies of the other members of this cascade might also, reveal

wnich is the correct seguence.

-

ion of the Li5-, ohl-keV Cascade and the 1387-keV Crossover

*he"level_at 1769 keV is suggested by the L5~ and 942—keV gamme
ray coincidenCés, the obéerved 1387-keV gamma'ray‘(9h2'+'h45 = 1387) and
intensity cpnéiderations. The excellent energy agreement and the Lh5- and
oup -keV gamma ray cbincidence deta strongly suggest a crdssover;cascade
relation.  The fact thatino prominent transitions were found to be in coin-

cidence with any of these gamma rays implies that the 1769-keV level must

s i i+

s .

e e e et e o 1
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receive electron-captdfé decay from No % ana that the o42-, Lh5-keV cas-
cade and the l587-kcf crossover must populate either the grourd s u‘é: one
of the isomeric states or the 6~ leveil. The grdund,sfafe is ruied out be-
cause it would reQﬁire that the 1387-keV transition be at leest an M7 or
E7. The 6+ and L~ lévels as possibilities are eliminated on intensity
gonsiderations. It is noted that the .sum of the 257-keV intensity and the
intensity of the cascade involving the 163-keV trensition is about 99.2%.

: .

‘,_,)

Thus, since the intensity of this srossover cascade is about 8%, it is 1

possible that it could 81s0 ovPao" the 257~keV transition. 1In addition,

ct

adthough the rel' tive intensity of the 25:-kmv tran ion is 92.7%; only
82 of,thiSvintens*ty is due to positron end electron capture decay'to this
level. Thus, in aaaltlou cé this electron caovu¢e and positron decay to
this ievél, ap ox;maue*y lOd f the gamma-ray transi -1ons nwst also Leed'
~this level. ere;o*e, ‘this crossover-cascade ‘is p_acea in the level
scheme so that 1t Leeds the 382- xeV ;* level. Since there appear to be
‘no other transitions eétae* nooulatlﬂg or depopulating the intermediate
level and since the intensities of the L45. and 942-keV transitions are

equal within the experim mental error, the order of these two transitions

'_h
w o

‘not defined. However, the LL5-keV trensition: was placed at the bottom of

. the cascade because of its sl;ghtxy greater intens sity. The uncertainty in
the energy of this level is indicated by the dashed line and the listing
£ both energies. . ' . 4

It should be noted that, al lthough we used the. pOS;u on intensity
date reported by Petterssén et el.,F5,we obtained an electron capture plus
positron decay intensity Lo the_582~kev,lével of 82 = 7% whereas they
reported a value of 73%. This is partially due to-the fact that they used
the photon ihtensitv values previously reporbed by us in their calculations:.
Houever, 1t is aiso partiaily due to their 1ncorrect choice of the value
of the e;erruﬂ canuuie to positron ratioc.. They report that they obtained
a value O¢"l.9 for this ratio from the theoretical curves reported by

i o . VU ‘ T : o
Viepstra Etfal-s We have calculated-a value of 2.2x0.1 using, in addition
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to the same curves reported by Wepstra, .the curves reported by Feenberg
and Trigg;’l It is seen that the value.of the electron capture to positron
ratio calculated by us and the new photon intensities yield a total value
of the Mo90 decay intensity to the 382-keV level which is in good agreement

with the proposed decay scheme.

&

3. Discussion of the 990-, 490-, 1481; 990-, L72-, 1463; and 990-, L55-,
1LiA-keV Cascade and Crossover Transitions. .

The levels at 2300, 2334 and 184k keV are defined by the cnergy

surs and the coincidence data. In addition to the energy-sums (990.2 +
b7.2 = 1h62.4 990.2 + 189.8 = 1480.0, 990.2 + 455.3 = 1hk5.5), this level
arrangement 1s subported very well by the coincldence- data Tt was observgd
that the 990- and L90- keV gamma rays were: in coincidence with the 163-keV
gamma ray and there was a strong indication that the L?Q keV gamma ray was -
in .coincidence with the 990—ﬁeV gamma ray. JIn addition, the ratio of the .
relatlve 990-keV phOuopgak intensity in the coincidence spectrum to- that

: 1 the singles spectrum is O. Q0 + 0.13 whilé that calculated from the Ge- |
cay scheme, ascumwng a 6.5 and 1. 4% branching; 1s 0.82 £ 0.0k. Also, the

-

atio of the relative L90-keV photoneaﬁ 1ntenslty in uhe coincidence spectrum

-

t0 the singles spectrum is 0.56 =% - 0.05.. The value calculated from the pro-
sed decay scheme is 0.48 % 0.1. . . ) .

' fhe remaining transitions (109-, 421-, 433-, LLO-, and 518-keV),
the most intensé of which is the b4O-keV transition at 1%, could not be
placéd‘in the level‘séheme‘in'a renner consistent with the experimental
results.' However, the level schéme.as proposed does agree very well‘with

he experimental energy, intensity and éoincidengé data. It is seen that
the 2+ level at 854 keV has 8.1% feeding it and aboﬁﬁ 7.9 to 8.0% depopu-
lating the 2+ level. Tn addition the 1+ level at 382 ‘keV has 92.1%

populating 1ﬂ and 92.7% depopulating this level.

v vt et e e
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L. Determination of the 24-Second Isomeric Transition Energy.

The positicn of the L72-keV V transition in the decay scheme is the

key to the deuﬁrml“a tion of the energy of the 2li-second isomeric transition.

The coincidence and intensity data sunoor, very strongly the position of

the 472-keV trahsition in the u_ouosed decay scheme.  The coincidence data
revealed that. the Lh72-keV gamma ray was definitely not in coincidence wit
either the 43, 163, 203, 323 or the Liss, oh2 cascades. However;- the coin
cidence data dic suggesu that the LT72-keV gamina ray was in coincidence wi
one or more of the *uW"vau* sity g mria rays in uhe oh2-%xeV gate which in-
cluded besides the oL@ *KGV nhotoneam, the Gk6, 987 and 990-keV photopeak

In addition, the observatﬂon of a 1u63-keV gamma ray (990.2 + k72.2. =

3

ikg2.4) strongly 1nd*caues a crossover-cascade. Jowever, the.h72—kev

trans ithﬁ cannot Donu¢aue the 18#6-AeV le«el for it .then would have been
observed in the~specbrum in 001nc¢dence wizh the l6g-keV gamma ray.' Thus
.'une L72.2k keV transition mﬁst depopulate ch; 2+'leve at 854.33 keV and
must populate a2 level at %82 u9 xeV. Also in Squoru of this p*onosal 1s
the fine belance in *the incoming and ou»going 1nueng1L1es for uhe 2¢ leve

at 85h-keV and the 1+ level a 382-keV.. . .

o

n

th

s.

2

1

B

Ihe energy of the 2lb-second isomeric transition is equal to theisum

of uhe cascade tvan81t10n energles minus the 472~ and 257-keV *ransition
energies. e error is. simply the square root of the sum of the squares
the errors listed in Table VIII.' This determines:a valhe of 2. 58 O. )O

keV for the energy of the isomeric traxsition. It should be noted tnaug

this value, since it is determined by the sum of all“the members of the;.

cascade, is independent of the relative order of the tramsitions in the!

cascade. . , ‘ : j

The enevgy aSQ1gnmen is conglsvenu w¢uh'thm large alteration in
the decay COﬁSua 1t observed and the ;ow—e gy electron studies reported
by ‘us previ “s|y 19 As eAplalned the first part of this thesis, une;

difference in the effect observed for the 2.4-keV transition in the decay
90my )

of

of Nb ahd the effect observed for the 2.15-keV transition in the decay
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of Te”” can he e explained by *

J

ifference in the mulﬁipolarity of
trensitions and does not neces%arily nave to be due %0 a largendifference‘-
in energy. This value 1s also consistent with’ﬁhe 3~keV upper limit -
placed on the transitior energy by our lowsenergyleléctron studies. 19
Although intense electron lines were obsefved‘bélow,2.5—kev (Fig. 48),
they could not be Gefinitely identified beceuse of the complexity o of the

spectrum in this region. The scurce uselC for these electron studies con-

A

-

0 mo. - 2 90 o
sisted of M39 and Mo9/“, in about equal amcunts, and b’  From the deca
90 S , .

of Mo~". Thus, much of the complexity of this region is due to Auger’

electron lines from Zr, Nb and Mo atoms which lie in the region from about

1.5 keV to ebout 2.5 keV. The energy of the M_ &and the MgIT conversion
- - . - -,
electron lines (The II and M. lines should be the most intense lines for
. 4 . )
an M2 trans;tion.) for a 2.38 keV transition is'1.91'and 2.01 keV and it

‘can be seen.from Fig. L8 that this is the region where the electron snectrum
s PRI . i Agm DO 9om
ectrons in this region are due to either Mo or Mo _
'is shown by their decréase in 1‘tensluy relati ive to the lower energy elec—
. st it A 0 . 5 - .
trons, which should te due to Nb? aecay, (14.7 hour half life) as seen

oy the low-energy electron egpectrum which was, recorded about 18 hours after

the first specirum, Fig. A9. Thus, this data is also consistent with the

proposed 2.35 = 56—AeV trensition energy.

5. Discussicn of the Spin and Parity Adsignments.

‘The spin and parity assignmentis in the proposed»deéa& schene (Fig.
L7Y are based on the transition multipoiarities determined by the K—éonﬁe:—
sion'coof'iciénjs shown in Fig.ZBE and the assumption that the 155?keV'
transition populates the 6+ state rather than the L-state. This choice of
the 6+ stete is based on the previcusly discussed energy considerations

¢
+T2-keV transition (M1) which determin es

[
o

and on the multipoiarity of th
A

the parity of the levels in the Mi cascade (43-, 323-, 203-, 163-keV
transitions)} as positive. In addition, the k- .choice would have determined
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more crossover transitions from the ‘high 0,1 % lévels populéted by ﬁhe
decey of Mo9 and there should have been more transitions to the 1+ levél
at 382-keV. Thus, the 5+, L+, 3+, 2+ sequence has been chosen for the
levels in this cascade. | | .

The multipolarity of the 9L2 ’ef trans;tlon is either Mi or EQ,
end that of the LU5-keV transition is moe’ prooab;y Ml or possibly.E2. ' |

. Thus, there is no change in pariﬁv in this cascade and the level at 1709 L-'
. .

keV must heve positive parity. The probabie M1 characte of the l587—er ;'
transition also agrees with this positive parltj 1gnmenu. S¢“ce this }

0 .. : %
level receives electron capture aecay from Mo9 ; 1t must have a soln of i

either O+ or-1+. The intermediate level et 827.h xeV (1925 5 %keV) must
a;so have p051 ive parity and can have spins of O 1 or 2. ; : i

The levels et 1846, 2126, 2309 and 2335 keV have all been assi Lgned
. spins of eltner 0 or 1 and p051t1ve parity. This asv;gnment»ls based an'i
the fact that the 9904, L90-, 1271—.and 1455.keV transitions have multi— ;

.polarities of either ML or E2 character and that these states must recgive

90 ' ‘ : S

deca Y from Mo’ . s
he levels at 1801 and 2300 keV have. been 3531gnea possible spin

and parities of 0, 'l % because of the log £t values associated with the

v

electron-capture decay- to these levels.

6. Theoretical Considerations =~ . - .
A1l of the levels which are below 1 MeV, exceptjfbf the one at!

827 kev; can be explained from simple shell model considerations as being g
due to configurations involving the g9/2 and 'pl/z,préton and neutron
T orpitals. According to the shell modell the lowest-lying configuration ,
in Nb9 (Ll protons, 49 neutrens) should be the even parity configuration
ﬂ(g9/2) U(bg/g)'l- The Brennan Berstein-® rule (which is based on experi-
mental information and delta-force calculations by Scnwaruz)55 that one less
than the maximum spin lies lowest for odd-cdd, pgrulcTe-hole nuclel, sug-

gests that the ground state of M has spin 8 end even parity. Other
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.calculaﬁions by Kim and Rasmussen, which iﬁclude a tensb” force, also
uggests that the 8+ state lies lowest. The experlmental information on
the decay of W ° to ngo also supports ‘this 8+ assignment to the ground™
state. The calculations by Kim and Rasmussen also predict’. uhe:reiative'
ordering of the levels in the ﬂ(g9/2) 0<89/2) multlnlet except for the
L+ and 5+ states which lle very close ‘to each other and are reversea Trom
that oouaﬁned exoerlmenually, and the large ener y gap between the 2+ and

“the 1+ levels. Their oheoreticaW levels (no configuration mixing) are
comnarea with the two experlmental p0381b111t1es in Pig. 50. \
Experimental ev;dence55 on the levels in Nbo~ (41 oroténs 50
neutrons) shows an energy separation between the pl/2 and g9/2 p* bbn
orbluals of only about 100 keV, whereas the separation between Ene p5/2
. and g9/2 O;b”;axs is about 1.3 MeV. The exoerlmental eviden 5 on the
‘levels in Zﬂ (ko nrotons, 49 neut rOns) gives the energy separatlon

between h pl/2 and g9/2 neutron orbitals as aoout 600 keV and that for

the p,/g somewnet greatexr One therefore exnects excited states 1nvo¢v*n5

the p5/2 orbitals to lie nlgher in the ngq speCurum than those GrlS*né

from the p orbitals. (This is further SquOTu for our rejection of the

1/2
‘possibility/that the 163-keV transition populates the h-level. Such a
proposal would reguire’'a low-lying 3-level which, does not seem to be pos-
S¢ole from the available low-lying pr oton-neutron orﬁitéls). The coupling
of & pl/2 proton (neutron) gnd a g9/2 ﬁggtron (proton) can lead to L_-or
5- states, and the Nordheim strong rule
: puts the hk-level lower. Thus, these configurations are probably the major

cont thuO”S to the L-level at 125-keV. Since the 1+ state .for the

”r(bg/g) U(go/2 —l conflguvaulon 1s predicted to be so high in the spectrum,

the major contributor to the 1+ level at 389 keV 1is probebly the configu-
ration with both the proton and neutron hole in the Dl/2 orbitals.
Thus, in summary, a decay scheme for M09 .has been presented in

vhich the energy of the unobserved, 2k-second isomeric transition has been

joF}
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and that of de-Snalit and Walecka

etermined by energy differences to to 2.38 % 0.36 keV. Spins and parities:
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Alho-

have Yeen aSsigned to these levels aqd5it anpeafé thau the leve‘s DeLOW

1 MeV can be exnlalned by conflgu*atlons in which the Droton partlcle %

H
i
i
i

-and neutron ho¢e occupy the p 1/2 and g9/2 rbltals.bﬂ
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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

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 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.
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