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90m1 ENVIRONMEN'l'AL Eli'FECTS ON 'l'HE m~CA Y CONSTANT OF Nb 

John A. Cooper 

Unvrence RadiaU.on 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 enviro:unent. 'I'his 

method has been applied to the study of the effect of chemical.state chane;es, 

the effect of a large increase in pressure and the effect of changes i.nto 

and out of the superconducting state on the decay constant o'f the 24-second 

:isomeric state in Nb9°. The following results were obtained for these en­

vironmental changes~ 

~(Aqueous Fluoride) - ~(Metal) = (~0.036 ± 0.004) ~(Aqueous Fluoride) 

~(100,000 atm) - ~(1 atm) = (0.006 ± 0.007) \(100,000 atm) 

~(l2°K) - \(4.2oK, superconducting) < 0.002 ~(l2°K) 

These results have shown that the energy of the transition depopulating 

this isomeric state is very low and that an appreciable fractio~ of the 

isomeric decay t~kes place by ejection of valence electrons. 

The gamma-ray spectrum Mo9° has also been 'investigated. Several 

new lines have been observed and the photon :intensities have been !Iteasured. 

The multipolarities of many of the intense transitions have been determined 

and the::.r coincidence relationships resolved wHh gamma -gamma coincidence 

studies. A decay scheme has been postulated from which the energy of the 

transition depopulating the 2L~-second isomeric state has been determi.ned 

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

It was well known by the late 19th centu;ry that ordinary chemical 

reactions are generally sensitive to changes in the chemical and physical 

environment. It was only natural then, after the discovery of radioactivity 

by Becquerel in 1892 and the subsequent discovery of the rate laws governing 

radioactive decay, that chemists and physicists should investigate the 

effects of environmental factors on the decay rates. A. great deal of in­

terest was shown in this area in the years immediately following the dis­

covery of radioactivity. Among the early pioneers to explore these 

possibilities were such notable investigators in the field of radioactivHy 

as E. Rutherford and the Curies. They used the natural radioactive elements 

available.to them, such as radium, uranium and thorium, and they employed 

temperatures ranging from liquid hydrogen to l000°C and pressures up to 

2000 atmospheres, These early investigators made comparisons between the 

decay rates'of the various radioactive species in different chemical com­

pounds and subjected the ~adioact2ve elements to high magnetic fields and 

intense illumination. The results of these early investigations, in every 

. case, indicated that the rate of radioactive qecay was independent of its 

physical and chemical environment. 1 

It was the hope of these early investigators to shed some light on 

the theory of radioactive decay. However, it was not until the advent of 

the Rutherford nuclear model of the atom·and the complete understanding of. 

the origin of radioactivity that this insensitivity of radioactive decay 

rates to the environment was understood. It was with the realization that 

the nucleus is surrounded by a protective sphere of electrons which acts 

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 following the initial 

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

It was then that the more subtle theoretical points of nuclear decay were 
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sufficiently developed to lead the way by pointing out the type of nuclide 
\2 3 and influencing factors that might be employed. Segre and Daudel were 

the first to renew active interest in this area of investigation when in 

1947 they independently 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 are too small to 

measure because the elect~ons involved in electron capture decay are the 

inner-shell electrons:wpich:are usually.very effectively shielded from 

environmental changes by the valence electrons. However, this is not the 

case with Be7, as was pointed out by Segr~ and Daudelin their 1947 articles. 

The Be7 nucleus decays by electron capture and has only four electrons, t~o 
ls and two 2s electrons, which can take part in this process. Both shells 

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 Segr~ and Daudel were confirmed by several in-

4-10 ~). vestigators , starting with Boucher and co-workers in 1~7, who studied 

the effect of the chemical state on the decay constant of Be7 . However, 

the values given by Kraushaar and co-workers are the most precise; they are 

~eo] /~e 
. -4 = (1.31~.51) X 10 

A.BeF 1 /A.Be 
. 4 

= (7.3±.53) X 10-

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

experimental error, the effect for the fluoride 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 vicinity of the nucleus, 

with the fluorine exhibiting the stronger effect. 

' 
i· 

' 

j-

' 
i . ; 
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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. 

Daudel, in his original article, also recognized the possibility 

of altering the decay constant of a nuclide tmdergoing decay by the internal 

conversion process. Goldhaber, who independently recognized the name po:;::n­

bility, further realized the advantage that might be gained by employing a 

low-energy isomeric transition. 11 A~ isomeric state, which is simply an 

excited state of a nucleus with a measurable half life, decays by two in­

dependent modes: (l) the transition energy ,can be given off in the form of 

a gamma ray; or (2) the energy can be transferred to an orbital electron 

which is then ejected from the atom. The process of photon emission is 

quite· independent of the environmental conditions. However, the latter pro­

cess, internalconirersion, is dependent on the electron density in the 
,._ I 

vicinity of the nucleus and as sp.ch will depend on the electronic environ- . 

ment. The strength of this dependence on the electronic environment will 

be determined by the energy of the transition and the probability of inter­

nal conversion. Usually the energy of toe transition is sufficj.ent to 

eject electrons from the K shell, in which case the excited nucleus tranq­

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 decreasing transition energies, the pro­

.bability of photon emission decreases very rapidly and although the pro-

bability of internal conversion also decreases, it decreases at a much 

slower rate and rapidly becomes the dominant .mode of decay. 'l'hul;, i'or low­

energy transitions, the lifetime of the state is determined essentially 

by the probability of internal conversion, which for transition energies 



-4-

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 the inner 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, Tc 99m offered the most favorable situation 

for observing such an effect. Its unusually low transition energ;r, 2 keV, 

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 being almost entirely converted, 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 Tc99 can be grouped 

into three categories; (1) chemical effects, (2) high-pressure effects and 

(3) low-temperature effects. The first investigation of the effect of the 

chemical state on the decay constant of Tc99m was reported by Bainbridge, 
12 Goldhaber, and Wilson. In this investigation two compounds in which the 
. ~ 

technetium displays a valence of 7+, KTco4 and Tc2s
7

, were compared with, 

each other and with Tc in the metallic ptate. They found the decay constant 

for the technetium in the potassium pertechnetate to be 0.30±.0lcjo greater 

than the technetium in the metallic state and 0.031±.012% greater for the 

technetium sulfide than the metallic technetium. Bainbridge13 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,
14 

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 radioactive decay constant has de­

finitely been established for these two systems, Be7 and Tc99m. However, 

before 1957 these were the only two systems known that might possibly have 

their decay constants measurably altered by changes in the environment .. 

.. 
'I 

,-::-' 
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. 15 16 
But in 1957 Asaro and Perlman and Huizenga et al. independently found 

another very low-energy isomeric transition to the ground state of ~35. 
Although the energy of this transition is less than 1 keV and hence its 

decay rate is presumably quite sensitive to changes in the atomic environ­

ment, little 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 

until 1965 that· Shimi~u and Mazaki17 carried-out a successful decay rate 

modification by collecting the ~35m recoils on the first stage of a photo-
18 multiplier. Rutherford's difference method could then be used by measuring 

the difference current between two photomultipliers containing chemically· 

different first st·ages. They found that the decay constant of the ~35m 
collected on a platinum first stage was 0.32±.05% greater than the decay 

constant of ~35m collected on a carbonized platinum firs.t stage. 

Another low-energy isomeric -transition was recently found by 
19 . 90 Cooper et al. 1n a reinvestigation of the decay scheme of Mo . The de-

cay scheme as it was prior to our investigation is summarized in Fig. l. 

From the Mo90 log ft value, 20 the spin of the~80-keV level had been 

assigned as 0 or 1, and from the Nb90 decay properties, the Nb 90 ground 

state was considered to have spin 8 or 9· Only two transitions had been 

observed in the Mo9° decay, and these both had measurable lifetimes, with 
• 20 

half lives of 10 in sec (250 keV) and 24 sec (120 keV). However, the 

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 
20. that the transitions are at most octupoles. 

In our reinvestigation, the multipolarities of the 122- and 257-

keV transitions were determined unabiguously to be E2 and E3, respectively, 

by measurements of the L-subshell conversion ratios with 50-cm iron-free 

spectrometer. The K/L ratio also agreed very well with these assignments. 

However, the reported half life of 24 seconds for the 122-keV transition 
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2:..4..:....:.;se:.:c::.t-----l22 

a,9 +--""""------..a 
90 

41Nb49 

5.7 hr 

:. 

MUB·6593 

Fig. 1. Mo90 decay scheme as known at the ~tart 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 multipblarity assignments were still in­

consis.ten.t with the expected large spin difference (7. tb 9 units) between 

the state initially populated by the decay of Mo90 ~nd the ground state of 
Nb90. 

To explain 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. 

A search, using 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 .transition. A search of the 

internal conversion spectrum also failed to reveal any new, strong conver-.. 
sian lines above 2.5 keV. The region below 2.5 keV was so complex, due to 

the presence of the LXY Auger and L. L .. X Coster-Kronig electrons, that the 
l J 

presence of a very low-energy conversion line cannot be ruled out. Thus 

we concluded that the energy of the 24-sscond 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 the case of the 

2 keV isomeric transition in Tc99m~ However, the 24-second half life of 

this isomeric state is too short to allow the study of environmental effebts 

by the usual difference method developed by Rutherford.
18 
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I{) 
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Fig. 2 ... Partial decay scheme of Mo90 showing postulated low-energy 
transitions. The preferred state assignments are underlined. • 
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Thus one of the purposes 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 enviro~ental effects on the decay constant of the 

24-second isomeric state in Nb90. 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 cqefficient and the nature 

of the environment. 

A detailed discussion of the Mo9° 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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II • . THE PERTURBED EQUILIBRIUM METHOD 

The method used by all of the previous investigators to measure 

small differences in nuclear decay constants due to changes in the environ-
. 18 .· 

ment has been the difference method as first set forth by Rutherford in 

1911. With this method, the difference in the decay constant (6A) is de­

termined from the variation with time of the differential current obtained 

when the intensities of two radioactive sources are compared in two es­

sentially identical ionization chambers connected to collect ions of the 
A.t opposite signs. A plot of the difference current (\) times e 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, 

6A/A. = b/I
0

A. 

where I refers to the initial current of the source with decay constant 
0 

A. + 6A. This method works very well for measuring small differences in de-

·,cay constants of isotopes with half lives greater than several minutes. 

The basic time limitation is the time required to measure the difference 

current. Since this measurement almost always involves some sort of po­

tentiometric measurement and balancing system, it usually requires at least 

a minute or two per measured point. Thus~ another method must be used i;o 

measure the change in the lifetime of the 24-second isomeric state in Nb
90 . 

. 90ml , 
In the case of a short-hved daughter (Nb . , 21+ seconds) in 

equilibrium with a long-lived parent (Mo90 , 5.7 hours), a sudden change in 

the decay constant 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 environment. 

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

its equilibrium state is derived as follows: 

i 
_.j 

i 

. 4 
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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 ) B ~) 
and assume that ·a state of transient equilibrium exists just prior to any 

change in the environment, i.e. 

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 difference between the rate of prod~ction.and the rate of decayj i.e. 

-A. t 
dNB/ 9-t = A.A N_A e A _- NBJ.i (II.l) 

where AB. is the new decay constant (~ + ~) of the daughter in the new en­

vironment and NA represents the number of A a..,toms present at the time of 

the change. 

Equation (ILl) is the usual parent-daughter, growth and decay re­

lationship which has the following well-known solution, 

. -A. ( t-t ) A o 
e 

' 
(IL2) 

where NA and N~ are the number of corresponding atoms present immediately 

before the environmental change. The Product A.A~A in Eq. (II.l) cannot 

be replaced by the usual equilib:Huril condition. 

(II.3) , 



-12-

This relation is only an approximate one and is not valid when consi.deririg 

very small effects. To see this more clearly, the equation from which 

Eq. (II.3) was obtained 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 
0 

of i,someric states, NB' present at some time t after the irradiation 1:; 

given by Eq. (II .2), where NA 0 and NB o are now the nlimber of corresponding 

atoms present at thE! end ·Of the irradiation. For t > > 1/A.B' Eq. (II.2) 

simplifies to 

-A. (t-t ) A o e (II .1~) 

(II. 5) 

(In the experiments which follow, the cooling times were at least 30 minutes 

and usually longer. Thus, the terms with :AB = A. 
9

0m' in the exponent 

will''be reduced by a factor of at least 10-JB whe:rm?s the term with A '"" A 
, 6 A Mo90 

will have been reduced .bY only a factor of l/2 or· less. Although 

A.A/~ may be quite small (A. 90/A. 90rn
1 

= 0.001),_ it·may be of the same order 
Mo . Nb 

. or magnitude as &/~ . Therefore, the usual approximation, ~-AA ~ ~' 

is not valid when used to replace A.AN A o in Eq. (II .2). 

There is a discontinuity in the decay constant at the time of the 

environmental change, and thus a new reference time, t , must be given to 
0 

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 0 and NBo' respectively, 

ahd are related to each other by Eq. (II.5), i.e., 

(II.6) 

This 'then, is the relation which must be used to replace A.ANAoin Eq. (II.2). 

i 
• ! 

. ! 

I 

"i 
! 
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After making the above-mentioned substitution, Eq. (II.2) becomes 

N °(A -A. ) { -A. (t-t ).· -AB(t-t )}. 
N B B A A o . o N o 

B = 'A~' A. . . . e . -e + B 
·13- A' . · . . 

and simplifies to 

-A.' ( t-t ) B o 
e 

N~(~B-A.A) -A. (t-t ) 
+ [NE NB(~-AA)] e -A~(t-t0 ) 

NB 
A o 

= e 
Ai-A.A ~-A.A 

(II. 7) 

By substituting ."-H·+ & , where & is the change in the decay constant, 

for A.~ in the term·contained. within the brackets, Eq. (II.?) takes the 

following form, 

N B ('A -A. ) e A . o + &e ·13 o. 
' N° ·{ -A. (t-t ) -:>._1_ (t-t )) 

B A.' -A. . ·13 A 
B A 

(II.8) 

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

transition is given by the following, 

(II. 9) 

By setting t
0 

= 0, Eq. (II.9) takes on the following form 

(II.lO) 

where 

(II.ll) . 

Thus, the fractional change in the de?ay constant of an isomeric state 

caused by a change in its environment can be obtained by observing how the 
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intensity of a radiation which is in cascade with the low-energy isomeric 

state, varies with time after the change. Although the decay constant 

before the change is not measured, the fractional change in the decay con­

stant, ~j\, can still be obtained by fitting the intensity data after the 

change with Eq. (II.lO) by the method of lease squares. This gives values 

for a and t3 which can be used with Eq. (II.ll) to calculate &j\. 

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 daughter atoms must be present before and after 

apy instantaneous environmental chanse. The error associated with this 

method is essentially the statistical counting error. Therefore, 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 reduce 

the fractional error below the lower limit desired . 
• In the next three sectio~s, this method is further developed and 

refined as it is applied to the Mo90-Nb90ml system. Three types of effects 

are considered; (1) 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. 

I 
I· 

• •. 1 

' 

'· 
! 
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THE EFFECT OF A CHANGE IN THE ~CAL STATE ON THE 

DECAY CONSTANT OF Nb l 

A. Introduction 

The primary purpose of the first experiment is to demonstrate that 

the lifetime of the 24--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 

env~ronment because of the transition's relativ~ly low internal conversion 

coeffic~nt and the high probability of this conversion occuring in the 

innermost electron shells. On the other hand, if the depopulating transi­

tion energy is less than 3 keV, it would be much more sensitive to its 

environment because of 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 ver;i.fy the existence 

of the proposed low-energy transition. However, the ponverse would not 

have been true because it was possible that the effect might not have been 

large enough to .measure. 

The fractional change in the decay constant, 6A/A, can be expressed 

as a summation of terms composed of two factors; one of which is dependent 

on the energy and multipolarity of the nuclear .transition and the other 

determined by the change in the electron density in the vicinity of the 

nucleus. This can 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 is equal·to the product of the characteristic 
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decay rate for the gamma process, A~, times one plus the total conversion 

coefficient, i.e., 

A = A (1-+a) 
~ 

(III.l) 

The decay constant under another set of environmental conditions is then 

represented by 

(III.2)' 

'(The gamma process is independent of the electronic environment thus is 

the same in both cases). For low-energy transitions, the conversion co­

efficient is much greater than one. Therefore, by replacing l+a and l+a' 

in Eq. (III.l) an~ Eq. ('li[.2) with their approximate values, a: and a:', 
. and combining the two results, the fractional change in the decay constant 

becomes 

&./A = (a: -a: I) fa: (III.3) 

where 

&. =A-A' 

The total internal conversion coeffici-ent, a:, can be expressed as the sum 

of the conversion coefficients for the various electron orbits, i.e., 

0: = 2:.0:. 
~ ~ 

(III.4) 

where i 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 

(III.5) 

where 

··-
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and 

w: = 
l. 
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(III .6) 

(II. 7) 

The first factor, W., is a funct-ion of· the environmental change. The second 
l. 

factor, fi, is the fraction of transitions which take place by ejecting 

electrons from the i .th --electron orbit and is depend.ent on the energy and 

multipolari ty of the nuclear transition.- For low-energy transitions in 

which the dominant mode of decay is internal conversion, this -f. factor is 
l. 

approximately equal to the relative transition probability for electrons in 

the i.th orbit. 

Table I. Fraction of internal conversion for various 

M2 

E3 

M2 

E3 

orbitals 

f 
K 

1.4( -2) b 

3-5(-5) 

f 
MII 

1:4 ( -2) 

1.3(-1) 

for a 25-55-keV (k=0.05) transition.a 

f.L f f 
I 

_·.Lrr LIII 

3.8(-1)- 2.5(-2) 2.0(-1) ,. 
4.1(-3) 2.5(-l) 3.1(-1) 

f 
~II- f~v f~ 

.1.0(-1) 2.2(-3) 2 .2( -4) 

1.5(-1) 1.8( -2) 2.6(-2) 

atomic 

f~ 

1.7(-1) 

1.5(-3) 

fc 
N 

9-5(-2) 

1.1(-1) 

aThe f factors were calculated for Z=41, from the internal conversion co-
efficients given 'in Rose's tables, Ref. 21. · 

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 lo-2 . 

cit has been assumed that the N shell r.c.c. is 1/3 the M shell r.c.c. 
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It is interesting to note at this point that the fractional change 

in the decay constant is independent of the magnitude of the internal· 

conversion coefficient as long as the internal conversion coefficient is 

n1uch 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 I). 

The most obvious difference between these multipolarities is in the f 
/ 

( 

factors for the s orbit electrons (fk, fLI' fMI). The fraction of transi-

tions which occur by ejecting electrons from the s orbits is two order of 

magnitude greater for an M2 transition than for an E3 transition. In 

addition, the M2 transitions tend to have smaller f factors for p(L11 , J,III' .· 

MII' M11 ) and d(MIV' ~) electrons than the E3 transitions. Thus, en­

vironmental alterations which tend to strongly affect s electrons (give 

large W values) would probably give larger decay constant changes for an 
s 

~ 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). 
p 

The magnitude and the algebraic sign of the W. factor are determined 
l 

by how the electron density changes in the vicinity of the nucleus. A 

change which decreases the i th electron density near the nucleus will give 

a negative w. whereas an increase in the i th electron density will give 
l 

a positive W .. 
l 

Since Wi for another orbit might be negative, the summation 

in Eq. (III.5) could reduce to zero, in which case no effe'ct 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 

or lll8gnitude. For example, Shimizu and Mazaki17 obs~rved a 0.3% lower de­

cay constant for ~35m in a carbon compound than in the metal whereas 

Bainbridge et a1. 12 observed a 0.3% gr~ater decay constant for Tc99m in 

KTcOl.1- than ln 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 importance of the 

electron-drawing power of the atoms is well,illustrated by the Be7 results 

which show that the Be7 decay constant decreased when it was combined with 

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

electron drawing powers of the Be, o, Cl and F atoms, BeF
2 

has a lower 

decay constant than BeC12 and BeC12 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 explain the direction of the 

Tc99m effect. 
22 Slater was the first· to suggest that this effect is caused by a 

greater squeezing of the electrons in the Tco4 ion than in the metal. He 

has' estimated the relative transition probabilit.ies for the various electrons 

in Tc99m(Table 2) and he suggested that the pertechnetate ion's greater de-

Table II. Contribution of electron shells to transition probabilities. 22 

Transition 
~ 

Ionization 
Electron Probability Potential, eV 

3P 0.60 430 

3d 0.27 260 

4p 0.10 45 

4d 0.03 7 

Sum 1.00 

cay constant can be explained by a pro~able inqrease of a few per cent in 

the 4 p electron density. He reasons that although the M shell has the 

highest transition prcibabili ty, it is buried too deep in the a tom for its 

. electron density to be significantly altered by the change in the environ­

ment. That is, although the f factors are large for this shell, the W 

:J. -· 
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factors are very small. Therefore, the contribution 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 higher energies, the tables of Sliv and Band23 and Rose21 

indicate a similar trend for E3 transitions, i.e., 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 part in the chemical bond, they will be subjected to only the 

greater restrictive forces in the pertechnetate ion (Tc ~ 0 bond distance 
0 0 24 

of 1. 7A) than in the metal (Tc - Tc bond distance of 2. 7 A). Slater 

estimates that this could cause a few ofo change in the electron density and 

thus change the decay con~tant the few tenths of a per cent observed. 

1\.J.though the 4d and 5s electrons will also experience such a squeezing, it 

is difficult to estimate their contribution becau~e they will also tak~ 

part in the chemical bond, which will tend to draw electron away from the 

Tc atom. 

It is difficult to estimate the size of the effect on the decay 
90ml 

constant of Nb , which might be observed ~ecause of the absence of a 

definite knowledge of the energY* and multipolarity of the nuclear transi­

tion. The multipolari ty of the proposed low energy transition is most 

likely M2, although the E3 possibility cannot be definitely ruled out, and 

its energy is l~ss than 3 keV. The mo~ significant distinction between 

the E3 transition in Tc99 and this probable M2 transition 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 decay scheme 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 might be·measurable and could in fact be larger than that 

observed for '1'c 99m. However if the transition energy is greater than the 

1
1 

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 

b~ ejecting' electrons from the insensitive electron shells buried deep 

within the atom. An effect still might not be observed even if the trans;i­

tion energy is less than the Tc99m 'transition energy because of the pos­

sibility that the negative terms might just cancel the positive terms and 

result in an effect too small to measure. 

B. Experimental P+ocedure 

Several hundred Nb· foils (0.02 in2 x 0.005 in) were irradiated 

with 50,-MeV protons in the Berkeley 88-inch (224-cm) cyclotron. The prin,-
90 cipal products of this irradiation are Mo (formed by the p,4n reaction) 

and Nb90 (formed by the p ,p3n reaction and by the decay of Mo90) which are 

formed in about equal abundance. 
' 

The gamma-ray detection system is shown in Fig. 3. A lithium-
2 drifted germanium. gamma-ray detector with an active volume of 4 em by 5mm ... 

deep was used in this experiment. It was maintained at "liquid-nitrogen 

temperature'' (-l96°C) with use of a 10-liter gravity-feed liquid nitrogen 

reservoir of commercial manufacture. 25 The associated electronics consisted 

of a low-noise, low-capacity pre-amplif~er and biased-amplifier system de­

signed by Gouldi.ng and Landis26 , 27 and constructed at this laboratory. 
28 .Pulse-height analysis of the spectrum was ma.de with a 400-channel analyzer. 

90ml Mo.90, Each foil, which contained Nb in equilibrium with the 

-was placed in a polystyrene cone and positioned in front of the detector 

so as.to yield a predetermined analyzer dead time. (The source and de­

tector arrangement is shown in Fig. 4). The foil was then rapidly dissolved 

(1-2 sec.) in a mixture of hot, concentrated HN0
3 

and HF, thus changing the 

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 

Fig . 3. Experimental arrangement showing the glove - box; detector and 
as soc iated electronics; and pulse - height analyzer . 
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ZN -5 775 

Fig . 4. Source and detector arrangement s howing the fo il, 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 four'lOO-channel blocks of a 400-channel pulse-height analyzer. 28 

Each count interval lasted for 18 seconds with about a one second interval 
·, 

between each count. This chemical reaction and the recordj_ng 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 experiment, 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 in the analyzer by recording the spectra from each 

experiment in the appropriate block of 100 channels. The entire series of 

experiments was repeated at a later date, and a lower counting rate was 

used to improve the resolution. The resulting gamma-ray spectra.from.the 

first block of 100 channels for both series of experiments are shown in 

Fig. 5· Although the peaks are no~ completely resolved in these spectra 

since the resolution is spoiled by .the very high count rate, a low-count 

rate, high~resoiution spectrum (Fig. 6) taken of one foil at the beginning 

of the experiment showed that there are only three photopeaks present in 
· 90m 

this region, one at 122 keV (Nb 1 ), 133 keV (Nb9°) and 142 keV (Nb 90). 

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 pho~opeak and the total number 

of counts in the 133-and 142 keV phot()peaks of 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~~ photopeak 
of Mo90 decay and the 133- and 142 keV photope~ks of Nb~ decay. 
Spectra A. and B were taken at different counting rates. 
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Fig. 6. Low-count rate.spectrum taken of' one f'oil.at the beginning of 
the experiment. 
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· Fig. 7• Growth curve of the 122-keV photopeak before background 
subtraction. 
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indicating a large, negative value for 6A. If the 122-keV transition had 

depopulated the isomeric state, the intensity would have been essentially 

constant or slightly decreasing over this time interval. The intensity of 

the 133- apd 142-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 133- 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 

of a leasts SQUares spectral analysis program29 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 3%· 
; 

This accuracy 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 
.J> 

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 would obscure the effect due to the large error in the 

analysis. However, this was not an unsurmountable problem because it was 

noted that the background intensity on both sides of the 122-keV photopeak 

is constant within the experimental error, i.e. O.lojo (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 -t;o within 0.2% by subt'racting 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 SQUa~es program were subtracted from the 

total number of counts under the photopeak. An average value for the 
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Fig. 8. (a) Growth curve of the 122-keV photopeak (A) intensity and plot 
of the background at lower and hig~er energies. The solid line in­
dicates the least squares fit to the points. (b) Growth curve of the 
122-keV photopeak (B) intensity and plot of the background at.lower 
and higher energies. The soli~ 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. 

Thus, 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.lO) was fitted to the four 

points of the growth curve by the .method of least squares. The best so-, 

lutions, the solid lines drawn through the points in Fig. 8, were obtained 
90ml 

with a Nb half life of 21 seconds, which is in good agreement with the 
20 24 ± 3 seconds value reported by Mathur and Hyde. 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 &/A. in­

troduced by the possible use of an incorrect half life in the least squares 

fitting program is rather small. A. variation of 20% in ~ changed the 

final value of 61-../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 a1. 12 with Tc99m in the metal and KTco4 and by 

Shimizu and Mazakil7'with U235m in the metal and a carbon compound, in­

dicates that the transition depopulating the 24-second i99meric 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 strongly the 

electron density at the nucleus. So far as is known, this 3·6% change is 

the largest alteration in half-life yet brought about for a radioactive 

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 effect 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 KTco4 is due to a 

KTco4 (Te-O bond distance of 
0 

distance of 2.7A). The same 

greater squeezing of the Tc atom in the 
0 

1. 1A) as compared -with the metal ('l'c -Tc bond 

effect of small bond distance should also be 

present in the case of the solid Nb fluoride salt, K2NbF
7

, since it has a 

Nb-F bond distance of 2.0A30 compared with the Nb-Nb metal bond distance 
0 24 of 2.85A. However, -we have no definite kno-wledge of the exact chemical 

species present in the HF-HN0
3 

solution whi7h -was the final state in our 

experiment. However, if it is 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 tim~s larger decrease of decay constant from the metal obtained 

for BeF2 than Beo. 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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THE EFFECT OF A LARGE CHANGE IN PRESSURE ON THE DECAY 
90ml 

CONSTANT OF Nb 

A. Introduction 

The results of the chemical effect experiment (Section III) have 

verified the presence of the proposed 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-. 
sitive measure of the change in electron densities 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 

transitio'n and which might add to a better understanding of the environment 

about the nucleus. 

The first report of an effect on a nuclear decay constant due to 

a large change in pressure was given by Bainbridge at the 1952, New York 

City meeting of the American Physical Society. He reported observing a 

(0;023 ± 0.005)% greater decay constant for Tc 99m under a ~ressure 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.l3,3l 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 . • 7 

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

atmospheres} has about a 0.2% larger decay constant than Be7 under a 

pressure of one atmosphere. They also reported that the decay constant 

of ~l3l was increased by 0.066% by increasing the pressure from one 

atmosphere to 100,000 atmospheres. Although they did not assign errors to 

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 decrease, rather than an increase, in the 

decay constant outside of the statistical error. In ad~ition, on the basis 
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of qualitative physicai considerations, one would not expect to see such 

a large effect on the decay constant of Ba131 . Although the change in 

volume of Ba due to this pressure change is 45%,33 it is due almost en­

tirely to changes in the valence shell electron densitie~. Thus, it seems 

highly unlikely that a sufficient portion of the electron capture transi­

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 W. factors 
l 

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 

density of a material is increased by very high pressure, then the W. 
l 

factors in Eq. (III-5) would all be positive and 6~ would most certainl~ 

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 alsQ seem reasonable to ex-
. ~Om1 pect that the effect on the decay constant of Nb due to a large change 

in pressure should be greater than that obs~rved for Tc 99m by Bainbridge 

since the effect of compression is greatest on the 5s electron density and 
90ml 

the f5s factor for the Nb , M2 transition is P,Ossibly ~s ~uch as 100 

times greater than the corresponding factor for the E3 isomeric transition 

in Tc99m. In addition, there is the possibility that the observed 3-6% 

chemical effect is the difference between two even larger positive and 

negative W. ·f. terms, in which case the pressure effect might be much 
l l . 99m 

larger than ihat observed for Tc 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. 
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B. Experimental Procedure 

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

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

intervals. The principal products formed with this irradiation are Mo 90 

and Nb 90 , which are formed in about equal abundance. 

The lithium-drifted.germanium gamma-ray detector 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 so 

as to align it withthe slit between the anvils. The detector was also 

mounted on a movable platform so that the analyzer dead time could be 

regulated by adjusting the source-to-detector distance. 

A hydraulic press (Fig. 10) was used with 0.25 inch Bridgeman type 

anvils. The anvils, pyropholi te ring and Nb pellets are pci tured in Fig. 

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

ring (0.25 inch O.D. and 0.125 inch I.D. by 0.020 inch thick) are shown 

opposite the tweezers and assembled on the ..,.right anvil. 

The experiment was started by sandwiching the ring and the pellet 

b,etween the anvils and placing this unit in the press. Then by moving the· 

detector, the analyzer dead ·time was adjusted and the pressure was rapidly 

(in about 6 seconds) increased to loo;ooo 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. Four 18-second counts were taken using each of the four blocks 

of 100 channels in the l~OO channel analyzer. This constituted one complete 

experiment. However, because sufficient statistiss 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 counts from each experiment were accumulated· in 
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Fig . 10 . Experimental arrangement used in the high pressure experiment 
showing the detector) press and pulse - height analyzer . 
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ZN-5777 

Fig . ll. Anvils, pyropholite ring and Nb pellets used in pressure 
experiment. 
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the analyzer by recording the spectra from each experiment in the appro~ 

priate block of 100 channels. The gamma-ray spectrum in the first block 
I 

of 100 channels resulting from this accumulation is shown in Fig. 12. 

The spectra were an,alyzed as described in section IIIB of the 

chemical experiment and the rsults are shown in Fig. 13. The best least­

squares fit of the experimental points was obtained with a &/A. value of 

0.0063 ± 0.007. 

C. Discussion 

Although the best least-squares fit of the experimental decay 

points wa~ obtained with a &/A. value of 0.0063, the possibility of a 

value of zero. cannot be ruled out absolutely. (~ig. 13) The fact that 

the first poirit is one standard deviation above the zero-effect line could 

be due to the normal statistical error in which case one would expect 

about one-third of the points· to be outside one standard deviation. Also 

shown in Fig. 13 is the least squares fit using a &/A. value of 0.02. On 

statistical grounds, there is a probability 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<fo. Thus a definite upper limit of 2% and a standard deviation 

of about 0.7% can be assigned to this effect. 

The main limitation of this experiment was the long time required 

per experiment. It took on the average 8 minutes to load, count and un­

load the sample in this experiment while it took only l 1/2 to·2 minutes 
I 

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 ring 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 snowing the 122-keV;Qhotopeak of 
Mo90 decay and the 133- and 142-keV photopeaks of Nb~u decay. 
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Fig. 13. Plot of the background at lower and higher energies, decay 
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 arid 0. 
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V. THE EFFECT OF THE TRANSITION TO AND FROM THE SUPERCONDUCTING 
90m1 STATE ON THE DECAY CONSTANT OF Nb 

A. Introduction. 

The effect of superconductivity on a nuclear decay constant was 

previously investigated by Byers and .Stump. 14 They studied, with the 

usual difference method, the effect of both low temperature and super­

conductivity on the nuclear decay constant of Tc 99m. In their investi-
I 

gation they compared the decay constant of a source which was kept at 

room temperature with the decay constant of four other identical sources, 

each of which was maintainedin a different environment. One of the four 

comparison 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 4 .2°·K, one was in the 

superconducting state (The superconduting transition temperature for Tc is 
. . 34). 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). 

given in Table III. 

The.results of these comparisons are 

Table III. 

Source 

29YK (check source) 

77oK 

4.2°K superconducting 

14 Experimental Results. 

(&/A.) X 

-0.016 ± 
( 

-0.005 ± 

0.064 ± 

4.2°K normal (5300 gauss) 0.013 ± 

100 

0.011 

0.016 

0.004 

0.004 

These results seem 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 reasoned 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 superconducting state and not due to a volume 

contraction brought about 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 thes,e results 

because of the effect observed for the normal metal at 4.2°K and because 

of the magnitude of the change in the electron density required in the 

vicinity of the nucleus t0 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 to be consistent with Bainbridge's pressure results. 
! 

The specific volume decrease for Tc metal upon being subjected to a pressure 

of about 100,000 atmospheres has beeh estimated by Porter35 to be about 

3% (Bainbridge observeda 0.023 ± .005% effect on the decay constant.) 

whereas the difference between the volume at room temperature and at 4.2°K 

is less than 0.3%36 (Byers and Stump observed a 0.013 ± .004% effect on 
0> 

the decay constant.) Thus, although the effects on the decay constant 

differ by a factor of less than two, the volume changes differ by a factor 

of at least 10. 

The superconducting transitio~·will affect essentially just the 

electrons in the conduction band, i.e. the 5s and 4d 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 the nucleus. Thus, 

the w4d,5s factor is e'stim~~ed to be3~.02 (0.06) by substituting the f4d,5s 

factor estimated by Slater '(Porter ) into the following equation. 

w • • f ::::: 0.0006 
4d,5s 4d,5s 
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Indeed, 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 transition to·the superconducting state. 

It would thus be of interest since Nb metal is also a super­

conductor at the temperature of liquid helium, to investigate
9

bMe effect 

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

observed effect, in addition to varifying the Tc99m results and contributing 

to ct better understanding 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 4cm2 py 5mm deep vras used in this experiment. It was maintained 

at 11 liquid-nitrogen11 temperature (-196°C) with the use of a 10-'-liter gravity­

feed liquid-nitrogen reservoir of commercial manufacture. 25 The associated 

electronics consisted of.a biased-amplifier system designed by Goulding 
.. ~ 

and Landis26 , 27 and a low-noise, low-capacity pre-amplifier which had a 

cooled field-effect transistor as a. first stage.37 A 400-channel analyzer28 

was used both as a pulse-height analyzer and as a multichannel scaler. 

The experimental arrangement of the cryostat, detector and associated 

electronics is pictured in Fig. 14, and a block diagram of the detection 

circuit is shown in Fig. 15. 
! 

The primary concern in the design of the counting system was the 

rate of accumulation of counts in the 122-keV photopeak. To maximize this 

count rate and the number of points on the decay curve, the 400-channel 

analyzerwas used in mul~iscaler mode in conjunction with a single channel 

analyzer whose gate was set on the 122-keV photopeak. With this arrange­

ment the count rate could be increased to almost a factor of 2 over that 

obtained in the previous experiments. (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. 14. Experimental arrangeiJ].ent showing the detector) dewar and 
associated counting equipment. 
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Fig. 15. Block diagram of garruna -ray d:etection system . 

. . . ~ ' 



-46-

2. Dewar 

The Dewar vessel used in this experiment was specially designed 

to maximize the count rate of the 122-keV gamma ray by minimizing its 

absorption by material between the source and the detector. This "double" 

dewar was contructed as a single unit with one vacuum chamber wl1ich was 

connected by a side arm at the top to a MCF 60 oil-diffusion pump and 
-6 forepump capable of pumping the Dewar to 10 rmnHg. A copper heat shield 

with a one inch hole for a gamma-ray window was placed around the outside 

of the tailed down portion of. the li~uid helium reservoir and was attached 

to the outside wall of the li~uid nitrogen reservoir. The Dewar was 

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

3· Cryostat 

The cryostat consisted of a 4 ft. long piece of stainless steel 

tubing, l inch in diameter, 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 support and was con-
·- > 

nected by a welded side arm near the top to an MCF 60 oil-diffusion pump 
-6 and forepump capable of pumping the chamber to 10 rrunHg. A thin gamma-

ray window was constructed by soldering (8oojo Cd, 20% Zn solder was used 

for this joint) a 0.005 inch thick ca~ 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 whenever 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 leads 

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. 17 and the copper block and 

cryostat are pictured in Figs. 18 and 19. 

1-

'1 

l· 
I 
I 

l·-
j 
l 

I -
I 
I. 
-j· 

I­

T 
l 
I 
I - f 

• 4 .. 

·, 

'].. 
J 



Copper heat 
shield ---..JJ y 

MUB11974 

Fig. 16. Dewar vessel showing copper shield with hole for low-energy 
gamma-ray window. 



-48-
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MU B-11422 

Fig. 17. Cryostat and copper block. 
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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 s eal ing . 
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4. Temperature Control 

The temperature of the isolated copper block (Fig. 17), and there­

fore the temperature of the Nb foil, -was controlled by means of a brass 
11 heat-leak11 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 Cd­

Zn solder (80% Cd-20% Zn) to obtain a good thermal contact. The heater 

consisted of formvar coated B.S. 40 copper -wire -which -was coiled around 

the backportion of the copper block to -which the Nb foil-was attached. 

The maximum heat input by this heater was about 180 milli-watts. 

The temperature of the isolated block -was regulated by controlling 

the po-wer 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 resistor at a tempera­

ture several degrees above the superconducting transition temperature of 

Nb, 8.9°K. 34 If the temperature of the copper block, and therefore the 

carbon resistor, -was too lo-w, the resistance of the carbon' resi star -would 
. .i~ 

be too high, and a current -would flow through the left side of the trans­

former and -would induce a current on the right side -which -would be in 

phase -with the original current. If, on the other hand, the temperature 

-was too high, a current -which -was out- of phase -would be produced. 

The silicon rectifier controlled the po-wer d-elivered to the heater. 

(The possible voltages at points A, B and C of the control rectifier are 

sho-wn in Fig. 21) . When the temperature of the isola ted copper block 

dropped belo-w 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) -would 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 

-woultl open the rectifier gate and allow power to be se,nt to the heater 
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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 not). 
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until the resistance of the carbon resistor was 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 put of phase with voltage A. Thus, when the B voltage 

triggered the gate, no power would be delivered to the heater becua se the 

A voltage sould be negative and the rectifier would only pass power from 

a positive pulse. 

A temperature below the superconducting trpnsi tion temperature 1-1as 

obtained by disconnecting the circuit with a switch_located between point 

C and the heater. The block was then allowed to cool to the temperature 

of liquid helium (4.2°K). 

The time required to heat the block with the Nb target foil from 

4.2°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 state (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 turh§, 3/8 inch diameter, of B.S. 36 

formvar-coated co:pper wire) was recessed in the copper bloc.k behind the Nb 

foil (Figs. 17 and 18). Four slits ~ere cut 3/4 of the way through the 

copper block to reduce the induced currents in the copper block. However, 

there was still about a factor of 2 attenuation in the magnetic field by 

the copper block. The other induction coil (25 turns, 3/4 inch diameter, 

of B.S. 36 formvar coated copper wire) was suspended on the other side of 
' 

the Nb foil. The output from the oscillator (frequency of 30,000 cps, 

maximum voltage of l. 5 volts) was applied to the leads of the inside coi;L 

and the sine wave induced in the outside coil was observed with the oscil:.. 

loscope. 
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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 f~il and induced a voltage in the 

other coil which was observed with the oscilloscope. However, when "the !1o 

foil was in the superconducting 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 oscilloscope screen. Thus, the 

moment the Nb foil became superconducting could be detected by the dis­

appearance of the sine wave from the oscilloscope 1 s screen and the return 

to 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 em) cyclotron. The principal 

isotopes produced in this irradiation were Mo9° and Nb90. 

The Nb foil, containing ~Oml in equilibrium with Mo9° was assembled 

on the copper block, and the cryostat was sealed with indium solder. The 

cryostat was then placed in the.Dewar and evacuated to about -6 10 mmHg at 
·" which time liquid helium was added to the inside reservoir. The time 

elapsed from the end of the irradiation to the moment when the Nb foil be­

came superconducting was about 2 hours. 1\Thile the cryostat was being 

evacuated and cooled, a spectrum was recorded and the single-channel analyzer 

gate was adjusted to include only the 122-keV photopeak. (The low count 

rate spectrum (Fig. 22a) indicates that only the 122-keV (M~90 ), 133-keV 

(Nb9°) and 142--keV (Nb9°) ph:otopeaks are present in this region of the 

spectrum. The high count rate spectrum used in the experiment is shown in 

Fig. 22'b~ 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 system couldmaintain a temperature 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 spectrum 
(b) showing the region of the spectrum which was selected with the 
single channel analyzer window .. 
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. switched on. Then the block and Nb foil were again allowed to cool to 
90ml 90 

4.2°K. Thus after Nb had again come to equilibrium with Mo in the 

superconducting state, the single channel analyzer gate selected, the 

400 channel analyzer switched to multiscaler mode and the variable resistor 

a_djusted, the system was ready to start the first experiment. The heater 

was then switched on and the temperature allowed to reach a temperature 

above the superconducting tran'sition temperature. The motnent the transi­

tion to the normal state was detected by the appearance of the sine wave 

on the oscilloscope, the fi'rst count was started. Sixty successive 3-

second counts were recorded in the first block of 100 channels of a 400 

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, indiC'ating that 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 

time recording the counts in the appropriate block of channels. After 

about 2 half lives, the counting of the fo~l was discontinued because of 

the high background to 122-keV photopeak ratio. During the experiment, 

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 event!> is shown in Fig. 23. The experi­

mental points shown in Figs. 24 and 25 are the accumulated results from 

the experiments which followed each of the 9 separate irradiations. · 

'c. Method of Analysis 

The results of the experiment are shown. in Figs. 24 and 25. The 

points in Fig. 24 are the accumulated counts per channel per 3 second in­

terval from the 122-keV phot.opeak gate as shown in Fig. 22. The points in 

Fig. 25 are the counts per 18 second interval and were obtained from the 

points in Fig. 24 by summing these counts in groups of six. The line 
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Fig. 24. Decay curve for the 122-keV photo~eak and background. 
points are the accumulated counts per 3 second interval and 
line through the points is the least-squares fit assuming a 
relation. 
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Fig. 25. Decay curve for the 122 -keV photopeak and background and the 
theoretical curves which would have been obtained if the fractional 
change in the decay constant were 0, 0.002, 0.004 and 0.008. 
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drawn through the points is the least squares fit of the data points 

assuming a linear relation in which both the slope and intercept were 

allowed to vary. The fact that the straight line drawn through the points 

is a good statistical fit (Theoretically, 38 of the 120 points (Fig. 24) 

should deviate from the best fit by more than one standard deviation. 

Experimentally, 34 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 counts 

accumulated from the counts contained in the single channel analyzer gat~, 

i.e. the total number of counts under the 122-keV photopeak. This number 

is the sum of the 122-keV photopeak counts plus the background counts 

under this photopeak. The background is composed of the Compton background 
. 90 

from the higher energy gamma rays, which originate from the decay of Mo , 

:Nb 90 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 taken periodically ·p.uring 

the experiment, an accurate representation of the change in the 122-k~V 
.~ 

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 the various components is not known and 

therefore the change in the background intensity cam'lot be as accurately 

estimated as it was in the chemical exPeriment). 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 

couldbe subtracted from the total number 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 intensity in the chemistry 

experiment was known to a 3% accuracy is not as critical as the lack of 

lmowledge about how the background varies with time. The magnitude of the 

122-keV photopeak intensity is important only in the determination of the 

magnitude of the 6A/A 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 ~f 

there had been an effect the size of the effect observed in the chemical· 

experiment (Fig. 7). If this had been the case, the first point after the 

transition to the normal state would have been off the lower end of the 

graph (Fig. 25) and the others would have indicated an approximate ex­

ponential growth back to the same e~uilibrium value as indicated in Fig. 25. 

Then by estimating the deviation of the observed intensity at time zero 

from the value obtained by extrapolating the e~uilibrium intensity to time 

zero, an estimate 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 recorded during the experiment . 
. ~ 

Although the error in the magnitude of the effect would have been about 

30%, 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 a·n internal check for possible 

systematic errors. If there is, as the results reported by Byers and Stump 

indicate, an increase in the decay constant upon passing into the super­

conducting state, then there will be an e~uivalent decrease in the decay 

constant upon passing back in~8mthe normal state after sufficient time has 

been allowed for the Mo9° -Nb 1 isotopes to reach e~uilibrium in the 

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

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

conductingstate should also have shown a change in intensity, but in the 

opposite direction. If this were not the case, then it would not be pos­

sible to assume that the deviation observed upon passing into the normal 

state was due 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 does not appear after the transition to the s~per­

conducting state. Therefore, no special significance can be attributed to 

this slight deviation. 

The other curves shown in Fig. 25 are plots of Eq. (II. 9) for dif­

ferent values of the fractional change in the decay constant, &/>.... 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. From a comparison of the experimental 

data points with these theoretical curves, it is possible to estimate ~he 
... '> 

upper limit to the magnitude of any possible alteration in the decay con-

stant. Thus it appears that the effect is definitely less than 0.4i and 

is most probably less than 0.2%. However, the possibility of a 0.1% effect 

cannot be absolutely ruled out. Thus,. 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 regarp.ing 

the validity of the Tc99m results because of the relatively large statistical 

error associated with the result§d~f our exp'eriment. Hmvever, these re­

sults do indicate that if the Nb · decay constant is altered by the transi­

tion to the superconducting state, the per cent change in the decay constant 
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is definitely less than 0.2% and quite likely less than O.lajo. In addition, 

this experiment has shown that this new method of obtaining data can give 

statistically valid results from which the change in the decay constant 

can be calculated. 

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 e:x:peri­

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 channels) ever two minutes, while in this experiment 

counting in the first channel was repeated only every 6 minutes. Thus, 

although more points wereobtained in this experiment, counts in the cri­

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

one third as fast. (This could not be corrected in this experiment because 
90m1 . 

sufficient time had to be allowed for Nb to again attain a ::;tate of 

equilibrium with Mo 90 after each 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 for 

the chemistry experiment it was greater than 0.4. One reason for thi.s 

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 Mo90 had decayed for at least two hours before the first count was 

started. Also, the counting was 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

rna-ray attenuation by the cryostat and the Dewar. Thus, since the error 

is determined by the total number of counts, the per cent error i~ the 

122-keV photopeak intensity did not decrease as rapidly as it would have 

if t.he ratio had been more favorable. 

.... 
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Most of the above-mentioned problems could be eliminated or re­

duced ~ith the design of any ne~ experiment, but not ~ithout some sacri­

fice in either the count rate or the total counts per irradiation. 'rhG 

most significant improvement though, ~ould be the complete automation of 

the ~hole procedure after the cryostat had reached the temperature of 

liquid helium. For example it should not be too difficult to design a nevr 

system so that the change in the amplitude of the pulse from the induction 

coils ~ould trigger the analyzer and a timer ~hich ~ould, after a 3 minute 

count, turn the heater either on or off. Such a system ~ould 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 the energy and 

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

A. Energy and Multipolarity of the Isomeric Transition 

1. Introduction 

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 thus verify the presence of the proposed 

low-energy 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 pro­

posed low-energy transition was definitely verified with the results of 

the first experiment and although much new information has been found con­

cerning this transition, there is much yet to be determined. However, our 

decay scheme proposals in the appendix appear to define the energy of the 

transition by energy differences as 2.4 ± 0.4 keV and the multipolarity as 

M2. It is thus the purpose of this discussion, in addition 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 mu~h information as possible con­

cerning the various environments. 

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

i.e., 

&/A. = 2::. w·. · f. 
l l l 

(III.5) 

where the summation is over all the electron orbits. The W. 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 integral 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 proportional to 1/r 4 , and therefore the integral is only 

.• 

' .-• 
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important for small r. Slater has estimated that for an E3 transition 
0 

the integral is insignificant for· r greater than 0.2A .. Thus, the W factor 

is dependent on the change in th~ radial part of the electron ~ave function 

and is thus a measure of the change in the electron density in the region 

of the nucleus. The f 1 factors are determined by the energy and the multi-

polarity of the nuclear transition. The W. factors are very difficult to 
l 

estimate, bu·t the f. factors can be calculated from estimates of the inter-
l . 

nal conversion coefficients. 

However, the presently available tables of internal conversion co­

efficients2l,3B,39 do not include tables in the energy range of interest 

(0 keV to 3 keV) and the electron shells of interest (M,N and 0) in the Z 

ra·nge of interest (Z = 41). Thus, in order to calculate the f. factors 
-~ . l 

for Nb , the conversion coefficients had to be estimated for.these 

shells and for energies in the 0 to 3 keV range. Estimates of the conver­

sion coefficients are also of interest in that they are needed in the cal­

culation of the comparitive lifetimes ~hich can also give information 

concerning the energy and multipolarity of the transition. 

2. Internal Conversion Coefficient Estimates 

The internal conversion coefficients (r.c.c.) ~ere estimated in 

the following manner: The K-shell r.c.c. were not considered since the 

energy of the transition had previously ·been limited to less than 3 keV 

~hich is insufficient to convert in the K shell. The low-energy L. I.C.C. 
l 

~ere obtained by extrapolating plots of the product of the r.c.c., obtained 

directly from the tables of Sliv and Band3S and Rose, 21 and the gamma-ray 

energy (in MeV) raised to the 2L+l power i.e., r.c.c. x E'Y2L+l, versus the 

square root of the difference between the gamma-ray energy in MeV units and 

· the electron binding energy, i.e., (E'Y - EB) l/
2

, a quantity proportional 

to the final electron momentum. (Both tables were used since each had 

r.c.c. for energies which the other table did not include and their r.c.c. 
for common energies differed only slightly). After a variety of other 

. ~-
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plotting procedures had been tried, it was decided that this procedure 

gave plots which were the most easily extrapolated to low energies. 'l'hese 

plots are shown in Figs. 26a and 26b for M2 and E3 transitions and for 

Z = 41. The dashed lines connect the points calculated from the lowest 

energy I.C.C. given in O'Connell and Carroll's tables.39 This large dif­

ference between the threshold I.C.C. as given by O'Connell and Carroll39 
40 and that obtained by extrapolati6n may not be too unreasonable since Rose 

has also noted that the I.C.C. will reach a maximum as k(k == E/m c2 ) 
0 

approaches the threshold value and then decrease to a non-vanishing value 

at the threshold. In either case, it seems reasonable to assume tha_t 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. at 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 2: 65. Thus the first step was to estimate the 

M-subshell I.C.C. for Z = 41 by extrapolatipg semilog plots of these I.C.C. 

versus Z for various energy values. Two such plots are shown in Figs. 

28a and 29a. The threshold I.C.C. are plotted against Z inFigs. 28b and 

29b. These plots were used to estimate the threshold I. C. C. for Z == l.~l. 

The fact that these increase with decr"easing Z while those in Figs. 28a 

and 29a decrease with decreasing Z is a result of the decreasing threshold 

energy with decreasing z. The second step in this procedure was then to 

take 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, 

28d, 29c and 29d. It can be seen that the shapes and relative intensities 

of these curves do not change drastically with changing Z. 
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Fig. 26. (a) Plot of the L-subshell I.C.C. for an M2 transition times 
the fifth power of the gamma-ray energy versus the SQUare root of 
the energy difference between the .gamma-ray energy and the electron 
binding energy. (b) Plot of the L-subshell I.C.C. for an E3 transi­
tion times the seventh power of the garr~a ray energy versus the 
SQUare root of the energy difference between the gamma-ray energy 
and the electron binding energy· . 
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Fig. 27. (a) Plot of theM-shell T.C.C. for an E) transition times the 
seventh power of the gamma-ray energy versus the square root of the 
difference between the garmna-ray energy and the electron binding 
energy. (b) Plot of the M- shell .I. C. C. for an IVJ2 transition times 
the fifth 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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Fig. 28. (a) Plot of the M11 I. C. C. for an E3 transition versus Z. 
(b) Plot of the M-subshell threshold I.C.C. for an E3 transition 
versus Z. (c) Plot of the M-subshell I.C.C. for an E3 transition 
times the seventh power of the gamma-ray energy versus the square 
root of the difference between the gamma-ray energy and the elec~ 
tron binding energy for Z ;::: 41. (d) Plot of ~he M-sub shell I. C. C. 
for an E3 transition times the seventh power of the garnrna-ray 
versus the square root of tlw difference between the gamma-ray 
energy and the electron binding energy for z ~ 65. 
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Fig. 29. (a) Plot of the Mil I. C. C. for an :tv'J2 transition versus Z. 
(b) Plot of the M-subshe~l threshold I.C.C. for an M2 transition 
versus z. (c) Plot of the M-subshell r.c.c. for an :rve transition 
times the fifth power of the gamma-ray energy versus the square 
root of the difference between the garnma-ray energy and the elec­
tron binding energy for Z = 41. (d) Plot of the M-subshell r.c.c. 
for an M2 transition times the fifth pm.;er of .·the gamrna-ray energy 
versus the ::>quare root of the difference between the g;jrnrr,u ray 
energy and the electron binding energy for Z""6). 
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The N-subshell r.c.c. were assumed to be one-third the value of· 

the corresponding M-subshell r.c.c. (This is a commonly used empirical 

rule which seems to fit the experimental results within a factor of 2 or 

3).
41 

The NIV and NV subshells were further reduced by a factor of 0.4 

~to compensate for the incomplete 4d orbit of Nb and the o
1 

subehell was 

assumed to be one sixth the N1 shell because the 5s orbit is only one-half 

filled. These r.c.c. and those obtained from the graphs are listed in 

Table IV. 

3· 

and 

for 

Reduced Lifetime Estimates 

Reduced lifetimes, -r E 2L+l A2L/3 for electric multipole transitions . ~ y ~~ . . . 
-r E 2L+l A2L-

2 3 for magnetic multipole transitions, were calculat'ed 
~ ~ . 

the 24-second Nb90 isomer by ass~ing that the multipolarity of the 

transition is either !v'J2 or E3. The reduced lifetimes for E3 and IVJ2 tYJJe 

transitions take on the following forms -raE~ A2 
and -raE~ A2/3 for low 

energy transitions where a (a is the total r.c.c.) is much greater than 

one and thus -r is approximately equal to ·a-r:(-r is the observed life-
~ 

time). These calculations were carried out for the following possible 
·" 

transition energies: (1) 3.0 keY--sufficient to convert in the L shell 

(L1 binding energy is 2.70 keV for Nb.), (2) 2.3 keV--the transition energy 

proposed from the decay scheme studies reported in the appendix; insufficient 

to convert inthe L shell (LIII binding energy is 2.37 keV), (3) 0.5 keV-­

just sufficient to convert in the M shell (M1 binding energy is 0.47 keV) 

and (4) 0.2keV--insufficient to convert in the M shell (Mbinding energy is 

0.21). The I.C.C. used in this calculation were obtained from the plots 

in the preceding 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 therefore probably 

less reliable. However, the ratio of the M-shell I.C.C. to the sum of the 

N- and O-shell r.c.c. used to estimate the contribution of the N and 0 
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Table rv. Low-Energy internal conversion coefficients. a 

90m1 M2 Nb ' .. 

Ey~keV2 L MI MII MIII M_ .LV 1'1\r 

2.0(7)b 8.0(5) 7.0(4) 8.6(5) 1.8(4) 2.4(3) 
, -

3.0 l 

'. 
2.3 2.8(6) 2.4(5) 3·3(6) 7.0(4) 9.1(3) 
0.5 4.6(9) 3.6(8) 6.7(9) 1.4(8) 1.8(7) l. 

l. 

0.2 ' 

Nb90ml_z 14-

E3 !• 

MI MII M vJ:v ·v, 
Ey(keV2 L III 11v 

3.0 9.6(9) 1.0(7) 2.1(9) 6.4(9) 5·5(8) 1.2(9) 
2.3 6.2(7) 1.2(10) 3.8(10) 3·5(9) 7.5(9) 
0.5 2.1(12) 3.2(14) 1.3(15) 1.5(14) 3 .1+ (lL~) 

0.2 

Tc99m z 2.1 keVz E3 
L MI MII MIII J~v 1'1~ 

1.2 (8) 2.2(10) 7.1(10) 6.6(9) 1.4(10) 

l\"b90 z .V2 

Ey~k~V} NI NII - NIII' NIV NV OI 

3.0 2.7(5) 2.3(4) 2.9(5) 2.4(3) ).2(2) 4. 5 (lj-) 

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) ).0(6) 2.5(8) 
0.2 1.4 (11) 1.1(10) 2.2(11) 4.7(9) 5. 9(8) 2.4(10) 

L 
\ ,_ i 

: 
• l 

\ 
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aThe internal conversion coefficients weir'e calculated from the extrapolated 
curves in Figs. 28~ 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 102 . 
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-:shells. In addi ti.on the .calcu~ations 'V1ere ·carri.ed out for both the 

CXE'Y 2 L+l values obtained b:·oru the extrt:polatiqn curves and the dashed curves 

connecting O'Connelland Car;oll's thres:O.ol;.d values. Thus the real reduced 

lifetime should lie· some,~here .in ·betv1eer: these t'WO extremes. 

.. The redu<"!ed li:fetimes ce.1culatr.:;d above assuming either pure M2 or 

pure E3 are graphic:ally compared 'N':i. th the theoretical reduced lifetimes as 

reported by Sliv :for E3 and ~~2 transitions :)nd the reduced li:fetimes for 

knovm E3 and 1-12 transitions in. a plot of the logarithm of their reduced 

lifetimes versus neutron number. This p1ot is. s.hO'Wn in Fig. 30. The solid 

dots (a)· are the points· obtained :rrom "the extrapolated values for CXE'Y 
2

L+l, 

and the ci:ccles: are the values ,obtained. from the dashed line connecting 

0 I Connell and Carroll's.' threshold noints. The crosses are the reduced 

lifeti:ne;:; for ~ovm E3 and )vl2 tran:itions1~2 · and the da'shed lines in Figs. 

'·30a and 30b are the th~oretical values report~d by Sli~ for a single-par-
i ' 

ticle transition. It ~eems rather clear from .this comparison that the 
. I . , 

t.ransitj.on is probably :a slow M2 transition, 1V·hich is quite ·commori, rather 

than a fa.st E3 transition which is very 'uncommon.· In addition these points 

shC'J.ld 'be further lo,vered since the I. C. C. used were not corrected for 

sc..:·eening effects. Rose has estimated that these I.C.C. should be reduced 

b " f o 6. 7 f. · 40 
y a ractor o from . to 0. to compensate or screenlng. 

· The above calculations 'Were perfor~ed on the known 2.1 keV E3 

transition in Tc99 to che.ck the above calculational procedure and to obtain 
I 

an estimate of which of the trro curves is the bett~r to use in this energy 

region. The logarithm of the value of the reduced lifetime obtained from 

the 'extrapolation curve is shown by the square :!,n Fig. 30b and the value 

obtained from the dashed line is shown 'With the triangle. From this com­

parispn, it 'WOUld appear that the estimation proc~dure used is rather re­

lis"ole and that the real curve is closest to a simple extrapolation curve 

no·i~ j oinin'g the 0 • Connell· and Carroll threshoJ,~ values, whicl.< sebn to low. 

\. 
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Fig. 30. (A) Plots of the reduced lifetimes for M2 trans.itions versus 
neutron number. (B) Plots of the reduced lifetimes for E3 transi-
tions veKBgs neutron num~er. · . . 21 aThe Nb/ l values obtalned 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 
readily visible. 

bvalues obtained from O'Connell and Carroll's threshold r.c.c.39 
The E3 va~ues have been off-set from the N=49 colwrm to mal~e them more 
readily visible. 
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4. Implications of the Environmental Effects 
90m" 

The fractional, changes in the decay constant of Nb ~ observed in 

this investigation are summarized and compared with the largest effects 

observed by other· investigators for the Tc99m system in Table v. These 

observed environmental effects are the swn of the effects on the indivi­

dual atomic electron orbits as .expressed in Eq. (IIL5), i.e. 

&/A. = L;. w. 
l l 

f. 
l 

(III. 5) 

This equation 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 4th shell (N shell) are so small that these terms 1.;ill not 

make a significant. contribution to the total sum. Thus, after making the 

above simplification Eq. (III.5) :takes the follo1ving form 

(VI.l) 

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 oi' the f4d factor and that the f4p 

factor is somevrhat larger for the E3 transition. The ratio of the f_ factor 
)s 

to the fJ+d factor for the Iv'J2 transition is 12 whiie the sarne mtio for the 

E3 transition (Tc99rr1
) is 3. 7 x 10-3. Thus the 5s electron is significantly 

9~1 9~ more important for the decay of Nb than it is for the decay of Tc · . 

Also listed in Table VI are Slater's
22 

estimates of these factors for a 

free atom of Tc99m and Porter's38 estimates for Tc 99m in a metallic environ­

ment. The agreement between our estimates and those of Slater is quite 

good, considering that both are just rough estimates. ~ie large disagree­

ment of Porter's results for the 3p and 3d electrons is difficult to explain) 

i 
... i 

i. 
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Table v. Fractional change in the decay Constant. 

Chemical High Supercondue:"c.ing 
State Pressure St2te 

This investigation 
90m1 

(Nb ) -0.036 0.006 < 0.002 

Tc99m investigations 0.00324B 0.000213 0.000614 

since the difference in the chemical state (free atom and metal) should not 

effect the electrons this deep in the atom to this extent. Although the 

absolute magnitude of the r.c.c. obtained with the procedure described may 

not be too accurate, their relative magnitudes are probably quite good. In 

addition, the f factors calculated from O'Connell and Carroll's threshold 

r.c.c. are in goo'?- 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. 
90ml 

The much larger difference observed between the Nb decay con-

·. stant in the metallic state and the decay constant in the fluoride cornplcx . 

than the difference ,Qbserved for the Tc99m>decay constant in the metal and 
· · 9Um1 KTco

4 
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 

much larger. A larger f factor could.. be due to either the difference in 

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

into which of these might be the major cause of this much larger effect 

cari be obtained by inserting the value of 1'::.\jA. obtained for the chemical 

effect (0.036) int~ Eq. (VI.l) and replacing the first three terms on the 

left side of this .equation (w4 sf4 s + w4pf4p + w4df4d) with 6 . Then, after 

the above-mentioned substitution and rearrangement, Eq. (VI.l) becomes 
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Table VI. Fraction of int~;\na1 conversion for various atomic orbitals j_n 
Nb9° and Tc'1>' for M2 and E3 transitions. 8 

Nb90' M2 

E (keV) 

3.0 
2.3 
0.5 
0.2 

Nb90 1 E3 

E (l"ev) 

3-0 
2.3 
0.5 
0.2 

Thresholdc, Nb90 

M2 

E3 

Extrapolation 

Sl -'- 22 aver 

Porter38 

L ~II 

8.9(-l)b 3:5(-2) 3.1(-3) 3.8(-2) 8.0(-4) 1.1(-4) 
3.2(-1) 2.8(-2) 3.8(-1) 8.0(-3) 1.0(-3) 
3.0(-1) 2.3(-2) 4.2(-1)· 9.0(-3) 1.2(-3) 

L ~I ~II 

4.3(-1) 4.3(-4) 9.1(-2) 2.8(-1) 2.4(-2) 5.2(-2) 
7-6(-4) 1.6(-1) 4.8(-1) 4.3(-2) g.6(-2) 
7.8(-4) 1.2(-1) 4.8(-1) 5.2(-2) 1.3(-1) 

L 

L 

> 

3 . 7 ( -1) l. 7 ( -2) 3 . 4 ( -1) 8 . 2 ( -3) 1.1 ( -3) 
1.6(-4) _1.7(-1) 3-3(-1) 9.0(-2) 1.~-(-l~ 

~I ~II 

8.1(-4) 1.5(-1) 4.8(-1) 4.5(-2) 9-7(-2) 
6.0(-1) 2.7(-1) 
3.8(-1) 5-3(-1) 

' 
I 
I 

··~ ' 
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Nb90, M2 

E (keV) 

3.0 

2.3 

0.5 

0.2 

Nb 90 , E3 

E (keV) 

3.0. 

2.3 

0.5 

0.2 

Thresholdc, Nb90 

M2 

E3 

Tc 99, E3, 2.1 keV 

Extrapolation 
22 Slater 

Porter38 
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Table VI. (Continued) 

1.2(-2) 1.0(-3) l.3(~2) l.l(-4) 

l.l(-1) 9·3(-3) 1.3(-l) 1.4(-3) 

1.0(-l) 7·7(-3) 1.4(-l) 1.2(-3) 

4.1(-l) 3.2(-2) 4.9(-l) 4~1(-3) 

1.4(-4) 3.0(-2) 9.3(-2) 3.2(-3) 

2.6(-4) 5.3(-2) 1.6(-l) 5.6(-3) 

2.6(-4) 4.0(-2) 1.6(-l) 6.8(-3) 

1.2(-3) 1.8(-l) 6.8(-1) 3.9(-2) 

N v 

" 1 ( "' \ ..L. -J. -.)) 

l. 7( -4) 

1.6 ( -4) 

8. 9( -4) 

N v 

0,. 
.L 

2.0(-3) 

1. 8 ( -2) 

1. 6 ( -2) 

6. 9( -2) 

6.8(-3) 2.4(-5) 

. 1.3(-2) 4.4(-5) 

1.8(-2) 4.3(-5) 

9. 4 ( -2) 2 .1 ( -4) 

N v 

1.2(-l) 5.6(-3) l.l(-1) l.l(-3) 1.5(-4) 2.0(-2) 

5.5(-5) 5.6(-2) l.l(-1) 1.2(-2) 1.8(-2) 9·3(-6) 

2.7(-4) 5J0(-2) 1.6(-l) 7.5(-3) 1.6(-2) 9.0(-5) 

1.0(-1) 3.0(-2) 

. 5. 0 ( -2) 1. o( -2) 
8 The f factors were estimated from the internal conversion coeffic:tcntE 
given in Rose's tables, Ref. 21. The method used to estimate these factorr;; 
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) == i.6 x lo-2. 

c,rhe M she11 threshold conversion coefficj_entr3 were obto.incd front 0' CorHitC::i 1 
and Carroll, Ref. 39. 

/ 
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The · o term is assumed to be less than one fifth w
5
sf

5
s for the follOI·iing 

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

assume that f 4d :::; l/10f
5
s. In addition, the 5s electron vrill experience 

the greatest effect due to· chemical bonding and therefore the WL~d should 

be less than the w5s term. Thus the 4d.electrons should contribute less 

than l/10 of the effect. Slater has suggested that the effect observed 

for the Tc 99m isomer in the metal and KTco4 was due to an estimated 3% in­

crease in the 4p electron density due to a greater squeezing of these 
0 

electrons in the KTco4 (Te-O bond distance of 1. {A) compared to the metal 

(Te-Te bond distance of 2. {A.). Thus it seems reasonable to assume a 

similar order of magnitude. effect for the Nb 4p electrons. Because tlw 

4s electrons are buried so deep within the atom, it is felt that their 

contribution would not be,as great as the 4d Gr the 4p electrons. Thus it 

seems reasonable to assume a maximum value of about 6.006 for the 5 term 

and a minimum value of about -0.03 for the W f term. That is 
5s 5s 

Table VII lists various values of Vl
5

s and the corresponding values of r
5

s 

which would explain the chemical effect on the lifetime. By comparing 

these f factors with those estimated in Table VI, the largest of lvhich 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 f
5

s = 0. 3) . A smaller value of W would require such a large 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 larger effect would then have been .observed for the pres­

sure and superconducting effects. In addition, if the transition is an M2 . 
transition of about 2.3 keV, the 5s electron density would appear to be 

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

than in the fluoride. These results are not definitive with regards to 
I 

\.. 

'· 

i. 
! 
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Table VII. Possible f
5

s values for the corresponding w
5

s values. 

a 

-W a 
~ 

0.1 

0.5 

1.0 

3·0 

6.0 

c:/luoride _ aEetal 
5s · 5s 

c/luoriae 
, 5s 

f5s 

0.3 

0.06 

0.03 

0.01 

0.005 

Since 6A/A is negative, _metal t- Nfluoride a_ must be greater nan ~ 
5s 5s 

_ metalfrJluoride a
5

s ~5 s must be greater than 1. 

and 

the energy and multipolarity of the transitivn, but these results are cer­

tainly consistent with the assumed 2.4 keV, M2 transition. In addition, 

they indicate that w
5

s term is QUite large for this change in the environ­

ment. 

The results of the high pressure experiment suggest that the 

value of the f
5

s factor might be about 0.3. This can be seen from the 

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

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

the 4d and 5s electrons. In the case of the Tc 99rn E3 transition, it is 

possible to further restrict the major portion of. the pressure effect to 

the 4d electrons because of the very small f
5

s factor for this transition. 

Thus, the 0.0002 effect .observed by Bainbridge can be approxir:tately attri­

buted to w4df4d' i.e. 
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From the f 4d factor for the Tc 99m E3 transition i.n Table VI, it appears 

that w4d factor is about 0.01 and thus the w
5

s term for 1~ should be at 

least as large as this since the 5s electrons are the ones affected the 

most by pressure. Therefore, from arguments similar to those used in 

the preceding paragraph, it follows that. 

and thus 

w
5 

f 5 > o.oo6 s s -

f5 < 0.6 s ~ 

Then when one takes into account the fact that the compressibility of Nb 

is almost twice the Tc compressibility and that the w
5

s factor should have 

been almost doubled, it appears that the f
5

s factor should be less than 

0.3, if the observed pressure effect is real. However, from a comparison 

with the tabulated f factors (Table VI) it appears that this upper limH 

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

or NII binding energies. 

If the ·effect of superconductivi-ty observed in the case of 'I'c99m 

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

gation would indicate that the f
5

s factor is not as large as possibly in­

dicated by the pressure experiment. It follows that if we assume the esti­

mate of the f 4d. factor given in Table VI for Tc 99m, then the w4d factor 

for the Tc99m superconducting transition should be about 0.03. Then by 
· · 90m~ 

assuming this value as a lower lim:i.t for the w
5 

factor for the :Nb J. 
s . 

supc:cconducting trunsi tion and the upper lim:i.t to the f,_ factor ~;ugge::;tc:d. 
)S - . 

by the high pressure results, it appears that the observed superconducting 

<~ffect should have been abo\1t 0 i009. However, the upper lirni t to this 

effect set by our results iG ab0ut 0.002. 'l'hus it would appear ·Lhut tlje 

largest possible value that the f
5

s factor could have would be about 0.06. 

:· 
! 
l 
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However, it is surprlslng that Byers and Stuinp even sav1 an effect. 

Their observed 0.06% change in the decay constant would su{.?;gest about a 

2% change in the electron density hear the nucleus and would represent . 

the first indication of a substantial physical change in this transition. 

Although their experimental data are very convincing, it is difficl.A.lt to 

see theoretically how a change which shQuld only modify electron· vwve 

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

order kT (T is the superconducting transition temperature;) could alter c c 
the electron density near the nucleus by about 2ojo. It would thus be very 

interesting if this effect could be verified vri th further experiments. 

B. Further ImnJ5catj_ons 

The perturbed eq_uilibriw"ll method of studying environmental effects 

on nuclear decay constants descr:i.bS)S in this report is not reE:~tricted i.n 

its applicability to the Mo9° - Nb ml equilibrium or to isomeric states. 

This method is applicable to all systems in which (1) a long-lived parent 

decays to a short-lived daughter, (2) sbme state in the daughter has a 

method of decay whose decay constant is dependent on the electronic e~'-
.. ~ 

vironment. and (3) there is an observable radiation which follows tl1e decay. 

of the environmental dependent state. 
_. 7 A,_,llOm 

To amplify this point, consider the following examples: be , G , 

u2
35m and Tc99m. This method would be just as applicable to the Be7 nucleus, 

even though it decays by electron capture, as it is to the isome:Lic states 

if it 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. depend·ent state. But Be7 

does not form an equilibrium with its parent. Thus, this method. could 

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

the use of this method in the study-of environmental effects on the nuclear 

decay constants of J235m and the proposed low-energy, El transition in 

A 
110m 

g is that they both decay to the ground state and thus have no easily 



-86-

observed radiations which follow the decay of the state dependent on the 

environment. However, this method can be used to study the effects of 
99m environmental changes on the. decay constant of Tc . It can exist in a 

state of transient equilibrium with its parent (66 hour, t.-lo99), it h;~ s a 

state (the isomeric state) whose decay constant is dependent on UJe en­

vironment4-10 and it has a 140-keV garmna ray that is in cascade llith the 

isomeric transition and which can be used to monitor the perturbation in 

the equilibrium. 

The Tc99m isomer has t-.;.;ro additional characteristics vhich mal\:e it 

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

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

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

life would make it easier to obtain a larger number of counts than is 

possible with the Nb 90 isomer. Because of the simplicity of the gar:rr.1a­

ray spectrum it would be possible to use a Nal (Tl) crystal instea·d of the 

Ge (Li) crystal for the detection of the garmna rays. Both the simpUcity 

of the garmna-ray spectrum and the use of a Nal(Tl) crystal would greatly 

increase.the ratio of the photopeak intensity to background intensity. 
' 90m1 

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(Tl) detector is about 30.
40 

Thus, it 

should be possible to obtain a larger- number of 140-keV counts in a 6 

hour Nai(Tl) count of Tc99m than c9e~d be obtained with 200 18-sec. counts 

of the 122-l\:eV. garmna ray of the Nb 1 with a Ge(Li) detector. An addi­

tional favorable factor is that is is a very common isotope which is 

easily obtained as a fission product. Thus, although the effect on the 

Tc 99m decay constant du_12 to environmental changes may be smaller than 
90ml 

those on the Nb decay constant, the greater ease of studying the effect 

on the Tc99m decay constant and its ready availability make this isomer 

look very favorable for future study. 

.> 

I 

:• 

'• ,. 
; 
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It should also be noted that with improved counting methods and 

computer fitting programs it should be possible to determine some decay 

constants to an accuracy of a few tenths of a per cent, thus making it 

possible to study differences of the order of a per cent by the direct 

measurement of the decay constant. T11Us it might be possible to c;tudy 

ce:r:tain 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. 

C. Further Investigations 

1. Chemical State Studies 

The uncertainty in the .actual chemical species present in the 1IF­

HN03 solution prevented a more definite interpretation of the results of 

the chemical effect experiment as to the relative importance of bond dis­

tance and electronegativi ty effects. Results vlhich might be easier to · 

interpret could be obtained by measureing the difference between the de­

cay constant in the K
2

NbF
7 

salt and in the HN0
3

-HF solution. To do this 

one might either irradiate the K21~F7 salt, in which case equal amolli~ts 

of Nb90 and Mo9° would be produced, or one -~might try to prepare the salt 

_with Mo9° (separated from an irradiated foil) substituted into niobiwn 

sites in the crystal. The change in the decay constant on rapid dis so-. 

lution in HN0
3

-HF would be measured. ·The difference between the decay 

constants in the metal and the K2l\'bi<,
7 

salt could then be obtained by 

subtracting this ~/A value from that obtained for the metal and solution 

since they both have the same final state. If the.reduced bond distance 

interpretation of the Tc99m results is correct, a slightly less negative_ 

effect for the metal-salt system than the metal-solution system -vrould 

indicate that the bond distance effects on the 4
8

. and 4p electrons are 

small compared to the electron withdrawing effects on the 4d and 5
8 

elec­

trons by the fluorine atoms, i.e.,· 
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(VI .2) 

If it is assumed, as seems reasonable from the M2 f factors given in 

Table VI, that f
5

s > 10 f 4d, then Eq. (VI.2) can be further simplified to 

the following. 

(VI.3) 

If such results were found, it would indicate that the effect is due pri­

marily to changes in the density of the 5s electrons. 

Another experiment which might further clarify the origin of the 

effect would be one in which the W. terms would be measured directly. The 
J._ 

W. term can be expressed in the following form 
J._ 

w. l - E. 
J._ J._ 

where 

E. =a! ja .. 
J._ J._ J._ 

(vr.4) 

(VI. 5) 

is simply the ratio of the i th conversion electron intensity in one 

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

chemical state. Thus E. could be obtained by measuring the relative 
J._ 

electron intensity in a high-resolution oeta spectrometer with the radio-

active isotope in the two different chemical states. The most appropriate 

measurements with regards to the present problem would be the measurement 

of the € 4 , E:4d and E- values for the 29-keV Nb93m transition. The . p )S 

measurement of these terms would make it po.ssib:j..e to calculate the f factors 

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

be obtained. 

It would also be of interest to measure the difference in the decay· 

c:onr;tnnt b<~tween the isomeric state in different metallic environment::> ::md 
90 the f;arne HN0 7 -lD<' ::;olution. •.rhe Mo o ctiv i ty could be Gcpo. rated fJ .. om tbc; 

:; 

1 ~· 
t .. 
! 
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rest of the target activity and then dissolved in some metal such as Sn, 

Pb, Hg, Fe, K, etc. Then the experiment could be carried out -with small 
. 90ml 

pieces of the activated metal in much the same manner as used in the ~fu 

experiment described in section III.B. The separation of the Mo9° from 

the rest of the target activity -would greatly enhance the peak to background 

ratio for the 122-keV photopeak -which should reduce the number of experi­

ments needed to obtain the required number of counts. Since the final 
. 90m1 

state of the Nb isomer would be the same in each case, the decay con-

stant of the isomer in·one metallic environment could also be compared to 

that in another metallic environment. These results -would give information 

on the.electron density in the metallic state and insight into the relative 

importance of the bond distance and the electronegativities. 

Another very interesting series of experiment might be conducted 
99m 90ml 

-with either Tc or Nb , metallic sodium and liquid ammonia. Metallic 

sodium dissolves (reversibly) in liquid ammonia according to the following 

reaction: 

The properties of solutions with lo-w Na concentrations indicate the pre~ 

sence of amn1onated electrons whereas the properties at high Na concentra­

tions suggest the presence of free electrons. Although the Tc, Mo and No 

-would probably form ammonates of the form M(m.:r
3

)
6 

upon evaporation. o:£' the 

NH-z, the form in the NH
3 

solution at different Na concentrations is not 

kn;-vm. 
44 

It -would thus be of interest to see if the decay constant could 

be varied by changing the concentration of Na ions and therefore the con­

centration of free electrons. Although the solubility of these isotope~ 

in NH
3 

is probably rather small, they might go into solution in tracer 

amounts if first dissolved in Na. 

It would also be interesting· to determine the difference bct-vieen 

the decay constant in the metallic sodium environment and the h~-~~o 3 so­

lution used in the chemical effect expcrj_ment by dissolving the isomer in 
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Na and then this. Na mixture in the IiF-HN03 

studies would add to a better understanding 
90m1 In addition, if results for both the Nb 

solution. The results of such 

of the particular environment. 

an4 Tc 99m isomers could be 

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

s, p, and d electrons to the nuclear transition and their rel&tive roles 

in the various environments. 

2. High Pressure Studies 
90m_ 

The size of the change in the decay constant of the Tc9~n and Wo ~ 
isomers due to a large increase in pressure might possible be enhanced by 

.dissolving these isomers in some highly compressible metal such asK or Ea. 

The corripressibilities of these metals is of the order of 40 to 50 per cent. 

whereas the compressibility of Tc and Nb is of the order of a few per cent, 

about an order of magnitude less. Thus, it would be int~:resting to see ho~o1 
99m )!Uml 

the electron density in the vicinity of the Tc and Nb nuclei changed 
( 

with a large increase in pressure when these isotopes are dissolved in 

highly compressible metals like K and Na. Results from such an experiment 

would yield further insight into the relative importance of the ~-d and 5s 
90ml -~ 

electrons in the Nb isomeric transition and might make it possible to 

further restrict the value of the fr factor. 
)S 

3· Superconducting Studies 
9C 

The magnitude of the superconducting effect observed for Tc ~ 

(0.0006) is very interesting because if it is real, it 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 purpo::;e of either verifying the previously observed 

effect or disproving it. 

' . 
; 

.. 
!. 

The perturbed equilibrium method could be applied to the Ivlo 99 ., _, 

Tc99m transient equilibrium if a carrier-free mixture of Mo 99-Tc 99m c:ould 

be incorporated into. a large enough sample of Tc 99 to give an alloy which 
.' 

is superconducting at the temperature of' liquid helium. Tc is superconducting 
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below ll°K while Mo doesn 1 t become superconducting until its temperature 
0 34 drops below 1 K. If four such samples could be prepared, then the following 

simple experiment could be conducted which would utilize the temperature 

gradient within the Dewar vessel to maintain the temperature of the; mnter:i.al 

above and below the superconducting transition temperature. 'I'he four sornpJ.cs, 

located at the end of a rod, 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 temperature ~o;ell 

below the superconducting transition temperature. Then a counting procedure 

similar to that used in the chemical experiment could be used in which !~ 

successive 4 1/2-hour counts of the energy region including the .140 .keV 

photopeak could be recorded in the 4 blocks of 100 channels in a 400-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 equilibrium 

with its parent in the normal state while the other samples are being suc­

cessively immersed in the liquid helium and counted. Although the sample 

activity would be decreasing relatively fast, the count rate could be main­

tained constant by adjusting the source to detector distance between sample 

changes. In addition, since the Tc 99 u.;round state is so long lived, then~ 
would be no significant decrease in the photopeak to background ratio vli th 

time. 

The above-mentioned procedure _could also be applied to the measure­

ment ~Om~he effect of the superconducting transition on the decay constant 

of ~o . However, in order to obtain sufficient statistics to reduce the 

error to the one-hundredth of a per cent region, more sophisticated mechani­

cal and electrical engineering would be required to automate the imrnersion 

step and the counting procedure. 

An additional improvement in the 1~ eA~eriment could be obtained by 

first separating the Mo9° activity from the Nb target material. This acti­

vity could then be mixed with inac"~ive Nb carrier and the resulting mixture 
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convertf~d to the metal. This would greatly improve the ratio of the 122-

keV photopeak intensity to the background intensity and vould thus increase 

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

•. 

. .. 
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VII. CONCLUSION 

This investigation has shown that the decay constant of the 2ll­

second isomeric state is dependent on its environment and therefore tJ-,at 

the transition energy is indeed quite low as indicated in the proposed 

decay scheme (Fig. 2). Moreover, a new method has been developed for the 

study of environmental effects on nuclear decay constants. It lla s 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 addition, the follo1ving environ-
90m1 

mental effects on the decay constant of Nb have been measured with 

this method: 

\(fluoride) - \(metal) = -(0.036 ± 0.004) \(fluoride) 

\(100,000 atm) - A.(l atm) +(0.006 .± 0.007) \(100,000 atm) 

A.(l+.2°K 7 r.uperconductJne;) - A.(l2°K, normal) < 0.002 A.(l.1-.2°K, 

sU:perconducting) . 

Although the energy of the transiti~on has not been clearly defined 

by this investigation, the above-mentioned results have been shoHn to be 

consistent with the 2.4-keV, M2 transition suggested by the decay scheme 

proposals in the appendix. In additi~n, it has been sho1m that the calcu­

lated reduced lifetime of this isomeric state suggests very strongly that 

the :wl:Ltipolarity of the tr1;3.nsition is :r:tJ2. 
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APPENDIX: Mo90 DECAY SCHEME STUDIES 

A. Introduction 

The purpose of this appendix is to present and discuss c;.dd.i tional 
• t 1 • -"' t • t • • t -'-h d h ro " 90 ' · • exper~men a ~n .... orma ~on per -a~n~ng o v e ecay sc eme 0.1. 1viO -wnlc:n v/.".1.:; 

not included in our earlier report. 19 This included another look at the 

gamma-ray spectrum in which several new lines w~re observed and the photon 

intensities measured. These photon intensities and the conversion electron 
4 . 

intensities reported by Pettersson et al. 5 have been used to calculate the 

total transition probabilities and the K-conversion coefficients. In addi­

tion, gamma-gamma coincidence studies have been conducted with Ge-Ge and 

Ge-Nal counting systems. These studies have led to the determination of 

the multipolarity of several transitions and the proposal of a decay s~heme 

which utilizes all but 5 of the 28 observed ga!11'lla rays. 

B. Experimental Method 

The Mo9° activity for the gamma-ray spectroscopic studies and for 

one of the coincidence experiments 'was produced by bombarding niobium foils 

with 50- and 55-MeV protons in the Berkele; 224-cm cyclotron. The Mo9° 

source for the other coincidence experiment was produced by bombarding 

zirconium foils with 65-MeV alpha particles in the Berkeley 224-cm cyclotron. 

The Zr foils were dissolved in concentrated hydrofluoric acid, the 

resulting solution evaporated to dryness, and the activity taken up in 5N 

HCl - 0.06 N HF. This solution was placed on a Dowex -1 anion exchange 

column of dimensions 7-8 em long by 0.4 em in diamter. Molybdenum forms 

anionic complexes that stick tightly to the column i.Jbile niobium and zir­

coni®l pass on through. The 1~ and Zr are quantitatively separated by 

eluting with several column volumes of 5N HCl - 0.06 N HF. _The Mo acitivity 

was stripped from the column with lN HCl and further purified by repeating 

the above column procedure with 0.1 N HCl - 0.06 N }IT 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 HN0
3

, and the solution evaporated to 

dryness. The Mo activity was then taken up in 5N HCl - 0.06 N HF and 

purified with a Dowex -1 anion column as described above. 

The separated Mo activity was then absorbed on another Dm.,rex -1 

anion column in 5N HCl 0.06 N HF. This colllmn with the Mo acthity ab-

sorbed on it served as the Mo 90 source for both the garr~a-ray singles 

studies and the gamma-gamma coincidence studies. To prevent the daughter 

activity (Nb9°) from "growing-in", the column was continuously >·lashed with 

5N HCl - 0.06 N HF. To maintain a constant count rate and to make :Long 

count intervals possible, Mo9° activity was periodically added to the colwnn. 

The gamma-ray singles spectrum was studied with a lithium-drifted 
2 

germanium detector with an active volume of 4cm by 5 mm deep. It -v1a s 

maintained at "liquid-nitrogen temperature" ( -196° C) with the use of a 10 
2"' l gravity-feed liquid-nitrogen reservoir of commercial manufacture. J 1ne 

associated electronics consisted of a biased-amplifier system designed 

by Goulding and Landis
26

, 27 and a preamplifier which had a cooled field­

effect transistor as a first stage.37 The detector container had a 0.010 

inch Be window and the detector had a 11 dead-layer" of about one micron of 

gold. The pulse-height analysis of the spectrum was made with a l600~chan-
46 

nel analyzer. 

The gamJna -'ray coincidence spectrum was studied with two lithium-
2 

drifted germanium detectors, one with an active volume of 6 em by 9 nw 
2 

deep and one with an active volume of 6 em by 7 mm deep, and one l l/2 

in. by 2 in. Nai(Tl) scintillator.· The Ge(Li) detectors -v1ere maintained 

at "liquid-nitrogen temperatures" in a similar manner to that described 

in the preceding paragraph. The associated electrbnics for the two Ge(Li) 

de"cectors consisted of a low-noise, low-capacity preampl:i.fier and biused­

amplifier system designed by Goulding and Landis
26

, 27 and conl>truc:ted at 

this laboratory. The containers for these Ge(Li) detectors hod 0.020-

:Lnch Al windows and the detectors had "dead-layers" of about 1 rnm. 'J'he 

.. 
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pulse-height analysis of the coincidence spectrum was made with three 400 

channel analyzers. 

The experimental arrangement used for the coincidence studj_es and 

the "fast-slow" coincidence circuit are shown in Fig. 31. The components 

contained within the dashed blocks are all part of the Goudling-L':mdis 198 

linear-amplifier system. This coincidence unit uses a ff II • • · crossover clrcul~ 

to generate the fast-coincidence pulses from the crossover pointe~ on the 

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

nsec. 

Two coincidence experiments were conducted. The first used a Mo9° 

source in which Mo90 and Mo93m had been produced in about equal amounts ty 

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

cond experiment was produced by bombarding 50-MeV protons on l\Tb 93. Very 

little Mo 93m was produced in this bombardment. In both experiy;·,ents the anion 

column containing the activity was sandwiched between the two Ge (Lj.) detectors 

(The source-to-detector distance was about 1 em.) and the angle bct-v1ec~n the 

two Ge(Li) detectors was 180°. Only the t1-10 Ge(Li) detectors were used in 

the first experiment. A single channel analyzer was used as a "v1indm/' or 
.. ~ 

"gate" to select a protion of the spectrum and the counts obtained in coin­

cidence ·Hi th those ·selected were displayed on a mul tichanne1 analyzer. 

'rl'w smaller dete:ctor wG.s used for the gate and the garnmu-1·ay spcct1~um J.n 

coincidence with the 163-, 203-, and 323;.,. keV gamma rays 1-1as detected ~~i th 

the larger detector. One of the 400-channel analyzers recorded the low­

energy region of the coincidence spectrwn 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(Tl) detector was used to gate 

on the high energy gamma rays while the small Ge(Li) detector wac used to 

gate on the low energy gamma rays. Thus, with 'the experimental arrangement 

shown in Fig. jl, the gamma -ray spectra in coincidence -v:i th the "cwo gote:s 

(The Ge(Li) and the Nai(Tl) dctector.gates.) were recorded sinrultaneously. 

Because of the large number of Compton scatt.ered gamma rays detected by U.e 

..:::. :..-~·~ ........... . 
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Fig. 3l. The fast-slow coincidence.circuit used in the gamma-ga~~a co­
incidence studies. 
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Ge(Li) detectors with the 180° geometry used, spectra in coincidence with 

the Compton backgrmmd 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 weTe due to a Compton coin­

cidence. 

C. Experimental Results 

1. Gamma-Ray Spectrum 

The gamma-ray sp~ctrum of Mo 90 is shown in Figs. 32 and 33. J\ I-='b 

absorber which had a negligible attenuation coefficient for garnma-rayE of 

energy greater than 600 keV was used to reduce the intensity of the low­

energy portion of the ga~na ray spectrum shown in Fig. 33. The indiwn x­

rays (Fig. 32) originated from the indiwa which was used to make electrical 

contact with the detector and the Pb x-rays were due to nearby Pb shielding. 

The apparent greater intensity of the 42.7 keV photopeak in this r~pectrw11 

(Fig. 32) than that previously reported19,is due to the greatly reduced 

absorption of low-energy gamma rays by this detect,or' s housing and "dead 

layer". 

Several new, low-intensity lines (109, 365, 421, 425, 433, 455, 517, 

946, 987, and 1446 keV) were observed in this investigation. They v1ere 

assigned to the decay of Mo9° on the basis of the following reasoning: (l) 

They were eithe~ definitely observed i«.other spectra from this source and 

spectra from sources produced by the N14 (Br79,Sl, Xn) Mo9° reaction (421-, 

425-, 4l.~O-keV lines) or there was a clear indication of their presence, -v1i th 

about the same relative intensity, in other spectra of this source, (This 

does not apply to the shoulder at 141.~6 .keV.) thus indicating that their half 

lives are approximately equal to that of Mo9°. (2) The sources ivo.s of high 

chemical purity. (Reactor grade Nb foils - 99.9 + % Nb- were used as tar­

gets, the 5N HCl - 0.06N HF and the O.lN HCl - 0.06N ~~ elutions sho~ld have 

removed any interferring elements produced in the bombardment and tr1e column 

was continuously being washed with 5N HCl - 0.06N I-il!' during the counting.) 
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(3) The only isotope which was eluted from the colwr.n during the count I·Ws 

rTh 90 
and its gamma-ray spectrum (Fig. 34) did not reveal any of these 

gamma rays. (4) None of these gamma rays have been previously· obsel'Ved :i.n 
. 48 

the gamma-ray spectrum of Mo 93m Also, none of these lj_nes appeared in 

our spectra in which the 262-keV photopeak of Mo93m v1as as intense as the 

257-keV photopeak of Mo 90 . ¢,rJ0 
and MJ3m are produced in about eq_ual amonnt:3 by 

the reaction of 65-MeV alpha particles on natural Zr). In add:Ltion) in our 

coincidence studies, we did not obse1~e these lines to be in coincidence 

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

isotopes on the basis of their energies and relative intensities. ~hus, 

there is considerable evidence for the assignment of these lines to the de­

cay of Mo9° even though their half lives were not dete;~,ined. Specia:J.. 

note should be made of the 425.1- and. the 517.7-kc~v gam:rna rays usc>igned. to 

the decay of Mo9°. Fetters son et al. 
4

5 reported observing a L1-23 .1.:--}:eV K­

conversion line which they. assigned to l\'b 90 on the basis of half-life ir,­

forrriation but they did not observe a line corresponding to the l.c25 .1-keV 

gamma ray we observed in our spectrum. The fact that this 425.1-keV line 

is not the corresponding line that they refer to is clearly indicated by 
C" 

the complete absence of any gamma ray in the region of the I\Tb~u dec8y 

spectrum (Fig. 34) between the 371- and the 511-l\:eV photopeaks. Thus) the 

assignment of the 425.1-keV gamma ray to the ·decay of Mo 90 is ratl1er definite. 

Although the energy of the 5:L7.7-keV gamma. ray assigned to Mo
90 

is very close in energy to the 519.3-keV garr@a ray in the ~o 90 spectrum 

(Fig. 34), its assignment to the decay of Mo9° is based on relative in­

tensities. The ratio of the 371-keV photopeak area to the 519.)-keV photo­

peak in the Nb 90 spectrum j_s 7.8 ± 0.3 while the relative intensity o:;:~ the 
. . 90 

371-keV photopeak area to the 517.7 -keV photopeak area in the go spectrwa 

is 1.9 ± 0.5. Thus, these two photopeaks are not the same, and the 517 .7-kcJV 

gamma ray appears to belong to the decay of Mo9°. 

... 
-11 

I 
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The energies and intensities of these lines are listed in Table 

VIII. (The photon relative intensities were determined. by mal<:ing raea~oure­

ments of the areas under the photopeaks and correcting for the variutior; 

of the Ge(Li) photopeak efficiency with energy. The photopee:k efficiency 

function was experimentally determined by Haverfield. 47 This efficiency 

curve is reproduced in Fig. 35). 

2. Transition Multipolarity Determinations 

The photon intensities listed in Table VIII and the K-conversion 

1 . . t . t. d t . d b p tt .,_ 1 45 d 1" ' - . ~ bl lne ln ensl les as e ermlne y .. e ersson e" a . an ls"Led lD ·.t.·a e 

IX have been used to calculate the K-conversion coefficients and the totc:tl 

transition intensities, Table X. These eA~erimental conversion coefficients 

are compared with the theoretical K-conversion coefficients in Fig. 36. 

From this plot it appears that most of the transitions are either Ivil- or E2 

multipolarity. The 323-, 203-, and the 163-keV transitions appear to be 

definitely Ml transitions. 

In our previous investigation, 19 the L-subshell electron lines 

(Fig. 37) of the 42.7 -keV transition vere IIJ.easured with the Berkeley 50 em 

radius n~2 iron-free spectrometer.
48 

The experimental L1 to L11 plus 

L
111 

ratio for this transition was calculated to be 10.5 ± 1.5. It is 

compared with the theoretical values in Table XI. From this ratio and the 

relative L-subshell intensities, it appears that the multipolarity of this 

transition is definitely Ml. 

3. Coincidence Gamma-Ray Spectra 

The gamma-ray spectra in coincidence with the 163-, 203-) 323-_, 

445-) 942-, 1 and 1387-keV garrrrna rays are shown in Figs. 38-46 .. The gamrrl2-

ray spectrwn obtained in coincidence vlith pulses from the ''gate" detector 

with the 11window'', set ov.e:.." the photo~-:::csl;;: cr;.G10t b~ quo.r:titetively ::tc:lz,ted. 

to the gamma -ray spectrum. obtained 'in coincidence with pulse1 .from the 

"gate" detector with the "window" set over the Compton background because 

/ 

i-.-

·. 



Table VIII. 

Energy(l"eV) 

:·_42 • 70 ± 0. 04 a 

109.0 ± 0·5 
122.370 ± 0.022a 
162 . 93 ± 0. 09a 
203.13 ± O.lOa 
257.34 ± o.o4a 
323.20 ± 0.18a 

365.2 ± 1. 
421.0 ± 0 .3a 

425.1 ± 0.5 
433.1 ± 1. 
440.5 ± 0.6 
445.37 ± 0.2la 

455·3 ± 1. 

472.24 ± 0.28a 
489.8 ± o.4a 

517.7 ± 0. 7 
941.5 ± o.4a 

946.4 ± 0.8 

987 ·3 ± 1. 
990.2 ± 0.6a 

1271.3 ± o.()a 

13tY( .h - :!: 0 . ~'>tJ 

ll1J1.(i. 

14)L~ .6 

1463.5 
1481.6 

i 2. 

± 0.7a 
± 0.9a 
± 1.4a 

"-105-

90 Phot?ns of Mo decay. 

Relative In ten :o:i ty 

2.76 -± 0.2 

0.12. ± 0.03 
82.65 ± 2.1-~ 

7-67 ± 0.5 
8.17 ± 0 r:; 

•/ 

100. 
8.11 ± 0.5 
o.o9 ± o.p1 
0.32 ± 0.08 
0.45 ± 0.08 
0.053 ± 0.01 
1.20 ± 0.2 

7·75 ± 0.6 
0.30 ± 0.05 
1.83 ± 0.15 
0.94 ± 0.1 
0.20 ± 0.1 

7.11 ± 0.6 
0.86 ± 0.2 
0.18 ± 0.05 
1.32 ± 0.1 
~). ;n :1: o. !,_ 

o. 063 :L o. o·;:~ 
2.41 ± 0.5 

' 0.86 ± 0.2 

a 45 Energy values are those reported by Petterson et al. 
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Table IX. Conversion electron line intensities. a 

Photon 
energy 

(keV) K L N + I'! 

42.7 6.1 ± 2.0 0.64 .'± 0.16 1.)2 ±.0.16 
122.4 36.5 ± 0.8 6.06 ± 0.12 0.011 ± o .col~ 
162.9 0.048 ' 0.432 ± 0.016 ± 0.004 0.007 ± 0.005 

203.1 0.264. ± 0.008 0.033 ± 0.003 0.51 ± 0.04 

257-3 14.2b 2.58' ± 0.07 

323.2 0.0812 ± 0.0027 0.0094 ± 0.0008 

421.0 0.00116 ± 0.00018 

445.'4 0.0364 ± 0.0023 

472.2 0.0051 ± 0.0003 

489.8 0.0034 ± 0.0004 

941.5 0.00477 ± 0.00016 

990-2 0.00087 ± 0.00010 

1271.3 0.00250 ± 0.00018 

138714 0.00100 ± 0.00007. 

1454.6 0.00081 ± 0.00009 

1463-5 0.00039 ± 0.00013 

1481.6 0.00041 ± 0.00020 

aThese
4

conversion electron line intensities were reported by Pettersson 
et al. 5 

bFor normalization) a K-conversion coefficient of 0.142 was assumed for the 
257-keV E3 transition. 
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Table x. Total relative tr<msition ix1te2.1si tic~ s 

Transition Total 
energy intensitv 
(keV) (X 100':'6 

! 

L~2. 7 rr ~l 

r ·)- -"- 2.3 

109.0 O.la ± 0.0) 

122.4 100. 

162.9 6.45 ± 0.5 

203.1 6.69 ± 0.5 

257-3 92-7 ± 0 '7 
c.. • I 

323.2 6.54 ·r 0.5 

)65.2 0.071a ± 0.01 

421.0 0.25 ± 0.08 

425.1 0.35a ± 0.08 

433.1 0.042a ± 0.01 

440.5 0.95a :!: 0.2 

445.4 6.13 ,- 0.6 

455-3 0"24a ± 0.05 

472.2 
-~ 

l.~-5 0.15 ::!: 

489.8 0.74 ± 0.07 

517. 7_ O.l6a ± 0.1 

941.5 5.62 ± 0.6 

946.4 0.68a -r 0.2 

987-3 0 .11+ a ± 0.05 

990.2 l.Oit ·± 0.1 

1271.3 4.17 ± 0.4 

1387.4 1.88 ± 0.2 

1446. O.O')a ± 0.03 

1454.6 1.90 ± 0.5 

1463~5 0.68 ± 0.2 

1481.6 0.21 ± 0.16 

aTo obtain these total intensj_ties) it -vms assumed that the intu~nc.l 
bconvcrsion proce::;s was ner;lir~tb1e. 

The total trarw:i.tion inten:.;i ty of transj_tio:ns fol' 11hich either :Lr,co;:rpj_vte -
or no conversion electron intensity data -vm.s avai1e;ole -vr~s ass·w:.C;d to tc:: 
equal to thephoton intensity . 
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lc5' 
·K-sheil internal conversion coefficient 

plotted against gamma-ray energy. The .experi-Fig •. 
_mentally determined- K-shell I. C. C. are. also shown for comparison.· 
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Fig. 37. L-shell conversion line group of the 42.70-keV transition 
from Mo9° decay. 
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.Table ·XI~., L-subshell ratios for the 42.7~kev·transitior..a 

.LII/LI LIII/LI LI/(LJ:I + L~r) 
J_ J_ 

.. 

El 1 :y . L47(~l)b :2.52 ( -1) 3.28(0) 

.. ... 1.74(0) '2 . .81{0) 2.20(-1) , . 
E2 ·. ,. f •. · 

Ml.····· 1, 7.0 ( -2) ' .•. 2 ."22 ( -2) 1.09(1) 

,. 1.09( -1) 2.28 ( -2) 7.6(0) 
. . .· 

Experimental 1.05(1)±1.5( -1) 

aThe · L.:;.subshdn· ratios' were·. obtained from log-log plots of. pliv and Band: .s 
··conversion coeffici!=nt tables) Ref. 38/ 
b ·,.' i •. : ' . 
: The nu.."llbers ~n the parentheses are the powers of 1.0 by which the first 
. number. is to be multiplied~.· 
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Singles spectrum .. . . 
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80 160 240. 320 400' 
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M U B '12577 

Fig;. 38. Garrmta-ray spectrum in coincidence with the (A) gate on the 
lo;.r-energy side of the 163-keV photopeak, (B) gate on the 163-keV : 
photopeak and (C) gate on the high energy side of the 163-keV 
photopeak. Also shown is the singles spectrum for comparison .. 

• 

! 

• 

i 
'j 



. '· 

-113-

. Single 

10 1·. 

Channel· number 

Fig. 39. Low energy portion.of' the gamma-ray spectrum in· coincidence 
with the (A) 163..:keV photopeak and (B) Compton background to the 
high energy side of the 163-keV photopeak. Also shown is the 
singles spectrum for comparis'on. 
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511 keV 

(8) Gore to the right 
· of the 163-keV peok 

X 103 · 
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(A) 163 ·keV /~ate ~ 
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:•, 990keV , 
Mogo 

1455 keV 
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, :, ':. Mo93m 

Singles spectrum : • :'.'.• l477keV 
, Mo93m • • • 

X 10'3 .685 keV Nb90 Nb90 
' • :·· ' • ... ',, 

1130keV ,;;2~~.~~~.,:.· "";": •• .'. • 
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~1171keV Mo•o .. , , I. .... 

il(2182koV 127~ Mo'3m \•""A: ,., •• ,, keV ~ Mo•o 

0
1477keV 

--........ ....J ._ ··~! 1387keV 1<6l>•Vj j 

~~ ..... j 
"< 'j 

:. ..> 

Channel number 

Fig. 40. High energy portion of the gamma-ray spectrum in coincidence 
with the (A) 163-keV photopeak and (B) Compton packgro~~d to the 
high energy side of the 163-keV photopeak. Also shown is the 
singles spectrum_for comparison. 
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Channel number 
M U B ·12563 

Fig. 41. .. Low, ~nergy portion of the gamma-ray iSectru.'!l in coincidence 
with the (A) Compton background to the 101-1 energy side of the 203-
keV .ph'otopeak, (B) 203-keV photopeak and (C) Compton bacl-cground to 
.the high energy side of the 203-keV photopeak. Also shmm is the 
singles spectrum for comparison. 
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MUB11975 

Fig. 42· .. Lo~ energy portion of the gamma-ray spectrum in coincidence 
with the (A) Compton background to the low energy side of the 
323-keV photopeak and (B) 323-keV photopeak. Also shown is the 
singles spectrum for comparison. 
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Fig .. J.i.j:· High· energy portion of the gamma-ray spectru.rn in· coincidenc.e 
with. the (a) 445~keV photopeak (b) Compton background on the high 

· energy side of the 445-keV photopeak. 
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Singles spectrum 
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Fig. 44. High energy portion of the Mo9° gamma-ray spectrum ~ith a 

Nai(Tl) detector. The "9~-2-keV gate" and the "1387-keV gate" 
are also shown. 
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Fig. 45. Low-energy portion of the ga~ma-ray 'spectrum in coincidence 
with the (a) "942-keV photopeak11 and (b) Compton background. on the 
high energy side of the "942_;keV photopeal~". . 
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Fig. 46. ·.Gamma-ray spectru.~ in coincidence with the (a) "1387 (.J..)-keV. 
photopeak" and (b) Com.ptm1 backgrc.w'1d to the 'high energy side of 
the "1387 ( + ~ -keV phbtopeak". 
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Ho90 activity 'Was pe.riodically added to the· .colum..."l during the counting 

and the geometry was continually <changing due to the movement of' the Mo 

in.the colUil".n. HOi-lever, an attempt 'Was made to keep the couting rate 

approximately constant and the couting period with the windo'W set ove~ 

the photopeak approximately eq_ual to that 1-1ith the ·Hindo1v set over the 

Compton bacl~ground. The counting interV-als ranged from 6 to 18 hours. 

The gamma-ray spectra obtained in coincj_d.ence vri th the 163-keV 

gal!1.'118. ray are. sho1m in Figs.' 38, 39 and 40. These figures indicate very 

clearly that the 43-, 203-, 323-, 490-, · 526-, 990-, 1271- and 1455-keV 

·gamma rays are in coincidence vri th the 163-keV gamma -ray. (A high-energy 

spectrwn in coincidence 'With the 163-keV gamma ray 'Was also obtained. for 

the source with the high Mo93m concentration, but because of the high co-

,. incidence .coun~- rate for the 1477 -keV Mo93m gamins. 1·ay, the 1271- and. 1455-

keV peal~s ·_could not be definitely identified in the coincidence spectrw'll). 

There is also. some indication of a 365-keV coincidence and either a 421-

or a 425-keV coincidence. The relative intensities of the 203-,·:and 323-

keV photopeaks, uncorrected for photopeak efficiency, are the same in the 

coincidence spectrtim as in the singles spectrum· (Table XII], and the same 
•' 

_is true of 'the-1271- and the 1455-keV photopeal;:s. (I1271/I14
55 

= :·o ± 

0-3 in the singles spectrum and L~:;l ;!: 0.2 in the c~incidence spectrurn.). 

In addition, the· 990- and the 1271-keV photopeaks have ·approximately the 

same relative ~ntensity in the singles·as in the coincidence spectrw'll 

(r
990

/r1271 ~ 0.38 ± 0.06 in the singles spectrum and. 0_.34 ± 0.05 in the 

coincidence _spectrw'll;) while· the 490- and the 203-keV photopeak relative 
. ' 

intensity is only about one-half as large in the coincidence spectr·urn. as 

in the singles spectrw'll._. ((r
490

jr
203

)singles/(r
490

jr
203

)coiricidence = 

0.56 ± 0.05). The appearance of the 43·~, 163-, and 203-keV photopeaks and 

the absence' of the 323-keV photopeak in the spectrum in coincidence with 

the gate pusles ·Hi th the window set over +.he Compton background to the 

high-ernergy side of the 163-l~ev pho·tope::': (Fig. 39B) is due to coinci­

dences vli th the 323-keV Compton pulses. (The Compton edge of the 323-keV 
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Table XII. The ·relative intensities a of the 43-, 163.:.., 203- and. 323-keV 
gamma, rays in the' coincidence spectra. 

Gate energy 
(keV) A/B cLB· 

. 163b' c . 0.25 

203b 0.29 

323b 0.22 
l6~d, e - ) 0.265 

942d 0.24 

1130d 0.29 
1-870. ) . ·o.26 

Singles · 

A= intensity 

B II 
::::-

c II 
:::: 

D II 
:::: 

± 0.03 

± 0.03 

± 0.04 

± 0.03 

± 0.03 

± 0.05 

1.0 

1.0 

1.0 

1.0 

1.0 

i.o 

o·.64 

0.64 

0~68 

0.68 

0.68 

0.72 

0.68 

of:the 43-keV photopeak 
1!, II 163 II II, 

tl: II 203 t! II 

II II 323 ·II tt"' 

± 0.04 

± 0.07 

± 0.02 

± 0,.03 

± 0.03 

± 0.03. 

± 0.05 

... 

DLB 

0.26 

0.26 ± 0.02 

0.26 ± 0.02 

0.25 ± 0.03 

0.27 ± U.03 

0.26 ± 0.03 

0.26 ± 0.02 

, aThe intensities have not been corrected for photopeak efficiencies. 

bRelative intensities obtained from first exoerilnent. 

cThese relative intensities were nor~~lized to the 323-keV photopeak .· 
inte~sity. · · 

~elative inten~ities .obtained from the sec~nd experi~ent. 
eThese relative intensities were normalized to the 4}-keV photopeak 
intensity. 
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g'amma ray is at 181 k.eV ·--Table ·XIII--ahd the 323-keV ganuna ray is in 

coincidence witX:. .the 43~, 163- and 203-keV gamma: rays-:-Fig. 42). ·The tvro 

broad peaks (a) and (13.) .in Fig •. 39 aredue·to the·445-: and 511-k~V Comp­

ton coincidences and the (a) and(~) peaks in Fig. 38 are the 511-keV_and 

6S5-keV (Mo93~) Compton coincideri:ces. ,:rhe Compton coincidence peaks can 

be identified by their broadnatufe, the sum of the gate energy and the 

peal<:. energy, the fact that the peak 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 Comp,ton edge or the backscatter peak. A very clear example 

of this is the 685-keV Compton peak (~) in Fig. 41. The above corr.r.1ents 

clearly rule out. the possibility of the'peaks at 327·· (o) and 500-l<:.eV (E) 

being due to Compton events ·as' just desc.ribed •. However, no other explana­

·tion con~si·stent with the observed data can be presented to explain these 

. peaks. 

r,:;The_-spectra in coincidence with the 203- and. 323-keV gamma rays 

are sho-vm ill. Figs. 41 'and 42. . These spectra clearly indicate that the 43-, 

163- and 323-keV gamma rays are in coincidence vrith the 203-keV garnma ray 

and 'lvith. the same relative intensity, as in the sipgles spectrum (Table XII) _ .. 
· and that the same is true of the 43-, 163-, and 203-keV gamma rays. in 

coincidence with the 323-keV ga:rrrixta ray. The high-energ:y spectra -,~bserved • 

in coincidence vrith the 203-and 323-kev· e..~mma rays were not o.efinitive 
' ' 

because of poor. statistics, but there was. some',indication of the possible 

1271- and 1455-keV coincidences .. Thus, ic appears rather definite that 

the 43-, 163-, 203- and 323~keV gamma rays belong to a cascade with only 

a ,few exceedingly vreak crossover transitions. 

'The high-energy spectrum, in coincidence with the 445-keV gate 

(Fig.:39) is sho-vm in Fig. 4). The on1yhigh-energy gamma. ray definitely 

in coincidepce with the 445-keV .gamma ray is the 942-keV garr-~a ray. ~~e 

lo-vr-energy spectrum obtained in coj.ncidence with 'this 445-keV photop.eal<:. 
. ' 

f. 

'gate showet1 coincidences with the 43-, 163-, 203- and 323-keV garr-1l.a rays; .. 

however) approximately the same spectrum was observed with the windO\.;r set' ' . 

. ~ . 
. , 

,, 

. I 
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Table XIII •. Compton edges and backscatter_peaks. 

E {keV2 Ec(keV) . Eb~keNL 

122 39 .. 83 
163 : 64 99 
203 91 112 

257 129· 128 
262 132 . 130 

181 
. )· 

142 323 
-445' 284 161 
\.472 307- .. 165 

. ; 490 
! 

323 167. 
.: 511 342 .: 1:6~ 

.. · 

', 685 . 
. ·:· 500 .. 185 

i. 
942 i 743 199 ., 

' 
1130 923 207 

~ 

1271 1061 . ; 210 

1387 1174' .> 213 
1455 1239, 216 

'1477 1260. 217 
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'I'hese\ coinciC.ences :-::ay hc.ve bee:::-, dt;.e to tl' ... e lo,,.; intens::.. ty 41~C- s.:::-,C:. i;.SS­
; 

in coincic":.ence witj 

1'''."'--"'eV p".o7o~'c·:::.:.\.· -;--::_,.-;- ~-~p·oe,·r" ~-_, 7"r::c coi·,., ..• ,_·Q·e~·-"" s~--"··-··~ ····e·- .:..· __ --~n-···- .. .r..r-./ _,_ ........... :: ._.,_ ...... __ .._ ...... - _ -. ._. -·~ ......... _.,:.: ........ _:,.:• _.:..: .... ;~e~v.C\..O.....L w:..:...--.u. v.J:J~ ~·:~ t....<.• .. .io.·.· 

is set over the 9.;.2 -1:eV photopea~-;:. 

The hig:-'1-enex .. gy pr-ot::on of t~e garnrna -ray spe~t::c~ll C.etectcC.. 

+'loe "~r( 171') V•.l. .i.\C.O. ..l..L d.etecto:r syste;-:1 is s:=wiin in Fig. l~4. 3ecause of the poorer 

resolution of the JIJai detector syster.1, ind.ividuaJ.. phctcpes.l<:.s could not oe 
selected 1-1ith this 1-iindOi·r. 'I'~us_, the 1-rindov set over the 94-2-l<::eV photo­

pee.:-:: (A) also includes t:r.e. 9L~6, 987 and. the 990-l\.eV ptoto:_Jeeks. The 

wind.m·r set over the 1387 -keV photopea~-c else included. tte lU;6-, lii63 c.nd 
I 8 90 . ., • · • , . , ~ , 9-:z :U 

l'+ l-keV :Photopeaks of I~:o and. the ..:..4 7? -,;.-::ev pr..o-co~)ec..r: or :0·,c ..J • 'I'i·"e ga::-,-

rr.a -ray spect:::-ur;l in coincidence vii th the :9ulses in the 9i•2 -l-;:eV 1-Ji:r:C.o~·i (.:..) 

is shcvm in Fig. 45. The appeara:1ce of the 41.~5-k.:::V l)DOtopcsl~ L-: .c,;;--,,, 

spect:::-w:1 i:J. coincidence 1-1i th the pulse,; frc~-n. the >:ind.oH se".:. to tr,e hi.r;h­

energy side of the peak clearly ve:::-ifies t:Ce.t the 445- snd 9lc2-l·:eV go.r.,:::.a 
.> 

rays are -C.e~ini tely iri coincidence as suggested by the s:yect::-w:1 obte~.~1ed 

a~pea~s t~~at the 4 72 -:·:eV gerr.r::e. ray is 

lative to the 445-keV photope2:-:: is greatly reO.t<cc:d. frcn ths.t for t::-.e singles 

spectr'..l.iil. Tnus .it is • .L, • el"'ner ln 

keV ga;.,mc. ray, due to the Comptcr.. ~acl·:grounG., o:::- it is pe1·h.s:p s in ccinci­

dence · l·ii tn the lo·"rer intensity garrll.'.a :::-ays also incluC.eci in the vinC.c~o1. 

The appearance of the 43-, 163-·, 203- 2.::-ld. 323<<:eV p:L1otcpee:.ks in 

both of the coincidence spectra 1n Fig. 45, and in the sa~e ~eletive in-
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states in the 43-, 163-, 203- and 32)-l\.eV cascade. ·The spectrum in coin­

cidence with the 163-keV gamma ray indicated that the 990-, 1271- anci 

1455-l\.eV gam.'Tla rays are in coincidence with the 163-l\:eV ga:r:ma ray; liO\·J­

ever, because of the low intensity of the 990-l\.eV photopeak and the fEH.:t 

that the two spectra cannot be related q_uanti tatively raa}:.cs j.t iLTpOc;::;~Lo1;::: 

to determine how many of the coincidence counts are d.ue to the 9)'0-keV 

photopeak and how many are possibly due to 1271- and 1~·55-lceV Compton co­

incidences. (The Compton edge of ·the 1271-l\.eV gamma ray is at lOCi keV 

and the 1455-keV gamma ray has its Compton edge at 1239 keV). 

The spectrum in coincidence \·lith the 1387-keV gate (1387-, 14L:.6-) 

1455-, 1463-, 1477- and ll~81-keV gamma rays) is sho-vm in }i'j_g. 46. 'Hl':: l;j-, 

163-, 203- and 323-keV gamma rays are ?gain in coincidence with tlw pulses 

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

It is l~easoned that none of these coincidences can be due to tbe 1387 -keV 

gamrna ray because it did not appear in the spectrum in coincidence 1-:i tl; {l;.e 

163-keV garrL.'na ray (Fig. 40) and if it vJere in coincidence -v;i th any of the 

others, the intensity of the 163-keV photopeak ~-n Fig. l~6 v1ould have ·ix:d1 

noticeably low. It is also kno-vm from the 163-keV coincidence spcctJ:·um 
.:-' 

that the 1455-keV ganuna ray is in coincidence ~~i th the 163-l:.eV gamma l'3Y. 

'I'hus, if the 1455-l\.eV transition were not in coincidence VJi t;h all l!- of the::-;e 

low-energy gamma-rays, one, two or three of them woLJ.ld heve had an intensity 

noticeably lower than the 163-~eV phot-opeak intensity. Ir1 addition, ~mch a 

crossover (1. 9%) viOuld have been noticed in the singles spectru.·n. 'J:hus, the 

1455-keV gar:rrna ray is in co:Lncidence -with all 4 of the members of the 101-1-

energy cascade. There is a::.so a strong indication of a l~l1-0-l~eV ;saYru-.:a ::.·e.y 

coincidence vii th one of the ga:r.rna rays in this gate. 

Thus, in summary, it appears q_uite definite that: (l) the i~l+j- a:r1Q 

942-keV gam;-na rays are in coincidence I·Jith each othe:::· and thut neither is 

in coincidence with any other pror;tinent gamme ray. (2) The 1)37 -k,:;V gsr::;;-,a 

ray is not in coincidence vJi th any ·of the prominent g<"'<r;t:na "I.'ays. (3) The 

43-, 163-, 203- and 323-keV transitions are in cascade, and there are no 

strong crossover transitions. (4) The 1271- and 1455-keV garruno. r;:,ys &J.'L: 
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il1 •.• ~ .;_.1·· 4-'ne 4-; · Y'f..J-VJ. v ./-) 163-: 203- and 323~keV ge.rrnna rays but cennot 

be ir. ~oin::!iden~e vri th eaeh other ";)ecause ·~heir sum exceeds th·e decay 

energy. Also, cecause tr.e};-e ·ar<J::no. strong crosscver tJ.~ar.siticns a:1cl be­

ce.use a l81+-ke7 gq:r.,me. :.~ay (~Ll.•.:;-:5-1271) vras :not obse:rcred; 'both of these 

l1igh-~nergy· t~'e.nsi t:to:1s must· pcpu:.ate 'tl'"le .top state of tt.e 43- J 163- ,. 

203- and 323-keV cascade,. 

certain that the l.;.s.o- anc. 990-keV 

:Since there 

appear to be r:.o p:t·cmirJ.ent c:rossove:t ·;;ransiticns in the 43-, 163-, 203- and 

323 -keV ca sca.:le, t:'Cley .!1'1::J.st also·. ·oe in coincid.ence v:l. th tbe other three 

ga.i-;-rrne, rays in the ca. scacLe. Also) the 526-keV pho,;cc:peak i.s i~ coincidence 

• .. r_4+."' "'"e .L-~?:_·K'"'Tr "'ra.,..·s-;·1-·'on , - v.lJ. l,..,J, Jo , '-",./ _. \; \..1 ...... - v.J.. '"': o 

It also c.;:_::,pee.rs that: (l) 'Ihe 365-keV gamL!'.a :;ay· j,s in coincidence 

.with 16.3-keV ga::n.ma ray . (2)'. The .472-keV gamma. ray is in·co'incidence 

. '\,·ith the 990-kev·garr,m..'l: ray .. (3) The 440-keV gam.'TIB. ray is in coincidence 

'-lith one of 'the gamma ~ays in the 1387 -keV gate (138'7 .. , 141.~6-, 1455-: 

146)- and. 11+81-keV ga=rlllla ~e.ys). 

D. :bisr!u.ssivn 

1Tie cJ.ecay scheme show~~ :Ln Fig.· l+r-( c8.n .be constructed- on the baSis 

i 

'. 

' . .. . . . 19 
of the above-·rr.e~tioned e:>:;yeriroental results and 'those :::-eported prev:i.ously.-; 

. I 

The spi:.1 and :parity assign:·nents of the" ground' state· and the levels at f22 .4~ 

12.4.8 and 382.1 1r..eV have ·oee:.'l t:1oroug'hly discussed. previously and can qe 

conside:rei ·as qui t'e d.efini te. (Alt:':lough J.::he :energy. o:f the unobserved lo1.,r- · 

energy isomeric tJ.·ansitior. has ~JY~ been measured directly,- it has ·oeen: 

clete.rmir.ei ir:.d:Lrectly by e-:1ergy d:~fferences a:r:d -will be discussecl in de-
..L. .... , ~ 

ual..i. J...n 

l. 

I \ '. sectio:.c-;. •}) • ' .. • .. 

a!!d. 4-3:.L.l_23-) ?.03-) 

('' 

bearj .. n,g on the' level assigru"TT,ent,s 'of, 

I 

the 203-
~ . j 

and 323-keV cascade and the 1271- and: 1455-keV transi.,.. , 
'\ 
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tions feeding it. Because there are no other prominent transitions in 

coincio.ence with this cascade_, the levels which the 1271- and 1455-keV 

transitions depopulate must be fed by ele~troh capture decay of Mo9° and 

· the bottom level of the. cascade must ei thex· decay to the groUJ."ld state, . 

one of the isomeric states or to the 6+ state which is depopulated by the 
' ' 

122-keV transition. This· cascade can't possibly feed the 1+ state at 

382.1-keV because there is insufficient decay energy-available. Decay 

to tbe ground state can be eliminated as a possibility by the fact that 

the maximum spin change possible with tlL.: cascade starting 1.rith the 1271- 1 

keVtransition is 6(12,71(Ml,E2), 43(M.l),.203(1Yil) 163(11J.l) and 323(11J.l)) and 

the maximu.'TI. spin possible for the 2126-k...::V leve.l is one 1 since the lm-r 

log ft value ~ules ou~:the possibility: of a first forbidden lli"lique electron 

capture decay;to this level. 

level. 

Thus this· cascade feeds eHher the 4- or 6+ 1 
!, 

It should be :noted that the possibili:ty·:·of decay to the 6+ le"~rel 
I 1 i 

cannot be ruled out, ~ven though none o~ the members of the casc~de were . 
observed to be in: coincidence with the,'122-keV garmna ray, because th~ :life~ 

time of the 1'22 .4-keV level- may be of' :the order of a microsecond ana. thus i 

not in prompt coincidence 11·1 th an.y. of the ·other gamma rays. (A re sol ~ing ! 
time of, 50 nanoseconds was used in the coincidence exper:.ments). Irl ., 

... n t' - ·.._h . ' b r•·... 49 f' t' 1 . ~ ... . n t suppor v oi Ills are · v e measurements y .wovner · o ne -lie vlmes or 'HO 

analogous states ahd transitions in zr9° and Mo92 .. He h?-s reporte'd that 
2. ' '2 

th~0lifetime of th~ 141 keV TI(g
9
; 2 )8+ to, TI(g

9
; 2 ) 6+ 

Zr is 125 nanoseconds and that.the lifetime of the 135-keV to 
( 

,2 ' 92 
1f g9;2 )6+ E2.transition in Mo is 192 nanoseconds. Thus it seems 

reasona"ole to assume that the 122-keV to 
r 1 -11 · 
LTI(g9/2) '9(g9/2) J8+ 

[7i(g9/2)l 'LI(g9/2) -l ]6+ 
E2 transition :in Nb90 might a-lso be of the order 

of several .hundred nanoseconds and therefore not in prompt coincidence 

\vi th any ot the cascade transitions. 

The order of' the 43-, 163-, 203- and 323~keV transitions in the 
I . 

cascade can be reasonably explained by add:i.ng the level at 1801 keV and. 

\ I 
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noting that the energy difference between the 987- and 946-keV gamma'rays 

is 42.7-keV yithin the experimental error. Thus, this relation puts the 

4)-l{eV transition at the top of the cascade and determines a level at 

812 keV. ~ne 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 

transitions. Thus, if the order of the re:rr.aining three transitions i's 
I 

restricted so as to allow for these crossover t·ransi tions, _the 163, 323,. 

203, 43 sequence can be eliminated. There are ·tv;O remaining possible se­

quences which v1ould allow for such crossovers,. 163, 203, 323, 43, and 323, 

203, 163, 4). Even though the 526-keV photopeak was much more prominent 

in the spectrum in coincidence vrith the 163-keV gamma ray, thus indicating 

perhaps the second choice, the greater intensity of the 365-keV photopeak 

than the 526-keV photopeak in the singles spectruJn may 1?-ave been due to 

the 163, 203 crossover in the first sequence and not th'e 323, 43 crossover 

and thus the 365-keV photopeak would not have been as intense in the coin­

cidence spectrum. The~e'fore, no definitive choice .can be made as to which 

of these possible sequences is correct. 'Although the decay scheme sho1.rs 

the first sequence, its ~~certainty is indicated by the dashed line and 
. . -'~ 

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

charged-particle, direct r.eaction studies. (such as Mo 92 (d,O:)= Mo92,. (p,B:J) 

or zr9°(He3,H3)) to locate ·definitely the levels in question. Further 
. ' 

coincidence studies of the other members of this cascade might also. reveal 

"\·1hich is the correct sequence: 

2. Discussion of the 445-; 941-keV Cascade and the 1387-keV Crossover 
Transitions. 

The .. level at 1769 keV is suggestedby the 445- and 942-keV gamn1a 

ray coincidences, the observed 1387-keV garruna ray. (942 +. 445 = 1387) and 

intensity c_onsiderations. The excellent energy agreement and the 445- and 

942-keV gamma ray coinci·dence data strongly suggest a crossover-·cascade 

relation.· The fact that' no prominent transitions were fo~YJ.d to be in coin­

cidence vri th any of these gamma rays implies that the. 1769-keV level must 

. ' .'.; 

I 
I 
f 
I 

-! 
I 
1 

. : 

'. 

i-
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receive electron capt'.lre decay from Mo-' ancl that the 942;) 1+45-keV cas-

cade· and the 1387 -keV crossove; :n.~.:.st populate either the g:cc'...l.cd. str::te.) one 

of the isomeric stat~s o:r- tee 6-'- level. The g:::-ou:1d state is ruled out be­

cause it -vrould Tequire that the 1387 -l~eV transition be at lee·st r::n M7 or 

E7. The 6+ and 4- levels a.s possibilities are elimi:::1ated. on intensity 

considerations. It is noted thr::t .the .su . .-n of the 257 -keV intensity and the 

intensity of the cascade involvi.r.g the 163-keV transition :i.s about 99.2tjo. 

T.'lus) since the intensity of this crossover cascade is,ahout 8%) it is not 

possible that it could a+so bJ~ass the 257-keV t:::-ansition. In addition) 

although the relative inter!s=:.ty of the 25'7 .:.keV transition is 92.7%: only 

82 of this intensity .it. due to positron.' and elec"'.::.ron capture decay to this 

level. Thus) in add.itior. ~co this electro:1 capture and. positron dec13.y to 
I 

this level) approximately 10~0 of "che gamma-ray transitions must also feed 

·this level. Therefore, this crossover..-cascade·is placed in the level 

scheme so that it feeds the 382-keV 1+ level. Since the:::-e appear to be 

no other tr?nsitions e~ther populating or depopulf-ting the intermediate 

level and. since· the intensities of' the '445-:- a~1d 942-keV transitions are 

eq_uel '"ithin the experimental error, the order of these t1v0 transitions is 
' .. 

·not defined. However, the 445-keY transition: was placed at the bottom of 

. the cascade because of its slightly greater intensity. The uncertainty in 

the energy o:f.' this -level is indicated by the dashed. line and the listing 

of both energie~. 

I·t should be i10ted that, although we used "'.::.he positron intensity 
' t t d b 'D tt' t '1 !.~5 . b"" . ' _. 1 .... .... .., o.a .a rep or e y ... e -~:rsson e a . , we o .. aJ.neo. an e ..... ec ..,ron ·cap .. ure p ..... us 

positron decay intensity·to the 382-keV,level of 82 ± 7% whereas they 

reported a 'value of 73%. T:his is parti.ally due to· the :fact that they used 

the photon ihtensity values previously ·reported by us in their calculations~ 
I 

Hoi·/ ever, it.· is also partially due to their incorrect choice of· the value 
I 

of the .electron capture to positron ratio. . They report that they. obtaine<i 

a value of :1. 9 for this' ratio :from the theoretical curves reported. by 
; 50 

v7apstra et' al. i·Te hav-e calculated·.a value of 2:2±0.1· using, in additj_on 

( 
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to the same cux~es reported by Wapstra, the curves reported by Feenberg 
- - . 51 anQ T:rlgg. It is seen -that th~,value._of the electron capture to positron 

ratio calculated by us and the new photon intensities yield a to.tal value 

of the Mo9° decay intensity to the 382-keV level which is in good agreement 

-vrith the proposed decay scheme. 

3. Discussion of the 990-,, 490-, -1481; 990-, 472-, 1463; and 990-, 455-, 
1446-keV Cascade and Cro'ssover Transitions. 

T.~e levels at 2300, 2334. and 1844 keV are defined by the cne:rgy 

sums and the coincidence data. In addition to the energy surns (990.2 + 

47.2 = 1462.4 990.2 + 489.8 = 1480.0, 990.2 + !+55·3 :::. 144·5.5), this level 

arrangement ~s supported very' well by the coincidence· data. I-t was observed 

that the 990- ana 490-keV gamma rays vrere· in coincidence with the 163-keV 

garr ... 'Tla ray and there was a strong indication that the 472-keV gamma :ray vras 

in-coincidence with the 1990-keV gamma ray. In addition, the ratio of the 

relative 990-keV photop~ak intensity in the coincidence spectrlli~ to that 

in the singles spectrum is 0.90 ± 0.13 w~ile that calculated from the de-

,· cay scheme, assuming a 6.5 and 1.4% branching; ~is 0.82 ± 0.04. Also, the 

· r_atio. of the relative 490-keV photopeak intensity in the coincidence spectrum' 

to the singles spectrum is 0.56 ± 0.05. The value calculated from the pro­

posed decay scheme is .0.48·± 0.1.-

The ·re~ining transitions (109:, 421-, 433-) ,440-, and 518-keV), 

the most intense of vlhich is the 440-keV transition at 1%, could not be 

placed in the level scheme in a manner consistent with the experimental 

results. However, the level scheme as proposed does agree very wel~ with 

the experimental energy, intensity and coincidence data. It is seen that 

the 2+ level at 854 keV has 8.1% feeding it and about 7~9 to 8.0% depopu­

lating the 2+ level. In addition the 1+ level a't 382 ·keV has 92.1% 

populating i~ and 92·7% depopulating this level. 
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4. Determination of the 24-Second. Isomeric Transition Energy. 

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

key to the determination of the energy of the 24-second isomeric transition. 

~ne coincidence and intensity data suppor~ very strongly the position of 

the 472-keV trans:.tion in the proposed decay scheme.· The coic:cidence data 

revealed that the 472-keV ga:mma ray was definitely not in coincidence v1ith 

either the 1~3, 163, 203, 323 or the 445, 942 cascades. Ho-v1ever;· the coin­

cidence data did. S'..lggest that "-:he 472.:.keV ganima ray ~~as in coincidence 'Hi th 

one or mo1·e of the low--intensity gamriia rays in the 942-keV gate which in-

eluded besides the 942-keV photopeak, the 946, 987- and 990:-keV photopeaks. 

In addition, the observation of ·a 1463-keV garr.ma ray (990.2 + 4'{2.2 == 

1462.4) strongly indicates a crossover-cascade. tr . • ~owever, the 472-keV 

transition cannot populate the 1846-keV .le;rel for it .:then would have been 

observed in the· spectru<1l in coincidence wi;;:h the 163-keV gamma ray. Thus, 

the 472.24-keV transit~on must ·depopulate the 2+ level at 854.33 keV and 

must populate ·a level a't 382.09 keV. Also ,in support of this proposal ~s 

the fine balance in the incoming and outgoing intensities for the 2+ level 
! 

at. 854-keV and :the 1+ level a 382-k€N .. 
'> 

T}J.e energy of the 24-second isomeric transition is equal to the j su111 

of the cascade transitibn energies minus the 4'72- arid 257-keV transition 

. e:iergies. T'ne error is. simply the square root of th~ su..rn of the sq_uares of 
I 

the errors liste<J, in Table VIII.' This determines'.a value of 2.38.± 0.36 

keV for the energy of' the isomeric tra:r:sl._.tion. ·It shou.ld be noted that' 
. I. 

this value, since it is determined. by the, sum of all'·.the members of the! 

cascade, i.s independent of the relative order of the transitions in the I 

cascade. 

The energy assig;n.'11ent is consistent >·lith ·the large alteration i~ 

the decay co6.stant observed and the low-energy electron studies reported 

'by-us previq~sly. 19 'As explained in the first part of this thesis, the 
' the 2."4-keV difference in the effect observed for transition in .the decay 

of Nb 
90ml 

a~d the effect observed for th•:: 2.15-keV transition in :the decay 

! 

f .1 
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of Tc-' can be explained by the difference in t:t1e multipolarity of tbe 

transit.i.ons and . C.c~s not nececsa:ril:,r hm·e to be due to a large diffe:cence 

in er1erg.y. This .. \raJ~ue is also consistent 'Hith tl1e 3-keV upper limit 

placed on the transition energ-.r by our low-energy. electron studies . 1 9 

.Uthough in".::ense electron li~-:es were observec: below 2. 5-keV (Fig. ·48); 

they couJ.d not be definitely identif::.ed because .of the complexity of the 

spectrwu in this region. The so~~":'ce · ·11seC. for these electron studies con-
90 9~ ..... 

sis"ced of Ho and Mo --'"'.· . b .J.. ~ t ' r·,n-9° f'rom. · · ' l!f a OUL. eq_uaJ. am.oun s: ana. .w _ . -r:.ne. a.ecay 

T'.rms, r;l;.;.ch of the ~omplexi ty of this· region is due to Auger' 

electron .lines :Z'ror.: Zr) :i\'b ar:d Mo atoms ·..;rhich lie in the region from about 

The energy of the 1.5 keV to about 2.5 keV. 

el'ectrcn l:Lnes ! (The H
1 and M--~ lines should 

.L.l.J. . 

M· . ._ 
.1. 

be 

and. 

the 

the l~~T conversion 
. ...i...L. 

most intense lines for 

a TJ rV:"' .J..-,.a"'s"'t.;o,... ' -"'o-,.; .1. .u::: u.. ~J.. \..;_ .J... .. ..~.. ) .1- .... a 2.38 keV transition is ·1.91·and 2.01 keV and it 

·can be seen. frcm Fig. 48 that ·this is the region ·where the electron spectru."!l 
l • ao a3 . 

peal<~s. That the electrons in this region ere due to either Mo-' or Mo-' m 

is sho-1m by their c:.ecrease in intensity relative to the· lower energy elec-
90 ' .t::-ons) -which should be due to Nb decay) (14.7 hou:r half life) as seen 

by the lew-energy electron spectru."ll 1.;hich was .. recorded about 18 hours after 
•, 

the fi:rst spec"':;rum, Fj.g. 49. Thus) this data is also consistent with the 

proposed 2.38 ~ 0.36-keV trans~t~on energy. 

5. Discussion of the Spin and Parity Assignments. 

The spin and parity assig~~ents in the proposed decay scheme (Fig. 

47) a:r-e based on -~~he t:-ansition mt.:..ltip.o:Larities ·determined by the K-con.:ver-

. · -"'f· · .J.. h · ~- ·3t"' • .J..'\,. + ··o -'-h + th 1'"'3· kev· sJ..on c;oe.1. ·J..c::c.en ... _s s. 01-1n ~ .. n l'lg. o an::1. L.i ... e assump ... :L n " a... • e o - . 

. tr.ensi tion popu:i.ates tbe 6-'- sta7.e re.ther than the 4-state. This choice of 

"'.:.he 6+ state :i.s based on the p:!'eViet;..sly discussed energy considerations 
, ..t.. ~ f h \ 7'"' ' .._ i"'" • . fM1 \ • • b " .J.. -' . and on tne mull.iJ?O.Larity o t e ..._ c-l~e! L.Tans L.J.On v•l ... ; I·JnlC. a.e..,erm..~.nes 

-t.he p"ari ty of the levels in the W. cascade (43-) 325-) 203.,, 163-keV 

transitions,) as positive. In aO.ditior..: the 4- -choice 1vould have dcte1·:nined 

e. 3-) 2-) 1- 0- or 1-) spin ar:d. parity sequence which should have had 

' 
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Spectrometer current (A) 
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90 Fig. 48. Internal-conversion-electron spectrum of Mo measured ~ith 
4.69 keV preaccelera:tor vol".;age. 
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more crossover transitions from the high 0,1 ± .levels populated by the 

decay of Mo90 and there should have been more transitions to the 1+ level 

at )82-keV. T.~us, the 5+, 4+, 3+, 2+ ·sequen~e has been chosen for the 

levels in this cascade. 

The multipolarity of the 942-keV ~ransition is either t~ or E2, 

and that of' the 445-keV t:::-ansition is mo~'t probably Ml or possibly. E2. · 

. Thus, there is no change in parity in· this cascade and the level. at 1769-.4 

keV must have positive parity. '.G'1e probable Ml character of the 1387-keV 

t:::-ansition also agrees with this positive parity assignment. Since this 

level receives electron captu:·e decay from Mo9°, it must have a spin of 

either 0+ or 1+. 'I'he intermedia-'ce level at 827.4 keV (1323. 5 keV) must 

also have positive; pa:!'i ty and can have spins of 0, 1 or 2. 
; 

The levels at 1846, 2126). 2309 and 2335 keV.,have allbeen assigned:'! 

spins of either· 0 or 1 and positive parity. 'E'lis assignment is based on 
' 

the fact that the 990~, 490-} 1271- and 1455-keV transitions have multi-

polarities of either 1~ or E2 character and that these states must receive 

decay from Mo9°. 

'Ihe leve.ls at 1801· and 2300 keV r...ave- been assigned possible spin 
-~ 

and parities of 0,:·1 ± because of the 'log ft values associated with the 
I 

electron-cap~~e decay-to these levels. 

6. Theoretical Considerations 

All of the levels which are belo\~ 1 MeV, except for the one at' 

827 keV} can be explained from simple shell model considerations as being 

due to configurations involving the g
0

;
2 

and · p1; 2 - proton and neutron 
/, 

:orbitals. According to the shell model, the lowest-lying configuration 

in Nb90 (41 protons,· 49 neutrons) should be the even parity configuration 

7T(g
9
; 2 ) 1 u(s

9
;

2
) ~1 . ·The Brennan-Berstein52 rule (whi:ch is based on e)..-peri­

mental inforrr.ation and delta-force calculations by Schwartz) 53 that one less 

than the maximum spin lies lowest for odd-odd, particle-hole nuclei, sug­

gests that the ground state of Nb90 has spin 8 and even. parity. Other 
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calculations by Kim and Rasmussen,5
4 

which include a.tensor force, also 

suggests that the 8+ state lies lowest.· The_ experimental inforir..a":,ion on 

the decay of 'Nb90 to zr9° also supports ·this 8+ assignment to the ground·-:· 

state. The calculations by Kim and Rasmussen als"o predict'-the· relative· 
. l 1 

ordering of the levels in the 1f(g
9

/ 2 )- u(g
9

/ 2 )-. multiplet· except for the 

4+ and 5+ states which lie very close to each other .and are reversed from 

that obtained experimentally, and the large energY: gap bet1-1een the 2+ and 

·the.l+ levels. Their theoretical levels (no configuration mixing) are 

compared with the two experimental possibilities 

Experimental evidence55 on the levels in 

in Fig. 50. 
91 ' . 

1~ (41 protons, 50 

neutrons) shows an energy separat~on between the P1; 2 and g
9

/ 2 proton 

orbitals of on~y about 100 keV, whereas the separation between ~he 'p
3

/ 2 
and g

9
/ 2 orbitals is about 1.3 MeV. The experimental evidence5° on the 

·levels in zr89 (40 protons, 49 neutrons) gives the energy separation 

between the pl/2 . and ·g
9

/ 2 ne-utron orbitals as ab.out 600 keV and that for 

the p
3

/ 2 somewhat greater. Qne therefore expects excited states involving 

the. p
3

/ 2 orbitals to lie higher in the Nb90 spectrum tr..an those e.rising 

from the p l/2. orbitals. (This is further su_pport for our rejection of :the 

·possibility that the 163-keV trans:Ltion populates the·4-level. Such a 

proposal 1VOuld require ·a low-lying 3-level which, does not· seem to be pos-
'• 

sible from the available ·low~lying proton~neutron orbitals). The coupling 

of a p1/ 2 prDton (neutron) ~nd a g
9

/ 2 neutron (proton) can lead to 4- or ~ 

5- states,. and the Nordheim strong rule57 and that of de-Shi:dit and Walecka.J8 

puts the 4-level lower. Thus, these configurations are probably the major 

contri~utors to the 4-level at 125-keV. Since the 1+ state for the 

· ~(g9/2 ) 1 u(g
9
/
2

) -l confi,guration is predicted to .be so high in the spectrum, 

the major contriputor to the 1+ level at 382 keV is probably the configu­

ration with both the proton and neutron hole in the p1/ 2 orbitals. 

Thus, in_ sumrnary, a decay scheme for Mo9° has been presented in 

11hich the energy .of the unobserved, 24-second isomeric transition he.s been 

determined by energy differences to to 2.38 ± 0.36 keV. Spins and parities• 
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have been assigned to these levels and it appears that the levels belo~oi 

l MeV can be explained by, configurations in which the proton particle 

and neutron bole occupy the p1; 2 .and ~9/2 orbitals. 

.·; 

.. ~. ·. 

i. 

I 
I 

., 
. '. 

/ 

\ 

-~ ..... __ . 

!', 

\. ... ·· 

'· 
·, 

I ... 

:·.;.., 

·:-· 

' 

·- ,• 

., ., 1. .. , 
' . . ' 

·. ;. 

'· 
\ 

··.-· 

,· 

·: .· 

·.-, 

\ ... 

' I 

t. 

l. 
\ 
! 
I 

! 
) 
j·. 
I· , .. 
l 

i 
i 
~ . 

l 
I 
i 
I 

i' 
f 
! 

l .. 
i 
~ 
f· 

! 

t 
! 



__ , 

1. 

2. 

3· 
4. 

5· 

6. 

7. 
8. 

9-
10. 

11. 

12. 

l). 

14. 

15. 

16. 

', -141-

FOOTNOTES AND REFERENCES 

S. Meyer and E. Schweidler, Radioaktivitat, (B. G. Teubners, Berlin, 

(1927) pp. 38-41. 

E. Segr~, Phys. Rev. 7l, 274 (1947). 

R. Dandel. Rev. Sci. 85, 162 _(1947). 

P. Benois:t, R. Bouchez, p, Daudel, R. Daud~l and A. Rogozinshi, Phys. 

Rev. 76, 1000, (1949). 

R. Bouchez, P. Daudel, R. Daudel and R. Muxart, 'J_. Phys. et~ Radiurn 

10 '- 201 (1949).' 
J. J. Kraushaar, E. D:, Wilson and K. T. Bainbridge, Phys. Rev. -90, 

610 (1953).' 

R._ F. Lein:J?-ger, E. Segr~ and C. Wiegand, Phys .. Rev. 76, 897 (1949). 

R. _F. Leininger, E. Segr~ and C. :·Wiegand; Phys. Rev~. 81, 280 (1951). 

E. Segr~ and C. E. Wj.egand, Phys; Rev. 75, 39 (1949). 

E. Segr~ and C. E. ,Wiegand, Phys. Rev. 81, '284 (1951). 

!11. Goldhaber (unpub,lished lectures). 
' 

K. T. ,Bainbridge, M. Goldhaber and E. y/i1son, Phys. Rev. 84 _, 1260 (1951). 

K. T. Bainbridge, Chern. Eng. News 30, 654 (1952). 

D. H. Byers and R. Stump, Phys. Rev. 112,' 77 (1958). 

F. Asaro anC!. I. Perlman, Phys. Rev. 107' -318 (1957). 

J. R. Huizenga, c. L. Rao, and D. w. Engelhemeir, Phys. Rev. 107}, 319 

(1957). 

17 .. S. Shimizu and H. Mazaki, Phys. Lit. 17, 275 (1965). 

18. E. Rutherford, Wien. Ber. 120, 303 (1911). ,, 

19. J. A. Cooper, J, M., Hollander, M. I. Kalkstein,_and J, 0. Rasmussen) 

Nucl. Phys. 72, 113 (1965). 

20. H. Mathur and'E. K. Hyde, Phys. Rev.,~' 79 (1955). 
21. M. E. Rose, Internal Conversion Coefficients, (Interscience Publish~rs, 

Inc., New York, 1958). i 

22. J. C. Slater, Phys. Rev. 84, 1260 (~951). 



-142.:, 

23. L. A. Sliv -and I. M. 'Ban?-, Coefficients of Internal Conversion of 

·::Gamma Radiation (USSR ·Acsdemy of Sciences, Moscow-Leningrad, 1956), 

· Part I: K Shell, Part II~ L Shell. 

24. J: \-laser and L. Pauling, J. Chem. Phys. 18, 747 (1950). 

25. The liQuid-nitrogen reservclrs were. obtained from Linde Oxyge~n Co., Inc. 

26. F. s.· Goulding and b. A. Lar:dis, Techniques in Nuclear Pulse·s Ane.lysis 
. . 

(National Academy of Sciences, National Research Council, Washington, 
\ 

1963) Publication 1184. 

27. F. s. Goulding, Lawrence Radiation Laboratory Report UCRL-11302, 

F.eb. 1964. 

28. Manufactured by Radiation Instruments Development Laboratories, Inc., 

Melrose Park, Illinois. 

29. G. Struble, (private communication). 

J. L. Hoard and W. J. Martin, J. Am. Chem. Soc. 63, 11 (1941) . 

R. Daudel, J. de Phys. 537 (1952). · 
' ' 

. 30. 

31. 

32. W. B. Gogarty, S.". S. Kistler, and E. B. Christiansen, ·office of Naval 

Research Technical Report VII, Contract No. i288 (02), ProjectNo. 

Nr-052-357; June, 1963. 

33. P. vl. Bridgman, The Physics of High Pressure, London, Bell, 1949. 

34. M. w. ·zemansky, Heat and Thermodynamics, McGraw-Hill Book Co.,_ 1957. 

35. R. ·A. Porter and W. G. McMillan, Phys. Rev. 117, 795 (1960). 

36. 0. J, Johnson, Properties of Materials at· Low Temperature (Phase I), 

Pergamon Press, 1961. . 

37. E. Elad and M. Nakamura, Lawrence Radiation Laboratory Report UCRL-
1 

. l6760' (1966). 

38. L. A. Sliv and I. M. Band, in Alpha-Beta- and Gamma-Ray Spectroscopy 

Vol. I1 ed .. by K, ·siegbah~ ·(North-Holland Publ. Co.'· Amsterdam, 1965) 

p. 1639· 

39· R. F. O'Connell and c. o. Carroll, Phys. Rev. 138, Bl042 (1965). 

40. 1'1. E. Rose in Alpha -Beta- and Gamma-Ray Suectros~opy, Vol. II ed. by 

K. Siegbahn (North-Holland Publ. Co., Amsterdam, 1965) P· 897. 

1 
·l 

I 

l 
I •. 

I 
l 
f· 

i 
I 
I'-· 



,, 

_-

-143-

· 41. M. A. Listengarten, Izv .. .Akad. Nauk. SSR Ser. _Fiz. 22, 759 (1958) 

42. 

43. 

44~ 

45. 

46. 

47. 

48. 

49 .. 

50. 

51. 

52. 

53· 

54. 

55· 

56. 

57 .. 

58. 

· English transl.: Bull. Acad. ScL USSR 22, 755 (1958). 

L. A. Sliv. Gamma Rays (Acad. Sci. USSR, Moscow-Leningrad, 196l): 

K. T. Bainbridge, M. Goldhaber, and E. Wilson, Phys. Rev~ 90 430 

(1953). 
T. Moeller, Inorganic ~nemistry, John Wiley & Sons, Inc., New York 

··1959· 

H. Pet:tersson, G .. Backstrom and C. Bergwan, Nucl. Phys. 83, 33 (1966). 

Manufactured by Victoreen Instrument Company, Cleveland, Ohio. 

A. J. Haverfield, Lawrence Radiation Laboratory Report UCRL-16969. 

J. M. Hollander and R. L. Graham, Lawrence Radiation-Laboratory Report 

UCRL-10624. 

K. E. G. Lobner, Nucl. Phys. ~58, 49 (1964). 

A. H. 1-lapstra, G. J, Nijgh and R~ van Lieshout, Nu'clear Spectroscopy 

Tables, North-Holland Publishing Company, Amsterdam, 1959· 

E. LeenbergandG .. Trigg, Revs. Mod. Phys. 22, ~99 (1950). 

M. H. Brennan and A.M. Bernstein, Phys. Rev. 120, 927 (1960). 

· C. _Sch"Hartz, Phys. Rev. 94, ·. 95 (1954) .... 

J, 0. Rasmussen andY. E. Kim, unpublished-results; Izv. Akad. Nauk 

29, 94 (1965). 

J, D. Prentice andK. G. McNeil, Phys. Rev. 104,706 (1956). 

D. St:rominger, J: M. Hollander anO: G. T. Seaborg, Revs. Mod. Phys. 

30 J 585 (1958). 

L. W. Nordheim, Phys. Rev. 78, 294 (1950). 

A. de-Shalit and J. D. Walecka, Nuclear Physics 22, 184 (1961). 



--

This report was prepared a~ an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

' 

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

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

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or empl0yee 
of such contractor prepares, disseminates, or provides accesa 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






