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CHAPTER I

INTRODUCTION

A nuclear isomeric state may be defined as an excited state of a

nucleus which exists for a measurable length of time (T > 10"10 sec).

Generally excited states of nuclei decay with a half-life too short to

be directly measurable. However, there exist numerous examples (~ 60)

of metastable states that decay to another state in the same nucleus

1 2with a half-life long enough to be measured with the stop watch. '

These transitions have been classified on the basis of forbiddenness

/ 3A= k and 5, and they correspond to a change of angular momentum of 3,

k, or 5 units of -H depending on the electric and magnetic character of

the radiation emitted. It is therefore reasonable to assume that a num

ber of metastable states of intermediate but directly measurable half-

life (short-lived isomers) should exist for transitions corresponding to

forbiddenness £ = 2 and 3.

Review of Previous Investigations

Prior to 19^9 investigations for the existence of short-lived

isomers yielded five cases. Using the method of delayed coincidences

"TJ. Bothe and W. Gentner, Naturwiss 25_, 26% (1937).
2
Emilio Segre and A. C. Helmholz, Rev. Mod. Phys. 21, 271 (19^9).
3
P. Axel and S. M. Dancoff, Phys. Rev. 7_6, 892 (19^9).

li



between two Geiger counters, DeBenedetti and MeGowan*" performed a system

atic search for the occurrence of nuclear excited states decaying with

half-lives between 10"6 and 10"3 sec. Ashort-lived isomer is detected
by the measurement of the time lapsed between p-decay and y -(or in

ternal conversion electron) emission. Out of 60 nuclei investigated,

four short-lived isomeric states were found. These were Ta181* (22 usee),

Rel87* (0.65 usee), Tml69* (l usee), and Tm171* (2.5 usee). Bowe et
al. observed an isomeric state in Ge72 (0.5 usee) by the same method.

From these results one cannot escape the impression that low

energy transitions from 25 to 500 kev, involving changes of angular mo

mentum of 2 or 3 units of £, occur less frequently than changes of k or 5

units of -fi. One must keep in mind, however, that the method used in the

previous investigations cannot be expected to detect all the isomeric

states of the nuclei studied. The requirements for a positive result

were that the metastable state must be reached as a product of p-disinte-

gration and the radiation resulting from the decay of the isomeric state

must be strongly Internally converted. The electric multipole internal

conversion coefficient for the Kshell increases approximately as

Z3 (2 mc2/E)/+5/2 for Z+ko and E^<mc2. Therefore the method of de
layed coincidences between two Geiger counters is most sensitive for low

energy and high multipole order transitions in nuclei of high atomic

number. For the detection of high energy isomeric transitions in nuclei

S. DeBenedetti and F. K. MeGowan, Phys. Rev. ^ 728 (19^8).
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of low atomic number, it would be advantageous to measure &-y delayed

coincidences. The scintillation detector, which is a method of detect

ing ionizing radiations by photoelectric measurement of the fluorescent

light quanta emitted by certain organic and inorganic phosphors, is par

ticularly suitable because of its high efficiency for the detection of

7-rays.

Finally, the efficiency of detection of delayed radiation from the

decay of metastable states was not constant over the whole time range

explored but increased for shorter periods. Although this disadvantage

is inherent in the method of delayed coincidences, Geiger counters in

volve the disadvantage of the variation of the time lag between ioniza

tion and discharge which prevented measurement of time intervals less

than one microsecond. Scintillation detectors, which have a time lag
-ft

spread ^10 sec, are therefore suitable for measurement of shorter

time intervals.

Statement of the Problem

This paper summarizes the extension of the method of delayed co

incidences between scintillation detectors to measure shorter time

intervals and the systematic search for the occurrence of nuclear excited

states decaying with half-lives between 5 x 10"9 and lO"^ sec.

During the course of the survey a delayed coincidence scintilla

tion spectrometer was developed. This instrument has increased the

sensitivity of the method and has permitted a measure of the energy and

type of radiation announcing the formation of an isomeric state, the



k

energy of the radiation following the decay of a metastable state, the

ratio of E shell internal conversion to L shell internal conversion of

7-rays, and the position of the isomeric state in the disintegration

scheme.
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CHAPTER II

ISOMERISM

In order to facilitate the discussion of results in Chapter VII,

a semiquantitative theory for the decay of isomeric states will be re

viewed in this chapter. Most of the material ia taken from a series of

lectures on nuclear isomerism presented by Professor Dancoff^ at the

Clinton National Laboratories Training School during I9V7.

Classical Theory of Radiation

Since most nuclear excited states decay with half-lives T <£ 10~10

sec, Isomeric states must be characterized by having only highly for-

2
bidden transitions. Weizsacker first explained this forbiddenness by

postulating that each transition had a large angular momentum change

associated with it. Therefore, only quanta of high multipole order could

be emitted. At the present it is impossible to calculate quantum mechan

ically the life-time of isomeric states due to the lack of knowledge of

the nuclear wave functions. One proceeds in a relatively crude manner

using classical theory of radiation from a set of moving charges or cur

rents .

"74. E. Rose, Theoretical Nuclear Physics Lecture Notes, 148 (19^7)

2
C. F. von Weizsacker, Naturwiss. 2kf 813 (1936).
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In the general case the rate of radiation^ R(rr)d-n. is given by

R(r)dil = |sT| r2 dil , (1)

where S is the Poynting vector

|S| = s IE x H | (2)
kit.

and in vacuo

Is I -_2_ |l|2.

But H is given by the general electrodynamic vector potential

H= 5rxA(r,t),
where

A(F,t) =Ji_ / 7(F',t-B/c) dV'. (3)
c Jr E

For the wave zone approximation jrj>> |r'j and for monochromatic radi-
4.4 T T,/~T'\ i«*J(t - R/c)ation j = j (r ) e v ' ' one has

VExA(7,t) = -_^_ eiU;t / -JL_ Zxro(7')dV
e2 / B

A*

Using the wave zone approximation again to replace R by r in the denom

inator but not in the exponential because A is not necessarily large

compared to the linear dimensions of V°, one has

3
Julius Adams Stratton, Electromagnetic Theory (New York and

London: McGraw-Hill Book Company, 19lH), p. k2k.



i^(t

V x A(p,t) = - iu) 2-
,2

e

r

n
±uJn • r

c

n"x j0(rr") e dvV

The average power radiated per unit solid angle is

iu> n • 7'

Rar(r«)d-0-
UJ

d/1

8it c*

n x j0(r') e dV' , (*)

where n is the unit vector in the direction of propagation and

j0(r') is the time independent part of the current density. Equation

(k) is an exact classical formula for the rate of radiation from a

system in which all charges and currents are contained within a volume

element V* and holds at distances from the volume V1 large compared with

the linear dimensions of V* (wave zone approximation).

luia« r'

The factor e c arises from the finite velocity of light

and corresponds to the phase difference of the radiation from various

points of the radiating system, arriving simultaneously at the point of

observation. This effect is the retardation and may be neglected for

systems with U>T— << 1. In the more general case an expansion of
c

the retardation term yields

i u)u - r

c
= l +. ±u>n r + i^J TT "H'

n • r

/-I

(/-I)!

The first tera corresponds to electric dipole radiation, the second to

magnetic dipole and electric quadrupole radiation, and so forth. Thus,
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the integral in equation (4) may be broken into a sum of terms using the

expansion of the retardation. The total rate of radiation, R__, is

given by

Eav " <V +C%x +EE2) +<% + B™ ) + •••• , (5)lE,

where REi is the rate of electric 2i-pole radiation and R« is the rate

of magnetic 2 -pole radiation. The individual contributions which are

of the same order of magnitude are bracketed into terms. Successive

terms decrease rapidly if the dimension of the oscillator is small com

pared to the radiated wave length. The first contributing term essen

tially determines the total probability of radiation and a high forbid

denness corresponds to the vanishing of all lower terms. It is

convenient to designate this forbiddenness by /, the number of the

first contributing term. A given / value corresponds to either electric
I /-I

2 - or magnetic 2 -pole radiation.

On using higher terms of the expansion of the retardation, one

may obtain a rough estimate of the rate of radiation corresponding to the

o thX- """" term, assuming that for some reason the radiation from all lower

terms in the expansion vanishes. The mean life of the state for 7-ray

emission only is

2l+ 1
±1 f -K>f I
a 0 \ m /

"av — - f

where (° - radius of the nucleus in units of e^/mc and ¥ =E~/mc .

The derivation of this relation involves a very crude approximation re

placing lengths that enter the nuclear matrix element by the nuclear

T-—*4 ^ 3(1 02 (j£L)2lL+1 _*_ , (6)
7 ^R_d/1 ^l \ * / mc2
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radius. Other models yield formulas agreeing as to the dependence

of T on P and W but differing as to numerical factors of the same

order of magnitude.

In order to explain long lived isomeric states all terms below

X = 4 must vanish. Classically there is no mechanism to explain the

vanishing of the lower terms in the expansion. However, from quantum

mechanical aspects of a radiating system selection rules are obtained

from the conservation of angular momentum and the parity of the wave

functions.

Quantum Mechanical Aspects of a Radiating System

L 7
In general the electric or magnetic 2 -pole radiation behaves as

if it has an angular momentum Lh\ Also, the total angular momenta of

the initial and final states are constants of the motion. From the

principle of conservation of angular momentum selection rules for the

emission of radiation of a definite multipole order are obtained. In

order for a multipole of the order 2^ to be emitted in a transition from

an initial state of angular momentum J^ to a final state of angular mo

mentum Jg, the vector relation must hold

Jj = Jj5 + L .

H. A. Bethe, Rev. Mod. Phys. £, 226 (1937).

5I. So Lowen, Phys. Rev. 5_£, 835 U9*H)•

M. Fierz, Helv. Phys. Acta 2&s 365 (19^3)°

W. Heitler, Proc Camb. Phil. Soc 32., 22.2 (1936).
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This is equivalent to the scalar relation

Jf " Ji < L < Jf + J± . (y)

If no other selection rule exists, the most probable transition will

correspond to the emission of electric 2L-pole radiation, where L= AJ

has the lowest value permitted by equation (7) . The magnetic radiation

of the same multipole order is less probable, its probability being

about the same as that of electric radiation of the next higher multi-

pole.

The selection rule to be deduced from the behavior of the wave
i

functions and the radiation term under an inversion of coordinates in

the center of mass does not allow all the transitions that would occur

in equation (7) • Nuclear wave functions have the property with the

origin of coordinates at the center of gravity of the nucleus

<|M-ri, -F2,—) = ± yi?!,^, ),

where the upper sign is said to correspond to even parity and the lower

sign to odd parity. The matrix element occurring in the transition prob

ability for electric dipole radiation is

/over all
space

Since rj is of odd parity, the product V* ^-7 Yf must be of even
parity in order to have electric dipole radiation, which means that the

parity of W± Mist differ from that of tyf (i.e. must be aparity
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change). On the other hand, since F1 x £(F) is an axial vector and

is of even parity, magnetic dipole radiation is allowed if no parity

change or (f1 and lff have the same parity. Likewise electric quad-

rupole radiation is allowed for no parity change.

Making use of the more general relation that electric 2L-pole

radiation has parity (-1) and magnetic 2L-pole radiation has parity
(-1) , the following table of the lowest allowed transitions for

given angular momentum and parity changes may be constructed. For

case (A) the transition is termed parity allowed and the radiation is

essentially electric in character. On the other hand, for case (B) the

transition is termed parity forbidden and the radiation is a mixture

with the relative amounts of electric and magnetic character unpredict

able.

Internal Conversion as a Competing Process

There is another competing process which permits the nucleus to

go from an excited state to a lower state with the simultaneous ejection

of one of the orbital atomic electrons. This is known as internal con

version. The observed lifetime will be less than the estimated lifetime

for 7-ray emission. The internal conversion coefficient is defined as

Ne/K7 = fy/^e> where Ne is the number of electrons observed in unit

time and N? the number of 7-rays observed in the same time. The observed

lifetime is related to lifetime T by

T T T
exp 7 e
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TABLE I

LOWEST ALLOWED TRANSITIONS FOR GIVEN SPIN AND PARITY CHANGES

Parity Change
Lowest Allowed

Transitions Forbiddenness

(A)

(B)

M)AJ
(-DAJ+1

AJ
el 2

-, ~AJ+1
el 2 A and

mag 2AJ

/ = AJ

f = AJ+1
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or

1 1 , N„ i

T~- *^t <l*-jr-> -— (1 +ol)' <8>exp 17 7 17

where ot is the total internal conversion coefficient. If oC ±a known,

T may be determined from the experimental lifetime ty equation M )in

order to compare theory and experiment.

Simple Transition Scheme That Indicates

the Existence of an Isomeric State

To detect a short-lived isomeric state let us consider a simple

transition scheme as follows:

The metastable state marked with an asterisk must be reached as a product

of a radioactive disintegration. Assuming now that the excited state is

metastable, there will be a time interval between the rays of the radio

active disintegration and the radiation emitted by the decay of the



14

metastable state. The p- and 7-rays will not be, as usual, coincident,

but will give two signals in a detector shifted in time, one correspond

ing to the formation of the metastable state and the other to its decay.

Experimentally the problem is to measure this time interval. For this

purpose the method of delayed coincidences is used.
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CHAPTER III

APPARATUS

Description of Scintillation Detectors

For the detection of the radiations scintillation counters were

used. This detector presents the advantages of a high sensitivity for

the detection-of-gamma radiation, a very short resolving time, and a

measure of the energy of the radiation being detected.

The general geometrical arrangement of the detectors is shown in

Fig. 1. In traversing the phosphor, the particle radiation to be de

tected loses its energy in exciting and ionizing the molecules of the

crystal. These molecules then radiate energy in the form of light. In

the case of gamma radiation traversing the phosphor, there will be

Compton recoil electrons (low Z phosphor) which excite and ionize the

molecules. Some of the light is collected on the photocathode of the

multiplier tube. The multiplier tube consists of a photocathode on the

inside surface of the glass envelope which converts a fraction (~ 10$)

of the photons falling on it into photoelectrons. The elements of the

type 1P21 multiplier are a series of ten dynodes, each at a higher poten

tial than the preceding one. The electrons which strike each dynode pro

duce many more electrons by secondary electron emission. The performance

of the photomultiplier has been studied in considerable detail by Morton

and Mitchell. At an accelerating potential of approximately 100 volts

1

G. A. Morton and J. A. Mitchell, Nucleonics k} 16 (1949).
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per stage, the gain of the tube is of the order 10 . Actually the number

of secondary electrons produced at each dynode will vary in a statistical

manner, so that pulses obtained from a given number of photoelectrons are

not all the same height. Morton's results indicate that the spread in

pulse height is chiefly in the original number of photoelectrons produced.

For this reason it is desirable to cclleet as much light as possible from

the phosphor. The phosphor in the form of a crystal is cemented to the

tube envelope with Canada balsam. This improves the optical path at the

crystal-glass interface (i.e. makes the critical angle large in order

that most of the light escapes from the phosphor on the first try). In

addition the aluminum leaf reflector surrounding the crystal increases

the light collection efficiency.

Anthracene and trass-stilbene have been used for the scintillating

phosphor. The resolving time of the detector depends upon the time re

quired for the light to be emitted by the phosphor, the energy of the

radiation being detected, and the electron transit time spread in the

multiplier. For this reason trans-stilbene is superior to anthracene for

good coincidence resolution. The radiation lifetimes of stilbene and

-Q -ft
anthracene are 8 x 10"' see-, and 3°5 x 10" sec. respectively at room

temperature. With regard to energy resolution anthracene is superior.

The pulse height, which is essentially equivalent to the light energy

emitted for a given ionizing event in the stilbeae, is about 60$ that ob

tained from anthraeene. Morton has reported calculations and measurements

of the transit time spread or rise time spread of about 5 x 10"9 sec for

2G. G. Kelley, ORNL 366 (June, 1949).
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the type 5819 tube under normal operating conditions (~* 100 volts per

stage) o For the moment the phosphors and photomultiplier tube have not

limited the resolving time obtainable. Actually the limitation for co

incidence resolution has been due to the amplifiers and other electronic

circuits that follow the photomultiplier tubes.

Two different counter sets were used during the experiments. The

first detector set used type 1P21 multiplier tubes. With this tube the

problem of light collection is particularly difficult. The small photo

cathode being some distance from the glass envelope presents a relatively

small solid angle at the phosphor compared to the type 5819 tube. In

many experiments it was desirable to detect particle radiation below 100

kev and still have the noise background count low. This noise background

in the multiplier is due to thermionic electrons emitted from photocath

ode and dynodes. In order to circumvent this difficulty the tubes were

operated at dry-ice temperature. At a discrimination level of 75 ^ev

the noise background from a good multiplier tube was about one count per

second. When the type 5819 multiplier became available, a second counter

set using these tubes was employed during the latter half of the survey.

Because of the increased efficiency in light collection, this detector

set is operated at room temperature with essentially the same noise back

ground counting rate. However, radiation as low as 25 kev energy may be

detected with the second set when anthracene is used.
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Self-Delayed Coincidence Circuit

In general, if the detector or electronic circuits preceding the

coincidence stage have a dead time, it is necessary to use two detectors,

one for the detection of the radiation announcing the formation of the

metastable state, the other for the detection of the delayed radiation.

Since the dead time of the scintillation detector is very short, a

single detector in principle should be sufficient for the method of de

layed coincidences. It is possible to measure time intervals between two

ionizing events by studying the distribution of pulses from a single de

tector provided the dead time of the detector is smaller than the interval

to be measured. Fig. 2 is a block diagram of the self-delayed coinci

dence apparatus. The method consists in recording the coincidences

between the signals from two separate channels, both activated by the

same detector pulse, but designed so that one channel produces an immedi

ate signal of duration T± and the other channel gives a signal of delay

Tand duration T£. Provided T > 2T1JP a count is recorded for detector

pulses whose interval in time is between T -T1 and T +T2. Since

multivibrators were used for delaying and shaping the signal in Tp chan

nel, a gating signal from T + TVj, channel is necessary to render the

channel insensitive during the "on time" of the circuit for recording a

delayed coincidence count. The method of self-delayed coincidences has

the advantage of requiring only one amplifier. With this arrangement the

half-life of Ta -1 was measured in good agreement with previous

3
S. DeBenedetti, F. K. MeGowan, J. E. Francis, Phys. Rev. 73,

1404 (1948). •"'
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measurements. In practice the method of self-delayed coincidences was

limited to the measurement of time intervals ^ 10" sec with the

linear amplifiers available. A circuit diagram of the self-delayed co

incidence apparatus is shown in Fig. 3«

Delayed Coincidence Apparatus 10" to 10"7 Sec.

For the measurement of shorter time intervals it is easier to use

two detectors rather than attempt to design an amplifier with a very

short resolution time and no dead time when overloaded. In effect, the

next step in instrumentation extended the method of delayed coincidences

-fi -7
to measure time intervals in the region 10~ to 10 sec. using the gen-

4
eral purpose linear amplifier Model A-l. Fig. 4 is a generalized block

diagram of the apparatus. The pulses from two 1P21 or 5819 photomulti-

pliers are supplied to linear amplifiers whose output signal has a rise

-7
time of approximately 1.5 x 10 ' sec. The output of a pulse height

selector operating on this signal has a variation of delay from the

original signal of about this amount. The delay is variable depending

upon the amplitude of the original signal from the amplifier. This

-6
introduces an error in the measurement of time intervals <C 10 sec In

order to circumvent this variable delay the pulse height selectors were

modified with additional circuits which minimize the variation in delay.^

The maximum variation in delay was measured using pulses of different

4
W. H. Jordan and P. E. Bell, Rev. Sci. Inst. 18, 703 (1947).

5p. R. Bell, S. DeBenedetti, J. I. Francis, Jr., Phys. Rev. J2,
160 (1947).
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heights from a signal generator and was found to be 8 x 10" sec. After

pulse height selection, the pulses are fed to a pulse shaping circuit

through terminated coaxial cables which introduce a delay of 1.0 usee

per 24 feet of line length (RG 65/Uj characteristic impedance 1000 ohms).

The delay time can be varied from 0 to 2.0 usee in discontinuous steps

Q

of 2 x 10" see. The dependence of delay time on line length was meas

ured with a synchroscope. All delays were found to be linear with the

length of the coaxial cable. The resolving time of the coincidence
Q

circuit is 7 x 10™ sec. and is kept constant. A circuit diagram of the

pulse shaping stage and coincidence stage is shown in Fig. 5- The clear

anthracene crystals and the type 1P21 photomultiplier tubes are cooled

to dry-ice temperature, and the tubes are operated at 60 volts per stage.

_ Q

Delayed Coincidence Apparatus ^> 10" Sec

A third delayed coincidence unit was developed which extended the

-8
method to measurement of time intervals <> 10 sec. In order to reduce

the variable delay introduced by a pulse height selector operating on

signals of different amplitude with a finite rise time, the linear amp

lifiers were replaced by video amplifier sections with a rise time of
Q

approximately 10 sec. and a maximum gain of 240. Each channel consists

of five tubes with gain using 6AK5 tubes with 560 ohm resistors and peak

ing coils in the plate circuit. The pulses may be delayed in discontinu

ous steps after the first stage of amplification by terminated coaxial

cables (RG 7/Uj characteristic impedance 100 ohms) in the plate circuit

of a 6AK5 with no gain. This coaxial line does not introduce any
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observable distortion. When the photomultipliers are operated at approx

imately 80 volts per stage most of the pulses due to a scintillation

saturate or nearly saturate the amplifier. These signals trigger a pulse

forming tube which produces a pulse with a shape of half a sine wave

whose width at the base is of the order of 2 x 10" sec The formed

pulse is fed directly to a coincidence stage consisting of two IN34 di

odes. The coincidence pulse is lengthened to drive a scaler and pulse

discrimination is done at the input to the scaler. The resolving time

-R
of the coincidence circuit is about 1.5 x 10" sec. as determined by

counting delayed random coincidences. The coincidence resolution time

will be discussed in more detail under the section on negative results.

A circuit diagram of the delayed coincidence apparatus described is

shown in Fig. 6.

Delayed Coincidence Scintillation Spectrometer

Another important use of the scintillation detector is the meas

urement of the amount of energy lost by ionizing particles penetrating

the phosphor. This means that the amount of light emitted is proportional

to the energy of the incident particle. Experimental evidence for this

proportionality in the case of p particles and 7-rays will be presented

under the section on results.

In order to obtain additional information on the nature of the

isomeric transitions, the delayed coincidence method has been complement

ed with the scintillation spectrometer. P. B. Bell and W. H. Jordan have

described in considerable detail the scintillation spectrometer for
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6
measuring beta- and gamma-ray spectra. A delayed coincidence scintil

lation spectrometer has been developed and is proving to be a useful

instrument. Fig. 7 is a block diagram of the equipment. Channels (1)

and (2) represent the usual delayed coincidence circuit described above.

Anthracene and type 5819 photomultipliers are used as detectors. A

small portion of the signal from channel (2) is fed to a linear amplifier

Model A-l. The differential pulse height selector selects all pulses

whose amplitudes lie between H and H + AH. These signals are fed into

a second coincidence stage. The fast coincidence pulses from the delayed

coincidence apparatus are lengthened and delayed to match the delay

introduced by the differential pulse height selector operating on a

signal with a relatively long rise time before being fed to the other

channel of the second coincidence stage. In this way only those delayed

coincidences are selected corresponding to signals from detector (2)

whose amplitude after suitable amplification falls within the gate of the

differential pulse height selector. When detector (2) is used to detect

the radiation announcing the formation of an isomeric state, a measure

ment of that spectrum is obtained. Similarly, when detector (2) is used

to detect the delayed radiation, a measurement of its spectrum is ob

tained. The scale of the pulse height dial is calibrated in energy

units using internal conversion lines of 7-rays whose energies are known

from magnetic type spectrometer measurements. For most photomultiplier

tubes used in these experiments, the optimum operating conditions for

W. H. Jordan and P. E. Bell, Nucleonics 5_, Ho. 4, 30 (1949).
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energy resolution were 225 volts between the photocathode and the first

dynode, 150 volts between the first dynode and the second dynode, and 75

volts between each of the remaining stages. For instance, a 30$ de

crease of the accelerating potentials decreased the energy resolution

approximately 1%. Most of this decrease is probably due to the de

crease of the collection efficiency of the photoelectrons and only a

slight amount due to the decrease of the secondary electron emission co

efficient of the dynodes.
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CHAPTER IV

DISCUSSION OF THE METHOD

Let us consider a source disintegrating with the emission of p-

rays and let N be the number of disintegrations per second of the

source. In order to discuss the general case, let the preceding radia

tion be that part of the radiation of the source which announces the

formation of the metastable state; delayed radiation, the radiation

emitted by the decay of the metastable state; and parallel radiation,

the radiation from the source which does not lead to the metastable

state. The immediate radiation is then the sum of the preceding and

parallel radiations. If a fraction k of these disintegrations lead to a

short-lived metastable state and if a is the internal conversion coeffi

cient, then there are ne = ka/(l +a ) delayed electrons per disintegra

tion, accompanied by the same number of atomic x-rays (provided the

fluorescent yield is complete), and n = k/(l +a) gamma-quanta per

disintegration. The fraction of the disintegrations through parallel

radiation is (1 - k). If £, , £~ are the efficiencies (includ-
v lpr' 2 pr

ing geometric factors) of the detectors (1) and (2) for preceding rays

as awhole, and if £m, ££d, £-lpar> ^"2par are simllarly defined,

then

N-l = N * £lpr + k £u+<l-k> £lPar (9)

where Nt_ is the number of single counts per second in detector (1). If

£. is large, then a large fraction of the preceding radiation will be

recorded by either detector. Though the dead time of the scintillation
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detector was smaller than the delay time, a considerable fraction of the

delayed radiation will fail to be recorded because the associated cir

cuits following the detectors have a dead time larger than the delay time

T <z 10"u sec Thus, (9) becomes

Nx a N k £lpr +k £ld^- ^J +U-k) Spar (10)

The number of delayed coincidences per second is

D=H £lpr £2d kA/ e"At dt >

-XT
=2N£lpr£2dke sinhAT, (11)

where A is the disintegration constant of the metastable state and

T = T_ = T • The efficiency £2d is generally complex and may be

expressed as

e2d =nKe~ e2Ee- +"le" 62Le" + +ny £2y

+ nZX €2KX + nLX £2LX +•••••,

where n _ is the number of K shell conversion electrons per metastable

state formed, .... n is the number of 7-rays, n^y is the number of

K x-rays, . . . ., and the £'s are the efficiencies for the correspond

ing radiations. If other 7-ray transitions follow in cascade with the

decay of the metastable state, the corresponding sums for these
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radiations must be included in £pd- Equations (9) and (ll) are, in

general, too complicated to be of any use for the computation of k and

a. However, they are important for a qualitative interpretation of the

results.

The number of random coincidences per second is expressed by the

usual formula

E =2TNX Hp , (12)

where N-^ and N2 are the single counts per second in each detector.

The number of immediate coincidences between the two detectors

are due to the back scattering of particle radiation from one detector

to the other, two Compton scatterings of a single 7-ray, or the eventual

emission of simultaneous rays in the immediate radiation. Normally the

Immediate coincidences would not interfere with the counting of delayed

coincidences if it were not for the effect of dead times in the instru

ment. When a short-lived isomer is present there is a definite correla

tion between the time of emission of a preceding and of a delayed ray,

and this requires special corrections for delay times shorter than

-6
instrument dead time which is of the order 10" sec One can easily see,

for instance, that no delayed random coincidences can be expected if all

the pulses with the two detectors are simultaneous and if the delay time

is shorter than the dead time. Both the expressions for the number of

delayed coincidences and random coincidences must be modified and equa

tions (11) and (12) become

AtD=2(N £lpr - C) £2d k e sinh XT (ll')
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R » 2t(N1 - C) (N2 - C), (12')

where C is the number of simultaneous coincidences between the two de

tectors .

As a help in studying the disintegration scheme, the delayed

coincidence method may be complemented by the scintillation spectrometer.

These measurements can be done with the delayed coincidence scintillation

spectrometer which was discussed in Chapter III. The spectrum of the

preceding and de3.ayed radiation is obtained separately by counting de

layed coincidences at a given delay time as a function of the pulse

height which is calibrated in energy units. Either spectrum may, in gen

eral, be a superposition of the particle (p~ particles or conversion

electrons) spectrum and the spectrum of the 7-rays. By counting delayed

coincidences as a function of the pulse height with a lucite absorber to

stop the p~ particles and conversion electrons a spectrum of the 7-rays

is obtained through the Compton recoil electron distribution. This dis

tribution contains electrons of all energies up to a maximum kinetic

energy given toy

2 2^o2 . ,E = mc^ -2 (13)
1 + 2ko

where kQ = E„/mc£ and mc = self energy of the electron. The number of

recoils reaches a maximum at the greatest energy, then sharply drops to

zero. By measuring the energy at the point of maximum slope, equation

(13) can be used to calculate the 7-ray energy E~. The difference be

tween the "gross spectrum", obtained without the lucite absorber, and
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the 7-ray spectrum, obtained with the lucite absorber, yields the spec

trum of the particle radiation. With this instrument one obtains the

group of P" rays and/or 7-rays that are in the radiation preceding the

formation of a metastable state. Likewise the spectrum of the delayed

radiation yields those 7-rays following the decay of the metastable state.

Besides measuring the energy of the radiation emitted in the decay of an

isomeric transition, the internal conversion electron spectrum of the de

layed radiation gives a value for the ratio of the number of K shell in

ternal conversion electrons to the number of L shell internal conversion

electrons (Ng/Nj^).

In principle the delayed coincidence scintillation spectrometer

should lend itself to the measurement of the total internal conversion

coefficient which is defined as N /N . The number of conversion electrons

Ne may be obtained from the integral of the internal conversion electron

spectrum appearing in the delayed radiation. The number of 7-rays Ny

may be obtained from the integral of the Compton recoil electron distri

bution provided the efficiency for the detection of the 7-ray is known.

If both spectra are obtained with the same geometrical conditions, a

knowledge of geometric factors that enter £2& ^s ao't; needed. However,

the energies of the isomeric transitions studied in the present survey

were In the neighborhood of 150 kev or less. This means the maximum

energy of Compton recoil electron is ^ 50 kev or smaller, whereas, the

minimum detectable energy under the most favorable conditions with the

scintillation spectrometer is about 25 kev. Thus a large portion of the

Compton recoil electron distribution was not directly measurable. Also,

most of the isomers occurred in isotopes with 69 < Z ^ 79 in which the
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K x-rays resulting from internal conversion range in energy from 50 to

68 kev. Normally, the Compton recoil electron energy would be too small

to be detectable if the x-ray quantum suffered only one Compton scatter

ing. At these energies, however, the Compton scattering cross section

is large enough so that some of the scattered quanta do not escape from

the phosphor but instead suffer several Compton scatterings. For this

reason the peculiar spectrum resulting from x-ray quanta appeared super

imposed on the Compton electron distribution of the 7-rays. Therefore,

measurements of the internal conversion coefficients were not feasible

for the isomeric transitions studied with the scintillation spectrometer.

In addition to the spectra of the preceding radiation ajad of the

delayed radiation, a measurement of the spectrum of the total radiation

from the radioactive source is obtained by counting single counts as a

function of pulse height under the same geometrical conditions. With

these three spectra it might in some cases be possible to draw conclus

ions concerning the disintegration scheme.
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CHAPTER V

NEGATIVE RESULTS

Sources of the 42 isotopes listed in the first column of Tables

II and III were tested for delayed coincidences and found not to give

any appreciable number of delayed coincidences above the expected random

rate. The sources were prepared either by neutron activation in the Oak

Bidge Pile or were obtained as products of uranium fission. Many of the

extremely pure rare earth elements used in these experiments were pre

pared by G. E. Boyd and D. H. Harris of the Chemistry Division of the

Oak Ridge National Laboratory. When necessary for the identification of

the radioisotope, their decay was followed for asufficient length of

time. The active material was deposited on aluminum foil 1.5 mg/cm2,

with the thickness of the source never exceeding 1 mg/cm . :In case of

extremely low energy radiation the source was mounted on formvar of the

order 100 ug/cm . The source mount was introduced between the scintilla

tion detectors with the activity facing the detector which detected the

delayed radiation.

For each isotope three different delayed coincidence units were

used to cover the time region 5 x 10~" to 10"^ sec A typical set of ex

perimental conditions for the range 10 to 10"^ sec is shown in Table

IV. The number of delayed random coincidences obtained in each experi

ment was compared with the expected delayed random coincidence rate

computed by the use of the appropriate formula (12) or (12').

Many of the isotopes in Tables II and III were investigated for

short-lived isomeric states with half-lives between 10~^ to 10 sec.
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TABLE II

NUCLEI INVESTIGATED FOR SHORT-LIVED ISOMERS

Nucleus Spin Energy
Ti x 10"8 sec.
2

Radioactive

Odd Z or N (units of-11) E„ kev Source

Sc4521bc 7/2 < 0.5
45

Ca ' (180 da.)

51

23Y 7/2 267, 320 ^k Cr51 (25 da.)

27C°59 7/2 i}.oo, 1300 ^3 Fe59 (46 da.)

33As 3/2 Many gammas < 1 Se75 (127 da.)

Y8939* 1/2 <4 Sr 9 (55 da.)

^Nb95 708 < 1 Zn95 (65 da.)

45**103 239, 312 < 3 Ru103 (42 da.)
. 109 1/2 < 0.5 Pd109 (13 hr.)
x i:l5l^ln 9/2 -O Cd115 (43 da.)

Sb12151Sb 5/2 <3 Sn121 (27 hr.)
dSb
51

7/2 153 ^5 Sn123 (40 min.)

La1395?La 7/2 165 ^ 4 Ba139 (1.5 hr.)

59Pr 5/2 146, 315 < 3
141

Ce (38 da.)

6lPm < 0.5
lU7

Nd ' (11 da.)

61^ < 0.5 Nd 9 (1.7 hr. )

63^ 5/2 ^ 1
!51 ,

Sm (long)
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TABLE II

NUCLEI INVESTIGATED FOR SHORT-LIVED ISOMERS (Continued)

Nucleus

Odd Z or N

Spin
(units of -11)

Energy
E„ kev

Q

Tx x 10 sec.
a

Radioactive

Source

Eu15363^ 5/2 69, 103 < 0.5 Sm153 (47 hr.)

63-153 5/2 103 < 0.5 Gd153 (225 da. )

„ 166
67*°

3/2

7/2

380

91* 370

< 0.4

< 0.4

< 0.4

Gd159 (18 hr.)

Dy165 (2.4 hr.)

Dy166 (81 hr.)

Te12352ie
Lu1757lLu

1/2

7/2

159

Several

gammas

< 0.4

<s 0.4

Te123 (100 da.)

lb175 (4.2 da.)

Te12552ie

Re185
75Ee

1/2

5/2

35 <. 0.4

< 3

Te125 (60 da.)

W185 (73 da.)

TT-193 3/2 39, 129 > 10"3 Os193 (15 da.)

62Sm

1/2 279

250

< 0.2

<0.5

Hg203 (46 da.)

Pm1^9 (47 hr.)
™177?2Hf 1/2 or 3/2 112, 206 <,0.4 Lu177 (6.8 da.)

Hg199
80^

1/2 156 ^0.5 Au199 (3.3 da.)
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TABLE III

NUCLEI INVESTIGATED FOR SHORT-LIVED ISOMERS

Nucleus

Even-Even

Energy
E7 kev

Q

Tx x 10 sec.
2

Radioactive

Source

Se7634Se Several gammas < 4 As76 (26 hr.)

36^ Several gammas < 4 Br82 (34 hr.)

*^° < 4 Y90 (61 da.)
^.iio

48Cd Many gammas < 0.5 Ag110 (270 da.)
m 124

52Te Many gammas <. 0-5 Sb12^ (60 da.)

661* 85 < 0.5 Tbl60(73da.)
^166

68* 80 < 0.5 Ho1 (27 hr.)

70-17° 84 ^ 0.5 Tm170 (129 da.)

^ Many gammas < 0.5 la (117 da.)

„ 186
76°" 138 ^ 0.5 Be186 (92 hr.)

T2-192 Many gammas < 0.5
192

Ir y (70 da.)

SO*198 411 ^ 0.3 Au198 (2.7 da.)



TABLE IV

EXPERIMENTAL CONDITIONS FOR

-6 -3
10 TO 10 SEC. RANGE

41

Resolving Time

- Tl +T2f = x ,where Expected Random

Delay Time 2 Single Counts Coincidences

T fl =0-3 usee. % -& N2 R

1.0 usee. •55 usee 7500 C/M 1.0 C/M

1.0 5-2 2500 1.1

1.0 44 900 1.2
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using the second delayed coincidence apparatus described under instru

mentation. Fig. 8 shows the number of coincidences as a function of

delay time obtained with a source of Aul9°. The majority of the radio

isotopes tested gave similar curves exhibiting a sharp break at 1.5 x

10"' sec. The coincidences observed for shorter delays are due to the

scattering of particle radiation from one to the other detector and the

emission of simultaneous immediate radiation from the source. The width

of the peak is just equal to resolving time of the coincidence circuit

Q

(7 x 10 sec) plus the variation in delay introduced by the pulse

-8 -7height selectors (8 x 10" sec). For delays larger than 1.5 x 10"' sec.

the number of coincidences is constant and equal to the computed random

coincidence rate given by formula (12').

198
The present observations with Au ' are difficult to reconcile

with the reported half-life of (2 to 3) x 10~7 sec for the 411 kev ex-
198 198

cited state in Hg ^ following the p-decay of Au .

On completion of the third delayed coincidence apparatus most of

the isotopes in the first column of Tables II and III were investigated

-9
again for short-lived states with half-lives > 5 x 10 ^ sec Fig. 9

shows the number of coincidences as a function of delay time obtained

203
with a source of Hg . This resolution curve is typical of a negative

result. The majority of the radioisotopes investigated gave similar

curves exhibiting a sharp break at a delay of 2 to 3 x 10~ sec As men

tioned above the coincidences observed for shorter delays are due to

simultaneous events and scattering particle radiation from one to the

^Xeon Madansky and M, L. Wiedenbeck, Phys. Rev. 72, 185 (1947).
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other detector. For larger delays the coincidence rate is constant and

equal to the random coincidence rate. The average resolving time of

this coincidence circuit is 1.5 x 10"8 sec.

In principle the existence of an isomeric state is observed, with

in the limits of sensitivity of the given delayed coincidence apparatus,

only if there is an excess of delayed coincidences above the random co

incidence rate for T > 2x10~8 sec. For half-lives which are long

compared to the resolving time of the coincidence circuit, the trailing

edge of the delayed coincidence curve becomes an exponential decay whose

slope is determined by the half-life of interest. For half-lives of the

same order of magnitude as the resolving time (£ 10"8 sec.) of the

coincidence circuit this statement is not useful. The form of the curve

of coincidence counts versus delay for originally simultaneous events

depends essentially upon the distribution of amplitude of the original

pulses. In general this distribution is not known nor determined for

most of the experiments which have been made. For example, if the pulses

from the detector announcing the formation of an excited nuclear state

are very large compared to the pulses from the detector detecting the de

cay of the excited state, the width of the resolution curve will increase

according to the difference, in amplitude of the originally simultaneous

events. With the present instrument the slope of the "trailing" edge of

the resolution curve for simultaneous events varies with a half-period

from 1.0 to 2.5 x 10~y sec. being a minimum for simultaneous events which

give rise to pulses of equal or nearly equal amplitude. This exponential

trailing edge is instrumental and generally occurs for 2 to 3 decades

depending on the number of simultaneous events.
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This instrumental effect is inherent in a coincidence system

with amplifiers of finite rise time operating on pulses having more or

less a continuous distribution in amplitude. In the general case for

sources decaying by beta disintegration the energy distribution of the

radiation incident on the phosphor will be a continuous distribution

superimposed with a Compton recoil electron distribution of the 7-rays

and the internal conversion electron lines. The response of the scintil

lation detector at each step further smears the distribution in ampli

tude of the pulses that arrive at the input to the amplifiers. This is

easily seen by considering the individual steps of the response of the

detector. The number of photons resulting from an ionizing event, the

number of photoelectrons from the photocathode, and the number of

secondary electrons produced at each dynode will vary in each case in a

statistical manner, so that the pulses obtained from monochromatic radi

ation incident on the phosphor are not all the same height.

Furthermore, the rise time of the integral pulse will not be a

fixed quantity for several reasons. The excited molecular states in the

phosphor decay with the emission of photons according to the exponential

law. Thus, for an individual ionizing event there are statistical

fluctuations in the time of emission of the photons. Within the multi

plier the resplving time is limited by the spread in transit time itself.

Under normal operating conditions this is less than 5 x 10 sec2 ac

cording to measurements and calculations by Morton. Finally, there is

the response rise time of the video amplifiers. The rise time of the

Tf. H. Jordan and P. E« Bell, Nucleonics 5_, No. 4, 30 (1949).
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-8amplifiers used in the third delayed coincidence apparatus was 10" sec.

The primary limitation on the resolving time of this coincidence appar

atus was the rise time of the amplifiers. Any theoretical analysis of

the performance of the coincidence circuit would mean treating a

composite statistical problem which would be quite complicated. It should
o k

be mentioned that several workers-^ have made calculations for coinci

dence curves for both prompt events and delayed events based on some

assumption concerning the time delays in the equipment and a knowledge

of the resolving time. In particular Binder used a Gaussian distribution

for the time delays. Comparison of Binder's theoretical resolution

curve for prompt events with measured curves from this survey for short

lived isomers gave very poor agreement. This result is not surprising

considering the assumption made concerning the time delays in the equip

ment.

The foregoing remarks pertained to the case in which both

channels were excited by the parent (p-disintegration) radiation and

daughter radiation (7-radiation or conversion electrons). Most of the

isotopes in Tables II and III were investigated in this manner for in

tensity reasons. In the event the resolution curve for an isotope was

somewhat wider than the average resolution curve the experiment was re

peated exciting one channel by both parent and daughter radiation and

the other channel by daughter radiation. This is accomplished by placing

a lucite absorber between the source and the detector of delayed

3F. W. Van Name, Phys. Rev. 75_, 100 (1949).

^D. Binder, Phys. Rev. 7_6, 856 (1949).
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radiation. If the daughter nucleus in an excited state is metastable

with a measurable life time, the resolution curve for p-7 coincidences

will not be symmetrical about the zero of delay time.

The p-7 coincidence resolution curve offers the advantage that

the spurious simultaneous events due to scattering of particle radia

tion from one detector to the other are removed. For lifetimes that are

comparable to the resolving time of the coincidence circuit it appears

that the p-7 coincidence experiment is more sensitive for detection of

metastable states with low intensity than the experiment where both

channels are excited by parent and daughter radiation. This conclusion

is certainly true for 7-ray transitions above 300 kev. However, from

previous surveys-' the isomeric transitions involved energies less than

200 kev. In this domain of energy and multipole order el(2)3 or and

mag (2) °r the internal conversion coefficients become quite appreci

able compared to the efficiency of detection of electromagnetic

radiation ( ~ 5$). In this case it is advantageous to measure 8-e and

p-7 coincidences.

With the development of the delayed coincidence scintillation

spectrometer the sensitivity for detection of metastable states with
Q

periods comparable to the resolving time ( ~ 10" sec.) has been in

creased appreciably. It is possible to select coincidences with the

parent radiation exciting one channel and the daughter radiation exciting

5S. DeBenedetti and F. K. MeGowan, Phys. Rev. Jk, 728 (1948).

%. E. fiose, G. H. Goertzel, B. I. Spinrad, J. Harr, and P.
Strong, Phys. Rev. ]6f 1883 (1949)° Tables of K-shell internal con
version coefficients privately circulated.
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the other channel in the presence of other parallel radiation giving

rise also to coincidences. The merits of this method will be discussed

in more detail under Chapter VI. Since the delayed coincidence scintil

lation spectrometer was developed towards the end of the present survey,

only a few of the isotopes in Tables II and III have been re-investigated.

Finally, the upper limit set for Ti in columns 4 and 3 of Tables
2

II and III respectively for an excited state in the isotope of the first

column assumes that the beta decay leads to the excited state in a large

percentage of the disintegrations. If the excited state is reached in

a low percentage branch of the beta decay, the lifetime limit should be

increased by a factor of 3 or k. The upper limit was chosen as twice

the half-period of the trailing edge of the delayed coincidence resolu

tion curve for each isotope.

In the case of Ir1^ a lower limit is set for the half-life of

the 127 kev transition following the beta decay of Os1^3. The beta-
193

spectrum of Os ^J is known to consist of one component of 142 kev ac-

companied by two 7-ray transitions of energy 127 and 39 kev. Saxon

has shown also that aK = .41 and NK/NL = 1.4 for the 127 kev transition.

The delayed coincidence resolution curve obtained with a source of Osl93

indicated that the number of immediate coincidences was unusually low.

To check this point the energy spectrum of the immediate coincidences

was examined with the coincidence scintillation spectrometer. A compar

ison of this spectrum with the single count spectrum,which is the spectrum

of the total radiation emitted in the decay of Os 93, showed clearly

7
'D. Saxon, Phys. Rev. ]k, 126kA (1948).
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that the 127 kev transition is not in coincidence with the beta ray.

Since the measurements of Saxon showed all the conversion lines to de

cay with the 15 day period, the lifetime of either the 127 kev or the

39 kev transition must be less than 15 days but greater than 10"3 sec.
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CHAPTER VI

POSITIVE RESULTS

Out of 50 nuclei Investigated, three short-lived isomeric states

were found. These are Lu17?* (1.3 z 10"7 sec), Au 9' (7 x 10~9 sec),

and Ir^1 (5.7 x 10"9 sec). Independently from this survey and essen

tially at the same time, Goldhaber at the University of Illinois,

Deutsch at the Massachusetts Institute of Technology, and Barber at

Stanford University have used the method of delayed coincidences for

the study of short-lived isomers. These authors have reported meta

stable states in Ge72 (5 x 10"7 sec), Cd111 (8 x 10"8 sec),2 and

Ta^l (1.1 x 10~ sec). The existence of these has been confirmed

in this survey and the results will be included in this chapter. In

addition the results of measurements with the delayed coincidence scin

tillation spectrometer on previously reported short-lived isomeric

states will be presented.

71Lu177* (1.3 x10"7 sec)

An excited state in Lu177 with a half-life (1.3 ± 0.2) x 10"7

sec was observed following the p-decay of Yb '' (1.8 hr.). In Fig. 10

the number of delayed coincidences after subtraction of random

1J. C. Bowe, M. Goldhaber, R. D. Hill, W. E. Meyerhof, and 0. Sala,
Phys. Rev. 73., 1219 (19k8).

^rtin Deutsch and D. T. Stevenson, Phys. Rev. 76, 184 (1949).

3W. C. Barber, Phys. Eev. 80, 332 (195°)•

kF. K. MeGowan, Phys. Rev. j6, 1730 (1949)-
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coincidences Is plotted as a function of delay time. It appears from

this curve that the disintegration of Tb 77 leads to a metastable state
177*Lu ' which in turn decays to a state of lower energy.

In order to obtain additional information on the nature of this

isomeric transition the delayed coincidence scintillation spectrometer

was used to measure the energy of the radiation emitted in the decay of

the isomeric state and the ratio Ng/N-r.

Experimental evidence for the proportionality between the energy

lost by the Ionizing particles penetrating the anthracene and the light

emitted by the phosphor is shown in Fig. 11. This is a typical cali

bration curve of the pulse height as a function of energy. The mono-

energetic electrons are obtained from internally converted 7-rays whose

energies are known from magnetic spectrometer measurements. For ex

ample, Hg °3 and Te125 emit K and L shell internal conversion electrons

of energies 265, 195, 105, and 78 kev. The point at 35 kev corresponds

to the complete absorption of a 35 kev 7-ray from Te12^ in the anthra

cene by multiple Compton scatterings. For energies above 100 kev the

pulse height versus energy is linear«

By plotting delayed coincidences in a small height Interval

against pulse height, a measurement of the spectrum of the delayed radi

ation was obtained. Fig. 12 shows the result of such a measurement.

The scale of the pulse height dial was calibrated in energy units by

using the K and L internal conversion lines of the 132 kev transition
•I Q-i

from the decay of the 22 usee, metastable state of Ta . The solid

curve is the internal conversion electron spectrum obtained after sub

traction of the Compton electron distribution produced by the 7-rays and
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X-rays from the gross spectrum. The K and L internal conversion lines

at 87 and 1%0 kev correspond to a (150 ± 10) kev transition. The ratio

of K shell conversion to L shell conversion obtained from the area under

the peaks is 3 i !• From the energy and half-life of this isomeric

state the transition is probably electric octupole radiation or a com

bination of electric octupole and magnetic quadrupole radiation. Since

the number of delayed coincidences is zero above 185 kev, it appears

that no other 7-rays follow in cascade with the decay of Lu1'' .

The half-life of Yb177 as listed in the Table of Isotopes^ ranges

from 1.9 to 3*5 hours. A conventional half-life determination is com

plicated by the presence of the daughter activity Lu '' (6.9 da.) and

the Tb '^ (100 hr.) present In the source. By counting delayed coinci

dences at a fixed delay as a function of time, the coincidence counting

177
rate decreases according to the decay of Yb . The decay was observed

177
for six hours and the half-life of Yb '' appears to be (1.8 ± 0.1) hr.

?9T* (7 x 10"9 see.)Au

An excited state in Au1^ with a half-life (7-0 ± 1.0) x 10"9

sec. was observed using sources of Hg "'. In Fig. 13 the number of de

layed coincidences is plotted as a function of delay time. The portion

of the solid curve for delays less than 3-5 x 10" sec. and points

indicated by circles represent the gross data. After subtraction of

random coincidences the solid curve for delay time T v. 3.5 x 10" sec.

5
yQ. T. Seaborg and I. Perlman, Eev. Mod. Phys. 20, 585 (19^8).

F. K. MeGowan, Phys. Eev. 77, 138 (1950).
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represents the decay of the short-lived isomeric state which has been

produced by the E-capture decay of Hg "'. Hg "' as listed in the Table

of Isotopes is known to decay by K-capture with periods 23 and 65 hr.

All points on the decay curve of Au™ appeared to decay according to

the 23 hr. period.

Using a high speed synchroscope developed by G. G. Kelley photo

graphs of the individual signals from the type 5819 multiplier showed

the presence of delayed signals due to the decay of the isomeric state.

This isomeric state has been observed by Deutsch and Wright^

independently and essentially at the same time.

Both the radiation announcing the formation of the isomeric state

and radiation resulting from its decay have been measured with a delayed

coincidence scintillation spectrometer. Previously, Huber et al.

have observed that k<j> of the disintegrations of Hg °7 (23 hr.) lead to

a 7*5 sec. isomeric state in Au "' and 96$ of the disintegrations are

followed by 7-ray transitions corresponding to 135 and 165 kev which are

strongly converted. They also observed a 77 kev 7-ray in the 65 hr.

period and attributed the 7*5 sec. isomeric transition to a 273 kev 7-

ray.

The gross spectrum is shown in Fig. Ik curve (1) obtained by

7
'G. T. Seaborg and I. Perlman, Eev. Mod. Phys. 20, 630 (19kS).

8G. G. Kelley, Eev. Sci. Inst. 21, 71 (1950).

^Martin Deutsch and W. E. Wright, Phys. Eev. 77, 139 (1950).

0. Huber, E. Steffen, F. Humbel, Helv. Phys. Acta 21, 192 (1948),
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counting single counts. The first peak is essentially a superposition

of unresolved lines from the 77 kev 7-ray and E internal conversion

lines of the 135 and 165 kev 7-rays. The second peak is the L internal

conversion lines which are not resolved. Beyond 200 kev there is a

line at 250 kev (not shown in Fig. Ik) which is probably due to the 273

kev 7-ray if the line corresponds to L shell internal conversion. Curve

(2) is the Compton distribution of recoil electrons from 7-rays and

x-rays taken with a much larger source. The peak at 68 kev is due to

K x-rays which are totally absorbed in the anthracene by several

Compton encounters. The second peak is attributed to the maximum of the

Compton distribution for a 273 kev 7-ray.

The spectrum of the radiation announcing the formation of the

isomeric state obtained by counting delayed coincidences as a function

of energy is shown in Fig. 15. The K and (L + M) internal conversion

lines correspond to the 165 kev transition. The ratio of K shell con

version to (L + M) shell conversion is ~ 0.1. It would appear that the

initial state of the 165 kev transition may be metastable with a longer

lifetime.

The spectrum of the radiation emitted in the decay of the meta

stable state is shown in Fig. 16. The E and (L + M) internal conversion

lines correspond to the 135 kev transition. In this case the E to

(L + M) ratio is ^ 1. On comparing the energy and half-life of the

metastable state with the theoretical estimate of the lifetime for 7-

ray emission, the transition corresponds to forbiddenness JL = 2. The

experimental E to L ratio cannot be compared with theory as the rela-

tivistic calculations for L shell internal conversion are not completed.
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In the meantime one is tempted to use the approximate estimates for the

Eto Lratios, which are valid for Z -=c 25 and E < 150 kev,11'12 as a

guide to indicate the electric or magnetic character of the radiation.

For instance, the (%AL)e / is of the same order of magnitude as

(%/%) /2}/+l' For aSivea forbidaanness one is interested in the

case of pure el(2)^-pole or acombination of el(2) -pole and mag(2)^"1-
pole. Because of the large difference between electric and magnetic E

to L ratios (i.e. (%/%) / « (HK/w ) / J, it seems
*• ** el(2)^-pole * •Lmag(2)x"JU

possible that one might draw a tentative conclusion on the character of

radiation from experimental E to L ratios.

Eecently a few relativistic calculations without screening for LT

shell internal conversion1-* have been completed for Z=92, 8k and k9 and

for electric and magnetic dipole and electric quadrupole radiation. For

a gamma-ray energy of 13k kev and Z = 84 the ratios (%/NL ) 2and
I el(2j

(%/%-!.) ,2a are 2-0 and 19 respectively. In the approximate theory

by Traill and Lowen the contribution by sub-shells Ljj and Ljjj to the L

shell internal conversion coefficient is small compared to Lj sub-she.IL

for magnetic dipole and quadrupole radiation. In the electric case the

relative contributions from Ljj and Ljn sub-shells are not known

11
H. Tralli and I. S. Lowen, Phys. Eev. J6, I5I1I (19^9).

TI. H. Hebb and E. Nelson, Phys. Eev. 5_8, 486 (1940).

13H. Gellman, B. A. Griffith, and J. P. Stanley, Pbys. Eev. 80,
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explicitly. In any event it appears that in the vicinity of Z = 84 and

a gamma-ray energy of 134 kev the ratio (N^/E,.) " 0 is much
K/ L el(2)2-pole

smaller than the ratio (iWNT) . ,-, . Measurements of the E to L
*" u mag(2)x-pole

ratios of other isomeric transitions with similar energy, Z, and life

time have been as high as 6. Thus for Aui97*;) -where the E to (L + M)

ratio is ^ 1, it would appear that.electric quadrupole radiation

occurs. •Although the approximate E to L ratios may be in error by a

factor as large as 3, this conclusion would still hold.

The above conclusions were based on a disintegration scheme pro

posed by Huber et al. Eecently Huber and coworkers have reported new

measurements1^ on the radiations from Hg1^ which contradict some of

their previous measurements. They have remeasured the spectrum of the

conversion lines of Hg 97 ^^ a magnetic lens spectrometer. From the

accurately determined (E - L) and(E - M) differences of the conversion

lines from the 164 and 133 kev transitions, they conclude that these

7-rays are converted in Hg and not, as previously assumed, in Au1^.

Except for four per cent of the decays by E capture to Au197* (7.5 sec.)f
197the Hg yi (23 hr.) decays by an isomeric transition to Hg197 (65 hr.).

The energy transition associated with the 23 hour period is the 164 kev

7-ray followed by the 133 kev 7-ray where the half-life of the intermedi

ate state is 7x 10"9 sec. The final state of the cascade decays by E

capture to Au ^' with a 65 hour half-life.

Ir1?1 (5.7 x 10"9 sec.)

14
H. Frauenfelder, 0. Huber, A. De-Shallt, and W. Zunti, Phys.

Eev. 79_, 1029 (1950).
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An excited state in Ir191 with ahalf-life (5.7 +0.5) x10"9

sec.-"-5 was observed with the delayed coincidence scintillation spectro

meter. In Fig. 17 the number of delayed coincidences is plotted as a

function of delay time obtained with a source of Os191 (32 hr.). The

solid portion of the curve for delay time T ^. 2.5 x 10~8 sec. repre

sents the decay of the short-lived isomeric state which has been pro

duced by the 0-decay of Os191.

Both the end point of the ^-spectrum announcing the formation of

the isomeric state and energy of the radiation emitted in the decay of

the metastable state have been determined. Curve (1) in Fig. 18 is the

spectrum of the radiation resulting from the decay of the short-lived

191
isomer in Ir * obtained by counting delayed coincidences in a small

height interval and plotting against pulse height. The internal con

version electron peak corresponds to 52 kev. The scale of pulse height

was calibrated in energy units using internal conversion electron lines

of 7-rays whose energies are well known from magnetic spectrometer

measurements. Curve (2) shows the internal conversion electron lines at

65 and 122 kev of the 132 kev transition from the decay of the 22 usee,

metastable state of Ta181 which announces the formation of the 1.1 x 10"8
3 -I Q-]

sec. metastable state of Ta . In addition, L internal conversion

electrons of the 85 and 80 kev transitions following the p-decay of Tm1^0
166

and Ho respectively were used for calibration.

Measurements of the radiation of other isomeric transitions with

similar energy and lifetime have shown that the amount of internal con-

15
-T. E. MeGowan, Phys. Eev. J_9_, 404 (1950).
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version in the L shell is comparable to that In the K shell. Since only

one internal conversion line appears in the spectrum of the decay of

Ir "^ , the peak probably corresponds to L shell Internal conversion.

The energy of the transition is then {65 i 5) kev which is less than the

K shell electron binding energy (?6 kev).

The spectrum of the radiation. an&ou&cing the formation of the

metastable state appears to be a single beta ray distribution. Fig. 19

is the spectrum of the total radiation, from Os-9- obtained by counting

single counts. Since the "single couat" distribution and the distribu

tion obtained by counting delayed coincidences are alike for energies

above 400 kev and more data are available from the "single count"

spectrum, a Fermi-Kurie plot of the "single count" data above 300 kev

was made. This is shown In Fig. 20 and the maximum energy of the beta

spectrum is (1.05 ± 0.03) Mev. The ft-value of this p transition is

1.7 x 10^ which places the transition in the first forbidden empirical
if*

classification on the basis of the Gamow-Teller selection rules

(AJ=0, ±1, ±2 and parity change lead to first forbidden transitions)

However, for Z large and A J - 0, t 1 the spectrum is such that a first

forbidden transition exhibits an allowed shape on a conventional Fermi-

Kurie plot. That is, the correction factors for this case are relative

ly
ly energy independent."" However, for AJ = 2 the conventional Fermi-

Kurie plot will not yield a straight line but instead is concave to the

Bail J. Ibnopinski, Bev. Mod. Phys. 15_, 209 (19^3) •

17
L. P. Langer, Phys. Bev. 77s 50 (1950).
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energy axis at the higher energy end of the spectrum. Also recently,
18Nordheim has pointed out that transitions for odd~A nuclei with change

in parity and AJ=±2have log (ft) values mostly between 8 and 9.

Transitions with change in parity and A J = 0, ± 1 are first forbidden

with log (ft) mostly in the range 6.5 to 7-5- Thus, the above

p-transition is probably first forbidden with A <^T ^ 0, ±1 and change
In parity.

The decay curve of Fig. 17 was obtained with the analyser gate

accepting only small pulses corresponding to the 65 kev transition while

the other channel was excited by the high energy p-rays which gave rise

to large pulses. Since the form of delayed coincidence resolution

curves for originally simultaneous events depends essentially upon the

distribution in amplitude of the original pulses, it is conceivable that

the 65 kev transition is not metastable with respect to the p-ray event.

In order to rule out this possible instrumental effect on the resolution

curve obtained with a coincidence system using amplifiers of finite rise

time, a number of other sources were tested,- namely, the 1.8k Mev p-
-if.fi

decay of Ho followed by a 80 kev internally converted 7-ray, the 900

kev p-decay of Tm170 followed by a8k kev internally converted 7-ray,
and the 1.076 Mev p-decay of Be186 followed by a138 kev internally con
verted 7-ray. Curve (2) in Fig. 17 shows a typical resolution curve

166
obtained with Ho . In each case the resolution curve obtained with

analyzer accepting only the low energy internally converted 7-ray was

was symmetrical with the leading arid trailing edge being roughly

18
L. ¥. Nordheim, Phys. Bev. J_8, 29k (1950)
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exponential over three decades corresponding to a half-period 2 x 10"^

seco In Fig. 18 curves (3) and (4), which are the low energy portion of

the spectra of simultaneous events from Os191 and Ho1^ respectively,

show clearly the sMilarity of the two distributions in amplitude of the

original pulses from the scintillation detector.

As an additional cheek for validity of this isomeric state in

191
Ir the delayed coincidence resolution curve of Fig. 17 was analyzed

by a graphical method which is analogous to a method of analysis recent-
19 20ly reported by Newton and Bay. For convenience and clarity Newton's

notation will be used in the discussion here. Also, since Newton's

analysis is not directly applicable to the resolution curves of Fig. 17,

only the first two equations of his method will be considered to de

scribe a graphical analysis of a delayed coincidence resolution curve.

In the ideal experiment, one desires to excite one channel of the

apparatus by the parent radiation or the radiation announcing an excited

state in a nucleus and to excite the other channel by radiation emitted

in the decay of the excited state whose lifetime is to be measured. The

ideal experiment is achieved by means of a delayed coincidence spectro

meter. If the excited state has a lifetime much too short to be meas

ured by the coincidence circuit, one obtains the "prompt coincidence

resolution curve", P(x), where x is the delay time introduced in the de

layed coincidence apparatus. If there is a measurable lifetime, the

19m
T. D. Newton, Phys. Bev. J_8, 490 (1950).

20
Z. Bay, Phys. Bev. J_L ^9 (1950).
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daughter emission has a probability f(t) dt of occurring t seconds after

the parent emission. From experiment one obtains in this case the "de

layed coincidence resolution curve", F(x). If F(x), P(x), and f(t) are

all normalized as differential probability distributions, then
OO

F(x) = / f(t) P(x -t) dt. (Ik)

If the excited state has a mean life T= l/A, then f(t) = 0 for t < 0
- \ t

and f(t) = Ae for t > 0. Putting y =x -t, then (Ik) becomes

F(x) -Ae^X f efAy P(y) dy. (15)

Since the energy resolution of the scintillation spectrometer is

relatively poor compared to the best magnetic beta-ray spectrometers,

the "delayed coincidence resolution curve" in Fig. 17 for Os191 >Ir191

is F(x) plus possibly some prompt event counts not related to Os191 >
191*

Ir decay and prompt events due to scattering from one detector to

the other as mentioned in the Chapter V. Prompt events due to scatter

ing are, of course, greatly reduced in number when the delayed coinci

dence scintillation spectrometer is used, but there are still a few

present to distort possibly the desired F(x) distribution.

"Delayed coincidence resolution curves" F(x) were calculated

graphically using for P(x) curve (2) of Fig. 17 and using various values

of A equal to or near that to be obtained in the usual way from the

slope of curve (1) at large positive delays. The prompt curve P(x) rep

resents the response of the apparatus to simultaneous emission of

particles of the same kind and energy that gave curve (1). The resulting



Ik

F(x) curves were normalised with respect to curve (1) at a large
Q

positive delay {5 x 10 sec). The difference between curve (1) and

F(x) should yield a "prompt ®vcrwen of the prompt events not related to

0s191—_^.ir191 aa^ those due to scattering. The value of A that

led to a "residual prompt curve" with the leading and trailing edge

symmetrical about zero delay was chosen as the best value for the decay

constant of Ir^l „

From the energy and lifetime of this isomeric state the transi

tion corresponds to a forbiddenness /. ~ 2 and is probably an electric

quadrupole transition. It appears from the spectrum of delayed radia

tion in Fig. 18 curve (1) that no other 7-rays follow in cascade with

the decay of Ir1^1 „ At least for the Os191 >rr191* decay the

disintegration is certainly a beta decay to the metastable state which

decays directly to the ground state of Ir^-91.

Cd111* (8 x 10~8 sec.)

The existence of the short-lived isomeric state in Cd111 (8 ± 1)

x 10" sec. was confirmed using sources of Gd"^" (kd min.) produced

by (n,7) reaction on a sample of enriched Cd11^ Deutsch and Stevenson

observed the metastable state following the K capture decay of In111.

Fig. 21 shows the number of delayed coincidences plotted as a function

of delay time obtained with a souroe of Cd^-*- which decays predominate

ly by internal conversion of a 1^8 kev 7-ray. This decay curve of the

metastable state corresponds to a half-life of (8 t 1) x 10"8 sec.

which is in good agreement with the originally reported value. Sources
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of Ag (7.5 <&&<>) which decays by £T were examined for delayed coinci

dences but none were observed above the expected random rate indicating

that Ag111 decays predominantly to the ground state of Cd111.

The delayed, coincidence scintillation spectrometer was used to

investigate the radiation resulting from the decay of the isomeric

state. The lower curve of Fig. 22 shows the spectrum of the delayed

radiation obtained by counting delayed coincidences in a small height

interval as a function of pulse height„ The solid curve represents the

electron spectrum after subtracting the Compton electron distribution

of the 7-ray from the gross spectrum. The K internal conversion elec

tron line corresponds to a 2^7 kev transition. For comparison the

upper curve shows the spectrum of the total radiation from Cd111 ob

tained by counting single counts. The internal conversion peak for the

2V7 kev transition is hardly visible. The broad peak at 30 units on

the pulse height scale is the unresolved K and L internal conversion

lines of the lW kev transition from the decay of the 48 minute isomeric

state o

A disintegration scheme for Ag ,Cd111;, and Inp1 which in

cludes the results of magnetic spectrometer measurements by other auth-
20,21 „

ors, ' is presented in Fig. 23. In effect, this was the first

isotope in which two isomeric states have been observed. Since the ob

servation of this case, Goldhaber et al. have observed a similar case

20
F. Boehm, 0. Huber, P. Marmier, P. Preiswerk, and B. Steffen^

Helv. Phys. Acta 22, 69 (19^9).

21
A. C. Helmholz, E. W. Hayward, and C. L. MsGinnis, Phys. Eev.

7_5_, lk69A (I9k9).
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in Pb , Axel and Dancoff have classified the kd minute isomeric

79

state to be £ = k forbiddenness on the basis of lifetime and energy of

the transition. This forbiddenness corresponds to a 2\J - 3 or k units

of 'fi' of angular momentum depending on the parity of the initial and

final states involved in the transition. Likewise on the basis of ener-

gy and lifetime the 8 x 10 sec. short-lived isomer falls between for

biddenness JL = 2 and 3 but is slightly nearer £ - 3 which requires

/\ J = 2 or 3 units of 'h' of angular momentum. Since both Boehm and

Helmholz have measured the internal conversion coefficients for the 247

and 173 kev transitions, it is possible to cheek on the JL value assign

ment by comparing the experimental data with theoretical K shell

23
internal conversion coefficients. Although the experimental values

differ by a factor of two, the agreement with thsoretical values appears

to be best for a mixture of magnetic dipole and electric quadrupole radi

ation for both transitions. This means that both transitions are parity

forbidden and i. = 2. Since the lifetime of a state for 7-ray emission

from the semiquantitative theory goes as I=2j[ I f the initial

level of the 173 kev transition should be metastable with a period larg

er than the 2^7 kev transition. However, no one has observed this state

to be metastable. Since the x-rays resulting from the K capture decay

of In are 23 kev, it is conceivable that previous experiments failed

to detect the x-rays, in which case there is no evidence to indicate

TP. Axel and S. M. Dancoff, Phys. Eev. J6f 892 (19^9).

23
M. I. Bose, G. H„ Goertzel, B. I. Spinrad, J. Harr, and P.

Strong, Phys. Eev. 76, I883 (1949). Tables of K shell internal convers
ion coefficients privately circulated.
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that the initial state of the 173 kev transition is or is not metastable.

In this survey In has not been investigated because it is not pos

sible to prepare it by neutron activation.

There is one additional piece of information concerning the 173

and 2kJ kev transitions. Boehm and Walter2^ have measured the angular

correlation of the successive 7-rays and their results indicate that an

anisotropy exists. It appears that the angular momentum assignments of

the three states are either 1/2, 3/2, and 5/2 or 1/2, 5/2, and 7/2 in

the direction of increasing excitation. The experimental uncertainty in

their experiment was of the order of ^ 50$ and this measurement should

be repeated. In any case their results indicate a forbiddenness / = 2

for both transitions. Another point of interest is that the anisotropy

is not destroyed even though the intermediate state is metastable.

Normally the lifetime of intermediate state must be short compared to

the period of precession of the nuclear moment in the magnetic field

arising from the orbital electrons. In the case of Cd the normal atomic

state Is SQ and therefore no h.f.s. splitting is expected. Thus, the

anisotropy is not destroyed.

It appears that better experimental internal conversion coeffi

cients are needed to determine the forbiddenness of the isomeric transi

tion, and an angular correlation experiment should be done with greater

precision to yield the assignment of the angular momenta of the states.

(10 sec. and 2.2 x 10"-5 see.)Ta'

2k
F. Boehm and M. Walter, Helv. Phys. Acta 22, 378 (19^9).
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In effect, the first short-lived isomer to be found2^ by the

method of delayed coincidences was an excited state of Ta181. More re

cently a second metastable state in Ta181 with a half-life of 1.1 x 10"8

sec. was observed by Barber. This result has been confirmed and the

half-life measured is in good agreement with the value above.

Though numerous authors have investigated Hf181, there is no gen

eral agreement as to the disintegration scheme. A majority of the

investigators have, however, interpreted their data to support a level

scheme first proposed by Chu and Wiedenbeck and amended recently by

Cork et al. However, Deutsch and Hedgran have obtained results from

a delayed coincidence spectrometer that seemed to rule out the decay

scheme of Chu and Wiedenbeck. In Fig. 2k level scheme A is the proposed

energy level scheme by Chu and Wiedenbeck and level scheme B is one pro

posed on the basis of experimental results to be presented below.

Both the radiation preceding and following the decay of the 22

usee, and the 10" sec. isomeric states have been measured with the de

layed coincidence scintillation spectrometer. The spectrum of the radi

ation preceding the 22 usee, metastable state appears to be a simple

p-ray distribution unaccompanied by 7-radiation or internal conversion

electrons. This supports previous conclusions on the preceding

25
S. DeBenedetti and F. K. MeGowan, Phys. Eev. J_0, 569 (19^6).

26
E. Y. Chu and M. L. Wiedenbeck, Phys. Eev. Jj?, 226 (19^9).

27
J. M. Cork, A. E. Stoddard, W. C. Eutledge, C. E. Branyan,

and J. LeBane, Phys. Eev. 78, 299 (1950).

28
M. Deutsch and A. Hedgran, Phys. Eev. ]%, 4-00 (1950).
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radiation. Fig. 25 shows the spectrum of the radiation that follows the

decay of the 22 iiaeo. metastable state. In this case the 132 kev radia

tion is not resolved from the 135 kev radiation. Thus, the K and (L + M)

peaks in the internal conversion electron spectrum rapresent the sum of

the internal conversion of y-^ and 7g. From the area under the peaks one

obtains the ratio of (K^ + Kg) to (L± + M± +Lg +Mg) to be 1.* ± 0.2.

The spectrum of the 7-rays above 150 kev shows clearly that the 48l kev

transition follows the 22 jisee. period but it is not clear whether any

3^5 kev radiation follows the decay of the 22 usee, metastable state.

Since the radiation preceding the 22 usee, metastable state is

unaccompanied by 7-radiation, the 10"° sec. metastable state must lie

below the 22 usee, level. A study of the radiation preceding and follow-

-8ing the 10 see. period should yield additional information concerning

the level scheme of Ta . Fig. 26 shows the internal conversion elec

tron spectrum of the radiation announcing the formation of the 10 sec.

state. The K and (L + M) peaks correspond to the internal conversion

electron lines of y2. The ratio of Kg to (Lg + Mg) obtained from the

area under the peaks is 0.5 ± 0.1. On the basis of lifetime, energy, and

K to (L + M) ratio the transition is probably el(2)^-pole radiation.

Fig. 27 shows the lower energy spectrum of the radiation following the

10 period taken with the same source and geometrical conditions as the

spectrum of the preceding radiation. The Kand (L + M) peaks of curve

(2) correspond to the internal conversion electron lines of 7-,. The ra

tio of K^ to (LA + M-jj from the area under the peaks Is 6 ± 1. •On the

basis of lifetime, energy, and Kto (L + M) ratio the transition is prob

ably a combination of el(2)2-pole and mag(2)1-pole radiation. Also,
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from Fig. 26 and 27 it is possible to obtain the ratio of (K, + Kg) to

(L^ + M-^ + Lg + Mg) from the area under the peaks. The value obtained

in this manner is l.k which is in good agreement with the direct

measurement from the spectrum of the radiation following the 22 usee,

period.

Q

The higher energy spectrum of the radiation following the 10

sec. period is shown in Fig. 28. The peak at %20 kev corresponds to the

unresolved K and L internal conversion electron lines of the 48l kev

transition. Curve (2) Is the Compton recoil eleetron distribution of

the 7-radiation. The endpoint of the distribution at 315 kev is attrib

uted to 481 kev 7-radiation. Between 125 to 225 kev the Compton recoil

electron distribution was carefully examined many times for the pos-

sible presence of 3^5 kev 7-radiation following the 10~ sac. period.

In some cases it was difficult to rule out a possible 10 to 15$ branch

ing by the route of the 135 kev and 3^5 kev transitions of level scheme

A. However, the data shown In Fig. 28, which were taken under slightly

better conditions, appear to be a distribution for a single 7-ray. This

was shown to be the case by comparing this distribution with a Compton

distribution obtained from the kH kev 7-radiation following the p-decay

of Au198.

Chu and Wiedenbeck have determined the number of conversion

electrons emitted in the various transitions per ^-disintegration. In

the case of 71 and 72 these fractions are O.56 and 0.22 for K shell in

ternal conversion. Thus, if the branching through the 135 kev and 3^5

kev transitions was 15$, then the number of sonversion electrons from K

shell conversion per initial state formed of the 135 kev transition is
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about 1.5. This is absurd. Thus, one is forced to the conclusion that

the 3^5 kev transition is not related to the p-decay of Hf181.

From the standpoint of lifetime and energy of the transition fol-

8
lowing the 10" sec. period, level scheme A is consistent only if the

%8l kev transition corresponds to forbiddenness / =3 and the 135 kev

transition to forbiddenness £= 2. As a check on the assignment of

forbiddenness for the 481 kev transition there are the Chu and Wieden

beck data on the amount of internal conversion in the K shell. This

value is .025 which has been corrected for a possible 85$ branching.

The theoretical values2^ are .0^5 for el(2) -pole and .165 for mag(2)2-

pole. On the other hand the theoretical values are .017 for el(2)2-pole

and .060 for mag(2) -pole. Therefore, the assignment of forbiddenness

/= 3 is probably incorrect on the basis of the internal conversion co

efficient data. The lower multipole order assignment lends support in

favor of level scheme B. The 481 kev transition is probably electric -

quadrupole radiation and the 132 kev transition is probably the 10~8 sec.

isomeric transition corresponding to forbiddenness JL= 2.

In addition to the k6 day Hf181 activity Burson et al.29 have ob

served a 5.5 hour period presumedly belonging to Hf. From coincidence

absorption measurements of both Hf activities these workers concluded

that the k6 day level in Hf is an isomeric state and that part of the

p-disintegrations of the 5.5 hour period lead to the 10"8 sec. meta

stable state. If these conclusions were correct, the 10 sec. meta

stable state should be observed following the p-decay of the 5.5 hour

29
S. B. Burson and K. W. Blair, Phys. Bev. J_8, 89 (1950).
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period. No delayed coincidences were observed above the random rate to

follow this 5.5 hour period. This result does not conclusively rule out

that the k6 day level is an isomeric state in Hf181 but does rule out a

p-component of the 5.5 hour period leading to the 10"8 sec. metastable

state of Ta181.

3gGe7 (2.9 x10"7 sec.)

The existence of the short-lived isomeric state of Ge72 was con

firmed. The value of the half-life was found to be (2.9 ± 0.6) x 10~7

sec. This value is somewhat different from that previously reported and

probably more accurate.

30 31Several authors^ ,J have investigated the p- and 7-ray spectra
72of Ga (14 hr.).: The p-ray spectrum is found to be highly complex. A

conversion line occurring in about .%of the disintegrations is ob

served at .70 Mev in the p-ray spectra but not in the photoelectron

spectrum of the 7-rays. This indicates that the .70 Mev transition is

probably totally converted. Bowe et al. attributed the isomeric transi-
72

tion in Ge to this transition. If this were an ordinary radiative

transition, the internal conversion coefficient would be ^.002. Thus,

the .70 Mev isomeric transition must be a 0 >0 transition with no

parity change and, therefore, totally converted. Since Ge72 is an even-

even isotope, it seemed probable that the .70 Mev transition is a

30
Allen C. G. Mitchell, D. J. Zaffarano, B. D. Kern, Phys. Eev.

J3./ 1A24 (19^8).

31
S. K. Haynes, Phys. Eev. Jk, 423 (19^8).
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transition to the ground state of Ge7 • However, the analysis of the p-

ray groups of Ga?2 has not indicated a level at .70 Mev above the ground

state. For this reason the radiation announcing the formation of the

isomeric state and the radiation resulting from the decay of the meta

stable state were examined with the delayed coincidence scintillation

spectrometer.

The spectrum of the delayed conversion electrons indicates clear

ly that the 0.70 Mev transition is the isomeric transition. Since the

metastable state is formed in about 0-5$ of the disintegrations of Ga?2,

it is Immediately apparent that no detailed spectrum of the beta ray

leading to the metastable state could be obtained.

Owing to the low intensity only the integral distributions of the

Compton electron spectra of the 7-rays were examined in the preceding

and delayed radiation. The data indicate that no 7-radiation is present

in the preceding radiation and that there is probably 7-radiation in the

delayed radiation. It is probable that this 7-radiation is in cascade

with the isomeric transition. This places the 0 >0 transition be

tween two high energy levels which must have opposite parity of the

ground state of Ge7 . Otherwise, the high energy 0 >0 transitions to

the ground state would compete strongly with the 0.70 Mev transition.

. Be 7* (5-5 x 10"7 sec.)

18732
The existence of the short-lived isomeric state of Be ' was

confirmed. The value of the half-life was found to be (5.5 + 0.5) x

32S. DeBenedetti and F. E. MeGowan, Phys. Eev. Jl, 380 (19^7)
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10"' sec. This value is somewhat different from that previously report

ed and is probably more accurate.

Eel87* is jaaown to follow the p-decay of 2k hr. Wl8?. The p-

spectrum of W1"' consists of two components of I.318 and 0.627 Mev max

imum energy and intensities 23 and 77$ respectively, accompanied by a

rather large number of conversion lines.33 Levy finds 6 7-rays with

energies 133, 204, 4-78, 615, 680, and 767 kev. As previously reported,

DeBenedetti and MeGowan showed that the isomeric state follows the lower

energy component of the p-spectrum. Some delayed coincidences, not

numerous enough to permit the measurement of an absorption curve, were

observed after absorbing all the preceding p-rays, indicating that some

7-rays are present in the preceding radiation.

Measurements of the preceding radiation with the delayed coinci

dence scintillation spectrometer indicate that the 1.33 Mev p-group

does not announce the formation of the metastable state in agreement with

previous results. The spectrum of electromagnetic radiation in the pre

ceding radiation indicates clearly that only the kfQ kev 7-ray is pres

ent.

Fig. 29 shows the spectrum of the radiation following the decay

of Be ' . Curve (1) is the spectrum of the electromagnetic radiation,

indicating that no 7-rays above 150 kev follow in cascade with the decay

of Be ' . Curve (2) is the internal conversion electron spectrum. The

two conversion peaks, K and (L + M), correspond to a 7-ray with an

energy of 133 kev. The ratio of K shell conversion to (L + M) shell

P. W. Levy, "Eadiations from 2k Hr. Wl87,M OBNL 312 (March,
1949).
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conversion obtained from the areas under the peaks is 5 ± 1.

Though many authors3* have investigated W"^ , there is no general

agreement as to the disintegration scheme. The energy difference be

tween the p-ray groups is 690 kev. The disintegration by the way of the

metastable' state indicates that the 133 kev transition is preceded bya

^78 kev 7-ray and the .627 Mev. p-ray group. An additional 7-ray tran

sition with an energy 60 to 70 kev is needed to account for the energy

difference of the p-ray groups. A 7-ray of this energy cannot be ex

cluded from these experiments because the scintillation spectrometer

would not be able to distinguish between the 7-ray and the K x-ray of 59

kev.

Tai9 (7.0 x 10"7 sec.)

35 169
The existence of the short-lived isomeric state of Tm was

confirmed. The value of the half-life was found to be (7-0 ± 0.5) x

10 sec. This value is somewhat different from that previously report

ed and probably more accurate.

169* 169
2m Is known to follow the 33 day Yb * activity which decays

by E-capture. The internal conversion electron and the photoelectron

spectra of the 7-rays have been measured recently by several investiga

tors. * Jensen et al. find 9 7-rays with energies between 9^ and

3C. L. Peacock and B. G. Wilkinson, Phys. Eev. Jib 297 (19^8).
3%. k. MeGowan and S. DeBenedetti, Phys. Eev. 73_? 1269 (19^8).

36e.\s. Jensen, L. J. Laslett, B. T. Nichols, W. W. Pratt, Phys.
Eev. 29_> 2^31 (1950).

37j. m. Cork, H. B. Keller, W. C. Eutledge, and A. E. Stoddard,
Phys. Eev. J8f 95 (1950).
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308 kev and Cork et al. find 8 7-rays. Both investigators report 7-ray

energies of 94, HO, 131, 178, 198, and 308 kev. In addition Jensen re

ports 7-ray energies of 120, 144, and 160 kev. It will be shown from

the results of the delayed coincidence spectrometer that the 120 and 144

kev 7-rays were probably misinterpreted by improper assignment of inter

nal conversion lines from E or L shell conversion. Cork et al. observed

a 7-ray energy of 63 kev which Jensen did not report and an internal

conversion line corresponding to a 7-ray energy of 118 kev if K shell

conversion or 68 kev if L shell conversion. The delayed coincidence

spectrometer data indicate that the interpretation should be a 68 kev 7-

ray.

Fig. 30 shows the spectrum of the radiation announcing the forma

tion of the metastable state of Tm1 9. it is evident from curve (1),

which is the spectrum of 7-rays, that the metastable state is preceded

by a 68 kev 7-ray. The peak corresponds to a complete dissipation of

the 7-ray energy by several Compton scatterings within the phosphor.

Curve (2) is the internal conversion electron spectrum after subtraction

of the "7-ray only" from the gross spectrum. The conversion lines at

35 and 85 kev are interpreted as due to conversion in the K and L shell

of the 9k kev 7-ray.

The spectrum of the radiation following the decay of the meta-

l69
stable state in Tm * is shown in Fig. 31. Curve (l) is the spectrum

of the unconverted 7-rays with very little detail to aid in the identi

fication of the 7-ray energies. Likewise, curve (2) is the spectrum of

internal conversion electrons with very little detail. The fact that

the energy distribution is more or less continuous up to 225 kev is
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indicative of either several 7-ray branches from the metastable state or

several 7-rays in cascade following the decay of the metastable state.

The former appears plausible because from the work of Jensen et al. and

Cork et al. there are a number of combinations of 7-ray energies that

add up to 308 kev. The assignment of the partially resolved internal

conversion lines is not certain but it is possible to ascribe them in

terms of internal conversion in either the E or L shell of 7-rays with

energies 110, 131, 178, and 198 kev. These same 7-rays appear to be

strongly internally converted from Jensen's data. A disintegration

scheme consistent with the data is presented in Fig. 32. The three

branches of 7-ray transitions from the metastable state to the ground
169state of Tm * are rather peculiar. It is difficult to explain why the

cascade branches compete favorably with the 7~ray of 308 kev, because

the 110, 178, and 198 kev transitions are strongly converted, and there

fore of high polarity.

A careful investigation of the internal conversion lines from

Tm y by means of a delayed coincidence spectrometer with high resolu

tion is needed in order to elucidate these points.

Hg1^*?

Independently from this work and essentially at the same time,

Maclntyre3 used the method of delayed coincidences for the study of

short-lived isomers. An excited state in Hg1^ with a half-life 2.3 x
-8

10 sec. was observed following the well known beta decay of Au1^

38
W. Jo Maclntyre, Phys. Eev. J6S 312 {I949)
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(2.7 da.) by Maclntyre. Since this result contradicted previous find

ings with Au19° at Oak Bidge National Laboratory, the delayed coinci

dence experiment on Au19" vas repeated with better coincidence resolu

tion for prompt events.

Fig. 33 curve (1) shows the resolution curve for essentially

P-7 coincidences when a 560 mg/em lucite absorber is placed between the

source and the. detector for delayed radiation. Since a relatively good

geometry of 15 and 30$ was used, it was necessary to determine the num

ber of coincidences due to two Compton scatterings of a single 7-ray

exciting both channels. For this purpose s, source of Cs 37 (33 yx>.) ±g

convenient because the 66l kev 7-ray following the p-decay is not co

incident with the beta ray. Curve (2) of Fig. 33 shows the number of

coincidences after subtraction of the random coincidence rate as a

function of delay time due to two Compton scatterings of the 7-ray.

Since this contribution is only ~- 2$ of the coincidences obtained from

198
Au y 3 this proves that the data obtained for curve (1) are p-7 coinci

dences. From geometrical considerations (i.e. k.% of the 7-rays

entering the phosphor were counted) the observed coincidence rate at

zero delay is equal the computed rate provided the p- and 7-rays are

coincident in time.

The leading and trailing edge of curve (1) indicates that the

half-life of the kll kev excited state in Hg198 is less than 3x 10~9

sec. Similar results have been reported by Deutsch et al.9 and Bell et

al.39 for an upper limit of the: half-life of the excited state in Hg1".

39
B. E, Bell and H. S. Petch, Phys. Bev. J_6, 1409 (19^9).
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The present observations are difficult to reconcile with Maclntyre's

results.

40
A group at Washington University have suggested that the activ

ity of Au 9 ,in addition to 2-7 day period, decays with a4hour

period. This group also observed that the 4 hour activity led to a

metastable state with a half-life of (4 ± 1) x 10"8 sec. This observa

tion could account for the failure of some observers to find the short

lived state following the decay of Au19. To check this point, samples

of Au were examined for the 4 hour period and delayed coincidences im

mediately after a short exposure to neutron irradiation in the reactor.

Neither the 4 hour period nor the short-lived metastable state was ob

served in the samples. The Washington group, however, claims that the

above observations were detected with samples irradiated in the Oak Bidge

reactor.

40
P. S. Jastram, W. Eonneker, and M. E. Gleland, Phys. Bev. 79,

243A (1950). -^
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CHAPTER VII

DISCUSSIOH OF EESDLTS

In this chapter a general discussion of all the short-lived

isomers of nuclei observed to date is given. The data that have been re

ported for the short-lived isomers are collected in Table V. A compar

ison of experimental lifetimes with the predicted estimates, a prevalence

of short-lived isomers in odd mass nuclei with Z odd, and a correlation

of the negative results with nuclear shell structure is presented.

Comparison of Experimental Lifetimes with the Predicted Estimates

A comparison can be made between the experimentally determined

lifetimes and those predicted by equation (6). Fig. 34 is a graph of

log T as a function of log W where the lines are drawn in for jt= 2,

3, 4, and 5 with 1° = 3.3. The observed lifetime of each short-lived

isomer is exhibited as a point on the graph. The evidence for groupings

is very slight. The dependence of the lifetime on energy, at least in

many cases, Is certainly not as is predicted by the theoretical estimate.

However, the observed lifetime will be less than the estimated lifetime

for gamma ray emission because of the competing decay process of

internal conversion which tends to increase the total transition rate.

If the total internal conversion coefficient is known, one may convert

T to T for each isomer by equation (8).

In most eases the experimental internal conversion coefficients

are not available. Therefore, it is necessary to estimate the total
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TABLE V

DATA FOR THE SHORT-LIVED ISOMERS

<V«. ' Energy

Internal
Conversion

Coefficient

Probable
Forbidden

ness

Total,
Conversion

Coefficient

TyP>1Isomer (sec.) Ey (kev) (Wexp <a>„P (I) (Estimated)

S7a
Fp26fe l.lx 10"7 14 2 ~300 8.2 x 10"4

r,lll
48Cd

63Eu1S3b

8 x 10"8

3 X 10"9

247

103

5± 1
\ ' -03
\ = .006

2 or 3?

2

.04

~ 2

5.0 x 10'6

8.7 * W:7

OS*1"0 • 1.7 x io"9 80 \ ~-4 2 ~ .8 3.2 x IO-7

»*1M 7.0 x 10'7 Several 7"a
110 to 308

kev

2 and 3 • ... ...

69Thi 2.5 x io"6 112 1.3? 3 1.3 5.4 x IO"3

VLl70d
70" 1.6 X 10"9 84 .14

\ - -55
2 .8 3.1 x 10"7

Lu17771"1
1.3 x io"7 150 3±1 2? or 3 ~5 7.7 x 10"4

-181
73Ta 2.2 x XT5 135 0-5 3 a3~4 1.1 x IO"1

Ta18173la 1.1 x IO"8 132 6±1 2 fix ^2 3.9 x IO"8

Re1877S1* 5.5* io"7 133 5± 1 2? or 3 ~ g 5.7 x 10"3

t-19177ir 5.7 X IO'9 65 2
i

^1 1.4 x IO"6

7Cworso"*
7 x IO"9 135 <1 \ ~ .53 2 ~2 2.8 x W8

8^J04 3 x i(f7 374 2 ~.05 3 ~.05 4.2 * IO"4

3^" 2.9 x IO"7 700 0—M
Transition

*M. Deutsch and W. E. Wright, phya. Rev. 77, 139 (1950).

^ K- M=Gowan, Phys. Rev. 80, 482 (1950).
CF. K- MeGowan, Phys. Rev. 80, Dec. 1 (1950).

dR. E. Bell and R. L. Graham, Phys. Rev. 78, 490 (1950).
eA.'W. Sunyar, D. E. Alburger, G. Friedlander, M- Goldhaber, G. Goldhaber, Phya. Rev. 78,326(1950).
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internal conversion coefficients. Table V contains a tabulation of ex

isting data for 15 known short-lived isomers. Some of the data include

results from other laboratories which have been cited in Chapter VI.

The assignment of probable forbiddenness / was made on the basis of

Fig. 3k. However, for eases where the experimental internal conversion

coefficient is known, the /.--value assignment was made by comparing

the experimental internal conversion coefficient with theoretical values.

The total internal conversion coefficient was estimated using the

(Ht^/Nt)eXD, the probable forbiddenness assignment, the energy of the

isomeric transition, and Hose's relativistic K shell internal conversion

coefficients for electric and ffiagnetie multipole. In the case of ex

tremely different values between electric and magnetic conversion coeffi

cients, an. intermediate value was selected quite arbitrarily. With

these estimates for the conversion coefficient T@ has been converted

to T by equation (8)0 The last column of Table V is the producty

"C f ? where ^ is the nuclear radius in units of e /me^. The value

of the nuclear radius was taken as r == 1,5 Ax/^ 2; 10" ^ cm.

A more quantitative comparison of (1Cy)___ with theoretical esti-

mates should be possible by taking account of the value (°"" for each

isomer. That is, equation (6) indicates that the product I v 4e-

pends only on the energy of the isomeric transition. Fig. 35 shows the

2l
short-lived isomers on a plot of log (T (° ) as a function of log W.

The theoretical estimates for / - 2, 3* and k are drawn in for

1
M. E. Bose, G. H. Goertssel, Bo I. Spinrad, J. Harr, and P.

Strong, Phys. Eev. Jj6, I883 (19^9). Tables of K shell internal conver
sion privately circulated.
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comparison with experiment. The agreement between the £ =• 2 and J. = 3

lines and the experimental points is certainly not good. In fact, the

fluctuations are all below the line / = 3 and, in particular, Tm ,

Ee1^, Lu , and Cd1^ fall well outside the predicted lines by a fac-
2

tor of nearly 1000. A similar classification by Axel and Dancoff of

60 isomers indicated agreement between the A - k and X = 5 lines and

the experimental points. The points all fall, within the anticipated

factor of 100 of the predicted lines.

One might consider a reassignment of / for the most doubtful

cases, such as Lu1^, Tm •1, or Be **. The reassignment to £ = 2 group
2JLwould decrease T (° at most by a factor of 50. These changes would

obviously not fit the predicted line £ ~ 2. For forbiddenness £ = 2

or 3 any error in the estimate of the conversion coefficient would not

introduce a factor of more than 10 in the correction factor for the con

version of Tgxp to To Thus, it appears that equation (6) fails to

predict the lifetime for gamma ray emission of forbiddenness £ = 2 or 3-

It is interesting to note that the k short-lived isomeric transi-

tions occurring in Ta s R<g , and Hg •*' have essentially the same

energy but widely different half-life and Kg/(NL + HM). Until the rela

tivistic L shell internal conversion coefficients become available, no

definite conclusions can be made regarding the multipole order and the

electric and magnetic efearactsr of the radiating multipoles. However,

197
there is evidence from results of the two isomeric transitions in Hg

that the ratio of K shell conversion to L shell conversion may not

"P. Axel and S. M. Dancoff, Phys. Bev* J6S 892 (19^9)°
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provide a means of fixing the multipole order uniquely. In Hg^i the

165 kev isomeric transition with a 23 hr. half-life is followed by a 131*-

kev transition with a7x 10"° see. half-life. The ratios Ng-/(NL +NM)
-3

are 0.31 and 0.29 respectively. On the basis of their lifetime and

their energy these isomeric states would fa3.1 in the classification

/= 5 and /= 2.

Prevalence of Short-Lived Isomers In Odd Mass Nuclei 'with Z Odd

Feanberg and Eammack, Nordheim,-' and Mayer in their develop

ment of nuclear shell'structure have pointed "out that for nuclei with

odd mass number isomerism appears to occur in well defined "lakes" ex

tending from (Z or l)odd = 39 to k9 and (Z or H)odd = 63 to 8l. The

prevalence of isomerism in these "lakes" is understood by the competi

tion of orbits within one group (protons or neutrons). The isomeric

states appear at odd particle numbers which are not too far below those

for completed shells at 50 and 82. The interpretation of the phenomenon

is generally explained by the not infrequest appearance of new orbits

before the completion of the preceding shell. If the competing orbits

give rise to adjacent states with sufficiently different angular momenta,

isomerism occurs.

3
*H. Frauenfelder, 0. Huber, A. De-Shalit, and W. Zunti, Phys. Bev.

29_, 1029 (1950).

S:. Feenberg and E. C. Hammack, Phys. Bev. 75.* 1877 (19^9)•

5l. W. Nordheim., Phya. Eev. J_5_j> 189k (19^9) •

6M. G. Mayer, Phys. Bev, J_5_, 19^9 (19J+9)»
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The isomeric transitions for 63 ^ (Z or N) dd <r 8l are listed

in Table VI. The number of short-lived isomers (^±/2 <• 10 sec.) in

this "lake" Is 9, out of a total of 11 observed thus far in nuclei with

odd mass number.. Eight of these occur in nuclei with Z odd. In the

ease of the long-lived isomers 17 occur in nuclei with N odd and only

one occurs with Z odd. This coincidence could be a mere accident, but

perhaps there is a difference in the order of neutron levels 63 ^.

Hodd ~ 81 and proton levels 63 < Z ,. ^ 77= Such a difference ia

level order Is not noticeable in the "magic numbers" and thus far has

been disregarded in single particle computations. An inspection of

Table II shows that of th© odd mass nuclei investigated only 17$ have N

odd. One might conclude that th® correlation is not significant be

cause most nuclei investigated have Z odd. However, there are numerous

examples (13) of nuclei with N odd where the parent nucleus decays

either directly to the ground state or to an excited state already known

to be metastable with a long period. For this reason many nuclei with

N odd were not investigated» In view of this the correlation is probab

ly still fiignifis&nto

No such correlation exists for the "lake" (Z or N) dd = 39 to ^9.

In the first place no short-lived isomers have been observed in this

"lake". Secondly, of the 18 long-lived isomers in the "lake", 9 occur

in nuclei with Z odd and 9 occur in nuclei with N odd.

In order to interpret points concerning the position in the iso-

topic chart of short-lived Isomers j, it might be well to consider briefly

the ordering of the states as proposed by Mayer and Feenberg and

k
Hammack. The order of the levels in a square well are Is, 2p, 3d, 2s,



TABLE VI

ISOMERS FOR (Z or N) .. = 63 ta 81
odd

in

Odd

Z or N Particle Isomer Er(kev) T
1/2

n Cd111 148 48 min.
63 n Cd111 247 8 x 10"8 sec.

P Eu153 103 3 x 10"9 sec.'

65 n Cd113? 2.3 min.

67
n Sn11T 152 15 da
n Cdlls 43 da

n Sn119 69 245 da

69 n Te121 82 140 da

P Tm169 110 to 308 7.0 x io"7 sec.
P Tm171 113 2.5 x IO-6 sec.

71 n Te123 88 90 da

P Lu177 150 1.3 x lO"7 sec.

n Te1JS 110 58 da

73
n Xe1*7 125 75 sec.

P Ta181 135 2.2 x 10"S sec.
P Ta181 132 1.1.x IO"8 sec.

75 n Te137 88 90 da

P Re187 133 5.5 x 10"7 sec.

n Te189 106 30 da

77 n Ba133 276 40 hr.
n Xe131 165 12 da

P Ir191 65 5.7 x IO'9 sec.

n Te131 177 1.2 da
79 n Ba,3S 290 2 8 hr.

P Au197 278 7.5 sec.

81 n Ba»37 661 2.5 min.
n •Xe138 520 15 min.
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**•£* 3Pi> 5gj. ^d, 6h, 3s, 5f, 71, 4p^ etc. Mayer inverts the 3s and 6h

and also the 4p and Ji, The energies of these levels are close together

in the square well,. If a strong spin-orbit, coupling, increasing with

angular momentum, Is assumed, a level scheme with the !,magic numbers"

£0, 50, 82, and 12,6 occurring at the place of tha spin-orbit splitting

is obtainedo The shell grouping is as follows?

(Is)2, (2p)6, (2s)2, (3d)10, l»f ,2, hf3/£s 3Pyg, 3Pl/2, 589/2,
20 28 3k ko 50

^ k%/2> *V *V V V' "V 5V V'
?8 6fc 68 82

^l/2s ^13/2^ wlle:re t,he *°*al number of particles up to and includ-

12o

ing each orbit is giv«n directly below.

It does not eiasm unreasonable that the competing orbits 3s-i m and

6hjj y2 could possibly account for the long-lived isomers of Table VI.

For the short-lived isomeric transitions changes of angular momentum of

1, 2S or 3 units of -£> are accessary. Ctee might possible consider 3st /c,

h(i^icj, and kd^.^ as competing orbits for ahaages of angular moment-...^

1 .and 2 units of &, At Z = 71 and 73 the ground states of Lu1'^ and

Ta "which have spin 7/2 would require a g7/0 orbit. Although there is

no g crblt occurring at thes© prcton numbers in Mayer's scheme., such an

orbit competing with Js^/g or ^55/0 cubits would give rise to changes of

angular momentum of 3 and 2 units of if.

In the scheme of Feenherg and Hammask, the arrangement consists
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in a pushing up of orbits with small angular momentum and radial nodes

within the nucleus, such as the 2s, 3Vs and 4d, which progresses more and

more for heavier nuclei. A qualitative explanation for this tendency is

given by the repulsive action of the Coulomb forces on protons, which

will cause a decrease in density of nuclear matter at the center of

heavy nuelei. Islands of isomerism occur with the crossing or close

spacing of energy levels in the shell model when large angular momentum

differences exist. The closed shells of neutrons and protons are as

follows;

2 6 2
(Is) , (2p) , (2s) ,

10 ,. .Ik . ,18 ., ,22 .. ,10
, (to) , (5g) s (6h) , (k&) ,

20 50 82

where certain levels (2s, 3p, and kd.) drift upward with increasing N or Z.

In the interval 51 to 60 there is a filling of the kd. shell and

is filled completely before the inversion of the 6h and kd levels takes

place. Between 6l and 82 the 2s, 3p, and kd levels drift upward and

cross over during the filling of 6h shell giving rise to possible close

ly spaced paired configurations.

60 shell

60 shell

60 shell

(2s)"

2n + l
(6h)

even parity

odd parity,

(3p)(
(6b)211 (2s)1

(6h)2n +1

even parity

odd parity,

\2r6h)m (2p)x

(6h)2n+1

odd parity

odd parity,



50 shell

50 shell

(kdf (6h)2ri +2

(4d)10 (6h)2n+1

(6h)2n (M):

(eh)234"1

even parity

odd parity,

even parity

odd parity.

22k

These paired configurations provide a large choice of states which gen

erate the initial, and final states of an isomeric transition. The many

isomeric, transitions between 63 ^ (Z or N)oM < 8l may be correlated

with the above configurations.

Correlation of Negative Eesults with Nuclear Shell Structure

A reasonable explanation can be given for the negative results

listed in Table II of Chapter V on the basis of the shell models

mentioned in the preceding section. For Z„qjI =21 to 37 four isotopes

were investigated for metastable states» Three of these nuclei have

spin 7/2 and the other has spin 3/2. The competing orbits being filled

in this region axe kfj/2, kt^i^t and 3P3/0 in Mayer's scheme. Since the

difference In angular momentum between states resulting from these

orbits is small, isomeric states are not expected. On the basis of the

scheme by Feenberg and Bammaefc, no isomerism is expected in this region

if 2s level does not overtake the kt before the completion of the kf

shell.

For Z0^ = 39 to k9 five' isotopes were investigated for short

lived metastable states. The competing orbits in Mayer's scheme in this

region are SP^ and 569/9 &^ the difference in angular momentum
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between the states is k units of if whish accounts for the occurrence of

only long-lived isomers in this region. The crossovers occurring during

the filling of the 5g shell are the 2s and 3p levels in the scheme of

Feenberg and Hammack. These crossovers introduce several possibilities

for configurations involved in isomerism at (Z or N)odi - 39 to k9.

These configurations are

(3p)4 (5b)1

L 3p5

(2p)5 (5g)2

(2p)6 (5g)1

(5g)2n (3P)1

(Sg)2**1 _

(5g)2n (2s)1

(5B)211*1

even parity

odd parity,

odd parity

even parity,

odd parity

even parity,

even parity

even parity.

These paired configurations do not, however, exclude the occurrence of

short-lived isomers.

Between Zodd = 51 and 6l six isotopes were investigated for meta

stable states. Two of these nuclei have spin 7/2 and two have spin 5/2.

The competing orbits are 5gy/2 and kd^/2 in Mayer's scheme and the dif

ference in angular momentum between states is 1 unit of /fi\ Thus, no

short-lived isomers are expected to occur in this region except possibly

extremely low energy transitions. In the scheme of Feenberg and

Hammack, the kd shell is being filled and is probably filled completely
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before the inversion of the 6h and kd levels takes place. Since the 2s

and 3p levels crossover during the filling of 5g shell, it appears that

no competing orbits occur in this region which is in agreement with the

fact that no isomers have been observed.
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The prevalence of isomerism in the region 63 ^ (K or Z) a3 <1
— * 'odd —

81 is fairly well established. The number of short-lived isomers in

this region is 9, out of a total of 11 observed In odd mass nuclei. In

this region it appears that the long-lived isomers occur in nuclei with

N odd and the short-lived isomers occur in nuclei with Z odd. Though

this state of affairs could be a mere accident, an interpretation of

this correlation may help to decide the preferred configurations for

neutrons and protons in this region.

Of the 15 short-lived isomers tabulated in Table V, the first

excited state is metastable in 8 cases and in 5 cases the metastable

state occurs at higher excited states. The position of the metastable

state for the remaining 2 cases has not been determined.

Since numerous workers have searched for short-lived isomers with

-ft -3
half-lives between 10" and 10°J sec, one cannot escape the impression

that isomerism occurs less frequently for forbiddenness /= 2 or 3

than for £ = k or 5. One must keep in mind though that the short

lived isomeric transitions observed to date cover a relatively narrow

band of energy. It is conceivable at transition energies less than 100

kev that isomerism will occur in the region 10"^ to several seconds for

forbiddenness J= 3. On the other hand for /= 2 and the same

transition energies the estimated lifetimes are in the millimicrosecond

region. Many more short-lived isomers should be observed in this

region because quadrupole transitions should occur as a rule rather than
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the exception in nuclear radiative transitions. The extension of the

method of delayed coincidences to measure time intervals in the region

of IO""9 sec. has already yielded several new resultsj namely, Ib1^0

(1.6 x10~9 sec.),1'2 lu153 (3 x10~9 sec.),2 and Erl66 (1.7 xIO"9 sec.).3

This extension has been made possible through the use of wide band dis

tributed amplifiers, scintillation spectrometer, and improved methods of

analysis of delayed coincidence resolution curves.

Although the energy and half-life of these short-lived isomers

and in some cases the ratio of K shell conversion to (L + M) shell con

version are known, an unique assignment of the multipole orders and the

magnetic and electric nature of the radiating multipoles is not pos

sible. Even when the theoretical L shell internal conversion coeffi^.

cients become available it is rather unlikely that the K/L ratio alone

will fix the assignment in every case. The most urgently needed data

are precise measurements of the absolute internal conversion coeffi

cients. There are, of course, the possible directional correlation ex

periments between gamma-quanta emitted in successive nuclear transitions.

In some cases comparison of experiment vith theory^ has yielded

consistent assignments of the angular momentum quantum numbers of the

nuclear states involved and multipole orders of the gamma radiation

TJ. E. Bell and B. L. Graham, Phys. Eev. J_8, ^90 (1950).

T". K. MeGowan, Phys. Eev. 80, 482 (1950).

%. K. MeGowan, Phys. Bev. 80, Dec. 1 (1950).
k
E. L. Brady and M. Deutsch, Phys. Bev. J8, 558 (1950).

5D. B. Hamilton, Phys. Bev. 58, 122 (19^0).
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emitted. Of the short-lived isomers listed the cascade of 173 and 2^7

kev gamma rays in Cd following the K capture decay of In111 is the

only promising case for a directional correlation experiment. The case

2tik 6
of Pb has already been done by Goldhaber and coworkers. In the

l8l 1Q7
case of Ta and Hg 7 ' a likely experiment is the directional correla

tion of successive conversion electrons where the intermediate state is

-8metastable with a lifetime ^10 sec. The extension of the general

theory of directional correlation to successive conversion electrons

has been treated by Ling. Because of some unknown parameters in the

internal conversion angular distribution functions, Ling was unable to

present explicit numerical results. Also, a high degree of experimental

precision probably would be necessary to uniquely determine angular

momentum quantum numbers and parity of the nuclear states involved. How

ever, with the development of the delayed coincidence scintillation

spectrometer as described it appears that this precision may be pos

sible. A directional correlation experiment between the cascade con

version electrons of the 135 and 132 kev transitions in Ta1"1 and the

165 and 2.3k kev transitions in Hg197 would be feasible. Bose has point

ed out that theoretical numerical results could be obtained for

individual cases if the need arises.

6
A. W. Sunyar, D. Alburger, G„ Friedlander, M. Goldhaber, and

G. Scharff-Goldhaber, Phys. Bev. JJ?, 181 (1950).
7
D. S. Ling, Jr., Ph.Do Thesis, University of Michigan (19^8).
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