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ABSTRACT

The method of delayed coincidences was used to search for
metastable states with half-lives in the millimicrosecond range
Metastable states were found in the following daughter nuclei: Pa231.

=4.12.4x10"8 sec, Pb207, t,*3.1%10x 10" sec, and

t
1/2 )

wis4, ¢ /2 =9+ 3x10 0 sec, In addition, the existence of short-

! 233 239
lived metastable states in the daughter nuclides Pa and Pu was
confirmed. Upper limits for the half-lives of other gamma tran-

sitions were set. A decay scheme for Re is proposed.

| Several critical tests of Nilsson's wave functions were made
for strongly deformed nuclei. The wave functions were used to
calculate decoupling parameters, magnetic moments, and El transition
probabilities. These calculated nuclear properties are compared with
experimental'data in the heavy element region. The calculated values
are found to be generally in qualitative agreement with the experimeni-.
tal data. Nilsson's orbits are correlated with nuclear ground-state

spins in the actinide region. New selection rules for El transitions

are discussed,



I. EXPERIMENTAL STUDY OF NUCLEAR ISOMERS IN THE
MILLIMICROSECOND LIFETIME REGION

A. Introduction

A nuclear metastable state may be defined as an excited st‘ate
of a nucleus which exists for a measurable length of time. With
present delayed-coincidence techniques it is possible to measure half-
lives as short as a few hundredths of a millimicrosecond.

Excited nuclear states may decay by the emission of gamma
radiation or by the ejectidn of an orbital electron. It is convenient
to classify electromagnetic radiation by multipole order L,®according
to the angular momenta L (in units of i) carried by the radiation.
There are two classes of multipole order, EL (electric) and ML
(magnetic), ‘which differ with respect to parity. The conservation of
angular momentum and parity imposes certain selection rules on the
possible multipolarities of a gamma transition between two states of

specified angular momenta (Ii’ If) and parities (“,n'i, nf)):z

< <
|1i=-Ifl—L-Ii+If, _ | (1)
T3 L
Ar = — = {=1)" for EL radiation
f L+1

for ML radiation.

= (-1)

Here Aw = -1 denotes a parity change.

. The transition probability for the decay of an excited nuclear
state by gamma radiation depends upon the multipolarity and energy
of the radiations and also on the wave functions of the nuclear states
involved in the transition. ‘2 Formulae for estimating the transition
probabilities of various multipole radiations have been given by
Weisskopf. 2,3 These formulae were obtained on the assumption that
the radiations were due to single-particle transitions. Unfortunately
the formulae are of little value in determining multipolarities. A

particular transition may be highly hindered if there is little overlap

between the wave functions of the nuclear states involved. 4 On the



other hand, certain transition probabilities are greatly enhanced by a
"cooperative' phenomenon of many nucleons. 4-6 It is still convenient
to compare experimental half lives with the values calculated from the
Weisskopf formulae. 2-4

Internal conversion coefficients depend on the energy and g
multipolarity of the radiation, and the particular atomic orbitals and
wave functions of the electrons involved, but not on the wave functions
of the nuclear levels. 2 Therefore, relative and absolute internal
conversion coefficients can be used to determine multipole orders of
radiation,

Consider a nuclear level and let

T = mean life of the level,
level
T, = partial mean life of the gamma radiations
from the level,
Te_ = partial mean life of the conversion electrons
from the level,
Nr = relative number of gamma rays emitted,
Nea = relative number of total conversion electrons
emitted,
a = total conversion coefficient.
1 1 1
Then = = =,I., +T=’ . (2)
level r ‘e -
N. T, )
By definitiona =5y~ | .
r e”
N -
1 _1 e -1 :
Ther.;efore T =7 1+ 5 ) = T (1+a) (2)
level r T r
From this result we see that the transition probability of the .

level is enhanced by a factor of (1 + a) because of the internal con-
version process. This formula also relates the experimentally v
determined half life with the partial half life of the gamma radiation.
Nuciea_r isomeric states play a significant role in the under-
standing of the details of nuclear structure. From the multipole
character and the transition probabilities of gamma radiations, many

checks on the validity of existing nuclear models can be rnade.,'4“6



The metastable state must be reached as a product of a radio-
active disintegration. As an illustratien, let us censider alpha decay
to an excited state. The alpha particles, and gamma rays frem the
excited state, will net be emitted simultane@usiy{, but there will be a
time interval between the alpha~particle and the gamma ar_ay emission.
Experimentally, the problem is to measure this time interval. In
this study the method of delayed coincidences was employed for this
purpose.

Only metastable states with half lives in the millimicrosecond
region were sought. This immediately restricts us to transitiens with
multipolarities E1, Ml, EZ2, or M2. Any higher~order multipole
transition would have a half life so much lenger that it would net be
in the millimicrosecond region unless the energy of the transition were

very large. 2,3 ‘

" There are other ways of deducing 'transition prebabilities of
gamfna transitiens besides direct lifetime measurement {;couiombi;
excitation, 6,7 competition of gamma radiation with other processeé '
like alpha emission, 8’et_cc ). The cdnil@rnbic excitation process has
proved useful fer measuring el,ectric quadrupole transitien .prgbabi_lities
which directly populate the ground state. 5*7'_ T.h‘e metheds of delayed
coincidences and coulombic excitation compliment éach other in that
the latter method is easier to apply when the transition prebability

is large, while the former is more useful for transitiens with small

transition probabilities.

B . Experimental Techniques

1, Ra_diatién Detectors

.Scﬂintillatio-rx detectors were .usle_d to detect all types of radiation
emitted from nuclei. Tb;e‘y’offer the advantages of shert resolving.
times while there is still a reaso‘n»able measure of the energy of the
detected radiation, 9 The type of phosphor used in the sci-ntillatian
detector varied with the nature of the radiatien and the s_pécific experis

ment being carried out,
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To detect alpha particles both potassium iodide9 (thallium
iodide activated) and stilbene9 scintillation crystals were used.
Potassium iodide crystals were used only‘ when it was desired to
resolve alpha radiation from a high beta or gamma background. These
crystals were about 1 cm square and about 2 mm thick. For our
purposes the crystals were usually cleaved on five sides. The crystals
were then fastened directly to the window of an RCA-5819 photomulti-
plier tube with a vaseline seal. The resolution obtained with
potassium iodide crystals prepared in this manner was more than
sufficient to resolve alpha particles from other high-energy radiation
present.

When it was not necessary to resolve alpha radiation from
other radiation, a stilbene crystal was used, which was prepared in
the following manner, A lucite disc approximately 5 cm in diameter
and 2 cm thick was shaped on one end to fit the window of an RCA
5819 photomultiplier tube. A well was drilled on the 6t her face of the
disc about 1 cm in depth and 3 cm in diameter. Enough trans-stilbene
was sublimed to form a thin layer of the material on the inside of the
well. The disc was then fastened with a vaseline seal to an RCA 5819
photomultiplier tube.

Sodium iodide (thallium iodide activated) crysttals9 were used
for the detection and analysis of electromagnetic radiation. By nature
sodium iodide is hygroscopic; therefore, it is necessary to protect the
crystal from the atmosphere. This was done by placing the crystal
in an aluminum can with a thin beryllium window on one face and a
thin quartz window on the other. The quartz was preshaped to fit an
RCA 5819 photomultiplier tube. Magnesium oxide was placed between
the metal shield and the sodium iodide crystal to act as a light reflector.
The optical contact was made with Dow Corning 200 Fluid. The sodium
iodide crystals used were 1.5 in. in diameter by 1l in. in thickness.
Kalkstein and Hollander10 have thoroughly reviewed the literature on
the subject of the counting efficiency of a sodium iodide crystal with
the above dimensions. The curves given in that reference were used

to correct for the photopeak counting efficiency.
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2. The Fast-Slow Coincidence Circuit

A block diagram of the coincidence circuit is shown in Fig. 1.
In order to get the shortest possible rige time for the electronic pdlses,
it is desirable to maintain a very high voltage on the RCA 5819
photomultiplier tubes. Thus 1100 volts were usually applied to the 5819
photomultiplier tubes.

The pulses, at this point negative, are sent from the photof
multiplier tubes through a preamplifier and cathode follower. Here
the pulses are branched. For the fast-coinciderice part they are |
passed through two or three Hewlett-Packard 460A Wide Band
Amplifiers (modified). To ensure maximum gain in these amplifiers
only 5654 tubes with a transconductahce greater than four thousand
micromhos were used. To prevén’c pésitiVe pulses from entering the
fast-coincidence circuit Geneéral Electric G7A diodes were placed on
the outputs of the wide-band amplifiers. From the wide =-ba.r‘ld
amplifiers the pulses are led into a delay box. This delay box consists
of measured lengths of RG-63/U or Amphenol 21 342 cable. Bdth of
these cables have a rominal propagation fdctor of about 0.84. That is,
one foot of this cable will delay a pulse 1. 21 millimicroseconds. This
value was checked experimentally by searching for resonant frequencies
in open and shorted cables of the delay box. The results obtained were
in reasonable agreerment with the above value., From the delay box the
pulses are fed into the 'fast' coincidencé circuit. |

A schematic diagram of the "fast' coincidence circuit is .shOWn .
in Fig. 2. The pulses are flattened and converted i'ntovpositive pulses
by balanced 404A pentodes. Next the pulses are shaped to 0.0l to 0. 04
microsecond by a shorted 200-;ohm cable. Thus the resolving time of
the fast-coincidence circuit is 0. 02 to 0';;-:08 psec (the suim of the
widths of the shaped pulses in each channel). A bias is placed on the
first G7A diode sufficient that if a pulse comes from only one of the
channels it will not overcornie the'b‘ias_, but if two pulsges are in co-
incidence the composite pulse is larger than the bias on the ‘Idi'ddéi 'I"he‘
rest of this circuit is designed to generate a uniform pulse whenever

there is a fast coincidence at the G7A diode. This output pulse is fed
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intc the '"coinc in" part of the triple-coincidence circuit of the 'pulse
shaper and timing-pulse generator. '

The other branch of the pulse from the cathode follower on the
gate side goes through a shaper where it is shaped to about 2 psec. .
It is amplified and converted into a positive pulse in a linear amplifier
and then analyzed by a Los Alamos-type sing1é=channe1 pulse-height 2
analyzer. 11 The selected pulses from this analyzer are fed into the
"gate in'' part of the slow triple-coincidence circuit of the pulse shaper
and timing=-pulse generator. | _

The other part of the pulse from the cathode follower on the
‘signal side is shaped to about 2 psec, amplified, and converted into a
positive pulse in a linear amplifier and then fed into the pulse shaper
and timing-pulse generator, Here part of the signal pulse is used to
trigger a multivibrator which sends its pulse to the triple-coincidence
circuit. The rest of the signal pulse is shaped to about 10 psec and fed
into the signal input of the 50-channel pulse-height analyzer. 12 I the
pulses from the single-channel pulse-height analyzer, fasfecoincidence
circuit, and the multivibrator in the pulse shaper arrive at the tripje-
coincidence circuit within its resolving time (about 2 psec), a timing
pulse is generated which is used to gate the 50~channel pulse-height

analyzer.

3. The Method of Delayed Ccincidences

The method of delayed coincidences as it applies to measure-

ment of the lifetime of a particular nuclear state is performed as

follows. The proper scintillation detector is chosen for the initial

radiation (which may bé alpha particles, beta particles, K x-rays

following electron capture, or a gamma transition which precedes the
transition of interest). The electronic pulses resulting from this

initial radiation are selected by the single-channel pulse-height :
analyzer. The succeeding radiation is detected on the signal counter

and the gains of the various amplifiers adjusted so that its energy

-

spectrum appears on the 50-channel pulse-height analyzer. The rest
of the experiment consists of determining the coincidence-counting

rate as a function of electronic delay.
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- A plot of the coincidence-counting rate as a function of delay
is conveniently made ‘on semilogarithmic graph paper. We shall hence-
forth call such a grapha delay .curve. To determine the lower limit
of half-life detection it is necessary to run a "‘prompt’ delay curve.
That is, a delay curve must be run where it is known that the -
succeeding radiation is prompt (tl/2 < loﬁusec) with regdrd to the
initial radiation. The two 510<kev annihilation radiations accompany-
ing the positron decay of Na'22 were used to show that the optimum
lower limit of half-life measurement with this equipment is about 0.8
musec. This latter figure is,the‘ actual finite slope shown by prompt
delay curves, Unfortunately the finite slope seems to be energy-
dependent, and the optimum lower limit for low-energy radiations is
somewhat more than 0. 8 musec. The upper limit of half-life detection
is determined by the resolving time of the fast-coincidence circuit.
Thus, with our resolving time of 0.02 to 0. 08 psec, the upper limit is
about 1 usec.

Random coincidence rates were usually obtained by inserting a
long delay (about 160 mpsec) between the Hewlett-Packard amplifiers
and the fast-coincidence circuit on the signal channel. The chance
counting rate thus obtained was usually negligible compared to the

prompt true coincidence counting rate:

4. General Considerations of Delay Curves
The nature of the delay curve obtained in a particular experie-

ment is a function of seyeral var>iab1es The one over which we have
the least control is the energy of the radlatlons in c01nc1dence with the
gat1ng event, ' ’

" From the description of the electronics equipment we see that
the final pulses used for the fast-coincidence circuit are shaped by a
process of reflection. Thus the time displacement of these pulses
relative to the gatlng event will be a function of the rise times of the
initial pulses, which are functmns of the energy of the radiations.
- Low- -energy radiations have longer rise times; therefore, the entire
delay curves of these lower energy radiations W111 be dlsplaced from

the delay curves of h1gher-=energy rad1at10ns
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As a consequence of the above it is essential to have each
counter count radiation of only a single energy at any one time. It is
also important when comparing an experimental delay curve with a
""prompt' delay curve to have the energies of the two gating radiations
and the two coincident radiations as close as possible for the purposes
of this comparison. ‘ )

For half lives that are long compared to the finite slope of a
prompt delay curve,the.trailing edge of the delay curve become s an
exponential whose slope is determined by the half life or half lives
of the coincident radiation. 13-16 If the half life of the radioactive
transition is about the same as the finite slope of a prompt delay
curve, then a more detailed analysis of the delay curve is hecessary.
Much work has been done on the statistical theory of delayed-
coincidence 'experinaents. 14-16 This work has deduced theoretical
equations which correlate "prompt" coincidence curves with''delayed""
coincidence curves when the coincident radiation has a measurable
half life. 14,15

If the half life of a coincident radiation is too short to be
measured by the exponeéntial sl'ope of the delay curve, but is long
enough to cause a displacement of the delay curve,. the half life may
be calculated by methods suggested by Newton15 and Bay. 14 A method

similar to Newton's15 was used to evaluate the half life of the 1.1

musec metastable state following Crn243 alpha decay, and Bay's . ..l
-rnethod14 was used to calculate the half life of the 1l1. 2-kev level fol-
lowing the electron-capture decay of R6184.

Other interesting properties of delay curves are enumerated

and discussed in more detail by Newton, 15 and also by Bell et al. 13

C. Experimental Re svults

1. Electric Dipole Transitions

The lifetime measurements of El transitions in the heavy
region has been of considerable interest ever s1nce Beling, Newton,
and Rose d1scovered the me asurable half life of the 59, 7=kev E1l

transition following the alpha decay of Am241 to Np237. VS,tephensls
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has tabulated many of the El transitions known in the odd-mass nuclei
in the translead region and the measurement of the lifetimes of most
of these transitions has now been completed either in this study or by
the work of others. 18-21

S'cephens18 has also feported the existence of several low-
lying odd-parity states in even-even nuclei which decay by El
_ transitions. Several of these particular transitions were also studied,
The results of the measurements on odd-mass nuclides in the deformed
region are discussed in the section dealing with Nilsson's wave func--
tions. The rest of the data are covered in the section on discussion of
results for Part 1. |

. a, Arn'243 decay. The isotope Am243 is prepared by the intense

22,23 The

samples used for the following study had one hundred times as much
2453 241
Am as Am

aluminum plates.

neutron irradiation of lower elements, ultimately uranium.
by activity. This activity was placed on thin

Of interest here is a 75-kev transition following the alpha decay
of Am243 assigned as El on the basis of conversion coefficients. >
Since the analogous 59.7-kev El transition following the aléha decay of
Arn241 has a half life of 63 mpusec, 17 we would expect the El transition
in N[:a'239 to have some similar half life,

Figure 3 shows a delay curve of the 75-kev radiation coincident
with alpha particles. A potassium iodide crystal was used for the
detection of alpha particles and a sodium iodide crystal was used for
gammé.sray detection and anaiy.sis; As a result of this run we may set
an upper limit of 1. 6 mpusec for the half life of the 75-kev transition.
This result is in agreement with the results of Kalkstein and
Rasmussen25 and alsé those of Engelkemeir, 26 who were able to set
an upper limit of 2 musec for the half life. They studied this El tran-
sition following the beta decay of U239 \ p239,

to N
b. Ra’2® decay. Ra??® is a beta emitter with a 14, 8~day

half life, 22 It may be prepared from the natural radioactive product
229
Th .

of an extraction of aqueous Th

Chemical purification of this isotope is simple. It consists

229 solution with 0, 4 1!; TTA

(thenoyltrifluoroacetone) solution in benzene. The acidity of the

2
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aqueous phase is adjusted to a pH of about 5. Under these conditions
the Ra225 activity remains'ih the aqueocus phase while all the other
activities present in the Th 29 decay chain extract into the benzene
phase. Ra 225 activity prepared in the above manner was mountlzed on
a thin aluminum disc. e ,

' The main point of intérest here was to study the lifetime of
the 40-kev transition follc)wing,th'e beta decdy of Ra225'° St’e[.ihens18
has assigned this transition as El on the basis of total and L-subshell
conversion coefficients, The level giving risé to the 27-kev El tran-
sition following alpha decay of Paz31 , 22?7 has been found to be
metastable, with a half life of about 40 musec. 20 Since .Raz 5 beta-
decays to the analogous daughter, ACZZS, it is reasonable to expect
the 40-kev El transition to bé delayed in a manner similar to the
delay shown by the El transition of Ac227

An anthracene crysta‘l was used for the detection of beta
particies and a sodiunt iodide crystal was uséd for the detection and
analysis of the coi incident 40 kev photons. An analysis of the delay
curve showed that an,uppe‘r 11rn1t_of 4 mpusec could be set f‘ox'-. the
half life of the lével from which this transition occurs. Thus this
confirms the work of Rasmussen and Stephens, 21 who reported the
"prompt” nature of this El transition, ‘ -

1 C
Np237 decay. Engelkemelr and Magnus son” 19 reported the

existence of a 37-mpsec metastable state fOIIOW1ng the alpha decay of
NpZJ7° S’cephens18 has shown the existence of El trdnsitions of
energies 30 and 87 kev. The study feporfed hetein was undertaken
to see if either or both of thesé El transitiorns were delayed |
Quantities. of Np© 37of hlgh isotépic pul.rlty were available
"from an (h, 2n) reaction on U 38. \ To rémove the prolific radiations
associated with the dadghter,PaZ?’?’, a chemical separation was
devised, The NpZ?"7 activity was put in solutlon and hydrogen :
chloride gas was passed through the solutlon unt11 it was saturdted
with hydrogen chloride. This 5q1ut10n was’ .placed 6n a colum.n
consisting of Dowex A<l anion re$in, (Under these conditions both

neptunium and protactinium dre adsorbed onto the resin.) Elution
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was then effected with dilute hydrogen chloride (1 M) which was found
to remove the neptunium quickly while leaving mogof the protactinium
on the column. The hydrogen chloride concentration of the solution was
then adjusted to 1.5 M, from which the neptunium was extracted into -

a .0.4 M solution of TTA in benzene. The neptunium activity was then
back-extracted into an aqueous 8 M HNO3 solution. The activity could
then be mounted directly onto thin aluminum plates.

A stilbene crystal was used for the detection of alpha particles
and a sodium iodide crystal was employed for the detection and analysis
of electromagnetic radiations. Figures 4 and 5 ére delay curves of the
two photons. These two figures also show the gross coincident electro-
magnetic spectrum as a function of delay. These graphs cléarly
indicate that both the 30- and the 87-kev transitions are delayed with a
half-life equal to 36 + 4 mpsec. Careful analysis of the 87=kev photon
delay curve indicates the presence of a ""prompt'" component with an
intensity of about 25 percent of the total 87-kev photopeak. This
could be attributed to K x=rays arising from the K conver.sioﬁ of

237., Engelkemeir2

higher-energy transitions in the decay of Np
has confirmed that both of the El transitions are delayed. _

. Two higher-energy photons of-energies 143 and 198 kev have
also been observed in the gamma spectrum of Np237° A délay curve
was run on these two particular gamma transitions and they appeared
to be prompt. An upper limit of 2 musec was set for the half-lives
of both transitions. _

231 1. 22 . .
d. Th decay. Th beta-decays” with a 25, 6-hr half-

231 231

life to Pa”~", Beta emitter Th has been studied extensively by

23

Freedman et al. 28 and by Stephens. 18 The decay is quite complex,
and no wholly satisfactory decay scherne has yet been established.
Stephens18 has observed 26- and 85-kev transitions in this decay and
has assigned them as EIl on the baéis of total conversion coefficients.

pa233 (the daughter nucleus of Np237

) has El transitions of just about
the same energies, which arise from a state with a measurable
lifetime, Thus this study was undertaken tol seeiif the analogous El

transitions of Pa.231 were also delayed.
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A sample of U235 was obtained which had been isotopically
enriched to a purity of more than 99 percent. This uranium activity
was placed on a Dowex A-1 anion resin column. Th231 activity was
stripped off the column by concentrated hydrogen chloride, which
left the uraﬁiurh on the column. The pH of the eluant: was adjusted to
about 4.0 and the thorium activity extracted into a 0. 4 TTA
solution in benzene. The activity was back-extracted into 8 M
HNO3

of samples prepared in this manner the decay of Thz

and transferred to a thin aluminum plate. . To check the purity
31 was usually
followed for several half-lives, during which time no deviations from
a simple exponential decay were ever obser{red.

An anthracene crystal was used to detect the beta particles
and a sodium iodide crystal was employed to detect and analyze the
coincident electromagnetic radiation. Figure 6 shows the delay
curve of the 26 -kev photon. A similar delay curve was obtained for '
the 85-kev photon. Thus both El transitions were delayed with
respect to the beta particles. - To verify that this delay was not being
introduced by somé fé.ulty electronic equipment, a delay curve of the

'prompt™ El transition of Ra225

was also run. This delay curve is
also shown in Fig. 6. Figure' 7 indicates the results of another run.
This time the statistics were much better and only that part of the
delay curve that determines the half-life is shown. The average of
several of these delay curve”sA gives a value of 41 £ 4 musec far the
half-life of the level in Pa231 giving ris e to these El transitions,
From these delay curves it appears that alrmost all of the
radiation is delayed. However, Freedman et al, 28‘have reported an
intense sbft beta group with an end point at 94 kev, and it is possible
that the pulses from the soft betas were nbt‘ of sufficient‘energ'y to
trigger the coincidence circuits. In addition to these intense El
photons there are some higher-energy gamma transitions in very low
abundance. The abundance is so low that no energy determination
was attempted, However, it was possiblé to show that most of this
radiation was'prompt)’ with the upper limit fof the half-life of the levels

from which they emanate abowt 3imjisec. . .50 .
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In addition to beta-gamma some gamma-gamma c@incidences
were also undertaken, using two sodium iodide crystals. The single-
channel pulse-height analyzer was set to accept only electromagnetic
radiation of energy about 85 kev, The 26- and 85-kev photons, along
with some low-intensity higher-energy radiation, appeared in
coincidence on the 50-channel pulsesheight analyzer. The coincident
85-kev photopeak appeared too broad to be due to a single gamma ray.

- A long delay (about 80 musec) was put on the gate pulses leading into
the fast-coincidence circuit. (Under these conditions the coincidence
spectrum shows the gamma rays delayed with respect to K x-rays.)

- The coincidence spectrum showed the 26- and 85-kev photons, but the
higher-energy radiation was no longer present, The 85-kev photo-
peak in this spectrum no AIQnger appeared complex. It also appeared

to be a little lower in energy than the prompt-coincidence peak,

A long delay (about 80 musec) was placed on the signal pulses
leading into the fast-coincidence circuit . Under these conditions
the coincidence spectra show those gamma rays which populate the
metastable state., The peak at 26 kev disappeared but the photopeak
at about 85 kev remained in the spectrum. The peak appeared complex
and displaced towards a little higher energy than the prompt-
coincidence peak. In addition this spectrum showed some higher-
energy radiation in low abundance.

Thus, we conclude that all gamma transitions of energy
greater than 85 kev emanate from states above the metastable level
and that at least one of thése higher-energy transitions populates the
metastable level, '

Stephens18 has already reported one discrepancy in the decay
scheme proposed by Freedman et al. 28 The above data are contrary
to anocther phase of that propose‘d decay scheme., According to that
decay scheme about 50 percent of the 26-kev photons should be prompt,
since Freedman et al, 28 have pdstulated a relative hard beta
group populating a 26-kev level directly. The delay curves of
the beta«26-kev photon coincidences do not show any prompt

component (at least 90 percent of the 26-kev photons are delayed),
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This discrepancy cannot be explained by the soft beta .group, since the
beta group populating the 26-kev level would be relatively hard in
Freedman's decay scheme. )

Recently, Hoff and Mann29 have studied the alpha decay of
Np235, which decays to the same daughter nucleus, Pa231. Their
work has confirmed the existence of a metastable state with a half

life of about 40 mpusec.
cg249

» decay. Cf249 is an alpha emitter with a half life of
400 to 500 yr. 30iIt may be prepared by intensive neutron irradiation

of lower elements. 30 ‘The samples used in this study were milked

from a separated berkelium fraction, to reduce the amounts of szso—
252

Cf

Stephens18 has studied this isotope and has proposed a tentative decay

present, and then mounted cn a 0, 00025=in. platinum plate, '
scheme, The main gamma transition has an energy of 394 kev, with
weaker transitions at 341 and 270 kev. The 34l- and 394-kev tran-
sitions have been assigned as probably El on the basis of K-conversion
coefficients. 31 The photon of energy about 270 kev has not been
assigned a multipoclarity,

Figure 8 shows the delay curves of the two high~energy gamma
rays. A stilbene crystal was used to detect alpha particles, and a
sodium iodide crystal was used to detect and analyze électromagnetic
radiations, From the delay curves we may set an upper limit of 0.8
mpsec for the half life of the levels from which these transitions occur.

f. Th®%7 decay. Th®?7 alpha-decays®? with a 19-hr half life

22
to Ra 3. Hyde3r2 has reported the existence of a 50<kev transition

whose total conversion is so low that the transition, can only be El.
There is another intense transition, of energy 236.1 kev, which has
been ‘as.signed as El by Pilger33 on the basis of K and L conversion
coefficients,

A sample of this activity was made available and a delayed~
coincidence experiment was carried out to see if either or both of
these transitions have measurable lifetimes. A potassium iodide
crystal was used to detect and analyze alpha particles, and a sodium
iodide crystal was employed to analyze the coincident electromagnetic

spectrum. Electromagnetic radiation peaks were seen at 50, 80, and
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235 kev. The latter peak was much too broad to be due to a single
gamma-ray. | ‘ . '

. The delay curves were analyzed and all photons appeared to be
. "prompt.* An upper limit of 2 musec could be set for the half life of
the 50-~kev El transition and an upper limit of 1 musec could be set for
the half life of the 236-kev transition. The K x-rays also appeared to
be pro'mpt‘ with respect to the initial alpha particles. This, in part,
confirms the work of Rasmussen and Hyde34 who previously. observed
the pfompt nature of the 50-kev El transition. '

' 8o UZ?"S;decaX. Stephens18 has studied the alpha decay of A‘U235
in considerable detail and has proposéd a decay scheme, The main
gamma trgnsitions éccompanying the decay have energies of 184, 143,
and 109 kev, All three of these transitions have been aésigned as El
on the basis of K<onversion coefficiients.18

The U235 sample described in the section on ThZ?’1 decay was
available for this study. No attempt w_és made to chemically remove
the Thz31 daughter, gglit grows into the U235

be practical, As Th is a beta emitter it in no way interfered with

i sample too rapidly to
the 'alph-é-sgamma coincidence experiments. A stilbene crystal was
u;sed to detect' alpha particles, and a sodium iodide crystal was used
for the detection and analysis of gamma radiation.

The specific activity of Uz_gs.is.too low to permit good statistics
to be obtainéd‘ on delay curves. However, one delay curve was run
~ between alpha particles and the most intense gamma ray, the 184-kev
photon. This run permits us to set an upper limit of 1. 5 mpusec for
the half life of the state from which this transition emanates. In the
decay scheme proposed by .Stephens18 all three El transitions depopu~
late the same level. Theréfore this halfdife li.m.it will be true for all
three El transitions in the U23$\ decay. ‘ L

h. T1209 decay. T1209 18, 22, 35,36
which r"naylbe prepared from the natural radioactive product 'I‘_hzzg.‘
Due to the short half life of ‘I_‘l209
activity. Instead, a sample of ACZZS was chemically separated from

its Th229 209

equilibrium with thevAczzsvparen_t, Thus this sample contained all

is a 2.2-min beta emitter,

it is not practical to isolate this

parent and the T1 activity studied was in transient
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the other activities that are in the Ac225 decay chain. However,

209, .has a

there are only three beta emitters in this chain. One, Pb
0.64-Mev beta group with no gamma transitions following the beta
decay,‘ Bi 3 has two beta groups, one with an end point at 1, 39 Mev
and the other at 0,959 Mev., There is also a 434-kev gamma ray
present in the B1213 decay scheme. Thus, only this 434-kev photon
can interfere with the beta-gamma coincidence measurements made
on T1209'
T1

scheme has been studied (see Fig‘,‘))gl8 In this disintegration scheme

209 has a beta end-point energy of 1. 99 Mev, and its decay

there are three transitions, of energies 120, 450, and 1560 kev, in
cascade, The 120-kev transition has been assigned as El on the basis
of K- and L-conversion coefficients, 0 52

A lucite disc impregnated with terphenyl was used for the
detection and analysis of beta particles. Scotch tape was placed over
the side of the disc facing the Ac:225 sample so that alpha particles
would not trigger the ''gate. ', A sodium iodide crystal was used for
the detection and analysis of the coincident radiation. The single-
channel pulse-height analyzer was set to count all beta particles
above fhe photomultiplier noise level.

Beta-gamma coincidences showed coincident gamma radia=-
tion at 120, 450, and 1560 kev, and in addition a peak at 80 kev due to
K x-rays. The peak at 450 kev is actually a composite of the 434-
kev gamma ray from B1213 beta decay and the 450-kev gamma ray

209 18, 35 213

from Tl beta decay. The Bi“ ~ 434-kev gamma ray is

approximately 20 times as intense as the 450-kev gamma ray of

20
- T1 ? in this sample; This results from the fact that Bi213 decays

209

primarily by beta emission and the level of the Tl activity is

determined by the alpha branching.ratio of Bi213, which is of the
order of 2 percent.

Figure 10 shows the delay curves of the K x-rays and 120-kev ,
gamma transitions. Careful analysis of the K x~-ray delay curve
~shows a prémpt component and then a dela}}ed component, The 120-
kev delay curve shows only one delayed component, Figure 11

shows the low=energy coincident electromagnetic radiation in both
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profnpt and delayed ccincidence. In prompt coincidence the K x=-ray
peak is more intense than the 120-kev photopeak, but in delayed
coincidence the 120-kev photopeak is more intense than the K x-ray
peak.

Let us consider two electromagnetic radiations gated by the
same initial event with the half-ives of both transitions shdrt cormpared
to the finite slope of the delay curve. Let us now consider the delay
curves of the two radiations. As more and more delay is introduced on
the. gate pulses, the counting rates of the two photons decrease.
However, the counting rate of the higher-energy radiation decreases
with a smaller delay on the gate pulses than is necessary to decrease
the counting rate of the lower -energy radiation by the same factor. The

209

delay curves for Tl in Fig. 10 exhibit the opposite behavior and are
evidence for a delayed transition.

Other experiments were made to further verify the existence
of a metastable state. As the 450- and 1560-kev transitions are in
cascade and succeed the 120-kev trans'ition, 18 both these transitions
must also be delayed with respect to the initial beta. particles. The
beta—450-kev gamma delay curve showed a prompt component (tl/Z
< 2 musec) and then a delayed component. The prompt component
was thought to be the 434-kev gamma transition of Bi213, To prove
this the single-channel discriminator was set above the 0.96-Mev end
point of the beta group populating the 434-kev level in VPOZB'but below
the 1. 99-Mev end point of the leo9 beta spectrum. Under these con-
ditions the beta--450-kev delay curve showed no prompt component but
only a single delayed 450-kev gamma transition. Figure 12 shows the
two different delay curves normalized at their peak coincidence-
counting rates,

The counting efficiency of the 1560-kev photon is tco low1
to permit a direct beta--1560-kev delay curve to be run, but a delay
curve integrating all gamma rays above 500 kev showed that esgentially
~ everything higher than 500 kev was delayed. B
The half-life of this metastable state as determined from the

average of several delay curves is 3.1 % 1,0 mpusec.
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One gamma -gamma coincidence experiment was also per-
formed. The single=channel analyzer was set on the 120-kev photon,
and delay curves were run for the coincident 450~ and 1560-kev gamma
rays. The results of this experiment enable us to set an upper limit
of 1.5 musec for the half-lives of both transitions,

U230 family decay. Ancother group of El transitions

studied were those emanating from the 1- states of even-even nuclei.
Low-lying 1- states have been well established in that part of the A
periodic table around 136 neutrons. The 1- states usually decay by El
transitions to the 0+ ground state and the 2+ first excited state. The
assignment of El multipolarity to these transitions has been made
chiefly on the basis of . alpha-gamma angular correlation experiments.
It is convenient to study these low-lying l- states in the U230 decay
chain. The activities of main interest are alpha emitter U230 itself
and 3l-min alpha emitter Th226, the immediate daughter of U230.

A sample of U230 was made by bombarding thorium metal
with hi gl -energy protons.  The target was allowed to stand about a
month to give the Pa230 formed time to decay into U230. At the end of
this period chemical separation of the uranium yielded essentially pure
20. 8-day U%309 into which its daughters soon grew. This sample was
transferred to a thin aluminum plate, '

A stilbene crystal was used for the detection of alpha parti-
cles and a sodium iodide crystal was employed for the detection and
analysis of the coincident electromagnetic spectrum. The coincidence
spectrum is complex, but previous wo rk18 had identified three El
transitions which could be seen in the spectrum. There was a peak at
about 240 kev which contained an El transition of energy 230 kev from
U230 decay and an El transition of energy 240 kev from Th226 decay.
These two gamma rays could not be resolved from each other but the
composite peak was somewhat wider than a photopeak due to a single
photon should be. On this justification it was assumed that both
transitions were present in the spectrum. The third EIl transition

26

observed was the 160-kev photon emanating from the 1- level of T_h2

following alpha decay of U230¢.
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Figure 13 shows the delay curves of both the 160=kev and the
combined 240 -kev gamma rays. .The results of these delay curves
enable us to set an upper limit of 1. 2 mpsec for the half life of the
two photons in the 240-kev peak, ALikewise an upper limit of 1.5 musec
may be set for the half life of the 160-kev transition. Thus we can set
an upper limit of 1. 2 musec for the half lives of the l-levels in both

’I‘h226 and Razzz,

2, Magnetic Dipole Transitions

The lifetimes of Ml transitions seem to vary erratically in
somewhat the same manner as El transition probabilities. = However,
in general, most Ml transitions proceed too rapidly to measure their
transition probabilities easily by the method of delayed coincidences.
Nevertheless, the st udies described here were undertaken to determine
if there were any delayed Ml transitions in the heavy region.

243 243 239 N
a. Cm decay. Cm decays to Pu by alpha emission

with a half life of about 35 years. 31 Np239

beta-decays to the same
daughter nucleus. Graham and Bell37 reported the existence of a 1.1-

239 following the beta decay of N9239. They observed that

mpusec in Pu
~the beta coincidence counting rates of the 210-, 227-, and 276-kev
transitions all followed the 1.l-musec half life. The multipolarity of
these transitions has been established as principally M138';6,n the basis
of relative K- and L-subshell and absolute K-conversion coefficients.
It was therefore decided to reinvestigate the delayed nature of these Ml
transitions.

"This study was carried out from the CmM‘3 alpha decay because
of the more convenieﬁt half life. A sample of Cm243 was chemically

239

separated from a quantity of Pu which had undergone extensive

neutron bombardment. By alpha activity this sample was approximately
90 percent Cm242, but this activity did not interfere with the measure-
ments. | _
A stilbene crystal was used for the detection of alpha particles

and a sodium iddide crystal was used for the detection and analysis of °
electromagnetic radiation. Figure 14 shows the delay curve of the 278-

kev photon. For comparison purposes we have dotted in a line



COUNTING RATE (COINC. PER MIN)

-37-

a0~

10—
o+ _
cm2*® DELAY CURVE
(ALPHA- 278 KEV COINC)|
Cf24® COMPARISON CURVE
{ALPHA - 270 KEV COINC.
W~ —
0d- +DELAY = DELAY ON ALPHA PULSES ~
Q
l | | | I | |
-20 -0 [ +10 +20 +30 +40
DELAY  (MILLIMICROSECONDS) ' Won 1625

Fig. I-14 Delay Curve of 278-kev Photon
Following Crn243 Decay



-38-

249

v obtained experimentally from a Cf delay curve described previously.
This graph clearly shows that the 278-kev transition is delayed with
respect to alpha-particle emission. '

- An analysis of this delay curve similar to the analysis suggested
by Newton'> yielded a value of about 1,2 musec for the half life of the

| level from which these Ml transitions emanate.

b. ‘Bi213 decay. It has already been noted under the decay of
11209 that a 434-kev transition following beta decay of B:'i213 was

- fprompt® (1:1/2 < 2 musec). Stephens18 has assigned this transition as

Ml.

C. Rels3 decay., Re183 decays by electron capture to W183.

Previous Wor’k39 has indicated that prolific radiations are associated
with this decay. The most intense radiations associated with the
decay are three transitions of energy about 16D kev--two of which are
assigned as Ml transitions--and two transitions of energy around 100
kev--one of which is assigned as an Ml transition. All of these multi-
polarity assignments were made on the basis of relative K-and L-
subshell conversion coefficients, 40

A sample of Re183 was chemically separated from a tantalum
target that had been bombarded with 40-Mev alpha particles. The
single -channel | analyzer was set on the K x-ray photopeak. Delay
curves were then run, and an upper limit of 4 mpsec could be set for
the half lives of all the above transitions.

d. Pa231 decay, Following the alpha decay of Pa231 there is a

300-kev transition assigned as MIl. 41 An upper limit of 1.5 mpsec was

set for the half life of this transition.

3. Electric Quadrupole Transitions

The study of E2 transition probabilities is of much interest, as
the Bohr-Mottelson ‘cheor"y6 predicts that certain E2 transitions will
proceed at a more rapid rate than would be expected for a single-
particle transition. Accordingly several studies of EZ transition life-
times were undertaken., Some work on the disintegration scheme:of

Re184 is also discussed in this section.
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23 230

a. U 0 family decay. Some aspects of the U family

decay have already been discussed in the section on El transitions.

The experimental conditions described in that section are identical to
those used for these studies, In the U230 family the following E2 tran-
sitions are present:18 a 70-kev transition following the alpha decay of

U230, 110- ahd 190-kev transitions following the alpha decay of 'I?hzzf)

and a 330-kev transition following the alpha decay of RaZZZ; The multi-
polarity assignments were made on the basis of conversion coefficients
and alpha-gamma angula:-r correlation experiments.,

Figure 15 shows one of four delay curves obtained in this
study. All of the transitions appeared "prompt, ' with the following
upper limits set from the delay curves: 330<kev transition, tl/Z % 0.8
mpusec; 70- and 190-=kev transitions, tl/Z _“'< 1.5 mpusec; 110T=kev

transition, < 1.4 mpsec.

t
1/2 ‘
b. Rel\8£{1 decay. Re184 decays by electron capture to W184
with a SOTday half-life. 22,42 43, 44 has shown that the

fir st excited state has a spin of 2+ and that this state de-excites by an

Previous work

E2 transition of energy about 112 kev. Seveial cther transitions have
also been reported accompanying Re184 decay.,‘j:2 A sample of Re184
was’ chemically separated from a tantalum target that had been
bombarded with 40-Mev alpha particles. A permanent-magnet &lectron
Spectrograph45 was used to accurately determihe the energy of the
fir st excited state as 111. 2 kev. Not enough activity was made to see any
oherelectron lines that could be attributed to Re184 decay.

Gamma p‘hotopéaks at energies 780 and 890 kev were seen on
a sodium iodide scintillation counter., The relative intensities of these
two photons are as 67:100, The decay of these two transitions was
followed for three half-lives and showed no deviatioh from a simple
exponential decay. The photons decayed with a half-life equal to 52 &
10 days. Unfortunately the rheniurh sample prepared in the above
1‘839' Re_183

accompanied by prolific low-energy rad.liat_'tio‘n39 which completely

manner contained a large proportion of Re decay is

obscured the low-energy part of the Re184 gamma spectrum.
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Gamma-gamma coincidences were run on Re184 in an
attempt to clear up the decay scheme. K x-rays (~120 percent) and 110-
kev photons (~35 percent) were seen in coincidence with the 780-kev
photon. K x-rays (~100 percent), 110-kev photons (~3 percent), and
240-kev photons (~8 percent) were seen in coincidence with the 890-
kev photons. In addition, low-intensity coincidences were seen be-
tween 240-kev photons with both 540+ and 630-kev gamma rays. To
make sure that these two coincidences were not due to the higher-
energy photons scattering off one sodium iodide crystal into the o‘ther,_
the two scintillation counters were set up in such a manner that they
could not "'see' each other. This experiment gave positive results.
However, the poor cq'incidence geometry‘c'o-upled with the low intensity
of the two photons resulted in very poor statistics, and the existence
of the 540- and 630-kev gamma rays is somewhat doubtful. The
intensity of both the 540- and 630-kev ‘gam,ina rays is estimated to be
1 percent of the 890-kev photon intensity. _

In constructing a decay scheme:we first note that most of the;
890-kev photons are in coincidence with only K x-rays. Therefore it
seems reasonable that there is a level at 89.0, kev which depopulates at
least in part by an 890-kev transition to the ground state. It is known
that the first excited state has arn energy of 110 kev and that there are
abundant 780--110-kev coincidences. Thus the 780-kev transition must
also depopulate the 890-kev level.- In even-even nuclei with a large
prolate spheroidal deformation the Bohr<Mottelson theory predicts
the existence of a 44 level at an enezgy 3. 33 times the energy of the
2+ state. Therefore this theory predic‘ts.a level at about 365 kev.
-However, at mass number 184 nuclei aré not as deformed as they are
at lower mass numbers, 'where the Bohr-Mottelson unified model
holds more accurately. Therefore we would expect the 4+ level to be
- somewhat depressed in energy and it is reasonable to place the 240-
kev transition as a 4+'to 24 transition, The threé transitions seen in
coincidence with the 240-kev photon‘ may then be placed directly
populating the 4+ level. This proposed decay scheme for Re184 is
shown in Fig. 16, | |
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By gating on K x~rays we were able to set an upper limit for
the half-life of the 890-kev level at 1.1 musec. In another experiment
a delay curve was run between 780- and 110-kev photons. This delay
curve is compared with one taken of B1207 in Fig. 17. For the
purposes of this comparison the single-channel pulse-height analyzer
in the BiZO7 run was set to accept the same energy range as for the
Re184 run, and the same channels on the 50-channel pulse-height
analyzer were integrated in both cases. From this direct comparison
we can see that the 110-kev level is a metastable state. The centroid-
shift method suggested by Bay14 was used to obtain the half-life of the
110-kev level, Thus, the half-life was found to-be 9 * 3 x 103’10 sec,

It is interesting to compare the results of the electron-

184 to W184 with some data46 obtained from the beta

capture decay of Re
decay of Ta184 to the same nucleus. In the beta decay, photons were
reportec’i at energies of 110, 160, 210, 240, 300, 405, 780, 890, and
1180 kev with relative intensities 3; 1, 1, 6, 3.5, 10, 1.7, 9, and 5.
The increased intensity of the 890-kev photon relative to the 780-kev
gamma ray indicates that the 1240 -kev level is mor‘e heavily populated
in the beta decay. It is also interesting to note that when we correct
the 110- and 240-kev transitions for internal conversion we obtain a
rough intensity check of the various transitions. The total conversion
coefficient of the 240-kev transition is estimated at 0.25 from Rose's
tables, 47 while the total conversion coefficient of the 110-kev tran-
-sition is taken to be 2.0 from the above data on 780--110-kev
coincidences. Figure 16 shows the fough intensity check from Tals4
decay. _ » .
The 160-kev photon observed in Tal84 decay is probably not
real, but due to backscattered higher-energy gamma rays. However,

the other four photons are not seen in Re184 electron-capture decay

and Ta‘ls4 must populate some levels not populat'ed by Rels4 decay.

C. Fr221 decay. The 4.8-min alpha emitter Frz21 is
another activity present in the Ac225 decay chain prevjously discussed

209 décay., Accompanying the alpha decay there is

in the dection on T1
a 220-kev transition, which has been assigned as E2. 18 An upper

limit of 1 mpsec was set for the half-life of this transition.
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d. - Other results. Table I gives a list of nuclides that have been .

studied but were not discussed in the previous sections. In all of
these cases, no appreciable number of delayed coincidences were
observed above the expected random rate. Specific limits were set
only for those photons clearly in the gamma spectra. In all these
cases the existence of long-lived isomers (half life > 1 usec) is

possible. .



Table I

- Data for Various Transitions in Heavy Region

. Energy of '

4 Half -life
Parent Daughter " Gamma Multipolarity of Gamma
Nuclide Half-life Nuclide {(kev) of Gamma {(mpsec)
po200 9d p;206 1031 - El <2
806 T E2 < 2
511 Ml <2
522 M1 < 2
586 M1 < 2
po207 5.7 h Bi207 992 Ml + (E2) <4
742 Ml + (E2) <5
405 M1 + (E2) <5
po208:9 100y p;208: 9 900 M1 <1
2.9y ' 600 - o<1
290 - <1
a2l 7.5h  Pol} 680 - <1.5
Gal4? 9d o149 150 - <1.8
290 - <1.9
760 - < 1.8
Ac?25 10 d Fr2?l ‘100 - <3
pi205 15 d pp203 ~ 703 E2 <5
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D. Discussion of Results

1. Electric Dipole Transitions

The results of El transition lifetime measurements for odd-

mass nuclides in the region of spheroidal deformed nuclei are

discussed in Part IL ,H209 and U230 decay are discussed in this
section,
209 cs 4 .
a. Ti decay. The 120-kev El transition is 3,6 x 10~ times

slower than a simple single neutron (pl/ZE—l d3/2) transition should be

(cf. Eqns. VII-1 and VII-7 of Bohr and Mottelson ).

The delayed nature of this transition can be explained in terms-
of parentage overlapg48 We can make a plausible sef of spin assign-
ments as shown in Fig. 9 from consideration of the shell model, from
spins of neighboring nuclei, and from the observed gamma radiations
in the TI1" 209

from those of Harvey.

beta decay. The spins of Fig. 9 are slightly different

49 The level at 750 kev was seen by Harvey49

in the {d, p) reaction on Pb2089 but this level is not pobulated in the
beta decay of leog., Note that the 1/2 ievel can be formed only b‘y
breaking the closed shell of 126 neutrons., This particular level,
however, is more than 2 Mev above the ground state; therefore it
seems reasonable to make the assignment of principal neutron.
configuration as (gg/z) pl/Z plus 124 filled orbitals.

- The 3/2+ level has as its principal configuration (pl/z ({d3/2)
with a small admixture of ( gg/z) 3/2 The schematic represen-
tation of the nucleons involved in the El transition is given in Fig. 18.

It seems reasonable that the transition préceeds only by virtue
of the small admixture of the neutron configuration (gg/z) 3/2)
the final state. The large hindrance indicates a very small configura-
tion mixing. This type of reasoning is similar to that used by Sunyar
et al, Soﬁin explaining some features of the beta decay of Kr85 to Rb85
In.the language of fractional-parentage theory48 we may say that the
‘principal configurations of the 1/2- and the 3/2+ levels have no
comfnon parents, v ‘

Another interesting feature is the log ft value of 5.5 for the beta

209

decay of Tl , which we assume to have an s 2 proton hole in the

82-proton structure, like T1]203 leos, and TLZO7o With our spin
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and parity assignments this beta decay would be first forbidden
because of parity change (Fig. 9). - De:Shalit and Goldhaber, 51 and
also King and Peas‘lee,\52 have discussed several similar cases'in
this region.- The log ft value of 5.5 fits within King and Peasle'e's52
group of ""favéred' first forbidden beta transitions (Aj = AI = 0, not
0 - 0, with a parity change). With our proposed principal configura-
tions the beta transition involves transformation of a P1/2 neutron to
an s, /, proton, entirely analogous to the beta decay of T1207 and
ngo“, both "favored' first forbidden transitions with log ft values
of 5.2 and 5.5 respectively. 51, 52 '

'For the decay scheme and level assignments of Fig. 9 ordinary
beta selection rules would give an allowed transition (1/2+ = 3/2+) to
the 2.0l -Mev level. Experimentally we can say from comparison of
intensities of 450-kev and 120-kev gamma radiation that a direct beta
transition to the 3/2+ level must be less than 10 percent as intense as
the main beta group, hence its log ft > 6. 4. This slowness may be
'simply explained since the transition is £-forbidden (A4 = 2) and has
unfavorable parentage overlap. '

B. l-states. The low-lying l-:states found in even-even nuclei
of the radium-thorium region are of considerable interest in that

analogous levels do not seem to be found either above or below this

- region, :
‘The upper limit of 1. 2 musec was set for the half lives of these
levels in Ra222 and Th226. According to the Weisskopf formulaz’

the transition probability of El radiation varies as the third power of
the energy. After taking out this Weisskopf energy dependenc‘:‘e we
find that these transitions could be as hindered as the 59. 7-kev El
transition following Am241 alpha decay., 17 However, they are not
hindered to any greater extent. _

The existence of these 1= levels has not been adequately explain-

ed theoretically.

2. Magnetic Dipole Transitions

The only magnetic 'dipole transitions found to be deiéyed were

[
those following the alpha decay of Cm‘243. Hollander et al.f38 have
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worked out the level scheme shown in Fig. 19, with the metastable
state the 285, 6-kev level. . The Ml transitions emanating from this
level seem to be aBout 104 times slower than the lifetimes _predicted
by the Weisskopf formula, 23 ,
| The ordinary selection rules (AI = 0, 1; no pafity change)
for Ml transitions are not violated. Therefore, we turnv to the uqified
model6 of the nucleus for.an explanatidn of this delay. This model
describes the features of rotational states in strongly defor‘rhed nuclei
‘and also implies definite rules governing the relative reduced
transition probabilities (essentially transition probabilities with the
energy dependence removed) of gamma trénsitions Within,a rotational
band, or those from a given nuclear state, to the various members of
a rotational band. These rules _aré éresented by Alaga, Aider, Bohr,
and Mottelson. 53 In addition to the usual total angular mome ntum (I)
~and parity (w) quantum numbers, each state is characterized by the |
projection value of I on the axis of nuclear symmetry. This hew
quantum number is called K and is equal to or lesé than I since it is a
projection. The extent to which K is a ""good" quantum number will
depend, jh each instance, upon the:degre.e of validity bf the approxima-
tions made in the theoretical deviation--for example, the assumption
that the rotational motion can be treated independently of the intrinsic .
motion. These approximations are expected to be most nearly valid
in this region of large nuclear deformation. A new selection rﬁle
relsults for gamma radiation, namely L z AK.
The intensity rules as given by Alaga et al. >3 for the res=w: '
duced transition probability '({deI‘ioted by B) ratios for the emission of
a given multipole ravdiation from state i to different members, f and f°',

of a rotational band are

ff

. 2
BLL = 1) | <GLE{K-K;) | LLEK>" (3) *
BLL = 1) <LLR(K-K) [ LLI K>

where <-IiLKi(Kf=Ki) | IiLIfK%> is the vector addition coefficient (or
Clebsch-Gordan coefficient; the notation used here is the same as that
used by Condon and Shdrtley54) for the addition of the angular momenta

Ii and L to form the resultant If., The K selection rule noted above is

*There are exceptions to this formula but for all cases we shall con-

sider this equation is applicable.
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a direct consequence of Eq. (3), as these Clebsch-Gordan coefficients
vanish when AK>L. These coefficients have been tabulated by Simon. 55

The 285. 6-kev level has a K quantum number of 5/2, while the
ground-state rotational band has K = 1/2. Therefore, the Ml transitions
from this 285, 6-kev level to the ground-state rotational band involve a
AK of 2; thus they violate the K selection rule (L = AK). If this K
selection rule were completely rigorous only E2 radiation would be
observed. But as Alaga et al. 53 point out, small deviations from the
rotational wave functions may serve to relax the K selection rule, which
then acts to retard rather than completely eliminate the forbidden
multipole radiation.

Hollander et al, 38 have observed that the experimental relative
reduced transition probabilities agree with those calculated from the
above formula, provided one uses a K, of 3/2. This indicates that the
285. 6-kev level has a component with K = 3/2, and that the Ml
transitions proceed only through the K impurity in the initial state.

From the upper limit of E2 mixing set by Hollander et al. 38
in these M1l transitions and the hé.lf life of‘the 285, 6-kev level, it can
be shown that the E2 gamma transitions from this level are slower by

¢

at least a factor of two than what the Weisskopf formulaz predicts.

3. Electric Quadrupole Transitions

The study of E2 transition probabilities in the region of the
strongly deformed nuclei is of much interest, as the Bohr-Mottelson
t:heory6 predicts that these transitions will be greatly enhanced. Most
of the E2 transitions investigated in these regions have proved to have
half lives much shorter than predicted by the Weisskopf formula. 2-6

EZ2 radioactive transitions between members of a rotational
band are enhanced through the large electric quadrupole moment of the
deformed nucleus. Within the framework of the unified model a
measure of the nuclear deformation and of the electric quadrupole
moment is provided by the E2 radioactive transition probabilities be-
tween rotational states,

Let us first consider the 111, 2-kev E2 transition from the 2+
level to the: 0+ ground state of W184, The half life of the 2+ level is

9 x 10-10- sec. Thus this E2 transition is about 80 times as fast as
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predicted by the Weisskop'flf'ormula., 2,3 Therefore the mean life of
the E2 gamma ray is 3.9 musec. The quadrupole moment of the
nucleus is related to the mean life of the E2 tfansitio’n.;by Eqgns. VIIL.1

and VII,17 of Bohr and Mottelson, 6 Thus the intrinsic electric

184 calculated from the me an lifetime of the
2 + state is 7.9 barns (1052'4 cqu'). This is to be compared with the

quadrupole moment of W

spectroscopic Value6 of 8 barns obtained for the electric quadrupole '

185,, and with the value of 7 barns obtained from the
coulomb excita’cion6 of,\W184, From the upper limit set for the half-

moment of Re

life of the 72,1<kev EZ%ransition of ThZ% we can calculate a lower
limit of 4.8 barns for the intrinsic electric quadrupole moment of

Th226° Recent coulomb excitation work has shown that the electric

quadrupole momentsL.df‘j[.‘:l;zgh2 and U238 are about 8 barns. 6? 56

"It is interesting to note the correlation of E2 transition
lifetimes in even-even nuclides with neutron number, Sunyar5 has
shown that the gamma transition probabilities vary in a smooth fashion
with neutron number in the region between the two closed shells of 82
and 126 neutrons. The reduced transition probabilities reach their |
maximum value about néutron number 100 and decrease as we approath
either closed shell. Near the closed shell of 126 neutrons the transi-

2
*~ or

6

even smaller values. A1_1 of this is consistent with the unified model,

tion probabilities decrease to the Weisskopf formula prediction

which predicts the enhanced EZ2 transitions in the region of prolate
deformed nuclei. Sunyar's cérrelationS very nicely defines the limits
of this region. Beyond the closed shell of 126 neutrons there is another
region of strongly deformed nuclei, but there are not enough data
available on reduced E2 transition probabilities to define the region as
has been done for the rare earth région, '

4, Levels of W184 Populated by Decay of Re

In the region‘wher'e the unified model is applicable, ‘low-lying

184

levels é.re expected in even-even nuclei with spins 0+, 2+, 4+... These
levels lie at energies proportional to I{I+l). 6 It has been r;oted in a
previous section that the energy of the 4+ level in W184 was some what
lower than one calculatés from the simple I(I4l) relationship. Sunyar's

plot5 shows that at 110 neutrons we are no longer in the region of



-54 -

strongest deformation and the Bohr -Mottelson picture6 should not be
expected to hold too well,

If the decay scheme proposed for Re184 in Fig. 16 is correct,
the 890-kev level must have a spin of two and it must depopulate by
quadrupole radiation (from consideration of gamma-radiation lifetimes
and conservation of angular momentum) to the three members of the
ground-state rotational band. Previous work40 has shown the
existence of a level of W182 at 1222 kev which has I and K both equal
to 2 with even parity. By analogy we might expect the 890-kev level of
W184 to have the same quantum numbers. '

As accheck on this hypothesis we have the intensity rule of
~Alaga et al. >3 previously discussed. Table Il compares the
theoretical reduced photon intensities from a (22+) level to the three
members of a rotational band with the experimental values observed
in Re184 decay. This agreement with the theoretical intensities is the
main basis for the I, K, and w quantum numbers shown in Fig. 16.

It is interesting to note that this (22+4+) level seems to be decreasing
in energy with increasing mass number. In W182 it is dt 1222 kev,

n W% at 890 kev, and in 0s'® at 764 key, > 7» 58
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Table II -

Experimental and theoretical relative reduced transition probabilities

fr om the 890-kev level of ng?f

Theor‘etical

Final State . B(890 ~ 1) ._
1 Experimental (K, = 2; K. = 0)
f o B(890 - 0) s T S
2+ : ,

(111.2 kev) 42 £ .14 ‘ 1.43
4+

(350 kev) .12 - 0.071
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II. APPLICATIONS OF NILSSON'S WAVE FUNCTIONS
FOR DEFORMED NUCLEI

A. Introduction

59

The spherical nuclear shell model™ ° has been highly successful
in accounting for various regularities in nuclear properties. In this
model the nucleon; are considered as moving independently in an
averaged potential. By choosing a p_ot.ential containing strong spin-
orbit coupling one obtains a progression of siggle-particle states that
explains experimental observations associated with the so-called magic
numbers of closed shells,

The potential employed for the shell model is usually assumed to
be isotropic. However, it has been found experimentally that nuclei
with proton and neutron numbers considerably different from the magic
numbers have large deformations. The experimental evidence for this
deformation consists of the large quadrupole moments exhibited by
many nuclei, 6 This deformation of the nuclear field has an important
effect on the motion of individual nucleons.

The introduction of a nonspherical binding field implies that the
nuclear shape and orientation must be considered dyhamical variables,
These variables are associated with collective types of nuclear motion
which accompany variations in the bindingvfield, The interplay between
these collective and individual-particle modes of motion forms the basis
of the unified nuclear model. v

The nuclear properties resulting from this interplay are found to
‘depend essentially on the magnitude of defdr'mationréo In the region of
closed shells the equilibrium shape of the nucleus is spherical and the
spherical shell model is applicable to obtain the individu’al-qparticie
spectrum. The addition of a few more nucleons lead.s to a nuclear
deformation. In this region a very complicated structure of nuclear
states may arise owing to the coupling between collective and individual-
particle modes of motion. ' A o . '

If the addition of a few more nucleons increases the nuclear
deformation to make the nuclei strongly déformed then the situation

6, 60

simplifies. In this case it is possible to sepa,ra.te‘,apvproxirnate_ly



57

between intrinsic nucleonic motion and the collective rotational and
vibrational motions, which leave the intrinsic structure unaffected.
The separation of the nuclear motion into collective and intrinsic modes
corresponds to the assumption of a wave function of the product type as

the solution to the nuclear wave equation,

Y=x- ¢vib " Drot’
Here y represents the intrinsic motion of the nucleons,; which can be
expressed in terms of the ind”gzpendenf motion of the individual particles
in the deformed field. The second factor, ¢ib’ describes the vibra-

tions of the nucleus around its equilibrium shape, while Dr represents

the collective rotational motion of the system as a whole. >

Deformed nuclei are expected to prefer geometric configura-
tions with chindrical symmetry, hence only particle states in a
spheroidal-type deformation are considered. In this case of axial
symmetry, the intrinsic motion is characterized by the quantum
numbers 2 , the component of angular momentum of each nucleon
along the nuclear axis.  The totdl Q is then given by ZQP. States are
doubly degenerate (corresponding to. + &"29)9 and the total y is therefore the
antisymmetrized product of individual-particle wave functions Xq -

The rotational motion is characterized by the quantum P
numbers I, M, and K, i.e., the total angular momentum (spin), its
projection on the space-fixed axis (z'') and its projection on the
intrinsic nuclear axis (z'; this axis will hereafter be called the nuclear
symmetry axis), respectively. 6 (See Fig.1l) A

We shall always assume that we are in the vibrational ground
state; therefore, we shall not be concerned with the vibrational
quantum numbers.,

Nilsson60 has considered the problem of binding states of
nucleons in a spheroidal deformed potential., For the sake of simplicity
Nilsson first chose a three-dimensional harmonic oscillator potential.
The wsual spin-orbit term_:gas also included. The final term in the
Hamiltonian is a term in # which gives a correction to the oscillator
potential to make it correspond more closely to _zizsquare=we11 potential,

The relative contributions of the spin-orbit and £ terms are determin- -

ed in the spherical case by requiring that the Hamiltonian yield the



-58-~

le

>

MU- 11629

Fig. II-1 Angular Momentum Diagram



<59~

empirical known sequence of single-particle levels considered in
the spherical shell model. 59 v

For the purposes of the calculations for spheroidal deformation
Nilsson60 introduces two paramet_efs of deformation, n and’ §:{where.
n is a function of §), to make the harmonic oscillator potential
anisotropic. | The parameter § is related'_to the quantity g used by Bohr

and Mottelson to first order as -
5= 0.958 .

The basic vectors {NJA > are used to describe the states
corresponding to a given 2. Here N represents the total number of
oscillator quanta, / is the total orbital angular momentum, ‘and_A_and
2 represent the projections of / and the intrinsic spin s on the
symmetry axis. In this representation £ =./\+ . This is a conven-
ient representation, since these basic vectors are orthonormal. Aé
an approximaticn in the calculations Nilssonéo considered only
nonvanishing matrix elements of the Hamiltonian between basic
vectors having the same N and . '

Nilssonéo has tabulated the eigenfunqtions of the states for
x;arious values of the deformation parameter n in terms of the above
basic vectors. Nilsson h\as also tabulated the energy eigenvalues as
functions of the deformation parameters. From these eigenvalues he
has plotted an energy-level diagram of the various states as a function
of deformation. This plot is convenient to use for correlating
Nilsson's states with actual nuclear states.

It is the aim of this secticn to consider various applications
of Nilsson's wave function560 to see how useful they are for explain-
ing experimental data. _

As the spectrum of particle states--as well as the properties
of a particular state==depends‘ essentially on the deformation parameter
we must have an estimate of this quantity before we can consider «
detailed properties of intrinsic strﬁcturea An independent estimate
of the deform ation parameter § can be obtained from the empirically
determined quadrupole moment. Nilsson60 has given the following

approximate rélationship
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Qo= 0.8 Z_R26 (L+2/35),

where Qo is the intrinsic quadrupole moment, Z is the atomic number
of the nuclide, and R is the radius of charge of the nucleus (= 1.2 x
10713 A1/3 cm).

The region of strongly defermed nuclei in between the closed
shells of 82 and 126 neutrons has been considered in detail by
Mottelson and Nilsson. 61 In this region the largest deformation found
corresponds to a deformation parameter § of about +0.3. In the
actinide series the few quadriipole moments measuredé’ 56, 62(U2'38
and T_h232) indicate that the deformation éarameter 6 has a value of
ébout +0. 21, However, there are not sufficient data available to know
if this value will hold throughout the actinide region.

For the purposes of these applications it will be assumed that
the strongly deformed nuclei have a prolate spheroidal deformation.

Manning et al, 62 have measured the quadrupole moments of
Am241 and Am243 and have verified the prolate deformation of these
two nuclei.

v Figure 2 is a reprodmiction of part of Nilsson's energy-level
diagram, 60 Only that region of the diagram which is of interest is
shown, In éddition, several othér states whose energy eigenvalues
were calculated but not plotted by Nilsson are also shown. The
energy eigenvalues of the various nucleon states emanating from the

j15/2 orbital have not been calculated, and their positions in Fig. 2

are only estimated.

B. Applications

1. Decoupling Parameters

' We shall consider odd-mass nuclei that are well removed
from closed shells, For these nuclei, one may separate with fair -
accuracy between collective rotational motion and the intrinsic motion
of the nucleus. With each iﬁtrinsic state of the system there is
associated a rotational band hvaving members of spinI =15 = K, K 4],
.K + 2.... These states have rotational energies proportional to

[ {I+1) - IO(IOHM, provided I, =2 = K> 1/2.
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Intrinsic states with K = 1/2 are especially interesting since, in
this case, there may occur a partial decoupling of the intrinsic spin of
the last odd nucleon from the rotational motion. 6 This decoupling,
which depends on the intrinsic structure, manifests itself in such
properties as the rotational-energy spectrum and the ma gnetic moment.
The decoupling parameter a appears in the following expression 0 for

the energy of the members of a rotational band with K = 1/2:

E =A[1{IH) +a (m)m/z(m/Z)] (4)

where A has a constant value for a particular rotational band. It is
interesting to correlate the experimental values of a with those calcu-
lated from Nilsson's wave functions. 60 The appropriate formula used
in this calculation is Eq. (19) of Nilsson. 60 Mottelson and Nilsson63

169

have already considered the decoupling parameter of Tm and have

shown that their calculated value gives excellent agreement with the

experimentally observed quantity,

38-40

The recent studies of the nuclear properties of Pu239

and
W183 by means of high-resolution electron and gamma spectroscopy
have yielded a considerable amount of data on the rotational spectra of
these two nuclides. The ground-state spin of both nuclei64’ 65 has the
value Io = 1'/2., Thus, it is possible to obtain an accurate experimental
decoupling parameter in each case.
We shall first discuss Pu239,

an experimental value of @ = -0.58, The first test of Nilsson's wave

Hollander et al. 38 have obtained

functi0n560 is whether there is available an ofbit at N = 145 neutrons.
For this purpose we shall assume a deformation parameter of § =
+0.2 (corresponding to = +4)., From an examination of Fig., 2 we
see that there are two orbits which should be filled at about N = 145,
In Nilsson's notation60 these are states A and B.

The values of a calculated for states A and B as a function of
deformation are shown in Fig. 3. Clearly, s'tate A does not agree with
the experimental value, while state B does yield a decoupling parameter
in rough agreement with the experimental data at a deformation para-
meter of =" 4+4. Hence Nilsson's -arbit Bé0 will be designated as the
239, As state B has

239

even parity, it is predicted that the ground state of Pu "’ will also

state corresponding to the ground level of Pu
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have even parity.

It is interesting to note that the favored alpha decay of Pu?'39

poPulates66 three excited levels of U235 with a relatively unhindered

alpha population to the lowest of the three levels, If we assume that
these three states constitute the :members of a rotational band with

I, = 1/2, then we can calculate the experimental decoupling parameter
a = =0.25 from the data of Freedman et al. 67 It is reasonable to ..
assume that the level which is populated by relati'vely unhindered alpha
decay has the same intrinsic nucleconic wave function as the ground
state of the parent nuclide. Hence Nilsson's orbit Béo is designated
as the level corresponding to the excited levels of U236, "Fig. 3 shows
that the calculated value of |a| for orbit B decreases with a decrease
of the deformation parameter.

.

- Thus, we would expect UZ:35 to be somewhat less deformed than

239, Unfortunately, the quadrupole moments of the two nuclides

Pu
have not been measured; therefore a comparison with experimental
data is not possible at this time, '

Mottelson and Nilsson61 have designated Nilsson's State 71 as
the orbit corresponding to the ground state of W183. A deformation
parameter of n = +4 is estimated 61 for this nucleus. Figure 4 shows
the calculated value of the decoupling parameter as a function of
deformation compared with the experimental value of a = +0.19
calculated from the data obtained by Murray et al, 40 Thus, there is
rough agreement between the calculated and experimental values at

183

the expected deformation of the W nucleus.

2. Magnetic Moments

The comparison of calculated and experimental magnetic
moments gives us another critical test of Nilsson's wave functions
in the heavy region. Unfortunately there are not many accurate
measurements of magnetic moments in this region available at present.
As more magnetic«moment data become available, more definite con-
clusions can be reached,

Nilsson's Formulae (24)-((26))60 are the appropriate equations
used for the calculations of magnetic moments of deformed nuclei.

We shall reproduce two of these formulae here. For the case
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I=Q=K({# 1/2), the magnetic mcment is given by

I 2

‘ 2
T e [l —g, { 3
M T [ B8y 1/2 %, S pA=Q <1/2 & (53

bon= g1/ 8Tt gR]

where g and g, are the intrinsic and orbital g-facters. In nuclear

r B y
. 75 5,585 - . _(1] (6
= ; ’av ¢
® ;_ 2 0]

where the upper values apply for a proton and the lower ones for a

anits their values are

neutron. Here gr is the g-factor for the angular momentum carried by

the surface. We shall assume

gg ® Z/A, (7)

where Z is the atomic number of the nuclide and Ais its mass. The

quantities a, refer to the normalized coefficients of the basic

A=QELS2
vectors emplayed to characterize Nilsson's states.
For the case 1 2= K = 1/2 and odd parity, the magnefic mome nt

is expressed by

b=1/3[lg; ~ggla~-1/2g, *g,+ggl- (8)

Thus in this particular case there is a relationship between the de=
coupiing parameter a and the magnetic moment p that is independent of
the nucleonic wave functions.

The magnetic moment of Pl.1239 has been experimentally
measured by Bleaney et al \.'68 Their value of the magnetic moment is
!p,l = 0.4 *.2 nuclear magnetons. Formula (25} of Nilsson60 was used
for the calculation of the magnetic moment of oxbit B. Figure 5 shows
the calculated value Qf i as a function of deformation compared with the
experimental value. In this case the agreement is well within the ex-
perimental error at a deformation of n = +4. It should be noted that
only the magnitude of the rnagnétic moment is known experimentally and
that the calculated values predict that the magnetic moment of the

239

ground state of Pu is negative.

The magnetic moment of W183 has been accurately measured by
Sogo and Jeffriesé9 and has been found to have the value of 40.115

nuclear magnetons. Nilsson‘séo’:. orbit. 71 has odd parity, therefore we
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may use Eq. (8) above for the calculation of the magnetic moment of
the ground state of W183, If we use the calculated values of a we find
that the calculated magnetic moment ranges from +0. 75 to +0. 82
nuclear magnetons for values of n varying from +2 to +6. Thus, in
this case there is very poor agreement between the experimental and
calculated values. Moreover, if one repeats this calculation using

. the experimental value of a, one still obtains a value for the magnetic
moment in complete disagreement with the experimental p.

237

The magnetic moment of the ground state of Np has been

measured and found to be 6 2.5 nuclear -magnetons by Bleaney et al.,70 ,
The ground-state spin of Np237 has been measured as 5/2 by 'I‘ornkins?1
An examination of Fig. 2 reveals that there are two orbitals with 2 =
5/2 which should be filled at about Z = 93. In Nilsson's nota’cion60
these are states 44 and 55. These two levels differ in parity; which
correlates well with the existence of a low-lying lewel in Np237 with
parity opposite that of the groﬁ.nd state. We shall refer to this state

237ma Np237m has been ass’igned72 a spin value of 5/2 mainly

as Np
on the basis of rotational structure., Alpha~gamma angular correlation
WO rk73 from the decay of Arn241 is also consistent with the spin of
Np237m‘;) being 5/2.

. ‘Krohn et al. 4 have meéasured a gufactof of +0.8 + 0.2 for
Np237m by measuring the attenuation of the alpha-gamma angular
anisotropy in an applied magnetic field. Therefore, as sumiilg the
spin value of sz37rn is 5/2, we find that the experimental magnetic
moment p is 2.0 £ 0.5 nuclear magnefons, Figure 6 shows the
experimental values of u for Np237 ahd Np237m.

Figure 6 shows the calculated magnetic moments of states 44
and 55 as a function of deformation. Equation (5) above was used for
this calculation. '

On the basis of these calculations it seems reasonable to

assign Nilssongs60 orbitals 55 and 44 as the states corresponding to

the ground state . of N[:)237 and NpZ?’7m reép ectively. Thus according
to these designations the ground state of Np237 has even parity and

2
Np 37m has odd parity.
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Some comments are in order on the .discrepancy between the
experimental p of 46 nuclear magnetons and the calculated value of
.about +3 nuclear magnetons for the ground state of Np;37. According
to Eq. '(5) above, the maximum value of p occurs when the sum of the
- normalized coefficients is equal to unity. Thus the maximum value of

p according to Eq. (5} is +3. 7 nuclear magnetons for a state with I =
Q=K=5/2, The lafge limits of error placed on the experimental
value just barélar include this maximum value. Hence a more precise
'deterﬁhina_tion of the magnetic moment is in order.

The above calculations assume states with a pure K quantum
number, _Ra.smussen75 has considered the problem of small K ad-
mixtures, and has shown that small impurities in the states can have
some effect on the ma‘g‘netic moments. The effect does not seem large
enough. however, to bring the calculated magnetic moment up to thé
experimental +6 nuclear magnetons.

Manning et al. .62 and Conway and McLaughlin76 have measured
the magnetic moments of Am241 and Arh243. Manning et al. obtained
a value of u = +1, 4 nuclear magnetons, and Conway and McLaughlin
obtained a value of p = +l.3 nuclear magnetons for both nuclides.

Both nuclei have a ground«state spin of .5/2; 77,78 therefore we should
- expect Nilsson's ‘orbit 44 or 55 to correspond to the ground states of
Am241 243‘ 60 '

moment is also shown in Fig. 6. Clearly the calculated value of

and Am This experimental value of the ma gnetic

orbital 44 agrees more closely with the experimental value. Thus.

Nilsson*s()0 orbit 44 is designated as the level cor respondil;'lg to the

2
41 and Am243 .

ground states of Am
There is available one more piece of data which illustrates the
self-consistency of the above designations. In alpha decay it is
expected that unhindered alpha population proceeds to that level having
the same nucleonic wave functions as the inifial state Thus we would

expect unhindered 'alpha decay of Am2-41 to Np237m"

79

Experimentally,

this is just what is observed.



7] =

3. Electric Dipole Transition Probabilities

The applicaticn of Nilsson's orbitalséo to the study of El
transitions is of much interest, The mere existence of low-lying El
transitions in the actinide region is one of the major shortcomings of
the spherical nuclear shell model, 59,72 According to this shell
model, there is only one level with even parity available between 82
and 126 nucleons, This is the il3/2 level. All the other st'ates‘ have
odd parity and the h9/2 level hasvthe highe st j-value of these., El-
transitions require a parity change; therefore, according t6 the shell
model an El transition for an odd-Z nucleus in the actinide region
must occur between the i13/2 and oné of the odd-paritforbitals,
However, any of these transitions requires a .'Almin = Aj < 2. Thus,
the selection rules for El transitions are violated, and the presence
of low-energy El transitions in the actinide region is i'zj.c'Onsisvtent with
" the spherical shell model,

In the region of strongly deformed nuclei fhe pro jection of
the total J on the nuclear symmetry axis is a good' quantum number

and is denoted by Q. 6,60

(See Fig.1.) In an odd-A nucleus the ground-
state spin is equal to the value of Q for the orbit cccupied By the last
odd nucleon {with the possible excepticn when Q = 1/2). 'Figﬁre 2 shows
Nilsson's energy-level diagram for the heavy region, 0 It should be
noted that there are many deviations from the usual shell-model rules
as to relation of spin and parity in a given shell. It 'Should also be
noted that low-lying El transitions no 1onger violate the AI selection
rules since there are many close-lying orbitals which differ in parity
and have Al = AQ =0, £1,

Many El transition probabilities.in the actinide region have
been experimental.ly determined. We restrict ourselves here to odd-
Z nuclei because more data are available for them, and also because
Nilsson's wave functions 60 are not extensive enough to consider the
odd-neutron cases. The available data for odd-Z nuclei are
summarized in Table I. Figure 7 shows a plot of the EIl transition
lifetimes as a function of Z. To remove the enérgy and mass depen-

dence (according to the Weisskopf form.u].az’ the transition

2L4 g AZL/3)’

probabilities of e'lléctric transitions vary directly as E
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the mean lifetimes are multiplied by the factor E3A-=Z«-/3. Figure 7
also shows the Weisskopf predictionz’ 3 for these El trénsition
lifetimes. )

It is evident that some of these El transitions are of the order
6f 105 times slower than the value calculated from the Weisskopf
formula. 2,3 Moreover, in the cases of the actinium and neptunium
isotopes, there seems to be anerratic variation of the El transition
probabilities. On the other hand, the El transition probabilities for
the protactinium isotopes exhibit some striking similarities. The 85-
kev transition of PaZ?’1 and the 87-kev transition of PaZ?’3 not only are
both delayed, but have just about the same reduced transition
probability. The lower-energy El transitions of the two protactinium
isotopes also show similar behavior.

The notion of K-forbiddenness has succeeded in explaining
some other delayed transitions {i.e., see the discussion of Ml tran-

239 in Part I of this paper). However, there are at least

two nuclides whose energy levels are well known (W182 and Np237) and

sitions of Pu

for which definite K and I quantum numbers may be assigned to the

53, 80

energy levels, In these two cases delayed El transitions have

been observed, but the K qua_ntumanumber assignments do not indicate
any K-forbiddenness involved.

Thus, detailed calculations of El transition probabilities were
undertaken, using Nilsson's wave functions, 60 to see if they could ex-
plain the erratic behavior of El transition lifetimes in the actinide
region.

To calculate E1l transition probabilities for specific nuclei we
must know the wave functions for the initial and final states; therefore,
we must also know the Nilsson's orbits60 corresponding to the nuclear
states. In general we do not have this information. On the basis of
magnetic-moment calculations described previously, Nilsson"s60
orbital 55 was designated as the level corresponding to the ground

state of Np237, while Nilsson's orbital 44 seems to have the same

properties as Np237m and Am241. Thus, we can use the wave func-

tions of these two states to calculate the El transition probability of the

237m

59. 6-kev gamma ray of Np We cannot make specific
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Table 1

Data for El transition lifetimes for odd-Z nuclei in the actinide region

Partial half -life

Daughter Energy of gamma of photon
Nucleus (Mev) (seconds) Reference
148 243 085 0 <5x107? 81, 82
Am i
95 - :
146 . 239 075 22 x1070 24 - 26
Np
93
144 __ 237 . .0596 o 1.6 x10° ' 17
Np :
93
144 237 . 0264 2.2 x 1070 17
Np _ 5
93
142 233 087 1.5 x 107" 18, 19
b a
91 ~ =
142 233 . 0296 2.2 xlo'=7 18, 19
a
91 ,
140 _ 231 . 085 14 x10"7 18
Pa—
91
140 _ 231 . 0258 1.5 x 10™ 7 18
Pa
91
138, 227 . 027 3.6 x 10" 20
gg ¢ : .
136 , 225 040 <4.2 x 10 . 18

89
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comparisons for the other El transitions in the actinide region; however,
a number of El transition probabilities were calculated for various
combinations of Nilsson's orbitals which probably correspond to the
nucleonic states of actinium, protactinium, neptunium, and americium.
. The interest here was to see the general trend of the calculated values.

The transition probability for a gamma transition of frequency

w and multipolarity L is given by

T(L) = —— ALt D @) 2t hipy), (9)
L{(2L+ 1) ]%h
where (2L + 1)!¢ = (2L + 1)(2L - 1)..... 3-1, and B(L) is the reduced

transition probability.

We shall consider two cases. First we shall assume that the
radial wave function is constant within the nuclear volume and vanishes
outside. Then, for a single proton transition with K + K' > L, it can be
shown that the reduced transition probability for an El transition is
given by '

B(EL, I~1') = e2(1 = Z2/A)%( = Ro)2 _43{ |<11KE' - K)|11 'K'>|% (10)

; 2 4 +1 :
T </ 100 | L1070> S5

/. F LIA(K -K) |41 2A>
) NATA
, = E

al

B 2 NS

where the following notation is used:
e is the charge on the proton,
Z is the atomic number of the nuclide,
A is the mass of the nucleus, _ :
Ro is the nuclear radius (= 1.44 x 10‘13A1/3 cm).
<j;j, mm j1 j,m> is the Cleb'sch‘Gorda‘n coefficient (in the
notation of Condon and Shortley™ ") for the addition of the angular momentum

vectors 7 and 7 to form a resultant -J-> with component m,

N Jo . . .

Z is the projection of the ‘intrinsi»c spin on the nuclear symméfry
axis = 2), ‘ ' ‘ ‘
xis (Z = +1/2) =0, if o' 5

65, s is the Kronecker delta éymBol
- 1, if ' = E|

a, p refers to the normalized coefficients of the basic

vectors employed to characterize Nils_sQn"’séo orbits.



T -

The primed symbols refer to the final state and the unprimed
symlols refer to the initial state.

' Equation (10) was used for calculations at deformations of
n=+2, +4, and +6. Figure 8 shows the results of these calculations
for the case of deformations of n = +4 and +6. The data of Fig. 7 have
also been reproduced on this graph for comparison purposes, The
spread of the calculated values indicates how much the transition
probability varies as the deformation parameter n changes from +4
to +6. '

From this figure we observe that the calculated values indicate

‘that there is a general trend towards slowing down El transitions.

The center of gravity of the calculated values seems to be fairly close
" to the center of gravity of the experimental data. The specific
calculation for the El transition of Np237 also seems to be in fair
agreement with the experimental value. | |
It is also possible to carry out these calculations without

making the radial wave function-assumption used above. In this case
the appropriate formulae are Eqs. (35), (41), and (42) of Nilsson's. 60
Figure 9 shows the results of these calculations for the same orbitals
at the same deformatmns It should be,' noted that in this case the E1
transition probability varies as A 1/3 . Hence the experimental mean
lifetimes ar¥e multiplied by the factor E3A1/3_ to remove the energy and
mass dependence of the transition probabilities. The general trend

of Fig. 9 seems to be much the sa.f_ne as Fig. 8. In specific cases,
however, tixere seem to be considerable changes. For example, the

calculated El transition probabilities between orbitals 55 and 44 no

longer agree with the experimental value for the 59, 6-kev El tran-
s ition of Np237m

Chase and W11et583vhave calculated El transition probabilities,
175

using Nilsson's orblts60 corresponding to nuclear levels of Lu
They have noted that the calculated transition probab111t1es yield a

value about 104 times smaller than the We1sskopf formula , 3 would

estimate. There is a delayed El transition 84 emanat1ng from one of
the levels of Lu177, Presumably, the same nucleonic levels are

involved in the El transition in the two nuclei, The experimental
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_transition probability of the El transition in Lu177 is about 106 times
sméller_than the Weisskopfz’ 3 formula prediction. Thus, in this

caseé too, there is only qualitative agreement.

C. Discussion of Results

1. Ass»i'g“gments of Ground-State Spins

Mottelson and Nilsson()1 have already discussed the classifica-
tion of nucleonic states in the rare-earth region and have ndted that
" there is general agreement between Nilsson's energy-level dia’grarr?
and the experimental'data.. ’ '

In the actinidé region there is also some general agreement
between Nilsson's energy-level diagr:irné0 and the experimehtally
observed ground-state spins. The one possible exception to this
agreement is the ground-state spin of sz.l‘?’(), recently measured and
found to have the value I = 1/2 by Conwéy’ and McLaughlin. 85
Nilsson's60 Orbit 63 has the spin value € = 1/2, but this orbit should
be filled at Z = 97 instead of at Z = 93. The correlation of experimen=-
tal nuclear level spins with possible Nilsson's orbit560 is summarized
in Table II. The deformation parameter was assumed to be +0. 2 to
+0.3 for all cases considered. In those cases where one of the
possible theoretical levels uniquely reproduces the observed proper-

ties of the nuclear ground state we list that particular orbit only.

.2. Decoupling Parameters and Magnetic Moments

In general, the calculated decoupling parameters and magnetic
moments seem to be in qualitative agreement with the experjrhental
values. Thus, Nilsson's wave f'unctions60 are useful for estimating
these nuclear properties when one of Nilsson's orbit560 may be
unambiguously assigned as corresponding to a nuclear level. ‘

In the specific calculation for the magnetic moment of W183 a
serious discrepancy was noted. At-this moment no simple explanation
is evident. There is the possibility that the lowesf state vin the level
scheme proposed by Murray et al. 40 is not agtually the ground state.
A review of Nilsson's energy-level diagram()0 (Fig. 2) does show the
presence of another orbital {State 69) with a spin value of 1/2 which

should be filled at about N = 109. However, the calculated magnetic
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Nucleus

148 243
g5 Am

146 241
95 Am

146 __ 239
93 NP

144 _. 237m
93 Np

144 _ 237
93 NP

140 . 231
91 Pa

138 . 257
89 Ac
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Table II

Nuclear -level spins in the actinide region

Nilsson's
Orbits

44

44

55, 44, 52

44

55

52,57

57,52, 60

e —————

147 241
94 Pu

145 p,239
94

143 235
92 U

141 ..233
92 Y

many
B

several

several

L

Theoretical

5/2-
5/2-
5/2+,
5/2-
5/2+
3/2-,
3/2+4,
3

1/2+

1/2+4,
5/2-,
1/2+,
5/2-,

5/2-, 3/2-

3/2+
3/2-, 1/24

??;? 5/2+

7/2+, 5/2+
5/2-
5/2+, 7/2+
7/2-

L
Experimental

5/2

5/2
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moment (i calc = -1. 2 nuclear magnetons) for this state at n = +4 is
also in disagreement with the experimental value. _

| McClelland et al. 43 and also Stelson and McGowan7 haﬁre
studied the coulomb excitation of natural and separated isotopes of
Wolfram.' Their results are consistent with the idea, but do not prove,
that the lowest state in the proposed level scheme is the ground state
of W183,

Along these lines it would be interesting if an extensive

coulomb excitation experiment were carried out on a sample of

183, An electron spectrograph would then be

isotopicaily separated W
needed to accurately measure the energies of the resulting conversion
electrons. This experiment could prove conclusively whether or not

the lowest state in Murray's level scheme40 is the ground state of
183
W,

3. ' Electric Dipole Transition Propabilities

Figures 8 and 9 show that El transition lifetimes calculated from
Nilsson's wave function360 do give qualitative agreement with the
experimental data. It is also noted that quantitative agreement cannot
be claimed for specific nuclear transitions. '

These calculations indicate that the lifetime s depend rather
sensitively on the near cancellation of large terms in the matrix
element. Thus, the rather erratic fluctuations in El transition rates
from isotope to isotope are qualitatively understandable. Figures 8
and 9 illustrate this principal by showing how the calculated El transi-
tion lifetimes are affected by the two different assumed radial wave
functions. ' ) |

An interesting point to speculate on is the delayed nature of
several of these transitions. Figure 7 shows that some of the El
transitions are delayed by a factor of 105 from the simple Weisskopf

estimate, 2,3

It has already been mentioned that in the limit of small
spheriodal deformation (this case corresponds to the spherical shell

model) El transitions are hindered owing to a Aj forbiddenness.

It would be interesting to see if there are comparable selection rules
ﬁcting to hinder El transitions in the limit of large prolate spheroidal

~deformations.



-82-

Nilsson60 has indicated that in the limit of very large prolate deforma-
tion individual nucleonic states can be characterized by four quantum
numbers. In Nilsson's notation these four quantumn nurmbers are as
- follows:
N is the principal quantum number of the osci.llator,
n, is the quantum number of the oscillations along the nuc lear
symmetry axis,
_A_is the projection of the particle orbital angular momentum
nuclear symmetry axis, ‘ '
= is the projection of the intrinsic spin along the nuclear
symmetry axis.,

Note that the spin value of a particle state is given.by

L == A+, | (11)
Also the parity of the state is determined by whether N is odd

or even. Hence

Ca= (D, | (12)
where w = -1 signifies an odd-parity state
_ and w = +1 signifies an even-parity state.
Nils s'oné’0 has given the method for obtaining these four quantum
numbers for any particular state.

Alaga  has considered the role of these new quantum numbers
in beta decay. A summary of Alaga's selection rules for allowed and
first-forbidden beta transitions associated with these quantum numbers
is given in Table IIL ' '

Alagas6 has used these selection rules to classify many beta
transitions in the region 150>'_< A <190. The comparison of experi-
mental data w1th Alaga's theoretical classifications indicates that
these beta selection rules are very useful for explaining certain
features of beta-decay transition rates in the regions of strongly
defo:rrned nuclei.. |

Similarly, there are certain seleétion rules for El transitions.
These selection rules are sum'mafized in Table IV. K-selection rules
have been discussed previously and are excluded from this discussion

by the assumption that K = f for all cases considered.
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Table IIl

Selection Rules for Allowed and First-Forbidden Beta

Transitions (K = Q)

Beta Transition

Selection Rules

Parity Change
Allowed - AN = 0, Anz =0, AA=0, AQ =0, +1 No
First Anz =+1, AN=0,
Forbidden AN = + 1 - : AQ = 0, +1 Yes
(AL= 0, +1) An, =0, A= +1, -
Table IV

Selection Rules

for Electric Dipole Transitions (K = Q)

Beta Transition, *

Selection Rules Parity Change
‘ L=+l AA=a2=0
AN = + 1

‘ Yes I
,=0, af\=aa=+1
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In Table V we list the asymptotic quantum numbers (N, n,
A, Q) for some of Nilsson's orbitals. 0 Table VI summarizea the
asymptotic quantum-number changes between states p0531b1y mvolved
in low-lymg El transitions in the actinide region. _

Thus, these El transitions are forbidden in the asymptotic
limit betause of the selection rules shown in Table IV. It can be sliown
that virtually all of the possible low-lying El transitions for Qdd-ZZ
nuclei in.the actinide region violate these selection rules. It has

‘-already been noted that, in the limit of small spheroidal deformation,
'the El transitions are forbidden bec_aiise they violate Aj selection
rules. Thus, it is only for thé case of intermediate nuclear deform-
ations that El transitions can occur, becé’use in this_instance the
various quantum numbers are not '"good' and mixing rriay occur in
the nuclear states,
| Figure 10 illustifates this situation pictorially. The ratio of
the calcdlated.reduced transition probability to the Weisskopfz’ 3
single-particle estimate of the reduced transition probability is
plotted on the ordiriate axis and a function of the deformation parameter
- is plotfed as the abscissa. At n = 0, the ratio is zero because of the
Aj - forbiddenness, and at n =eo, the ratio is again zero because of
the asymptotic selection rules. At intermediate deformations the
calculated reduced transition probability ratio has the values shown
in Fig. 10.

Finally, it is inferesting to note what states must be mixed
to account for the existence of El transitions. Nilsson()0 has shown
that in the limit of very strong deformations the spin-orbit term couples
states that have_fhe same N and Q but differ by one unit in_A and n .
Likewise, the f term couples states that have the same N, §2, and /A_
but differ by two units in n_.

Let us reconsider the El transition between states 55 and 44,
Because of the spin-orbit term, Nilsson's state 36 may mix in with
state 44. 60 From Tables IV and V we note that an El transition
between states 55 and 36 is allowed. Likewise the E_.Z term will
permit state 72 to mix with state 55. The El transition between states

72 and 44 is also an allowed transition by the asymptotic selection -

rules, Tbus, we see how the delayed El1 transitions may
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of Deformation



-86 -

Table V

v Asymptotic Quantum Numbers for Nilsson's Orbits

Nilsson's

ot N b pdx 2
44 5 2 3 5/2
46 5 3 2 3/2
50 5 1 2 5/2
52 5 2 1 3/2
55 6 4 2 8/2
57 & 5 1 3/2
60 6 € 0 1/2
62 5 1 2 3/2
69 6 5 1 1/2
36 5 3 2 5/2
72 6 2 2 5/2

Table VI

Asymptotic Quantum Number Changes for Electric Dipole Transitions

Initial Final
Orbit Orbit AN An_ A/ AQ
60 52 | .4 +1 +
60 46 -1 -3 +2 + .
57 50 -1 -4 +1 +1
57 44 -1 3 +2 +1
69 62 -1 -4 +1 +1
55 50 -1 -3 0 |
55 44 -1 -2 #1 0
55 52 -1 -2 -1 -1

55 - 46 =] -1 0 -1
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proceed through impurities in the nuclear states.
The amount of mixing in these states is expected to be very
small, since §itates 44 and 36 and also .states 55 and 72 ane separated

by a very large energy difference.
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