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ABSTRACT
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The half life of the 5/27(532) intrinsic state in Pm, Eu
and ! 55Eu has been determined by the delayed coincidence method.

The absolute E1, AK = 0 transition probabilities between the 5/2~
(532) - 5/2+(41 3) intrinsic states have been deduced and compared
with theoretical predictions, using the Nilsson model as a starting
point. The effect on the predicted transition probabilities obtained by
adding pairing correlations and Coriolis coupling have also been stud-
ied. It has been found that the experimental transition rates, which
are still strongly enhanced, cannot be explained by these contributions
alone. It is therefore suggested that collective dipole contributions

like those arising through the octupole excitations are of importance.
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1. INTRODUCTION

It has been known for some time [e.g. ref. 1] that the experi-
mentally observed El transition rates are considerably lower than
expected from the single particle estimate [2]. In the deformed mass
regions this is partly understood within the Nilsson model [3] from
the fact that the main E1 strength is connected with the undisturbed
oscillator excitations with energies of several MeV and thus, accord-
ing to the E1 sum rule, very little of the El strength is left for the
disturbed low lying excitations. This usually means that the El transi-
tions can only take place via some small amplitude components in the
wave functions and, furthermore, these terms do often add destruc-
tively. Vergnes [4] divided the El transitions into two groups, one
with AK = 0 where agreement with the Nilsson model was obtained and
another with IAKI = 1 where the transition rates were slower than ex-
pected from this model. By the addition of new experimental data [5],
however, this boundary now tends to be smeared out.

The inclusion of the pairing correlations has been shown to have
a drastic effect on the El transition rates [6, 7). In many cases the
predicted El transition rates are lowered by as much as two to three
orders of magnitude as compared with the pure Nilsson model. Each
case has, however, to be studied separately as the magnitude of the
pairing reduction factor is critically dependent on the position of the
single-particle orbitals pertinent to the initial and final excitations
relative to the Fermi surface. As a general result of the inclusion of
pairing correlations the overall agreement with theory for |AK| =1
transition rates is better, while the AK = 0 transition rates are gener-
ally enhanced by two to three orders of magnitude.

Very few detailed calculations investigating the influence of the
Coriolis coupling on the El transition rates have been performed. We
know, however, that Coriolis mixing is of vital importance in explain-
ing certain El transition rates like those of the K-forbidden type. It
is thus possible that important effects also may be obtained in calcu-
lating the K-allowed transition rates.

Recently it has been suggested [8,9,10] that the collective con-
tributions to the El transition rate obtained due to particle-vibration
interaction with the octupole vibrational bands may be responsible for

the enhanced transition rates observed.



In this work we have studied the 5/27(532) ~ 5/2+(4] 3) transition

151 Pm, ]53Eu, ]SSEu and ]61Tb. Section 3 describes the

measurement of the half life of the 5/27(532) intrinsic particle state

rates in

in the first three of these nuclei. Subsections 4.1 - 4.4 contain a
quantitative discussion within the framework of the Nilsson model [3]
including pairing correlations and Coriolis coupling. Finally in sub-
section 4.5 some general arguments regarding the quasi-particle
interaction are given and the importance of adding El1 contributions

from excitations of essentially octupole character is pointed out.

2. EXPERIMENTAL TECHNIQUE

The half life measurements to be described in this paper have
all been performed using the delayed coincidence method. The instru-
mental set up includes a long lens electron-electron coincidence spec-
trometer very similar to the one described by Gerholm and Lindskog
[11], a time-to-pulse height converter and a multichannel analyser.
The spectrometer is equipped with a specially insulated source holder
which makes it possible to apply a high tension of 20 kV to the source,
A vacuum lock makes it possible to change the active sources in less
than 30 seconds without breaking the high vacuum in the spectrometer.
This is a facility that is necessary when working with short lived
activities.

The electron detector in each spectrometer consists of a conical
Naton 136 plastic scintillator cemented to a specially shaped light
guide [12], which was optically coupled to the 56 AV P photomultiplier.
In some of the measurements one lens was replaced by a 56 AVP photo-
multiplier furnished with a 25 mm x 25 mm cylindrical Naton 136 plas-
tic scintillator placed 8 mm from the active source. If possible we
preferred such a system to the electron-electron set up because of
its higher efficiency and the convenience of using 60Co as a prompt
comparison source. The time resolution of the total electronic system
in the latter set up was 450 psec as measured from a prompt 3 = vy
coincidence curve with a 60Co source. The linearity, stability and
time calibration of the time-to-pulse height converter were checked
several times during the actual measurements using an air core delay
line similar to the one described by Graham et al. [13]. Due to the

influence from the small insulating rods used to support the conducting



copper wire, the velocity of the relevant timing pulses is smaller in
this delay line than it would be in dry air. The absolute value of the
time delay caused by the delay line was therefore checked against the
velocity of light following the method given previously [] 4], It was
then found that a correction of 0.7 per cent should be applied to take

into account the influence from the surrounding insulating material.

3. HALF LIFE MEASUREMENTS AND RESULTS

3.1  The 116.9 keV level in ' 2! Pm

Neodymium oxide enriched to 95. 7 per cent in ]50Nd was mixed
with pure alcohol and the resulting suspension was centrifuged onto thin
backings of VYNS on which a thin layer of gold had been evaporated.
Several sources with a thickness between 0.2 and 0.5 mg/cm2 and
with 3 mm diameter were prepared in this way. By irradiating these
sources for some minutes in the R2-0 reactor at Studsvik with a

thermal neutron flux of 10] 3 n/cmzsec, active sources of the 12 min

]5]Nd isotope were produced. These sources were only re-activated
a few times in order to diminish the building up of the natural back-
ground from the daughter activity 151 Pm (T]/2 = 28 hours).

The 116.9 keV level is strongly fed by gamma rays with energies
of 737, 798 and 1180 keV, while no B branch to this level has been
found [15,16]. A delayed coincidence measurement utilising the men-
tioned gamma rays detected in the 25 mm x 25 mm Naton 136 plastic
scintillator furnished with a 5 mm Al-absorber and the 116.9 K con-
version line was performed. The prompt (<2 psec) B — y cascades in
6000 were used to obtain a reference time distribution. These two
types of measurements were registered in pairs using constant energy
settings. A set of such a pair of curves is shown in fig. 1. The small
tail on the right-hand side of the y #116.9 K decay curve originates
from y — 80. 3 L and partly also from brems=-strahlung - 80. 3 L coin-
cidences introducing the 0.9 nsec half life of the 255. 7 keV level.

The influence from this tail was experimentally taken care of by only
shifting the electron channel to the 138, 8 K line and measuring the
decay curve caused by the 255. 7 keV level. A normalised part of this
curve was then subtracted from each of the y -~ 116.9 K time distribu-

tions. A special correction to the measured time shift from a possible



low energy tail of the 85. 0 L conversion electrons is not necessary as
these electrons are preceded by a 170.8 keV from the 255. 7 keV level
and thus taken care of by the subtraction procedure described above.
The remaining curve, together with a prompt 60Co curve, were ana-
lysed according to the centroid shift method [] 7). As an average value
from the analysis of several sets of time distributions we obtain a half
life of T , = 89 * 15 psec for the 116.9 keV level in "5 b, This is
in agreement with the upper limit of T]/2 < 300 psec given by Fossan
et al. [18].

From the K-conversion coefficient and the K/L-ratio Blinowska
et al. [16] found the 116.9 keV transition to have an E] multipolarity
and is thus expected to proceed between members of rotational bands
belonging to different intrinsic states. The spin of the ground state in
15l Pm has been measured to 5/2 using the atomic beam magnetic
resonance method [19] but the parity of this level is not known. Ac-
cording to some recent calculations by S. G. Nilsson et al. [20] the
61st proton is expected to be in the 5/2+(41 3) orbit for a deformation
§ < 0,25 and in the 5/27(532) orbit for & > 0.25. The deformation of
the 151 Pm nucleus can be determined from the measured spectro-
scopic quadrupole moment Q = 1.9 £ 0,3 barns [21] using the following
expression obtained in the strong coupling scheme [22].

3KZ- I(I +1

2
T+ )21+ 3 (1)

ZR, 6 (1 +0.58) x

U

Q=

Inserting the values Q = 1.9 £0.3 barns, I =K = 5/2, RZ = 1.2 fm and
Z = 6] we obtain § = 0.23 £0.03. This deformation indicates positive
parity for the ground state but is by no means a strong argument. The
magnetic moment of the ground state in 1351 Pm is measured to p =
1.8%0.2n.m. [21]. In fig. 2 the theoretical predictions of p from
the Nilsson model for the two K = 5/2 orbitals, 5/2+(41 3) and 5/27(532),
are compared with the experimental value. In the calculation, effective
values of the gyromagnetic factor g, have been used. Agreement is
obtained for the 5/2+(41 3) orbital when the rather low value of gseff <
0.6 g is used. Unfortunately, when Coriolis mixing is taken into
account, the admixture from the 3/27(541) orbital, has a tendency

to decrease the predicted value of the magnetic moment for the 5/2°

(532) level, while the prédicted value of u for the 5/2+(41 3) level



seems to be quite insensitive to possible Coriolis admixtures. This
will of course rhake the choice of ground state orbital from the meas-
ured magnetic moment more délicate especially as uncertainties in
the nuclear model itself also has to'be taken into account. Throughout
the following work we have regarded 5/2+(41 3) as the ground state
orbital in 151 Pm. We will, however, point out that in the discussion
to follow, all the essential conclusions will still be valid with a

5/2 (532) orbital assignmentx' for the ground state in 151 Pm.

From table 1 it is seeén that the 116.9 keV E1 transition has the
unus"ually~ low FW -value of 650. In the deformed region such low values
of Fyw ‘have only been observed for El transitions with AK = 0 [5]. It
is thus very tempting to suggest that the 116.9 keV E1 transition takes
place between'levels with the same K-quantum number. The only
reasonable assignment to the 116.9 keV level is then 5/27(532) which
is actdally'expected to be a low energy level in the Pm isotopes [22].

¢ y «7

3.2 The 97. 4 keV level in | °°Eu

The 97. 4 kéV level in ]'53Eu is strongly fed by an electron cap-
ture branch in the decay of the 242 days 153Gq activity. The de-ex-
citation of this level‘mainly takes place by a 97.4 keV EI transition.

Active : 53Gd in a HCI solution was bought from Amersham
with a specific activity of 1T inc ]53Gd/g Gd. Thin electron sources
were prepared by evaporating a small droplet'on a backing of VYNS
on which a thin layer of gold had been vacuum evaporated.

The relevant part of an electron spectrum obtained with such a
source placed in the lens spectrometer is shown in the right-hand
part of fig. 3. As is seen from this figure the 103.2 K and 97. 4 K
electron lines together with the Auger electron group form a com-
plex of lines where the individual components are only partly re-
solved from each other. '

One lens was adjusted to focus the 97. 4 K line while the other
lens accepted KLL Auger electrons. Due to limited resolution of the
spectrometer and the finite thickness of the source, coincidences
from the 103.2 K tail - KLL Auger electron cascade were also ac-
cepted. Fig. 3 shows a representative delayed coincidence curve

measured during a 24 hours run with the energy settings given above.



The slow decay component on the righ-hand side is caused by the
3. 7 nsec half life of the 103, 2 keV level in ]53Eu. The lifetime of
the 97. 4 keV level was obtained in the following way. The 97.4 K -
KLL Auger coincidence time spectrum was registered in periods of
60 minutes. Between these periods other 60 minute measurements
were performed on the 94. 7 K » 8 cascade obtained in the decay of
the 2. 4 hours ]65Dy isotope which we used to define a reference time.
The intermediate 94. 7 keV level in ]65Ho is known to have a mean
life of 26 psec [23]. In order to be able to keep the same energy set-
tings in the two types of measurements we accelerated the 94. 7 K
electrons by applying a 10 kV negative high tension to the ]65Dy
source. To properly correct for the influence from the 3. 7 nsec de-
cay component this was also measured in a separate run using the
103, 2 K - KLL Auger electron cascade. The resulting decay curve
was then normalized and subtracted from each 97.4 K - KLL Auger
curve before the final analysis was performed.

All the experimental data were analysed according to the cen-
troid shift method [1 7). After correction for the mean life of the 94. 7
keV level in ] 65Ho and the small shift introduced in the acceleration
procedure we obtain a half life of T]/2 = 180 £ 20 psec for the 97. 4
keV level in ] 53Eu.

The half life of this level has been determined before using
nuclear resonance scattering methods. The results from earlier

measurements as well as our new value are shown in table 2,

3.3 The 105 keV level in ]55Eu

The 105 keV level in ]55Eu is very strongly populated by B par-
ticles (93 %) in the decay of the 22 min ] 55Sm isotope. The feeding
of gamma rays to this level is roughly 2 % [24]. The ]SSSm—activity
used in this work was produced by neutron irradiation of samarium-
oxide enriched to 99.2 % in ]54Sm. The active electron sources were
prepared following the same procedure as described in section 3.1.
For the delayed coincidence measurements to be described we made
use of the feeding B particles and the K conversion electrons from the
105 keV transition,

In the first type of experiment the 105 K line was focussed in

one lens while the B continuum with an energy larger than 600 keV was



detected in a 25 mm x 25 mm Naton 136 plastic scintillator placed

3 mm from the source. Several delayed time distributions were re-
corded with these energy settings for about half an hour each time.
In between these measurements were sandwiched corresponding runs
in which the Sm source was substituted by a 60Co source without any
changes in the energy settings. The time delay in 60(]0 between the

B continuum measured in the lens spectrometer and the high energy
gamma rays measured in the plastic scintillator is negligible (<2 psec).
These pairs of time distributions were analysed using the centroid
shift method [17]) from which, as an average result, a half life of

90 £ 15 psec was deduced for the 105 keV level in ]55Eu.

In a second type of experiment both electron lenses were used,
and a self comparison measurement of the type proposed by Bell et al.
[25] was performed. To reduce the systematic errors introduced when
the conversion electron lines are shifted between the two lenses we
used fixed energy settings and instead altered the electron energy by
means of an electrostatic high tension applied to the source as de-
scribed by Lindskog and Sundstrém [26]. The first lens was thus
focussed on the 105 K conversion electron line (57 keV) while the sec-
ond lens was focussed on the B continuum at an energy of 67 keV (see
fig. 4). With these energy settings we essentially measured the de-
layed time distribution between the 105 K and the directly feeding B-
particles. Then we applied so much negative high tension to the source
that the 105 K line was focussed in the second lens. The first lens then
became focussed on the B-continuum below the 105 K line (see fig. 4).
Several time shifts between delayed coincidence curves obtained with
and without hig‘h tension were recorded. A typical example of such a
pair of curves is given in fig. 4. The average measured centroid
shift obtained from several such pairs of curves is 288 + 18 psec,
which roughly corresponds to twice the mean life of the 105 keV level
[25].

Some corrections to this value, however, have to be considered
in the present case. Two per cent of the 105 K electrons are fed by
B-particles via higher excited levels in ] 55Eu [24]. The main part of
these electrons (80 %) are fed by the 141 transition de-exciting the
246 keV level with a measured half life of 1. 38 nsec [27]. The small
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influence from these extra delayed 105 K electrons on the centroid
shift of the measured time distribution has been taken into account in
the analysis of the data. The remainder of these special 105 K elec-
trons (20 %) are fed from levels whose half lives are approximately
equal to or less than that of the 105 keV level. The extra shift obtained
from these electrons can be disregarded. The possible contribution of
B-79 L-tail coincidences to the decay curve measured without high ten-
sion was determined by taking coincidences between the 79 L-tail and
the B-continuum at 180 keV where no conversion lines are found. The
undesirable coincidence contribution involving the 79 L line was in
this way determined to be less than two per cent of the coincidence
counting rate involving the 105 K peak. The influence from the coin-
cidences involving the 61 L -  cascade is difficult to measure as the
61 L line is completely masked by the strong 105 K line. An estimate
of its influence can, however, be obtained. From the gamma ray in-
tensity ratio 105 keV/61 keV = 445 [24] and the theoretical conversion
coefficients [28] the electron intensity ratio 105 K/61 L is given as
87. Furthermore the 307 keV level, which is the first excited rota-
tional level built on the 246 keV 3/2"(411) ground state, is mainly de-
excited by this 61 keV transition. It is well known that the absolute

M1 strength for such an interband transition is well described by the
Nilsson model if an effective value of the gyromagnetic factor g is
used [29]. The partial M1 half life for the 61 keV transition is then

obtained from

27.7x10'5

Ei(] +a)(1 + 6%)(

T]/Zy(M]) -

2 (2)

Bk~ ERr

where EY is the transition energy in keV. For a deformation of M = 5
and an effective g -value of 70 per cent of the free proton value

(gs free = 5.585) the parameter gx is deduced to be 1. 7. A reasonable
value of gR is 0. 4. Using these two values together with EY = 6] keV,
a(M1) =10 and & = 0 we obtain T]/2 = 65 psec. When the necessary
corrections are made for other weaker transitions leaving the 307 keV
level its half life is estimated to T]/2 = 63 psec. Even if this esti-

mate is wrong by as much as a factor of two, the total additional shift
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to the measured f » 105 K decay curves from the p » 61 L cascade
will be less than 2 psec, mainly because of the low intensity of the

61 L line and the approximately equal half lives of the 105 and 307 keV
levels.

When the decay curve with high tension is measured, the first
lens is focussed on the P-continuum below the 105 K line. Because of
the thickness of the active curve some 105 K electrons will lose enough
energy to enter into the first lens and unwanted coincidence between
105 K - B8 will be registered. The time distribution from such cas-
cades will have a time shift equal in magnitude but with opposite di-
rection to the main contribution of f -~ 105 K coincidences. From the
intensity ratio shown on theright-hand side of fig. 4 the time shift in
this latter case will be (0. 86 £ 0.04) T instead of T which it should
have been if the influence from the tail of the 105 K line could be dis-
regarded. Finally the influence from the finite acceleration distance
has been estimated to <2 psec. When these corrections have been
taken into account a half life of 107 £ 10 psec is obtained. The weighted
average value from the two different types of measurements reported
here is T]/Z =104 % 1505 psec, which is also taken as the half life of
the 105 keV level in Eu. This result is in agreement with the upper
limits of < 400 psec [30] and < 200 psec [27] given earlier for this
half life.

4. DISCUSSION

4.1 Survey of the relevant data

All the pertinent data regarding the El transitions between the
5/27(532) and 5/2+(41 3) orbitals in ]5]Pm, ]53Eu, ]55Eu and ]6]Tb
have been compiled in table 1. From the measured half lives, gamma
ray and conversion electron intensities, the partial gamma ray half
lives (Tl/Zy) have been deduced. This table also gives the hindrance

factors calculated relative to the single-particle Weisskopf estimate

Fy = T]/ZY (exp)/‘T]/zy(Weisskopf)

and relative to the Nilsson model
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Fy= Tl/Zy (exp)/T]/ZY(Nilsson)

To obtain the Weisskopf estimate a nuclear radius of 1.2 fm and a
statistical factor equal to one was used [2]. In the calculation of the
Nilsson unit the amplitudes of the eigen-functions were chosen in
accordance with ref. [3]. The value "f'" given in table 2, column 11
gives a rough estimate of the limits for the hindrance factors Fw and
FN. These limits are obtained by multiplying and dividing the given
F-values by "f''. A more detailed discussion of the experimental re-
sults in the light of the Nilsson model, with the inclusion of pairing

correlations, Coriolis coupling and octupole vibrations, is given in

the following subsections.

4,2 Nilsson model

A simple model with which to compare the experimentally ob-
served E1 transition rates is that obtained by regarding a single par-
ticle moving in the deformed potential created by the other particles.
Such a model has been described in detail by Nilsson [3]. The wave
functions in that work are given as a sum of eigen-functions of the
isotropic harmonic oscillator. The amplitudes of these eigen-func-
tions depend on the deformation § and on the two potential parameters,
#n and p, which were determined from a comparison with the experi-
mentally known level systematics in 1955 [3]. To find out whether
the values of # and B adopted from that work are still representative
in the present mass region, a semiempirical level scheme has been
determined so that a BCS blocking calculation with G = 0.16 MeV and
including 30 levels [31], roughly reproduces the presently known
energies of the intrinsic states. The single-particle states needed
in this calculation are given in fig. 5, together with levels calculated
from the Nilsson model with § = 0. 3 and with the following potential

parameters:
n=0.06, p=0.55for N=4andu =0,06, p=0.45for N =5,

These values are close to the set of parameters recommended
by Nilsson [3]. Several other sets of §, » and y were also investi-

gated in a systematical way, but no one gave a better agreeement
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between the Nilsson levels and the calculated semiempirical levels
(e.g. it was the only set of # and p parameters which gave the correct
level order). The wave functions obtained from the above u and y
parameters are therefore used for the further calculations of the
quantities Gp, (defined in ref. [3]) and the Coriolis matrix elements
(IKlji |1'K') [32]. These values are presented in the upper part of
table 3. It should be pointed out that, although the energy level order
changed for the different choices of the parameters &, % and u, all the

relevant quantities as G, and (IK lj:l: |1' K' ) only showed minor vari-

ations (< 20 %). Becaus:::)f this relative stability of the predicted
guantities, we assume that these can be used for the quantitative esti-
mates to follow below, although all the G | ~values as well as the
(5/2 (413) lJ+ |3/2 (411)) Coriolis matrlx element are asymptotically
forbidden.

According to the Nilsson model the partial gamma ray El tran-

sition probability is given by the following expression.

-15
.81 x 10
Ty /2EN 1/3(] AR x (3)
By

1

X ¥ ]
| (1K1, K' -K|1'K') + bE](-I)I R ik, <K AR (T, <KD |2

where EY is the transition energy in MeV and Tl/Zy is given in sec.
The comparison with experiment is generally made by giving the hind-
rance factor FN. The numerical values of this factor for the nuclei
studied in this work are given in table 1, column 10 and also plotted in
the left-hand part of fig. 6. The uncertainty limits given are only those
from the experiments. It is seen from fig. 6 that all these El transi-
tions are enhanced by approximately a factor of 50 as compared with
the Nilsson model values. This is an unusual behaviour since almost
all El transition rates in the deformed mass regions are either equal
to, or hindered as compared to the Nilsson estimate [5]. The possi-

ble reasons for this enhancement must be further investigated.
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4.3 Influence of pairing correlations

N

The inclusion of pairing correlations has the effect of giving a
diffuse Fermi surface which introduces a change in the transition
matrix element between single-particle states but does not influence
the relative behaviour of the El transition rates from the 5/2 5/27 state
to the different levels in the 5/2+ band. The hindrance factor for the
E1l transitions defined in the quasi-particle model taking pairing into

consideration can be written

Fop = P2 Fy  Wwhere Py~ (UU' £VV')R (4)

In this approximation the factors U and V give the probability ampli-
tude that the level in question is unoccupied or occupied, respectively,
by a pair of particles. R is a factor close to one. From the fact that
the pairing factors are always equal to or less than one, eq. (4) imme-
diately gives that the inclusion of pairing correlations will in this case
further deteriorate the possibilities to get agreement with experiment.
For the discussion to come in subsections 4.4 and 4.5, however, it
is of interest to have a quantitative figure on the influence of pairing
correlations on the transition probabilities. We have therefore carried
through a numerical calculation.

The pairing factors P, used in this work are obtained from the
BCS blocking calculations using the semiempirical energy levels given
in fig., 5. The numerical values of P_ and P, are presented in table 3.
The uncertainties given are those of the BCS approximation itself [33]
as well as from the single-particle levels. The errors of the latter
kind have been estimated by varying the parameters of the deformed
potential and seem to give an accuracy better than * 20 %. "All the
'P_ l values are seen to be well below one and will thus make the ex-
perimental E1, AK = 0 transitions still more enhanced relative to the
quasi-particle model estimate, The effect is especially large in the
case of | °3Eu where the predicted 5/27(532) = 5/2+(4l 3) transition
rate is decreased by more than one order of magnitude. The result is
displayed in the middle part of fig. 6, where the given limits are
those from theoretical estimates. From this figure it is seen that,
to obtain agreement with experiment, we are forced to include other
terms in our theoretical estimates like the one coming from non-

adiabatic effects and/or interactions between quasi-particles.
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4.4 Influence of Coriolis admixtures

For low-lying energy states the most irhportant non-adiabatic
effect consists in the Coriolis coupling of levels with ‘AKI =1 or
K = K' =1/2. In the present case the strongest admixtures to the
5/2+(41 3) and 5/27(532) bands are expected to come from the 3/2+(41 1),
3/2+(422) and the 3/27(541) orbitals which are rather close in energy.
The reduced El transition probability to first order (only terms in-

volving at least one of the main components are included) is then given

by
- + 3 he’ Z \2
B[E1; 5/2 5/27(532) - 13/2 (413)] = 0 -3) x
[¢)

x| T .a a +<5/2K'1,K+- K-|IK+)GE](K'—»K+).P_(K"—»K+)IZ
Kkt kK K
(5)

The amplitudes a and apy are, for the main components, equal to 1,

K-
while for the admixed components perturbation theory gives

2 P K[ K )Y V(E-3/2)(1+5/2)
agD) = -7z —
E(1,5/2) - E(1, 3/2)

(6)

The denominator should be taken equal to the experimental level
energy difference in keV if measured. Otherwise this quantity has to
be estimated by the aid of the single-particle level scheme given in
fig. 5 taking into account the compression of the band head energies
as obtained from the BCS calculation, The quantities needed to cal-
culate the reduced transition probability B(E1) are given in table 3.
In evaluating the amplitudes of the admixtures (eq. 6) the factor ﬁ2/27
was chosen as 12 keV in all cases.

The Coriolis matrix elements for mixing the 3/27(541) and
3/2+(422) orbitals into the main 5/27(532) and 5/2+(4] 3) components,
respectively, are much larger than for the 3/2+(41 1) orbital (table 3).
As this is roughly compensated for by the variation in the energy dif-
ference E(I,5/2) - E(I, 3/2), all the admixed amplitudes are of the
same order of magnitude [0.04 < IaK(I)I < 0.16]. Furthermore it
turns out that the Coriolis contributions to the transition rates in all

1
cases except 5]Pm are destructive, The Kl, AK = 0 transition
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rates in ]53Eu are the ones most sensitive to admixtures, since the
contribution of the main 5/27(532) - 3/Z+(41 3) component in this case
is strongly reduced by the P pairing factor. The resulting retardation

factor, taking pairing correlations and Coriolis coupling into

FPC’
account, is presented in the right-hand part of fig. 6 together with the
upper and lower limits from the theoretical predictions. The influence
from the Coriolis coupling on the El transition rates is in all cases
limited to less than a factor of 2 and can thus by no means offer an

explanation of the observed enhanced E1, AK = 0 transition rates,

4,5 Quasi-particle interaction

As argued in the previous discussion, the contribution to the EI
transition rates obtained from the Nilsson model with the inclusion of
pairing correlations and Coriolis admixture do not seem large enough
to explain the experimental transition rates, being a factor of a hun-
dred to a thousand larger than given by the results of these estimates.
We thus seem forced to include effects of interactions between quasi-
particles. In particular we have to consider the particle-vibration
interaction. Of the relevant vibrational modes, the electric dipole ex-
citation has a high energy (> 10 MeV) while both quadrupole and octu-
pole vibrational modes are found with energies less than 2 MeV. These
are therefore expected to give comparatively larger perturbations to
the low-lying energy levels of present interest. From recent calcula-
tions, Soloviev and Vogel [34] have made predictions indicating that
low-lying energy states in deformed odd-mass nuclei roughly consist,
to 95 per cent, of the proper Nilsson orbital, while the remaining 5
per cent is shared between quadrupole and octupole admixtures. The
quadrupole admixtures can only give rise to a siight renormalization
of the El transition rates. The octupole vibrational coupling, on the
other hand, will mix the octupole levels built on the final 5/2+ intrinsic
state into the initial 5/27 intrinsic state and vice versa.

In even deformed nuclei the lowest octupole excitations will have
K" = 07,17, 27 and 3°. Of these only the 0~ and 1~ levels seem to
have been experimentally observed in the mass region at A ~ 150,
These two octupole vibrational bands will both be mixed with the main

Nilsson components. As their mixing amplitudes are in both cases



- 17 -

proportional to matrix elements of a one-body operator, the same
pairing factor P_ as for the main orbitals should be used. The calcu—
lated E1 transition rates will therefore still be proportional to P and
the effect of the pairing correlations as discussed above will remain.
To introduce some qualitative arguments about the influence from
the octupole vibrations we can write the quasi-particle state wave func-

_tion in a semiclassical one-phonon approach as

m Tf ik m
|K"s0,0;K,1I) +K‘ KZK Cw(K',Kw, K.) |K' i1, KK, D
t

In the state vector IK' m 3 Vs Ku); K:, I, Ku) equals the component of
the phonon angular momentum along the nuclear symmetry axis and
= |K K, |. Furthermore the relations nm' = (-1)Y and 1 2 K, will
hold The dlscussmn is limited to the angular momentum components
Kw =0 and 1, which will both be responsible for the octupole ad-
mixtures. In evaluating the El transition rates only such terms, be-
sides the single-particle contribution, which incorporate a collective
E) strength (transitions with IA\)] = 1) are considered. An estimate
of this collective E1 octupole strength is obtained from the Coulomb
excitation of the 0.96 MeV 1~ level in ]SZSm [35] which gives

B(E1;1 - 0+) ~8x10 -3 ezfmz. ‘The value obtained from the Nilsson

model for the relevant B(E1;5/27 - 5/2+) is~5x10 -5 ezfmz. The E]
strength from the 0 octupole admixtures may be even larger than

for the 1~ component [9,10]. The effect on the E] transition rate will
be strongly dependent on the sign relations between the different com-
ponents in the state wave function.

If we admit a 5 % octupole admixture as an upper limit into both
the initial and final states and furthermore assume that all the com-
ponents add coherently, we can obtain an octupole contribution to the
El transition rate of between one and two orders of magnitude larger
than the previously calculated single-particle contributions. This is
sufficient to explain the enhancement found for the El transition rates
in 151 Pm and 16l Tb. In the europium cases, however, the adopted
El octupole strength, together with the upper limit of 5 % octupole ad-
mixture, does not seem to be sufficient to account for the observed

enhancement,
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In a recent calculation using a microscopic approach, Monsonego
and Piepenbring [9] have demonstrated that, at least for the ! 5?)Eu
and ]55Eu nuclei, the octupole admixture gives the dominating contribu-
tion to the AK = 0, El transition rate. They have also carried out the
numerical calculation for two values of the octupole interaction strength
parameter ¥ giving enhancements of 100 and 1000 respectively over the
single-particle plus pairing estimate. This is in rough agreement with
the crude estimates above. Unfortunately we do not know the value of
x which corresponds to a realistic octupole El strength, e.g. as the
one determined from the 0.96 MeV level in ]SZSm [351].

It is also interesting to note that according to Mottelson and
Nilsson [36 ] the deformation of the 5/27 (532) orbit in ] >3Eu may be
significantly lower than for the 3/2+(41 3) orbit. It has been demon-
strated earlier [27] that the effect of a 10 % change in the deformation
in this case will increase the 5/2 (532) - 5/2+(41 3) El1 transition rate
by roughly an order of magnitude. Such a contribution will help in
understanding the observed enhancement,

In conclusion, we have found that the quasi-particle model in-
cluding Coriolis coupling is by no means capable of accounting for the
main features of the AK = 0, El transition rates in the presently studied
nuclei, We also find that the octupole contributions together with effects
from possible deformation changes may well be sufficient to explain
the observed enhancement for these transitions.

The author is indepted to Drs. Anders Bicklin and Sven Wahlborn

for valuable criticism of the present work.



Table 1

Pertinent information on the 5/27(532) - 5/2+(4] 3) El transitions in 151 Pm, ]53Eu, 15584 and 1el Th.
T (exp) [Transition | Initial state  final state Relative{Relative| Ty /2. (exp)
Nucleus o]f/lzevel energy in I KT[Nn_A] N a) N a) /2y F b) F c) fd) T]e) References
) z v e . w N
in psec keV in sec
lpm | soais | 116.9  |5/2 5/27(532) | 5/2 5/21(413) | 340 59 [10.4x10"""] 700  |2.4x107%[1.3] 4 Ty 5 )
NyNe: g)
153 - + -10 -2
Eu 180%20 97. 4 5/2 5/27(532) | 5/2 5/27(413) | 3000 890 2.4x10 930 3.1x10 1.3] 5 T]/Z: f)
14.0 7/2 5/27(413) 2.1 | 10 3.3x107 7 | 4.0x10%|5.3x107%] 2.5 N N_: ) i)
155 - + -10 -2
Eu 104%10 105 5/2 5/27(532) [ 5/2 5/27(413) | 200 48 1.3x10 650 2.2x107711.,3} 5 T]/Z: f)
26 7/2 5/2%(413) 1.1 2.6 | 2.3x1078 | 1.7x10% |2, 4x1072| 2.0 N Ng: k)
161 - + -10 5
Tb [<100 482 5/2 5/27(532) [ 3/2 3/27(411) 46 <0.1 [<2.0x10 <1,0x10 <2.7 5 T]/Z: 1)
424 5/2 3/27(411) 3 <0.1 |<3.1x107? |<1.0x10% [ <12 N, Ne: m)
165.3 5/2 5/2*(41 3) 39 4.3 [<2. 4x10‘]°h<4. 8x10° | <0.16
a) NY and Ne are normalised for each nucleus such that, for each d) Defined in the text of Section 4. 1.
multipole transition, Ne/Ny gives the total conversion coefficient. e) Deformation parameter according to the notation .
b) Single particle estimate taken from ref. [2] using a statistical of Nilsson [3]. o
factor equal to one. f) Present work, g) Ref. [16]. h) Ref. [23]. I
i) Ref. [28]. k) Ref. [24]. 1) Ref. [81.

c) The calculated value of G, (from eq. (35b) in ref. [3]) increases
only 5 % between 1 = 4 and 1 = 6.

m) Ref. [40].
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Table 2

Experimental results from the measurements of the half life of the

97.4 keV level in ]53Eu.

Result
12 Ref.

Method . -
T]/2 in 10 sec.

Regular nuclear resonance

scattering 158 = 21 [a]

Recoil less nuclear resonance
scattering 214 + 21 (bl

Delayed coincidence measurement

using KX-rays = 97. 4y < 350 [c]

Delayed coincidence measurement
using KLL-Auger electrons — 97, 4K
electrons 180 + 20 [d]

a) Ref. [37]
b) Ref. [38]
c) Ref. [39]
d) Present work



Table 3

Single-particle and Coriolis coupling matrix elements together with pairing factors for the Nilsson orbitals

of interest in the present work,

5/27(532) - 5/2V(413)

5/27(532) - 3/2¥(a11)

5/27(532) ~ 3/27 (422)

3/27(541) » 5/27(413)

G, =0.014 G =0.013 Gy = - 0.042 Gy = 0.0052
P P P P
Blpn +0.60 £0.10 +0.8 0.2 - 0.27£0.10 - 0.45£0.10
1534 - 0.25 £ 0,05 £0.02 £0.03 ~0.8 0.2 - 0.60 £0.10
15560 - 0.50 £0.10 £0.10 £0.10 20.8 0.2 -~ 0.70 £0.10
1611y, - 0.85 +0.08 -0.7 +0.2 20.9 £0.1 - 0.85£0.10
e =l
5/27(532), 3/27(541) 5/2%(413), 3/2%@a11) | s/2%(a13), 3/2%(422)
(s/27 15, 13/27) =5.3 | <5/2%|j, 13/2") =0.67| (s5/2%5, [3/2") = 3.2
Py Py Py
o 0.79 % 0.02 0.94 £ 0,01 0.83 % 0.02
15304 0.96 % 0. 02 0.99 +0.01 0.84 +0.02
15554 0.97 0.02 0.94 £ 0.01 0.92 +0.02
161py, 0.99 £ 0. 01 0.95 £0. 01 0.96 % 0.02
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FIGURE CAPTIONS

The delayed coincidence curve indicated by crosses is taken
between gamma rays > 700 keV and the 116.9 K conversion
electrons. The slow decay component on the right-hand side
originates from y-80.3 L and brems-strahlung - 80.3 L
coincidences introducing the 0.9 nsec half life of the 255.7
keV level. The dotted prompt reference decay curve is ob-
tained using a 60Co source. From the analysis (see text)
the half life of the 116.9 keV level in 151 Pm was found to be
89 £ 15 psec. The right-hand part of the figure shows a
pertinent part of the electron spectrum from the decay of

151 Nd measured in one lens.

Comparison between the measured magnetic moment u =
1.8 £0.2 n.m. for the ground state of 5] Pm and the pre-
dictions of the Nilsson model for the 5/2+(4] 3) and
5/27(532) orbitals. The calculation has been performed
for the deformations T = 2 and 4 and with different effective
values of the gyromagnetic factor gge The value of gg was
chosen as 0.40 £ 0. 05.

The delayed coincidence curve indicated by dots is taken
between the 97.4 K = KLL Auger electrons in the decay of
] 53Gd. The slow decay component on the right-hand side
originates from 103.2 K tail - KLL Auger electron coinci-
dences introducing the 3. 7 nsec half life of the 103.2 keV
level. The reference decay curve indicated by crosses is
taken between the 94. 7 K electrons (accelerated by 10 kV)

and the B~ continuum in the decay of ]65Dy using the same
energy settings as in the ]53Gd measurement. From the
analysis (see text) the half life of the 97. 4 keV level in

] 53Eu was found to be 180 + 20 psec. The right-hand part

of the figure shows a pertinent part of the electron spec-

trum from the decay of 53Gd measured in one lens.
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The two delayed coincidence curves shown are the results
from a self comparison measurement using the 105 K-

ISSSm.

electron line and the B continuum in the decay of
From the analysis (see text) the half life of the 105 keV
level in ]55Eu was found to be 104 £ 10 psec. The right-
hand part of the figure shows a pertinent part of the elec-

- 1 .
tron spectrum from the decay of Sm measured in one lens.

The single-particle level scheme in the neighbourhood of
the Fermi level (GF) To the left are the Nilsson levels 1
for protons calculated with § = 0. 3 and the potential param-
eters w=0.06, p =0,55 for N=4and n = 0.06, p = 0,45
for N = 5, To the right are the semiempirical levels found
here to be appropriate for the Pm, Eu and Tb isotopes. In
the present calculation the level e(3/2+) is fixed at 5,27
(unit hu ) and the levels &(5/27), €(5/2%), ¢(7/27) and

el /2+) are given the locations as shown in the diagram.
The locations of the other levels used in the pairing cal-

culation are as follows:

below 5/27(532) or 5/21(413): 4.41, 4.44, 4.47, 4.54, 4.68,
4.75, 4.79, 4.83, 4.88, 4.91, 4.95, 5.02, 5.04 and 5.07;

above 1/27(411): 5.44, 5.47, 5.63, 5.64, 5.68, 5.70, 5.90,
5.91, 5.92, 5.97 and 6. 00,

Retardation factors for the El, AK = 0 transitions in the
relevant Pm, Eu and Tb isotopes. The factor Fy is cal-
culated from the pure Nilsson model. In the quasi-particle
value, FQM’ the pairing correlations are included. For
FPC also the Coriolis coupling effect has been added. In
the case of FN the experimental errors are indicated. In
the cases of FQM and FPC the nominal value together with
the estimated upper and lower limits according to the theo-
retical calculations are shown. Crosses are 5/2 5/27 -

5/2 5/2+ transitions and circles 5/2 5/2" = 7/2 5/2+ transi-

tions.
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