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The lines in the maser spectrum could be due
either to the properties of the glass or to the effect
of maser action in a resonant cavity. If the Nd+'

ions are in a limited number of well-defined atom-
ic sites in the glass many lines could result, sim-
ilar to the satellite lines found in red ruby. ' Al-
ternatively, the lines could be due to the effect of
the resonant cavity which gives standing waves
only at discrete wavelengths.

The writer gratefully acknowledges the help
given by R. Young for making the glass samples,
Dr. H. Jupnik for the evaporations, E. Dixon for
the studies on various length samples, and F. Hoff-
man for competent technical assistance during the
measurements phase of this work.
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EXPERIMENTAL OBSERVATION OF A NEW REGION OF NUCLEAR DEFORMATION

Raymond K. Sheline, Torbjpfrn Sikkeland, and Richard N. Chanda,

Lawrence Radiation Laboratory, University of California, Berkeley, California
(Received November 20, 1961)

The nuclea, r periodic table ha. s three or possibly
four regions where nuclei have been experimental-
ly shown to be deformed, namely A =—19 to 28 and
150 to 190, A ~ 222, and possibly A. -8. The work
presented in this Letter gives experimental evi-
dence for an additional region of deformation.

Figure 1 is a schematic representation of the
nuclear periodic table in which previously ob-
served regions of nuclear deformation are labeled
2, 4, 5, and 6. Up toA =—40, the line of beta sta-
bility of the nuclear periodic table involves nuclei
whose neutron and proton numbers are about the
same. Therefore, the first limited regions of de-
formation, labeled 5 and 6 in Fig. 1, have N =Z.
Above A —= 40, however, the line of beta stability
shifts toward a, higher neutron ratio. Consequently
the neutron and proton shells are somewhat out of
phase until one reaches the rare earths and acti-
nides, where extended regions of deformation a,re
observed because the 50- to 82-proton region is
approximately in phase with the 82- to 126-neutron
region and the 82- to 126-proton region with the
126- to 184-neutron region. On the other hand,
though highly neutron-deficient and correspond-
ingly unstable, the regions labeled 1 and 3 in Fig.
1, where N =—Z, should contain deformed nuclei.
We have concentrated our effort in region 1.

In order to study the energy levels of nuclei in
region 1, it was necessary to discover a number
of new La and Pr nuclides. We will report here
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only on those new nuclides whose mass number,
half-life, and first excited state are relatively
certain.

FIG. 1. Schematic representation of the nuclear peri-
odic table showing the neutron (vertical solid lines) and
proton (horizontal solid lines) closed shells. The dashed
vertical and horizontal lines represent semiclosed
shells, which have an effect on regions of deformation.
The thin banana-shaped curve approximately encloses
nuclei that have been experimentally studied. Regions
where nuclei have been experimentally observed to be
deformed are indicated with cross hatching. Additional
regions where it is reasonable to expect to find deformed
nuclei are labeled 1 and 3. This research is concerned
with region 1. This figure is patterned after one sug-
gested by E. K. Hyde.
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Table I. Nuclear reactions showing cross bombardments used to produce the nuclides, La 6, La, and La 3 .

New nuclide

La'"

La128

La'"

Nuclear reactions

In (0,5n) La
Sbi 21(C12 7~)Lai 26

In115(P16 3 )Z
128

Sb121(C12 5 )Lai 28

Sb'"(C" 7n) I.a'"
Sb"'(C" 3n) La'"
Sb'"(C" 5n)La'

Heavy-ion bombarding energy
(Mev)

94
117

65
84

117

53
84

The simplest available method of proving that
nuclei are deformed involves the production of
odd-odd nuclei whose decay into daughter even-
even nuclei gives a characteristic low energy for
the first excited state and, if possible, a rotation-
al band built on the ground state with spins 0+, 2+,
4+, ~ ~ ~ and ratios of energies to the first excited
state 1.0:3.33:7.00 ~ . Accordingly we have pro-
duced the nuclei La"', La", and La' with half-
lives of 1.0+0.3, 6.5+1.0, and 9.0+1.0 min, re-
spe ctive1.y.

These La nuclei have been made in a variety of
ways (see Table I), using the heavy-ion current
of the Berkeley Hilac. A heavy-ion bombarding
energy was chosen which would give maximum
yield of a desired isotope. This energy (see Table

I) was estimated by using Cameron's mass table'
and by assuming the average kinetic energy of
each emitted neutron to be 4 to 5 Mev.

The reaction products recoiling out of -1-mg/
cm' self-supporting targets of In and Sb were
caught in a 1.8-mg/cm Pd foil which was then
dissolved in hot aqua regia. 5'ith Ba as holdback
carrier the La activities were precipitated in
LaF, and the precipitate washed once with dilute
HF. The procedure took about 1.7 min from the
end of bombardment to the start of counting.

When the same targets were bombarded by ions
that produce elements below La in atomic num-
ber, the chemical procedure separated only a
small fraction of the activity. This suggests that
the radiochemical purity of the sample was sat-
isfactory. The purity was also checked by sepa-
rating some of the La. activities carrier-free by
elution with ammonium n -hydroxy isobutyrate
from a column of Dowex-50 cation-exchange
resin.

The mass assignments are also quite definite.
In the first place, there is the evidence on the
mass numbers from the cross bombardments
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FIG. 2. First excited states of even-even Ba nuclides.
The levels in Ba 6, Ba 2, and Bas are the results of
this research. The dashed line shows +2+)crit the
dividing point between spherical and deformed nuclei.

shown in Table I. In the second place the La'"
is shown to decay into a species that has a spec-
trum identical with that of Ba . Finally, the
La'" emits a very strong 356+ 4 kev gamma ray.
A 359-kev gamma ray is observed' in the Cou-
lomb excitation of Ba' '. To verify the above
mass assignments, we are now determining the
excitation functions.

The energy levels in the daughter nuclei Ba' ',
Ba", and Ba" are used to determine whether
or not these nuclei are deformed. The first ex-
cited state of the even-even Ba nuclides including
Ba", Ba", and Ba" are plotted in Fig. 2. The
lowering of the first-excited-state energy with
mass number is similar to that observed in the
normal rare earths. A more detailed analysis
of these energies is therefore necessary. There
are at least three ways to use the first-excited-
state energy as a criterion for deformation. These
are (a) a direct comparison between the energy of
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the first excited state and an (F2 ) t suggested
by Alder et al. ,

' (b) a determination of an empir-
ical deformation, Pemp, from a relationship be-
tween y/ grig and P, ' and (c) a comparison of

pMig from the relationship of Migdahl. ' These
three methods are utilized in Table II, where com-
parisons are made with other nuclei with similar
deformations but from other regions of deforma-
tion. A comparison of Ba'", Ba", and Ba"' with
other deformed nuclei indicates that Ba' ' is like

Qs and Ra 2 . Thus all of these nuclei
have a first-excited-state energy less than

(82+)crit and have very similar pemp (0.19 to
0.21) and pMig (0.15 to 0.18).

Similar statements apply to a comparison of
Ba" to Qs' and Ra" . Qn the other hand, both
Ba" and Qs'" seem to be in a transition region.
Their first-excited-state energies are each higher
than the (82+)crit, and each has pemp-— 0.16 and

pMig= 0.12. Osmium-190 has a rotational band
which cannot be fitted well with the simple I(I+ 1)
relationship but is fitted by the nonaxially symmet-
ric rotator model of Davydov and Fillipov. 7 It
seems very probable that Ba" would be very sim-
ilar in this regard.

In addition to gamma-ray singles spectra, gam-
ma-gamma coincidences were also taken using
standard fast-slow circuitry and, in some cases,
a two-dimensional coincidence analyzer. Coinci-
dences were found in the decay of each of the La
nuclides. However, the presence of the 511-kev
annihilation radiation tended to obscure coinci-
dence relationships, and it was not possible to fix
unambiguously the energy of second and/or third
excited states in the Ba isotopes. However, if
one makes the simplest assumptions with the coin-
cidence data, the results strongly favor a rotation
al band interpretation, and are inconsistent with a
vibrational interpretation. Ratios of the supposed
second excited states are similar to those in Col-
umn VIII of Table II. Nonetheless, none of the
spins of the supposed second excited states has
been measured. Consequently, a satisfactory
proof of the existence of rotational states must
await complete coincidence analysis.

A trend similar to Fig. 2 for the first excited
states of even-even Ce nuclei has also been ob-
served. However, in this case mass assignments
and half-lives of the Pr nuclides are not nearly as
certain. This evidence does tend to confirm the

Table II. Comparisons between the nuclei Ba, Ba, and Ba and nuclei from other regions of deformation.

z {z )2+ 2+ crit
Nucleus (kev) (kev)

c d e ff/a' p p . p Ratios of energies in the rotational bandrig emp Mig exp

B 126

Ba~28

Ba"'
Gd"4

i56

~488
f86

p 188

Ps190
222

Ra
Th226

256
279
356
123
138
124
137
155
188
111
84.5
72.1

279
272
265
200
196
147
147
144
142
110
108
106

0.251
0.225
0.172
0.462
0.333
0.273
0.247
0.215
0.1-74

0.228
0.295
0.341

0.20
0.18
0.16
0.29
0.23
0.20
0.19
0.18
0.16
0.19
0.21
0.23

0.16
0.15
0.12
0.25
0.19
0.17
0.15
0.14
0.12
0.15
0.18
0.20

0.30

0.24
0.20
0.18

1.0:3.02:5.84
1.0:2.93:5.59
1.0:3.28
l.0:3.19:6.33
1.0:3.09
1.0:2.93:5.60:8.89
1.0:2.79:5.78
1.0:2.98
1.0:3.14:6.33

a
Throughout the table, energy values are taken from R. K. Sheline, Revs. Modern Phys. 32, 1 (1960) except the

values for Ba 6, Ba, and Ba (reported herein) and Dy 56 [see E. P. Grigor'ev and B. S. Dzhelepov, Doklady
Akad. Nauk S.S.S.R. 135, 564 (1960); translation: Soviet Phys. —Doklady 3, 1243 (1961)].

Values of (E2+)cr;t ——138 / rt are given (see reference 3). This (E2+)crit is the criterion by which nuclei may
be assumed to be spherical [for P2+&(E2 ) f+t)corr deformed (for E2+ &(E2 ) +it]c.rOften the transition is not as
abrupt as indicated by the single value.

Ratio of .J=3A /E2+ to fri (2MAR0/5)(1+0. 31p+ ~ ~ ~ ), where R0 ——1.2A &&10 cm, p =1.08/A, and MA is
the nuclear mass.

dSee reference 5.
Values of pMjg are determined from J=(2MARO /5)(2. 33pMig- 0.1) (see reference 6).
Experimental deformations calculated from the available values of the transition probabilities for Coulomb exci-

tation.
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existence of an extended region of deformation,
however. The existence of the region of deforma-
tion labeled 1 in Fig. 1 suggests that (a) it should
be possible to observe deformed even-even Nd nu-
clei and possibly also Sm nuclei with presently
available heavy-ion beams, and (b) it is certainly
feasible to observe a large number of deformed
odd-A Ba, La, Ce, Pr, Nd, and Pm nuclides. The
observation of odd-A nuclei in this region would be
particularly interesting because it would allow as-
signments of ¹ilsson orbits in this new region of
def ormation.

Recent calculations on the equilibrium deforma-
tions for nuclei in regions 1 and 3 on Fig. 1 indi-
cate a considerable deformation in each region. '
These calculations and this experiment should
provide impetus to the observation of deformations
in the neutron-deficient actinides, region 3 in Fig.
1. Such experiments might be undertaken by the ob-
servation of the n fine structure resulting from the
decay of even-even nuclei produced from the follow-
ing types of nuclear reactions: Pb'~(O", Sn)Th'"
and Hg' (Ne, Bn) Th'
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