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Intermediate and weak coupling in 2!°Ra
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The level scheme of 21°Ra established via a study of the 208Pb(14C,3n)2!Ra reaction is presented. The
structure of the rotational band based on the ground state is interpreted as reflecting a 89/2 valence neutron
weakly coupled to a spherical 2'®Ra core. A non-yrast side band is observed, having tentative %‘,
. level assignments. An 12_1_ state could result from the anomalous J=,—2 intermediate
strength coupling of a j;s/; neutron to the 218Ra core. The relevance of a weak coupling model to the

understanding of high spin (J > j) parity doublets and the surprisingly different experimentally observed
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level schemes of 2}§Ra and 2}§Ac are discussed.

Studies of odd-A4 nuclei have been shown to provide use-
ful information on the structure of the even-even core as
well as on the behavior of the valence nucleons. This is
particularly the case where weak-coupling phenomena are
observed;! for example, in Z > 50 odd-A4 nuclei. When the
core is a prolate spheroid, weak coupling of a valence nu-
cleon in an orbit having total angular momentum J leads to
the occurrence of the state Jp.,=/ + J.ore at a lower excita-
tion than the state having J=J,,x—1 and to a AJ =2 band,
in contrast, for the case of a valence hole the order of the
Jmax and Jy.—1 states is reversed and a AJ=1 band oc-
curs.? The separation of the Jy, and Ju.— 1 states is relat-
ed directly to the diagonal (first order) matrix elements of
the quadrupole operator for the core!~® and thus provides
information on the core structure.

Recently, a number of detailed studies*!! on actinide nu-
clei and subsequent attempts'?”!* at understanding the
results on the basis of cluster configurations!? or static octu-
pole deformations!? ! have focused attention on the validity
and relationship of these two approaches. Comparable suc-
cess in reproducing the known characteristics of even-even
nuclei in this mass region has been obtained with the two
approaches; both can reproduce the observed bands of
states having alternating parities and strongly enhanced elec-
tric dipole intraband deexcitation transitions as collective
phenomena. Thus far only the static octupole model has
been applied to odd mass nuclei in this region.!* Both
models, in which reflection symmetry is broken in the in-
trinsic frame, predict parity doublets in odd-A4 nuclei.

In this short note, a detailed level spectrum for 2!Ra is
presented. These results are compared with recently pub-
lished results for the neighboring nuclei 2’Ac (Refs. 16 and
17) and 2°Ac (Refs. 18 and 19) in order to examine the
underlying structure and to seek an appropriate description.

Our study of 'Ra was carried out via the 28Pb(!4C,
3ny)*°Ra reaction, using a “C beam from the Brookhaven
MP7 tandem accelerator. Unambiguous identification of
219Ra was achieved in measurements of the excitation func-
tion for this reaction over the range 60 < E (1*C) <78 MeV
using a target comprised of 450 wg/cm? of 28Pb on a 225
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wg/cm? Au backing. Gamma radiation was detected at 90°
to the beam in a single Ge(Li) detector. Since detailed in-
formation on 2'¥Ra (the 4n channel) and alpha particle de-
cay data for 2°Ra (the 2n channel) were available, the exci-
tation function curve measurement, together with x-ray
coincidence data, were sufficient to establish the strongest
gamma rays deexciting states of 2'°Ra. The alpha particle
decay of the 2'°Ra ground state to 2>Rn has been suggest-
ed? to yield a gamma ray of ~ 310 keV, which appears to
be 316 keV from our study, as well as from a recent alpha-
decay measurement of 2°Ra (Ref. 21). The 316 keV line
observed in our study was used as an additional signature
for identifying 2!°Ra.

Gamma-gamma coincidence data were taken with a thick
(50 mg/cm?) 298Pb target at a beam energy of 68 MeV using
three Ge(Li) detectors of high efficiency (approximately
20%). The use of a thick target allowed us to observe reac-
tions occurring at energies down to the Coulomb barrier.
This enhanced the population of lower spin states and al-
lowed us to identify a non-yrast side band weakly populated
in this reaction. In addition, a large number (2.5x108) of
coincidence events was accumulated; this allowed us to ex-
tend the level spectrum to higher spin states and to establish
weak gamma ray branches of intensity only 0.3% of the
strongest ground-state transition. The resulting level
scheme is shown in Fig. 1. A similar study of 2'°Ra was re-
ported?? with consistent results. The results presented
herein include an additional side band, which is not includ-
ed in the study of Ref. 22, as well as several additional
high-spin states above 3.5 MeV.

To establish angular distributions, gamma ray data were
obtained with two different detectors at six angles at a beam
energy of 67 MeV. The first, a planar high-purity germani-
um detector, was used for transitions having energies below
400 keV, transitions with energies above 400 keV were
studied using a Compton-suppression spectrometer consist-
ing of a central high purity Ge n-type detector and a 25.4
cm diameter Nal(T1) crystal having a central cavity for in-
sertion of the gamma detector. All transitions of dipole
character were found to exhibit angular distributions charac-
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FIG. 1. The level scheme of 21%Ra. The ground-state spin is suggested from systematic behavior in this mass region.

teristic of stretched dipole deexcitation, —0.3<gq,
=< —0.15, where a;=A4,/A4, in an even ordered Legendre
polynomial expansion; in the case of quadrupole transitions
the extracted a, coefficients were 0.1 < a,<0.3.

Parity assignments were established by measuring conver-
sion electrons with a Si(Li) detector and a mini-orange mag-
netic spectrometer with permanent cobalt samarium mag-
nets. Conversion coefficients could be extracted for several
of the E2 band transitions and also for the stronger dipole
transitions within the ground-state band. Because of the
large difference in conversion coefficients between E1 and
M1 transitions in this region, the electric dipole nature of
these transitions could be established. As an example the
measured ratio o (205)/a£?2(295) < 0.27 can be compared
with 0.20 if the 205 keV transition were E1 and 4.47 if it
were M1. In addition, parity assignments could, in some
cases, be made using intensity arguments, as will be dis-
cussed below.

Only tentative spin and parity information could be ex-
tracted for the weakly populated side-band members, in-
volving the 128, 414, ... keV deexcitation transitions,

from the angular distribution data. The results obtained
are, however, supported by the intensity arguments. We
note, for example, that an assignment of positive parity to
the 128 keV level (ie., J"= 4+ state at 128 keV) leads to

a 128 keV dipole transition intensity which is at least a fac-
tor of 3.4 larger than the intensity of the 414 keV feeding
transition. The highly converted and unobserved
(3-)— Z-(M1) transition, on the other hand, provides
support for a negative parity assignment to this -lr‘ state at
128 keV in 2'%Ra. Since these intensity arguments are cru-
cial for these assignments we report these spin-parity assign-
ments in parenthesis.

The spin parity of the ground state of 2!°Ra is not known,
nor of excited states of ?'°Ra from radioactivity measure-
ments. A tentative ground-state spin and parity of 2!°Ra can
be deduced from the systematics of assignments to the
ground states of neighboring nuclei. The N =131 isotones
Z43Po and 2}/Rn are measured to have ground-state spin par-
ities of (3)* and #*, respectively.” We note that in the
neighboring N =133 isotones?® 2}gRn and §}Ra, as well as
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in the N=135 isotones %Ra and 2}Th, the measured
ground-state spin-parities are identical within an isotonic
chain (J*=4* for N=133 and J"=$"* for N=135 iso-
tones). We, therefore, have assumed that the ground state
of MRais 5.

The assumed * ground-state spin and parity of 2!°Ra are
also consistent with the gg; neutron state as observed in
209ph (Ref. 20), and thus it is of interest to examine wheth-
er the 2!%Ra spectrum contains the other relatively pure sin-
gle neutron states that are known in the low-lying spectrum
of 2¥Pb. Since the 128 keV - state has negative parity, we
conclude that the observed low-lying positive parity i
state of 2Pb is not observed (in this work) in 2'°Ra, sug-
gesting that this state is pushed to higher energies above the
yrast line. In the case of the low-lying negative parity js/
state, two candidate J" = -17—‘ states are available at 495 and
542 keV in 2'"Ra. For the higher state we find B(E1)/
B(E2)=1.3%x10"7 fm~% With a realistic estimate?’> of
B(E2)=50 W.u. this implies a hindered E1 deexcitation,
with B(E1)=22x10"* W.u. This suggests that the high-
lying -;-‘ state arises mainly from the j;5;; neutron orbit
and thus would be expected to show a weak E'1 deexcitation
to the —123—" state which is a member of a band built on a dif-
ferent single particle orbit. The lower —155~‘ state belongs to
a negative-parity band which shows enhanced E1 deexcita-
tion with an average value B(E1)/B(E2)=2.1 x10-°
fm~2 [i.e., B(E1)=3.5x10"3 W.u. for a realistic estimate?’
of B(E2)=50 W.u.]. The lower —'25—' state most probably
results from the weak coupling of the 3~ state of ?!®Ra
(Ref. 5) to a gy, neutron. Similar states arising from the
gy2, i1172, and jis» single particle neutron states are ob-
served in 2'7Ra (Ref. 24). Again in 2'’Ra the members of
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the jis/, negative-parity band also decay with weak E1 tran-
sitions to the members of the gy, band. Assuming?
B(E2)=20 W.u. in #"Ra, we extract, on the average,
B(E1)=17.3x10"* W.u. for these weak E1 deexcitations in
27Ra (Ref. 24), similar to the decay of the second %~ state
observed in our work on 2'°Ra.

The level spectrum of *°Ra shows a striking similarity to
that of the neighboring even-even ?'®Ra (Refs. 4 and 5) and
20Ra (Refs. 8—10) nuclei, with two interleaved major bands
of opposite parity showing enhanced E1 intraband deexcita-
tions. The average B(E1)/B(E2) ratio in 2"?Ra (=21
x10-% fm~2?) is intermediate between the corresponding
values of 2.7x10~¢ fm~2? in 2"®Ra and 1.2x107¢ fm~2 in
20Ra. The nuclei '®Ra and ?2°Ra appear to be only slightly
deformed in their low energy excitation region. The ratios
E(4*)/E(2%), for example, are 1.9 and 2.3 in 2'®Ra and
20Ra, respectively, very close to the value of 2.0 expected
for vibrational nuclei. All of these considerations suggest
that the yrast states of >'°Ra arise from a gg/, neutron weak-
ly coupled to a ?'®Ra core, including both positive and
negative-parity states.

In such models, quadrupole-quadrupole coupling of the
single particle to the core (with no odd multipole terms) is
assumed. This results in a rich spectrum of spin multiplets
associated with each core state. Because of the selective na-
ture of (HI,xn) reactions, primarily the Jn.,=j.+/ and
Jmax— 1 members of the spin multiplets are usually ob-
served. In 21%Ra only the J,,x member of the spin multiplet
is seen, as shown in Fig. 2. For a particle state the Jp.,—1
state is expected to appear at excitation energies higher than
that of the corresponding state of the even-even core,’ as
observed systematically in the odd-A s3/ nuclei,! and thus
the remaining states lie far above the yrast line and cannot
be observed in (HI,xn) reactions.
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FIG. 2. A weak-coupling scheme for 2!°Ra and neighboring odd-4 nuclei. For a particle state (21°Ra) the J,,, state (=J .+ j) appears
below the j.— | state, and for a hole state (21%Ac) the opposite ordering is expected (Ref. 2); this accounts for the differences in the 21°Ra
and 21%Ac spectra. Data are from Refs. 16-19, 24, and the present work. Note that the J,,, and J,,— 1 states of **2% and 4% multiplets”
in 217Ac are degenerate, corresponding to a very small quadrupole matrix element of the corresponding core states.
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For a hole state, as we have noted above, the Jy,—1
state appears below the Jn.x state (for cores with modest
prolate deformation). In such cases we find, in general, two
close lying states of opposite parities and identical spin.
These are the Jmax and Jpnc— 1 members of different spin
multiplets arising from two core states of angular momen-
tum differing by one unit. Such a mechanism for creating
so called ‘‘parity doublets’’ is accidental in nature and dif-
ferent from the mechanism associated with the breaking of
reflection symmetry in the intrinsic system.!*!S The nuclei
M7 Ac and 2'%Ac show a weak-coupling spectrum arising from
an hg, proton hole coupled to the even-even Th core, as
shown in Fig. 2. At higher spins the Jp,— | state appears
below the Jn. state, as expected for an hg;, proton hole
state, and thus states of the same spin and opposite parity
which are almost degenerate are found in 2'?Ac. This
feature does not occur in 2'?Ra which involves neutron par-
ticle states. We note that for low-spin states in ?'’Ac and
29A ¢ the quadrupole moment of the core appears to be van-
ishingly small so that the Jm,x and Jp. — 1 states are nearly
degenerate. This simple weak-coupling (like) model ac-
counts for the surprisingly different level schemes of 2}§Ra
and %§Ac, even though both nuclei involve very similar
core nuclei. It should be emphasized that the predictions of
a weak-coupling model® are almost independent of the j of
the single particle involved, and therefore the conclusions
suggested in this paper are largely independent of the spin
of the ground state of 2!Ra.

The tentative assignment of an 5~ state at 128 keV in

29Ra is intriguing, since the band built on this state is a

AJ=2 band and therefore of particle nature. The only
available neutron particle negative-parity orbit is jjs/2. This

—123- state can be interpreted as the J=j—2 anomalous
state of the js/; orbit.*~?" In core-particle coupling models
such as PTQM? and interacting boson-fermion approxima-
tion?” one finds that for slightly deformed nuclei the effect
of the Pauli principle is to lower the j —2 state below the j
state. Such a phenomenon has been observed in *Se (Ref.
26) and 'Tc (Ref. 27) for the gy, orbital. We note that
the low-lying +* state in 2°Ra observed in the recent
alpha-decay study of 2*Th (Ref. 21) could be the predicted
j—1 state of the go; neutron orbit in 2'?’Ra. The ground
state of 22'Ra, measured? to be 5 *, could then be the j — 2

anomalous state of the go/; neutron orbit.

We conclude that the level scheme of '°Ra and the
neighboring Actinium nuclei can be well reproduced by a
weak-coupling model invoking a quadrupole-quadrupole
force with no assumptions regarding the nature of the core
or odd multipole interactions. In such a description the data
on odd-A nuclei do not distinguish between octupole or
cluster phenomena, since no explicit assumption concerning
the core is necessary in weak-coupling models.

We wish to acknowledge useful discussions with W. B.
Walters, R. A. Meyer, V. Paar, and K. Heyde on data con-
cerning the j —2 anomaly. This work was supported in part
by U.S. Department of Energy Contracts No. DE-AC02-
76ER03074 and No. DE-AC02-76CH00016 and by the Na-
tional Science Foundation.

*Present address: AT&T Bell Laboratories, HR1G-239, Red Hill
Road, Middletown, NJ 07748.

tPresent address: Department of Physics, Tennessee Technological
University, Box 5051, Cookeville, TN 38505.

*Present address: Institut de Physique Nucleaire, B. P. 1, F-91406,
Orsay Cedex, France.

IM. Gai et al, Phys. Rev. C 26, 1101 (1982).

2F. S. Stephens, Rev. Mod. Phys. 249, 111 (1975).

3M. Gai, A. Arima, and D. Strottman, Phys. Lett. 106B, 6 (1981);
in Proceedings of the International Conference on Band Structure and
Nuclear Dynamics, New Orleans, 1980, edited by A. L. Goodman
et al. (North-Holland, Amsterdam, 1980), Vol. 1, p. 158.

4]. Fernandez-Niello et al, Nucl. Phys. A391, 221 (1982).

5M. Gai et al, Phys. Rev. Lett. 51, 646 (1983).

6W. Bonin et al., Z. Phys. A 310, 249 (1983).

D. Ward ef al,, Nucl. Phys. A406, 591 (1983).

8J. P. Burrows eral, J. Phys. G 10, 1449 (1984); P. A. Butler
(private communication).

9P. D. Cottle et al, Phys. Rev. C 30, 1768 (1984); J. F. Shriner, Jr.
et al., ibid. 32, 1888 (1985).

10A. Celler ef al., Nucl. Phys. A432, 421 (1985).

1], Ahmad er al, Phys. Rev. Lett. 52, 503 (1984).

12F, Iachello and A. D. Jackson, Phys. Lett. 108B, 151 (1982).

BR. R. Chasman, Phys. Lett. 96B, 7 (1980).

14W. Nazarewicz et al., Nucl. Phys. A429, 269 (1984).

I5R. K. Sheline and G. A. Leander, Phys. Rev. Lett. 51, 359 (1983);

Nucl. Phys. A413, 375 (1984).

16D, J. Decman et al, Nucl. Phys. A436, 311 (1985).

17Y. Gono et al, in Proceedings of the International Symposium on
the Dynamics of Collective Motion, Mt. Fuji, 1982, p. 283.

18§, Khazrouni, Z. Phys. A 320, 535 (1985).

19M. W. Drigert et al., Phys. Rev. C 31, 1977 (1985).

20C. M. Lederer and V. S. Shirley, Table of Isotopes, Tth ed. (Wiley,
New York, 1978).

21G. D. Jones et al., in Proceedings of the International Conference
on Nuclear Structure with Heavy Ions, Legnaro, Italy, 1985 (un-
published), contributions, p. 20; P. A. Butler (private communica-
tion).

22C. Mittag et al., in Proceedings of the Weizmann Institute Workshop
on Electromagnetic Properties of High-Spin Nuclear Levels, Rehovot,
1984, edited by F. Goldring and M. Hass [Ann. Isr. Phys. Soc. 7,
277 (1984)].

23L. Grodzins, Phys. Lett. 2, 88 (1962).

24N. Roy et al., Nucl. Phys. A426, 379 (1984).

25Y. Tokunaga et al, Nucl. Phys. A430, 269 (1984); R. A. Meyer
(private communication).

26V, Paar, in Future Direction in Studies on Nuclei Far From Stability,
edited by H. Hamilton (North-Holland, Amsterdam, 1980), p. 15.

27p. DeGelder etal, Nucl. Phys. A401, 397 (1983); K. Heyde
(private communication).

28S. A. Ahmad eral, Phys. Lett. 133B, 47 (1983); E. W. Otten
(private communication).



