
PHYSICAL REVIE%' C VOLUME 33, NUMBER 4

Simplex splitting in the light actinides
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The structure of the nucleus z'9Ac(Z =89,N =130) has been studied via the a~Bi~' C,3n) ' Ac re
action. In-hem y-ray spectroscopic tec»lques, including y-ray and a-particle excitation functions,
a-y coincidence, y-y coincidence, and y-ray angular distribution measurements were used in the
construction of a level scheme up to a spin of J=

2 fi at an excitation energy of 2245 keV. A total

of five bands have been constructed and a series of parity doublets has been observed, For four of
the bands the states have been labeled in terms of the simplex quantum number, which should be an
appropriate quantum number even for octupole deformed nuclei. However, considerable simplex
splitting is observed. The level scheme of 2'~Ac indicates that the nucleus lies in the boundary region
between the single-particle shell structure seen in the nuclei immediately surrounding Pb and the
collective rotational structure prevalent in the heavier actinides. However, no detailed model predic-
tions are, as yet, available to describe the observed structure, which may require quadrupole, octu-
pole, and nonaxial degrees of freedom.

I. IÃrRODUCTION

The study' ' of nuclei in the region beyond the
doubly-magic nucleus ~Pb has been of interest because
this region affords an opportunity to investigate the inter-
play between single-particle and collective structures in
nuclei as the number of valence nucleons outside of the
doubly-magic core is varied and as angular momentum is
added to the nuclear system. These studies have been aid-
ed by the appearance of high-spin yrast isomers which
simplify the determination of the single-particle configu-
rations. ' " The interest in this mass region has intensi-
fied with the introduction in the last few years of the
alpha-particle cluster (vibron) model' and the stable octu-
pole deformation model. 's'9 The vibron model has been
utilized in describing the structure of i' Ra (Ref. 4) and

rh (Ref. 16). The stable octupole deformation model
has been used to explain some features of the heavier ac-
tinides, ' in particular, the observation of parity dou-
blets in these nuclei. The study of 2'sAc affords an oppor-
tunity to test the predictive abilities of these two models
against the experimentally observed structures. At the
start of this study the only information available on z'sAc
was its ground state a-decay energy and a proposed
ground state spin. Our preliminary results have been re-
ported, '2 '4 as have those of a concurrent study of i'9Ac
in which similar experimental techniques' were used.

II. EXPERIMENTAL
INSTRUMENTATION AND DATA ANALYSIS

The nucleus '9Ae ~as populated via a
Bi(' C,3n) ' Ac reaction with beiuns from the Yale MP

tandem van de Graaff accelerator. The electromagnetic
deexcitation of ' Ac was studied using stand~~d y-ray
spectroscopic techniques. The y-ray detectors used for
this investigation include an n-type high-purity,
"gamma-X, " Ge detector with a quoted efficiency [rela-
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FIG. 1. Alpha-particle decay chain for ' Ae and. ' Ac. The
ground-state jifetimes and c-particle energies are indicated (Ref.
25).

tive to a 7.6 cm X7.6 cm NaI(T1) scintillator] of 25% and
three Ge(l.i) detectors with efficiencies of 20%, 12%, and
5%, respectively. Typical energy resolutions measured
for the four detectors were 2.11, 2.18, 2 45, and 2.37 keV
FWHM, respectively, at 1332 i:eV.

An excitation function measurement was performed,
over a range of "C beam energies from 60 to 73 MeV, on
a Bi target with an areal density of =1.0 mg/cm~, col-
lecting both y-ray and a-particle data. The u particles
were detected in a large area (450 mm ) 300-pm thick Si
surface-barrier detector with an energy resolution mea-
sured with a i2 Th a source to be 150 keV.

The peak of the ' Ac production cross section was
determined by the yield' of a particles from the charac-
teristic a-decay chain involving ' Ac shown in Fig. l. In
Fig. 2 the a-particle spectra collected at ' C beam energies
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FIG. 2. Alpha-particle singles spectra taken at '3C beam en-

ergies of 67 and 70 MeV. Alpha-particle energies associated
with ground-state decay of ' Pr 2' Fr ' Ac and 2'~Ac are in-
dicated (Ref. 25).

%887 to l.
A y-y coincidence experiment with three germanium

detectors was eaTied out at a beam energy of 67 MeV.
The three germanium detectors were positioned 5 cm
from the target at angles of 90', —45', and —120' with
respect to the beam direction. In this experiment coin-
cidences between any pair of detectors were accepted and
recorded in event mode on magnetic tape for subsequent
analysis. The target used for this measurement was a
thick, -20 mg/cm2, 2~Bi foil. The beam was stopped a
meter downstream of the target position in a shielded
Faraday cup. A total of 108 million coincidence events
was collected. The replay of these data involved sorting

of 67 and 70 MeV are prestmted. At 67 MeV the 2'sAc

and ' Fr (t1~2 ——120 ns) ground state a-decay transitions
are clearly distinguished, with no evidence of competition
from the ' Ac 4n-reaction channel (see Fig. 1 for the a-
particle energies). The situation changes drastically at a
beam energy of 70 MeV where the ' Ac production chan-
nel strongly competes with that of ' Ac.

To determine which y rays observed in the excitation
function measurement originate from ' Ac, a delayed a-
y coincidence measurement was performed. In Fig. 3 we
present the y-ray spectrum obtained in coincidence with
the 2'~Ac a-decay line. All of the strong y-ray transitions
between 130 and 450 keV have been placed in the '9Ac

level scheme. Because of the long decay time of the
ground state of ~'9Ac ( =7 p,s) the y-ray time signals were
delayed 12 p,s, using stand~~d fast-slow coincidence tech-
niques, with respect to the a-particle time signals. Be-
cause of the width of the time window used, -20 ps, the
relative intensities of the 511-keV line obsetved in the sin-

gles and coincidence data were compared to determine the
real to random coincidence rate. From this comparison it
was determined that the real to random coincidence rate
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FIG. 3. Gamma rays observed in delayed coincidence with
the 9.36 MeV a particle originating from the ground-state decay
of 'Ac

FIG. 4. Compton-subtracted y-y coincidence spectra ob-
tained ashen gating on the 165-, 236-, and 341-keV transitions in
219Ac
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beam energy of 67 MeV on the same Bi target as
described above. Because of the high density of lines
present in the singles spectra, three different sets of angu-
lar distribution data were collected and analyzed separate-
ly and compared to check for consistency. The final re-
sults of the angular distribution measurements are
presented in Table I. Table II contains the y-ray intensi-
ties, corrected for detector efficiencies, and the proposed
J values for the levels connected by these transitions.

From the angular distribution data a determination of
the transition multipolarity was made. This analysis,
however, cannot distinguish between electric and magnetic
transitions, which is especially important for dipole tran-
sitions. To extract this information a linear polarization
experiment was performed utilizing the dependence of
the Compton scattering cross section on the scattering an-
gle with respect to the direction of the electric field vector
E. The apparatus used in this measurement was a three
germanium Compton polarimeter similar to those
described in the literature. i7 29 Although asymmetries
were obtained' for some of the transitions in ' Ac,
statistics for these low-energy (Er ~350 keV) transitions
were poor, and definitive assignments of electric versus
magnetic nature of these transitions could not be made.

Because of the inconclusive results of the linear polari-
zation measurement, tentative parity assignments to levels
have been made on the basis of intensity balancing argu-
ments, taking into account the relative magnitudes of
internal conversion coefficients (ICC's) for Ml and El
transitions in the high-Z region. For example, for Ac
with Z =89 the El E-shell ICC for a 135-keV y ray is
0.19, whereas for an Ml E shell the ICC is 6.14. When
the ICC's are taken into account to determine the total
transition strengths, we find that in order for the intensi-
ties to balance in the level scheme the interband transi-
tions must be El in character. The quadrupole transi-
tions are electric in character because of their prompt na-
ture.

III. LEVEL SCHEME
0—
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FIG. 5. Compton subtracted y-y coincidence spectra ob-
tained when gating on the 355-, 402-, and 412-keV transitions in
219' c

each event after correcting the differences in energy cali-
bration of the three germanium detectors by converting
the channel numbers into their corresponding energies and
binning the results in 0.5 keV steps. Figures 4 and 5
present spectra extracted from selected energy gates after
the Compton and random coincidences have been sub-
tracted.

Multipolarity assignments were made from angular dis-
tribution data taken at angles ranging from 0 to 90' (with
respect to the beam direction) in 15' increments at a ' C

In Fig. 6 we present the level scheme for ' Ac as deter-
mined from this study. The ground-state spin and parity
of —, was proposed in Ref. 25 and the validity of this as-
signment is su ported by the a-particle spectrum. Alpha
decay of the ' Ac ground state is observed to the known

ground state of ' Fr. In the a-particle spectrum
(Fig. 2) the ' Ac and ' Fr a-particle peaks are of equal
intensity, as expected if all of the ' Ac nuclei are decay-
ing to ' Fr which is then decaying to "At with the same
angular distribution (that is, same angular momentum
transfer, hl =0).

The ground state is populated by two parallel cascades.
Each cascade consists of a positive- and negative-parity
band, in which states in each band are connected by
stretched E2 transitions with (most probably) El inter-
band transitions between positive- and negative-parity
states in each cascade. The intraband E2 transitions are
considerably weaker in intensity than the strong stretched
dipole transitions and, in the case of those connecting the
states within the negative-parity bands, the intensities are
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TABLE I. Angular distributiou results.

133.39
146.90
150.84
165.24
185.05
208,98
230.65
235.89
250.70
265.93
268.95
285.28
302.49
316.61
325.38
335.67
341.01
349.48
355.19
359.21
360.0+0.3
363.99
366.44
396.0%0.3
397.61
401.54
412.27
436.30
450.1 JQ.2
535.01
668.0%0.3

—0.34%0.07
—0.07+0.07
—0.10+0.06
—0.19%0.07
—0.19+0.07
—0.18+0.06
—Q.23+0.07
—0.15+0.07
—0.22~0.06
—0.13+0.07

—0.34%0.08
0.43+0.06
0.28+0.05

0.36+0.06
0.10+0.Q5

0.13~0.07
0.25%0.05
0.24+0.06

0.27+0.06
0.40+0.06

0.18+0.07
0.21%0.06
0.22J0.09
0.38+0.41
0.38+0.12

—0.09~0.06

0.02+0.09
—0.17+0.09
—0.12~0.09
—0.09+0.07
—0.05%0.0 I
—0.09%0.07

0.10%0.10
—0.03~0.07

0.01%0.06
—0.02+0.07

0.04+0. 10
0.06JO.07

—0.18+0.06

—0.16+0.17
0.06%0.06

—0.11+0.09
—0.07JO.06
—0.12+0.09

—0.10%0.07
—0.23+0.09

—0.05%0.09
—0.06+0.07
—0.03+0.11

0.01+0.90
—0.25 %0.15

0.02+0.09

0.25 %0.05

'Uncertainties in quoted energies are +0.15 keV unless othe+vise indicated.

too low to extract statistically significant angular distriliu-
tions. The highest spin states observed are the J = —",

state at 2245 keV and the J"=—,
' state at 2149 keV.

The construction of a level scheme was further complicat-
ed by the presence of four transitions (at 147, 151, 251,
and 317 keV) which have been multiply placed based on
coincidence results.

'
The 251-keV doublet has been partic-

ularly troublesome because both tratisitions have been as-
signed to the same cascade. Although the parities as-
signed for the states above the —", and the —", states are
tentative because of the uncertainties of the exact natures
of the interband transitions, as discussed above, intensity
balance requirements would only allow electric dipole
transitions. Therefore, in the subsequent discussion we
shall assume defi, nite parity assignments.

In addition to the four bands contained in the two main
cascades there is a fifth sideband which appears to have a
different structure This .band has a —', + bandhead
at 577 keV and may be a rotational band built on the
7rl i3/2 single proton state. A stronger test of this hy-
pothesis will have to wait until more information can be
obtained on the natures of the 535- and 668-keV transi-
tions placed in this band so that spin and parity assign-
ments can be made. The available data on this band indi-
cate that the Arst tern transitions are E2 in character.
The intensities of the 535- and 668-keV transitions are too
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FIG. 6. The level scheme of 2'9Ac obtained from the
~Bi('3C,3ny) reaction.
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TABLE II. Gamma-ray transitions in ' Ac.

(keV)

133.39

146.90

150.84

165.24

185.05

208.98

230.65

235.89

250.70

265.93

268.95

285.28

302.49

316.61

325.38

335.67

341.01

349AS

355.19

359.21

360.0+0.3

363.99

366.44

396.0+0.3

397.61

401.54

412.27

436.30

450.1+0.2

535.01

668.0+0.3

J; ~JJ
2S (+) 23 (-)
2 ~2
29(+) 27(-)
2 ~2

27 (+) 2s (-)
. 2 2

19 (+)
2 2

19 ( —) 17 (+)
. 2 2

21 (+)
2 2

23 (+)
2 2

17 (+) 1S—
2 2

» (+)
2 2

13 (+» 11—
2 2

2S (-) 23 (+) '

2 2

19 (+) 17
2 2

2S(+)
'

2 2

17 (+) 1S—
2 2

29 (+)
2 2

1S — 13—
2 2

1S ll
2 2
21(+) 17(+)

'

2 2

2024 -+
2
27 (+)

23 (+) 19 (+)
2 2

11 9
2 2
17(+) 13(+)
2 2

13 — 9
2 2

17 13
2 2

lg (-) 1S—
2 2

2S (+ ) 21 (+)
2 2
21(+) 17(+)
2 2

23 (-)
2 2
27(+) 23(+)
2 2

21 17
2 2

29 (+) 2S (+)
2 2

2S (-) 21—
2 2
31(+) 27(+)
2 2

1461 ~ 2
17 (+)

2129 -+1461

15+1

41+2

29+1

52%2

17+1

4.8%0.3

3221

50%1

3.8+0.3

82+4

100+4

78+4

14+1

20J1
17+1

3.5+0.2

Character

(E1)

(E1)

(E1)

(E1)

(E1)

(E1)

(El}

(E1)

isotropic

M 1+E2
E2

( E2)

E2

isotropic

weak to permit extraction of their angular distribution
coefficients.

Preliminary results of a concurrent study of ' Ac by
Khazrouni et a/. ' have recently been reported. The level
scheme obtained in that study is essentially identical to
that presented in this work. The major difference between
the two schemes is in the placement of the 577-keV —",

state which they have assiIIned to the positive-parity band
deexriting through the —,

' + level at 867 keV. %'e,

however, have placed this transition as the bandhead of
the positive-parity sideband. In order to check the validi-
ty of our placetnent of this level in light of this concurrent
study, we reexamined our coincidence data for the 290.0-
keV transition which Khaxrouni et al. '5 have placed con-
necting the —', ' and the —,

' + states. A y-ray transition
of that energy is observed in the y-y coincidence spectrum
obtained when gating on the 236-keV —", to —", transi-
tion, but there is no evidence for such a y ray in the coin-
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cidence spetrum obtained when gating on the 317-keV—", '+' to —,
' '+ transition. The absence of a 290-keV y ray

in the 317-keV gate is a strong argument against the
placement of the —", '+' state in the same band as the 867-
keU —", '+ state. There is clear support, however, for our

placement of the 'z' '+' state in that the 341-, 349-, and

366-keV transitions are prominent in the f-g coincidence
spectrum gated on the 236-keV transition. The other
difference in our level scheme from that presented by
Khazrouni et al. ' is the total absence of the positive-
parity sideband which we have built on the —", '+' 577-keV

state.

IV. DISCUSSION

The original motivation for this study had been to in-
vestigate the change in structure from that of single parti-
cle excitations, well described by the spherical shell model
in the nuclei immediately adjacent to the doubly-magic
nucleus Ospb (Refs. 1, 2, and 31), to the prolate collective
rotational structures, well known in the heavier actinides.
Since the inception of this study, however, new and excit-
ing questions about the underlying nuclear structure of
the nuclei in this mass region have arisen.

Before examining in depth how the predictions of the
various models being explored for nuclei in this mass re-
gion compare with the structure of '9Ac, it would be per-
tinent to examine the structural systematics of the light
( A ~ 225}Ac isotopes and the E= 130 isotones.

Figure 7 presents the systematics of the light Ac iso-

topes (21S&A &223). The nuclei ' Ac and ' Ac have
level schemes which can be well explained within the con-
text of a spherical shdl model. ' For Ac, however,
the structure has already changed to that of collective ro-
tation observed in the heavier actinides. 2 The level
scheme of ' Ac is neither shell-model-like nor collective
rotational in nature. In fact, the level spacings are remin-
iscent of vibrational excitations. From the systematics
' Ac appears to be in the transitiona1 region separating

nuclei dominated by single-particle excitations and those
dominated by deformed collective excitations.

In Fig. 8 we present the level scheme systematics for
the %=130 isotones ' Ra (Refs. 8 and 33) and 7h
(Ref. 16). First we emphasize the similarities in the J se-
quences and level energies for ' Ra and Th. Compar-

inp these two level schemes with that obtained here for
2' Ac, it apples that the energy levels and J values in
i'9Ac may be explained in terms of the weak coupling of a
irh9&2 particle to the i' Ra even-even core. There is an
additional structural similarity between these nuclei in
that strongly enhanced El transitions have been observed
in all three level schemes. ' '

The positive- and negative-parity states in the two main
cascades in i'9Ac are connected by strong El transitions.
Reduced relative transition probabilities in Weisskopf
units, Bii (EA, }, were calculated from the extracted inten-
sities. In Table III we present Bs (E1)!Bq(E2) ratios
for those levels for which E2 angular distributions had
sufficient statistics for intensities to be extracted. The
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TABLE III. Bs (E 1)/Ba (E2) ratios in ' Ae.

8g {E1)
Bg (E2)

(1.1%0.2) X 10

(1.1+0.1)X 10-'

(7.2+0.5)X 10-'

(3.6%0.7)X 10

(6.5+1.5)X 10-'

21
2

23 (+}
2

25 (+)
2

27 (+}
2

29 (+)
2

E( (keV)

1116

1547

I 2+

5I/2t-I
5I/2"'

size of the Bn(EI}/8~(E2) values obtained indicates
relatively strong El transitions. The range of ratios
found in this study extend over the same range of values
as those extracted for z'sRa (Refs. 8 and 33), 7.0X10
(Bn(E1)/Bn(E2)(9.5X10 s, and z Th (Ref. 16),
8.0X10 gBg (El)/Bp(E2)(1.0X10 s. If we as-
sume that the structure of ' Ac is related to that of ' Ra
and take the reported Ba (E2) values33 for 'sRa of =30
W.u. as an estimate of the 8~(E2) strength in 2'sAc, we
get a B(E1)-0.3)(10 W.u., which constitutes a large
El enhancement.

The similarities of the tabulated Ba (E1)/Ba (E2) ra-
tios is another piece of evidence which together with the
similarities in the level spacings support the conclusion
that the structures of 2' Ra and 2' Ac are closely related.
This evidence indicates that the level structure of ' Ac
could be explainable in terms of a weak coupling of the
odd h st proton to the ' Ra even-even core.

One of the most interesting aspects of the z'sAc level
scheme is the appearance of parity doublets beginning
with the J=—", pair of levels at 714 and 867 keV and
proceeding to the top of the observed level scheme to the

level pair at 2149 and 2245 keV. Parity doublets,
especially in the heavier actinides, have been viewed as a

necessary, but not conclusive, evidence for the presence of
a stable octupole deformation in these nuclei. '

For the last few years many authors have betm using
the symmetry under R of an axial rotor and the associat-
ed "signature" quantum number, r. This quantum num-
ber cannot be used for systems for which the intrinsic re-
flection symmetry has beest broken. Nazarewicz er al.
have proposed the use of the symmetry under S=fry „'
(Ref. 34) where sr is the intrinsic parity operator. The
quantum number associated with this symmetry is known
as simplex, s. The rotating vacuum has a simplex of
s =+1. The simplex of an excited state can be arrived at
by multiplyin the vacuum value with the simplex of each
qnasiparticle. The spin and parity assignment for states
in rotational b'mds described by the different possible sim-
plex values are the following: for s =+1

I =0+,1,2+,3

fol' s =—1,

J =0,1+,2,3+, . . . ;

for s =+i,
g~ 1+ 3 5+ 7

st ~ ~ ~

for s = i, —
1 3+ 5 7+
2 ~2 &2 &2

Using this classification scheme we can label the four
main bands in terms of simplex and parity (s,n). The
band built on the 341-keV —", level has quantum
numbers (s,n }=(i, —), the 867-keV —,

'
level is an

(s,n )=(i,+ ) state, the —', ground state has
(s,n') =( i, —). —

The energy splittings of the parity doublets in ' Ac are
presented in Table IV. These data have been displayed to
show the differences in the energy splittings between the
two types of parity doublets as designated by simplex and
parity quantum numbers (s,n). The trends exhibited in
the energy splittings are different for these two types.
The (i, +) and ( —i, )parity d—oublets start with the
positive-parity member of the pair higher in energy than
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the negative-parity member. Progressing up the level
scheme to higher spin, the energy splitting decreases until
at the J=—, pair the negative-parity level becomes higher
in energy than the positive-parity level. If the 2024-keV
level is confirmed to be a J = 'z' state then the trend to-
ward more negative energy splittings continues. This
behavior is quite different from that seen for the (i, —)
and ( —i, + ) parity doublets where the splittings are posi-
tive, increasing at higher spin and dropping slightly at the
highest spin level placed. The systematics of these energy
splittings may indicate a difference in the underlying
structure of the two sets of parity doublets. The interpre-
tation of the systematics presented will have to wait for
more detailed theoretical work with respect to the predic-
tions of the stable octupole model.

In Fig. 9 we show the behavior of the angular momen-
tum along the rotation axis, J„and the quasiparticle en-
ergies in the rotating frame E' as functions of the rota-
tional frequency, %co, for the four (s,n)corn. binations
present in this level scheme. The values were extracted in
the usual manner using the expressions,

20» i i r

(3)

E'(J)=E —co(J)J„(J), (4)

with a value of E =0. No reference configuration was
subtracted because of the ambiguities encountered in ex-
tracting the reference configurations for the case of Th
(Ref. 36).

The figure shows that there is considerable simplex
sphtting between the bands. For both the positive- and
negative-parity bands the s =i configuration occurs
higher in energy than does the s = i c—onfiguration. The
magnitude of the splitting is not the same, however, for
the positive- and negative-parity bands. For the negative-
parity sequences the energy splitting changes from -120
keV at i)}F0=0.18 MeV to -50 keV at Ace=0. 215 MeV.
The energy splitting for the positive-parity sequences
remains constant at -60 keV over the entire range ob-
served. For a system with only quadrupole and octupole
axial deformations, simplex should be a good quantum
number. The presence of considerable simplex splitting
may be an indication that additional degrees of freedom,
such as triaxiality, may be needed to understand the
behavior of ' Ac.

V. CONCLUSIONS

0.0
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3 ) 0
l
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FIG. 9. The levels in ' Ac are platted in terms of (a) the pro-
jections J„ofthe angular momentum along the x axis as a func-
tion of frequency, and (b) in terms of the quasiparticle energies
in the rotating frame as a function of frequency (with no refer-
ence taken into account). The levels are labeled in terms of the
simplex and parity, (s,m), quantum numbers.

In the pr~ent measurement we have obtained the level
scheme of i'9Ac up to an excitation energy of 2245 keV
and angular momentum of —", from detailed y-ray spec-
troscopic m~mements. The dmxcitation sp~t~m of
2'9Ac is characterized by five bands, four of which are
based on the proton h9/i configuration, the fifth, most
probably, based on the proton i/3/2 configuration. The
four bands hav@ stretched E2 intraband transitions; two
of these bands are of negative parity, two most probably
of p itive pity. ThMebmds canb lab 1~ in te~s of
the simplex and pity quant~ numb m, where simplex

is the eigenvalue of the operator g'=&A „' ". Even for a
nucleus in which the reflection symmetry is broken, the
nuc]ear shape should remain invariant under this opera-
tion. The deexcitation pattern is also characterized by
stretched, enhanced (most probably) El transitions be-
tween adjacent states with the same simplex value.

The experimentally observed structure of ~'~Ac presents
a new testing ground for the theoretical description of the
structure of the light actinides. On the basis of the level
spacings and J values, a weak coupling of the valence
proton to isRa (Refs. 8 and 33) and 2 Th (Ref. 16}core
structure is indicated. Additional evidence for this con-
nection is the observation of strongly enhanced El transi-
tions. From these similarities the nucleus ' Ac provides
a testing ground for the future application to an odd-A
nucleus of the a-cluster (vibron) model' which has been
shown to be successful ' in Ra and possibly ' Ra.
On the other side of the theoretical discussion, the obser-
vation of parity doublets, similar to those observed in the
heavier and more deformed actinides, can be viewed as an
indication of a stable octupole deformation. ' At this
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time the theoretical calculations within this model have

not been extended to the more spherical light actinides.
While the levels in 'sAc can be labeled in terms of sim-

plex quantum numbers, the considerable simplex splitting
observed, and illustrated in Fig. 9, indicates that an addi-
tional degree of freedom, in addition to the expected
qu':tdrupole and octuple deformations, is needed to ex-

plain the structure of '9Ac.
Although the present work presents a detailed level

scheme for 2'9Ac, more experimental measurements are
important. The first is a more conclusive determination
of the nature of the enhanced interband dipole transitions
which at present can only be assumed to be El in charac-
ter based on intensity balance arguments. To make this
determination, internal conversion electron measurements
are being plarmed. Another important piece of informa-
tion will result from a measurement of the reduced transi-

tion probabilities to determine the absolute strengths of
the transitions in ' Ac, since present arguments on the
enhancement of El transitions are only based on
8(E1)/8(E2) ratios and preliminary results' of abso-
lute E2 strengths in ~' Ra. It ~ill also be important to ex-
tend the level scheme to higher angular momentum, to
further study the simplex dependent effects on energy lev-
els observed below J=—", , and to further study what new

degree of freedom may be necessary to reproduce these
simplex dependent phenomena.
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