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High-spin states up to a probable spin I = —have been investigated in Ac using the reaction
Bi ( C,3n). The alternating-parity sequences already observed up to I = ~' do not seem to

develop further at higher spins. A new sideband was observed as well as several E2/Ml transitions
linking the states of positive parity. Multipolarities and mixing ratios were deduced from an analysis
of DCO ratios. In addition mixing ratios were obtained independently from the branching ratios.
This allowed for determination of B(M1)/B(E2) ratios up to I" =

2 . The data are discussed in

terms of a transition from the weak coupling scheme at low and medium spins to the particle-hole
regime for I &

PACS number(s): 21.60.Ev, 23.20.Gq, 23.20.Lv, 27.80.+w

I. INTRODUCTION

The study of light odd-A actinide isotopes is of consid-
erable interest, since there is strong evidence for the pres-
ence of either static or dynamic octupole deformations
[1]. This evidence comes from the experimental observa-
tion of alternating-parity rotational bands, enhanced El
transitions, and the presence of parity doublets, which
are associated with the breaking of the intrinsic refiec-
tion symmetry.

There exist several theoretical investigations of these
nuclei based on a rigidly deformed refiection-asymmetric
rotor plus quasiparticle model [2,3]. The low-energy
one-quasiparticle excitations have recently been stud-
ied in Ref. [4] using a mean-field approach based on
a refiection-asymmetric potential. As one approaches
the neutron shell closure at %=126, the collective phe-
nomena dominating at neutron numbers around and
above %=132 seem to vanish into single-particle struc-

tures. There is a narrow region of nuclei centered around
N=130 [5—7] which still show a considerable degree of
collectivity, but in which one expects to see the interplay
between collective octupole and quadrupole excitations
on one hand and spherical shell model structures on the
other In. the present work we study the transitional nu-

cleus Ac. Previous experiments have been performed
[8,9] on this nucleus using techniques similar to those
used here. The aim of our investigation was to extend
the level scheme to higher spins and, in particular, to
search for the existence of parity doublets at higher spins
and excitation energies. We were also able to resolve a
discrepancy between the two previous experiments.

During the preparation of this paper, it came to our at-
tention that the Notre Dame —Argonne collaboration has
also studied this nucleus. Their level scheme [10] also
shows some of the new high-lying transitions, as well as
a similar sideband structure. There are, however, some
new transitions in Ref. [10] which we do not see in our
data and some transitions whose assignments are in con-
Qict with our data.
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Physics, Warsaw Institute of Technology, %'arsaw, Poland.
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ley Laboratory, Berkeley, CA 94720.

~Present address: Physics Department, University of Penn-
sylvania, Philadelphia, PA 19109.

II. EXPERIMENT AND DATA ANALYSIS

High-spin states in Ac were populated via the
Bi( C,3n) reaction at 67 MeV, using a 5 mgcm

target. The experiment was carried out at the HHIRF
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Laboratory at Oak Ridge. p rays were detected with the
Spin Spectrometer [11]in a configuration consisting of 50
NaI and 19 Compton-suppressed Ge detectors. Doppler-
shift-corrected energies of the Ge detectors, the energies
of the NaI detectors, and their fold k (number of detec-
tors that fired), as well as timing data, were recorded in
an event-by-event mode. Data with fold )5 were sorted
oK line into several two-dimensional matrices of p-ray

]

energies in order either to construct the level scheme
or to obtain directional correlation &om oriented states
(DCO) ratios. A total of 140x10 p-p coincidences were
obtained. Energy and efBciency calibrations were carried
out with standard radioactive sources (is2Eu and 33Ba).

Multipolarity assignments were derived &om DCO ra-
tios. We define the DCO ratio of the transition pi and
gating transition p2 as

R DCO Y[pi at (63', 117'), gated with &2 at (24', 156')]
Y[pi at (24', 156 ), gated with p2 at (63', 117')]

In this work p2 represents a single or a group of
stretched E2 transitions. The intensity Y is corrected
for the efBciency of all of the involved transitions. The
angles are measured with respect to the beam axis. In

the following, when referring to a specific R(DCO) value,
we will specify the pi transition only whenever it does not
introduce ambiguities.

Table I shows transition energies, initial and 6nal spins,

TABLE I. Energies (E~), initial and final spins (I, , If ), relative intensities (I~), and DCO ratios

[R(DCO)] for the transitions assigned to Ac in the present work. The last column gives the
transitions used as gates [p2 of Eq. (1)] to obtain the corresponding R(DCO).

E~ (keV)
57.24(3)
80.86(2)

106.01(2)
111.67(11)
125.43(3)
133.27(1)
146.53(6)

147.26(16)
150.99(2)'

150.?8(5)
156.44(6)
158.74(8)
165.29(1)
185.02(1)
209.01(1)
217.87(23)
221.63(7)
230.59(2)
235.86 (3)
246.04(2)
250.72(l)

253.98(1)
259.01(6)
260.50(5)
265.96(1)
268.77(3)
285.73(2)
289.09(13)
290.61(4)
295.45 (6)
302.53(5)'

17
2
15
2
33+
2

21 +
2
31+
2
25+
2
29+
2

27+
2
19
2

21
2

(33 )
25+
2
21+
2
23+
2
17+
2
Z1+
2
13+
2

23
2
13+
2
25+
2
19+
2

25
2

(
19

(23 )
29+
2

27
2
17+
2
31
2
17+
2

(13 —
)

17+
2
15
2

If
15
2
13+
2

31
2

(19
29
2

23
2

27
2

25
2
17+
2

19+
2

31
2

(23 )
19
2

21
2
15
2
19+
2
13
2
21+
2
11
2
23+
2
17
2

23+
2
17+
2
21+
2
27+
2
25+
2
15
2
29+
2
13+
2
11
2

(
—", )
13
2

I~
19.2(6)
6.1(3)

4.6(5)
5.1(2)

17.7(2)
15.4(22)

5.4(21) .

26.0(25) '

14.3(24)
2.4(3)
3.2(3)

34.2(5)
24.2(5)
41.3(3)
4.3(15)
5.2(4)

37.2(9)
15.0(7)
4.9(2)

30.9(9)'

18.6(8)' '

6.9(2)
4.3(3)
4.9(3)

23.3(3)
11.0(3)
7.5(3)
2.8(3)
7.7(6)
2.9(3)

25.0(10)

R (DCO)
0.86(9)
0.74(22)

0.73(8)
0.68(2)

0.67(2)

0.69(2)

0.76(12)
0.97(35)
0.67(2)
0.63(14)
0.68(2)
0.83(7)
1.13(16)
0.64(2)
0.69(4)
0.89(7)

0.66(1)

0.74(17)
0.57(23)
1.21(12)
0.66(2)
0.68(3)
0.64(3)
0.93(14)
0.74(8)
0.99(14)
1.29(3)

Gate(s)
C

B

A

B

B
C

C

A

C

A

C

B
D

A

C
A

B
D
B
C

D

D
A
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intensities, and DCO ratios deduced in the present work.
Relative intensities were deduced &om the total projec-
tion in the pp matrix. Figure 1 shows the DCO ra-
tios as a function of p-ray energy. We may distinguish
three groups of transitions: first, those with DCO ra-
tios 1.0; second, those with DCO ratios = 0.67; and
third, those whose DCO ratios cannot be classified in ei-

ther of these two groups. The first and second groups
include some transitions which were already assigned as
stretched E2 and El, respectively, in two previous pa-
pers [8,9]. In the third group we can distinguish two

subgroups, corresponding to transitions below 300 keV

and above 400 keV, respectively. We attribute the for-
mer to mixed E2/Ml transitions and the latter, because
of their large transition energies, to stretched E2 transi-
tions. Their DCO ratios should lie around 1.0 but they
are, in fact, slightly smaller than 1. We attribute this
lowering to difFerences in electronic timing between the
low- and high-energy transitions, for which our data were
not corrected.

The extraction of mixing ratios &om DCO data has
been discussed by Kabadiyski et al. [12,13]. Here it was

applied to the specific geometry of the spin spectrometer.
Figure 2 depicts as examples the cases corresponding to

E~ (keV)

TABLE I. (Continued)

R (DCO) Gate(s)

303.6(5)'
316.5'

316.64(1)
325.04(5)
335.68(4)
341.01(1)
349.39(4)
355.23(1)
359.11(3)

359.96(7)
364.01(2)
366.37(4)
391.98(2)
396.19(3)
397.74(3)
399.31(6)
401.46(1)
4O7.2S(3)
409.14(6)
412.30(1)
413.86(10)
417.78(2)
419.36(6)
431.53(10)
433.55(12)
435.42(5)
442.92(6)
450.47(3)
4S4.94(3)
466.27(8)
468.3(2)
472.57(18)
479.17(3)
485.23(8)
556.07(2)

19
2
21+
2
15
2
29
2
23+
2
11
2
17+
2
13
2
17
2

19
2
25+
2
21+
2
33+
2

23
2
27+
2
27
2
21
2

(25+)
37+
2
29+
2
29+
2
25+
2

(41 )
31
2

(37 )
25
2
41+
2
31+
2
37+
2

(45 )
33+
2

29
2

33+
2

17
2
17+
2
11
2
27+
2
19+
2
9
2
13+
2
9
2
13
2

15
2
21+
2
17+
2
29+
2
19
2
23+
2
23
2
17
2
21+
2

(as+)
25+
2

( 2s+)
21+
2

(37 )
27
2

(—", )
21
2
37+
2
27+
2
33+
2

(41
29+
2

25
2

29+
2

4.0(10)
18.5(16)'
39.8(17)'
s.3(4)
4.8(4)

74.2(7)
7.0(5)

100.0(9)
57.2(38)

23.5(37)
18.4(5)
11.5(5)
6.s(2)
8.9(2)

12.8(3)
3.9(2)

18.6(3)
4.0(1)
1.9(1)

15.5(3)
2.2(2)
8.3(3)
2.s(1)
3.3(2)
4.9(3)
8.5(5)
2.6(2)
7.5(4)
6.8(3)
2.1(2)
6.1(2)
1.4(3)
s.o(2)
1.6(1)
3.4(1)

1.07(9)
1.01(4)
0.62(5)
1.12(12)
0.88(2)
1.00(8)
1.01(3)

1.00(3)

0.99(8)
1.05(7)
1.09(11)
1.07(9)
0.98(8)
0.93(21)
0.99(3)
1.06(20)
0.96(25)
0.95(5)
1.40(47)
0.94(8)
1.19(29)
0.71(12)
0.92(15)
0.94(8)
0.95(25)
0.90(7)
0.88(10)
1.17(42)
0.89(13)
d

0.93(9)
0.94(19)
1.07(11)

355
D

A

B
B
D

A

A

B
C
B
B
A

C
A

C
B
B
C
C
B
B
B
A

B

C
B
B

A
C
A

If not stated in another way, three main gates were used: A, 355+359+360; B, 317+359+360; C,
317+355; D, 366+418.

Doublet with Kp2 x ray from Ac.
'From pp coincidences.

Because of a doublet and the low intensity, it is not possible to obtain a reliable DCO value.
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FIG. 1. DCO ratios as a function of transition energy
for some selected transitions. See Table I for actual values.
Dashed lines indicate the predicted values of 1.0 and 0.67 for
stretched L = 2 and 1 transitions.

the 341, 246, 222, and 209 keV transitions. It should
be noted that the dependence of the DCO ratios on the
mixing ratios is itself sensitive to the alignment of the
initial state. This dependence can be characterized by
an attenuation coefficient a2 as discussed in Ref. [12]. In
most experiments, including the present one, o,2 is not
determined. Instead, we estimated o.2 from the disper-
sion of the m~ distribution in the entry state which was

obtained Rom fusion evaporation calculations using the
PAGE2 [14) code and by estimating the loss of alignment
along the continuum and discrete cascades feeding the
states studied [12]. Comparison with the experimental
DCO ratios gives us the mixing ratio b(E2/Ml). The
results of this analysis will be discussed in Sec. IV C.

III. LEVEL SCHEME

Figure 3 shows the level scheme derived from the
present data, and Fig. 4 displays selected gated spectra
showing some of the transitions discussed below. In gen-

1.5—
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0.5
O (a)
O 0

1.5—
fL

1.0

0.5—

(c)
—50

222 keV
t3/2 ~ 13/2

0 50 —50
arctan (8}

50

FIG. 2. Theoretical DCO ratios for some transitions as a
function of the arctan(8), where b is the E2/Ml mixing ratio.
The experimentally determined mixing ratios are indicated by
dashed horizontal strips.
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FIG. 3. Level scheme of Ac as obtained in the present
work. Transition energies are indicated in keV. See text for
the meaning of dashed lines.

eral, we confirm the level scheme by Khazrouni et at. [9].
We con6rm the 289 keV 2 to 2 transition reported
by Ref. [9], but which was not assigned in Ref. [8]. The
measured DCO ratio of 0.94(14) strongly suggests that
it is a stretched E2 transition.

Another significant difference with Ref. [8] is associated
with sideband 1 (left-hand side of Fig. 3). They placed a
535—668 keV p cascade on top of the 926 keV 2 level.
We do see this cascade in our data. We Gnd, however,

that a gate on the 236 keV 2 to z transition is in
coincidence with the 349.4, 366, and 418 keV transitions,
while gates on the 535 and 668 keV transitions are in
coincidence with a 348.5 keV transition but not with the
236 and 269 keV transitions. We have been unable to
place the 348.5, 535, and 668 keV transitions in our level
scheme and suspect that they are not associated with
219Ac

The additional sideband 1 observed in Ac also has
high-energy E2 transitions. However, the low-energy
transitions (254, 112, 259, and 159 keV) do not show
the strong intensity relative to the nearby E2's charac-
teristic of the low-energy El's in the other bands. Since
there is no way to obtain cuts on E2 transitions with
good statistics for these transitions, their DCO values
have large error bars (Fig. 1) which preclude a definite
multipolarity assignment for the low-energy transitions.
Two of them are members of weak doublets (111—112 and
159—160 keV), which makes their evaluation more diffi-

cult. Adding cuts on the 418 and 366 keV lines allows
one to determine DCO ratios for the 349, 295, and 291
keV lines. These cuts suggest that the 295 keV transition
is of stretched E2 character. The DCO ratio of 0.74(8)
for the 291 keV line characterizes it as a ~AI~ = 1 tran-
sition corresponding to an E1 transition between states
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of opposite parity. The linking between sidebands 2 and
1 has been indicated by a dashed line. The 414 and 407
keV transitions of sideband 2 are in coincidence with the
366 keV transition of sideband 1 but not with the 112
and 254 keV transitions. No direct interband transitions
were observed. Therefore the placement of the 407 and
414 keV transitions is tentative.

In previous publications [8,9] these bands have been or-
ganized according to their simplex quantum numbers [5].
For purposes of comparison, we adopt this scheme here
as well. It should be noted, however, that since Ac
is not a rigid reHection-asymmetric rotor, this simplex
classification is only a convenient labeling scheme with-
out theoretical justi6cation. For an odd-A nucleus, the
relation between simplex s, angular momentum I, and
parity x is

11 13+ 15+ 2 ) 2 ) 2 &
~ ~

&

17 19+ 21S = —l ~ ~ ~ ~ ) 2 ) 2 ) 7
~ ~ ~ )

(2)

as indicated in Fig. 3. We have extended the (s
+i, x = +) band by two transitions. The interpretation

of the level scheme after the 2245 keV 2 level is not en-
tirely clear at present. Though the cascade 466—419—434
keV (sideband 3) is clearly in coincidence with the transi-
tions below the 2245 keV state, the absence of additional
transitions in coincidence with them and with members
of other bands [especially with the (+i, +) band) makes
its placement tentative. The ordering of the transitions
is based on intensities. The same is true for the 156 keV
line. It certainly belongs to this cascade, but its low en-

ergy and the probable E2/Ml character suggest that it
belongs to a new structure on top of the (s = +i, x = —)
band. The low intensity of the 156 keV line relative to
the 434 keV line can be explained in terms of the large in-
ternal conversion coefficients for an E2 or mixed E2/Ml
transition. The ordering of the transitions in the 409—468
keV cascade is also tentative, since it was arrived at on
the basis of intensities alone. The measured DCO value
of 0.71(12) for the 432 keV 2 to 2 transition of the
(s, vr) = (+i, —) band seems to contradict the stretched
E2 character that we assigned to it. It should be noted,
however, that this line is close to the 2 to 2 434 keV
transition, which makes the extraction of the DCO ratio
difficult. The placement of the 2245 keV 2 level is well
established by means of coincidence correlations, and the
E1 assignment of the parallel 286 and 147 keV transitions
is well established through the measured DCO ratios.

On top of the (—i, +) band, we observe a structure
denoted as sideband 5 in Fig. 3. The 556 keV line is
observed in coincidence with the 450 keV transition and
even more strongly with the 479 keV line. The 479 keV
line is clearly in coincidence with transitions below the

state but not with the 450, 125, and 325 keV lines.
The placement of the 556 and 479 keV lines is based
on these findings. The connection between sideband 5
and the (—i, +) band is indicated by dashed lines, even
though no direct transitions between the two structures
have been identified. Gamma transitions between the two
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FIG. 4. Gated gamma-ray spectra. Transition energies of
some of the most important transitions are indicated in keV.

structures may be strongly suppressed by competition
with internal conversion if they are of low energy and
E2/M1 character.

We do not see any direct continuation of the s = —i
band above the previously known 2 and 2 states at
2024 and 2149 keV. This is in fact a striking finding since

(i) the 450 keV 2 to 2 transition has still a large
intensity (almost 10'%%uo of the 355 keV transition from the

state to the ground state) and (ii) the 2149 keV
is yrast at this spin.

We observed three E2/Ml transitions: 218, 246, and
261 keV. The 261 keV transition linking the two positive-
parity bands of opposite simplex had already been ob-
served by Khazrouni et al. [9]. It is interesting to note
that we observe transitions between the (+i, —) and the

(—i, —) band only for I;„;t; i ( —,while we see tran-

sitions between the (+i, +) and ( i, —) bands up to—
I;„;t,. ~

——
2 . Thus the question arises whether this

difI'erence is associated with differences in the m = —and
m = + structures (Fig. 4).

IV. ANALYSIS AND DISCUSSION

A. Excitation spectrum

It is experimentally [8] and theoretically [1—6) well es-
tablished that Ac is in the transition region between
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and band 1 in terms of a mixed proton configuration
zr(hs/z+ f7/z+izs/z). (The quadrupole deformation leads
to the strong mixing of the hp/z and f7/z orbitals. )

The most surprising finding of the present experiment
pertains to the upper part of the main bands. The pre-
viously established quasivibrational structure [8,9] of the

(+i, +) and (+i, —) bands breaks down at the I
state at 1960 keV and at the 2 state at 1813 keV.
Above these states the excitation spectrum and the de-
cay pattern become irregular, indicating a sudden col-
lapse of collectivity above 2000 keV. It is interesting
to note that these states can be understood in terms of
multiparticle shell model con6gurations. It is very il-

lustrative to compare the high-spin states of Ac with
the higher-lying multiparticle excitations in neighboring
noncollective nuclei with N & 130. Table II summarizes
some of the striking similarities between 2 Ac, Ac,
and Fr. The first entry for each state is the excita-
tion energy in keV. The second entry represents, where
available, the lifetime of the state in nanoseconds. The
last column lists shell model con6gurations based on the
calculation of Ref. [29] for z~ Fr. Note that the states
selected for this comparison have been identified to cor-
respond to the optimal stretched configurations in Fr.
The experimentally determined very long lifetimes, where
available, are consistent with the few-particle excitation
picture for these states. Lifetime measurements in Ac
both below and above the transition region at 2000 keV
could provide important insight into the rapidity of this
transition and the degree of collectivity at low excitation
energy.

The two s = —i bands seem to terminate at I =
and 2, respectively. This appears to be in conHict with

the large intensity of the 450 keV 2
—+ 2 transition

(almost 10% of the 355 keV transition), though, as men-
tioned earlier, structure 5 shown in Fig. 3 does feed the

( i, +) band, but no—direct feeding transitions have been
observed. Such transitions may be highly converted if
they correspond to Ml and/or E2 transitions of low en-

ergy. It should be pointed out that there is a striking
similarity between the s = —i bands and band 5 and the
excitation spectrum of the neighboring odd N = 130 nu-

cleus Fr [30]. This is illustrated in Fig. 5. In Fr,
the ( i, +) band has been t—entatively observed up to the

state. A structure very similar to that of band 5 in
Ac was also identi6ed, and d.irect feeding transitions

to the ( i, +) band were —identified.
An additional interesting feature is sideband 1. Refer-

the light actinium isotopes, which can be interpreted in
terms of the spherical shell model, and the heavier iso-
topes, which are highly collective in both the quadrupole
and octupole degrees of freedom. The transition be-
tween the two regimes takes place around neutron num-
ber N = 130. It should be noted that the isotopes of
ssRa [15—21], sgAc [8,9,22—24], and gp Th [25—27] show
the same qualitative transition in the quadrupole defor-
mation when going from N = 129 to 132 [1]. The exci-
tation spectra of nuclei with N & 130 can be interpreted
up to the highest spins known in terms of multiparticle
shell model configurations. For example, in z~7Ra [16]
with N = 129, all observed states up to the

&
state at29+

2301 keV have been associated with the neutron excita-
tions v(gs/z), v(gs/z, iraq/z), and v(i~~/z, gs/z). The lat-
ter configuration corresponds to the maximally aligned

state. Higher excited states are more complex in-
volving proton excitations to hg/z f7/z and i~s/z shells,
in addition to neutron j~5~2 excitations. As discussed
below, the situation in Ac is similar. The excitation
spectra of heavier nuclei with N & 132 differ drastically
from those with N & 130. These nuclei show appreciable
quadrupole and octupole collectivity and can be inter-
preted in terms of a reHection-asymmetric rotor.

In the intermediate nucleus Ac with N = 130, the
presence of low-energy octupole collectivity is well es-
tablished by the occurrence of strong E1 transitions and
the existence of parity doublets. But the quadrupole de-
formation is not yet well developed in this nucleus as
shown by its quasivibrational spectrum, whereas in the
next odd-A nucleus z Ac [28], both the quadrupole and
the octupole collectivity are better developed. A detailed
discussion of the evolution of quadrupole and octupole
collectivity in the even-even Th and Ra nuclei between
X = 130 and 140 can be found in Refs. [5,6]. It should be
noted that the bandhead calculations of Ref. [4] predict
the ground state of Ac to be a spherical 69~2 state.
The low-lying excited states are predicted to be weakly
deformed in some cases and spherical in others. The
predicted quadrupole deformations for one-proton states
are small, Pz ( 0.085. However, these small P2 deforma-
tions are accompanied by significant octupole deforma-
tions Ps --0.1.

The calculations of Ref. [3] suggested that the s = +i
main bands are parity mixed, i.e. , 7r(hp/z + i~s/z), while
the main component of the ground band (s = i in Fig. —
3) and band 1 are pure hs/z. These early calculations are
in general agreement with the more recent calculations of
Ref. [4]. The latter, however, describe the ground band

TABLE II. Similarities between Fr [29], ' Ac [22], and Ac [8,9] (and resent work). First
entry for each nucleus is the excitation energy in keV; second entry is lifetime in nanoseconds.
Configurations are based on Ref. [29] for Pr.

27
2
2g+
2
33+
2

41
2

215
8g ~128

1813;3(2)
2016;8(2)
2251;8(2)

3207

217
89 AC 128

1917
2013;740(40)

219
Sg AC130

1813
1960
2352
3254

Configuration

v(gg/z ized/z)7rfr/z stretched

v(gs/z), 7ri, z/z stretched

v(g9/z ixz/z)7r(i/3/z) stretched

v(gs/z i r y/z)7r(hg/z) stretched
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the intrinsic structure of these nuclei. In view of the over-
all systematics of the B(E1)/B(E2) ratios in the light
actinide region, however, it does not seem possible to
draw 6rm conclusions based on similarities or differences
between these ratios (see Ref. [32] for more discussion).

The high B(El)/B(E2) values in Ac have generally
been associated with octupole deformed shapes. Such
deformations might be either static or dynamic. Infor-
mation concerning the nature of these deformations can
be obtained &om the energy displacement bE between
the positive- and negative-parity bands,

8E = E(I ) —-(E[(I+1)+l + ENI 1)+]-), (3)

364
9/2 i/ 0

2)7„Fr

355
9/2 )/ 0

219~
89

and the rotational &equency ratios

(I ) E[(I+1) l-E[(I-1) l

~(1+) E[(I+2)'l —[E[(1—2)+l
(4)

FIG. 5. The s = —i bands in Ac and ' Fr [30].

ence [4] predicts an its/2 proton level at 475 keV. It can

most likely be associated with one of the two 2 states
at 577 and 632 keV. These two states are probably mixed
since they lie close in energy and both communicate with
the 2 level at 926 keV and the 2 level at 341 keV.
The large intensity of the 349 keV transition between the

and z states suggests that the latter is the band-
head of sideband 1. The 289 keV transition between the

state of the (+i, +) band and the 2 state is much
weaker and should probably be interpreted as an inter-
band transition between the (+i, +) band and sideband

1, making the 2 state at 867 keV the bandhead of the
(+i, +) band.

The only other odd-A nucleus in this region where a
sideband similar to band 1 has been observed is Ra
[21]. The nearby odd-odd nucleus ~zoAc [24] also shows a
sideband with similar transition and excitation energies.
The similarities in the transition energies of these three
nuclei are quite striking and might be indicative of related
intrinsic structures.

B. Octupole collectivity

The B(E1)/B(E2) ratios extracted &om our data are
shown in Fig. 6 as a function of spin. Figure 6(b) is a
summary of the known B(E1)/B(E2) ratios for the Ra
[16,19,21,31] isotopes, Fr [30], and oAc [24], and Fig.
6(c) summarizes the corresponding results for the Th
[25—27] isotopes. The B(E1)/B(E2) ratios of 2~sAc show
no obvious simplex dependence and no distinct pattern as
a function of spin, in agreement with the behavior found
in other light actinide nuclei [see Figs. 6(b) and 6(c)].
They range in value &om 0.4 to 3.0x10 fm (with
the exception of the value at I =

2 ). The B(El)/B(E2)
ratios in the other light actinide nuclei scatter, with few
exceptions, between the same limits [see Figs. 6(b) and
6(c)]. The similarity of the ratios in z~sAc to those in

sRa [18] has been related [8] to a probable similarity in

In the limit of stable octupole deformation [5], these
two ratios should be close to 0 and 1, respectively. In
Figs. 7(a) and 7(b) these two quantities are plotted as a

~ y & e
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FIG. 6. Summary of B(Z1)/B(E2) ratios: (a) for Ac
(present work), (b) compilation of results for Ra [16,19,21,31],
Fr [30], aud Ac [24]. The ground-state spin of Ac is not
known, but was assumed to be I = 2 for plotting purposes. (c)
Compilation of the results for Th [25—27]. The ground-state
spin of Th is not known, but was assumed to be I = — [26]
for plotting purposes. Some typical error bars are indicated
in (b) and (c).
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Q .+ + Stable Oct. Deformation

S =+I.
———S= —

L

I I I I I I I

E
(keV) (keV)
341 341

658
11832

15472—"+ 196O2

303
218
246

261

b(E2/Ml) B(M1)/B(E2)p~/e b

-0.26(2)
0.25(5)

—1.0(4)
—0.19(6)
-0.23(5)
—0.50(10)

0.025(10)
0.048(17)
0.075(4)
0.116(12)

TABLE III. Mixing ratios b(E2/Ml) and B(M1;I
-+ I —1)/B(E2; I -+ I —2) ratios measured iu Ac in the
present work.

+ 1.2 o

3
o

, o +
~&o ''''0 0~ ~ Ph

Stable Oct. Deformation

I

).0—

functipn pf spin fpr Ac and Ac. Fpr Ac bpth ob-
servables show a rather smooth behavior, approaching at
high spin the theoretical value expected for static defor-
mations. The values for Ac, on the other hand, show
no clear trend, indicating its transitional character.

C. Magnetic transitions

The mixing ratios b(E2/Ml) were used to derive the
ratios B(M1;I -+ I —1)/B(E2;I ~ I —2) according to

B(M1;I m I —2) I~(M1+ E2; I m I —1)
B(E2;I m I —2) I~(E2; I m I —2)

Es(I -+ I —2) 1 p, ~2

E (I m I —1) 1 + b2 e b

Table III summarizes these results. These ratios in-
crease steadily with spin from about 0.02 p~~/e2b2 to
0.12p2~/e2b2 at I = 2, presumably indicating the loss in
collectivity as the spin increases. Probable E2/Ml tran-
sitions have been reported in other light actinium nuclei,
i Ra [17], isRa [21], and 2 Ac [24], at similarly high

spins; however, this is the first time that mixing ratios
have been obtained.

I I I I I I I I I I I I I I

9 13 1I7 21 25 29 33
Spin (%/2)

FIG. 7. Energy displacement bE between the positive-
and negative-parity bands and rotational frequency ratios
~(I )/~(I+) (see text).

From Ref. [6], angular distribution measurement.

extended level scheme does not follow the parity doublet
structure that has been established at lower energies and
spins. The parity doublet structure terminates around
I =

2 and E~ ——2.1 MeV and breaks up into a new
family of states, presumably of the particle-hole charac-
ter.

Mixing ratios were derived kom DCO measurements
for many transitions between bands of opposite simplex
and several new transitions of this type have been estab-
lished. The results are interpreted in terms of the ratio
B(M1)/B(E2), which seems to indicate a loss of collec-
tivity with increasing spin.

The sideband proposed in Ref. [8] was confirmed, al-
though with some modifications. Several new transitions
were established between states of this band.

The transitional nuclei Ac and Ra can be at
low spins understood in terms of the weak coupling of
the odd particle to the quadrupole and octupole soft
core of Ra. However, at higher angular momenta
these quasirotational bands terminate at nearly spheri-
cal shape. It is interesting to note that such a termina-
tion of octupole and quadrupole collectivity, anticipated
in Ref. [6], was, in fact, observed in the lanthanide nu-
clei around i4sSm [32]. In this transitional nucleus (two
holes in Z = 64, four particles outside N = 82), a strong
competition between collective and noncollective modes
has been seen. In the spin range I 18 the ground-state
band of Sm undergoes a dramatic change in config-
uration, which is seen as irregularities in level spacing.
The calculations of Refs. [33,34] interpret this change
as a shape transition to a noncollective structure asso-
ciated with several optimal particle-hole configurations
built upon iis~2, fqI2, and hsy2 neutron states.
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