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The level structure of Th has been studied using the electron capture decay of Pa and
the P decay of Ac to give a total of 20 levels where only four were previously known. This
level structure then makes possible a more complete interpretation of the recently studied U
alpha decay into Th. The level structure can be interpreted using both strong coupling and
intermediate coupling models in terms of K = 1/2+, K = 3/2+, and more tentative K = 5/2+
parity doublet bands which implies that Th has re6ection asymmetry. Furthermore, the detailed
interpretation of the level structure of Th solves the long standing problem of the ground state
spin parity of Th which is shown to be 1/2+.

PACS number(s): 21.60.Ev, 23.40.—s, 27.90.+b
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Calculations [1) on the degree of intrinsic reflection
asymmetry (IRA) possessed by 227Th show that it is in-
termediate between that of 22sTh (which is known [1] to
have coexistent con6gurations with both reflection sym-
metry and reflection asymmetry) and that of 22sTh [2]
which has parity doublet bands as expected for normal
IRA (see Fig. 1). The degree of IRA is given by the en-
ergy difference between mirror minima and the barrier
which separates them. As shown in Fig. 1, this energy
difference is 1 MeV for Th, while it is 0.5 MeV
for 2 Th and ~0.2 MeV for Th. Thus jt would be of
interest to see experimentally whether Th is IRA or

whether, like Th, there is experimental evidence for
the coexistence of both reflection symmetric and reflec-
tion asymmetric con6gurations.

In addition, there is a long standing controversy [3]
about the spin parity of the Th ground state. The
spin parity 3/2+ (suggested in earlier compilations [4,5])
was used in recent o. —p nuclear orientation experiments
[6] to study the levels in 2 sRa. However, the most recent
Nuclear Data Sheets compilation [3] as well as recent and
earlier studies of the alpha decay of Th suggest [7,8]
J = 1/2+ as the 2 Th ground state.

Actually, very little is known about the level structure
of 2 Th. Up to the present time only four levels have
been suggested —three as a result of the Ac beta decay
of Novikova et aL [9], and one additional one as a result
of ~U alpha decay [10].

Considering the paucity of information on the Th
levels, it is surprising that no one has studied the electron
capture decay of 2 Pa into Th. With a 15% electron
capture branching ratio and a Q value of 1.026 MeV,
the 38.3 m Pa appears to be ideal for the study. We
therefore propose to study the electron capture decay of
22~Pa and to re-study the P decay of 2~~Ac in spite of
its very limiting 43.7 keV Q value. We then use the level
structure to attempt a further interpretation of the U
alpha decay studies [10].

FIG. 1. Calculated potential energy diagrams [1] in oc-
tupole deformation coordinates for the odd-A Th isotopes
from Th through Th. The larger barriers between the
mirror minima correspond to more stable re6ection asymmet-
ric nuclei.

II. EXPERIMENTAL METHODS AND RESULTS
FROM THE ~~~Pa ELECTRON CAPTURE

DECAY

The Pa was produced and isotope separated by a se-
lective fluorination method developed at Orsay. A target
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of 10 g of an anhydrous powder of ThF4 was bombarded
by a 200 MeV and 400 nA beam of protons in three sep-
arate experiments of durations varying from 32 to 48 h.
It should be noted that the low beam intensity is nec-
essary to keep the target as cool as possible ( 500'C)
to sustain production of sufBcient activity over a con-
siderable period of time. CF4 vapor was then passed
over the target to facilitate fluorination. PaF4 ions of
mass 303 were separated using the ISOCELE separator
with activity collected varying from 5 x 10 to 10 ions/s.
The possible Th, Ac, Ra, and Fr activities are eliminated
during the separation process because the corresponding
ThF3, AcF2, RaF+, and Fr+ ions fall in totally diferent
mass regions than the PaF4 ions. Thus the selective
fluorination method accomplishes both an isotope sepa-
ration and a chemical separation simultaneously [11].

In the first experiment the Pa activity was moved
between two gamma ray detectors in a 180 close geom-
etry. One of the gamma detectors had high resolution
( 600 eV at 100 keV) but rather low eKciency for high
energy gammas. It consisted of a 3 cm x 5 mm thick pla-
nar intrinsic Ge detector with a Be window. The other
was a 20% efffcient coaxial Ge detector. Singles gamma
and 4K-4K gamma-gamma measurements were recorded
simultaneously.

In the second experiment the tape transport system
moved the collected Pa activity into a magnetic selec-
tor where electrons were deflected by a uniform magnetic
field into helical trajectories over a large energy range.
After a 360 deflection they impinged onto a cooled 6 mm
thick Si(Li) detector. A gamma detector and an alpha
detector (not used in these experiments) were arranged
in a plane with the Si(Li) detector. The gamma detector
was of the coaxial Ge type, 20%%uo efficient for gamma and x
radiations. 4K-4K electron-gamma and gamma-gamma
coincidence measurements were recorded.

The gamma spectra are shown in Figs. 2 and 3. Figure
2 is the gamma spectrum taken with the high resolution
Ge detector in coincidence with the K x rays of Th ob-
served in the high efFiciency coaxial Ge detector. I and
K x rays of Th are indicated and only the low energy re-
gion of Th is shown. Figure 3 is the gamma spectrum

taken with the high efFiciency coaxial Ge detector in co-
incidence with the K x rays of Th observed in the high
resolution Ge detector. The coaxial detector cuts ofI' at
low energy so that the L x rays are not observed. How-
ever, gamma rays of Th are observed to much higher
energies along with the Th K x rays.

The internal conversion electron spectra coincident
with 151.1 and 56.4 keV gammas are shown in Figs. 4(a)
and (b), respectively. The I, M, and N branchings are
shown for the lower energy electron spectra, and K and
L for the higher.

Table I lists the energies, intensities, and multipolari-
ties of all the gamma rays observed following the electron
capture decay of Pa. The assignment of the transitions
in the level scheme is also given in Table I. It should be
noted that more than 90'%% of the gamma intensity has
been assigned.

The level scheme for Th as deduced &om the de-
cay of Pa is given in Fig. 5. Three levels are shown
dashed. Although their placement as shown is very prob-
able, especially when model considerations are taken into
account, they are based on energy fits rather than coinci-
dence relationships. Dashed transitions are those which
are used a second time and not based on coincidence re-
lationships. The 90.0 keV transition corresponds to the
energy of one of the K x rays of Th. The 9.3, 15.0, and
24.3 keV transitions marked only with the E2, M1, and
M1 multipolarities in the lowest energy region of the level
scheme result &om the earlier 22 Ac decay study [9] and
lead to the spins of 1/2+, 5/2+, and 3/2+ for the ground
state, 9.3 keV state and 24.3 keV state as previously sug-
gested [3,10,12]. The only other previously observed state
at 77.7 keV was very tentatively assigned spin 5/2+ [10].
With Ml depopulating transitions to both the 5/2+ and
3/2+ states at 9.3 and 24.3 keV, either 3/2+ or 5/2+ are
possible assignments. We prefer J = 3/2+ for the 77.7
keV state because a 3/2+ member of the K = 1/2+ band
is expected in this vicinity.

The other low lying state at 37.9 keV decays by two
El transitions to the 5/2+ and 1/2+ states at 9.2 keV
and 0 keV. Its J is therefore unambiguously determined
as 3/2
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FIG. 2. Gamma spectra ob-
served following the electron
capture decay of Pa taken
with a high resolution planar
Ge detector in coincidence with
the K x rays of Th. Only the
lower region of the gamma rays
of Th is shown.
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We have used the calculations of Leander and Chen
[12] as the basis for many of the higher spin assign-
ments which cannot be determined unambiguously &om
this experiment. In this interpretation the ground state
1/2+ and the 3/2 37.9 keV state are the bandheads of
K = 1/2+ bands, while the 3/2+ 24.3 keV state is the
bandhead of a It = 3/2+ band. One expects then a
K = 3/2 parity doublet partner to the K = 3/2+band.
A level at 142.0 keV depopulates via a 64.4 keV El tran-
sition to the 3/2+ 77.7 keV state. The rest of the band
structure suggests that this is the expected K = 3/2

bandhead. Three to five members of each of these four
bands are observed experimentally and are consistent
with the expected energies and spins. Bandheads at
448.0 and 547.0 keV are consistent with spin-parity as-
signments of 5/2 and 5/2+. However, while the levels
are quite definite the spins, parities, and band structures
are not as well established as most of the low energy
structure. The two highest energy states, observed exper-
imentally at 688.7 and 698.4, are not interpreted in this
level scheme, although it is clear that the 688.7 keV state
is associated in some way with the K = 5/2+ bands in
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FIG. 4. (a) Electron conver-
sion spectrum observed follow-
ing the electron capture decay
of Pa in coincidence with
the 151.1 keV gamma. L, M,
and N branches of the conver-
sion electron spectrum are indi-
cated. (b) Electron conversion
spectrum in coincidence with
the 56.4 keV gamma.
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TABLE I. Gamma ray energies and intensities of transitions in Th observed in coincidences with X~Th in the Pa ~'
Th decay. Multipolarities when known, and assignments of transitions in the level scheme are also given.

E~(AE~) I~(AI~) Multipolarities

2s.67 (O.o5)
37.89 (0.05)
53.3 (0.2)
56.45 (0.05)
61.4 (O.2)
64.40 (0.05)
67.2 (0.2)
68.4 (0.1)
72.7 (0.1)
74.7 (0.2)
s4.5 (o.3)
103.0 (0.1)

7.7 (1.o)
9.O (1.2)
2.o (1.o)

37.o (3.o)
0.8

2o.3 (3.o)
1.0

2.9 (1.0)
6.0 (1.5)
2.0 (1.0)
2.0 (1.0)

20.5 (2.5)

118.0 (0.2) 6.5 (1.5)

El
El

M1(e )
E1

Ml(e )

Ml(e )

Ml(e )

129.5 (0.1) 24 (3) (El)

141.7 (0.2)
142.8 (a.2)
146.0 (0.3)
151.1 (0.1)
157.7 (0.3)
159.5 (0.2)
166.1 (0.3)
168.9 (0.4)
173.7 (0.4)
185.3 (0.2)
190.8 (0.2)

204.3 (0.1)

6.5 (1.5)
6.5 (1.5)
1.7 (1.0)

3s.o (4.a)
2.o (1.o)
8.5 (2.0)
2.5 (1.5)
2.O (1.2)
2.O (1.2)
12.o (3.o)
8.0 (2.5)

100

Ml(e )

Used twice in the level scheme.

Levels
Initial ~ Final

37.9 —+ 9.3
37.9 + 0

77.7 m 24.3
183.7 m 127.3
99.3 m 37.9
142.0 m 77.7
(67.2) m 0
77.7 m 9.3

(82.0) m 9.3
142.0 m 67.2
183.7 —+ 99.3
127.3 m 24.3

(142.0 m 24.3)~

~ ~

~

127.3 —+ 9.3

(
(228.7 m 99.3)
207.2 m 77.7

688.7 m 547.0
(224.9 m 82.0)
183.7 m 37.9
228.7 m 77.7

183.7 -+ 24.3

688.7 m 503.4
228.7 + 37.9
(688.7 —+ 448.0)~

~ ~

~

228.7 m 24.3

E.(&E~)

215.6 (0.2)
219.5 (0.2)
241.0 (0.3)
255.8 (0.3)
264.6 (0.2)
285.6 (0.5)
294.6 (O.5)
300.0 (0.6)
309.8 (10.5)
319.6 (0.3)
363.3 (O.4)
370.0 (0.7)
378.0 (0.5)
383.8 (0.5)
398.9 (0.5)
404.1 (0.5)
409.5 (0.5)
419.6 (0.3)
432.7 (O.7)
46O.2 (O.4)
469.7 (0.4)
488.3 (0.4)
505.1 (0.4)
514.7 (0.7)
519.8 (0.3)
522.8 (0.3)
537.7 (O.7)
561.4 (0.3)
568.0 (0.5)
589.5 (0.4)
6O9. 2 (0.7)

16.5 (3.0)
28.0 (4.0)
9.0 (3.0)
3.5 (1.5)
8.0 (2.0)
3.5 (1.5)
3.5 (1.5)
3.3 (1.5)
2.3 (1.O)
9.5 (2.5)
3.5 (1.5)

0.8
2.0 (1.0)
2.0 (1.0)
2.0 (1.0)
2.o (1.o)

1.0
6.5 (1.5)
2.0 (1.0)
9.0 (2.5)
6.4 (1.5)
4.0 (1.5)
4.5 (1.5)
2.5 (1.5)
7.o (2.o)
6.0 (2.0)
2.0 (1.0)
19.0 (3.0)
4.0 (2.0)
7.0 (2.0)
2.0 (1.0)

Ml(e )
El

I~ (AI~) Multipolarities Levels
Initial ~ Final
(224.9) m 9.3
228.7 —+ 9.3

448.0 m 183.7

547.0 + 252. ].

503.4 m 183.7
5470 m 183 7

(503.4 —+ 99.3)
(448.0 m 37.9)
547.0 —+ 127.3

688.7 —+ 228.7
698.4 -+ 228.7

688.7 -+ 183.7
698.4 m 183.7

547.0 m 24.3
547.0 —+ 9.3

688.7 m 127.3

688.7 m 99.3

view of the preferential strong population of these bands.
The position of the 1/2 at 67.2 keV deserves special

comment. A weak 74.7 keV transition has been shown
to depopulate the 142.0 keV 3/2 level. A weak 67.2
keV transition has also been observed. The sum of these
two transition energies is 141.9 keV, well within error of
142.0 keV. This then defines a level at 67.2 keV with spin
1/2 or 3/2. Since we expect a 1/2 band member of the
K = 1/2 band is this vicinity (see Discussion), this is
the model dependent assignment which is made.

Eighteen of the 20 levels in Th observed in the decay
of Pa can be described in terms of six rotational bands
or bandheads. However, it must be clearly noted that
except for the four lowest energy levels, all of the spins
and some of the parities assigned are model dependent.
For that reason it is particularly fortunate that we have
two independent decay studies with which to test the
assignments. These decay studies are described in the
next two sections.

III. LEVELS IN 22~Th OBSERVED
IN THE P DECAY OF ~~~Ac

As noted in the Introduction, Novikova et al. [9] stud-
ied the P decay of 2 Ac. They used an electron spec-
trometer and achieved remarkable results on the very low
energy conversion electrons, successfully determining the
multipolarities of the 9.3 keV transition as E2 and the
15.0 and 24.3 keV transitions as Ml. This in turn led to
the spin-parity assignments of the erst three levels.

With a Qp value of 44.8 keV, the gamma spectrum
determination following P decay is not a very attractive
project. Nonetheless, recognizing the existence of several
low energy levels in the Th level scheme, we decided
to attempt it.

The Ac activity used in these experiments was pur-
chased from the Radiochemical Centre, Amersham, Eng-
land. However, because of the age of the Ac sample
it was necessary to do a radiochemical purification to
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FIG. 5. The decay scheme of Th as de-
termined from the electron capture decay of

Pa. Transition energies are listed in keV,
and multipolarities indicated where known.
Alpha-gamma coincidences are indicated by
a dot at the top of the gamma transition.
Parity doublet bands and their configurations
are also given. Except for the four lowest lev-
els, all of the spins and some of the parities
are model dependent. See the text for more
details of the level scheme.
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remove as many of the daughter contaminants &~

/'227Th

Ra Rn ...) as possible. The chemical purifica-
tion was based on a solvent extraction between an o.-
thenoyltriffuoroacetone (TTA) phase in benzene and an
aqueous phase burred at pH 5.7. Under these condi-
tions the Ac and Th are extracted into the TTA
b ne phase while the other daughter products remainenzene p

227in the aqueous phase and are discarded. The Ac was
then returned to the aqueous phase by changing the pH
to 1.0 while the Th remained in the organic phase.
The Ac is evaporated to dryness and then evaporated
in vacuum at 1800 C onto a 30 pm Al foil.

The source was placed between a gamma and an elec-
tron detector in 180 close geometry. The gamma detec-
tor was a high resolution (600 eV at 100 keV) intrinsic Ge
detector with a Be window. The electron detector which
faced the evaporated side of the source was a Si(Li) wafer
700 mm in area and 6 mm thick (with 2 keV resolution)
placed inside a magnetic lens with axially increasing mag-
netic field. This lens has a large efficiency (2.3%) and
large energy range [13].

In the first experiment gamma rays were measured
th &eshly evaporated source. The result is shown in

Fig. 6. Three (and possibly a fourth) low energy gamma
rays are observed at energies of 24.5, 28.6, 37.9, and pos-
sibly 15.0 keV which can be assigned to Th transitions.

The 20.4 and 50.2 keV transitions result from the daugh-
ter 223Ra.

In a second experiment the beta ray spectrum in co-
incidence with the 24.5 and 37.9 keV gamma transitions
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I ~ ~ I~ ~ I ~ I I ~ T
)

I I I ~ ~ ~ I ~ ~ ~ I I I ~ I I ~ ~

t
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~ 103
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10Q l l I I I I ~ I I I I I l I I I ~ ~ l I I I I l I i I

100 200 300 400 500 600
Channel Number

22 7'FIG. 6. Gamma rays following the r3 decay of Ac im-
mediately after puri6cation from daughters. The levels indi-
cated by an asterisk are gamma rays in the level scheme of

Ra. All levels below 19.0 keV except the possible 15.2 keV
gamma ray are I x rays of Th.
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FIG. 7. (a) The P spectrum in coin-
cidence with the 24.5 keV gamma in the
P decay of "Ac. Background is shown
dashed (end point energy=20. 3 keV). (b)
The P spectrum in coincidence with the

22737.9 keV gamma in the P decay of Ac.
Background is shown dashed (end point en-
ergy=6. 9 keV).
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was observed with the Si(Li) detector. This is shown in
Figs. 7(a) and (b), respectively. Since the Qp is 44.8
keV for "Ac we expect end points of 44.8—24.5 keV and
44.8—37.9 keV or 20.3 and 6.9 keV for the spectra of Fig.
7(a) and Fig. 7(b), respectively. Although the statistics
are not very good and the background high, particularly
for the P spectrum feeding the 37.9 keV level with only
a 0.3% population, the qualitative results are approxi-
mately what is expected.

Referring now to the spectrum of Fig. 5 one sees that
the ground state and the lowest three excited levels of

227Th have been populated in the P decay of Ac.
This is shown in the level scheme for the P decay of
227Ac (Fig. 8).

IV. LEVELS IN Th OBSERVED IN THE
ALPHA DECAY OF U

3/2 89AC1 38(21.8yr)

(X
1.38%

0.3% (7.0) 3/2 37.9

Q~
——44.8 keV

10% 6.7 3/2+ 24.5

35% 6.9 5/2+

LA Q
9.3

54% 7 1 ~/2+ 1) 1) 1(

I log ft ~ Th, (18.7d)
227

FIG. 8. The level scheme of Th as observed following
the P decay of "Ac. The log ft for populating the 37.9
keV level is shown in parentheses because of the uncertainty
introduced by the long extrapolation of the log ft value from
10 keV to 6.9 keV [27).

Recently [10] the alpha decay of 2 U was studied to
deduce levels in Th. The fine structure in the alpha
decay was observed and three levels in Th were shown
to be populated. However, two additional gamma rays
were observed following alpha decay which could not be
fitted into the simple four-level decay scheme produced in
this research. In view of the more complete level scheme
of Th now available, it seems appropriate to see if
these two gamma rays with energies of 64.3 and 67.0 keV
fit into the presently known level scheme and how that;

231changes our view of the alpha decay of U.
The level scheme of 7Th (Fig. 5) shows that within

the experimental error the 64.3 keV transition corre-
sponds to the 64.4 keV El transition depopulating the
142.0 keV 3/2 state to the 77.7 keV 3/2+ state. Ftn'-
thermore, the 67.0 keV transition fits within the exper-
imental error with the 67.2 keV transition depopulating
the 1/2 67.2 keV state to the 1/2+ ground state.

We know from the 2 Pa + Th studies that the 74.7
keV gamma transition depopulating the 142.0 keV level
to the 67.0 keV state (not seen in the 2s~U alpha decay)
is only about 1/10th as strong as the 64.3 keV gamma
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FIG. 9. The level scheme of Th as observed following the
alpha decay of U. The spins of the 67.0, 77.7, and 142.0
keV levels are model dependent. This is an extension of the
level scheme in Ref. [10].

depopulating the 142.0 keV state (see Table I and Fig.
5). However, when internal conversion coefficients are
included (assuming Ml multipolarity) the depopulation
via the 74.7 keV transition is 0.6 that of the 64.3 keV
transition. This allows us to determine the approximate
alpha intensity populating the 142.0 keV state as 0.8%%up.

Using the intensity of the 67.0 keV transition and sub-
tracting the intensity of the 74.7 keV transition we get
a residual alpha-populating intensity of 0.2%%uo populating
the 67.0 keV state. However even this is an upper limit
since we know nothing about the intensity of the expected
77.7 keV to 67.0 keV transition.

It is of considerable interest that the alpha decay of
U places the 67.2 keV transition in the lower part of

the Th level scheme. It buttresses the somewhat shaky
assignment of the 1/2 level at 67.2 keV. The resultant

U alpha decay scheme is shown in Fig. 9.
The fact that the Ac P decay and the 2siU alpha

decay confirm the Th level scheme observed following
Pa electron capture decay gives us confidence in the

level scheme in spite of the fact that many of the spins are
model dependent. We will proceed then to the Discussion
section to further interpret the level scheme of Th and
to understand its implications in a broader sense.

V. DISCUSSION

The presence of parity doublet bands (bands with the
same spin but opposite parity, close together in energy
and connected by strong El transitions) in 2 Th (Fig.
5) is the single dominating feature of the level scheme.
The existence of these parity doublets, together with the
presence of decoupling parameters of the K = 1/2 par-

ity doublet bands which are similar in magnitude but op-
posite in sign, are telltale signs of reflection asymmetry
in Th. The two alternative theoretical techniques of
treating reflection asymmetry are the intermediate cou-

pling and strong coupling models.

A. Intermediate coupling model and mixing of bands

Even a cursory view of the level scheme of Th of
Fig. 5 indicates that there is considerable Coriolis cou-
pling between the K = 1/2+ and K = 3/2+ parity dou-
blet bands. This is borne out by the anomalous energy
spacing of the 3/2+, 5/2+, 7/2+ K = 3/2+ band, and to
a lesser extent, in a similar way with the K = 3/2 band.
Furthermore the anomalous structure in these K = 3/2+
bands is clearly due to the energy shifts expected from
the interactions with the K = 1/2+ bands. For example,
it is difficult to say to which bands the 3/2+ states at
24.3 and 77.7 keV belong. In fact they are obviously so
mixed that they both have considerable K = 1/2+ and
K = 3/2+ character.

However, to give some quantitative idea of the degree
of mixing we have calculated the values of the inverse
moment of inertia, h /28, the decoupling parameter, a,
and the bandhead energy, Eo, using three band energies
from both K = 1/2+ and 1/2 bands. We then used
these parameters to calculate other band members for
comparison with experiment.

Specifically, we used the equation Ez = h /29[I(I +
1) + u( —1)1+i~2(I+1/2)]+ Eo without Coriolis coupling.
Then for the 1/2+, 5/2+, and 3/2+ states at 0, 9.3,
and 77.7 keV in 2~~Th, we calculate h2/29 = 4.58 keV,
a = 4.66, and Eo ——17.9 keV. Using these values of the
band constants we calculate the energy of the 7/2+ band
member as 175.3 keV compared with the observed en-
ergy of 224.9 keV, and the 9/2+ band member as 24.6
keV compared with the experimental energy of 82.0 keV.
In a similar way we used the 37.9, 99.3, and 228.7 keV
3/2, 7/2, and 5/2 states and calculated ti /29=9. 84
keV, a = —2.88, and Eo 57.7 keV for th——e K = 1/2
band. In turn we then calculated the energy of the 1/2
band member as 93.35 compared with the experimental
value of 67.2 keV.

It is thus quite obvious that Coriolis efFects are ex-
tremely important in the K = 1/2+ and 3/2+ bands of

Th. The intermediate coupling model is particularly
useful in identifying the most prominent Nilsson config-
urations which can then be used in Coriolis coupling cal-
culations.

The intermediate coupling model for treating reflec-
tion asymmetric nuclei utilizes an average nuclear field
assumed to have the usual refection symmetric form.
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Coupling between octupole and quasiparticle degrees of
&eedom is treated as a long-range residual interaction.
The multiphonon excitation model [14] and the quasi-
particle phonon model [15] are microscopic variants of
the intermediate coupling model.

We have chosen to use the standard axially symmet-
ric rotor model [16] which includes Coriolis coupling.
The intrinsic degrees of &eedom are described by the
quasiparticle phonon model of Soloviev [17]. We take
into account only quadrupole-quadrupole and octupole-
octupole isoscalar long-range residual interactions as well
as the pairing residual interaction. For the detailed
method see Ref. [18].

In the first step of the analysis, the eigenvalue prob-
lem of independent quasiparticles was solved. The Nils-
son model with standard parametrization [19] was used.
Deformation parameters of the Nilsson single particle av-
erage Beld were e2 ——0.15 and e4 ———0.03. The pairing
gap parameters taken from Ref. [16]were b„= b = 0.850
MeV for both protons and neutrons. In the second step,
we calculated the intrinsic quasiparticle-phonon wave
functions within the quasiparticle-phonon model. All
parameters involved in the long-range residual interac-
tions were determined by the energies of quadrupole and
octupole vibrations of the neighboring even-even cores.
SpeciBcally, we used Lu2 ——0.800 MeV and Lu3 ——0.300

MeV. The last step of our analysis consists of Corio-
lis mixing calculations; only the lowest energy intrinsic
states up to 600 keV were considered. We include three
negative parity and six positive parity intrinsic bands
with K (5/2. The intrinsic energies, parameters of in-
ertia, and decoupling parameters of experimentally ob-
served rotational bands were treated as kee parameters.

Results of our calculation on the intrinsic structure of
individual states observed experimentally in Th are
summarized. in Table II. The 6rst column of this table
contains the percentages of the various components which
make up the majority of the wave function. These include
both the quasiparticle and the quasiparticle-phonon com-
ponents. We use the asymptotic quantum numbers of
the Nilsson scheme as labels of individual quasiparticle
states. The second column of this table contains the
experimental bandhead energies. The theoretical band-
head energies obtained in Coriolis coupling calculations
are presented in the third column, while the rightmost
column gives the intrinsic energies prior to Coriolis cou-
pling.

'The important thing to note is that all of the ex-
perimentally observed intrinsic states in Th possess
quasiparticle-octupole components in their wave func-
tions. This is caused by the strong octupole-octupole
interaction between ggy2 and j&5y2 neutron shells. If

TABLE II. Microscopic structure of the K = 1/2+, 3/2+, and 5/2+ bands in Th. All com-
positions &2% are given.

Structure of
intrinsic state

3/2-[761]
7/2-[743]
5/2-[752]
1/2 [770)
3/2 [761]
3/2+[642]
1/2+[651]
1/2+[651)

752]
632]
642]
651]
632]
752)
743)
761]
734]

5/2 [
5/2+[
3/2+[
1/2+[
5/2+[
5/2 [
7/2 [
3/2 [
9/2 [

+ Q,+,
+—qs~

—qs~
—qs2

+ qso
+ Qs.
—Q+

+Q„
+ q+
+ q+

+ Q,+,
—Q+
+ Q,+,

+—qss

1/2+[651]
1/2+[640]
1/2- [770] + q+,
3/2 [761) —qs.
1/2- [770 —q+,
1/2- [521] + qs+.
1/2- [770]
1/2+ [651] + qs+s
3/2+ [641] —q+,
1/2+ [651] —q~~
3/2+[642]
3/2+[631]

47%
11%
19%
6%
5%
3%

80%
10%
3%
3%

54%

3%
3%
2%

80%
12%
3%

6%

2%
48%
17%
15%
7%
4%

Exp. energy
of lowest level
in band (keV)

0.0(1/2+ )

37.9(3/2 )

24.3(3/2+)

142.0(3/2 )

448.0(5/2 )

547.0(5/2+)

Theo. energy
of lowest Ievel
in band (keV)

0.0

39.5

39.2

180.3

456.0

547.2

Thee. intrinsic
energy of lowest

level in band (keV)

0.0

53

42

116

574
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both gg~z and i&3y2 positive parity neutron shells are
important in the basis of intermediate coupling calcu-
lations, octupole correlations are spread out over the
whole sets of single-particle states and octupole collec-
tivity occurs in the i&3y2 neutron shell region which is
expected to be filled in the "Th nucleus. This result is
interpreted as considerable octupole softness of the nu-
cleus. Further, strong octupole correlations are calcu-
lated between the K = 1/2+ intrinsic states based on the
1/2 [770] and (1/2+ [651],1/2+ [640]) orbits and between
the K = 3/2+ states where the odd neutron occupies
3/2 [761] or (3/2+ [642],3/2+ [631])orbits. These results
provide the theoretical basis for parity doublet classifica-
tions for both K = 1/2+ and K = 3/2+ opposite parity
partners. The structures of higher lying K = 5/2+ states
are built on the 5/2 [752] and 5/2+[632] orbits. The
K = 5/2+ state possesses an unusually large octupole
component of its lower lying opposite parity partner.

It is especially interesting that when the shifts in en-
ergy levels due to Coriolis efI'ects are taken out, the de-
coupling parameters are —2.68 for the K = 1/2 band
and 2.97 for the K = 1/2+ band. Thus the expectation of
reflection asymmetric nuclei, that the decoupling param-
eters of K = 1/2+ parity doublet bands will have similar
absolute values, but opposite signs, is in unusually good
agreement in Th.

The comparison between the experimentally observed
energy levels (left) and the theoretical calculations in-
cluding Coriolis coupling (right) is presented in Fig. 10
for Th. Corresponding levels are connected by dotted
lines. While the agreement is quite good it should be
noted that with six intrinsic energies, six moments of in-
ertia, and two decoupling parameters as free parameters
to calculate 18 levels, we must be cautious in assessing
the agreement.

B. Reflection asymmetric band configurations

The coupling between low-lying octupole modes and
the single-particle degrees is assumed to be very strong
in the strong coupling model. This leads directly to an
average nuclear field which has acquired stable reflection
asymmetric deformation. In the intermediate coupling
model, the average nuclear field is assumed to have the
standard reflection symmetric form and the coupling be-
tween octupole and quasiparticle modes is treated. as a
residual interaction. In this section we have chosen to
use the strong coupling model in treating Th.

The calculated [1] octupole deformed neutron orbitals
used in this interpretation of Th are presented in Fig.
11. The calculation [1] employs the folded Yukawa po-
tential [20,21]. Since the coupling between the odd neu-
tron and the reflection asymmetric field is strong in this
calculation, the resulting neutron basis states are parity
mixed.

The octupole deformed Nilsson levels of Fig. 11 are
plotted as a function of the quadrupole deformation e for
the constant value of octupole deformation, e3 ——0.08.
They are labeled by A(s P) and in the case of K' = 1/2

orbitals by a third quantum number within parentheses,
(vrconj~ —j+

~

R conj). 0 is the total angular momen-
tum along the symmetry axis; 8 can be used with 0 to
calculate magnetic moments. vr varies from —1 to +1
and is zero for equal mixtures of positive and negative
components; the last label (for K = 1/2 bands only) cor-
responds to the parity times the decoupling parameter,
a. Neutron numbers are shown in circles at gaps. Shell
model orbitals at e = e3 ——0 are also given for some of
the lower levels as indicated by the arrows.

If we now use the octupole deformed neutron orbitals
of Fig. 11 to interpret the levels of Th and assume a
quadrupole deformation, e, of 0.16, then the low-lying
orbitals will lie between the 132 and 138 neutron num-
ber energy gaps. The 137th neutron of Th should oc-
cupy the 1/2(0. 2 —0.1 3) neutron orbital. I ow-lying ex-
cited hole states are expected from the 3/2( —0.1 0.6) and
5/2(0. 2 0.2) orbitals. Experimentally we see K = 1/2+,
3/2+, and 5/2+ parity doublet bands in this order. Fur-
thermore, this is exactly the same sequence of parity
doublet bands which are observed in the isotone Ra
[22-26].

However, it should be noted that the alpha decay
from Th which populates the levels in Ra tends
largely to populate only positive parity states. Indeed,
the K = 5/2 band of the 5/2+ parity doublet band is
not populated at all. We understand this because the

Th alpha-decaying parent ground state is largely re-
flection symmetric with Nilsson conflguration 5/2+[633]
and at most only a small amount of 5/2( —0.2 0.7) or
5/2(0. 2 0.2). However, the Th 5/2+ ground state al-
pha decays to the 5Ra 5/2+ level at 236.7 keV with an
alpha decay hindrance factor of 1.5. This implies that the
K = 5/2+ band in Ra is very similar to the K = 5/2+
ground state of Th. If we assume a similar state of
afFairs in Th, then the tentative K = 5/2+ bands at
448 and 547 keV may have components of the reHection
asymmetric orbitals 5/2(0. 2 0.2) and 5/2( —0.2 0.7) and
also the reflection symmetric orbital 5/2[633]. Because
of this the assigned orbital in Fig. 5 is shown in brack-
ets. The higher-lying 688.7 keV state tentatively assigned
J = 5/2 preferentially populates the K = 5/2+ bands
at 448 and 547 keV. This may imply the presence of
both 5/2(0. 2 0.2) and 5/2( —0.2 0.7) reHection asymrnet-
ric orbitals and/or the 5/2+[633] Nilsson orbital which
are strongly interacting. The present experimental data
are insufficient to sort out this complex situation.

In any case, the presence of three sets of parity doublets
with K = 1/2+, 3/2+, and 5/2+, in that order, has been
observed. The lowest two of these parity doublets is well
explained using the parity-mixed reflection asymmetric
neutron orbitals of Fig. 11.

C. The controversy about the ground state spin
of Th

In earlier versions of the Nuclear Data Tables [5] and
in the Table of Isotopes [4] the ground state spin parity
of 227Th was given as 3/2+. However, as pointed out
by several authors [7,8,12] and tentatively accepted by
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4 I I I I

NEUTRON LEVELS, E,3 —-0.08
VI. CONCLUSIONS

-5

CD

~-6
Cf)

CD

UJ

-8 I I I I I

0.10 0.12 0.14 0.16 0.18
E (and E4)

FIG. 11. Single neutron orbitals in an axially symmet-
ric but re8ection asymmetric folded Yukawa potential with
e3 ——0.08, plotted against the quadrupole deformation. For
the labeling of the orbitals, see the text.

Nuclear Data Sheets [3], it seems much more probable
that the ground state spin of Th is 1/2+ in view of
the very low alpha decay hindrance factors observed in
the population of the K = 1/2+ parity doublet bands
in 22sRa. However, fairly recently [6] the ground state
spin of 22 Th has been assumed to be 3/2+ in extensive
analysis of o. —p nuclear orientation experiments. If the

Th ground state spin is 1/2 then all of the nuclear
orientation experiments would have given isotropic dis-
tributions of the gamma rays. In fact all of the reported
distributions (some 36 in all) were anisotropic. While
some of the anisotropies are only one or two times the
experimental error, several of them are of the order of
10—20 times the experimental error.

Although a nonnuclear method of spin determination
of the "Th ground state would still be desirable, in view
of the extensive evaluation of the level structure of Th
provided by three difI'erent decays, we are confident that
the spin parity is 1/2+.

We have studied the level structure of "Th using
the electron capture decay of Pa and the P decay
of Ac. In addition we have reanalyzed the data from
a recent experiment on the alpha decay of U. By far
the most extensive results are those &om Pa decay.
The resulting level scheme Rom Pa decay is confirmed
by the Ac and U decays for all levels populated in
these latter two decays.

While only the four lowest levels have experimentally
determined spin parities, we are confident of the model
dependent spin parities of the other 16 levels because
of their internal consistencies and because of the cross-
checks made possible by studying three diff'erent decays.

This experiment strongly suggests that the ground
state spin parity of Th is 1/2+.

The general nature of the level structure can be de-
scribed in terms of three parity doublet bands with
K = 1/2+, 3/2+, and probably 5/2+. In view of these
parity doublet bands and the fact that the decoupling pa-
rameters of K = 1/2+ and 1/2 bands have similar ab-
solute values, but opposite signs, Th has been shown
to be refIection asymmetric.

The microscopic structure of the levels was calculated
using an intermediate coupling model and the strongly
mixed experimental levels compared with theoretical lev-
els mixed through the Coriolis coupling.

Alternately, using the strong coupling model with oc-
tupole deformation @3 ——0.08 and quadrupole deforma-
tion 0.16 we are able to interpret the K = 1/2 parity
doublet bands as 1/2(0.2 —0.1 3), the K = 3/2 par-
ity doublet bands as 3/2( —0.1 0.6), and the tentative
K = 5/2+ parity doublet bands as 5/2(0. 2 0.2).
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