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Level structure of 227Th investigated in thea decay of 231U
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The level structure of227Th has been studied using thea decay of 231U. The use of mass-separated231U
sources and high-resolutiona-particle andg-ray spectroscopy enabled the identification of 16 excited levels of
227Th. The angular distribution ofa particles in the decay of low-temperature oriented227Th is consistent with
a 227Th ground-state spin of 1/2. The low-lying levels of227Th can be interpreted in terms of aK51/26 parity
doublet and aK53/21 band coupled with the 1/21 member of the parity doublet by the Coriolis interaction.
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PACS number~s!: 21.10.Hw, 23.60.1e, 27.90.1b
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I. INTRODUCTION

The light actinide nuclei with 219,A,229 are located in
a region where the low-lying nuclear excitations are char
terized by strong octupole correlations@1#. There is now both
experimental and theoretical evidence that the nuclei in
center of this mass region~around 225Ac! have a stable oc
tupole deformation in their ground states. The most clea
evidence for such reflection-asymmetric deformations is p
vided by the observation of parity doublets~rotational bands
with nearly degenerate states of the same spin but opp
parity! in odd-mass nuclei@2#.

An interesting phenomenon is the coexistence
reflection-symmetric and reflection-asymmetric shapes:
deformed nucleus some Nilsson orbitals polarize the nuc
shape towards smaller octupole deformation while others
larize it towards larger octupole deformation. As a con
quence one would expect to observe parity doublet bands
some orbits and singlet bands for others in the same nuc
This phenomenon is expected at the perimeter of the re
of octupole deformation~in the transition region! @3#, and
experimental evidence for its occurrence has been repo
for 225Ra, 227Ra, and229Th @4–6#. From systematic calcula
tions of the single-particle states in odd-A actinides Cwiok
and Nazarewicz@7,8# predict coexistence of symmetric an
reflection-asymmetric shapes for the nuclei with neut
numbers aroundN5138 and note that227Th is expected to
be one of the best cases to find this phenomenon.

The nucleus227Th is also very favorable from an exper
mental point of view: it can be studied most eas
with in-beam g-spectroscopic techniques in th
226Ra(a,3n)227Th reaction. From such an earlier investig
tion we identified twoE2 rotational sequences although n
linking transitions between them could be found@9#. More-
over, the two sequences could not be placed into a le
scheme due to lack of experimental information on the lo
lying levels of 227Th. Until recently only two excited levels
at 9.3 and 24.5 keV were known from theb2 decay of
227Ac @10#. We therefore started a program to investigate
a decay of231U which was known to occur with a branch o
;0.0055%.
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To settle the question, whether the ground-state spin
227Th is Ip51/21 as accepted by Nuclear Data Sheets@11#
or 3/21 as inferred from the measured anisotropy ofg rays in
the decay of oriented227Th by Brianconet al. @12# we un-
dertook a low-temperature nuclear orientation~NO! experi-
ment with a 227AcFe source. Detection of thea particles,
emitted in the decay chain of227Ac, was chosen because th
method offers low background and high sensitivity.

During the course of our investigations two publicatio
appeared dealing with231U a decay@13# and 227Pa electron-
capture decay@14#. In the following we will present our
study of 227Th and 231U a decay and one conversion
electron measurement in227Ac b2 decay. Our results will
then be compared with those of the earlier work and d
cussed within the rotational model.

II. EXPERIMENTAL METHODS AND RESULTS

A. The 231U˜227Th decay

The 231U radioactivity was produced from th
232Th(a,5n) reaction at a bombarding energy of 53 MeV
Mass-separated sources were prepared with the Bonn iso
separator. Due to the small cross section of the (a,5n) reac-
tion, the limited efficiency of the mass separation and
smalla branch only very weaka activities could be obtained
~,10a decays per sec!. However, the use of mass-separat
sources is essential to avoid the masking of most of tha
lines in the 231U decay by the alphas from232U, which is
produced with comparable intensity from the (a,4n) reaction
and decays 100% bya decay.

Alpha particles were detected by an ion-implanted silic
detector of 300mm thickness. Gamma rays and conversi
electrons, measured in coincidence witha particles, were
detected by a LEPS Ge detector and a cooled PIN dio
respectively.

A source for the high-resolution measurement of t
singlesa-particle spectrum was prepared in the followin
way: the uranium activity was implanted into a 20-mm-thick
2267 © 1997 The American Physical Society
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FIG. 1. Alpha-particle spectrum measure
with a mass-separated source of231U. The energy
resolution was FWHM513 keV.
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Al foil with the isotope separator. After the implantation th
foil was cut into 2 mm broad strips from which those wi
the optimum ratio of231U/232U activity were selected utiliz-
ing the 231U→231Pa decay@15#. The a-particle spectrum
measured with this source is shown in Fig. 1, where tha
lines assigned to the231U and 232U decays are marked b
dots and circles, respectively. The232U activity was reduced,
compared to the unseparated activity, by approximatel
factor of 1000.

The intensities of thea lines assigned to the231U decay
are listed in the level scheme given below. For the grou
stateQ value we obtainQa55576(2) keV. Thea-decay
hindrance factors~HF’s! listed in the decay scheme we
calculated from thea-particle intensities—and in a few case
~38, 74, and 229 keV level! from the g-ray intensities—
according to the prescription used in the Nuclear Data Sh
with r 051.5298 fm and assuming ana-branching ratio in
the 231U decay of 0.0045%@13#. Two comments have to b
made:~i! The HF given for the 77.6 keV level was calculate
neglecting ana population of the 76.2 keV level. This i
only justified if the latter level has negative parity, in whic
case it is populated with;0.25% yielding a HF;3200. If
the 76.2 keV level has positive parity and the 52 and 67 k
transitions depopulating it haveM1 multipolarity ~see the
a
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discussion of the conversion-electron spectrum below!, it
would be populated in thea decay by;3% yielding a HF
;250. In this case the hindrance factor for the 77.6 k
level would increase to 42. PureE2 multipolarity for the 52
and 67 keV transitions is excluded by theg-ray intensity and
conversion-electron data. But the possibility of mixe
M1/E2 multipolarities remains and therefore the hindran
factors for the 76.2 and 77.6 keV levels are subject to
known uncertainties.~ii ! As discussed below we tentativel
suggest that the 77.5 keVg ray is anE2 transition depopu-
lating a 86.8 keV level. This level would then be populat
in thea decay by;1.5% yielding a HF of;450.

Two g-ray spectra in coincidence with differenta-particle
energies are shown in Figs. 2 and 3. The low-energy sp
trum of Fig. 2 shows thoseg rays which depopulate levels i
227Th with excitation energies below;110 keV. It is worth-
while noting the absence of any ThK x rays: the highest
level populated with thisa gate, the 99 keV level, is below
theK binding energy. In theg-ray spectrum of Fig. 3 these
rays are observed~not shown in Fig. 3! and are used to
discriminate betweenE1 and M1 multipolarities as dis-
cussed below. The energies and intensities of theg rays as-
signed to227Th are listed in Table I.

The a-g-coincidence spectra provide a powerful tool
assigng rays to the levels they depopulate: in thea spectrum
o-
m

FIG. 2. Gamma-ray spectrum obtained in c
incidence with alphas in the energy range fro
5370 to 5425 keV. The lines marked byc result
from chance coincidences from the231U→231Pa
EC decay.
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FIG. 3. Gamma-ray spectrum obtained in c
incidence with alphas in the energy range fro
5140 to 5370 keV.
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created with a giveng ray as a gate, noa lines can be
observed which populate levels below the level depopula
by the gateg ray. The utilization of this feature for the as
signment ofg rays to excited levels is illustrated for som
selected low-energyg rays in Fig. 4. These spectra allow th
following conclusions:~i! Thea line in coincidence with the
64.4 keVg rays populates a level at an excitation energy
75~3! keV. If we assume that the 9.3 and 24.3 keV levels
the lowest excited levels in227Th the 64.4 keVg ray can
only originate from a level at 64.4 keV or at 73.6 keV. Th
latter assignment is established by the observation of a 1
keV g-ray depopulating a level at 229~3! keV. ~ii ! The 51.9
and 66.9 keVg rays are in coincidence with alphas popula
ing levels at 79~3! and 78~3! keV, respectively. As discusse
below, theseg rays originate from a level at 76.2 keV.~iii !
The alphas in coincidence with the 77.52~6! keV g rays
populate a level at 85~3! keV. We tentatively conclude tha
this g ray depopulates a level at 86.8 keV.

Thea-g coincidences can also be used to identify or co
firm the transitions from higher-lying levels to a given leve
For example, in thea spectrum in coincidence with the 6
keV g rays,a peaks are observed corresponding to the po
lation of the 184, 200, and 231 keV levels, and conversel
the g-ray spectra in coincidence with thesea lines the 64
keV line is strongly present. This establishes transitions fr
these levels to the 74 keV level, from which th
231→74 keV g transition is directly observed. The trans
tions from the 184 and 200 keV levels to the 74 keV lev
shown as dashed lines in the decay scheme given be
have energies of 110.0 and 126.4 keV andg-ray intensities
of less than;3 in the normalization used in Table I. How
ever, forM1 multipolarity they would have total conversio
coefficients of 15.4 and 10.3, respectively, which accou
for the observeda-g coincidences.

The a-particle andg-ray intensities and thea-g coinci-
dences allow one to draw some conclusions about the m
tipolarities of selectedg transitions. Thea-g intensity bal-
ances establishE1 multipolarity for the 56.4 and 72.8 keV
transitions, provided their placement in the level sche
given below is correct. The intensities of the K x rays ob-
served in theg-ray spectra in coincidence with the alph
populating the 289 and 319 keV levels establish that
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strongest transitions depopulating these levels~the 265 and
310 keV transitions! have predominantlyM1 multipolarity,
and thus establish positive parity for the 289 and 319 k
levels. The same reasoning gives somewhat weaker evid
for M1 multipolarity of the 158 keVg transition yielding
tentatively negative parity for the 231 keV level. Finall
both thea-g intensity balance and theK x-ray intensities
confirmM1 multipolarity of the 103 and 118 keV transition
depopulating the 127 keV level@14#.

Some further information on multipolarities can be o
tained from the conversion-electron spectrum measured
the present work. A section of this spectrum in coinciden
with a-particles populating the levels around 75 keV
shown in Fig. 5. The strong lines which dominate the sp
trum shown in Fig. 5 result predominantly from theL and
M conversion electrons of the 53.2 and 68.3 keV transitio
which are known to haveM1 multipolarity @14#. However,
the data do not exclude contributions from theL andM lines
of the 51.9 and 66.9 keV transitions and therefore the m
tipolarities of these transitions remain uncertain.E1 multi-
polarity is established for the 61.3 keV transition~and con-
firmed for the 64.4 keV transition! from the intensity limit of
the L conversion electrons, which are located between
strong 53L and 53M /68L groups.

B. The 227Ac˜227Th˜223Ra decay

For NO measurements a weak source of227AcFe was
prepared by implantation of the radioactive precursors
227Ac ~ 227Fr and 227Ra! into an iron foil with the ISOLDE
facility at CERN at an implantation energy of 60 keV. Abo
half a year after implantation, when short-lived isotopes h
decayed, the sample was mounted in the NO appar
FOLBIS @16# and oriented at low temperatures by an ext
nal magnetic field of 0.54 T. In order to reach high sensit
ity for small anisotropies and avoid background problems
observed the anisotropy ofa particles in the decay o
227Th populated byb2 decay of227Ac. Thea particles were
detected by PIN diodes mounted on the 4 K cold shield of
the refrigerator at 20° and 90° with respect to the orientat
axis.
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2270 55U. MÜLLER et al.
Thea spectra measured with the 90° detector at ‘‘warm
and cold (T'7 mK) temperatures are shown in the upp
part of Fig. 6. The lines relevant in the present context
marked by their parent isotopes. In addition to thea lines in
the decay chain of227Th, we observe the 5305 keVa line
from the decay of210Po, which is present in the source
contamination. This line should show no anisotropy beca
I50 for 210Po and can therefore serve as a measure for
quality of the data and their normalization.

For our purposes the anisotropy ofa particles at angleu
relative to the orientation axis can be written as@17#

TABLE I. Gamma-ray energies and intensities of transitions
coincidence witha particles in the231U→227Th decay.

Eg ~keV! I g
a Multipo-

larity
Levels

Initial→Final

24.33 5 20 4 M1/E2 24.3→0
28.57 5 25 5 E1b 37.9→9.3
37.90 3 26 5 E1b 37.9→0
39.88 6 8 2 E1 77.5→37.9
42.09 6 4.4 10
51.85 4 7.9 15 76.2→24.3
53.23 2 83 8 M1(<10% E2) 77.6→24.3
56.41 2 30 3 E1b 183.7→127.3
58.1 2 3 1
60.6 2 1.3 4 289.0→228.6
61.33 3 20 2 E1 99.2→37.9
64.38 2 39 3 E1b 73.6→9.3
66.94 3 31 3 76.2→9.3
68.33 2 100 5 M1(<20% E2) 77.6→9.3
72.14 7 13 3
72.78 7 10 2 (E1) 200.0→127.2
74.85 5 12 2 99.2→24.3
77.52 6 7.8 15 86.8→9.3
89.88 5 25 6 99.2→9.3
99.09 8 6.4 15 99.2→0
102.93 4 21 2 M1b 127.3→24.3
111.1 2 '4 400.1→289.0
117.98 7 9.2 18 M1b 127.3→9.3
124.80 8 7.5 15
150.7 2 4 2 E1b 228.6→77.6
157.79 8 7.7 15 (M1) 231.4→73.6
159.39 8 7.7 15 183.7→24.3
189.9 3 2.2 7 289.0→99.2
190.62 10 6.1 14 200.0→9.3
204.2 2 4.1 10 E1b 228.6→24.3
211.4 2 4.9 10 289.0→77.6
219.6 4 2.7 10 E1b 228.6→9.3
241.2 3 0.7 3 318.9→77.6
242.7 2 1.7 6 318.9→76.2
264.66 3 36 3 M1 289.0→24.3
279.76 5 19 2 289.0→9.3
289.01 6 16 2 289.0→0
294.5 2 3 1 318.9→24.3
309.68 7 12 2 M1 318.9→9.3

aFor absolute intensities per 100a decays divide by 210640.
bMultipolarities from Lianget al. @14#. Our data confirm these mul
tipolarities for the 56.4, 64.4, 102.9, and 118.0 keV transitions.
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R~u,T!5 f •( Bk~m•Beff ,T!AkQkPk@cos~u!#,

wherePk@cos(u)# are Legendre polynomials and theQk cor-
rect for the finite solid angle of the detector. TheAk are the
angular correlation coefficients of the observeda radiation
and theBk describe the orientation of the nuclear state w
magnetic momentm in the effective magnetic fieldBeff at
temperatureT. Finally, the factorf represents the fraction o
nuclei experiencing the orienting magnetic hyperfine fie
assuming a simple two-site model, in which the fracti
(1- f ) of the nuclei is not oriented and therefore does n
contribute to the experimental anisotropy@18#. The indexk
is even and<2•I , whereI is the spin of the oriented nucle

Experimentally,R is derived as

R~u!5@Nc~u!2Nw~u!#/Nw~u!,

whereNc(u) andNw(u) are the counting rates at a temper
ture with orientation~cold! and with no orientation~warm!,
respectively. The experimentalR values observed with the
90° detector are shown in the lower part of Fig. 6. As
apparent from this figure the threea lines in the decay of
227Th are isotropic within the experimental accuracy. Ave
aging the anisotropies over these lines we obtainR(90°)5
20.004(8), 0.003~7!, and 0.010~9! for the 5752, 5977, and
6038 keV lines, respectively. The data foru520° are in
accord with these results, although the energy resolution
this detector was somewhat worse. The most natural ex
nation for this finding is that the ground-state spin of227Th is
1/2, which ina andg detection automatically results in zer
anisotropy. If the spin wereÞ1/2, as suggested by the NO
data of Brianconet al. @12#, our data would imply that the
hyperfine interaction is too weak to lead to a measura
orientation of the227Th ground state. In the following we
will discuss this possibility and compare our results to tho
of Ref. @12#.

The fraction of nuclei experiencing the hyperfine intera
tion can be derived from the anisotropy of the 6623 k
9/22(L55)1/21 a line in the decay of211Bi which is in
equilibrium with the 227Th activity in our sample. This line
shows an anisotropy ofR(90°)50.794(7). With m(211Bi)
54.11mN andBhf(BiFe)5119 T @19,20# we calculate a the-
oretical anisotropyRth(90°)51.45 yielding f50.55(1) in
line with systematics@18#. The hyperfine interaction strengt
can now be estimated from the observed anisotropy of
5752 keVa line which populates a 1/21 level in 223Ra and
therefore has pure multipolarity for any227Th ground-state
spin. This latter spin is restricted to<7/2 from the logft
value observed in the227Ac decay@14#. For spins of 3/2, 5/2,
and 7/2 we derive for our sample from the observ
R(90°)<0.004 an upper limit ofum(227Th)•Beff(ThFe)u
<6mN•T. The magnetic hyperfine field can be estimat
from the systematics@20# as Beff(ThFe)'260 T yielding
um(227Th)u<0.1mN . This result is smaller than calculate
magnetic moments in this mass region~see, e.g., Table X of
@6#!, although it cannot be excluded completely on theore
cal grounds.

Briancon et al. @12# have performed a NO experimen
with a sample of227Ac in host gadolinium. They observe
anisotropies of the order of a few percent for theg rays
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FIG. 4. Alpha spectra in coin-
cidence with low-energyg rays.
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following thea decay of227Th in accord with their assume
Ip(227Thg.s.)53/21. Adopting f51 they obtain from their
data um(227Th)•Beff(ThGd)u5158(8)mN•T. To derive the
corresponding value for host iron one has to multiply by
ratio of the hyperfine fields. From@21# we obtain for the ratio
of the hyperfine fields for cerium in iron and gadolinium
value of 0.76 which should be a good estimate for its che
cal analogue thorium. Using this ratio we expe
um(227Th)•Beff(ThFe)u5120mN•T as compared to the ex
perimental result of<6mN•T. Correspondingly, if the
ground-state spin parity of227Th is taken as 3/21, the 5752
keV a line should have an anisotropy ofR(90°)50.264 at
our experimental temperature using the parameters der
above, at least a factor 50 larger than the measured re
which is zero within errors.

Referring to theg anisotropies reported by Brianconet al.
@12# it should be noted that these are difficult measureme
with many closely spaced low-energyg lines. All anisotro-
pies listed in Table 3 of@12# are rather small up to;5%.
For the 236.0, 256.3, 286.1, and 350.5 keV lines anisotro
of 0.0048~5!, 20.0062(25),20.0130(31), and 0.0040~32!,
respectively, are listed. These results indicate the experim
tal difficulties of @12#, because it is assumed there that t
correspondingg transitions depopulate anI51/2 level and
therefore should have zero anisotropy.

We conclude that the NO experiments reported by Bri
conet al. @12# must be in error, and thus the only experime
tal evidence for a227Th ground-state spinÞ1/2 is elimi-
nated. Although our NO data do not strictly excludeI
Þ1/2, systematics of magnetic moments and hyperfine fie
in this mass region leave spins other than 1/2 quite unlik

Finally, a source of227Ac evaporated on a gold backin
and covered by a very thin plastic layer~for safety reasons!
was used for the measurement of conversion electrons.
electrons were measured in an iron-free orange spectrom
in coincidence witha particles detected by a silicon detecto
The singles anda-coincident electron spectra around t
M -subshell conversion electrons of the 24.3 keV transition
e
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227Th are shown in Fig. 7. From the singles spectrum
obtain intensity ratios ofM2 /M150.39(4) andM3 /M1
50.24(3) yielding anE2/M1 mixing parameter ofd2

50.010(1).

III. THE LEVEL SCHEME OF 227Th

The level scheme of227Th derived from the present wor
is shown in Fig. 8. The spin-parity assignments are based
the assumption ofIp51/21 and 5/21 for the ground and 9.3
keV levels, respectively. These assignments were first p
posed by Leander and Chen@6# and are also assumed in th
most recent Nuclear Data Sheets@11# and the work of Liang
et al. @13,14#. The 1/21 assignment to the ground state
227Th, which represents the basis for all other spin-par
assignments made in the present work, is now firmly est
lished ~see Sec. II B!. It is interesting to note that the 3/21

assignment to the 24 keV level follows strictly from the fa
that the 24 keV transition has mixedM1/E2 multipolarity.

The low-energy part of the level scheme shown in Fig

FIG. 5. Conversion-electron spectrum in coincidence with
phas in the energy range from 5365 to 5430 keV.
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2272 55U. MÜLLER et al.
agrees with that proposed by Lianget al. @14# from the in-
vestigation of the electron capture decay of227Pa for the 9,
24, 38, 78, 99, 127, and 184 keV levels apart from two min
though important exceptions in connection with the 99 k
level, which is strongly populated in the231U a decay, but
only very weakly in the227Pa EC decay:~i! Liang et al.
assign a 74.7~2! keV g ray as a transition from a 142 keV
level to a 67 keV level, whereas a 74.85~5! keV g ray ob-
served in the231U a decay is established by thea2g coin-
cidences as a transition from the 99 keV level to the 24 k
level. ~ii ! The E1 multipolarity of the 61.3 keV transition
from the 99 kev level to the 38 keV 3/22 level establishes
positive parity for the 99 keV level, in contrast to theIp

57/22 assignment proposed by Lianget al.
A few important differences remain in the low-energ

level schemes derived from the231U and 227Pa decays:~i!
Liang et al. observe 67.2 and 72.7 keVg rays which they
assign as transitions from 67.2 and 82.0 keV levels to
ground state and 9.3 keV level, respectively. We observg
rays corresponding to these lines within the experime
errors, which we assign as depopulating new levels at 7
and 200.0 keV. The assignment of the 67 keV line a
76→9 keV transition is suggested by the observation of a
keV g ray, assigned as a 76→24 keV transition yielding
DEg515.09(5) keV compared to the adopted energy diff
ence of the 24 and 9 keV levels of 15.08~3! keV. The 76 keV
level is further supported by thea-g coincidences as dis
cussed above and the observation of a 243 keVg ray de-
populating the 319 keV level~see Fig. 8!. The assignment o

FIG. 6. Upper part: normalized intensity ofa particles in the
227Ac decay chain as a function of sample temperature fou
590°. Solid line, warm sample; dashed line, sample atT'7 mK.
Thea lines of interest for the discussion are labeled by the pa
isotope. A contaminating210Po line is also shown. Lower part
anisotropy as a function of energy calculated from the data sh
in the upper part.
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the 73 keVg ray as a 200→127 keV transition is establishe
by thea-g coincidences. The 200 keV level is also depop
lated by a 190.62 keVg ray and we note that a 190.8 keVg
ray is observed in the227Pa decay and assigned as
229→38 keV transition. Theg-ray intensities are consisten
with a double assignment of this 190.8 keVg ray in the
227Pa decay.~ii ! Liang et al. assign a 64.40~5! keV g ray as
a 142→78 keV transition, whereas we observe a 64.38~2!
keV g ray which depopulates a level at 73.6 keV as d
cussed above.

The levels at 200, 231, 289, 319, and 400 keV were
observed in the EC decay of227Pa studied by Lianget al.
@14#. We note, however, that these authors list an unassig
157.7~3! keV g ray which corresponds to the 231→74 keV
transition in our level scheme. If this transition hasM1 mul-
tipolarity as indicated above it would account for appro
mately half the intensity of the 64.40 keVg ray depopulating
a 74 keV level in the227Pa decay.

On the other hand, Lianget al. propose 4 levels betwee
200 and 400 keV at 207, 225, 229, and 252 keV. Th
levels require reconsideration in the light of our results:~i!
The 207 keV level is based solely on the assignment o
129.5 keV transition from this level to the 78 keV leve
Liang et al. give no arguments for this assignment, but p
sumably they rejected the natural placement of the 12
keV g ray as a transition from the 229 keV level to the 9
keV level because this transition hasE1 multipolarity,
whereas with their parity assignments the 229→99 keV tran-

nt

n

FIG. 7. Electron spectrum from 15 to 22 keV in the decay
227Ac, measured with the Bonn iron-free orange spectrometer.
spectrum shown in the upper part of the figure is the singles e
tron spectrum, that in the lower part the spectrum in coincide
with a particles.
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FIG. 8. Level scheme of227Th as determined from thea decay of 231U. Spin parities are indicated for those levels for which t
populating and depopulatingg rays restrictIp to at most three values.
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sition would haveM1/E2 multipolarity. However, as dis
cussed above, the 99 keV level has positive parity and we
no argument against the placement of the 129.5 keVg ray as
a 229→99 keV E1 transition only.~ii ! A 225 keV level is
tentatively proposed by Lianget al.on the basis of its deca
by 143 and 216 keV transitions to the levels at 82 and 9 k
respectively. As discussed above our experimental data m
the existence of the 82 keV level highly questionable a
therefore eliminate the basis for the assignment of a 225
level. ~iii ! We observe weak 151, 204, and 220 keVg rays
which are assigned in the level scheme as depopulating
229 keV level proposed by Lianget al. These assignment
are confirmed by the observeda-g coincidences. We note
however, that the double assignment proposed by Li
et al. for the 204 keVg-ray ~689→448 keV transition! is
wrong. ~iv! The 252 keV level is based on its population
a 295 keV transition from a 547 keV level, and its depop
lation by a 124.8 keV transition to the 127 keV level. T
latter transition is not listed in Table I of Lianget al. but
shown in their decay scheme~we note that in the figure cap
tion to the decay scheme it is stated that a dot indica
alpha-gamma coincidences, which cannot be correct;
meaning of the dots is thus unclear!. We observe a 124.8
keV g ray in coincidence with alphas corresponding to t
population of a level at 193~3! keV ~not shown in the decay
scheme!, and thus our data do not support the 252 keV lev

In summary there is strong evidence that the assignm
ee
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of the g rays defining the 67, 82, 142, 207, and 225 ke
levels in the level scheme proposed by Lianget al. @14# are
incorrect. We suggest that these levels do not exist. All l
els shown in Fig. 8 are safely established by thea-g coinci-
dences, except for the 87 and 400 keV level. The latter le
is only assigned on the basis of the observation of a v
weaka peak in coincidence with 111 keVg rays, which are
masked by theg rays from the 21→01 transition in 222Ra
produced in the230U→226Th→222Raa chain.

IV. DISCUSSION

The levels in 227Th shown in Fig. 8 can only be inter
preted on the basis of model considerations due to the lac
detailed experimental spin assignments. We therefore s
our discussion by presenting in Fig. 9 the intrinsic Nilss
levels for 227Th and its neighboring isotone225Ra as calcu-
lated by Cwiok and Nazarewicz@8#. This calculation predicts
three intrinsic levels below 500 keV with reflection asym
metric shapes, resulting in parity doublets withKp51/26,
5/26, 7/26, and three levels with reflection symmetr
shapes andKp53/21, 3/22, and 5/21. According to this
prediction the lowest levels in227Th are expected to be ro
tational members of the 1/26 parity doublet and the 3/21

level.
The basis for the interpretation of the levels in227Th was

suggested by Leander and Chen@6# who have interpreted the
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2274 55U. MÜLLER et al.
three lowest levels known from theb decay of 227Ac as
1/21 and 5/21 members of aKp51/21 band and bandhea
of a Kp53/21 band ~ground state, 9.3 keV and 24 ke
levels, respectively!. One comment on this interpretatio
seems appropriate: it is based, in addition to the 1/21 assign-
ment for the ground state, on the assumption ofE2 multipo-
larity for the 9.3→0 keV transition derived from the
conversion-electron data of Novikovaet al. @10#. From this
work anM -subshell ratio ofM3 /M251.1 is obtained which
is inconsistent with pureM1 multipolarity but consisten
with pure E2 multipolarity ~M3 /M250.068 and 1.19 for
M1 andE2 multipolarity, respectively!. However, due to the
fact that the relevant conversion coefficients forE2 multipo-
larity are more than 1000 times larger than those forM1
multipolarity the experimentalM -subshell ratio is consisten
with anE2/M1 mixing ratio ofd2.231023, e.g., with up
to 99.8%M1 multipolarity. Even this smallE2 content is
unlikely for such a low-energy transition@the Weisskopf es-
timate is d2(9.3 keV)52.731027] which makes the as
sumption of pureE2 multipolarity plausible. We will there-
fore adopt the interpretation of the lowest levels given
Leander and Chen although it must be clearly noted that
not yet strictly established by experiment. The 3/21 and
5/21 states are populated in thea decay with comparatively
low hindrance factors whereas the 1/21 ground state is only
weakly populated. Lianget al. @13# suggest that this might b
explained by a coupling of the rotational members of
1/21 and 3/21 bands with the same configuration as t
231U ground state, which is expected to haveIp53/21 or
5/21. The 1/21 ground state would then be unable to Co
olis couple with any state related to the231U ground state
which would explain its low population ina decay.

FIG. 9. Intrinsic levels predicted in225Ra and227Th @8#. The
numbers on the level bars are the parity content^p&, those besides
the bars the spins. Levels witĥp&;0 are predicted to be parity
doublets.
y
is

e

TheKp51/21 and 3/21 bands are expected to be strong
coupled by Coriolis interaction and the above explanation
the hindrance factors suggests that the levels in227Th popu-
lated with low hindrance factors—the 77.6 and 99.2 k
levels—belong to these coupled bands. The spin parity of
77.6 keV level is restricted from itsM1 decays to 3/21 or
5/21, and thus it could be the 3/21 member of the 1/21 band
or the 5/21 member of the 3/21 band. To distinguish these
two possibilities we have performed two-band mixing calc
lations. The level energies of the unperturbedK51/2 and 3/2
bands and the matrix element of the Coriolis interactionHc
are given by

EI~K51/2!5A1@ I ~ I11!1a~21! I11/2~ I11/2!#

1E0~K51/2!,

EI~K53/2!5A2I ~ I11!1E0~K53/2!,

^K53/2uHcuK51/2&5^3/2uh11u1/2&A~ I21/2!~ I13/2!.

Assuming A15A25A the four band constantsA, a,
E0(K51/2), andE0(K53/2) can be calculated for a give
reduced interaction matrix element^3/2uh11u1/2& ~which we
will denote^h11&! from the 1/21, 5/21, 3/21, and 3/21 ~left
side of Fig. 10! or 5/21 ~right side of Fig. 10! states at 0, 9.3,
24.3, and 77.6 keV. The level energies of the remaining b
members can then be calculated and are shown up to
9/21 states as a function of^h11& in Fig. 10~for the case that
the 77.6 keV level is the 3/21 member of theK51/2 band
the energy of the 9/21 member of this band at̂h11&50 is
67.4 keV, and not 24.6 keV as given by Lianget al. @14#; the
band constants quoted by these authors for the 1/21 band are
in error!.

The calculation suggests that the 86.8 keV level ten
tively observed in the present work is the 9/21 member of
the 1/21 band and the 99.2 keV level is the missing 3/21 or
5/21 state. Assuming these assignments to be correct
have calculated optimal band constants for the two spin
signments of the 77.6 keV level as given in Table II. Wi
both assumptions the experimental energies can be re
duced satisfactorily, in particular if theA coefficients are
allowed to be different. We believe, however, that the ba
constants for the 5/21 assignment of the 77.6 keV level ar
more reasonable than those for the 3/21 assignment. We
therefore prefer to assign the 77.6 keV level as the 51

member of theKp53/21 band, and consequently the 86
and 99.2 keV levels as 9/21 and 3/21 members of theKp

51/21 band, respectively. It is interesting to note that w
this interpretation the 7/21 member of theKp53/21 band is
predicted to lie close to the 127.3 keV level. It is in fa
possible, with a slight change of the band constants, to
produce all levels including the 127.3 keV level to bett
then 0.1 keV. However, if theM1 multipolarity of the 103
keV 127.3→24.3 keV transition is correct such an interpr
tation is excluded. Finally, we have included in Table II t
amplitudesc(K) of the wave functions for the calculatio
denoted calc(B). These values show that the various leve
can still be associated with the two different bands: all lev
listed in Table II retain their unperturbedK values to more
than 90%. Note, however, the alternating sign of the



d
-

d

55 2275LEVEL STRUCTURE OF227Th INVESTIGATED IN . . .
FIG. 10. Energies of the Coriolis-couple
Kp51/21 and 3/21 bands vs the reduced Corio
lis interaction matrix element̂3/2uh11u1/2& @left
part for I (78 keV)53/2, right part for
I (78 keV)55/2#. The levels resulting from the
K51/2(3/2) band are shown by the soli
~dashed! lines.
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mixed amplitude within a given band which is due to the fa
that the members of the two bands alternate in being
lower level at a given spin due to the decoupling term in
energies of theK51/2 band. This feature has an influence
theg-ray branching ratios as discussed below.

As emphasized previously@8,14# the Kp51/21 band is
predicted to be the member of a parity doublet and one t
expects a close-lyingKp51/22 band. The decoupling pa
rameters of theK51/2 parity doublet bands are expected
be similar in magnitude but opposite in sign, and thus
Kp51/22 band should have a 3/22 bandhead. This led Li-
t
e
e

us

e

anget al. @14# to suggest the 38 keV 3/22 state as bandhea
of a Kp51/22 band, with the 99 and 229 keV levels a
7/22 and 5/22 members of this band, respectively. As di
cussed above the 99 keV level has positive parity, but
obvious candidate for the 7/22 member of the 1/22 band is
the 74 keV level: it decays, as expected, by anE1 transition
to the 5/21 member of the parity doublet partner. The assig
ment of the 229 keV level as the 5/22 member of this band
is supported by the observeda-decay hindrance factors an
theg decay of this level as discussed below. Since there is
obvious candidate for a close-lyingKp53/22 band to Cori-
71

4

48

2

the
pec-
TABLE II. Energy levels and band constants from Coriolis coupling of the lowestKp51/21 and 3/21

bands in227Th.

Energy level Level energies and band constantsa Wave functionsb

Kp I Expt. calc(A) calc(B) Expt. calc(C) calc(D) c(1/2) c(3/2)

1/21 3/2 99.16 99.15 99.16 77.58 77.96 77.79 0.985 0.1
5/2 9.26 8.76 9.26 9.26 10.32 9.99 0.94820.317
7/2 250.78 249.20 215.00 216.35 0.972 0.23
9/2 86.78 86.99 86.78 86.78 86.40 86.55 0.96220.273

3/21 3/2 24.34 24.47 24.35 24.34 23.91 24.1220.171 0.985
5/2 77.58 77.50 77.57 99.16 99.13 99.19 0.317 0.9
7/2 117.66 125.79 96.08 109.44 20.234 0.972
9/2 214.21 222.20 238.32 252.31 0.273 0.96

Band constants
A(1/2) 8.21 8.08 7.58 7.26
A(3/2) 8.21 8.84 7.58 8.93
a 2.91 3.00 1.80 2.03
^3/2uh11u1/2& 8.25 7.26 13.76 12.82
DEc 27.31 26.52 38.20 35.88

aAll energies are in keV. The calculationsA andB were performed assuming that the 77.6 keV level is
5/21 member of theKp53/21 band, with equal and different moments of inertia for the two bands, res
tively. In the calculationsC andD the 77.6 keV level is assumed to be the 3/21 member of theKp51/21

band.
bWave functions for calc(B). The matrix element̂3/2uh11u1/2& was arbitrarily assumed to be positive.
cEnergy difference of the unperturbed bandheads.
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TABLE III. Ratios of reduced transition probabilities for transitions among theKp51/21, 1/22 and 3/21 bands in227Th.

Initial level Final levels
Multipolarity

l

B~l,I1→I2!

B~l,I1→I3!E1 ~keV! I 1
pK E2 ~keV! I 2

pK E3 ~keV! I 3
pK

24.34 3/213/2 0 1/211/2 9.26 5/211/2 M1 0.087 16
77.58 (5/213/2) 24.34 3/213/2 9.26 5/211/2 M1 1.8 3
99.16 (3/211/2) 0 1/211/2 9.26 5/211/2 M1a 0.19 6

24.34 3/213/2 9.26 5/211/2 M1a 0.83 24
24.34 3/213/2 0 1/211/2 9.26 5/211/2 E2 0.25 7
37.88 3/221/2 0 1/211/2 9.26 5/211/2 E1 0.49 7
228.64 (5/221/2) 99.16 (3/211/2) 9.26 5/211/2 E1 4.2 8

24.34 3/213/2 77.58 (5/213/2) E1 1.06 11
77.58 (5/213/2) 99.16 (3/211/2) E1 1.0 2

aThe transitions from the 99.16 keV level are assumed to have pureM1 multipolarity.
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olis couple with the 1/22 band we can only calculate th
band constants from the energy equation without Cori
coupling. The resulting band constants areA58.00 keV, a
523.77, andE0566.15 keV. These parameters are qu
reasonable and thus indicate, that theKp51/22 band might
be less strongly influenced by Coriolis couplings than
1/21 band, as was also observed for the analogous band
225Ra @22#. Using these band constants we calculate the
ergies of the 1/22 and 9/22 band members as 104.3 an
417.0 keV, respectively. It is clear that these levels could
have been observed in the231U a decay.

Another source of information onK-value assignments i
generally provided by theg-ray branching ratios. Unfortu
nately, in the present case the useful information is rat
limited, but we will discuss it briefly. The ratios of reduce
transition probabilities for transitions between the memb
of theK51/2 parity doublet bands and the Coriolis coupl
3/21 band are summarized in Table III. TheB(M1) and
B(E2) ratios for the 24 keV level are derived from th
conversion-electron data of Novikovaet al. @10# assuming a
20% error in the ratios of electron intensities and t
E2/M1 mixing ratio for the 24 keV transition given abov
The remaining ratios are derived from theg-ray data of Li-
anget al. @14# and the present work.

The M1 transition rates among the members of theKp

51/21 and 3/21 coupled bands involve four parameter
none of which is predicted to dominate@23,24#. Thus the
B(M1) ratios are expected to depend in a complicated w
on the details of the Coriolis-coupled wave functions a
cannot be predicted reliably. This is most apparent for
B(M1) ratio from the 24 keV 3/21 level, which deviates
strongly from the value of 5 expected for pureK53/2→K
51/2 transitions despite the fact, that the states invol
probably still have quite clean wave functions~see the two
last columns in Table II!. We note here that Leander an
Chen @6# briefly discuss thisB(M1) ratio and mention a
calculation yielding a result of 0.015.

The E2 transition probabilities also involve four param
eters, although one can expect that the two intrinsic elec
quadrupole moments are similar and the signature-depen
term in theE2 matrix element@Eq. ~4.91! of @24## is small.
The Coriolis coupling gives in general, to first order, only
renormalization of the intrinsic transition moment, witho
any effect on the relative transition probabilities@24# and in
fact the experimentalB(E2) ratio for the 24 keV level is in
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agreement with the theoretical ratio for pureK values of
7/27. However, the renormalization statement is only va
for the normal case where the amplitudes of the admi
component in the wave functions of the coupled bands h
the same sign within each band, but this is not so in
present case~see Table II!. Therefore, if we neglect the in
trinsicE2 moment, assume equalQ0’s for the two bands and
use the wave functions of Table II we obtain a value of 0.
for theB(E2) ratio.

TheE1 transition probabilities betweenK51/2 bands in-
volve two parameters. For the parity doublets in octupo
deformed nuclei one expects enhancedE1 transitions@6#,
and therefore the signature-dependent term can be expe
to be small. This is borne out by theB(E1) ratio for the
transitions depopulating the 38 keV 3/22 level: the theoreti-
cal ratio is

B~E1,3/221/2→1/211/2!/B~E1,3/221/2→5/211/2!

5~5/9!•@~12r !/~11r !#2

with

r5~1/& !•^1/2uM ~E1,1!u1/2&/^1/2uM ~E1,0!u1/2&

yielding from the experimentalB(E1) ratio r50.03(4).
For theB(E1) ratios from the 229 keV level to the mem

bers of theKp51/21 and 3/21 bands listed in Table III the
theoretical values for pureK and r50 are 14 and 7/48, re
spectively. The agreement with the experimental results
not very good, but this might result from the fact, that in bo
branching ratios one transition probability is very small a
therefore sensitive to additional mixings.

If the 73.6 keV level is the 7/22 member of theKp

51/22 band one expects it to decay also by a 35.8 k
E2 transition to the 37.9 keV 3/22 bandhead. For the
@7/22(E2)3/22# to @7/22(E1)5/21# branching ratio one ob-
tains ~with total conversion coefficients of 1614 and 0.38
for the 35.8 keVE2 and 64.4 keVE1 transitions, respec
tively!

I tot~E2,7/2
2→3/22!/I tot~E1,7/2

2→5/21!

519.731028
•B~E2,7/22→3/22!/B~E1,7/22→5/21!

with B(E2)/B(E1) in fm2.
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If the levels involved are members of aK51/2 parity
doublet theB(l)’s can be expressed in terms of intrins
electric dipole (D0) and quadrupole (Q0) moments as

B~E1,7/22→5/21!/B~E2,7/22→3/22!54•~D0 /Q0!
2.

A lower limit for D0 /Q0 can be obtained from theg-ray
intensities of theE1 transitions depopulating the 3/22 and
7/22 levels. With total conversion coefficients of 3.29 a
1.56 for the 28.6 and 37.9 keV transitions, respectively, o
obtains

I tot~E2,7/2
2→3/22!/I tot~E1,7/2

2→5/21!,4

and thus uD0 /Q0u.1.131024 fm21. This result can be
compared with the values of 3.731024 fm21 and
1.431024 fm21 for 226Th and228Th, respectively@25#. Thus
the g-ray intensities of theE1 transitions depopulating th
37.9 and 73.6 keV levels are consistent with the interpre
tion of these levels as 3/22 and 7/22 members of aK51/2
parity doublet.

We conclude that theg-ray branching ratios are not in
consistent with the assignments of theK51/2 parity doublet
and 3/21 bands. TheE1 transition rates support the interpr
tation of the 39 keV 3/22 level as bandhead of aK51/22

band.
We observe two additional levels below 150 keV, at

and 127 keV, which cannot be associated with the th
bands discussed so far. The theoretical calculations pred
K55/2 parity doublet at an excitation energy of 65 keV~see
Fig. 9!. Thea population andg depopulation of the 76 and
127 keV levels is not inconsistent with spin-parity assig
ments of 5/22 and 5/21, respectively. We therefore ver
tentatively assign these levels as bandheads of the 5/2 p
doublet, although it has to be stressed that the experime
evidence is too limited to strongly suggest such an interp
tation. We note, however, the exceptionally strong popu
tion of the 127 keV level byE1 transitions from the 184 an
200 keV levels~see discussion below!. It would be interest-
ing to investigate theoretically whether this feature give
hint about the structure of the levels involved.

Two higher-lying groups of levels are observed in227Th
in the 231U a decay which have properties suggesting t
they belong to common bands. The three levels at 184, 2
and 231 keV have almost identicala-decay hindrance fac
tors. All three levels decay to the 74 keV (7/22) level. And,
most significantly, the 184 and 200 keV levels decay pre
entially byE1 transitions to the 127 keV level: the reduc
E1 transition probabilities from these levels to the 127 k
level are almost 100 times larger than those to the mem
of theK51/21 and 3/21 bands. It is interesting to note tha
these three levels could be the lowest members of a 32

rotational band withA;3.4 keV. Of course this would yield
an unreasonably high moment of inertia, but the levels co
be disturbed by the Coriolis coupling to a higher-lyingKp

55/22 band. We finally note that Lianget al. @14# interpret
the 184 keV level as the 5/22 member of aK53/22 band
which they interpret as a strongly Coriolis-distorted mem
of a K53/2 parity doublet.

The two levels at 289 and 319 keV with positive par
are populated with similara-decay hindrance factors. The
e
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g decay is consistent with spin-parity assignments of 5/1

and 7/21, respectively, suggesting an interpretation as low
members of aKp55/21 band in accordance with the theo
retical prediction ~see Fig. 9!. Again, the resultingA
;4.3 keV would yield an unreasonably large moment of
ertia, but this could be due to a coupling with a close-lyi
Kp57/21 band, which is in fact predicted to lie just abov
the 5/21 band.

V. CONCLUSION

We have identified 16 excited levels below 400 keV
227Th from a study of the231U a decay, of which 8 were no
known previously. The lowest levels are interpreted in ter
of two Coriolis-coupledKp51/21 and 3/21 bands and a
1/22 band. The twoK51/2 bands have decoupling param
eters of similar absolute value, but opposite sign, sugges
an interpretation as parity doublet bands in a reflecti
asymmetric average nuclear field. Three levels
;200 keV are tentatively interpreted as lowest members
Kp53/22 band. Two different interpretations have be
suggested for the low-lyingKp53/21 and 3/22 bands: they
could be just normal Nilsson orbitals being accidenta
close in energy@8# or members of a parity doublet in
reflection-asymmetric nuclear field@14#. We feel that the ex-
perimental evidence does not yet allow a distinction betw
these two possibilities. The crucial evidence for the par
doublet interpretation of theK53/2 bands would probably
be the observation of enhancedE1 transitions between thes
bands. The existing experimental evidence indicates
such transitions do not occur, and we therefore favor an
terpretation of the low-lyingK51/2 and 3/2 bands in term
of the coexistence of reflection-symmetric~K53/2 bands!
and reflection-asymmetric~K51/2 bands! shapes.

One comment seems necessary in connection with
tentatively proposed 86.8 keV 9/21 level. This level is based
solely on the assignment of a 77.5 keVg ray as a transition
to the 9.3 keV level. Thisg ray could also be placed as
transition from the 77.6 keV level to the ground state, but
coincidenta spectrum seems to exclude such a placem
~see Sec. II A!. If the assignment of the 87 keV level i
correct one would expect a strong population of this leve
the 226Ra(a,3n) reaction. However, in our recent extensiv
investigation of this reaction we observe no trace of suc
77.5 keVE2 transition@26# which makes the assignment o
the 87 keV level questionable.

Very tentative evidence is also found for aK55/2 parity
doublet at;100 keV and aKp55/21 band at;300 keV, as
predicted theoretically.
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