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Fine structure in proton emission from deformed 131Eu
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Proton emission from the drip line nucleus63
131Eu, to the first excited 21 state of the daughter nucleus62

130Sm
is analyzed as decay from a deformed nucleus, and the half-lives are evaluated exactly. It is found that the
Nilsson stateK53/21 for a deformation 0.34.b.0.27 describes both the fine structure and the decay to the
ground state of130Sm.

PACS number~s!: 23.50.1z, 21.10.Tg, 25.70.Ef, 27.60.1j
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Important aspects of nuclear structure can be learned f
proton decay. It is a powerful tool not only to probe sm
components of the wave functions of the decaying states,
also to determine the deformation of nuclei and the ang
momentum of the ground state. In a recent work@1# we have
studied proton emission from odd-even deformed decay
nuclei, and interpreted the decay within our model@2# that
leads to an exact evaluation of the half-lives. The angu
momentum of the decaying state and the deformation of
parent nucleus is determined from the condition of reprod
ing the experimental half-lives. There are some cases w
more than one state or different values ofb could reproduce
the data. Therefore, it is necessary to have more experim
tal information besides that related to ground-state decay
impose extra consistency bounds on the theoretical inter
tation.

Due to energy considerations, proton decay should p
ceed mainly to the ground state of the daughter nucle
However, in rotational nuclei the first excited state could
very low in energy and a sizeable branching ratio could
expected, known as fine structure. Recently a new meas
ment was reported@3# in the highly deformed proton emitte
131Eu, and a fine-structure splitting in the radioactive dec
from the ground state was identified. In a previous exp
ment @4#, only the ground-state line was observed at 950~8!
keV. The recent one reports a second proton peak with
ergy 811~7! keV, t1/252326

110 ms, and an updated value fo
the ground-state energy at 932~7! keV, t1/2517.8(19) ms.
Since the half-lives of the two states were almost the sa
the new line was interpreted as proton decay from the gro
state of 131Eu, to the first excited 21 state of the daughte
nucleus130Sm, with a branching ratio of 0.24~5!.

From the theoretical point of view, decay to excited sta
should be reproduced with the same deformation and ang
momentum used for the ground-state decay. Therefore,
our intention in this Brief Report to describe within ou
model the decay of131Eu to the 21 and take into account th
new value of the energy for the emission to the ground st
The basic assumption of our model consists in having
emitted proton moving in a deformed single particle Nilss
level. The Schro¨dinger equation is thus solved for a d
formed Woods-Saxon potential with a deformed spin-or
term and realistic parameters. Imposing regularity at the
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gin and outgoing wave boundary conditions,

lim
r→`

ul j ~r !5Nl j „Gl~kr !1 iF l~kr !… ~1!

all bound states and resonances can be found. In Eq.~1!, k
5A2mE/\2, andNl j is a normalization constant. The func
tions F and G are the regular and irregular Coulomb fun
tions. In practice, the equality in Eq.~1! holds beyond the
range of the nuclear interaction, where the Coulomb pot
tial is spherical.

The Nilsson single-particle energies for131Eu, obtained
from the solution of the Schro¨dinger equation, are shown i
Fig. 1~a! as a function of the deformation parameterb. The
calculation of the half-life requires the knowledge of the e
ergy available for the decay. In fact, the dependence of
half-life on the energy of the outgoing proton is given by t
well established relation@5#,

T1/2}expa/AE. ~2!

Therefore, we vary the depth of the nuclear potential
have the real part of the resonance at the measured ene

The decay to the excited state can be discussed in
analogous manner. The total width for the decay is a sum
partial widths for all possible valuesl pj p of the emitted pro-
ton restricted by angular momentum and parity conservat
i.e.,

GJd5 (
j p5max(uJd2Ki u,Ki )

Jd1Ki

G l pj p

Jd , ~3!

whereKi is the angular momentum of the parent state.
It can be proved@6# that

G l pj p

Jd 5
\2k

m

2~2Jd11!^Jd,0,j p ,Ki uKi ,Ki&
2

~2Ki11!
uNl pj p

u2uKi

2 ,

~4!

whereuKi

2 is the probability that the single-particle level i

the daughter nucleus is empty, evaluated with the pair
residual interaction in the BCS approach.
©2000 The American Physical Society07-1
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FIG. 1. ~a! Proton Nilsson levels corresponding to63
131Eu. The dotted lines indicate the Fermi level.~b! Half-life of the resonances in

63
131Eu as a function of the deformationb ~full lines!. The shadowed area represents the uncertainty due to the experimental error bar
energy. The curve labeledK55/2a

1 is coming from the spherical shelld5/2. The curves labeledK57/21, K55/2b
1 , andK53/21 are all

coming from the spherical shellg7/2. The curves labeledK55/22, K53/22, andK51/22 are all coming from theh11/2. The experimental
values~dashed lines! are from Ref.@3#.
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In the case of transitions to the ground state,Jd50, and
Eqs.~3!, ~4! reduce to

G l pKi

0 5
\2k

m

2

~2Ki11!
uNl pKi

u2uKi

2 . ~5!

In a previous calculation@1#, the half-lives for the decay
to the ground state were determined using the old value
950~8! keV for the energy, and presented in Fig. 2~c! of Ref.
@1#. We used a spectroscopic factoru2'0.5, which is ad-
equate for levels around the Fermi surface. Dividing the t
oretical value obtained for the half-life by this quantity, th
only state that could reproduce the experimental half-
with a large deformation, and at the same time was clos
the Fermi surface, was theK55/21 coming from the spheri-
cal d5/2 state. This result was compatible with the predicti
of Ref. @4# that quoted the statesK55/21 and K53/21 as
possible candidates.

Since a new value for the energy of this transition w
reported, we just have to look at the states that fulfill the n
data. The half-life for proton emission for all levels that li
or are close to the Fermi surface up to a deformationb
50.4, are shown in Fig. 1~b!. This figure is essentially Fig
2~c! of Ref. @1#, but scaled by a factor of'1.85. This is
expected from Eq.~2! since the experimental energy is no
18 keV lower.

Using the spectroscopic factoru2'0.5 there are three
statesK55/2a

1 , K53/22, andK53/21 that could describe
the half-life for the decay. The first state describes the h
04730
of

-

e
to

s
w

f-

life with b in the range of 0.15–0.28. Similarly, for the stat
K53/22 andK53/21, the range forb is 0.2–0.24 and 0.24
–0.34, respectively.

From the various terms in Eq.~3! the dominant ones cor
respond to situations whereNl p , j p

are large or the centrifuga

barrier low, i.e.,l p small. The last condition is usually th
most important one. IfKi5 l p11/2, there is only one large
term in the sum, the one with the samel p , j p as the decay to
the 01. In this case, the ratio of the decay width to the 21

with respect to the one to the 01, depends practically on the
energy of the 21 and onl p , j p only, while very little depen-
dence on deformation is observed, sinceNl p , j p

cancels out in
the ratio. A strong dependence on deformation can be
served only ifNl i ,Ki

is much smaller than the other comp

nents, or ifKi5 l p21/2, because two channels with the sam
centrifugal barrier can contribute.

The branching ratio for the decay to the 21 is shown in
Fig. 2. The spectroscopic factoru2, present in the numerato
and denominator of this ratio, is the same and cancels ou
the final result. As it can be seen from the figure, the bran
ing ratio for theK55/2a

1 state is practically constant. Th
centrifugal barrier of thej p5g7/2 and g9/2 components is
very high, andj p5d5/2 dominates the decay. This is not tru
for theK53/21 state, where the most important compone
almost a factor of 20–40 larger, is thed5/2, that has the same
centrifugal barrier of thed3/2, but a largerN.

It is also clear from Fig. 2 that theK55/2a
1 and K

53/22 states can be disregarded, since the theory predic
branching ratio one order of magnitude smaller than the
perimental value. The only state capable of reproducing
7-2
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data is theK53/21, with deformation larger than 0.27
Therefore, the interpretation of the fine-structure data allo
an unambiguous determination of the angular momentum
the ground state, and deformation of63

131Eu. Our result and
assignment are in perfect agreement with the findings of R
@3#.

In order to derive Eq.~4!, we have assumed that daught

FIG. 2. Branching ratio for the decay to the 21 state of130Sm as
a function of deformation.
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and parent nuclei have the same deformation. Therefore,
expects that130Sm has a deformation also larger than 0.2
There is a well-known empirical relation@7#, between the
energy of the 21 state and the deformation,E21

'1225/A7/3b2 MeV, followed by all even-even nuclei. Thi
relation suggests for130Sm, b'0.34 since the 21 excitation
lies at 121~3! MeV, in agreement with our hypothesis, an
providing another consistency test of our calculation.

Another nucleus where the fine structure could be
served is 141Ho. In this case there is no doubt on theK
57/22 assignment of the state, as explained in Ref.@1#.
Even small variations of the experimental energy would
alter this conclusion. Since the energy of the 21 in 140Dy is
not known, we have calculated the branching ratio as a fu
tion of energy. In this case there is no strong dependenc
deformation, since theh11/2 width is a factor 50 smaller due
to the centrifugal barrier.

Using a deformation ofb50.29 @8,9# the 21 of 140Dy
should be at 140 keV giving a branching ratio around 5%
value probably not reachable with present experimental
paratus.

In conclusion, we have shown in this work that our mod
can calculate exactly the decay from single-particle Nilss
levels and is able to describe quite accurately and con
tently the data on proton emission from the ground state
131Eu and the fine structure for the decay to the first exci
21 state of the daughter nucleus. The deformation and an
lar momentumJ of the decaying nuclei are in agreeme
with the predictions of Refs.@8,9#.
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