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Feeding of hole states by proton decay of Gamow-Teller and isobaric analog state resonanc
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Partial decay widths corresponding to the proton decay from the Gamow-Teller and isobaric analog state
resonances in208Bi to hole states in207Pb are evaluated. The giant resonances are described by using the
random-phase approximation within the Berggren representation. A good agreement with available experimen-
tal data is obtained.

PACS number~s!: 21.10.Re, 23.50.1z, 24.30.Cz, 25.70.Ef
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The study of giant resonances in nuclei is attracting m
attention both experimentally and theoretically@1,2#. The im-
portance of these studies is that they may provide inform
tion about the continuum part of nuclear spectra as well a
understanding of the nuclear dynamics in the continuu
However, there is not much experimental evidence regard
partial decay widths from giant resonances—even the th
retical results are scarce. The reason for this is that the
cesses of formation and decay of giant resonances are
dependent and a proper treatment of such processes is a
difficult task. Experimentally, it is not easy to subtract t
interesting signals from the background. Moreover, if t
resonance is not isolated what one measures is not relat
the resonance itself but rather to the result of the contribu
of all the overlapping resonances, including their interf
ence.

The relativistic random-phase approximation~RRPA! @3#
is a natural extension of the random-phase approxima
~RPA! which allows for the treatment of particle-hole stat
in the continuum. The eigenvalues of the RRPA can be co
plex due to the admixture of bound and resonant states in
unperturbed particle-hole basis~Berggren’s representation!.
The imaginary part of a complex eigenvalue is associa
with the escape width of the state@4#. The formalism has
been presented in detail previously and several applicat
of it have been given, particularly for the description
charge-conserving multipole excitations in208Pb @7#. As has
been discussed in@4# the residues of theSmatrix at a com-
plex energyvn are the partial decay widths of the resonan
n if the resonance is isolated~nonoverlapping!. For such a
resonance there exists a direct correspondence betwee
total escape width and the imaginary part of the energy,
Gn522Im(vn). This result has been confirmed for the ca
of the decay of the giant monopole resonance in208Pb@7#. In
the present case we shall show that similar results are
valid for charge-exchange modes, i.e., the isobaric ana
~IAS! and Gamow-Teller giant resonances~GTGR’s! in
208Bi.
Following the notation of@4,5# and assuming that th

resonances are isolated one can write for theS matrix the
Breit-Wigner form
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Scc8~E !5ei ~dc1dc8 !S dcc82 i(
n

Gn,c
1/2Gn,c8

1/2

E2vn
D , ~1!

whereGn,c
1/2 is the partial decay amplitude from thenth reso-

nance to the final channel state (c). These channels are rep
resented by the emitted particle and by the residual nuc
state. For the case of the decay of the IAS and GTGR
emitted particle is a proton and the final nuclear states
one-neutron-hole states. The partial decay amplitude ca
calculated by expanding the outgoing wave of the emit
particle in partial waves and using the spectral representa
of the continuum RPA Green function. Using ad force as
residual interaction and after performing the integration
the direction of the emitted particle one gets

Gn,c5
2~2 j h11!

~2J11! ( l jg~ l j ,h,n!2, ~2!

with

g~ l j ,h,n!5A2pV0(
i
X~ i ,n!G~ l j ,h,i !

3E drr 2ul j ~r !Rh~r !Rpi
~r !Rni

~r !, ~3!

where (l j ) denotes the partial wave of the outgoing partic
V0 is the strength of the interaction, the indexi labels the
particle-hole configuration$pi ,ni% of the giant resonance
with energyvn and total angular momentumJ, X( i ,n) is the
corresponding RRPA amplitude, andh denotes the final one
hole state. The factorG( l j ,h,i ) is a geometrical factor given
by

G~ l j ,h,i !5(
LS

Z~ l j ,l hj h ,LS;J!Z~ l pj p ,l nj n ,LS,J!Ss ,

~4!

whereZ( l 1 j 1 ,l 2 j 2 ,LS;J) is the recoupling coefficient:
2001 © 1996 The American Physical Society
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Z~ l 1 j 1 ,l 2 j 2 ,LS;J!5A~2l 111!~2l 211!

4p~2L11!
^ l 10l 20uL0&

3^~ l 1
1
2 ! j 1~ l 2

1
2 ! j 2 ;Ju~ l 1l 2!L~ 1

2
1
2 !S;J&,

~5!

andSs5^Suu(ss)uuS& for the GTGR andSs51 for the IAS.
The radial wave functions for the initial proton and ne

tron states and for the final neutron hole are indicated
Rp(r ), Rn(r ), andRh(r ), respectively, while the radial wav
of the scattered particle is given byul j (r ). All these func-
tions are normalized and in this representation the pa
widthsGn,c are given in units of energy.

Since the partial decay widthGn,c is proportional to the
probability that the resonance decays to the channelc one
expects thatun5(cGn,c /Gn51. The physical meaning of th
quantityun will be discussed in the applications below.

The scattering wave has been calculated by using a C
lomb corrected Woods-Saxon potential with a spin-or
term; the particle-hole residual interaction is the spin-isos
dependent delta force. The strength of the residual inte
tion has been adjusted to reproduce the observed energ
the GTGR in 208Bi (vGTGR 5 15.6 MeV! and the observed
position of the IAS (v IAS 5 15.2 MeV! @6#. Thus, for the
GTGR it is V05320 MeV fm3 while for the IAS it is
V05260 MeV fm3.

The particle~proton!-hole~neutron! basis has been con
structed by using as a representation the eigenvalues o
Woods-Saxon potential of@3#. All single-particle states up to
an energy of 120 MeV and narrower than 5 MeV have be
included. The resulting number of single-particle states
244 for neutrons and 185 for protons. The largest dimens
allowed for the RRPA basis was 500.

The first significant quantity extracted from our RRP
calculation is the imaginary part of the complex energies.
have obtained Im(v IAS)5278 keV and Im(vGTGR)5262
keV, i.e.,G IAS5156 keV andGGTGR5124 keV. This agrees
well with the corresponding experimental data of Table
and II.

With the RRPA wave functions obtained for the IAS a
the GTGR we have calculated the contribution of each s
to the associated sum rules@8# and found that these two
states indeed exhaust most of the strength. Moreover,
sum rules are almost purely real, showing that the resona
are isolated@4#. It guarantees that the partial decay width
calculated in this fashion, are physically meaningful. Wh
the resonance is not an isolated one the quantity to be c

TABLE I. Experimental and theoretical partial decay widths
units of keV, for the decay of the GTGR in208Bi to neutron-hole
states in208Pb.

Hole state Experiment@6# Theory

p1/2 48.96 9.3 292 i21
f 5/2 incl. in p1/2 462 i24
p3/2 84.96 13.1 472 i33
i 13/2 6.96 7.7 02 i0
f 7/2 13.16 6.2 32 i1
Total 153.86 57.2 1252 i79
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pared with the experiment is the branching ratio between t
decay and the excitation cross sections@4,10#. When the
resonance is an isolated state, the partial decay width,
defined in Eq.~2!, is a quantity which can be directly com-
pared with the experimental results@4#.

Once the structure of the giant resonances is defined
the RRPA procedure we are in position to evaluate the oth
important ingredient entering Eq.~2!, i.e., the scattering
wave of the outgoing proton. Different from the case of th
giant monopole resonance, where the outgoing particle is
neutron, the decay of the IAS and GTGR states procee
through the emission of a proton. Therefore one has to c
culate the Coulomb scattering wave functions well below th
Coulomb barrier, where the regular Coulomb functionFl is
practically zero and the irregular solutionsGl , Hl

1 , and
Hl

2 coincide within the machine precision. Therefore w
were not able to calculate the scattered proton wave functi
accurately at energies less than 100 keV. The Coulomb wa
functions were calculated by the codeCOULCC @9#.

We have calculated the partial decay width for the deca
of the IAS and GTGR in208Bi leading to neutron-hole states
in 207Pb. The results are listed in Tables I and II. Considerin
the difficulties associated with these calculations, one c
say that the agreement between theory and experimen
rather good. One notices that for the GTGR the sum of th
partial decay widths practically coincides with twice the ab
solute value of the imaginary part of the GTGR energy, i.e
u'1. This is another indication of the consistency of th
theory: The GTGR resonance is isolated. Yet, the imagina
parts of the partial decay widths in Table I are rather larg
i.e., uIm(G)/Re(G)u5 0.63. We have looked into this feature
in detail and found that the imaginary parts of the partia
decay widths are sensitive to variations of the interactio
strength. For instance, forV05280 MeV fm3 one obtains
vGTGR514.83 MeV anduIm(G)/Re(G)u5 0.30, still main-
taining the consistency conditionu'1. We have traced down
this sensitivity and found that it is due to the Coulom
waves, which feel the difference in energy between the tw
cases~i.e., 0.77 MeV! very strongly.

For the case of the IAS in Table II the imaginary parts o
the partial decay widths are~in absolute value! small, butu
is not unity. Again in this case we found that by changing th
strength of the interaction within reasonable limits the con
sistency criterion improves. For instance, forV05235 MeV
fm3 it is u51 while v IAS5~13.80 2 i 0.076! MeV. This
variation of the energy causes, as before, strong changes
the Coulomb wave.

in TABLE II. Experimental and theoretical partial decay width in
units of keV, for the decay of the IAS in208Bi to neutron-hole states
in 208Pb.

Hole state Experiment@6# Theory

p1/2 51.36 5.6 362 i7
f 5/2 incl. in p3/2 422 i6
p3/2 79.46 9.4 362 i8
i 13/2 22 i0
f 7/2 3.56 1.6 22 i0
Total 134.26 35.6 1182 i21
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One feature to be noticed in Tables I and II is that
agreement between theory and experiment is good altho
no effects induced by two-particle–two-hole excitations h
been introduced in our formalism. As mentioned above,
is expected since the resonance is isolated. However, in R
@11,12# the contribution of the particle-hole excitations to t
partial decay widths was found to be larger, and the ag
ment with experiment is not as good as here. This may
due to precision problems related to the calculation of
Coulomb scattering wave, but it may also be due to
use in Refs.@11,12# of a Hartree-Fock mean field, whic
is nonlocal, instead of the local Woods-Saxon poten
used here.
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In conclusion, in this paper we have calculated partia
decay widths corresponding to the decay of the Gamow
Teller and IAS giant resonances in208Bi. We found that these
resonances, contrary to the case of the isoscalar monopo
giant resonance in208Pb @7#, are isolated, and therefore the
concept of partial decay width is meaningful. This is sup-
ported by the good agreement between our calculated qua
tities and the available experimental data.
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