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Damping mechanisms of theD resonance in nuclei

B. Körfgen, P. Oltmanns,* and F. Osterfeld
Institut für Kernphysik, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

T. Udagawa
Department of Physics, University of Texas, Austin, Texas 78712

~Received 13 September 1996!

The damping mechanisms of theD~1232! resonance in nuclei are studied by analyzing the quasifree decay
reactions 12C(p1,p1p)11B and 12C(3He,tp1p)11B and the 2p emission reactions12C(p1,pp)10B and
12C(3He,tpp)10B. The coincidence cross sections are calculated within the framework of the isobar-hole
model. It is found that the 2p emission process induced by the decay of theD resonance in the nucleus can be
consistently described by ap1r1g8 model for the D1N→N1N decay interaction.
@S0556-2813~97!01403-9#

PACS number~s!: 21.30.Fe, 14.20.Gk, 25.55.Kr, 25.80.Hp
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I. INTRODUCTION

Recently, new information on theD(1232) propagation in
the nucleus has been obtained from a coherent pion d

experiment@1,2# and from a (pW ,nW ) spin-flip transfer experi-
ment @3,4#. In the first experiment the12C(3He,tp1)12C
ground-state~g.s.! reaction was used to measure the isov

tor spin-longitudinal (SW •qWTW ) response function in theD
resonance region. In the second experiment the spin obs

ables of the (pW ,nW ) reaction were used to decompose t
charge exchange cross section in theD resonance region into
its spin-longitudinal~LO! and spin-transverse~TR! compo-
nents. Similar to thep-nucleus total cross-section data@5–8#
the LO cross sections of both reactions show a substa
downward energy shift of theD resonance in nuclei, as com
pared to the proton target. From a consistentD-hole model
analysis of pion and photon scattering, and charge excha
reactions@8–11# it is found that a large part of the observe
shift is due to a nuclear medium effect on the LO respo
function. The medium effect is caused by the strongly attr
tive, energy-dependentD-particle–nucleon-hole residual in
teraction VDN,DN . In Refs. @8–12# it was shown that
VDN,DN can be well described by thep1r1g8 model~ @13#,
and references therein!. The strong attraction of thep ex-
change in the LO channel produces a collective pion mod
excitation energies of;250 MeV in the laboratory frame
The collectivity shifts the LO response function down
energy by 60 MeV relative to the spin-transverse (SW 3qWTW )
response function. Other, smaller effects come fromD con-
version processes, such asDN→N1N @9,10#, and from pro-
jectile excitation@14,15#.
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In the present paper we apply theD-hole model of Refs.
@8,11# to the calculation of the damping of the collective pio
mode in the nucleus. The major decay channels are the
herent pion decay, the quasifree decay, and the 2p emission.
While various calculations for the coherent pion decay w
published already in Refs.@8,11,12,16,17# we give here the
results for the quasifree (p1p) decay and the 2p emission.
Since the coupling interaction for the quasifree decay
known we can use this process to study the distortion effe
on the outgoing pion and proton wave functions. For t
2p emission process we assume ap1r1g8 interaction. We
show that the 2p emission in theD resonance energy regio
is dominated by the zero-range Landau-Migdal interacti
the strength of which can be exctracted from the data. B
the pion induced reactions and the charge exchange reac
are well reproduced by calculations with a Landau-Migd
parameter in the range ofgND8 '0.2520.35.

II. THEORY

In this section we describe theD-hole model used in the
analysis of the experimental data. The formalism and
methods of calculation were presented already in recent
pers@8,11#. In the present paper we discuss only those f
mulas which are connected with the quasifree decay and
2p emission.

A. The excitation processes

We start our formulation by writing down the fivefol
differential cross section for the charge exchange reac
A1a→(B1D)1b→C1c1d1b in the LAB frame
(EA5mA , pW A50)
d5s

dEbdVbdEcdVcdVd
5

1

~2p!8
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uvW relu

ma
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mb
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md
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3
pbEbpcEcpdEdEC

u~mA1vc.e.2Ec!2~Ed /pd!~pacosuad2pbcosubd2pccosucd!u
(¯uTf i u2. ~1!
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1820 55KÖRFGEN, OLTMANNS, OSTERFELD, AND UDAGAWA
HereA (B1D) anda (b) denote the target~excited inter-
mediate nucleus! and projectile~ejectile!, respectively. The
B1D system de-excites to the residual nucleusuwC& by
emission of the particlesc andd which carry four-momenta
(Ec ,pW c) and (Ed ,pW d), respectively.mi stands for the mass o
particle i ( i5A,C,a,b,c,d) and (vc.e.,qW c.e.) denotes the
four-momentum transfer in the excitation process. In c
that one of the outgoing particles is a boson~e.g., in the
quasifree decay! the according normalization factorM /E has
to be replaced by 1/2E. The full four body kinematics in the
final reaction channel is included.

The transition amplitudeTf i for the decay process is de
fined as

Tf i5^wC ,@fc~pW c!fd~pW d!#~A!uVcd,Duc&, ~2!

whereVcd,D denotes theD decay interaction that will be
specified later.fc(pW c) and fd(pW d) are the distorted wave
functions of the outgoing particlesc andd, respectively, and
wC is the wave function of the residual nucleus. The ind
(A) indicates that in case of the 2p emission the wave func
tions of the two outgoing identical fermions have to be an
symmetrized. The wave functionuc& describes the interme
diateB1D system and is defined by@11#

uc&5Gur&5
1

v1 iGD/22HB2TD2UD2VDN,DN
ur&,

~3!
.

rs

-

ow
e

x

-

whereur& is the doorway state excited initially by the rea
tion. The Green’s functionG describes the propagation o
the (B1D) system and is approximated by that of th
isobar-hole model@18–21#. GD(v) is the energy-dependen
free decay width of theD, HB is the Hamiltonian of the hole
nucleusB, TD , andUD are the kinetic energy operator an
theD-nucleus one-body potential, respectively, andVDN,DN
is the D-hole residual interaction. For the calculation
uc& we use the same input parameters as used in Refs.@8,11#.
The Pauli blocking effects are assumed to be included in
averageD-nucleus one-body potential, which we fixed b
reanalyzing the relevant scattering data@5,6#. We refer the
reader for more details to Refs.@8,11#.

For charge exchange reactions the doorway stateur& has
the explicit form@11#

urc.e.&5~xb
~2 !wbutNN,NDuxa

~1 !wawA&, ~4!

wherexa
(1) andxb

(2)* denote the projectile and ejectile dis
torted wave functions, respectively, andwa andwb are the
corresponding intrinsic wave functions of the projectilea
and ejectileb; uwA& describes the target ground-state wa
function. The effectiveNN→ND transition operator for the
charge exchange process is denoted bytNN,ND . The round
bra (u on the right side of Eq.~4! denotes the integration with
respect to the projectile coordinates only.

For pion induced reactions the coincidence cross sec
in the LAB frame is threefold differential
d3s

dEcdVcdVd
5

1

~2p!5
1

uvW relu

1

2vp

mc

Ec

md

Ed

mC

EC

pcEcpdEdEC

u~mA1vp2Ec!2~Ed /pd!~pacosuad2pccosucd!u
(¯uTf i u2, ~5!
m

l
for
u-

the

:

where (vp ,qW p) is the four momentum of the incident pion
Now the doorway state has the form@8#

urp&5
f pND

mp
~qW p•SW

†!Tn
†eiq

W
p•r

WuwA&, ~6!

whereSW † andTW † are the spin and isospin transition operato
respectively, that convert a nucleon into aD~1232! isobar.
The coupling constantfpND is fixed from pion-nucleon scat
tering data and has the valuef pND

2 /4p50.324. The index
n561 distinguishes betweenp6 scattering.

B. The decay interactions

In case of the12C(p1,p1p)11B and 12C(3He,tp1p)11B
reactions the decay interactionVcd,D of Eq. ~2! is represented
by

Vpp,D5
f pND

mp
SW •qW p8Tm . ~7!

Note that this interaction has no free parameter and is kn
,

n

from elastic pion scattering in theD resonance region. The
explicit formulas for the quasifree decay of theD are given
in Appendix A.

In case of the12C(p1,pp)10B and 12C(3He,tpp! 10B re-
actions the interaction for the processD1N→N1N is de-
scribed by ap1r1g8 model @13#,

Vpp,D~v8,qW 8!5Vp~v8,qW 8!1Vr~v8,qW 8!1Vd , ~8!

with

Vd5\c
f pNNf pND

mp
2 gND8 ~sW 2•SW 1!~tW2•TW 1!. ~9!

In Eq. ~8!, v8 andqW 8 are the energy and three-momentu
transfer involved in the interactionD1N→N1N, respec-
tively. The interactionVd is the so-called Landau-Migda
term. It describes the short-range correlations
D1N→N1N transitions. The special value for the Landa
Migdal parametergND8 51/3 ~in units of \c fpNNf pND /mp

2'
800 MeV fm3) is known as the ‘‘minimalgND8 ’’ because it
cancels out the attractive short-range part of
p-exchange potential@13#.

Thep- andr-exchange potentialsVp andVr are defined
consistently with the potentials for the residual interaction
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Vp~v8,qW 8!5\c
f pNNf pND

mp
2 S Lp

22mp
2

Lp
22t8 D 2 1

t82mp
21 i«

~sW 2•qW 8!

3~SW 1•qW 8!~tW2•TW 1!, ~10!

Vr~v8,qW 8!5\c
f rNNf rND

mr
2 S Lr

22mr
2

Lr
22t8 D 2 1

t82mr
21 i«

3~sW 23qW 8!•~SW 13qW 8!~tW2•TW 1!. ~11!

In the Eqs. ~10! and ~11!, t85v822qW 82 is the four-
momentum transfer in the decay process,mp andLp (mr ,
Lr) are the mass and cutoff mass of thep (r), respectively.
The various parameters are fixed as follow
fpNNf pND/4p50.162, f rNNf rND/4p58.32,mp50.14 GeV,
mr50.77 GeV,Lp51.20 GeV, andLr52 GeV.

As a consequence of the Pauli principle the wave fu
tions of the two outgoing protons have to be antisymm
trized. This leads to two contributions to the 2p emission
process, namely the direct and the exchange term~see Fig.
1!. The antisymmetrization has to be carried out only for
finite-range p- and r-exchange potentials. The Landa
Migdal term is a zero-range interaction and has not to
antisymmetrized. This treatment of theD1N→N1N inter-
action is in line with microscopic nuclear structure calcu
tions @22,23# and microscopicG-Matrix calculations@24#.
Therefore the Landau-Migdal parametergND8 extracted from
the 2p emission reactions can be directly compared with
values found in these calculations@22–24#. The explicit for-
mulas for the 2p emission process induced by the decay
theD in the nucleus are derived in Appendix B.

III. RESULTS AND DISCUSSION

With the formalism described in Sec. II we have calc
lated cross sections for the quasifree decay re
tions 12C(p1,p1p)11B and 12C(3He,tp1p)11B and the
2p emission reactions 12C(p1,pp)10B and
12C(3He,tpp)10B. While the pion induced reactions ar
truely exclusive with the decay particles measured in coin
dence at given energies and angles the decay cross sec
of the charge exchange reaction have been integrated o
certain kinematical range, as determined by the geometr
the DIOGENE detector@1,2#. Therefore the integrated cros
sections for (3He,t) induced processes are in a way less
clusive than the pion induced reactions and show only
gross features of the process.

FIG. 1. Schematic representation of the 2p emission induced by
the decay of theD: ~a! direct graph,~b! exchange graph.
:

-
-

e

e

-

e

f

-
c-

i-
ons
r a
of

-
e

Furthermore, our calculations treat the distortion effe
on the incoming and outgoing particles in the adequ
frameworks. In the pion induced reaction the distortion
the incoming pion is treated within the isobar hole mod
while the distortion of the decay pion and protons is d
scribed by optical model wave functions@25,26#. In the
(3He,t) charge exchange reaction the projectile and ejec
and the decay particles are described by optical model w
functions, whereas theD propagation through the nucleus
again treated within the isobar-hole model.

A. The reaction 12C„p1,pp1
…

11B

In Fig. 2 we compare the results of our calculations
the 12C(p1,pp1) 11B reaction to the data of Ref.@27# at the
pion kinetic energy ofTp5245 MeV. In the experiment the
angles of the outgoing proton and pion were fixed
up537.5° andup52130°, respectively, in coplanar geom
etry. The threefold differential cross section is plotted vers
the kinetic energy of the outgoing proton. Three differe
calculations are compared to the data. The dashed c
shows the result of our calculations withVDN,DN50 while
the dot-dashed curve shows the result withVDN,DNÞ0. By
comparison of both curves one recognizes that the inclus
of the residual interaction reduces the quasifree decay c
section by a factor of;4. This reduction is due to the ab
sorption taking place in the multiple scattering of the pion.
similar reduction factor is also observed in the total pio
nucleus cross section@8#. The solid curve shows the resu
with additional inclusion of the distortion effect on the ou
going proton and pion wave functions. The distortion effe
leads to a further reduction of the cross section by a facto
;3. We describe the relative motion of the decay partic
with respect to the residual nucleus by optical model wa
functions. This is a consistent method within the framewo
of direct nuclear reaction theory and has been used in
analysis of other reactions, like A(e,e8pp). For the calcula-
tion of the proton and pion wave functions we used the
tical potential parameters, as derived from elastic prot

FIG. 2. Triple differential cross section of th
12C(p1,pp1)11B reaction at given pion and proton angle plotte
versus the kinetic energy of the decay proton. The data have b
taken from Ref.@27#. The dashed curve shows the result witho
inclusion of the residual interactionVDN,DN while the dot-dashed
curve shows the result with the inclusion ofVDN,DN . The solid
curve shows the result with additional inclusion of the distorti
effect on the decay pion and proton wave functions.
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1822 55KÖRFGEN, OLTMANNS, OSTERFELD, AND UDAGAWA
nucleus@25# and elastic pion-nucleus scattering@26#. Using
these optical model wave functions we overestimate the
sorption and thus obtain a lower limit for th
12C(p1,pp1)11B cross section. A comparison of the sol
curve with the data shows that we underestimate the dat
;10220 %. This is in agreement with our expectation a
assures us that our treatment of the distortion effects is
sonable. In the following calculations we will use the sam
model for the description of the distortion effects on the o
going particles.

B. The reaction 12C„p1,pp…10B

In Fig. 3 we show the results for the12C(p1,pp! 10B
cross section atTp 5 165 MeV. The experiment was pe
formed in coplanar geometry with the angle of proton 1 fix
at up15130°. The threefold differential cross section is plo
ted versus the angle of proton 2. The dashed curve show
result of our calculation withVDN,DN50 while the dashed-
dotted curve shows the result withVDN,DNÞ0. The inclusion
of the multiple scattering of the pion in the medium resu
again in a reduction of the cross section by a factor of;4.
The solid curve shows the result with additional inclusion
the distortion effect on the outgoing proton wave functio
This leads to a further reduction of the cross section b
factor of;2. The calculations shown here were perform
with a minimal Landau-Migdal parametergND8 51/3 in the
2p emission matrix element, which gives a very good agr
ment with the data @28#. Neglection of the p- and
r-exchange potentials in the decay interaction leads to
most the same results. Thus the Landau-Migdal term is
most important ingredient to theD1N→N1N interaction.
This is a consequence of the large momentum and en
transfer involved in theD1N→N1N decay process leadin
to a very short-ranged interaction. We remark that the de
mination of thegND8 parameter in the (p1,pp) reaction is
rather direct since this reaction is dominated by the interm
diate D11 excitation. On the other hand, in case of t
12C(p1,pn)10C reaction@29# or photon induced 2p emis-

FIG. 3. Double differential cross section of th
12C(p1,pp)10B reaction. The angle of proton 1 is fixed a
up15130°. The cross section is plotted versus the angle of proto
The data have been taken from Refs.@28,29#. The dashed curve
shows the result withVDN,DN50 while the dot-dashed curve show
the result withVDN,DNÞ0. The solid curve shows the result wit
additional inclusion of the distortion of the decay protons.
b-
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sion reactions@30,31# many competing processes are po
sible and the Landau-Migdal parametergND8 can only be ex-
tracted in an indirect way.

In Fig. 4 we study the same reaction as in Fig. 3; here
two protons were detected atup1582.5° andup25270°,
and the cross section is plotted as function of the kine
energy of proton 1. The curves shown have the same m
ing as in Fig. 3. Note that the data are given in arbitra
units. Thus the data are normalized to the solid curve. T
inclusion of the residual interaction and the inclusion of t
distortion effects reduces the magnitude again by a facto
;4 and;2, respectively. The dependence of the cross s
tion on the kinetic energy of the proton 1 is reproduced w
The slight deviation of the calculated cross section from
data at low kinetic energies could indicate that the treatm
of the distortion on the outgoing nucleons should be i
proved for these energies.

C. The reaction 12C„3He,tpp1
…

In Fig. 5~a! we compare our results for th
12C(3He,tpp1) reaction with the data of Henninoet al. @2#.
The data are integrated over the kinematically allowed p
and proton energies as well as pion and proton angles.
solid curve shows our calculation with inclusion of the r
sidual interactionVDN,DN and with inclusion of the distortion
effects on the outgoing particles. We see no effect of
residual interaction in this energy and angle integrated cr
section, i.e., the cross sections with and without inclusion
VDN,DN are the same. This is an indication that thepp1

events in this reaction come only from the nuclear surfac

D. The reaction 12C„3He,tpp…

In Fig. 5~b! we compare our microscopically calculate
12C(3He,tpp) coincidence spectra with the data of Henni
et al. @2#. The data are integrated over the phase space
both outgoing protons. Two calculations are compared to
data: The solid curve shows the result withVDN,DNÞ0 while
the dashed curve shows the result withVDN,DN50. In both

2.

FIG. 4. Threefold differential cross section of th
12C(p1,pp)10B reaction. The two protons were detected
up1582.5° andup25270°, respectively. The cross section is plo
ted as function of the kinetic energy of proton 1. The data have b
taken from Refs.@28,29#. The curves shown have the same mean
as in Fig. 3. Note that the data are given in arbitrary units and
thus normalized to the solid curve.
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55 1823DAMPING MECHANISMS OF THED RESONANCE IN NUCLEI
cases the distortion effects are taken into account. In o
to reproduce the magnitude of the experimental data we u
a Landau-Migdal parameter ofgND8 50.28. This value is
consistent with that found in the (p1,pp) reactions of Figs.
3 and 4. Both values forgND8 lie in the range from 0.25 –
0.35 and are thus in agreement with values of the Land
Migdal parameter found in microscopicG-matrix calcula-
tions @24#.

IV. SUMMARY

In conclusion, we have presented microscopic calcu
tions for the quasifree decay of theD resonance and th
2p emission in nuclei induced by pion absorption and
charge exchange reactions. These calculations are perfo
within the framework of theD-hole model and are consiste
with our former calculations of inclusive and exclusive rea
tions on nuclei. Since the coupling interaction for the qua
free decay is known we use this process to study the dis
tion effects on the outgoing pion and proton wave functio
In the 2p emission reactions we describe th
D1N→N1N decay interaction by ap1r1g8 model,
which is consistent with our description of the residual int
action. We find that theD1N→N1N decay interaction is
dominated by the zero-range Landau-Migdal term. The d
for both the (p1,pp) reaction and the (3He,tpp) reaction
are well reproduced by calculations with a Landau-Migd
parameter in the range ofgND8 '0.2520.35.
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FIG. 5. Coincidence spectra for the12C(3He,t) reac-
tion at THe52 GeV and triton scattering angleu t50°. ~a! The
12C(3He,tpp1) data@2# in comparison with the result of our ca
culation. ~b! The 12C(3He,tpp) reaction data@2#. The solid and
dashed curve show the results with and without inclusion of
residual interaction, respectively.
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APPENDIX A: EXPLICIT FORMULAS
FOR THE QUASIFREE DECAY

In this appendix we derive the explicit formulas for th
transition amplitude of the quasifree decay. Inserting the
cay interactionVpp,D of Eq. ~7! into Eq.~2! one can write the
transition amplitude in the following way:

Tqf5 K Jh8Mh8;qW p8
1

2
ms8 ;qW p8 U f pND

mp
SW •qW p8TmUc L . ~A1!

HereJh8 andMh8 represent the total angular momentum a
the magnetic quantum number of the final~A-1!-nucleus;
qW p8 andms8 are the three-momentum and the spin project

of the outgoing proton;qW p8 is the three-momentum of th
outgoing pion. We expand the wave functionuc& of the
D-hole state in terms of the channel wave functions@11#

u@YDFh# j tmt
&5 (

mDmh

~ j DmD j hmhu j tmt!uYjDmD
F j hmh

&,

~A2!

whereYjDmD
is the spin-angle wave function of theD and

F j hmh
is the hole wave function of nucleus B. Thus we o

tain @11#

uc&5(
j tmt

(
Dh

Nc

cDh
~ j tmt!~r !

1

r
u@YDFh# j tmt

&. ~A3!

In Eq. ~A3! Nc denotes the total number of allowedD-hole
states. The radial wave function is then given by the inv
sion of Eq.~A3!:

cDh
~ j tmt!~r !5r ~@YDFh# j tmt

uc&. ~A4!

The wave functions of the decay nucleon and the outgo
pion are also expanded in multipoles:

uqW p8
1
2 ms8&54p (

l pml p

(
j pmp

i l px l p
~qp8r !

3~ l pml p
1
2 ms8u j pmp!Ylpml p

* ~ q̂p8!

3@Ylp
~ r̂ ! ^ x1/2# j pmp

, ~A5!

uqW p8 &54p (
lpmlp

i lpx lp
~qp8 r !Ylpmlp

* ~ q̂p8 !Ylpmlp
~ r̂ !, ~A6!

wherex l p
andx lp

denote the distorted radial wave function
of the outgoing proton and pion, respectively. Using the
pansion of Eq.~A3! for the wave functionuc& and using the
expansions of Eqs.~A5! and ~A6! for the outgoing nucleon
and pion wave functions we can rewrite the transition am
tudes for the quasifree decay of theD as

e
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Tqf5(
j tmt

(
Dh

Nc

dJ
h8 , j h

dM
h8 ,mh (

l pml p

(
j pmp

(
lp jpmp

2A4p
3 f pND

mp
i lD1 lp2 l p̂D l̂ D l̂ p

2Ylpml p
~ q̂p8!~21! jp2mpYjpmp

~ q̂p8 !

3~ j DmD j hmhu j tmt!~ j DmD j p2mpu j pmp!5
l p

1

2
j p

lD
3

2
j D

lp 1 j p

6 ~ lD0lp0u l p0!~ lp010u j p0!~ l pml p
1
2 ms8u j pmp!

3~1m 1
2 tpu

3
2 tD!E dr~qp8 r !x l p

~qp8r !x lp
~qp8 r !c

~Dh!

~ j tmt!~r !. ~A7!

In Eq. ~A7! the Clebsch-Gordan coefficient (1m 1
2tpu

3
2tD) describes the isospin coupling coefficient of the decay process

x̂5A2x11.

APPENDIX B: EXPLICIT FORMULAS FOR THE 2 p EMISSION

Here we show the explicit formulas for the 2p emission processes. Due to the antisymmetrization of the two outg
protons the transition amplitude for the 2p emission consists of the sum of the direct and exchange transition amplitude
a consequence of the arguments given in Sec. IIB we have to antisymmetrize only thep- andr-exchange interactions. Th
transition amplitude is given by~see Fig. 1!

T2N5^Jh8Mh8;@qW p18
1
2 ms1

8 ,qW p28
1
2 ms2

8 #AuVpp,Duc& ~B1!

5
1

A2
~^Jh8Mh8;1;2uVp1Vr1Vduc&2^Jh8Mh8;2;1uVp1Vruc&!. ~B2!

In Eqs. ~B1! and ~B2! Jh8 andMh8 represent the total angular momentum and the magnetic quantum number of the

~A-2!-nucleus;qW p18 and ms1
8 (qW p28 , ms2

8 ) are the three-momentum and the spin projection of the outgoing proton 1~2!,
respectively. Using the expansion of Eq.~A3! for the wave functionuc& and the multipole expansion of the nucleon wa
functions of Eq.~A5! we can write the matrix element for the direct decay graph in the following way:

^Jh8Mh8;1;2uVpp,Duc&5(
j tmt

(
Dh

Nc

(
l p1mlp1

(
j p1mp1

(
l p2mlp2

(
j p2mp2

(
j
h2
8 t

h2
8

(
JpMp

(
J1J2

(
l1l2

2A6~4p!

3 i l11 l22 l p12 l p21 l
h2
8 1 lD~21!J11J22 j t~21!J21M2Ĵ1

2Ĵ2
2ĴpĴh8 ĵ h28 ĵ p1 ĵ p2 ĵD l̂ 1 l̂ 2 l̂ h28 l̂ D

3~ j p1mp1 j p2mp2uJpMp!~JpMpJh8Mh8u j tmt!Ylp1mlp1
~ q̂p18 !Ylp2mlp2

~ q̂p28 !

3~ l p1mlp1
1
2ms1

8 u j p1mp1!~ l p2mlp2
1
2ms2

8 u j p2mp2!W~J2 j p1 j t j h ; j DJ1!

3~ l h28 0l 20u l p20!~ lD0l 10u l p10!5
j p1 j h18 J1

j p2 j h28 J2

Jp Jh8 j t
6 5

l p1
1

2
j p1

lD
3

2
j D

l 1 1 J2

6 5
l p2

1

2
j p2

l h28
1

2
j h28

l 2 1 J2

6
3~2A3! (

m521

1 S 1m 1
2 tp1U 32 tDD S 1m1

2
th28 U 1

2 tp2D
3E dr2r 2

2fn
h2
8 [ l

h2
8 ~1/2!] j

h2
8 ~r 2!x l p2

~qp28 r 2!E dr1r 1v l1 ,l2 ,J2~r 1 ,r 2!x l p1
~qp18 r 1!c~Dh!

~ j tmt!~r 1!. ~B3!
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Here fn
h2
8 [ l

h2
8 (1/2)] j

h2
8 denotes the radial hole wave function with quantum numbersnh28 l h28 j h28 . The nonlocal potential

v l1 ,l2 ,J2(r 1 ,r 2) is the sum of the central and tensor part of the decay interaction@32#:

v l1 ,l2 ,J2~r 1 ,r 2!524pd l1 ,J2d l2 ,J2VJ2
C ~r 1 ,r 2!14pA6~21!J2 l̂ 1 l̂ 2~ l 10 l 20u2 0!W~ l 11 l 21 ;J22!Vl1 ,l2 ,J2

T ~r 1 ,r 2!. ~B4!

For the direct matrix elementVJ2
C andVl1 ,l2 ,J2

T are the multipole expanded central and tensor parts ofVp1Vr1Vd @32#; for the

exchange matrix element they are the multipole expanded central and tensor parts ofVp1Vr .
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