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(p,d) reactions.

I. INTRODUCTION

The lower-energy states of many-body systems
may be described in terms of a vacuum state and
elementary (independent) excitations. In nuclei,
the BCS ground state and the normal ground state
constructed with a determinant wave function are
the most common vacuum states.

It is convenient to characterize the elementary
excitations’ by their quantum numbers [angular
momentum (), parity (n), isospin (7), spin (o),
and transfer (@) quantum numbers]. There is a
large amount of literature which is devoted to the
study of each type of excitation separately.

The next logical step in difficulty is to consider
states which are made up from two elementary
excitations. If one of the excitations has a collec-
tive character (from the point of view of the ex-
treme shell model) while the second has a single-
particle nature, it is customary to construct an
interaction Hamiltonian which is linear in the col-
lective and particle variables. For instance, in
deformed nuclei, states of the odd system are
formed by a quasiparticle excitation (|a|=1) and
a rotational excitation (o =0). The corresponding
Coriolis coupling is proportional to the frequency
of the rotational motion and to the single-particle
angular momentum.?

The coupling between the quasiparticles and vi-
brations (both in spherical® and in deformed nu-
clei’), or the coupling between particles (holes)
and vibrations of the normal systems, has not
yielded a picture as accurate as in'the case of
rotations. Moreover, until recently the available
experimental data have been able to check the
properties of only lower predicted states.

In 1967, rather complete experimengal informa-
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The particle-vibration-coupling formalism for nuclei around closed shells is studied and a
microscopic description is given. We consider as collective modes of excitation of the
closed~-shell-system (N,) ground state both particle-hole excitations and excitations that
change the number of particles by 2 (pairing mode). To describe the pairing modes, multi-
pole pairing residual interactions are used. The odd particle is allowed to couple to both
types of vibrations. The coupling Hamiltonian is linear in the collective phonons and the par-
ticle variables. The effective Hamiltonian is constructed by a perturbative method. Explicit
expressions are given for the spectroscopic amplitudes and spectroscopic factors associated
with the (Ng—1)(¢,p)(Ny+1) and (Ny+2)(p,d) (Ny+1) reactions, respectively. The concept
of an effective transfer operator is used. Special attention is paid to the me(t, p) and #pp-

tion on the members of the multiplet of states

built by coupling the low-lying octupole phonon
(x=3, a=0) of 2°®Pb with single-particle proton
states became available.® Mottelson® suggested
that a systematic application of perturbation theory
should be required in order to understand the cou-
pling. Since then, this approach has been applied
in a number of papers.”

Similar information as the one obtained in 2*°Bj
quoted previously is reported in the following
paper of this issue.® The underlying theory of the
theoretical predictions reported there is developed
in the following sections., The basis of this theoret-
ical approach is found in Ref. 6. To account for
the experimental data, we have included in our
description both the =2 and ¢ =0 elementary
modes of excitation of 2%8pp,

II. COLLECTIVE DEGREES OF FREEDOM

In this section, some of the collective degrees
of freedom of the normal system are discussed,
and the corresponding solutions are presented.

A. Multipole Pairing Fields

The existence of enhanced two-nucleon transi-
tions with J"=0%, 2%, 4%, ... to the N,+ 2 system,
starting from the closed-shell (N,) ground state,
suggests the existence of multipole pairing fields
of multipolarity A=0, 2, 4,.... In addition to the
multipolarity A, the field is characterized by the
isospin 7=1, the spin 0=0, and the transfer quan-
tum number o =%2,%°

These fields may be produced by a Separable
pairing interaction that scatters pairs of particles
coupled to A. The corresponding matrix elements
of the interaction can be defined in complete anal-
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ogy with what is done in the monopole (A =0) pairing
case.'® One ensures that the matrix elements of
the pairing force, in the angular momentum chan-
nel considered, have the same phase as the matrix
elements of a 6 force (see Appendix I). Particles
interacting through this force have a high degree
of spatial correlation in the lowest state of each
spin A and parity (-1)*. These particles spend a
fraction of their time in a relative s state, while
the center of mass carries an angular momentum
A. This fraction, though in principle small, is
much larger than that spent by uncorrelated parti-
cles. All the contributions to the cross section of
a two-particle transfer reaction leading to this
correlated state add up coherently. The pairing
interaction is written

H@2) = =G + DT P, Py, (1
u
where
. 2 Mk ki) o1, .
qu __(2)&-0- 1)172 .Z§(1+512)1723 (kxkzvzlﬂ)
.=

»> i a i R )

o (22)

BY(iy iy 21 1) =(1—+61;5m[b,1b‘2] , (20)
B(k k53 2 11) =(f«~_l:1W[b*lTb%T] i (2¢)

Here b,! creates a particle in an orbital j. The
label & denotes states above the Fermi surface
while 7 denotes states below the Fermi surface.
The index j is used to denote either states & or i.
The particle creation operators b ,T transform
under time reversal as

b, T = (1), T, (2d)
The coefficients M(j,j,; ) are defined as
M(j13z N) = Ghll A Y sl pit e Han A
=M(jpjy; N)(-1) 172>, (2e)

The detailed radial dependence of f,(») is irrele-
vant to a large extent, provided it is peaked
around the nuclear surface. The reduced matrix
elements (4,/| Y\l j,) are calculated assuming the
usual Condon-Shortley convention. The pair addi-
tion and removal collective phonons are defined as

BX2aaw) = T d,(k.k,; 208k ky; 21 1)
=k

= (=D} ¥ T d (4,0, 20)Bliig; 22 - ),

i1z 2
(3a)
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B2 = 3 diviy; -8 lirty; =21 4)
. i1z i
= (=DXF T d (b k=22 Bk k=21 — 1) .
k=

(3b)

These are the quanta associated with the two col-
lective modes of the Hamiltonian in Eq. (1) for
normal systems, that is, systems where G, <G§
(G§ being the smallest value of the multipole pair-
ing coupling constant for which the BCS number
and gap equations have a solution). The pairing
modes have transfer number a=+2 and correspond
to states of the Nyt 2 nucleus, where N, stands for
a magic number of either protons or neutrons.
Diagonalizing the Hamiltonian H ,p + H(2)) in the
linearization approximation [random-phase approxi-
mation (RPA)] gives '

1 > |M(k kys M) P
4G, E ¥ W22
ky k2

| Mg 2 2
v 2 By, W{x2))

(4)

iy, 12

where H,,=Y ;€,b,7b, is the single-particle
Hamiltonian, E, , =€, +¢€, the energy of a two-
particle (two-holes state, and W, (ax) the energy
of the nth collective mode of excitation, with angu-
lar momentum XA, of the system with N, + a parti-
cles. The corresponding amplitudes defining the
phonons (32) and (3b) are

d,(k, ky; 2A)=(11:"§3)w Efiklk;fzi 8)\) ’
d,(iig; 2) = (l’ffffl:,’m E :":i";;j&)» ’
d,(ili,;—zx)=(‘1\‘f;123)m E‘:(i‘iﬁ/aff_)zx) ’ ®
d (ko by =2)) = (IA f(;l 31);5 EZ:"’:’%{‘_)ZA) ,
where
Afe20)=VE i* R & K(i :’,:(i)zl)f)] ?

. |M(1 : 'A) |2 -1/2
iy 42 [E‘l"zt Wa(2)]*

(6)

The magnitudes given in Eq. (6) are obtained
from the usual normalization conditions

5 [d(ky kg 220)]2= T3 [d,(iyi5 20) ]2 =1,
=R 7124

n

The multipole pairing coupling constants G, may
be fixed either by using the energy of the lowest
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J=x, m1=(~1)" state of the N, +2 systems in Eq. (4),
or by fitting the two-particle transfer cross sec-
tion to the lowest state of each spin and parity.
The spectroscopic amplitudes' B(j, j,; naJ) are
equal to

(1(n22); IMl[b, b, "17l0)

B(j,jpn2) =
(1+8; ;,)v2

=dn(j1j2; ),
(8)

B(jsz; n = 2J)
_{1m = 2); am[b, 8,1 510)

=d (j 5, =22)
(1+6jljz)l/2 n 172y b

where |v(n+2)); JM) (v=1) is a one-phonon state
of the N, +a system generated by the operator

B (+2x1) (of course, A =J) acting on the N, ground
state |0) (see end of this section and Sec. 4A).
The (¢, p) and (p, #) cross sections are then pro-
portional to A,%(2x) and A, %(-2)), respectively.

The usual distorted-wave calculation of two-body
transfer processes yields reliable relative cross
sections but fails to reproduce absolute cross sec-
tions. Therefore, we may write

0exp(l‘/o’ J, @) =Roth(N0v J, a) ’ 89

where the normalization factor R =0,,,/0,; can be
better determined for the case of ground state
(J=0) transition.'? This is so because the param-
eter G, {and consequently A,(20) and A,(~20)],
which corresponds to the usual monopole case,

is rather well known from the systematic data
available on the odd-even mass difference. Once
the normalization factor is known, the parameters
A,(2)) and A,(-21) for A#0 can be determined, and
consequently G, through Eq. (8'). In the present
paper the levels **Ph(J") and 2**Pb(J™) with J"=0*,
2%, 4% 6*, and 8" are described as pair subtrac-
tion and addition modes® of 2°®Pb (g.s.). The cor-
responding coupling constants, eigenvalues, and
A factors are displayed in Table I. They are ob-
tained using information concerning only the en-
ergy of the levels, and not cross sections. In Fig.
1, we illustrate the method of calculation for A"
=0%and 2*.

The structure of the pair addition phonon is
checked by analyzing the ***Pb(¢, p) reaction. The
relative cross sections, normalized with respect
to the ground-state cross section are displayed in
Table II together with the experimental numbers.
Through these magnitudes we test the specific

TABLE 1. Parameters defining the structure of the pairing and particle-hole collective modes. The magnitude
AWj(aA) [see Eq. (29)] measures the distance between the lowest unperturbed configuration with transfer number « that
can couple to total angular momentum A and parity (=1) and the experimental energy (E. Flynn, G. Igo, P. Barnes,
and K. Ellegaard, to be published) of the lowest state with these quantum numbers. The quantities AW;{aA) determine
completely the corresponding RPA solution through Eqs. (), (6), (13), and (15), and consequently all the other magni-
tudes displayed in the present table; they were taken directly from the experimental spectrum of the even nuclei with
the exception of the 6* and 8* cases (see text). The coupling constants

{Gx}z{gx}fw/z D [Mw/E (MeV)] .
X ka

The energies W, (oA) obviously agree with the experimental value because of the choice made for AW (@A). The en~
ergies W, (aA) are referred to the ground state of the corresponding even nucleus. The dimensionless parameter £ (oA)
defined in Eq. (23) measures the strength of the coupling. Fort(xA)= 1, the perturbative treatment of k(@A) breaks

down.
T o* 2+ 4* 6+ gt
20pp 220 [(Mw/FE)* MeV) 21.38 4.11 0.90 0.21 0.03
AW(2)) (MeV) 1,24 0.44 0.15 0.13 0.10
Ay@\) [(Muw/F )M Mev) 1.98 0.86x107!  0.42x10~2  0.3¢4x10™  0.20 x 10~
Wy(2)0) (MeV) 0.00 0.80 1.09 1.11 1.13
206pp £2(=27) (MeV) 21.74 4.03 0.87 0.26
AW(~2)) (MeV) 0.64 0.41 0.10 0.31 0.31
Ay(=2)) [(Muw/E )M 2 MeV] 173 0.82x107'  0.34X107  0.35x103  0.11x10¢
Wy(=21) (MeV) 0.00 0.80 1.68 3.25 3.92
by ) 0.37 0.22 0.12 0.13 0.12
2+ 3~ 5=
208p, @+ 1)k [(Mw/k)* MeV] 454.91 113.43 34.3
AW (01) (MeV) 0.98 1.36 0.21
A ON[Mw/E)V 2 Mev) 0.15  0.41x10~'  0.10 x 10~
W,{0A) (MeV) 4.07 2.62 3.2
By 0.28 0.45 0.13
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correlation aspects of the pairing multipole forces.
The phonon spectrum is built by the operators
B,T(+2111) and is labeled by the quantum numbers
vilnja ), vy(n,ap ), ... ;J%, where v, stands
for the number of phonons and I, for the angular
momentum to which the phonons of type i are
coupled. For v,=1 this quantum number is not
required. On the other hand, it may be necessary
to specify intermediate-coupling angular momen-
tum to label the state completely. The new degree
of freedom added to the pairing field opens a new
perspective. For example,> ! it is possible to in-
terpret the J" = 2" levels excited both in the (¢, p)
and (p, ) reactions leading to the 2°*Pb nucleus as
states whose main components are

[1(122), 1(1-20); 2%={>""Pp(2*), **Pb(0*)

and

[1(120), 1(1-22); 2%)= *°Pb(0*), 2*Pb(2")).
B. Multipole Particle-Hole Fields

In closed-shell nuclei, the low-lying states with
angular momentum J"=3", 57, 2* have been suc-
cessfully described as particle-hole excitations!®

D. R. BES AND R. A, BROGLIA
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with multipolarity »=J, parity n=(-1)?, isospin
7=0, spin 0=0, and transfer quantum number o
=0, These states have enhanced B(E)) transition
probabilities [for example, B(E3; **®Pb, g.s. - 3")
=32B,,]. The schematic model of such excitations
use as residual force a separable multipole-multi-
pole interaction. The corresponding Hamiltonian
reads

HOO=-276,,0,,", (9)

+(=1) 2 #B(ki; 00 - )],

(10)
BT (ki; 0np)=[6,"0,]) = T (kimym,|au)
mp. M
XOymy (<1)'"™iby_
(11a)
BMki; Oap) = (=1)"*¥[b,"p,]2,. (i1p)

The creation operator of a collective particle-hole

LB(MBV)
165071 b - ———6.88 MeV
AW/(20):1,237 Mev
' .0 EMeV) 1/G(Mev)
0s  \O795:W, (22) ~W,(-20)—1—W,{20)—]

16457 2+%‘*\il* O+,14,2+,3+,4+ 134

—y704az:aw (22 6.55 Mev (1I-22),1(122)) t

9, L %o 587 MeV (I(1-20),122)) 1497 Mev—f -
v (o) 5.0+ O+—————577 MeV(IlI-22),i1(120) jzy[ MeV= AW(20)
20 (11-20),101 200 \4.97 Mev 7
16401 Pb 0.640 MeV=AW(-20) 294,,
3012 — T ‘ :
2 | o0 | 2 3 4

16251 - 0.00 (@) MeV

-2 AW,(-20)=0.640 Mev 208,

(o 0% (e 7.39 Mev
TTN— g W(-22):0.803 Mev 7.
2*___,__--_»_1_%_ wi-22) || |VOMeV) |y a0
16205, R AW(-22)=0.407 MeV S 6.55 MeV
AW(-22):0407 Mev 0442 MeV= AW(22)
kst o
(b) 206, .34

1ei5- 1

P, xfe,) 4 %

4
72 5/2'2 %7
432101234

FIG. 1. In (d) and (e) is displayed'the left-hand side of the dispersion relations (4) for the case of 2®Pb and A" =0* (2%)
in the region between the pure two-partial configurations (py/,™2) and €y,?) [(py2™", f5/»~!) and(gy,)]. For a fixed value of
G we can distinguish three sections; (i) The section of the curve at the left gives the gain in energy due to the multipole
pairing residual interaction in the nucleus with 206 particles in the 0* (2*) state. (i) The middle section gives the ener-
gy of the two-phonon state in the *®Pb nucleus. The segment to the right gives the gain in binding energy due to the re-
sidual multipole pairing force in the nucleus with 210 particles in the lowest 0" (2*) state. In (a) and (b) the above men-
tioned gain in energy of the ’*Pb and #°Pb systems is displayed in terms of the experimental data [J. H. E. Mattauch,
W. Thiele, and A. H. Wapstra, Nucl. Phys. 67, 1 (1965)], namely absolute binding energies. In (c), the two-phonon
pairing excitations in 2%®Pb are displayed.
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excitation is defined as
BN W) =T d(ki; ON)BT(k4; OA )
kR, 14

= (=D ¥3 d,(ik; O Blki; OA - 1) .
ki
(12)
The RPA diagonalization of H ,, +H(0, \) gives

1 X MG P[

Xa 2X+l

1 1
E, =W, (0)) +Eu +W,(0)) ] ’
(13)

With E,; =€, - €,, the forward- and backward-going
amplitudes are given by

M(ki; )

d"(ki; OK) = An(OA)m y (143.)
ooy M(ki; 2)
d,(ik; OA) = A, (O) E, + Wi0n) ’ (14b)

A,(m)=[@|M<kz [ (m

1 -1/2
B +Wn(0x)]2)J )
(15)

TABLE II, Ratio of the theoretical and experimental
cross sections (P. Barnes, G. Igo, E. Flynn, and
K. Ellegaard, to be published) associated with the low-
lying positive-parity states of ?!1°Pb excited in the 298pb-
(t,p) reaction. The normalization factor 310 has been
used (Ref. 8). The cross sections defined as Eedo(ﬂ)/dﬂ
where 10°< 6 < 70° in steps of 7.5°, were calculated in
the distorted-wave Born approximation using as spec-
troscopic amplitudes the magnitudes defined in Eq. (8).
The coefficients d,(j,j,;+ 2A) were computed for the val-
ues of Wy(2A) and A((22) listed in Table I. Two sets of
optical parameters [E. R, Flynn, A. G. Blair, and D. D.
Armstrong, Phys. Rev. 170, 1142 (1968)] were used for
the triton channel, namely:

(I) V=148.7 MeV, r=1.24 fm, a=0.697 fm,
W=16.77 MeV, »’=1.339 fm, ’=0.917 fm;
(II) V=167.0 MeV, r=1.16 fm, a=0,752 fm,

W=10.3 MeV, 7r’'=1.498fm, a’=0.817 fm.

In both cases, W stands for the volume absorptive po-

tential depth. Perey’s parameters [F. Perey, Phys. Rev.

131, 745 (1965)] were used in the proton channel.

O(ZOBPb(t P)ZlOpb(Jir))m
o(TPb(¢, p)’TPbU ™)) o

J" I II
o* 1.0 1.6
2* 1.3 1.7
4* 14 1.6
6* 1.2 1.5
8* 0.8 1.0
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In the same way as in Sec. 2 A, it can be shown
that the two-body transfer cross section to the one-
phonon states generated by the one-phonon opera-
tors defined in Eq. (12) is proportional to [A,(0, A)P.
In particular, this relation for the lowest state of
each spin and parity would determine W,(0x)
through Eq. (15) and consequently x, through Eq.
(13).

On the other hand two-nucleon transfer reactions
are not specific to excite the surface particle-hole
vibrations, but Coulomb excitation or inelastic
scattering reactions. The nuclear matrix ele-
ments associated with these processes'® are

(1nOA); JM|[5,%5,]1 510 = d (ki; O0), (16)

(1(nON); IM|(-1) 7~ ¥[6,%5,] 5*|0) = d (ik; OA) .

In principle then, states with large values of
A,(02) would display both large (¢, p) cross section
and reduced transition probabilities B(Ex) (and in-
elastic scattering cross sections). There is ex-
perimental evidence supporting this prediction
which has been discussed elsewhere.!”

The above mentioned correlation is, however,
affected by the ground-state correlations. The
backward-going amplitudes contribute coherently
to the inelastic scattering processes, while they
give a destructive coherence for the (¢, p) process.
In the limit W,(0, A) =0, B(EX; N4(0 -~ A)) —, while
o(Ny+2 (g.5.) =Ny(J"=1")) ~0. Physically, this
result is quite reasonable because two-body trans-
fer cross sections probe particle-particle type of
correlations while inelastic scattering processes
probe particle-hole type of correlations. As
pointed out in Ref, 18, the ground-state correla-
tions induced by the A-multipole particle-hole
residual interaction and the A-multipole pairing
residual interaction destructively interfere. The
understanding of the coexistence of both types of
correlations is still an open and challenging ques-
tion. Another problem that needs consideration
is the posmble double counting of the mteractmns,
since EuP)\u P, , overlaps with E“QMQ)\“ (see
Sec. 4A).

III. COUPLING OF SINGLE-PARTICLE AND
COLLECTIVE DEGREES OF FREEDOM

The coupling of a particle to a surface oscilla-
tion has received considerable attention. The
usual coupling Hamiltonian depends linearly on
the collective deformation parameter and the par-
ticle coordinates, and the radial form factor is
peaked around the nuclear surface. In terms of
the magnitudes defined in the previous section and
making explicit use of Eq. (9), one obtains
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(OVE -%E [(Q)\u) coll Q)\uT + Q)\M(Q)\MT) coll]’
m

(17)
where
(@x) cor1 = -‘—”—x:—l 3 ALO0[B,T(0r )
+(=)*" ¥ (0 - )]
(18)
and

[(@xweors @2s'1=0.

That is, the collective and particle degrees of

freedom™ are assumed to be independent but for

the coupling [Eq. (17)]. The basic matrix elements

are displayed in Fig. 2 and given in Appendix II.
The coupling Hamiltonian in the pairing case

may also be derived from the basic Hamiltonian

[Eq. (1)] and reads

R(20) = =G, 21(2x + DL P AN eotPay +(PreontPiay’ ],
m

(19)
where
Pyy'=~ m ?[A,(ZA)B"*(ZA W)
+(=D)MEA (<20) 8, (-2 - )]
and (20)
[(qu)con,quT]=0- (21)

The basic matrix elements are displayed in Fig.
3 and Appendix II.

It is possible to define a dimensionless param-
eter, namely

tan) =2l Oz Nas g v, (22)
(a) (b) (c) (d)

FIG. 2. Graphical representation of the four basic
(first-order) matrix elements of the coupling Hamiltonian
h(0A). The corresponding formulas are collected in Ap-
pendix O. The time is supposed to run upwards. A line
which runs to positive values of time represents a parti-
cle while one running downwards represents a hole. The
particle-hole collective mode (surface vibration) is rep-
resented by a wavy line. The interaction between parti-
cle (or hole) and the vibration takes place at the vertex,
where parity, angular momentum, and number of parti-
cles must be conserved, although not energy.

where M(j,Jj,; A),, is an average matrix element in
the single-particle subspace considered. This
parameter is equivalent to the parameter #(0))
=[(2x +1)/167] (7w /2C,)/?k/ Biw, used in similar
types of calculations.

The RPA matrix elements [Eqs. {8) and (16)]
between zero and one-phonon states may be also
obtained using the coupling Hamiltonians [Egs. (17)
and (19)] in first-order perturbation theory. The
corresponding graphs are given in Fig. 4 together
with the formal expression (see caption). Graph
(a) represents the creation of two particles in
the presence of the uncorrelated 2°*Pb core and
its subsequent coupling to build a pairing phonon,
while graph (b) represents the annihilation of the
two holes which are present in the correlated
ground state. Similarly, graph (c) represents the
creation of a particle-hole pair (ki). Subsequently
the particle drops into the hole and sets the 2°Pb
core in a surface (particle-hole) vibrational type
of excitation. In graph (d) the independent particle-
hole excitation and the vibrational phonon are pres-
ent in the correlated ground state. At a later time
the particle decays into the hole state. The exter-
nal fields which are applied in each case are a
a =2 field [graphs (a) and (b)] generated by a (¢, p)
reaction and a a =0 field [graphs (c) and (d)]
generated by an inelastic proton reaction. There-
fore, both the RPA treatment of the interaction
[Egs. (1) and (9)] and the perturbation treatment
of Eqs. (17) and (19) are equivalent, i.e., they

A A

(a) (b) ’ (c)

A

(d) (e) ()

FIG. 3. Graphical representation of the basic (first-
order) matrix elements of the coupling Hamiltonian
h(+£2\). The same convention of particles and holes is
used here as in Fig. 2 (see corresponding caption). In
the present case, there are two possible modes of collec-
tive excitation for each spin and parity. Namely, the
pair addition (o =2) and pair subtraction mode (a =-2).
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yield the same results concerning the specific
operators matrix elements.

In the remainder of this paper, we carry out a
perturbation treatment of the coupling Hamiltonians
[Egs. (17) and (19)]. However, we retain Egs. (6)
and (15) from the RPA approximation in order to
determine the strengths A (o)) from the experi-
mental energies W {ar).

IV. SPECTRUM OF **pp

In this section we discuss the different steps
necessary to calculate the two-particle-one-hole
(2p-1h) spectrum of ?®Pb. Also the matrix ele-
ments of the one- and two-body transfer operators
are derived.

A. Unperturbed Basic Set of States

The seven lowest states of 2°Pb correspond to
“single-particle” states [k) dressed by the inter-
action with the cloud of phonons of the different
types. The techniques developed in the present
paper can be used directly to determine these
physical single-particle states. However, we will
not discuss them here.

The next states presumably represent 2p-1h
states. To describe them, we use a subset of
states consisting of a particle coupled to particle-
hole phonon or a hole coupled to a pairing phonon

%—-x(t)p)
—-x(1,p)
(a) (b)
ﬁ/“x(p,p')
i
——x(p,p")
{c) (d)

FIG. 4. Graphical representation of first-order [in the
rarameters A (aA)] matrix elements of the operators
Lbj Tb,-;],); and [kab,-]ﬁ and their Hermitian conjugates
between zero and one-phonon states. The values of the
vertex corresponding to graphs (a)—(d) are listed in
Appendix II, Eqs. (A2.5), (A2.7), (A2.1), and (A2.2),
respectively. The energy denominators are equal to
—le 4, +€ 4, — WoeA)] for graphs (a) and (c), and to le,
€5y +Wy(aA)] for graphs (b) and (d). The resulting ex-
pressions are thus equal to Egs. (5) and (14).

with a=2. That is, we construect the states in
2YPb using elementary independent modes of 2®*Pb
which are assumed to be phonon excitations (a=0,
+2) and particle (hole) excitations {(a=x1).

Correspondingly, the vacuum state is defined
through 8,(ax 1)]0)=5,|0) =b,]0) = 0 and denotes the
208ph ground state.

The states belonging to our basic set will be
labeled by (nax; j; JM), and, thus,

InOx; k5 IM) =[8,T(00)5, 7] 5(0) . (23)

B. Effective Interaction

Processes of first order in the interaction cor-
respond, for example, to the stripping reaction on
the closed-shell system leading to 2p-1h states
(see Fig. 5). This type of process measures the
ground-state correlations induced in the closed-
shell system by the pairing on particle-hole vibra-
tions and will be discussed elsewhere.?

In second order in the coupling strengths A, one
obtains corrections to the single-particle energies
as well as matrix elements of the Hamiltonian be-
tween our basic states. Because the energy dif-
ference between some of these states is small,
we may need to diagonalize exactly the Hamiltonian
within the basic set. Let us then define an effec-
tive Hamiltonian,

H¢= Z‘HIVAELVUIH’ s (24)

v

acting only within our basic set, i.e.,

(alHeff|b>=E%l(LZ<—%@, (25a)
(@lH e lv) =0, (25b)

and where H(H’) can be either £(0)) or #(2)\) de-
fined in Eqs. (17) and (19). We denote by Latin
letters the state belonging to our basic set, while
Greek letters correspond to states belonging to
the complementary space of states. We dig-

-——X ——-X

FIG. 5. Matrix elements associated with a one-body
process of the type *®Pb{(a) and (b)]2°Pb(J™), where
me(J ", is a two-particle~one~hole state in 29pp de-
scribed by the wave function given in Eq. (23). These
stripping reactions can proceed only because of the exis-
tence of ground-state correlations, and the correspond-
ing cross sections are a measure of them.
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cuss now the form of the energy denominators
AE(v,a, b). I we do perturbation theory with the
effective Hamiltonian [Eq. (24)], the lowest and
next-to-lowest order correction to the energy of

the state |a) are

W =(alH ¢ la) = Z <afEI8<';‘I2)|a> , (26)
W@ = Z lalt oqe10) 12

€,~ €,

.3 (alH lv)(v H b)Y IH " | el ™ a)
~, (e,~ €)AE(v, a, D)AE(u,a,b) °
" (27)

Comparison of w!! with the corresponding second-
order expression for the original Hamiltonian H
[Egs. (17) and (19)] indicates that the denominator
entering in the diagonal matrix element is
AE(v,a,a) =€,~€,. The denominator correspond-
ing to the nondiagonal matrix elements AE(v,a,b)
may be similarly obtained by comparing w, (@) with
the corresponding fourth-order expression for H.
This is given by an expression similar to Eq. (27),
where AE(v,a, b)=¢€,- €, is independent of the
state b. Therefore, the construction of the matrix
element [Eq. (25)] may proceed as follows®: We
assume that in the final wave function there is a
predominant amplitude corresponding to our basic
state |a). Then all matrix elements have as de-
nominator €,-€,,

(alH efs |M=ZS§&€&IQZ . (28)

(e,-€,)

The diagonalization of this matrix amounts to do
perturbation to all orders, with some restriction
over intermediate sums. That is, the procedure
outlined above has the advantage that, for each
term in the series expansion of the energy in
powers of H.¢f, we obtain an equivalent term in
the corresponding series expansion of H (aside
from the fact that summations over some inter-
mediate states are restricted within our basic sub-
set of states when using H .¢;). However, it has
the disadvantage that each final state is obtained
by diagonalizing a different matrix [since we
change value of denominators in Eq. (25) accord-
ing to which is the main unperturbed component
in the final state]. Therefore, final states are
in general not orthogonal to each other, sum
rules do not need to be obeyed, etc.

An alternative procedure to calculate the denomi-
nators is to assume that our basic set consists of
states which are much closer to each other than
to any state |v). This is consistent with perform-
ing an exact diagonalization within the set |a). To
the extent that [(e, - €,)/(€, - e,)]« 1, we can use

R. A. BROGLIA 3

either €,- €, or €,- €, in Eq. (27) and, therefore,
it is sensible as well to use the average AE(v, a, b)
=1l(e,- €,) +(e,- €,)]. This recipe for AE(v, a, b)
yields a single matrix for all states having the
same spin and parity, and therefore a set of or-
thogonal wave functions.

In calculating the energy denominators it is con-
venient to use, instead of W (ar), the energy dif-
ferences AW (a)) which are defined as

AW, (0N =€, -€, = w, (00,
AW,(2)) = 2¢,  — W, (2)), (29)
AW (-20) =2€, - W,(-2A).

Therefore, AW,(aA) measures the change in the
energy provided by the residual interaction in the
corresponding (@A) channel considered.

The graphs corresponding to the construction of
the effective Hamiltonian are displayed in Fig. 6.
Graphs (e) to (h) have been discussed in recent
papers. The explicit expression of these matrix
elements are given in Appendix II.

Before discussing the transition probabxhtxes
it is important to mention that the chosen basis
for describing ?°°Pb is overcomplete. That is,
there is a finite overlap (a) between states of type
[n2x; i; IM) and |nOx; ; IM) and (b) within states
InO; k; IM). However, all states of type [22x;i; M)
are orthogonal among themselves.

An example of the nonorthogonality mentioned in
case (a) is provided by the states |1) = [120;p,,,; 3m)
and |2) = [105; g, ,,; 3m). The main component of
state [1) is (l/w/L){[b,m1b,9/27]°b,m}"’IO}, while

A A
H N A

/w

FIG. 6. Second-order contributions [in A(aA) (a =0, 2)]
to the matrix elements within the basic states describing
the 2p-1h levels in ®Pb [see Eq. (23)l. The explicit ex-
pressions of the corresponding matrix elements are giv-
en in Appendix II.
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the main component of state |2) is
T 5 vz
{[bls/z b’uz] blg/z 1#10)

- ot
=-vE [b,g/2 be,s g

1/2
V210 4o
The formalism reacts to this situation by present-
ing graphs (a) and (b) (Fig. 6) between states of
type [1) and |2) and graphs (f) and (g) between
states [2), but there is no graph of this class (i.e.,
with 2p-1h as intermediate state) having states of
type ll) as initial and final state. Therefore, we
must consider those graphs to be related to the
lack of orthogonality of the basic set of states. In
fact, the corresponding matrix elements include
those 6-j coefficients necessary to find the overlap
when the nonorthogonal states are expanded in
terms of particle creation and annihilation opera-
tors, as indicated above.

C. Reaction Amplitudes

The perturbation method used in Sec. IV A to
calculate the excitation energy of (2p-1h) states
is used here to calculate the cross section for the
population of these states in one- and two-particle
transfer reactions. We analyze primarily the
207Pb(¢, p) and *°Pb(p, d) reactions which give com-
plementary information about the 2p-1h levels of
209Ph. In what follows we discuss these transitions
in different orders of perturbation in the coupling
constants A (ax).

In zero order, the only states of our basic set
that can be populated in the single pickup reaction
starting from 8,7(20)|0) (ground state of 2!°Pb) are
the states [120; i; im) [see Fig. 7(a)]. In the two-
body stripping, we should only populate those
states [n2x; p,/,; im) where 8,7(2Au)|0) are those
states of 2’°Pb that are strongly excited in the
298Pb(¢, p) reaction. The experimental data pro-
vide a good verification of the lowest-order de-
scription, as it appears from the analysis done
by Flynn et al.??

b,

21%p(g.s.)

zm!-’b(g.s.)

(a) (b) (c)

In second order in the coupling constants, we
have corrections to Fig. 7(a) because the holes
that move in **"Pb are renormalized by its coupling
to the collective phonons. That is, the states |)
spend part of the time in a state of 3p-2h [Figs.
7(b) and 7{e)] or 4p-3h [Figs. 7(c), 7(d), 7(f), and
7(g)], which effectively decreases the pickup cross
section. Also in second order in A (a)), the mix-
ing of our basic states through the corresponding
coupling Hamiltonians distributes the pickup
strength over other states, whose main component
is not excited in zero order. The wave functions
of these states can be approximated by

[V, im)gressed = |V, i) pare +a | 120; 43 im) , (30)

where |v, im) is a nonpickup state of angular mo-
mentum ¢. The transition rate associated with the
bare pickup operator b, leading to states of *°Pb,
having the same spin and parity as the single-hole
states in *’Pb, are proportional to [a|% These
processes are graphically illustrated in the first
and second column of Fig. 8. The initial state is
B8,%(200)[0). The state |120; i; im) is created at
some time ¢,, and at a later time ¢/, this state

is perturbed by the effective interaction and goes
into the final state.

To the same (second) order in the interaction
constants A (a)) there is another contribution to
the pickup process. The corresponding graphs
are displayed in the third column of Fig. 8. The
single-hole state is created after the initial state
is perturbed. In this way we see that the pickup
operator has now a nonvanishing matrix element
with all the final states (both |n2);4,; im) and
[nOx; k,; im) states) having the appropriate spin
and parity. To include these last transitions in
our formalism we must replace b, by an effective
operator (b;+B,), where B, has matrix elements
given® in Appendix IV.

In the pickup process from ?°Pb to 2p-1h states
having the same spin and parity as the single-

20pp (g.5.)

() (e) ) (q)

FIG. 7. Graph (a) displays the zeroth-order contribution in the coupling strength A,(a}) to the 2°Pb(p,d) reaction.
In the rest of the figure, there are some of the second-order corrections to this cross section. These corrections take
into account the fact that the hole states in *"Pb are renormalized by the coupling to the collective phonons of 2¥Ph

(see text and Appendix IV).
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particle states kaIO), there is no state within our
basic set that can be populated in zero order.
Therefore, the matrix elements of the correspond-
ing bare pickup operator b, are equal to zero, and
all transitions take place through the B, component
of the effective operator (b,+ B,), which has matrix
elements that are graphically displayed in Fig. 9
and given explicitly in Appendix IV.

In order to be consistent with the order in the
strength A, (o)) up to which the pickup calculations
to states ka|0> is performed, one should ignore
all components in the wave function but the main
state. Transitions through smaller admixtures
are proportional both to matrix elements of B,
and to the matrix elements of Heff, and are, there-
fore, of fourth order in the interaction k(ax) de-
fined in Egs. (17) and (19). Moreover, the main
component has to be taken with amplitude 1, since
any reduction from this value corresponds to nor-
malization effects that are of sixth order in the
coupling strengths.

The usual sum rules for transfer processes are
modified by the perturbation treatment of the
coupling between the odd neutron and the collec-
tive states of the core. For instance, using the

equality
bib:‘T"‘b;’Tb:':ly (31)
A
}\ 2
ak
! 210
X—m Pb(g.s.)
(a)
"2 >‘2
k
i
X—== 2'()F’I':(q.s.)

X ———

(e)
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as in the work of Thouless,?* we find that because
ground-state correlations allow us to introduce

a particle in a state below the Fermi surface, the
sum rule for the one-body pickup process (j=1i)
is now

() =(2i + 1)};, 1w 5,8, T(200) |0)[2

=(2z'+1)[1—§I(¢lbﬂﬁﬁ<200)|0>lz], (32)

where the states [¢) belong to 2!'Pb while [¢) be-
longs to 2®Pb.

In first order of perturbation theory, only the
states

1
I¢;>=W

and

B8,%(200) | n2x; i,; im)

|@,) = B8, 1(200) lnOx; &; im)

can be reached [see graphs (a) and (b) in Fig. 10],
through an effective operator B;' having matrix
elements

z"’Pb(g.ss.)
)

210

Pb{g.s.)

z'c'l’b(q;.t.)

(h)

FIG. 8. Lowest~order graphs [in A (aA)] describing the pickup process 2°Pb(p,d)?®Pb(J"), where J" are 2p-1h un-
perturbed states of 2®Pb [see Eq. (23)l. In Fig. 8, the captured particle moves in the occupied states of the closed-shell
system 2°8pb (i.e., in states denoted by ¢ according to the convention adopted in Sec. II A).
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(¢,1B,'8,1(200) [0)

1
:WA"(ZA)(ZA + 1)1/2(1 + 6)\06"1) 12

y M(iliz; A) ’

2€,,,,— €, — €,— AW,(2N)

(33)
(¢.1B,'8,"(200)|0)
—_1_ 1/2
"G A0 ){(2x +1)
» M(ik; A)

€ht€py = €im €y = AW (02)

(34)

If we put j=% in Eq. (31), the sum rule correspond-
ing to Eq. (32) is

3(k) = § Kolb,8,%(200)[0)?
=1- § K¢16.8,(200)]0) |2 (35)

and refers to the one-body stripping reaction from
21°Pb to states ¢ in 2''Pb. The states |y) entering
in Eq. (35) belong to 2Pb. Then, the SR for the
case of the ?'°Pb(p, d) reaction under study would
be the correction given by the second term in Eq.
(35). However, in lowest order, the states con-
tain two phonons [see graphs (c) and (d)] and do
not belong to our basic set. We have to go up to
the fourth-order correction to the SR given by Eq.
(35) (second term) to get any number related to
the pickup process leading to our basic states, We
then see that in this case the second-order SR
limit [Eq. (35)] is not directly relevant to our cal-
culation.

A similar discussion applies to the two-body
transfer operator. In zeroth order, the operator
TN Gy, Jo) = [b,-lTijT]ﬁ gives zero spectroscopic
amplitudes for the transitions between the ground
state of 2°7Pb(b,”2|0>) and states belonging to our
basic set. The lowest nonvanishing contribution

(b)

is obtained in first-order perturbation theory.
These processes are represented graphically in
Fig. 11 and the corresponding spectroscopic ampli-
tudes are given in Appendix V. We notice that in
Figs. 11(a) and 11(b), the hole state is inactive
during the entire process. These two figures (in
the absence of the hole line) represent the transi-
tions from ***Pb to ?'°Pb, and therefore may cor-
respond to very enhanced processes. In fact, the
corresponding matrix elements (A5.1) and (A5.2)
[divided by (1+6,,)!/2] are identical to those given
in Eq. (8).

There are two types of third-order transitions,
one that proceeds through the first-order effective
transfer opevator TSV(j,j') and excites the small
(second-order) components of the state in question,
and another that is proportional to the matrix ele-
ment of the third-order effective operator T$)N(j, )
and excites directly the main component. In Fig.
12 we illustrate one of these processes. As can
be seen, the cross sections associated with transi-
tions of type (a) are going to be systematically
larger than those corresponding to graph (b) as
the energy denominators entering in (a) are
smaller than those of (b).

As no higher order than the first was explicitly
considered in evaluating the two-body stripping
spectroscopic amplitude, all third- and higher-
order effects that are included through the di-
agonalization procedure are of the type (a), which
is consistent with our previous discussion.

V. DETERMINATION OF THE PARAMETERS
ENTERING IN THE CALCULATION

In order to proceed with the calculation we must
decide upon the shape of the radial function f,{)
entering in the matrix elements M(j,j,; A) defined
in Eq. (2¢). Because we are treating a surface
phenomena, we expect f,(r) to be peaked around
the nuclear surface. This is conveniently achieved
if we use a radial form factor f,(r) proportional
to the derivative of the Woods-Saxon potential with
respect to . An alternative method is to use f,(»)
=7*, which does not yield significant deviations

210
Pb(g.s)
{e)

FIG. 9. Lowest-order graphs [in A (@))] describing the pickup process 2°Ph(p,d)?*Pb(J"), where J™ are 2p-1h un-
perturbed states of **Pb[see Eq. (23)l. The captured particle moves in the empty states of the closed-shell system
28Pb (i.e., states denoted byk in the text; see Sec. II A). The explicit expression of the matrix elements is given in

Appendix IV,
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——X --X
f k
Iz\\“,/., \%/ |
210
Z'OPb(g.s.) Pb(g.s.)
A
K, X
k2
#%b(g.s.) 29pp(g.5.)

(c)

(d)

FIG. 10. Graphical representation of the matrix ele-
ments associated with perturbative corrections [in
A,(a})] to the sum rule for one-body stripping and pick-
up processes starting from me(g.s.).

from the former radial dependence, as long as we
consider single-particle states having similar
mean square radius. This situation is obtained by
considering only seven single-neutron and six sin-
gle-proton states above the Fermi surface, and
the same number below.

In principle we do not need to have the same ra-
dial dependence for both the =0 and the a=+2
matrix elements, but we have chosen them to be

(b)

(e) ()

teo

equal throughout this paper.

To determine the boson parameters [the ener-
gies W _(a)) and the coupling strength A, (aX)] we
use the first of the methods outlined in Sec. IT A,
i.e., we input into the RPA Eqgs. (6) and (15) the
experimental energy corresponding to the lowest
state carrying angular A and parity 7= (-1)*. Thus
we obtain values for G, and x,, which are dis-
played in Table I.

It is interesting to point out that the resulting
wave functions, when used to calculate the re-
duced transition probabilities B(Ex; 0~ 1) in 2°*Pb
or the spectroscopic amplitudes associated with
the 2°6Pb(¢, p)?'°Pb reaction, give results that are
in good agreement with experiment (see Tables II
and III). In the case of phonons with transfer quan-
tum number a =12, we obtain two values for each
G,, corresponding to whether we use the lowest
state of angular momentum X in 2'°Pb or in 2°°Pb.
It turns out that, systematically, the strength re-
sulting from the a=+2 boson is smaller than the
one arising from the o =-2 boson. This may be
partially due to the fact that the harmonic-oscilla-
tor central potential overestimates the radial dif-
ference between states moving above and below
the Fermi surface. We have thus attenuated the
radial dependence of the matrix element between
states 1,2 by multiplying (1/r*|2) by a coefficient
of the form

7. = 2(51|r?|50) ___ 13
2 (N1 IPRIND + (NLL|72IN,L,) N +N,+3°
(36)
iz )\2 —=X
k
- —X
} Pire
Pz
(c)
A
2
k2
k
- ==X
Pive

(h)

(g)

FIG. 11. Lowest-order graphs in [ A (aA)] describing the different contributions to the 20Tph(t,$)2%®Pb(J ") reaction
exciting the basic 2p~1h states {see Eq. (23)) of ?®Pb. Graphs (a) and (b) (apart from the Inert py/, hole state) describe
the 2%Pb(¢, p)1'Pb reaction. The corresponding expressions are listed in Appendix V.



3 EFFECT OF THE MULTIPOLE PAIRING.... I. 2361

where N is the principal oscillator quantum num-
ber. We notice empirically that using a similar
factor for all A, the two values of G, become very
close (see Table I). The average G,(4 —2) and
G,(A +2) is used finally in order to determine
A,(ax) and W,(a)) corresponding to the higher
roots of the RPA equations.

The parameters thus obtained depend critically
on the distances between the lowest unperturbed
poles and the experimental energies (see Table I
and Fig. 1). This number is very small for the
6* and 8* states in 2'°Pb and, moreover, is ob-
tained as a difference between much larger num-
bers. Therefore, we have taken W, and AW, from
theoretical calculation of Redlich.?® In the case
of the 8* phonon, the value of G, is determined
only from the a =+2 phonon, as no data on 8*
states are available in the case of ?®Pb.

A completely similar calculation is done for the
case of the @ =0 particle-hole phonons. Although
now only one value of x, appears for each A, we
have kept the correction given by Eq. (36) in the
radial matrix elements. The parameters for the
lowest roots are also given in Table I. It is inter-
esting to point out that there is no free parameter
in this description of the coupling of a particle to
a vibration, and that the mixing between the basic
states is determined by the experimental energies
of the @ =0 and +2 phonons.

The next step is to decide which bosons are to
be included in the calculation. As mentioned in
Sec. VI B, the perturbation method takes care of
the overcompleteness of the basic set of states (to
the order of the applied perturbation). However,
from the point of view of perturbation theory, the
diagonalization procedure implies that we are tak-
ing some effects up to higher order than others
and, therefore, the corrections arising from over-
completeness may not be done properly. Especial-
ly large matrix elements arise from graphs (a),
(b), (f), and (g) of Fig. 6 when, for instance, the

particle-hole phonon is close to a pure particle-
hole configuration [such as the lowest 5~ particle-
hole phonon at 3.2 MeV whose main component is
the (g4,5,0 /2~ !) configuration with unperturbed en-
ergy 3.41 MeV]. In principle, for these cases, we
should carry to a higher order the calculation of
the effective Hamiltonian. However, this program
is difficult to work out. We have preferred not to
include in the calculation those particle-hole pho-
nons which have a dominant single particle-hole
component. Therefore, we have kept the lowest
3~ state at 2.6 MeV as the only (a@=0) phonon. As
a=-2 and +2 phonons, we have included the low-
est phonon states of ®Pb and 2'°Pb with A=0"*, 2*,
4*, 6%, and 8*. In some occasions, namely to
study levels at about 4 MeV of excitation energy
in 2°°Pb, we have also included higher-energy par-
ticle-particle and hole-hole phonons. The param-
eters characterizing the extra phonons are given
in Table IV.

The single-particle energies were taken from
the experimental single-particle and single-hole
levels in 2Pb, 2°Bi, #°'Pb, and 2°"T1,%¢

V1. DISCUSSION OF THE RESULTS

In order to discuss the agreement between pre-
dicted and experimental numbers we should sort
out the cases that may be meaningfully used for
comparison. For instance, in the case of the I"
=3" states, neither experiments nor theory indi-
cate that levels other than the one having as main
component the |120;pl,2; 1/2M) states are populat-
ed in both the two-body stripping and the one-body
pickup reactions [see Table V(a) of the following
paper]. Therefore, this agreement between theo-
ry and experiment is not significant evidence in
favor of our calculation, since the zero-order ap-
proximation (see Fig. 7) yields the same result.
The same can be said about states having the same
spin and parity as the single-particle states in

Hett

(3) )Y
T
W

72 3
P2 2p,,p
{a)

A, kg
L &, 4
X
i
]
\kl\ .
+ 7
A
v
2p),,

(c)

FIG. 12. Example of a third-order contribution to the two-body transfer process [2'Pb(t, p)2*Pb],
exciting a 2p-1h state of the basic set [ Eq. (23)).
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TABLE II. Reduced electromagnetic transition probabilities associated with low-lying one-phonon collective particle~

hole states of 20¥ph(|1(0A))).

The wave functions used for describing these phonon states are given in Eq. (14) and the

values of the parameters chosen were those of Table I. The multipole operator is defined as M(EA) =) {el} -t &)l
+(epol)E)\}r:\ Yy 6y, ¢,) [see A. Bohr and B. R. Mottelson, Nuclear Structure (W. A. Benjamin, Inc., New York, 1969),
Vol. 1]. In the second and third columns, the reduced matrix element of the operator r’\Y)\" is given both for the pro-
ton and the neutron component of the wave function, respectively. In the fourth column, the value (e pol)E)\ is given
which is used to reproduce the experimental results listed in the fifth column. In the last column, the experimental
cross sections are given in terms of single-particle units defined as B(EA; 0— A)sp=[(2>\ + 1)/47{(3/(3 +M]eR3‘} 2,

of | ¥, ]| 101N (Miw)

B(EA; 0— 1)
AT Protons Neutron €podey B(EX; 0 2) [e2 (10~% ecm)N By,
ot 1.93 3.54 0.40 0.302 8.0
3~ 13.6 28.2 0.13 0.53b 31.5
5" 25.4 127.4 1.30 0.04°¢ 10.7

®F. G. Ziegler and G. A. Peterson, Phys. Rev. 165, 1337 (1968),
bA. R. Barnett and W. R. Phillips, Phys. Rev. 186, 1205 (1969),
A. Scott and M. Fricke, Phys. Letters 20, 1675 (1966).

#°Pb (for example, the J"=4%' d* etc. states).
The largest (p,d) spectroscopic factor we predict
for these states (we leave out of the present dis-
cussion the 4% states) is 1.2% to the J" = £* level
at 4.21 MeV. The zero-order prediction is S=0
and, therefore, the theoretical predictions are
again rather independent of the approximation.
There is no evidence that any of such states are
excited in the pickup process.

From the preceding discussion we conclude
that, in order to discuss the one-particle pickup,
we should look at the 37, 37, 27, and 4* states.
In all these cases most of the reaction strength is
concentrated at a definite energy [see Table V of
the present paper and also Table V(b), V(c), V(d),
and V(p) of Ref. 8]. This energy agrees reason-
ably well with the experimental number, but again
this is true in the zeroth-order approximation.
However, the spectroscopic factors for the (p, d)
reaction agree with the theoretical predictions

only after the diagonalization has been made.

In addition to the main cross sections listed in
Table V, we predict also an appreciable (p,d) in-
tensity to the lowest 3~, 3~, and %~ state [see Ta-
ble V(b)-V(d) of Ref. 8). The main component of
these states is |103;g,,,; IM) and, therefore, the
one-body pickup strength associated with these
levels is built from contributions of graphs (e)
and (h) of Fig. 8. The experimental spectroscop-
ic factors are also rather large, and are well re-
produced by the theoretical calculations in the 2~
and "~ cases. The corresponding state for the Z~
case has not been clearly identified, although
there is a state at 2.563 MeV which is populated
in an [ =3 transition and for which we cannot find
a partner among the predicted states with /"= 3.

We saw before that the agreement of the predict-
ed spectroscopic factors for the (p,d) reaction ex-
citing states whose main component is |120;i; im)
with experiment is good (see Table V). We can

TABLE IV. RPA parameters associated with excited o =+2 phonon states (see caption to Table I).

0f o 0} 23 2% 2} 43 43
208ph A, @A) [Mw/A)M2MeV]  0.85 0.62 0.16 0.45x10~' 0.61x10~! 0,12x10~2 0.20x10~% 0.51x 10~2
W, (2A) (MeV) 2.16 3.61 4.31 1,94 2.11 2.79 1.98 2,39
26pb A, (=22) [Mw/)M? MeV] 0.98 0.45 0.79 0.27x10~! 0,19x10~! 0.17x10~! 0.28x10~! 0.28x 1072
W, (=2)) (MeV) 07 2.21 3.31 1.43 1.72 2.08 1.95 2.85
43 63 63 6; 8; 83 8
Wpb A, (2A) [(Mw /)M MeV] 0.14x10~% 0.30x10™ 0.40x10™ 0.14x10~3 0.24x10™% 0.20x10~* 0.31x10™*
n
W, (2A) (MeV) 2.83 1.91 2.48 2.81 1.83 2.70 3.05
26Pb A, (~20) [(Mw/MMN2 MeVl  0.24x1077 0.11x107% 0.14x10~® 0.16x10=3 0.18x10~% 0.47x10~5 0.17x 10~
W, (=22) (MeV) 3.47 3.82 4.59 4,88 6.37 7.62 10.21
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then rely on the predicted spectroscopic factor for
states whose main component is [103;g,,,; IM) as
these states are excited in the pickup reaction
through the admixtures with the |120; i; im) states.
It may be thus possible to locate many of the lev-
els belonging to the septuplet (3 <I.<1&). It is in-
teresting to compare (a) our results with the pre-
dictions of Hammamoto’ who used a similar mod-
el in which she focuses the attention on the parti-
cle-hole 3~ phonon and only estimates roughly the
influence of the hole coupled to the ground state of
21%ph and (b) the splitting of the septuplet in 2°°Bi
and 2°Pb (Table VI). Both theoretical calculations
yield similar results for **®*Pb, and they are also
in good agreement with the experimental results.

In addition to the transitions populating the pre-
viously discussed levels, other states are also
populated in the one-body pickup processes [see
Tables V(b)-V(d) of the following paper?]. Among
these states there is, in both the 3~ and §~ cases,
at least one state that is strongly populated also in
the *"Pb(¢,p)*°Pb reaction and, therefore, has to
be mainly the [122; p,,,; IM) state. Both theory
and experiment agree in a pickup spectroscopic
factor of 0.20 for the population of the correspond-
ing 3~ state. In the 3~ case there are two states
seen in the (¢,p) reaction where the model pre-
dicts only one (the state at 2.98 MeV). The (p,d)
spectroscopic factor of this state (found experi-
mentally at 2.873 MeV) is an order of magnitude
larger than the predicted one [see Table V(c) of
Ref. 8]. In lowest (second) order, the population
of these states is made through graphs (c¢) and (f)
of Fig. 8. Because matrix elements with the same
numerator correspond to both figures, the ratio
of the matrix elements is simply given by the
ratio of denominators, namely

TABLE V. In the first two rows we list the zero-or-
der predictions of the particle-vibration-coupling model
concerning the energy and one-body pickup spectro-
scopic factor for the same 2p-1h states of *®¥Pb. In the
fifth and sixth rows are collected the corresponding
predictions of the model taking into account the coupling.
The experimental data (Ref. 8) are displayed in rows 3
and 4. In the last row we give the sum-rule limit as
defined in Eq. (32).

A S S S .
E® 2.17 3.07 2.77 4,52 3.81
5@ 2 4 6 8 14

B 2.15 3.08 2.74 4.25 3.66
Sexp 2.15 2.62 4.76 5.34 11.80
E 2.22 3.19 2.79 4.56 3.83
S 1,83 2.60 5.21 5.15 12.59
z 1.83 3.71 5.62 7.75 13.74

(122; 4,5 im|b 8, 7(200)[0) 5 arts (o)
(122;4,; imTb 8, 7(200)[0) grapm ()

- €+ W,(22) - W,(20)
€4, + €, +W,(22) !
(37)

€
_ i

where W,(22) - W,(20)=0.795 MeV is the excitation
energy of the lower 2* state in 2'°Pb (see Table I).
We see that both matrix elements will be coherent
in the case of i"=3" state (e, . =0.90 MeV
>W), while they will be 1ncoherent {or i"=5 (e,,”2

= €152 = 0.57 MeV <W). Therefore, it is difficult
to increase the ( p, d) spectroscopic factor of the
37 2,98-MeV state and at the same time to de-
crease the spectroscopic factor of the 2.79-MeV
state. This would mean to mix more strongly the
unperturbed [122; p, ,; 3m) and [120; f; ,; 3m) states
without affecting the agreement obtained for the &~
states. The increase of the mixing mentioned
above would also distribute the (¢,p) strength be-
tween the two 2~ states. Several attempts have
been made to check whether it is possible to im-
prove this situation:

(1) Increase the strength of the coupling constant.
If we multiply all coupling constants A by the same
factor, there is an unacceptable over-all decline
of the agreement with the energies and the pre-
viously discussed transition rates, before the
[122; p,5; 3m) and |120; fy,,; $m) unperturbed
states become mixed to the extent that is needed
in order to reproduce the experimental numbers.
As the previous agreement depends largely on the
coupling strengths A,(20) and A,(03), we checked
the effect of multiplying by 2 all other coupling
strengths but the previous two. No significant im-
provement was obtained in this way either.

(2) Change the single-particle energy of the fora
state. One needs an increase of about 200 keV in
the distance between this state and the p,,, single-
particle level to obtain the desired mixing. How-
ever, calculation of different renormalization ef-
fects which may lead to this shift of single-parti-
cle energies failed to yield such a displacement.

(3) Finally, our coupling Hamiltonian may be in-
sufficient to describe adequately the mixing of
states. We have tested the adequacy of the model
concerning the mixing of unperturbed |103;g,,,; im)
and |120; ¢;¢m) states. This mixing proceeds
through graphs (a), (b), (c), and (d) of Fig. 6,
among which the contribution of the first two is
much larger than that corresponding to the last
ones. Now, the mixing of the |122;p,,,; im) and
|120; {; im) states proceeds in our model only
through the relative small contribution (j) of Fig.
6 [which is of the same order of the (c) and (d) of
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TABLE VI. Theoretical predictions for the energies (measured from the 2.62-MeV octupole vibration of 2%¥Pb) and
spectroscopic factors of the septuplet of levels |103; o2 jm) in 28ph, The experimental results are also displayed.
In the first two rows the energies of the septuplet of states|103; hy03 %) in 209B;j is displayed for comparison, together

with the corresponding experimental data.

3 5 i 11 13 15
7 T T H T T 3
209§ E Theory 2 0 -10 9 -125 —43 —~88 218
Experiment } —-128 —4 -37 ~56 —20 —20 122
209ph E Theory? -250 —270 44 —~160 -2 ~132 80
Theory ¢ —260 —250 —-20 ~150 58 ~120 850
Experiment ¢ 300 -157 -57 ~13¢ 940
S Theory © 1.21 0.51 0.13 0.00 0.00 0.00 0.09
Experiment 9 0.50 0.60 (0.02) Weak
3See Ref. 7. dSee Ref. 8.

bR. A. Broglia, J. Lilley, R. Perazzo, and B, Phillips,
Phys. Rev. C 1, 1508 (1970).
¢ Present calculation,

the previous case]. The discrepancy found in the
2~ case thus is that the contribution (j) alone is not
sufficient.

We notice that the usual quadrupole particle-hole
force will indeed provide for a coupling between
these two states.?” In order to include this effect
in the Hamiltonian we should add to Eq. (19) terms

with two boson creation operators such as

Z[8,, T (@A), (22,) 4P, - (38)
n
We plan to study in the future the influence of such
terms, both in the spectrum of odd and even nu-
clei. We give in Fig. 13 a schematic representa-
tion of the coupling term {Eq. (38)].

At higher energy there are states with I" =47, 7
and 42" which are again populated in the (p,d) re-
action with a spectroscopic factor which is typical-

FIG. 13. Graphical representation of the coupling
term given In Eq. (39).

®This state is not seen in Ref. 8 and was assigned in
Ref. 7.

ly an order of magnitude larger than the ones pre-

dicted by the model. It is possible that also in

this case the coupling [Eq. (38)] may be adequate

to explain these transitions. .
Because the matrix element

(715,2|h(03)| 103;84,5; 44

is verylarge, one can excite 1¥~ states inthe 2°Pb-
(p,d) reaction through processes represented by
graphs (c) and (d) of Fig. 9, where k=j,,,,, k=g, 5,
and A, =37. We predict that the lowest 18~ state at
3.22 MeV, which is mainly {103;g,,,; %) [see Ta-
ble V(g) of the following paper], will have a spec-
troscopic factor of 6%. Experimentally the state
at 3.561 MeV is a possible candidate for this as-
signment.

We give in Table V of the next paper the modi-
fied sum rules for pickup as obtained from Eq.
(32). In all cases [(2:+1)-SR(i)]/(2i+1)s 0.1
[see Table V(a)-V(f) and V(n) of Ref. 8].

Finally in Table VII we display a comparison be-
tween the results obtained using the two possible
sets of energy in the construction of the effective
coupling Hamiltonian (Sec. IV B). No significant
differences appear between them. In all the tables
but Table VII, the second recipe, corresponding
to an average between the energy of the initial and
final states, is used.

VII. CONCLUSIONS

The most relevant conclusion of the present
(and following) paper is that, in closed-shell nu-
clei plus (minus) one particle, the description of
states at excitation energies from 2 to 4 MeV in
terms of the superposition of elementary excita-
tions appears to be both possible and useful.
These elementary excitations of the same and
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TABLE VII. Energy, single-particle pickup spectroscopic factor, and more relevant amplitudes a (my»; j; J M) as-

sociated with the lowest (2p-1h) J" =4 , 3, and §~ states of ¥Pb, The difference between results I and II is that in I
average energy denominators have been used to construct the effective Hamiltonian, whether in II the prescription sug-
gested by perturbation theory is adopted (see Sec. IV B).

I II
JT=F
E(MeV) 2.22 3.57 3.82 2.22 3.54 3.73
S ' 1.83 0.00 0.00 1.89 0.00 0.00
a(120; pyy; 3) 1.00 0.03 0.01 1.00 0.01 0.01
JT=2
E(MeV) 2.36 2.98 3.19 2.23 2.98 3.15
N 1.21 0.20 2.60 1.63 0.11 3.06
a(122; pyy; 8) -0.11 0.97 0.20 —0.006 0.98 0.17
a(222; Py %) -0.03 0.01 0.03 —0.01 0.00 —0.02
a(322; pyg; 3) -0.05 0.02 0.04 -0.02 -0.01 —0.02
a(103; gy %) 0.91 0.03 0.29 0.88 0.01 0.20
a(120; pyp; 3) 0.32 0.23 -0.91 - 0.41 0.18 -0.96
JT=5
E(MeV) 2.37 2.79 2.98 2.32 2.78 2.98
N 0.51 5.21 0.08 5.40 0.02
a(122; pyq; %) -0.04 ~0.14 0.99 -0.03 -0.12 0.98
a(222; pyyq: 3) —0.01 —0.01 —-0.01 —-0.01 —0.01 0.00
a(322; pyyg; B) —0.02 —0.01 —0.01 —0.01 —0.01 —0.01
a(103; gy B) -0.96 -0.19 -0.07 -0.94 -0.14 -0.06
a(120; fy9; 3) —0.20 -0.96 0.12 —-0.26 0.97 0.05
neighboring nuclei are used as building blocks in ple degrees of freedom.
the construction of the excitation spectrum. This
procedure allows for a large simplification in the ACKNOWLEDGMENTS
description of the states. Therefore, it is possi-
ble to understand this region of excitation (which Discussions with B. Bayman, A. Bohr, E. R.
otherwise appears to be too complicated in other Flynn, G. Igo, B. Mottleson, and N. Stein are
microscopic representations) in terms of very sim- gratefully acknowledged.
APPENDIX 1

We define the multipole pairing residual interaction as a separable force whose matrix elements have

the same phase as the matrix elements of a § force. This is a simple extension of the method used to de-
fine the usual (monopole) pairing force matrix elements (see, for instance, Ref. 10).

The matrix elements of a & force in the singlet case (S state of relative motion) is equal to

([‘p1(”313%;js)‘pz(”4l4%;j4)]z\| 8(F, - Fz){[‘pl(nllé;jl)(l’z(ﬂzlg%;jz)];);)

=Nyl Gy noladags AN (glyjgsnglyjs AIF (0, noly, ngly, n,l,)

where

(A1.1)
@, (nlz;im)= (= 1)~ P2y, (r ) ¥, (6,, @ )xV2(0,)]5, (A1.2)
NO2yydy, 1505005 A) = (= 1) Ma7 1072 (= 1) N7 1272 (= 1)} f2* M [&“LZ(Z]"LQ]UZ
X Gy da (2L + 1)@L, +1)]V2
X % l.‘, ll%[—mﬁ)——] (IIZZOOIXO), (A13)
Flrdy, ngly, ngdyynl,)= f gy 0Ny 1 * Ny Oy (PP (A1.4)
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The Condon-Shortley phase convention is used for the spherical harmonics and the function u,,(r) is posi-
tive for large values of ». Then, Fn [, n,l, ny, n,l,) is positive for the most usual single-particle poten-
tials used to calculate u,,(»). On the other hand the function (-=1)¥""2y_ (r) is positive for » —0. This is
the usual convention chosen in shell-model-type calculations.

It is known that an operator which does not contain spin coordinates has large matrix elements between
states that do not change the spin orientation with respect to the orbital angular momentum. In particular,
for the classical limit (j - «) the weak component of the matrix element (i.e., those involving spin flip)
vanish. In the present case, N(n!,j,, n,l,7,)=0 unless both single-particle states are of the type j=I+3 or
j=1-3.

The limit of (A1.3) for j, and j,—« is equal to

: ; 1/2
lim N(nxlxjnnzlzjz;)‘ll)z('1)'1*12”\*%[_2_(2] *1)2(2_4__1 *1)]

<<y iy . 12
X jy dal (Ny=17)/ (Ng—13) / IR ION 25, +1\Y
Xy 7 e et s a)es L, (52) L)

The magnitude C’*u’l‘fz is a positive C number. Use has been made of the relation

. . hes i - - [ 4m \V? - -
Iim G,22007,2)= (<)% M a=102 e,  o6n)= (<) <2H1> Cr sy ry T2 V(- 1172 A4 1]
e

(N<<y) (Al.6)
With the aid of Eq. (6.3.4) of Edmunds,?® we obtain

. . P
. — 1)1+ +A+3 (2] +1)(2] +1) ! A -]l ]2 :..-.1

e e [ e AL

(N<<Hy 4y

both for (j,=I,+3, j,=1,+3) and for (j,=I,~3%, j,=l,~3). We can then write Eq. (A1.5) as

1/2
Wiy i =[5 (B ) 0l i e ey e

The matrix element of the multipole pairing field is required to have the same phase as (A1.8). Thus
the pairing force will have matrix elements with the same phase as the ones defined in Eq. (A1.1).
The reduced matrix element of f,(r)Y,, is equal to

<(p (n 111% ;]1)"f)‘(r)y)\(0’ ¢)”(p(nzlzé;]z)>

; 12
= (=1)h1tizt 142 [(2)\ + 131(1;2]2 + 1)] (=1)¥212/2(=~ 1)¥170072(5 40| § 40 1(n 1, myl, )
(A1.9)
where
Iyl n,l,, A) =fu"1’:*(r)f>‘(r)“"2'2 (r)ridr. (A1.10)

The sign of /(n,l,,n,l,, 1) depends on A, but is independent of [, and I,. In the classical limit Eq. (A1.9) is
equal to
lim (@253 )@Y (6, 0@ ln,l,555,)
ip g
(xl<<§l, jz)
(2521 14 RTINS (3 +1g+ N/2 (Ny=1pr2 (Ny=1)/2
= ar Cxlll—lzl(”xlunzlzy A) [((=1)1[(-1) +1](=1) (-1) (-1) 2( ,)
. Al.11

where as in Eq. (A1.4) j,=1,+3 (=1,2,3,4). By comparing Eqs. (A1.8) and (A1.11) we see that the pair-
ing field must be defined as

la,, ta,.,. "1}
Py T=m®) ?} (-1) <¢(n,ll%;j,)|lfx(r)Yx(9,¢)”<ﬂ(nzl=%;jz)];fi—6::)f/2—“: (Al1.12)
Mty
nalaly

where a,‘,mT creates a particle in an orbital (/j) and transforms under time reversal as Ta”mTT_l
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= (—1)“""‘a”_mT (Condon-Shortley phase convention). The magnitude m (1) is a ¢ number that depends
only on A. We can recast Eq. (A1.12) in terms of the b, 7 operators (for simplicity we have not included
in the text I as an explicit label of the bT operators) defmed in Eq. (2d) of Sec, IIT A. The relation between
the a,;" and b,," operators is

by, T=ila,,’. (A1.13)
Making m(\)=—-2i*/(2x + 1)V2 we obtain
2 [ i Tb 3. T]ﬁ
PMT=_W 2 T MNem llZ’]l WA@Y (6,90t lzzyh»ﬁz_ (A1.14)
nylydy
nalaiy

which is given in Eq. (2a). We should point out that, although we have imposed phase requirements only
on the strong components of the matrix elements of the operator (Al.14), the weak components of these
matrix elements (i.e., the components implying spin flip) have the same phase as the corresponding com-
ponents of the matrix elements of the b force.

We turn now our attention to the multipole particle-hole operator defined in Eq. (10) of Sec. II. Adopting
the Condon-Shortley phase convention the n-pole operator is customarily written as

Q)\u: Z; (qp(nlll%;jlmllr)\Y)\y(e(xb)l(p(nzlzé;jzmz»alljlml*alzizmz

™
nalaiamy
1
=A(2)\+ 1)172 2 (ol 112:]1)”7’)‘Y>‘(9 ¢)llen 132,.72»[(1, V1 a, 2 ];‘ (A1.15)
mhiy
nalaip

where the definition (13a) of Sec. II B for the vector coupling square brackets has been used. We can re-
write Eq. (A1.15) in terms of the b,jT operators. To obtain real matrix elements we should use the opera-
tor 'Y, instead of »*Y,. We finally obtain

Qry™— I (Al1.16)

'111 'ziz

1 -
9% + 1)172 Z; { 2=h +)\<‘ﬂ(7l l12y]1)”7’)‘Y)\(9 ¢)“¢(n lzZ,]z )[b
(2A+ 1) myiydy

nalaiz

which is identical to Eq. (10).

APPENDIX I

We denote by |jm) the single-particle states b,,,'|0) (if j=k) or the single-hole states (—1)'""b,__|0) (if
j=i). Similarly, the ket |j,j,,,) corresponds to the [b,%,]}10), the [b, "5, 11}|0), or the [b, b, ]*|o>
states, according to the position of the single-particle levels j,,j,. In addition, [naxu)= B, (aAu)IO) With
this notation plus the one given in Eq. (23), the matrix elements corresponding to Figs. 2 and 3 are

QOX | h(OX) ki, A) = —A (OX)M (Ri; 2) [Fig. 1(a)], (A2.1)
(0[R(ON)[nOX; ki ; 00) = — (21 + 1)2A_(OA)M (ki; A) [Fig. 1(b)], (A2.2)
) .. 22 +1)2 .
(z,m!h(O)\)|nO)\;zz;zlm)=—<2i +1> AL(ONM(E,iy;2) [Fig. 1(c)], (A2.3)
1
1/

(o ym | (OX)|n0A; kys B ym) = (2221’;11) 2A"(0A)M(klk2;)t) [Fig. 1(d)], (A2.4)
2 p|n(+2X)[k ey Ay = =A XMk k,, A) [Fig. 2(a)], (A2.5)

. 2) +1\Y2 . .
(}zmlh(Z)\)|n2A;z;km>=—<2k+1) A (20)M(ik, X) [Fig. 2(b)], (A2.6)
(O[7(2X)|n2Xx; 713,05 00) = (2x + 1)V2A_(20)M (B k3 A) [Fig. 2(c)], (A2.7)

G =23 2| R yip, A) = A (~20)M (1ig; N) [Fig. 2(d)], (A2.8)
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GlR(+20)|n -2A;k;im)=—(22);: i )mA,,(-zx)M(ki;x) [Fig. 2(e)], (A2.9)
Olr(+21)|n ~2X; ko) ; 00) = = (21 + 1)V3A (=20)M(k ky;2)  [Fig. 2(0)]. (A2.10)

APPENDIX III

The matrix elements of the effective Hamiltonian are given here. The energy denominators A E are to be
constructed using either one of the prescriptions discussed in Sec, IV B.

1,0%,; by IM|H (ln 0N ; b 5 IM)
)‘/2(2)«2+ 1)1/2

=8, O, @) EUI @ D sy o My 5 A MR, 532,)/AE [Figs. 6 (¢),6(h)],  (A3.1)
i
(3205 65 IM|H el 22 5 ko5 IM)
=A, @AJA, (22)@2 + V22N + Y2208 ,,8, M j; MGy 55 2 ))/AE [Figs. 6(1), 6(1)], (A3.2)
5

n,0n; ky; IMIHeft‘I"lz)‘l; iy; IM)

@A+ 1V, + 1)V
2 27+1

=-A, (2A)A, (02 236,,8, M(k,js M )M (i j; 2)/AE [Figs. 6(e), 6(d)], (A3.3)
i

1,055 ks IMlHeff'nloxl; iy; IM)

J kg A

T h A“M(k,j;)tl)M(klj;A,)/AE [Figs. 6(e), 6(f)], (A3.4)
1 72

= —/\,,1(()%1)/\,,2(07*,)(211 + 1)1/2(212 + 1)1/:2313
J

n,00,; ks IM|H (ln 1225 8,5 IM)

Ay, GAA, @)@+ 12+ DV Ds T 52 M, MG )/AE  [Figs. 6(a), 6], (A3.5)
) 1 72
where
s,=1  (if j=k)

=-1 (f j=i).

APPENDIX IV

In this appendix we give the matrix elements corresponding to the second-order effective operator B,
for the pickup reactions. Equations (A4.1)-(A4.4) correspond to the graphs of Fig. 7 and Eqs. (A4.5)-
(A4.8) to the graphs of Figs. 8 and 9. The first cases represent the fact that a single-hole in 2"Pb may be
scattered into a two-hole, one-particle state, and therefore the amount of time during which the pickup
process can take place is effectively shortened.

(120;i,; i;m|B, 8, 7(200)]0)

_1 1 o M(kiyy )
T MM D Y e 26’1/:_ AW [Fig. 7®)], (A4.1)
An 1]
(120; i,; i,m|B, B,7(200)|0)
i Mty A [Figs. 7(c), 7(d)], (A4.2)

= ——2- (212 " 1) ? (ZA + l)Anz(zx)iZ[ze -€, - 5‘2 - AWn(ZA)]"'

£9/2

(120;4,;i,m|B, B,"(200)|0)

=1 _1 2 Miig; 2
3 (2i,+1)f\: @A+ 1A, (ox)z‘:[e 2

- €‘ -AW (OA)]’ [Fig- 7(1)] » (A43)

+ -
£9/2 eia E'uz
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1 1 2 M (ki A )
-3 (—275‘7)%:(2“ 1A, (OA)Z[G‘WH._ e,,;f'?,z-AW,,(ox)F [Figs. 70, 7)), (A4.4)
n L]
n2x;im|B B,"(200)(0)
_ 2x +1\V2 M(i,i; 1) M(ii; 0) .
_Al(ZO)A,.(ZA)< 577 1) 36,0 =, €1~ AW, 2, 2€, - AW,(20) [Fig. 8(f)], (A4.5)

n0x; ky;im|B 8, 1(200)|0)
M(k,i; 2)

M(ii; 0)

=-A,(20A (ox)(z“ 1)“[
t " 2i+1 €o92t Eay = €9y~ €= AW, (0N) 26, - 2€,~ AW,(20)

M(kgis 2)

M (koks; 0) [Figs. 8(g), 8(h)], (A4.6)

+€
8/2

1
+ 7z —
%(2k2+1) €, ~ €,

2y

n2x;i,; km|B, B8, 7(200)|0)

.~ ETAW,(0) 2(6, ~¢, )+A W(ZO)]

=A,20A,@0) (21:: i)m 2(:,,4 gﬁ;))ﬁfge;’;ﬁ;m [e,, EPEY w,(lzo) YNATHY)
T 2, + :iz Yy w,,(zx)] [Figs. 9(a), 9(b)], (A4.7)
(nOX; ko3 km |B 8, 1(200)|0)
= —A,(20)A,(OA) ( ;2 > :)"2;2(2‘4 _(.k:f:/:))iflA(k‘;?()z 5

1 1 ]
x +
I:e,b + €1~ Erp ™ €o/ +AW,(02,) €y, T € €e/p~ €500 +AW,(20)-AW,(0n)

1 M (ks 2) M(k,k,: 0)
(@k+1)72 ¢, +e,~€, ~€, —AW,(ON) 2¢, — 2¢, +AW,(20) [Figs. 9(c)-9(e)].
2 9/2 1/2 Ry £9/2
(A4.8)
APPENDIX V

Appendix V includes the matrix elements corresponding to the two-body transfer reaction (see Fig. 10).

0201 MI[TP e, k0, 1]0)

M(kR'; 1)

AL (2),)
ol ey + €y~ 26, + AW, (20,)

=5 [+}
Ao Vighy g

€9/2

®2xg; iy IMI[TG, 60, 14,10
M@Ei’; )
€& =AW, (2),)

= 001001501, (20) 5

io b
2r*F1/2
£9/2

<”2Az; lz; IM'[T(XD(]’.Dl/z)b’!/Z]L|0>
(22, + 1)V2(2x +1)V/2

M(i,j;,)

[Fig. 11@)], (A5.1)
[Fig. 11(b)}, (A5.2)
[Figs. 11(c), 11(d)], (A5.3)

="5”A"(2kz) 25+1

€,+€,~2¢, +AW (2),)
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(O3 kg3 IMI[T 0 (key39)b,, 11 0)
= A (0x,) (1) 2t (2, + 1)12(20 + 1)1’23’;2; igs,-t{z?fi:’izoxz) [Figs. 11(e), 11(f)], (A5.4)
OXg; ko3 IMI[ TS (G, 042005, 14l O)
=-A"(ox2)5,,(-1)v=+*+'mz*g;i‘f;”’m D "Asz‘ziiAZ)‘AWn(O)‘z) [Figs. 11@), 11()].  (A5.5)
2 9/2 9/2
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