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Spectroscopic factors for the one-body stripping and pickup reactions on 28ph gre analyzed
within the particle-vibration-coupling model that was developed in the first paper of this se-
ries. The calculation of the transfer amplitudes is performed up to third-order perturbation
theory. A comparison with recent experimental data is carried out.

I. INTRODUCTION

In the last few years it has become more appar-
ent that realizations of concepts such as closed-
shell or single-particle states are nowhere found
in the Periodic Table, in the sense of the extreme
single-particle description.!? This has been the
outcome of improvements in the experimental
techniques resulting from the new accelerators.
Both one-particle stripping and pickup reactions
have been most useful in learning about the dis-
tribution of single-particle strength as well as
about ground-state correlations or, as usually
called in these kinds of experiments, “core exci-
tations.” Good examples of the above statements
are provided by the systematic experimental in-
formation? obtained on the f,,, nuclei; in particu-
lar, on the Ca isotopes. The interpretation of the

#* Bata is usually simpler for double-closed-shell

targets (such as “°Ca or *Ca).

Definite theoretical problems have to be solved
before the experimental cross sections can be in-
terpreted as single-particle strengths. The three
most important problems are:

(1) The extraction of spectroscopic factors from
the measured cross sections. This is customarily
done in the distorted-wave Born approximation

» % (DWBA), using the separation-energy prescrip-

]

tion to calculate the radial form factor. Although

the DWBA seems to be a rather successful way of
extracting spectroscopic information from nuclear
reactions, the separation-energy prescription has
little justification and may introduce considerable
uncertainty in the spectroscopic factor associated
with weak transitions.

(2) The extraction, through the spectroscopic fac-

tors, of quantitative information on both the single-
particle states and their admixtures with more
complicated states (usually called nonpickup or
nonstripping components). For this one needs a
good description of the final excited states in the
odd nucleus, which depend on the description of
the low-lying collective states of the closed-shell
system. These states are not necessarily in the
system N,. If pairing modes are considered, they
would include states of the Ny+2 nuclei. It is easy
to see that this problem implies a requirement of
self-consistency. At the same time, the modifica-
tion of the single-particle states due to their cou-
pling to the collective states of N, nucleons im-
plies that effective transfer operators should be
used. These operators are related to the reaction
cross sections as the effective energy matrix ele-
ments are to the energy.
(3) If two-step processes are included,? the two
problems listed above are intimately related and
cannot be treated separately.
Some of these problems have been considered by
Hamamoto,* based on the perturbation treatment
of particle vibration suggested by Mottelson.®

In this paper we present, following Refs. 4'and
5, a systematic way of dealing with problem 2,
concerning both the final-state wave functions and
the use of effective transfer operators. Problem
1 will be discussed elsewhere® using the approach
presented in the work of Ibarra and Bayman.” The
basis of the model to be used was discussed in an
earlier paper.® Though the methods described be-
low apply to any closed-shell system, we concen-
trate our attention on the case of single-neutron
stripping and pickup on *¢Pb,

In Sec. II, the description of the N,+ 1 states
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given in Ref. 8 is briefly summarized. In Sec, III,
the matrix elements of the effective one-nucleon-
transfer operator are derived. Section IV con-
tains the results of the calculation and a compari-
son with available experimental data.

Other approaches have also been used in order
to couple particles and closed-shell vibrations.?

However, the comparison between the correspond-

ing results and our predictions is not easy to per-
form, because the main emphasis in most of these
studies has been on the modifications of the prop-
erties of single-particle states.

Il.  DISCUSSION OF THE MODEL

The low-lying states of the Ny+ 1 system corre-
spond to single-particle (hole) states |j). We use
the notation |&) (|i)) for states above (below) the
Fermi surface. Inthe N,+1 nucleus, the next
states are two-particle—one-hole (2p-1h) states.
To describe them we use a set of states

[n2x;i;JMy=[B,T(22)b,]3]0), (1a)
[n0X; k; JM) =[B,T(01)b, 7]3]0) . (1b)

In the N, - 1 system, we similarly represent the
(2h-1p) states by

lm =2x; ;M) =B, T (-21)b,7]510), (2a)
InOX; i;JM) =8, (00)b,]310). (2b)

The operator bJ.'r creates a particle in a state with
angular momentum j. The collective phonons con-
sidered are of the particle-hole type and of the
multipole-pairing type. The corresponding cre-
ation operators, 8,7(0A) and 8,"(x21), are defined
in Appendix A. The label « is the transfer quan-
tum number, while X represents the phonon angu-
lar momentum. These operators define, together
with the particle operators b, the ground state

B,(ar)[0)=b,0)=0. @)

The Hamiltonians that couple the odd particle to
the vibrating core are

B0V == 2T @ ) en@rs "+ @14 @1, Do
g @

and
R(2X)= =G ,27(2x + 1)

XE[(P)‘uT)collP)\u+P)\u*(PXu)mll}' (5)
U

Equation (4) represents the coupling Hamiltonian
between a particle and a surface vibration, and
Eq. (5) represents the coupling between a particle
and a pairing vibration. The collective operators
are equal to

3

1/2

@ )\u)coﬂ = _(2—)‘;*:)—
XA O0)[B,T(O0Ap) + (-1)*"HB T(OX -p)],
(6)

1
(Pp)con = mz[ 0B, @ap)

+(=DATEA(=20)8,(-2x — )] (M)

They describe the collective variable in the usual
macroscopic description. The quantity A, (a}) is
the coupling strength. On the other hand, QM,T
and PM,T represent the particle degrees of free-
dom and are equal to

2
(2r+1)72

X3 M (ki; )[BT (Ri; OA ) + (= 1)XFB(ki; OX — )],
R
(8)

t -
QXM - =

2 MRk, 2) :
Yo Fud) o '
P (2a+1)v2 [,Z; (1+512)1/2B (R kys 22 1)
=y

* Z 1+5 1/2( 1)*” Bl iy —22 - “)jl
Il-lz
9)
The operators BT(jljz; aip) create a single parti-
cle-hole pair («=0) or a single two-particle (o
=2) or two-hole (@ =-2) pair. The quantities
M(j,j,; A} are defined as

bij=by + A
M(]172;A)=l 2 ! <]1||f)\(r)YX“J2>

=(=1)72 MM (5,50 (10)
The actual calculations are carried with f,{)=7>,
[See Eq. (39) of Ref. 8.] The basic matrix ele-
ments [linear in A (a))] of the Hamiltonians [Egs.
(4) and (5)] are given in Appendix A. In what fol-
lows we make use of them to calculate the single-
particle stripping and pickup spectroscopic factors
to the 2p-1h (1p-2h) states of the nuclei 2°"?®Ppp
below 4 MeV of excitation. This is done up to third
order in the A’s. For a more detailed discussion
of the model discussed above, we refer to Ref, 8,
Explicit expressions are only given for the strip-
ping processes. The modifications for the pickup
reaction can be easily obtained.

III. CALCULATION OF THE EFFECTIVE
OPERATOR

A. First-Order Processes

The first-order processes leading to 2p-1h
states are represented in Fig. 1. If the stripping
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FIG. 1. First-order graphs representing the one-body
stripping reactions on closed-shell nuclei. Graphs (a)
correspond to the stripping to states having the same
spin and parity as the single-particle states above the
Fermi level. Graphs (b) represent transitions to states
having the same spin and parity as the single~parity
states below the Fermi surface.

reaction introduces a particle in the shell above,
the particle occupies an empty single-particle
state which subsequently decays into a 2p-1h state
through a first-order process [Fig. 1(a)]. The cor-
responding spectroscopic amplitudes are given by

0OX; kyy km b, 710

_ 23+ 1\V2
—-A"(m)<2k+1> €,t€

M(kzk; 2)
" ek2+AWn(0)\) ’

2172~ eg
(11)
n2x;i;kmlb, 1| 0)

23 +1\¥2 Mk )
2k +1 €,t€;, —2€, +AW (21)°
2 9/2

=A"(2A)<

The energy differences AW, (@A) measure the

[0)=II G,(a)|0),
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change in energy of two-particle, two-hole, or
particle-hole states induced by the residual inter-
action in the corresponding (@) channel consid-
ered [see Eq. (30) of Ref. 8]. -

If, however, the particle is stripped into an oc-
cupied state, it is necessary to perturb first the
vacuum state, since only then it is possible to fill
the corresponding hole [Fig. 1(b)]. In this case,
the amplitudes are given by

nOx; kyyim|b,, T10)

2)+1\V2 Mz )
=A"(0)\)( - > 2% ,
2:+1 €k2+€!9/2 €, € AW, (0))
(12)

n2x;i,;imlb,,"|0)

22+ 1\V2 M(i,i; )

=—A )y A\ b Il
a2 )<2i+1> 2¢, -¢€;, —€, —AW(2))’

2 1/2

The matrix elements [Eq. (12)] give a measure
of how ground-state correlations of the closed-
shell system are affected by the presence of the
odd particle. In other words, they measure the
rigidity of the closed-shell system. In particular,
the single-stripping process to 2p-1h states hav-
ing the same spin and parity as the 1h states are
not an absolute measure of the ground-state cor-
relations in the closed shell, since additional
types of correlations may exist and yet be unde-
tected in this specific reaction, provided that the
presence of the odd particle does not affect such
correlations.

It has been systematically shown'® that in the
lowest nonvanishing order, the Hamiltonians [Eqgs.
(4) and (5)] yield the same results as the random-
phase approximation (RPA). The one-body trans-
fer to 2p-1h states is no exception to this state-
ment. In the RPA we write the correlated vacuum
|0) as a product of operators acting on the closed-
shell state |0),,

na X
G,(2r) =an2)\exp3 Z n(kky; i1iz;"2)\)[BT(kik2; 2A)Br(i1i2; =20 s ’ (13)
kyZRy
ilziz

G,(0N)=a,,, exp %

(kyiy )= kyiy)

Z Ny, kol nON)[ BT (R, 1,5 O0)BT (Ryly; ox)]g% .

Here a,,, are normalization constants. The coefficients 1(j,j,,747,;n02) are determined by the conditions

B, (aA )G (aX)]0) =0,

which yield the linear equations

(14)
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| e

AE,, Nk kg 818p3n200d (R ey, 20) = (21 +1)V2d, iy, 21),
1=k (15)
2 (1+ bklkzbiliz)n(kliu kg O, (ke ydy; ON) = (21 + 1)V, (d5k,, ON).

LU

Using Eq. (13) and some algebra we may show

20 ke kg, i4ig;n22) (B (k &y, zx)b,.z];',,c;,,(zx)lo>cs

klez

1
t -+ /2
bin'Gal20)|00e,= 1 1)1/2§(1 +8,4,)

=(2i—+117”—2 Ei:z (1+6ili2)1/2{ Z; n(kxkzyixiz;"zx)dn(klkzv 2)‘)} [B"T(Zk)biZ];G"(ZX),())cs, (16)

k 1 Ekz

which together with Eq. (15) gives

1/2
bin G, (21)|0) = (22’:: :) 21+ 6‘l‘2)"2d,,(ii2, zx)[ﬁnf(zx)b,z]},,c,,(zx)l0>cs.

1t2

Similarly we obtain

1 250 A ; 1 i
bin G, ON10 6= (557) e, 0008, (008, 146, 00100,
n ok

and therefore,

b= II G, (a'x")]b,, G, (ar)|0)

nax (n'c’ X')*(na X))

B 22+ 1\V?2 g 2 .
= E YIS z d,(ij, ax)(1+8; Y2 |nanr,j,im). (17)
no X i

Using the expressions given in Eq. (5) of Ref. 8 for the coefficients d,(j,,, @X), we immediately obtain Eq.
(12).

1
h
k, 4

(d,p) x—-

(b)

FIG. 2. Third-order graphs representing the one-body stripping reactions on closed-shell nuclei. These graphs take

into account self-energy processes in the transferred particle. The distinction between graphs of type (a) and (b) Is the
same as in Fig. 1,
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B. Third-Order Processes

Since the 2p-1h states are mixed by the coupling Hamiltonians [Egs. (4) and (5)] through second-order
processes, we trivially obtain some third-order contributions by adding to the upper_end of the graphs in
Fig. 1 those graphs corresponding to the interaction between 2p-1h states (Fig. 6 of Ref. 8). The resultant
graphs are given in Figs. 2 and 3. Each of these graphs gives rise to a possible maximum of 3(4!)=12
graphs, corresponding to the permutation of the order in which the three interactions and the introduction
of the particle takes place [the factor 3 appears because graphs (b) are already obtainable from graphs (a)
by a permutation in the time ordering].

Some graphs which may be derived from those explicitly given are identically zero in the present case.
This is due to the fact that, in our case, single-particle states kaIO) have different spin and/or parities
than the single-hole states b,TIO). For instance, the graph that can be obtained from the first of the
graphs 2(b) by changing the order of the last two interactions, vanishes. Finally, it is easy to check that
each graph in Fig. 2 gives rise to another five contributions which, in principle, do not vanish. In the ana-
1ytic expression of the effective one-particle-transfer operator corresponding to each of these contribu-
tions, we have the same numerators with a phase depending on the number of hole lines. We only give
here the explicit contribution of those graphs represented in Fig. 2. Both the energy denominators and the
phase can be easily obtained in other cases according to the rules of perturbation theory. For graphs!!

[2@)],

by 1/2 Y
(7120)\2;k2;k1m|Bk1,,,T|0>=—A,,z(o)\)<2 2+1) [ Mkok,; 2;)
€, —€,

2k, +1 2 oz * €912 ta W"(OA)]Z
(22 + DA 2(0M)M (R ks 2) (2x+ 1A _2(20)MP(kyi5 0)
x E - +AInV Or)-Aaw (0)«)+ E €, —¢€, t€ —2 +AW, (0A,)-AW (21)]°
mA, i eh €Iz2 ny n aA i £9/2 k2 P42 i ny 2 n
(18)
23, +1\¥2 Mk ),)
ci. 10y = 2 12°2
<n22)‘2’ lz,klmlBklM IO> A(ZAZ)(zkf"l) [ek te; _261 +AW;. (2)\2)]2
1 2 9/2 2
A X[ E @x+ DA @M (ki3 A) Z (22 + 1)A 2(0M)M2(k k3 ) ]
ew €;,~ €, +AW"2(2)\2) -AW,(0)\) v €,— e,9/2+ €~ e,l/2+AW"2(2A2) —-AW,(0))
(19)
In the case of graphs 2(b), the matrix elements of the effective operator are
. t _ 2x.+1 172 .
005 ky5i,m|B; L TI0)==A(ON) (T2 )  Mk,yis2,)
1 2, +1
y Z (22 + 1)A 2(0O0ME(i k3 2)
ey k[€k+ €eos ™ iy~ oy, A W (0x)][e, - €, 74 WHZ(OA) - AW, (0X)]
2X+1)A 2 MH
+ ( A Z@2A)MP(i;0) (20)

E [2€

- -—c. — 2 -
mh k- fe/z €~ & AW, (2))] [659/2 €,

2+€pl/2—€i+AW"2(0)\2)—AW"(ZA)] ’
. oy = 2, + 1\
(n,2x,, zz;zlmlBil,’I [0Y=A, (21;) _.2—21'1+1 Mi,i;0,)

(2 + DA 2(@0)M3(i,4; )

v (2€,, ,— € —€;-A W, e;, ~ €, + AW, (21,) - AW, (22)]
. Z (22 + i)A,L"’(OA)Mz(ilk; ) .
ey k[ek+ €eors ™ €, Sorn ™ AW, (0N e, - €ypt iy~ €agpp =D W, (0x) +A Wn2(2)(2)]

(21)
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The existence of the graphs in Fig. 3, or the existence of graphs (a), (b), (f), and (g) in Fig. 6 of Ref.
8, is required to take care of the fact that our basic set of states is overcomplete. Since the subset of
states with @ =2 is not overcomplete, there is only one contribution in Fig. 3 if the final state has a pair-
ing phonon. Each of the graphs in Fig. 3 gives rise to 12 different ones (including itself). The matrix ele-

ments corresponding to Fig. 3 are

1,00, by kB, 0y=A, (or,) 22t L) 1
2902 K23 By B m "2 R\ 2k, 41 €y~ €p,~ € € +AW"2(O)\2)

2 '9/2+ P1/2
kR k, A
(2)\+1)A""’(0)\)3kl kf )\zzM(kzk;X)M(k'k;AZ)M(k’kl;X)

DY
mA kR [Ek, - €"'4! A an(Okz) -a Wn(OA)][ek+ €19/2 - 6'«2 - €1’1/2 -a W"(O,\)]

(2x+ 1)A,,2(2A)3 Lok, A fM(kzi; M@ A,)M (iR ;5 A)

. Ry i A,
"'M‘i,[e‘9/2—5k2+e,”2—e‘.,+AWn2(0A2)—AW"(ZA)][ZG‘Q/Z—ekz—e,.—AW"(ZA)]
(22)
2, +1\V2 1
. oy = - 2
@22A2’12’k‘m|B“1"‘ 10) A"z(z)‘z)(Zk +1> €, T€;, =2, +AW, (21,)
1 L £9/2 ny o2
2 i ky A . i .
5 @3+ DAAON], TE 1§ Mlehs M B XM ek )
X b
£ h‘i[€‘9/2+ei2—el.—epl/z—AW"(OA)][fk+ eiz-—eﬁuz—6,9/2+AW,.2(2)\2)—AW"(0)\)]( )
2

Or.ck.: i IB T|0>=—A (Ox,) M e
<n2 25 Ros 1M ilm ny 2 2kl+l

A
22+ 1)A 2(02) f :2, N fM(kzk; MM (E'Ry )M (R 3 X)
> A2
Ak R [E"' * €’9/2 - 6‘1 - e"uz -4 W,,(O)\)][ek + €!sa/z - 6”z - €’1/2 -a W"(O)‘)][e"' - E*z *a W"z(O)‘z) -a W"(OA)]

] A
@x+ 1)A"2(2x);i’ f,z N sM(kzi; MM XM’ 5 0)

+ 1t A
. ; , [2%/2 —€; -6 -A Wn(zx)][z%/2 —€,, € - A W,,(zx)][e,g/2 — €, * €, =€ AW, (00) - AW, (20)]
(24)

. ) _ 22+ 1 172
20,5853 llmlBilmT|0> -Anz(zxz)(ﬁa
mA ki
N :
@r+ 1)A,,2(0x)3l,’ :: N gM(kzi; NM (ki; A)M (ki 3 X)

X 1 2 .
le, + €egp = iy~ € A W,,(O)«)][as‘,g/2 te,m€—€, —A W,(0))](€, - €rors ™ €pyypt Eiy TOW, (20,) — AW, (0))]

(25)

In addition to the energy diagréms of Fig. 6 of Ref. 8, there exist disconnected self-energy diagrams for
the particle and for the phonons. These diagrams are not included in the diagonalization of the effective
Hamiltonian which is performed in Ref. 8, since empirical single-particle and phonon energies are used
there. The diagrams corresponding to the inclusion of self-energy processes in the final particle (hole)
are represented in Fig. 4. (Diagrams corresponding to the inclusion of self-energy terms in the particle
that is transferred to the nucleus are given in Fig. 2.) Again the difference in spin and/or parity between
single-particle and single-hole states reduces the number of total possible time permutations. There are
only four for diagrams 4(a) and eight for diagrams 4(b). The matrix elements corresponding to Fig. 4(a)
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3
are
(2x, +1)V2 M(B,k 3 0,)
(1,00y; ks e om|B, . T[0)==A_ (ON,) 2 13
225 Ro5 RyMI B, 2 2 2k, + 1)V2(2k, + 1) [E"x— €4, = 619/2+€P1/2+AW712(0)‘2)]
o1 > A_2(ON)(2) + 1)MP(kk,; Z L2220 (2x + 1)MP (5,3 1) %
zr..x,)e[€"s;/2_6’1/z+€”_6 —AW 0)‘) 2 26, 17 6, - AW, (20
(26)
i oy = (2a,+1)2 Miky; 2,)
<n22Az,z2,k1m|Bklm |0) A,,@22;) (2, +1)2(2,+1) [-2€g9/2+ek1+e,.2+AW"2(zxz)]
)1 AON) (22 + 1)MP(ii,5 1) Z 2(—2%)(2A+1)A42(ki2;)\) z
-= . ) M) |
zn.)\,i[€’9/2+€‘2 BV AW, (00)) 2 [e h +€'2 AW, (=21)]
(27)
The matrix elements corresponding to Fig. 4(b) are
(2a, +1)V2 M(k,i )
n,0N,; ko im B, 1[0y = A, (ON,) o2 2415z,
( 23 o By | iy |0y 2( 2 (20, + )V3(2k,+ 1) [egglz+€k2—el,1/2—e,.l-AWHZ(OAZ)]
Xg_l AZON(2) + M (RRy ;N 1 > A2(20) (21 + DM(ik,; A) é
2 &, [559,2— €t Cn=Cn,~ aw (00)]2 " 2 [2¢, PO AW (2]’
(28)
i i o) = — (2, + 1)Y2 M(i,i5;0,)
a2 b IBilm 10)- A"Z(z)\z) (22, + 1)¥%(26, + 1) [2€ - €~ €, - AW, (2,)]
2
1 Z AZ(ON)(2x + 1)M2(u 1 E AZ(=2))(2) + 1)M?(ki ; 2)
- [ —€ +€; —€;,— AW (O)\) 2 =~ k+€i2‘2€pl/2—AW"(—2/\)]2 .
2 M Ay

pl/z

(29)

Note in Fig. 4 that, when the intermidiate particle # (hole 7) is scattered by the other instead of being scat-
tered by the same phonon, the resultant diagrams coincide with those of Fig. 3.
Finally, Fig. 5 includes those diagrams in which self-energy effects are included in the phonons. Prob-
ably these diagrams are the most interesting ones of the third-order perturbation, since they include those
cases in which, for instance, two bosons of the same « and A are present in the ground state [Fig. 5(c)].
It is important to note that the intermediate two-phonon states in graphs 5(c) do not represent the admix-
ture of two-particle-two-hole states in the closes-shell nuclei, but rather the modification of the admix-
ture predicted by the RPA. Since the RPA overestimates the ground-state correlations, it is through these
r processes of including admixtures of dressed phonon in the ground state that the formalism has the oppor-

tunity for correcting itself.
Each graph in Figs. 5(a) and 5(b) gives rise to 12 additional graphs by time-order permutation. The

corresponding matrix elements are
2x, +1 Mk, k.:2,)
B 1 - 271y ol
(n 0053 Foy ey | kym 10)=-a4, (0)\2)( 1+1) (e, -€, /2+€k1—€k +AW, (0r,)]
9, 2 2

1/2

A0 )M3(Ri; A)
X Z N OWEINTE(OW fe,+€, by Coyyn” e‘.+AW"2(O)\2)] ’ (30)

n A i

1 22, +1 M(ik ;)
(1,205 15; lmlB" n 10 =4, (2A2)< l+1> (e, € - 2€, 2+AW"2(2X2)]
9/

AZ(A )M (RR', 0,) /[6(R, B7) +1]
Z [AW,.z(ZAz) ~ AW (20,) e, +€,0 - 2, AW,‘Z(Z)\Z)] ’ (D)

n, k=R’
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, 22, + 1\ V2
(n,0nz; by im|B; 10)=A, (0)\2)< s )
1 2 [5‘9/2

(ns2us i Fm By,10) = =, 20

3

M(k,iz;A,)

2i,+1 +ey =€y = € = AW, (01,)]
A0 ) M3(Ri; ),)
X ] 2 32 , (32)
Ei [aw, (0r,) - aw (0n) [le, +€, - €, "€t AW, (0n,)]
2x,+1 >1’ 2 M(ii ;)
2,+1) (2, -€; €, ~aW, (2,)]

A2 ) M2k’ 2) /11 + 6(k, k) (33)

X .
) gk, [aW, (2x,) - aW (0N [[e, +€, - 26, +aW,(21,)]

IV. RESULTS OF THE CALCULATION

We have used five particle-particle phonons
(a=2) with A =0, 2, 4, 6, and 8, respectively, and
a one-particle-hole phonon with A =3, The single-
particle and phonon energies and the interaction
constants A,(a)) [Eqs. (Alla) and (A11b)] are the
same as in Ref. 8. It is worthwhile to remember
that all these parameters have been experimental-
ly determined from states having either one par-
ticle (hole) or one pairing boson. That is to say,
there are no free parameters in the calculation.

We have used here the same mixture of pertur-
bation theory and exact diagonalization which is
discussed in Ref. 8. An effective Hamiltonian is
constructed between states [Eqs. (1a) and (1b)].
This Hamiltonian is of second order in the inter-
action constants A (a)). Therefore, some of the
third-order graphs which appeared in the previous
discussion must be eliminated in order not to take
into account the same processes twice. Quite
generally, we should omit those graphs in which
we have a pure state [Eqs. (1a) or (1b)] (in 2°°Pb)
at a certain time and another state of our basis

(b)

FIG. 3. Third-order graphs representing the one-body
stripping reactions on closed-shell nuclei. The exis-
tence of these graphs, at difference with those displayed
in Fig. 2, is required because of the overcompleteness
of the 2p-1h basis used. The distinction between graphs
of type (a) and (b) is the same as in Fig, 1.

r

set of states in the same nucleus at a later time.
Most of the graphs represented in Figs. 1-5 are
thus eliminated (but not those obtained from them
through different time ordering). Let us clarify
this procedure with an example: If we consider
the last graph 3(b), we have an intermediate state
anA; k; im) which eventually decays into the final
[n2x,; i,;i,m) state. Within our procedure, this
same process will be carried out as follows: Once
the effective Hamiltonian has been diagonalized,
there will be a state having |n2x,;7,;7,m) as the
main component and [#OX; k;7,m) as an admixture.
Therefore, the third-order process [Fig. 3(b)] is
equivalent to a first-order process [Fig. 1(b)] pop-
ulating the (second-order) admixture [nOx;i,m).
From the 11 remaining graphs which appear as
vertex permutations of the last graph of Fig. 3(b),
only one other has to be suppressed, namely the
one obtained from the figure by permuting the last
two interactions.

Both the 2"Pb(¢, p)2®Pb and the 21°Pb(p, d)**°Pb
experimental results' clearly indicate that the 4~
state at 2.15 MeV is correctly represented by the
|120;p,,,; $m) wave function. Therefore, this is
a very appropriate case to test our formalism.
Table I contains the first-order matrix elements
B, of the effective one-body-transfer operator.
We see that transitions to different states belong-
ing to our basis set are all of the same order of
magnitude, irrespective of the “collectivity” that
is carried by the state. According to the previous
discussion, the first line of the last column in
Table I corresponds to the (first-order) last graph
1(b), while the remaining lines of the same column
represent third-order contributions 2(b) and 3(b).

In Table II, we compare the contributions to the
stripping amplitude of different graphs. In the 3~
case, third-order contributions are down by a fac-
tor of 10 with respect to first-order contributions.
For the 3~ and 5~ states, however, the conver-
gence is not so good.

Table Il includes our predictions to the lowest-
states with the same spin and parity as the single-
hole states in ?°®Pb and excitation energy less than
4 MeV. The experimental spectroscopic factors
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FIG. 4. Third-order graphs representing the one-body stripping reactions on closed-shell nuclei. These graphs take
into account self-energy processes in the particle (hole) of the 2p-1h final state. The distinction between graphs of type

(a) and (b) is the same as in Fig. 1.

(a)

FIG. 5. Third-order graphs representing the one-body
stripping reactions on closed-shell nuclei. Graphs (a)
and (b) take into account self-energy processes in the
phonon of the 2p-1h final state. Graphs (c) correspond
to the admixture of two-phonon states in the vacuum
state. The distinction between graphs of type (a) and (b)
is the same as in Fig. 1.

TABLE 1. The contribution of the first-order graphs
1(b) to the effective one-body stripping transfer matrix
elements to components v =(naA; j; 3m) of the 3~ state
at 2,152 MeV in ®%Pb. The second column gives the am-
plitudes of the unperturbed state v in the lowest §~ state.
The third column contains the values of the matrix ele-
ments discussed in Sec. III and displayed in Fig. 1(b)
(first order).

n a A l; ay B ,‘, a,,B,’,
i 2 0  py, —0.99  -0.100 0.100
1 2 2 pyy 0.022  —0.069  —0.0015
1 2 2 fy 0.03¢  —0.081  —0.0029
1 2 4 hyy 0.005  —0.033  ~0.0002
1 2 4 fip 0.010  —-0.046  —0.0005
1 0 3 ds, 0.024 0.137 0.0028
1 0 3 g 0.005 0.142 0.0006
0.099

TABLE M. The contribution of graphs 1(b)—5(b) to the
total one-body stripping spectroscopic amplitude for the
transition populating the lowest states with J " = {, %—',
and $” in 2®Pb. We list the sum } ,aB{™ (n=1 and 3)
where a, is the amplitude of the unperturbed states »
=(naX;j;JIJm).

ZaPs(

- "’" - -

Graphs % % 15-
1(k) 0.099 0.168 0.069
2() ~0.015 ~0.061 ~0.007
3(b) 0.009 0.024 0.009
4() —-0.011 —0.009 -0.004
5() 0.010 0.090 0.033
0.092 0.252 0.100




2398 D. R. BES AND

were obtained with the usual separation-energy
method, which may be completely wrong in this
case. For instance, in the case of the J" =3 state
of 2Pb at 2.152 MeV, the single-particle level is
given a separation energy of =1.7 MeV instead of
7.3 MeV corresponding to the position in a realis-
tic well.

The predicted population of the states having an
a =2 phonon in the main component is in reason-
able agreement with the experimental numbers.

R. A. BROGLIA

leo

However, the predictions for the transitions to
a =0, x=3 states is overestimated by a factor of
10.

Only ¥~ states are predicted among the states of
29°Pb having the same spin and parity as the single-
particle states with an energy below 4 MeV. From
the discussion in Ref. 8, it became clear that the
predicted mixture between the [128;p,,,; ¥m) state
and the [103; g,,,; ¥m) and |103;4,,,,; $m) states is
not sufficient to account for the empirical (¢, p) or

TABLE IIl. Energies and single-stripping spectroscopic factors of those 2p-1h states of ®Pb [reached in the 2%8Pb-

(d,p) reaction] having the spin and parity of single-hole states.

For each J", the first and second lines give the excita-

tion energy (MeV) and the spectroscopic factor, respectively. The remauung lines contain the amplitudes a (1aA; j;dJ)

of some unperturbed states,

States up to 4 MeV have been included.

1-
J7= T Theory Experiment
E 2.22 3.57 3.83 2.15
S 0.009 0.008 0.016 0.0072 0.06" 0.005 ¢
a(120; pyyi ) 1.00 0.03 0.01
JT=4" Theory Experiment 2
E 2.40 2.98 3.21 3.55 3.79 2.32 3.08
N 0.063 0.000 0.000 0.000 0.002 0.007 0.002
a(122; py,; %) -0.115 0.971 -0.201 0.033 0.016
a(120; pyyn; 4) 0.339 0.237 0.900  -0,091 —0.040
a(103; goqi 4) 0.910 0.028 ~0.311 0.101 0.038
J7= -g- Theory Experiment 2
E 2.90 2.79 2.98 3.41 3.60 2.46 2.74 2.88
S 0.010 0.006 0.004 0.024 0.001 0.001 0.003 0.001
a(122; pyg; ) 0.045 —0.142 0.987 0.023 -0.039
a(120; fs/0; 0.221 0.957 0.120 0.107 —0.088
a(103; gy»; 4;.) 0.961 -0.208 -0.071 0.011 0.028
— 1~
JT -7 Theory
E 2.64 3.22 3.25 3.56 3.79
N 0.013 0.0003 0.002 0.0000 0.0001
a(124; pypi 1) —0.077 +0.995 0.049  —0.007 0.005
a(103; gyz; 1) 0.943 —0.064 0.102 0.017 0.009
JT= %' Theory
E 2.49 3.21 342 3.56 3.79
S 0.001 0.001 0.009 0.0000 0.0001
a(124; pyyp; $) 0.039 0.993 0.104 0.033 0.005
a(103; gg/0; .;.) 0.993 0.035 -0.018 -0.051 -0.027
J7 =12§+ . Theory
E 3.83
S 0.005

0(120 113/2. 73)

2N. Stein and D, Kovar, private communication. The measured cross sections have an error of 10%. However, the
spectroscoplc factor may carry a much larger uncertainty associated with its derivation through the DWBA.

bg, J. Igo, P. D. Barnes, E. R. Flynn, and D. D, Armstrong, Phys. Rev. 177, 1831 (1969).

€C. Ellegaard and P. Vedelsby, Phys. Letters 26B, 155 (1968).
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TABLE IV. Transitions to 2p-1h of 2Pb states having J" =4~ and excited in the reaction *®Pb,p).’

JT=% Theory Experiment 2
E 3.22 3.32 3.85 3.06 °  3.56 3.72
s 0.17 0.001 0.30 0.002 0.10 0.05 0.05
a(128; pypi ) " 0.065 0.987 0.141 —0.010
a(103; gypi ) 0.698 0.057 —0.712 0.027
a(103; i11p; 1) 0.711 -0.145 0.687 0.006

3N. Stein and D. Kovar, private communication. (See comments in Ref, a, Table III.)

(p, d) cross sections to the 3.56- and 3.72-MeV
states in 2°°Pb (the corresponding theoretical en-
ergies are 3.32 and 3.47 MeV, respectively). The
(d, p) data (Table IV) confirms this difficulty of
the model.

The pickup reaction 2®Pb(p, d)**'Pb leading to
1p-2h states in **"Pb may obviously be treated
within the same coupling scheme. The correspond-
ing results are summarized in Tables V and VI.
Some of the predicted cross sections have been
identified experimentally and our results are in
reasonable agreement with the empirical numbers.
It is apparent from Tables V and VI that a larger
number of states is expected to be populated by
the pickup reaction below 5 MeV. Although many
states have been seen,'® to our knowledge, spin,
parities, and spectroscopic factors are not yet
available.

V. CONCLUSIONS

In this paper we have attempted to explain the
one-body transfer transitions that are forbidden
within the framework of a pure independent-parti-
cle model, by the coupling between particles and
phonons. Our calculation yields spectroscopic fac-
tors. The comparison of these with the experimen-
tal numbers is handicapped by the approximations
involved in the usual DWBA (such as separation-
energy procedure and the neglect of inelastic pro-
cesses). Until a more careful treatment of these
effects is done, we can only expect an agreement
in the order of magnitude. This is indeed the case
for the results shown in Tables III-VI.

ACKNOWLEDGMENTS

We are grateful to N. Stein and D. Kovar for pro-
viding us with unpublished experimental results.

APPENDIX A

The multipole particle-hole and pairing Hamil-
tonians are

H(2X)=—G)‘ﬂ(2)\+1)szu1ipku’ (A1)
n

HO=2250,,01", (42)
u

where @, and PM,T are defined in Eqgs. (8) and
(9). The collective and noncollective operators are

B, = 3 dylk Ry 208k ky; 20 1)

Ry kz

= (=DM Y, d (i iy 208, 2x —p)

i1 iy
(A3a)
BaT(=2np) = 25 dyfisiy; —20)B7(4 5, 20 )
1= iz
= (=DMHE 35 d (R ky; —20)B(k Ry =21 —)
Ry= ko
(A3b)
BOA ) =3 d,ki; ON)B(ki; O i)
Rk, i
— (-1 "F3 d,(ik; ON)B(ki; OX —p) ,
k,i
(A4)
1
BTk ko 22 1) = m—;,—z(bleb,,;)ﬁ, (A5a)
- 1
BT(lxlz; 22X ) = W(bilbiz)ﬁ’ (A5b)
B¥(ki; On ) =(b, 75} (A6)

The coefficients d,(j,j,; @A) are determined by the
linearization equations

[H(ar), BT(an)]= W, (an)BT(ar), (A7)

and are equal to

P NI (NP
dylley by 20) = (7 072 Epp - W20’
(A82a)
o A2 Mg )
dn(ZIZZ’ ) = (1+6,,) vz Eiliz + Wn(Z)\) '
(A8b)
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TABLE V. Transitions corresponding to the reaction 2®Pb(p,d) to 1p~2h states of 2"Pb having the spin and parity of
the single-particle states and predicted excitation energy below 5 MeV.,

JT=3 Theory Experiment ?
E 2.76 3.23 3.54 3.77 4.35 4.76 2.74
s 0.11 0.01 0.13 0.09 0.0005 0.005 0.052
a(1-20; gop; 3) 0.975 0.126  —-0.074  -0.159  —0.004 0.010
a(103; fsp; 3 -0.147 0.974 0.029  -0,135 0.077 0.015
a(1-20; dgyq; 3) -0.002  —0.094 0.872  —0.479  —0.007 0.016
a(103; p32; 3) 0.163 0.128 0.477 0.829 0.063 -0.024
JT=4
E 3.27 3.57 3.61 4.37 4.45
s 0.27 0.0000  0.0000  0.015 0.0001
a(103; fsp; ¥ 0.921 0.04 -0.370  —0.090 0.033
a(1-22; gop; 1) 0.054 0.967 0.247 0.006 0.000
a(1-20; i1y y; ) 0.376  —0.249 0.892 0.036  —0.010
JT=4
E 4.7 4,31
S 0.09 0.12
a(1-20; jigp; 1) 0.939 —0.344
a(103; i13/2; 1;; 0.314 0.938
JT=3
E 2.67 3.26 3.56 3.75 437 8.47
s 0.07 0.04 0.03 0.02 0.007 0.004
a(103; pyy; 3 0.961 0.042 0.128 0.199  +0.098 0.043
a(103; fy; ) —-0.102 0.965 0.167 0.118  4+0.037 0.093
a(1-20; dg/y;°3) -0.223  —0.231 0.722 0.606  +0.061 0.044
a(103; pya; ¥ 0.088  —0.002 0.652  —0.728  —0.081 -0.039
JT= %* Theory Experiment 2
E 3.43 4.49 4.76 4.88 3.29
S 0.02 0.0000 0.04 0.02 0.10
a(103; fyp; 0.945 0.194 0.095 —0.187
a(1-24; gop; 3 —0.182 0.963 -0,184 0.036
JT=3
E 2.73 3.28 3.59 3.62 4.38 4.46
s 0.06 0.06 0.04 0.03 0.003 0.0003
a(103; pysy; 5 0.977 +0.132  —0,134 0.053  -0.106 0.033
a(103; f5p2; 1) —0.194 0.889 0,390 0.071  —0.059 0.064
a(1-22; gop2; 3) 0.037 0.305 0.776 0.550 0.012 -0.010
E 3.27 3.97 4.45 4.68
S 0.008 0.05 0.003 0.03
a(103; fsp; 3 0.934 0.295 -0.165 0.023
a(103; pyyy; 3) -0.327 0.890 —0.151 0.228
a(1-24; gy/; 3) 0,122 0.116 0.923 0.343

28, M. Smith, P, G. Roos, C. Moazed, and A. M, Bernstein, to be published. The error in the absolute cross sec-

tions is ~10%. Concerning the possible error of the spectrscopic factors see Table II.
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TABLE VI, Energies and spectroscopic factors corre-
sponding to the z08Pb(1> ,d) reaction exciting 1p-2h of
2Tpy states having the spin and parity of the single~hole
states and predicted excitation energy below 5 MeV.

J7= %" Theory Experiments ?
E 4.67 4,52
S 2.61 0.8
a(103; dg35; ) 0.997
.
=7
E 4.22
S 0.99
a(103; djyzp; ) 1.00
JT= ¥+ Theory
E 3.62 4,34 4,46
S 0.35 0.01 0.06
a(1-22; gosn; B 0.99  —0.010 0.020
a(1-22; dyyp; ) 0.011 0.999  —0.032
0.021 0.032 0.999

a(1-20; goso; 15'5)

3s. M, Smith, P, G, Roos, C. Moazed, and A, M,
Bernstein, to be published. The error in the absolute
cross sections is ~10%. Concerning the possible error
of the spectroscopic factors see Table III,
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L A2y M(ig,:\)
dn(lllz, -2)\) = =+ 5, )1F E'ﬂz 1“;"(—27\) ’
(A9a)
' AfL-20) Mk k)
dn(klst 27 ) (1 & 2) 1/2 E . +W (_2)\) ’
(A9Db)
d(ki; O) =A"(0A)£;—:4§%r), (A102)
! (ike; 00) = A (0n) <MELA) (A10b)

E,;+W, (0x)"

From the normalization condition

27 A §idq; ar) - Z}d,,"’(jsj4; ax)=1,

iy dgdy

we obtain the coupling strengths A that appear in
h(ar) {see Egs. (6)~(9)]. They are equal to

— E [M(k,, k,; 2) |2 E (M@0 02 -2
An(izx): 2 ilz = ky [Ek kz;W (:sz)] q:, [Eiliziwn(tzx)]zg ’ (Alla)
_ N 2 1 1 l ~1/2
A(00) = <§, (s 0| ; [Epi = WAONTZ "[E,, + W, (0N ) ’ (A11b)

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
tPresent address: Niels Bohr Institute, University of
Copenhagen, Copenhagen, Denmark.
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