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Pairing vibrations bascd on the excitation o f  pairs o f  particles and heles across major shells are predicted at an ex- 
citation energy o f about 70M  MeV and carrying a cross scction which is 20%-100% the ground State cross section.

The existence o f  a pairing condénsate characterizes 
the low energy excitation spectrum o f nuclei far away 
from closed shells. This feature is specifically denion- 
strated by the concentration o f  /, = O cross section as- 
sociated with two nucleón transfer reactions. In fact, 
the ground State is essentially the o n l y = 0"̂  State"*"! 
populated in such processes (c f. e.g. ref. [1 ] ) .

The modes generated by fluctuations o f  the pairing 
field [4, 5] play also an important role in the case in 
which particles and holes can be clearly distinguished. 
Thus e.g. in closed shell nuclei [4, 6 ], where the aver- 
age valué o f  the pairing gap is zero. It is the purpose 
o f present note to show that the role o f  the pairing vi­
brations in the nuclear spectrum is ubiquous, as the 
distinction between particles and holes can always be 
achieved in terms o f excitations across major shells"*" .̂

We discuss first the case o f normal systems. The 
corresponding low-lying pair addition and pair sub- 
traction modes have been extensively studied. They 
display a cross section roughly proportional to the 

pair degeneracy o f  the corresponding harmon-
ic oscillator valence shell. Note that it is also possible

to  c rea te  p a irin g  p h o n o n s  in  h ig h e r and  lo w e r shells . 
T h e re fo re , s ta te s  w ith  an  e n erg y  o f  th e  o rd e r  o f  2fiu) 
and w ith  a c ross se c tio n  sim ila r to  th e  g ro u n d  State 
cross se c tio n  are  e x p e c te d  to  be  e x c ite d  in  tw o -n u - 
c leo n  tra n s fe r  p ro cesses.

With the random phase approximation (R P A ) the 
energy o f the lowest giant pairing mode is given by 
the dispersión relation

( 1)
(2/7w)2 -  H/2

In the above estímate a pairing forcé with constant 
matrix elements G was utihzed. The valué o f this con­
stant to be used depends on the number o f  levels in 
which the interacting particles are allowed to move.
It has been empirically determined that, for the case 
o f three harmonic oscillator shells, G ^ { l l j A )  MeV. 
Thus,

E  ^  0.84 (2ñw ) ^  (6 8 M 1/3) MeV. (2)
The cross section associated with this mode is propor­
tional to
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Departures from this systematics can be traced back to 
shell effects (see e.g. refs. [1 - 3 ] ) .

Little is known on the distribution o f pair transfer strength 
but the for low energy part o f  the nuclear spectra. This dis­
tribution should be strongly affected by the existence o f 
major nuclear shells such that the inter-shell distance is ap- 
preciably larger than the distance between the levels with- 
in a shell. In such cases a concentration o f  pairing strength 
in a single State is expected for each major shell. In the 
present note we confine the discussion to the lowest o f  the 
higli lying pairing resonances.
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I'ig. 1. Effective two-nucleon transfer amplitude. The cross 
followed by the dotted line represents the two-nucleon trans­
fer external field. The strength with which the different 
modes couple with the fermion field is A (a , X). ( I )  Bare and 
lowest order renormalization contribution to the transfer am­
plitude associated with the excitation o f  a puré configuration 
/^(O). The single arrowed line indicates a partióle while the 
double arrowed Unes represents the giant patring mode. The 
contribution o f  graph (c ) is due to the presence o f  ground 
State correlations. A  typ ica l example o f  the process illus- 

trated by graph (a ) - (c )  is found in the excitation o f  the dif­
ferent tw o-particle configuration o f the ground State o f ^^®Pb 
in the reaction ^°*Pb(t, p )^ '°Pb (gs). ( I I )  Bare and lowest or­
der renormalization contribution to the excitation o f  a par- 
ticle-hole mode in closed shell nuclei (wavy line). The two-nu- 
cleon transfer field (cross followed by dotted line) creates 
either a partido k and destroys a hole i or creates the giant 
pair addition or giant pair removal mode. The initial State (a  
= -2 ,  \ = 0) is the ground State o f the nucleus with two nu- 
cleons removed from closed shell. A  typical example o f  the 
process illustrated by graphs (a ) - (e )  is found in 
2°®Pb(t, p)2'>®Pb (3 ' ;  2.62 MeV).

(giant I T(X = 0)10)2 = (A/G)2 ^  1.2 Í2, (3 )

where the two-body transfer operator is defined as

(4)

with

s(/ ,/ ;X  = o ) = | / ^ ^  = V ñ . (5)

The 5-coefficients are the two-body spectroscopic am­
plitudes associated with the two-particle configura­
tion /2(0). The quantity A  is determined by the equa- 
tion

A  =
áF{W)

dW

- 1/2 _ \ f 2 h Z
)  w

^ G í 2 l / 2 . (6)

The giant pairing mode couples to pairs o f partidas 
and holes with a strength A. Such coupling renormal- 
izes the two-nucleon transfer cross sections associated 
with the low-lying pairing modes. In fig. 1(1) are dis- 
played the lowest order contributions to the renormal­
ization o f  the 5-coefficients calculated in the frame- 
work o f  the nuclear field theory (N F T ) [7 ]. We thus 
obtain

B{ji- X = 0) = Biii- X = 0)bare X = 0)p„i (7 ) 

where the first term is the bare amplitude, while

= _  A  

fiO/;X = 0 )b , ,e "
= A ( „

G \ 2 e ¡ - W  le j  + W j

2A2 _
(8)

Here ê- is the energy o f  the single-particle orbital to 
which the two nucleons are transferred. In deriving 
(8 ) it was assumed that >  W. The cross section asso­
ciated with the low-lying pair addition and pair remov­
al modes, are thus renormalized by a factor (1 

®bare)^ ^  because o f the presence o f  the giant pair­
ing modes. Note that the effective two-nucleon spec­
troscopic amplitude plays a similar role in two-nucleon 
transfer reactions than the one played by the effective 
charge in electromagnetic processes. The above dis- 

cussion is illustrated by the results displayed in tabla 1. 
They were obtained diagonalizing the pairing forcé in 
a three lavel model consisting o f  two shells above the 
Fermi surfaca, and one shell balow it.

The fact that a significant part o f  tha transition to 
the lowest states takes placa via the giant pairing 
mode (renormalization effect) strongly reduces the 
difference between the cross section associated with 
pura two-particle configurations^^. A  typical example

For a discussion o f  the role o f  the “ hot orbitals”  in two-
nucleon transfer reactions cf. e.g. [8 ].
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Table 1
Excitation encrgy and two-partide transfer cross section o f 
the giant paiiing modes. In all cases a three level model was 
utilizcd, each levcl having a pair degeneracy equal to íl . The 
distance between the levels is;^ and the Fermi surface was set 
half way between the first and second level. The results la- 
beled (a ) correspond to the solutions obtained allowing only 
excitations from the lowest to the middle levcl (low-lying) and 
from the lowest to the highest level (giant). In Column (b ) we 
di.splay the results o f  allowing simultaneous excitations be- 
twecn the first and second and first and third level, i.e. the 
full solution o f  the problem. In all cases the RPA was utilized.

(E/Tilo ) ( a / n )

(a) (b) (a) (b )

Low-lying
Giant

O
2.2

1.6
1.2

2.2
0.8

o f this effect is provided by the estimate o f  the 
208pb(t^ p )210p5 = 0 ) cross sections, in which the 

partióles are allowed to move only in the valence shell. 
Excited states with energies around 3.5 MeV are pre- 
dicted, displaying cross sections which are 1—3 times 
largor than the cross sections associated with the 

ground State transitions'*'^. The expected intensities 
are reduced to ~ l/3  o f  the ground State intensity 
when the particles are allowed to correlate in a large 
number o f  shells, i.e., when the renormalization ef- 
fects o f  the high lying pairing modes are taken into 

account (fo r  inore detail cf. ref. [9 ],  in particular 
table 3). Experimentally noJ' "  = O''' has been observed 
except for the ground State.

The situation discussed above is very reminiscent 
o f  e.g. the response o f  the nucleus to an external qua- 
drupole electric field which changes in time. In fact, 
in the case o f  Coulomb excitation there are “ hot”  or- 
bitals (protons) as well as “ coid”  orbitals (neutrons). 
The polarization charge induced by the giant quadru- 
pole resonances tends to equalize the effective charges 
associated with both kind o f  particles. This is why the 
main Coulomb excitation strength is found, in the low 
energy spectra and usually in a single quadrupole State 
in even-even nuclei.

The distinction between particles and holes is also 
achieved in superfluid nuclei for the case o f  two-par-

+4
This result can be understood in terms o f  the large cross 
section associated with the d|/2( 0), Si/2( 0) and d3/2( 0) 
configurations (cf. table 2d, ref. [8 ]) .

ticle, two-hole (2 p -2 h ) excitations across a major 
shell, i.e. excitations o f  energy 2ñoj.

The main properties o f  the giant pairing modos in 
nuclei far away from closod shells can be obtained util- 
izing again tho three level model discussed above. In 
this case however, the lowest level is completely filled 
whilo the middle lovol is half filled. The corresponding 
BCS gap equation reads

I _  GQ, (7S2 

where

E  = ( ñ o j ) ^ + A ^ ,

is the quasiparticle energy. Eq. (9 ) leads to 

7.8

^1/3
MeV.

(9 )

( 10)

(11)

Tho excitation energy o f  the giant pairing vibration is 
fixed by the dispersión relation

1  = ^ (1 ^ )= — ( 2 ^ ! ^ —  
£'(4£2 _

We thus obtain 

‘ GÍ2
W = 

and

2A

1/2
1.8

72

ao:(AIG)^ ^0.6 Í2.

( 12)

MeV, (13)

(14)

The giant pairing mode thus implies the cohoront ex­
citation o f a number o f 2p--2h configurations 
o f energy 2ílcj. Note that (13 ) and (14 ) coincide, with- 
in 20%, with the corresponding schematic model val­
úes obtained from nuclei around closod sholl (c f. col- 
umns b o f table 1). Thus, the properties o f  the giant 
pairing mode are expected to be rather independent 
o f the particular valence sholl o f the nucleus under 
consideration.

Tho provious estímate o f  the excitation energy cor- 
rosponds to the rather extremo situation in which all 
levels belonging to a major sholl are dogenerate. If  
this is not the case, tho onorgy o f tho pairing reso- 
nance should decreaso as tho lowest shell is being ful- 
filled. The energy variation o f the modo with mass 
number is expected to be about twice the chango in 
the energy o f  tho Fermi surface in the same mass span, 
e.g. about 3 MeV botwoon l^'^Sn to This quan-
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tity provides with a rough estimate o f  the uncertainty 
associated with the estimate (13). On the other hand,
(14) should be rather independent o f the change in 
the Fermi energy. The expected behaviour o f  the 
giant pairing modes is quite different from the behav- 
ior o f  the properties characterizing the ground State, 
i.e., the lowest pair addition or pair removal modes.
In particular the ground State cross section"*"^ changes 
from a «  (A/G)^ ^  0.5 (superfluid systems) to a 
ce 2.2 (normal systems). Note also that in superfluid 
nuclei, the population o f the giant pairing mode is es- 
timated to be considerably weaker than the popula­
tion o f  the ground State

The above discussed properties o f  the giant pairing 
modes correspond quite closely to the known proper­
ties o f  the giant quadrupole resonances (c f. ref. [5 ]).
In fact the fí(E2)-value associated with these reso­
nances change very smoothly with mass number and 
for deformed nuclei is much smaller than the B(E2)-  
value associated with the ground State  rotational band 
2'*' State. While the number o f  two-fold degenerate 
levels participating in the giant quadrupole resonance 
is those participating in the 2| is í l .

There is, however, an important difference be- 
tween the surface modes and the pairing modes. The 
gap in the 2p—2h excitation spectrum is decreased by 
the presence o f  surface modes and it eventually disap- 
pears for surface deformed nuclei. In such case, the 
concentration o f  two-particle transfer strength in a 
single State cannot be expected. On the other hand, 
there is always a gap in the particle-hole excitation

The renormalization o f  this cross section induced by the 
2Tiu¡ pairing modes is reflected in the strength o f  the effec- 
tive pairing coupling constant needed to reproduce a given 
valué o f  the pairing distortion. In fact, the valué o f  G to 
be uscd in the three level model is about 30% smaller than 
the corresponding valué needed in the one-Ievel model, if 
the magnitude A is to be kept fixed.
For^l ~  100 the predicted cross section associated with 
the giant pairing mode is ~10% o f the ground State cross 
SBCtion. The result o f  a detailed calculation may be rather 
different from this model result, although not in its order 
o f  magnitude. Thus, an analysis o f  the low-lying pairing 
modes excited in the * '*S n (t, p ) ‘ *®Sn reaction predicts 
states at about 9 MeV o f  excitation energy {2ñw  type o f 
states) carrying a summed relative cross section ~20% o f 
the ground State cross section (c f. table 10 o f  ref. [1 0 ]). 
Note, however, that this number oan become as large as 
~30% for tritón energies such that the mismatch between 
entrance and exit channel is minimized (cf. fig. 9, ref. [1 0 ]).

spectrum o f  a given spin and parity. This is because 
major nuclear shells alternate in parity. Thus, giant 
surface vibrational modes are also to be found in 
shape deformed nuclei and they are expected to be, 
in general, more stable than the giant pairing modes 
as a function o f mass number.

The giant pairing mode will appear, for nuclei far 
away from closed shell, in a región where the density 
o f levels is large and will thus display a finite width. 
Around closed shells, part o f  the strength o f  the giant 
resonance is concentrated in the lowest 2m  (particles) 
~2n  (holes) modes, examples o f  which are the 4.8 
MeV and 5.3 MeV states in 208pj, 206 respec-

tively, and the O'*' states around 5.5 MeV observed in 
the Ca-isotopes (cf. e.g. ref. [1 ]).

The generalization o f  the concept o f  giant pairing 
modes to multipolarities other than X = O can be car- 

ried along the same lines discussed above utilizing a 
multipole pairing interaction [3, 11]. The correspond­
ing dispersión relation can also be cast in the form (1 ). 
Defining the effective X-pole pair degeneracy as

2 (15 )

the valúes o f  G(X) to be used are equal for the differ­
ent multipolarities and coincide with G = G ( \  = 0) 
[12 ]. Note that Í2(X = 0) = 2y V/ + |.

The generalized two-particle transfer operator is

r n  T :
2X+lji,fyJ\ V i  + 5 (/ , / ' )  ■

The associated cross section is again proportional to 
(A(X)/G(X))^ (c f. eq. (3 )),  where A (X ) is defined in 
(6 ). For quadrupole modes

í 2(2)=^^7V2 ^  ¿^ 2 / 3  ^ 0 .6 2  (X = 0). (17) 

Thus

W{2)¡W{0)= 1.1, 

and

a(2)/a(0) = (A (2 )/A (0 ))2  ^  0.8.

(18 )

(19)

We now discuss the renormalization effects associated 
with the population, in two-particle transfer processes, 
o f a / \ N  = O particle-hole mode in closed shell nuclei. 
In fig. 1 ( I I )  are displayed the bare and lowest order 
polarization diagrams in the language o f the NFT. La- 
beling the different phonons by (a , X), a being the
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transfer quantum number (i.e. a = O for particle-hole 
modes and ±2 for pairing modes) we obtain (cf. (7 ))

5 (k i;X  = 2)p„i _  A2(2X)

B(ki; X = 2)b,,e G[W^ ( - 2 , 0 )  + W(2, X) -  W(0, X)]
(20)

_____________ A ^ (-2 ,X )______________ 2A2(2, X)
'^ G [ IV (0 ,X )+ M - 2 ,X ) - ÍV i ( - 2 ,0 )~  GW{2,X) ’

where the assumption has been made that A (2 , X)
^  A (- 2 ,  X), W(2, X) ^  W ( - 2 ,  X) and W(2, X)
>  I W{0, X) -  H 'i (-2 ,  0)1, and where the subindex 1 
labels the lowest pairing mode.

For X = 2 we obtain that (20 ) is «=0.21. The two- 
nucleon transfer cross section associated with the 
(a , X) = (O, 2), AA^ = O mode, is thus increased by 
about 1.5 because o f the presence o f  the quadrupole 
pairing resonance.

Note that this estimate refers to the contribution 
o f  the high lying pairing mode to the two-particle 
spectroscopic amphtude o f the surface vibration. The 
approximations leading to (20 ) cannot be used in esti- 
mating the corresponding contribution o f  the low-ly- 
ing muhipole pairing modes. In fact, these low-lying 
modes do not give rise to a renormahzation effect, 

but their interplay with the partióle hole mode has to 
be worked out expHcitly in the different cases.

We conclude that the source o f  renormalization ef- 
fects for two-particle transfer processes is to be found 

in the giant pairing resonances in a similar way as the 
giant particle-hole modes are the source o f  effective 
charges, effective magnetic moments, etc. The lowest

pairing modes are expected at an energy o f  about 
MeV and carrying a cross section which is 

equal to ~ 0 .2 - l  .0 times the cross section o f  the low­
est pair addition or pair removal mode.

Discussions with Aage Bohr and Ben Mottelson are 
gratefully acknowledged.
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