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A fully microscopic study of nuclear collective 
phenomena is presented within the framework of er extended 
RPA which includes lp-lh and 2p-2h excitations in a 
consistent way. This theory allows us to obtain a very 
realistic description of various excitation spectra. As a 
result, a strong evidence of correlation effects beyond 
mean-field theory emerges. 

The effective interaction used is a G-matrix derived 
from the тезоп-exchange potential. The extended theory 
introduces also additional correlations which screen the 
long-range part of the effective interaction. This effect 
significantly enhances the stability of the ground state 
against density fluctuations. In this connexion a possible 
importance of relativistic effects is also discussed. 

W pracy przedstawiona jest w pełni mikroskopowa analiza 
jądrowych zjawisk kolektywnych w ramach przybliżenia 
przypadkowej fazy drugiego rządu. Teoria ta, uwzględniająca 
w konsystentny sposób wszystkie elementarne wzbudzenia 
j edno czas tkowo-j ednodz i urowe i dwuczą.s tkowo—dwudz i urówe. 
pozwala uzyskać realistyczny opis rożnych stanów 
wzbudzonych. Wyniki wskazują na duże znaczenie korelacji, 
które nie są uwzględniane przez Średnie pole. 

Oddziaływaniem efektywnym jest macierz G wyprowadzona z 
potencjału wymiany mezonowej. Korelacje 
dwucząstkowo-dwudziurowe generują bardzo pożądane 
cieniowanie długozasiągowej czątci oddziaływania 
efektywnego. Efekt ten znacznie poprawia stabilnote stanu 
podstawowego ze wzglądu na wibracją gąato*ci. W związku z 
tym problemem dyskutowane jest także znaczeni* efektów 
re1atywi etycznych. 



В данной работе полностью представлен макроскопичес¬ 
кий анализ коллективных ядерных явлений в рамках приближения 
хаотической фазы второго ряда. Эта теория, учитывающая все 
элементарные одночастично-однодырочные и двучастично-двудк-
рочнке возбуздения, позволяет получить соответствующее опи¬ 
сание разных возбужденных состояний. Полученные результаты 
указывают на большое значение корреляций, которые не учтены 
средним полем. 

Эффективным взаимодействием является матрица G » вы¬ 
веденная аз потенциала меэонного обмена. Двучастично-дыроч¬ 
ные корреляции генерируют затенение длиннодействуюдего ком¬ 
понента эффективного взаимодействия. Этот эффект значитель¬ 
но исправляет стабильность основного состояния по отношению 
к вибрации плотности. £ связи с этой проблемой в данной ра¬ 
боте подверглось дискуссии также значение релятивистских 
эффектов. 



1. INTRODUCTION 

The atomic nucleus is a very complicated many-body 
system which displays a wealth of various excitations. Its 
level fluctuations can be described in terms of a 
random-matrix model [lj which is now interpreted as a 
manife'station of chaotic motion (2) . However, in spite of 
its stochastic nature. the nucleus shows many regular 
features in the excitation spectrum. The related regular 
behaviour reflects the dynamical properties of the system 
and can be calculated reliably. In this context various 
kinds of collective excitations (Э| лге of particular 
interest. This type of excitation modes in many-body 
systems exists in many branches of physics. In atomic 
nuclei it has been known since 194? when the giant electric 
dipole resonance (GDR) was first observed (4!. This 
excitation is interpreted 15) in terms of liquid-drop model 
as the coherent oscillations of the neutron and proton 
spheres against each other (L - 1, T - 1). 

The liquid-drop model phenomenology stimulated the 
discussion (б1 concerning a possibility of other vibrational 
modes with different multipolarities and isospin depending 
on whether the protons and neutrons vibrate in phase 
(isoscalar) or in opposite phase (isovector). At present 
there exists good experimental evidence that these 
excitations are a general feature of all nuclei 13]. 
Besides the GDR. the isoscalar giant quadrupole (GDR) and 
the isoscalar giant monopole (GMR) resonances are now 
experimentally well established throughout the periodic 
table. Other interesting nuclear collective modes nre the 
spin-isospin excitations discovered in charge-exchange 
experiments. Among those the giant Gamov-Teller (GTR) 
resonance is especially interesting. Although this 
collective mode was predicted in 1963 [71. it was detected 
experimentally only in 1975 16], through the intermediate 
energy (p.n) reaction. 

The characteristic feature of all giant resonances 
(GR) is a smooth mass number dependence of their centroid 



energy, width and form. Consequently, they carry the most 
valuable information about the bulk properties of nuclei and 
about the respective components of nucleon-nucleon 
interaction inside the nucleus. Furthermore, the width of 
GRs gives us information on the energy dissipation in 
nuclear Fermi-liquids. 

A major difficulty connected with a theoretical 
description of those excitations is that one has to deal 
with a many-body problem whose exact solution remains 
unknown. Therefore, one has to develop various 
approximation schemes in order to reduce the complexity of 
the related many-body problem, retaining, however. its 
relevant properties. There exist several methods commonly 
recognized as suitable for the description of various 
aspects of GRs. These include: (i) theories of 
large-amplitude collective motion such as the timp-dependent 
Hartree-Fock (TDHF) [9,10] and other related approaches (11) 
giving a wave-packet description (classical-1ike picture) of 
nuclear vibrations, (ii) the generator coordinate method 
(GCM) [12,13], which is a stationary state large-amplitude 
collective theory, and (iii) the random phase approximation 
(RPA) (14) that describes the nuclear excited states as a 
superposition of 1 particle - 1 hole (lp-lh) excitations. 
Among these, the most frequently used and probably best 
understood in the sense of physical interpretation is the 
RPA. There are. however, serious limitations of this 
method. It is well suited for the description of the GR 
centroid energy and the total transition probability, but it 
cannot account for the width and fine structure of that type 
of nuclear excitation*. 

Microscopically, the width Г of GR can be regarded as a 
sum of two independent contributions: Г - Г * + Г*. The Г* 
denotes here an escape width due to direct nucleon emission 
to the continuum (the mean field part). This effect can in 
principle be incorporated in the ordinary RPA, including all 
the particle unbound states in the continuum (continuum 
RPA). The second contribution is the spreading width Г*. 
which has its origin in the nixing of the state with more 



complicated nuclear excitations of the 2p-2h type. In 

general, especially in heavier nuclei, the total width is 

mainly determined by the spreading width, because the 

charged-particle emission is disfavored by the increased 

Coulomb barrier. Also, the A"1" scaling of the energy gap 

between occupied and unoccupied single-particle states 

favors • energetically the coupling to more complicated 

configurations when going to heavier'nuclei. 

Apart from the problems connected with the spreading 

width of the GR. the existence of feasible methods 

determining the fine structure of the resonar~e is crucial 

for a proper, model-independent multipole decomposition of 

various experimental spectra. Also, in the last few years 

there is a considerable interest in the role quarks play in 

nuclei. However, to perform a reliable assignement of 

experimental data to nucleonic and/or subnucleonic sectors 

respectively, om needs first of all a good nuclear 

structure model which accounts for all important 

conventional many-body effects in nuclei. Of particular 

interest in this connection are the giant Gamov-Teller 

resonance and the quasielastic longitudinal electron cross 

section on nuclei. 

A consistent extension of lp-lh RPA by inclusion of 

2p-2h excitations seems to be the most attractive candidate 

for such a theory of small amplitude collective notion, both 

from a theoretical and practical point of view. The 

resulting theory which is the second RPA (SRPA) is presented 

in Section 2. Furthermore, this section is an attempt to 

treat the problem in the most general context. It also 

gives a brief review of the other basic approaches mentioned 

above and discusses unifying relations among them 115}. The 

2p-lh RPA is for instance derivable as a small amplitude 

limit of TDHF. The GRs are conmonly considered to be well 

described as harmonic vibrations of small amplitude. 

Extensive studies (16,17] of nuclear giant vibrations within 

TDHF and GCM which do not put any limits on the amplitude 

show that this belief is correct for heavier nuclei. The 

enharmonic effects are extremely strong for *H« but already 



negligible for *°Ca. As discussed in sec. 2 the difference 
between SRPA and its Urge amplitudę extension should be 
even smaller. In other words, the 3RPA includes the terms 
which ere «mnemonic in the RPA degrees of freedom. 

A truncation of the full Hilbert space, which is the 
essence of all approaches, and;,the strong repulsive core in 
the nucleon-nucleor. interaction necessarily imply the use of 
effective interactions. These interactions are 
qualitatively different from she free ones. Most nuclear 
structure calculations to date have been performed with the 
phenomenological effective interactions. However, a deeper 
understanding of the properties of nuclei requires however a 
microscopic derivation of the effective interactions from 
•heir free counterparts. The main ingredient of the full 
effective interaction in the RFA type calculations is th* 
Brueckner G-rr.atrix -19' which is related tc the free 
r.ucleon-nucleon potential via the Bethe-Goldstone equation 
[19]. Another important, contribution to the effective 
interaction may come from the induced interaction [20.21] 
or. equivalently. from the core-polarization which generates 
the interaction mediated by the virtual p-h excitations. 
The mechanism of this component of the effective interaction 
is not describable within the Brueckner approach. However, 
the equivalent treatment of lp-lh and 2p-2h excitations in 
the second RPA formalism allows us to study such effects 
explicitly. 

For numerical convenience the SRPA equations are 
translated into the Green's function language. The energy 
dependence of the strength function is then determined by 
the imaginary part of the Green's function. This relation 
is used in section 3 tc calculate the excitation spectrum of 
natural parity states and of various spin-isospin modes for 
several nuclei. This section also shows the longitudinal 
electron scattering cross section on *2C. On the other hand 
the medium correction to the nucleon-nucleon interaction is 
related to real part of the Green's function. The role and 
importance cf this correction for different components of 
the interaction is discussed in section 4. Fir.Łily. this' 



section demonstrated a significance of the relativistic 

effects in nuclei. 

The present work is based entirely on th<. author's 

results obtained, for the most part, within two independent 

collaborations: Krakow-JUlicn-Urbana and Krakow-Strasbocrg. 

The section 2 includes mostly the results of ref. [15]. An 

extended theoretical background and numerical illustrations 

for this discussion can be found inrefs. (11. 16, 17. 25. 

27. 28. 29. 30]. In turn, the sections 3 and 4 are based 

very closely on refs. [40. 41. 51. 58. 62. 63. 79. 83. 91. 

97;. Some of the results are not yet published. Those of 

sub-sections 3.5 and 4.2 are planned to be published as 

refs. [60] and [85]. respectively. 



2. THEORY OF NUCLEAR EXCITED STATES 

A very convenient and the most general starting point 
for various approximation schemes to ^he full many-body 
Schrbdinger dynamics is provided by the time-dependent 
variational principle (TDVP) 

t 
j dt <1f(X;t) | ih»t- H | v ( X : t ) > - 0 . (2.1) 

where x stands for a many-dimensional vector in the 
configuration space. If v(x;t) varies in the fall Hiłbert 
space the variational equations derived from (2.1) 

1 1 
& V (x;t) 

(2.2) 

H i W(X;t)> 

describe a Hamiltonian system with an infinite number of 
degrees of freedom. Performing the functional derivative 
S 

one can see the equivalence of (2.2) with the time 
dependent Schrbdinger equation 

(2.3) 

10 



Such an infinitely dimensional Hamiltonian problem is 

exactly solvable only for few very simple and schematic 

HamiItonians. In most realistic cases, esp^-ially in 

nuclear physics, one has to reduce its dimensionality. The 

success of such a reduction depends on how well one retains 

the most relevant degrees of freedom of the system under 

cons iderat ion. 

2.1. Time dependent variational approach 

One can achieve a reduction of the dimension of the 

Hamiltonian system (2.2) parametrizing the evolution of 

y(x;t) by a set of parameters <e ): 

W x ; t ) * ytxsio^tt) >) i - 1 m (2.4) 

in such a way that the wave function y(x;t) is completely 

specified by the parameters « (t) for each x and t. As such 

a set {a (t)> we can odopt for instance the parameters of 

nuclear deformation v»r the amplitudes of elementary 

conf i grurat i ons entering a collective excitation. 

Equations of motion for (a. (t)} can be derived from TDVP and 

take the form of Eu1er-Laffrange equations: 

of j[c (*eot) - 0 i - 1 m. (2.5) 

where 

11 



of По. >, {a >) • <y((a})| ih^ - H|w( (a > ) > 

''a i*' "* ~ <»'!K!*'> (2.6) 

In general the functional * becomes the Lagrangian only 
after a suitable transformat:on of the parameters a. The 
new parameters can then be grouped into m pairs fp ,q ) of 
canonjcaily conjugate variables and the eq. (2.5) takes the 
form 

) (2.7a) 
p 

p —**38?(p.q) (2.7b) 
ч ч 

where 3t(p,q) - <yp.q)|H|vip,q) > end ? (q) denotes a vector 
|p p ) (|q q ]). In this way we recover the 

1 m i m 
Hamiltonian properties of the Schrbdinger equation expressed 
in the form (2.3). There is, however, still one basic 
difference. In general, the equations of motion which 
result from TDVP (2.1) for variations 6v [6* ) restricted to 
a sub-manifold of the Hi 1bert space are non-linear. 
Consequently, these equations do not separate into a 
time-dependent energy phase factor and an equation for 
stationary part y(x) which constitutes a commonly accepted 
basis of quantization. Instead, in (2.7) we deal with an 
initial value problem for the wave-packet i ike solutions. 

It appears [15J that we can achieve a closer link 
between (2.7) and the Schrbdinger equation by formal 
extension of the parametrization (2.4) in the following way: 

(X;p,q). (2.8) 

12 



i.e. by considering the time-dependert space-independent 
phase of the wave function as an additional parameter. ft 
has to be a complex number with its real ftm and imaginary ft 
parts treated as independent parameters. For real ft the 
corresponding equation of motion would reduce to the 
atationarity condition. 

The Lagrangian of corresponding to w (t) has the form: 

X (p,q,ft) - e 2fillt q - n ft- ih ftw - X (p.q)] (2.9) 

and the respective Euler-Lagrange equations are 

9 X d 9 X - —r^. - о (2.10a) 
9 ą dt 9 q 

О X d 9 i. 
—— —A - 0 (2.10b) 
9 p dt 9 p 
9 <£ d 9 X 

7̂ - - 0 (2.10c) 
9ft dt 9 ft 

9 X d 9 X 
~ - 0 <2.10d> 

9 ft dt * ft 

The first two equations lead to eqs (2.7) and the next two 

yield the conditions for ft 

ftx - 0 (2.Hal 

and for ft 

fin - P q - JST(l.q) (2.lib) 

13 



Equatic. ,2.11a) ensures a conservation of the norm while 
(2.11b) leads to the following final form of ус: 

t 

p (t) - y(p,q)eh i (2.12) 
с о 

Since jC(p,q) is a constant of motion, as a mean energy, we 
can separate it and rewrite (2.12) in the form: 

- r j f U-lo> 
vo(p\q)e (2.13) 

where 

t . о 
^ Г "* "* *• Г ** "* 
с- J Р Я * 5Г I Р^Я 

It is easy to check from the form of the Lanarangian that у 
о 

is invariant under a gauge transformation 

H -» H'- H+ f(t). (2.15) 

where f(t) is & space-independent function. This gauge 
transformation affects, however, the energy phase of у 

14 



This means that t> has the same gauge transformation 
properties as an exact Schroodinger stationary state 

(x.t) - Ф (x) e ° . (2.17) 

V (x:t) is a product of a gauge invariant solution of the 
stationary Schrodinger equation and an energy phase factor 
which depends on a gauge. 

The time evolution of the parameters p and q is 
governed by the Hamilton eqs (2.7). In general roost of the 
Hamiltonian systems exhibit a chaotic behaviour which is 
associated with the non-integrability. Here, however, 
without loss of generality, we can restrict ourselves to the 
consideration of integrable Hamiltonian systems only because 
the exact Schrbdinger evolution of any wave-packet in the 
full Hilbert space is regular as a result of linearity of 
the Schrodinger equation and hermit i city of the Hamilton 
operator. This means that if we parametrize the wave 
function in (2.4) correctly, we should also preserve the 
integrability of (2.7) and, consequently, observe only 
conditionally periodic trajectories in the whole "phase 
space" of parameters p and q. In other words, the whole 2m 
- dimensional parametric space p, q is filled up with m -
dimensional invariant tori which confine the respective 
trajectories. Moreover, even a relatively small inaccuracy 
in postulating the parametrization (2.4), i.e.. in selecting 
the roost important degrees of freedom of the exact evolution 
should not change the situation too much. The reason is 
that according to the Kolmogorov-Xrnold-Moser (RAM) and 

Nekhoroshev theorems [22.23J, a conservative perturbation of 
the non-degenerate integrable Hamiltonian system does not 
destroy most non-resonant invariant tori but leads to their 
deformation. Thus, there is no need to consider the 
Hamiltonian systems which are non—integrable and. 
consequently, exhibit chaotic behaviour. The presence of 

15 



chaoticity in the time evolution of the parameters p arid q 
simply means that our approximation fails and that we have 
to make a revision of the parametr!zation. 

The important property of the nearly integrable 
Hamiltonian systems is provided by the Poincar* theorem 
i2A] which assures that in the limit of an infinitely Ions 
time-evolution. the torus will be covered densely and 
uniformly. Thus, one can define [25) the relation R(p,q) 
between the points p and q and the gauge invariant factor 

<Р\Ч/Т •» vo . (2.18) 

where { ) denotes a dense set on the invariant torus. 
Since * is supposed to be a dynamical counterpart of о 

the stationary Schrttdinger equation eigensolution. it is 
natural to require that for physical quantum states the 
relation R(p\q) should be regular and single-valued (RSVM on 
the invariant torus. This means, according to (2.14), that 
for any closed curve с on the invariant torus 

о 

•o pdq - Drrn̂ h (2.19) 

Each co can be countinuously deformed into a linear 
•combination 

(2-20> 

of m tope-logically independent basic closed curves (C.} on 
this m-dimensional torus. The integer expansion 
coefficients M. denote the numbers of closed circuits along 
each C. The relation (2.19) then translates into 

16 



#c pdq - 2n nffb (2.21) 
i 

which must hołd for any choice of integers {K 
Equivalently. one can express this requirement as follows-. 

- (2П)"1 § c ?dq - ah (i - 1 m) (2.22) 

Thus, the RSV condition for R(p,q*) is equivalent to m 
independent conditions selecting the initial values of the 
parameters p.q\ In this way one arrives at the quantization 
prescription. The discrete values of the actions I may 
then be used to enumerate the quantized states. For 
practical purposes [16.17] it is often useful to choose С 
such that 

p.dq. - ^nT'JJVlp^: (2.23) 

2гт I. becomes the Poincare surface of section in the 
direction i. 

Up to the Naslov index the above quantization 
prescription looks similar to the Einstein-Brillouin-Keller 
(EBK) quasi-classical quantization condition [26]. However. 
this similarity between both conditions is merely formal, 
because the quantization path in RSV quantization (RSVQ) 
method is constructed in the space of wave functions and not 
in the classical configuration space. 

IT 



In the full Hilbert space the quantization prescription 
based on RSV principle yields the same result as the 
standard methods (27]. The same is also true for linearized 
problems as discussed later in the text. The RSVQ gives. 
however, a prescription to extract quantum mechanical 
:nf crrr.at :or. from the non-linear approximations to the full 
Schrodingcr dynamics. It has for instance been applied to 
the r. :me-deFendent Hartree-Fock description of nuclear 
vibrat icr.s :n sp.rericai as we!1. as in deformed nuclei 
[ 16 . 1 ~ j . 1>.e id<?4 of regularity and sir.gle-valuedness can 
a; =••: b<? aćaprei Г 2S i to the description [29] of decaying 
states and {•>*• the itnaginary-tlme evolution to the 
ćescr: f. i ~r. -f tunnel lrg !30]. 

Stationary description 

For unrestricted variations in (2.1) the resulting 
Schrodmger equation is linear. If in this case the 
Kami! toman is t ime-deFendent. then the Schrtidinger equation 
has special solutions for which the harmonic time-dependence 
separates from the stationary part. An alternative way of 
finding these special solutions is to multiply the solutions 
of the time-independent variational principle (TIVP^: 

<5<*(x)|E - H|v(x)> - 0 (2.24) 

with the energy phase-factor. In general, these two 
vanational approaches lead, however, to different results, 
if applied directly in the same manifold of the Hilbert 
space. 

К frequently used approach based on TIVP for the 
microscopic description of large amplitude collective motion 
is the generator coordinate method (GCM1 [12) . In this 

IB 



method, starting from the manifold of wave functions 
v(x;(a >) as defined for instance in (2.4). one expands the 
sub-space in the following w»y: 

*(X) - (2.251 

f(<o|) in this expression is the so-called weight function 
and corresponds to a continuous set of expansion 
coefficients of * in the continuous basis v. TIVP used to 
determine the weight function f((a )) leads to the well 
known Hi 11-Wheeler-Griffin equations (12): 

ГП da' * ) .{<* )) - E I no'(.(e)Jf(e|) " 0 (2.26) i i i i J i 

where 

(2.27) 

The arrangement of the presentation of the above two 
approaches based on TDVP and TIVP. respectively. is net 
accidental. In spite of a different nature, they have some 
conmon features, if one works with the same manifold of the 
trial wave function yH<*v>)- This wave function enters then 
into the description of the system with different values -5f 
a for both of them. In the first method it is due to the 
allowed time-dependence of « . whereas in the second one it 
is in the integration over all a . Therefore, in looking 
for a relation between these two methods it is instructive 



to examins the result of time-averaging of the 
gauge-invariant wave function. In particular, it is known 
131) that the time-average of the gauge-invariant wave 
function w evolving in the full Hi Inert space acts as a о 
projector onto the stationary Schrodinger eigensolution ф 
with eigenenergy E . if <v |H|y > coincides with £ . In the n о' • o n 
opposite case the result of time-averaging vanishes. 

For the restricted description of dynamics according to 
the discussion in the preceding sub-section, we can assume 
the existence of invariant tori in the majority of the phase 
space. This allows us to use the mathematically convenient 
action-angle (T.S) - variables. These new variables are 
defined as variables which transform the given JC (p,q> into 
an «£(?,JT). i.e.. one which does not depend on half the new 

variables S. Variables t and $ are related to the original 

P and q variables (canonical representation of (a }) via the 

canonical transformation. Geometrically T can be 

interpreted a* the radius of a torua and $ as the angle 

variable on a torus. The time-average of any RSV function 

g(T,$) defined by the Hamilton evolution (3 - 8 + wt) over 

the infinite time interval equals the average of g(f.S) over 

an invariant torus, if this torus is covered densely and 

uniformly by trajectories [32]: 

. i an xn 

/ *rfK+ «t')df- (2ir)"mJ ...J g(t.i)dei 0Bn (2.28) 
о о 

in the action-angle variables has the form 

K ° (2.29) 

We can expand иТ.4) on the torus as follows-. 

20 



(2.Э0) 

where R ж £к , ...,Kj and K̂  are natural numbers. 

Defining 

* Г Г 
(2n) o o 

and inserting (2.29) into (2.31) one gots 

M l * * • ' - • • 

X (t)e V K ' '"""«(г t-R) - x^(t), (2.32) 

where t - ^ t. If relation R (2.18) between the dynamical 
state *(Т.Й) and vo(t.8) is not RSV. the theorem (2.28) 
cannot be applied. However, one can still define the 
time-average which will again generate *(r t-R). But this 
always gives zero, because at least one number h~*I is not 
integer. 

The above result is particularly important because for 
at least two reasons. Firstly, it defines a stationary 
counterpart for evolving the gauge-invariant wave packet. 
Secondly, it manifests once again the consistency which one 
obtains adopting the RSV principle as a quantization 

21 



condition. Oniy the fulfilment of the RSV conditition leads 
tc the constructive interference and. consequently. to a 
pcssibie formation of the quantum-mechanical stationary 
state. 

Looking for a stationary equation which has yo as a 
solution, we assume [15] that the restricted (in the sense 
of (2.4)) tirae-evolution of the phase-determined wave 
function у (t) 

- i <HXt-t ) 
) .q(t) e n (2.33) 

:s close to an exact evolution 

- i H(t-t ) 
- e V^o) (2.34) 

in the sub-space generated by v(p.q). К denotes here a 
Ham:1, tonian operator acting in this sub-space. This 
assumption should be satisfied to a good accuracy, if the 
variational approach to the dynamics is supposed to make 
sense. The superscripts "r" and "e" refer to the restricted 
and exact evolution, respectively. 

Combining relations (2.33) and (2.34) and using the 
action-angle variables one obtains 

(2.35) 

Extracting the energy phase factor from yc we can separate 
out the gauge-invariant part of » 
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-~ Et . -4; Et 
(w (T.S-4 )e ) a H v (1.3-S )e n (2.36) 

i o o a o 

Since neither * nor H act on 3 . we can integrate over <S . 
t o o 

But. as is aeen from (2.32). the integration over <§ , i.e. 
О 

over all initial conditions leading to the actual position 
of the wave-packet у defined by S, gives exactly the same 

о 
result for yo as the integration over 8. Therefore we 
obtain 

-£ Et . - r Et 
(y (t)e ) * H у (1) e (2.37) 
о о 

which leads to 

H ч> - Ey (2. '< 
о о 

For further considerations let us assume that 
variational manifold {y{p.q)> has the following resolution 
of unity 

4 - J 2 £ _ E L |v(p?qT><V(P?qT- - 2 . 3 9 ) 
( 2 Л ) т 

This is satisfied automatically if as <y(p.q)> we adopt the 
Klaud-r continuous representation [33j Multiplying (2.36) 
from the left by *»*(?'.$•) and using (2.Э9) we finally 
arrive at 
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JdtdS ćr<T'>;t.S>f(t.3)- Ejdtd$ ?<T' ,*' ;t.S)f(T.8) (2.40) 

where 

(2.41) 

and 

(2.42) 

Thus, an equation for vQ is of the Hill-Wheeler-Griffin 
type. The validity of this result depends, of course, or. 
how well the assumption concerning an equivalence of 
evolutions (2.33) and (2.34) is fulfilled. It has been 
demonstrated [15) that this equivalence hold» for harmonic 
time-evolution if, in addition. the parametrization (2.4) 
for equilibrium values of the parameters p and q gives the 
same ground state wave function as GCM. Since a correct 
description (in the variational sense) of the ground-state 
is one of the criteria in postulating the parametrization 
(2.4). the later assumption should be satisfied to a 
relatively good accuracy. There is obviously another limit 
where the dynamical and stationary descriptions are 

•equivalent. Enlarging the number of dynamical variables, 
i.e. approaching the SchrSdinger evolution in the full 
Hi 1bert space, we automatically better fulfil the assvaption 
concerning an equivalence ot (2.3Ó) and (2.345. This means 
that, if for a given physical problem we correctly select 
the most important degrees of freedom in the parametrization 
(2.4). the dynamical description supplemented by the RSV 
principle as a quantization condition is equivalent to the 
stationary GCM-like description. The numerical calculations 
[16.17] fully confirm all these conclusions even for 
strongly enharmonic vibrations like the breathing mode in-
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4 He. Thus, it i9 a matter of convenience аз to wh;ch of the 
two methods should be used in practical applications. 

2.3 Near equilibrium dynamics 

A convenient and. due to the success of the shell 
model, reasonable starting point for studing nuclear 
dynamics is provided by the manifold of Slater determinants. 
According to the Thouless theorem {341 any Slater 
determinant can be expressed as follows.-

|v(t)> г jc(t)> • ex p IS (c (t) a* a > H 0 > ' (2 

where |0> is the static HF wave function. The indices 
i.j.k.l denote its occupied and m.n.p.q its unoccup)*d 
orbita Is. Performing the change of parameters [25] 

ft . - с .1(1 + c*c) "•"*'] (2.44) 
mi mj ji 

one obtains the canonical variables. The time-dependence of * ^^ В , ft is determined by the TDVP (2.1). One then arrives 
mi mi 
at the TDHF equations 

(2.45) 
- - a 2 C + 

in the form of Hamiltonian equations. 



In genera!, this multidimensional Hamiltonian problem 

:s not separable. Consequently, the dynamics in (fi,fl+) 

variables at higher excitation energies may lead to strongly 

deformed invariant tori. Due to the mulridimensionality of 

this problem, one is prac'i ca'.. iy ur.able to find the normal 

modes of the system and the RSV conditions can be satisfied 

at roost only approximately by defining the least-coupled 

modes [17.36]. However. the problem can be greatly 

simplified by the linearization of the TDHF equations. The 

normal modes of the system are then determined by the 

d:agona1ization as in the case of the full Schródinger 

equstion 

Up re the second order in the parameters :8.В*) the 
Hflrni 2 toman functional has the form: 

{с - * ) ft* ft + У V ft* ft 
( 2 . 4 6 ) 

+ 4 > V fi ft + i y v ft ft 
mnvj tnnvj 

The equation (2.45) has then as a solution 

if X and Y satisfy the equation 

U- MC1-I-X ' . (2.4B) Y I 

where 
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- V 

mjvn 
(2.491 

The abcve equation determines the well-known RPA modes 
,{i UO . The RSVQ condition is automatically fulfilled 

if the X and Y coefficients satisfy eq. (2.48). Th:s can be 
seen as follows. The action integral in the 6.ft 
variables is 

I IT) - (2n) lJ <v<t)|ih» jv»(t)> dt 

ih 
An 

r J 
t dt 

:2.50. 

Us:ng (2.47) and (2.48) it takes the form: 

О V 

I(T) - 7 
Ó -

dt (2.5П 

Remembering that T 
is 

orthogonality relation 

» — and making use of the RPA со 

12.52) 



we have finally 

1(T) - h (2.53) 

which fulfils (2.22) and reflects the one boson (n ~ 1) 
character of the RPA equations. Thus. the excited states 
are described as a superposition of particle-hole (p - h) 
excitations and this coincides with the cortinonly accepted 
definition of giant resonances. In other words, such states 
are the eigenmodes of the full Hamiltonian projected onto 
the lp - In sub-space of the full Hilbert space. The 
complete dynamics, however. is governed by the full 
Hamiltonian acting in the full Hilbert space (all possible 
rip - r.h excitations) or at least properly extended. But the 
eige".modes in an extended subspace contain, in general, an 
admixture of more complicated excitations in addition to the 
lp-lh component. Consequently, the initial state defined a» 
л superposition of lp-lh excitations should decay and this 
is what we usually observe experimentally. It is then 
obvious that in order to achieve a more complete description 
of nuclear excited states one has to go beyond the simple 
RPb picture. 

It is straightforward to develop the formalism 
generalizing the parametrization (2.43) as follows: 

| y ( t ) > - exp \ У с a* a.+ } с a+ a+ а а 
m i ftiF> 

+ У с .. a + a + a + a a . a , + . . . И . . . H 0 > 

e x p *j> CtfJ Ąj)O> ш | C ( t ) > . ' (2 .54) 

where I - 1, 2, 3.... denotes the number of p-h excitations. 
M enumerates the Ip-Ih configurations for each I. and B* • 
" « . ..» I..Ą. Defining the canonical ly conjugate 
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variables ft similarly as in (2.44) and inserting the 
manifold (2.54) in (2.1) one derives [15i the Hamiitonian 

• equations of motion for p . ftx in a form analogous to 
(2.45). Again, this problem can be made separable if one 
solves the variational equations (2.1) to the leading order 

* in (5 , ft . But even this "small amplitude approximation" 
in the limit I-» oo recovers the full Schrbdinger dynamics, as 
is easily seen from (2.54). This means that if we go beyond 
the RPA according to the above scheme, we not only make the 
study of the decay properties possible, but also that «•• 
simultaneously gain an improvement in the description of 
enharmonic effects. 

Assuming the harmonic time-dependence of the np-nh 
amplitudes 

г<Л * Y... etWl (2.55) 

ind restricting the hierarchy of np-nh excitations up to 
2p-2h one obtains the second-RPA (SRPA) equations [371 

(2.56) 

* . * ' 
but now Л s IAXJ]. Ъ ш 1В Ы]. where Aft s l*m^n 1- A^ n 
A ., ] ; A Ł [A ,.] and analogously for В . The 
explicit expressions for A and В can be found in {381. 

Coming to the end of these formal considerations 
should also note for completeness that the GCH in the small 
amplitude limit (the so-called Gaussian overlap 
approximation) is equivalent to the RPA type equations [39!. 
This is consistent with the result of the previous 
sub-section. 



3. NUCLEAR RESPONSE IN SECOND RPA 

It is obvious that in order to achieve a satisfactorily 
complete description of nuclear excited states. in 
particular of giant resonances, one has to express the wave 
function in terms of many variables. In practical 
applications, especially for more systematic studies, one 
prefers to work with linear approximations to the full 
Schrfcdinger equation, because in this limit the 
determination of the normal modes of the system resolves 
itself into diagonalization or into other equivalent 
standard procedures. In general the linear limit of a 
non-linear approximation tc the Schrudinger equation reduces 
the range of its adequacy, As discussed in section 2. this 
reduction, however, smaller and smaller as one increases 
the number of variational parameters. Accord: -.$. у. the 
second RPA as an extension of the ordinary RPA. seems to be 
an interesting possibility for studying various aspects of 
nuclear excitations. 

5.1. Green's function formulation 

For the linear problem rather than diagonalizing (2.56) 
to obtain the spectral distribution of the excited states it 
is numerically more convenient to construct the combined 
lp-lh and 2p-2h propagator^ by inverting the matrix on the 
l.h.s. of eq. (2.56) as a function of energy: 

G(E) 
E + ii) -A 

-i + - E -A 

-t 

in finitesimal (3.11 

The excited states are then determined by the poles of 6(E) 
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Once we have the Green's function we can easily 

calculete the transition strength distribution with respect 

to an external field F: 

Sp(E) - £ |<a|F|O>* <5(E - *a) (3.2) 

As a giant resonance we then recognize a state which 

exhausts a dominant fraction of the total transition 

strength probability. 

The relation 

(Э.З) 

allows us to express Sp(E) in the following form: 

" h lm J F* G ь e 

Here F denotes a matrix element of the one-body operator F 
between the ground state |0> and the state |a>: 

Fa - <O|F|a> (3.5) 

where a is either a lp-lh or a 2p-2h state. To make the 
numerical inversion in (3.1) feasible, we assume that F 
couples the exact ground state to lp-lh states only. i.e. we 
approximate the ground state by the Hartree-Fock ground 
state. Then the vector F (a - 1. 2) in (3.4) acts as a 
projector onto the lp-lh sub-space and we obtain an 
approximate form of the strength function: • 
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SF(E) - I Im 

- В 

- в 
phjp'h' 

with energy-dependent A-matrices. 

ph; p'b' 

-A . . (-E) 
t ph;p-K-

( 3 . 6 ) 

and 
- < P | F | h > , F h p - < h | F | P > (3.8) 

The expression (3.6) is formally identical to the ordinary 
RPA except that the A-matrices are energy-dependent 
reflecting the presence of the 2p-2h sub-space. 

For realistic model spaces the computation of A(E) is 
still impractical because it involves the full 2p-2h 
propagator. Therefore, we neglect correlations generated by 
the residual interaction in the 2p-2h sub-space. Then A 
is diagonal and it is expressed by the unperturbed 2p-2h 
energies. Since the residual interaction leads to a local 
redistribution of 2p-2h states we can incorporate this 
effect globally taking i) as finite. Formally, such a 
finite n plays a role of the width of 2p-2h states. 
Consequently, it accounts for the coupling of 2p-2h states 
to more complicated nuclear configurations. Typically J>. 
should be of the order of the spread of single-particle 
levels in a given major shell. In practice we choose 
г>ж - 18 A"*''* HeV 140] . but the specific choice has no 
qualitative influence on the total width of resonances, 
especially when the density of 2p-2h states is large, which 
is the case for realistic model spaces. The density of 
2p-2h state* is typically three orders of magnitude higher 
[41] than the density of lp-ih states. This continuation of 
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the energy into the complex plane (finite TJ ) also has very 
important practical consequence. It namely smears out the 
narrow peaks of the fine structure which makes th.. numerics 
easier and results in a much smoother strength distribution. 

Fig. ?.1 Second-order diagrams itera-ed by the SRPA 
equations (exchange terms :nc';uded зп the 
calculation are omitted for simplicity). 

Fig. 3.1 shows the second order diagrams corresponding 
to the energy-dependent piece of A. These diagrams are the 
sc-called self-energy corrections, bubbles and ladders, 
respectively. The self-energy diagrams contribute to the 
diagonal part of A. In all the numerical calculations 
presented here the single-particle (s.p.) basis is generated 
by the Woods-Saxon potential which, as is known f423. 
reproduces reasonably well the experimental single-particle 
energies. But then, the second-order self-energy insertions 
are already included in the s.p. energies. Therefore. in 
order to avoid double-counting one should rescaie the 
contribution of those diagrams to reproduce the s.p. 
energies generated by the Woods-Saxon potential on the 
energy shell. The procedure analogous to the Pauli-Vi1lars 
regularization works in this case [43) which, what is 
important, preserves the non-energy-weighted sum rule 1441. 



The local Woods-Saxon potential which specifies the 
mean field part of the nuclear Hamiltonian is adjusted to 
reproduce the ground state properties of a nucleus under 
consideration. This potential is diagonalized in a 
truncated harmonic oscillator basis (15 shells) which 
automatically discretizes the continuum, i.e. picks up the 
resonances representing the high lying particle states. 
Thus, the escape degrees of freedom are not included in this 
treatment. 

3.2. Effective two-body interaction 

To construct the effective interaction we start from a 
bare one boson-exchange potential (OBEP) !45] which 
reproduces the two-body data. Strong short-range 
correlations are included via the Brueckner ladder sum 
<G-matrix). The Bethe-Gold3tone equation for the G-matrix 
reads 

G(E) - V + Ё g ̂  G(E). (3.9) 

Here, V denotes bare nucleon-nucleon interaction. The Pauli 
projection operator Q forbids scattering of particles into 
states which are normally occupied. 

Since on the distances characteristic to the 
short-range two-body correlations the density of nucleons p 
in nuclei does not change considerably [46}, the 
corresponding Bethe-GoIdstone equation is solved for nuclear 
.•natter at different values of the density p • \ n~*k*. The 
density dependence of the effective interaction is then 
mapped out by assuming ' *-e local density approximation 
(LDA). In nuclear structure calculations for the volume 0+ 

mode we then choose к - 1.36 fnf* which corresponds to the 
normal density, while for the surface (2+, 3~, 4+, charge 
exchange, etc.) modes we choose kr - 0.95 fm"1 (35* of the 
normal density). 
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The effective interaction representing the G-matrix 
obtained within the above assumptions we denote by 3е* • In 
the spin and isospin transfer representation i.. has the 
following form as a function of the momentum transfer q: 

• T(q) Si2(q) * T'(q) S^lq) ?t ?E 

with 
Sia(q) - Э 5t q *>я Я - *t ог 0.11) 

i.e.. 3t includes both central and tensor components. 
The interaction used corresponds to the НМЭА version 

•45] of the Bonn potential (for its momentum transfer q 
dependence see fig. 4.3). For numerical convenience this 
interaction is p'arametrized (47} in terms of three 
Yukawa-type functions. This parametrization is done in each 
channel separately. 

Using G-matrix as an effective interaction the 
particle-particle pieces in the ladder diagrams (fig. 3.1) 
generate further double-counting. Since the G-niatrix used 
here is purely real, the real parts of these diagrams have 
therefore to be removed. This removal preserves the 
positive definiteness of the projected second RPA matrix and 
hence the strength function remains positive for all 
excitation energies. 

Our interaction does not contain any adjustable 
parameters and in the calculation we should preserve its 
momentum transfer dependence as determined by the 
Bethe-Go1dstone equation. Since a truncation of the model 
space, which always has to be done in practical applications 
can change the q dependence of the interaction, we have to 
use a model space large enough to ensure convergence. The 
numerical analysis shows [40] that the SRPA strength 
function essentially converges for N - 3. where N is the 
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number of shells above the Fermi surface. The convergence 

is somewhat faster for unnatural than for natural parity 

states. For the ordinary RPA this convergence is much 

sSower for natural parity but similar for other types of 

excitatj-ns. This slower convergence on the lp-lh level for 

nat'jrsi parity states is mainly due to long-range effects 

from the one-pion exchange which enters through the 

art i symmetrizetion of the G-matrix. 

2 3 Natural parity excitations 

An exact treatment of all important 2p-2h 

configurations in the present SRPA formulation allows us to 

:nvestigate not only the general characteristics of the 

spree ling width but also the effects of the interference 

between the complicated configurations participating in a 

decay. Such effects can obviously depend on a 

multipolarity. There also is another reason which makes 

the SRPA study of natural parity excitations particularly 

intriguing if one uses the G-matrix as an effective 

interaction. The most critical point of the conventional 

'"••matrix is its too strongly attractive scalaj—isoscalar (F) 

component which leads to an instability in nuclear matter. 

Consistently with this fact, the same G-matrix interaction 

in RPA to the description of natural parity 

excitations in finite nuclei gives too low values for the 
206 

rentroid energies and for heavier nuclei such as Pb it 

even gives imaginary solutions H B ] . Qualitatively, it 

means that the G-matrix acting on the RPA wave function does 

not reproduce all thecorrelat ions which are important in the 

nucleus. The SRPA wave function, however, has a much richer 

structure. It generates additional correlations (represented 

diagramatically in fig. 3.1) which can also play an 

important role. In particular, such effects are known to be 

important in the electron gas where the bubble term is the 

screening correction to the exchange part of Couloab 

interaction and is a long-rang* effect. 
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To facilitate a direct comparison of RPA and SRPA 
results we use the same procedure in computing the 
corresponding response functions. Ignoring 2p-2h effects by 
retaining only A in eq. (3.7) we generate the ordinary RPA 
response. Then the parameter т) associated with the lp-lh 
propagator has to be taken as finite in order to make the 
numerical inversion in eq. (3.6) possible. This procedure 
introduces into the RPA strength distribution an artificial 
width which equals т> , 

The calculated response functions S (E> are displayed 
in fig. 3.2 for 0 and Ca using long-wavelength 
perturbations: F - £ * r̂  Y^(riJ (isoscalar): 

F - I * rl Yl (r )T" (isovector); F - E * 7 (1+-тж) rl Yl (r ) 
(electromagnetic). For the monopole: F- E^,^ (isoscalarl: 
F - Z A r*r* (isovector) and F - £* I a + т*)г* 
(electromagnetic). Both monopole and quadrupole 
distributions are shown. The unperturbed lp-lh 
distributions (without interaction are indicated by the 
dotted lines and the RPA strength distributions by the 
dashed lines. In both these cases an energy average of 1 
MeV (T) - 1 MeV) is introduced in the lp-lh propagator. In 
the RPA response we observe strong attraction in the 
isoscalar channel. This is consistent with tht large 
negative value of the Fermi liquid parameter f (see section 

о 
4) for the non-relativistic G-matrix. Since the value of f 

о (f - - 1.08) does not meet the stability criterion for о 
nuclear matter (2f >- 1) [491 one would even expect 

о 
imaginary solutions for the finite-nucleus RPA. 
Nevertheless, though much too low in the excitation energy, 
the solutions remain positive for the nuclei considered 
here. This is a consequence of momentum-space 
non-localities of the p-h propagator which are small in 
heavy nuclei but become much шоге important for light 
systems. For ieovector 0 and 2 excitations we observe a 
shift of RPA strength distribution to higher energies аз 
compared to the unperturbed ones. This again is consistent 
with the fact that f* is positiv*. 
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Fig. 3.2. Strength distribution for electromagnetic. 
i£oecałar and isovector excitations in *e0 and 
Ca. The dotted lines indicate the 

independent-particle model response. The 
dashed lines are the RPA results and the solid 
lines correspond to the SRPA results including 
2p-2h effects. Experimentally the centroid 
energy of the GQR is at 21 MeV in 0 [52] and 
at 18 MeV in Ca [53b In these nuclei the 
excitation energy of the GMR is not known 
experimentally. However, from the general 
systemetics the GMR should be located above 
GQR. 

38 



The inclusion of 2p-2h correlations via the SRPA 
equations (solid lines) significantly improves the situation 
in the isoscalar channel. The strength is pushed to higher 
energies. This effect is generated mostly by the bubble 
term and to a lesser extent by the off-shell contributions 
of the self-energy diagram. Thus, as anticipated above.the 
physics of this effect is very similar to the medium 
corrections to Coulomb interaction in the electron gas. 
Consistently with this conclusion. if we omit the 
longest-range (one-pion exchange) part in the G-matrix. the 
attraction on the lp-lh level is much weaker compared to the 
full interaction but the final result (SRPA) remains almost 
unchanged [40}. One should also note that the isovector 
excitations are energetically little influenced by 2p-2h 
correlations. 

The second important effect of 2p-2h correlations is, 
naturally, the spreading. In light nuclei considered here 
the spreading width for isoscalar GRs is relatively small as 
is seen in fig. 3.2. For the corresponding isovector 
branches one observes a sizable fragmentation. 

The width of GR is a result of many competitive effects 
which may depend on the mass ae well as on the quantum 
numbers. The general tendency which one would expect from 
the mass-nunber dependence of the Coulomb barrier and of 
the distance between occupied and unoccupied single-particle 
states is that in light nucleus the direct escape of 
nucleons is more probable than in heavy systems. On the 
other hand, in heavy nuclei, the same dependences should 
energetically favor the coupling to more complicated 
configurations. Consequently, the spreading width of GRs 
should increase when going to heavier nuclei and this is 
what we observe while comparing the isoscalar strength 
distributions in fig. 3.2 for 0+ and 2+ excitations in О 

40 and Ca. However, the relative contribution of the 
spreading width to the total width of GR can also be 
influenced by more subtle interference effects between 2p-2h 
states which contribute to a given decay channel. Such 
effects are responsible, for instance, for the fact that 
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the spreading width of the breathing mode is much smaller 
for its isoscalar component than for the corresponding 
isovector one i50j . This is just what we see in fig. Э.2. 
The reaeon :s a strong cancellation between the imaginary-
parts of second order F-h linked (bubble) and unlinked 
(self-energy) diagrams for the isoscalar mode, independently 
of the interaction. This cancellation mechanism between the 
corresponding Goldstone diagrams (fig. 3.1) is mostly 
determined by the geometrical factors (б-j symbols» and. as 
a result, it should be multipole dependent. Also, even in 
light nuclei, the probability of direct nucleon emission is 
reduce- for higher multipolarities of GRs due to the 
mere-- ?ing role of the centrifugal barrier. 

Since the spreading width of GR depends first of all on 
the density of 2p-2h states, in order to make a conclusive 
5ta-ement about its multipcle dependence, one should compare 
th* strength distributions of GRs located more or less in 
*• !••<•.• ?ame energy region. This condition is satisfied by the 
tbre*-. isoscaiar strength distributions [511 displayed in 
f;g. 3>. За for monopole. quadrupole and hexadecapoie 
ex-citations in Ca. The corresponding states located in 
trie region i8-2C MeV are recognized as GRs. The observed 
increase of the width in this case with increasing 
multipolarity means enhanced tendency of the higher 
multipolarity isoscalar GR to decay into more complicated 
configurations. Furthermore. since the underlying 
cancellation mechanism is determind by the geometrical 
factors and not by the number of nucleons,this tendency is 
not restricted to the specific nucleus under consideration. 
Thus, one can conclude for instance that the breathing mode 
decays mostly by a direct «scape of nucleons and, 
consequently, this process is almost fully describable in 
terms of a mean field alone [29]. 

For completeness fig. 3.3b compares the isovector 
strength distributions for the same excitations. These, 
however, show qualitatively much smaller difference. The 
fragmentation of isovector strength is always sizable 
independently of the multipolarity. 
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?.4. Giant Gamov-Tei!er resonances 

The nuc ieon-nucieus charae-excnanoe reactions at 
intermedia1:? energies are a useful tool for studying the 
srin-isospin dynamics of the nucleus. A particular 
attention has. however. been attracted by the giant 
Gamcv-Te!!er(GT) resonance (quantum numbers L - 0. S - 1. 
T = 1. Jn - 1+) excited by the от - operator. This type of 
excitation dominates [54) the u°(p.n) - spectra at incident 
proton energies around 2G0 MeV. The reason for this 
paj'tiruler interest in GT excitations lies in the existence 
•f the model-independent Ikeda sum ruie [7). which provides 
4 rr-e-asjre of the total observed transition strength: 

- 3(N-2) 

(3.12) 

IDV denotes here the ground state in the parent nucleus and 
I f> the final states in the (2 + l.N - 1) and (Z - l.N + 1) 
daughter nuciei Thus. 3(N - Zl provides the lower limit of 
the total strength for <эт_ transitions. The upper limit 
should not be much higher because the inverse от + 
transitions are strongly hindered by the Pauli principle. 
However, experimental estimates even when theoretically 
preferred background shapes are used [553. give on the 
average only 60% of this lower limit over a wide range of 
the periodic table [56]. Part of this suppression can in 
principle be ascribed to isobat—hole admixtures in the 
nuclear wave function [57]. However, this intriguing 
possibility may come into play only if the problem is not 
fully explainable in terms of the conventional configuration 
mixing effects. This mechanism which is describable within 
?RPA means that energetically high-lying 2p--2h states mix 
with the low-lying lp-lh GT state and shift part of the GT 
strength into the energy region far beyond the giant 
resonance. That portion of the GT strength is. of course, 
experimentally undetectable. 
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left-hand part displays the RPA results while 
in the right-hand -part 2p-2h correlations via 
SRPA are included. In obtaining the RPA 
response we have chosen an energy averaging 
parameter of 1 MeV. 

In fig. 3.4 we show the theoretical results [58] of the 
err - strength distribution in the three different neutron 
excess nuclei 48Ca. 90Zr and 208Pb. The conventional RPA 
results (l.h.s. of fig. 3.5) for 48Ca and 90Zr reflect the 
mixing between the vlf n|f. •74 a n d t h e " | f ™ 
transition and the v|g -» n|g and И д -» *|g^ 
transitions, respectively. Accordingly two states are 
obtained. Because of the large neutron excess more p-h 

206 transitions are possible in Pb and therefore the 
situation is more complicated. Already on the lp-lh level 
we find 27* of the total strength above 20 MeV excitation 
energy which originates mostly from the coupling of the GT 
resonance with the 2hu 1 - excitations. About 6X of the 
Ikeda sum rule is coming from the non-orthogonality of the 
proton-neutron radial wave functions in the Woods-Saxon 
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well. In accordance with the sum rule we obtain the same 
amount of strength integrating the crc - strength 

208 distribution. Except for Pb. the energy locations of the 
RPA states are in good agreement with the experimental 
centroid energies [59] (indicated by arrows). The mixing 
with 2p-2h states via SRPA correlations (r.h.s. of fig. 3.4) 
leads to a substantial fragmentation of the strength. The 
tails in the strength distribution develop and extend up to 
excitation energies of more than 50 MeV. The percentage of 
integrated strength, relative to 3(N - Z). contained in 
these tails is listed in table 3.1. Since the tensor force 
is of the longest range in momentum space one expects it to 
couple the lp-lh states to very high-energy 2p-2h states. 
Therefore the tails of the strength distribution are a 
useful measure of the importance of tensor correlations. 
One concludes that the dominant fraction is produced by 
central correlations. The tensor correlations account for 
about 20* of strength in the tail but this strength ie 
located at very high energies of more than 50 MeV. We also 
find that in SRPA the calculated centroid energies of the GT 
resonance peaks are in good agreement with the experimental 

208 ones. In particular, in Pb the discrepancy between 
theory and experiment on the RPA level is removed. The 
extra energy shift is again produced by the bubble term. 

Coming back to table 3.1. we note that the high energy 
tails of the strength distribution typically contain 30-40A 
of the total sum rule value. This is the amount of GT 
strength which reduces the experimentally detectable 
strength. Thus, in reality, much less of the GT strength is 
missing. However, this is not yet a final quantitative 
solution to the problem. In obtaining S as given in *q. 

от 
(3.6) we have approximated the ground state |0> by the 
Hartree-Fock ground state. Then, the or - operator does not 
couple the ground state to 2p-2h excitations directly. 
Inclusion of 2p-2h correlations in the ground state unblocks 
the ©r+ - strength and according to (Э.12) can create 
additional crr^ - strength. 
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Table 3.1 
Comparison of the amount of central versus tensor 2p-2h 
correlations for the GT strength distribution in Ca, Zr 

208 and Pb. The percentages of integrated <rr_ - strength 
relative to 3(N - Z) above the quoted excitation energies in 
each nucleus are listed. 

Nucleus 

40Ca 

90 
Zr 

208Pb 
• 

Energy 

> 18.0 
> 4Э.0 

> 21.5 
> 46.5 

> 27 
> 52 

Central 

24 
7 

22 
6 

36 
5 

Central 
+ tensor 

29 
10 

27 
10 

40 
10 

3.5. Role of ground state correlations 

To perform full and systematic SRPA investigations of 
the role of 2p-2h ground state correlations with realistic 
model spaces is unfeasible at present. Neverthelles. basing 
on an expansion of the ground state wave function |0> up to 
the second order in the interaction V: 

|HF> + E | 
tpZh 

quite extensive study in this direction has been done in 
Ca (60). This wave function leads to partial occupation 

probabilities in the ground state as shown in fig. 3.5 and, 
consequently, many more transitions are possible. 
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The general expression (3.4) for the strength function 
expanded up to the second order in k^ reduces to the 
following form: 

- В 

- В ph:p-h- "E 

* E f<2p2hlF|Ó>*<2p2h|F| _ <2p2h|F|0>"<2p2h|F|0> 

E - i». + 
1.14) 

with the effective one-body operator F: 
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F (E) 

F h p ( E ) 

-
F 

Ph 

F 
- E 

r<ph|V|2p2hX2p2h|F|0> 
2 . 

<hp|V|2p2hX2p2h|F[0> 
(3.15) 

The extra terms in eq. (3.14) as compared to (3.6), have now 
non-zero values, if instead of the HF wave function we use 
(3.13) as a ground state wave function |0>. The 
diagramatical representation of the effective one-body 
operator F is shown in figr. 3.6. The term (a) is an 
ordinary component present in eq. (3.6), while terms <b) and 
(c) lead to its modification due to the presence of ground 
state correlations. These two terms are energy-dependent. 
The second contribution to S_(E) (eq. (3.14)) has no 
counterpart in (3.6). It involves only p-p or h-h 
transitions as shown in fig. 3.7. 

The result of numerical studies of S~(E) determined by 
eq. (3.14) for the от_ - operator is summarized in figs 3.8a 
and b. The 'pure' 2p-2h response (second component in eq. 
(3.14) is indicated by dash-dotted line in fig. 3.8a. The 
sum of this contribution and the ordinary SRPA (eq. 3.6) 
strength distribution (dashed line) is displayed by the 
solid curve in the same figure. The relative importance of 
the respective terms entering the effective operator F is 
shown in fig. 3.8b. Specifically, the long-dashed line 
includes terms (a) and (b) in the effective operator while 
the dash-dotted line includes terms (a) and (c). In both 
those cases the second component of eq. (3.14) is not 
included. Again, the dashed line describes the ordinary 
SRPA strength distribution (including term (a) only). 
Finally, the full result including all the contributions is 
displayed by the solid line in fig. 3.8b. Hence, the net 
influence of the 2p-2h ground state correlations on the GT 
strength distribution is the difference between solid and 
dashed lines. Integration of this difference over the whole 
energy interval gives about 8* as an enhancement factor 
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Fig. 3.6. Types of diagrams generated by the effective 
operator F. .The dashed lines indicate the 
external fieid F and the vnggly lines deno>:« the 
G-matrix. 

Fig. 3.7. Diagrams included in the second 

strength function (eq. (3.14)). 

term of the 
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second component in eq. (3.14). This 
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strength distribution indicated by dashed line 
is displayed by the solid curve. 
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Fig. 3.8b. 
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The role of the respective diagram (fig. 3.6) 
modifying the one-body operator. The long-dashed 
line includes (a) and (b) diagrams and the dash-
-dotted lin* diagrams (a) and (c). The full 
strength distribution determined by eq. (3.14) 
is displayed by the solid line. 
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(relative to 3(N-Z)) for the total GT strength. This extra 

GT strength is created mostly in the peaks. Consequently. 

its amount opens some additional room for the isobar-hole 

admixture in the nuciear wave function. Thus, the upper 

limit for this admixture. consistent with the above 

theoretical studies and with experimental findings (and also 

with same uncertainties in both of them) would be 15-20%. 

While the direct coupling cf the ground state to the 

2p-2h states directly via the one-body operator F creates 

some new strength for the GT excitations, for other types of 

excitations this effect is smaller. In particular, for 

natural parity excitations it is hardly noticable 160]. The 

reason is an almost perfect cancellation amon? the 

additional terms in eq.(3.141. 

3 6 Giant spin-flip dipole and quadrupol charge exchange 

modes 

The intermediate energies (p,n) spectra at higher 

scattering angles show clear evidence for* the collective 

spin-flip dipole (L - 1. S « 1. T - 1. Jr - 0~. l". 2~) and 

spin-flip quadrupole (L -2. S - 1. T - 1, Jn - 1*. 2+. 3+) 

resonances [59]. These excitations are interesting not only 

in themeselves but also in connection with GT excitations. 

The giant spin-flip dipole and quadrupole modes also provide 

a considerable contribution to the forward scattering angle 

(P.n) cross section. Consequently, an understanding of 

their strength distribution is necessary for a correct 

estimation of the GT strength located in the physical 

background. A careful phenomenological analysis of the 200 
90 

MeV Zr(p.n) data show [61] that a large asymmetric 

spreading of the lhw. L - 1 and 2f*>. L - 2 multipole 

strength is needed to obtain a satisfactory description of 

the spectra. It is thus desirable to performe fully 

microscopic nuclear structure calculations within SRPA in 

connection with this problem (62J. 
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90 The spin-flip dipole resonance appears in the 2r(p,n) 
reaction at an excitation energy of E ~ 25 MeV. The 
spin-flip quadrupole resonance is observed at E ~ 35 MeV. 
Both resonances are very broad and. as a result, strongly 
overlapping. Therefore one has to decompose the continuum 
spectra into various multipoles in order to determine the 
strength distributions of states with different Jn. 

The calculated strength distribution for the 0~, 1 
and 2~ components of the giant L • 1 resonance 
(F • r [Y O-]JT_I is shown in fig. 3.9. The dashed curves 
denote the RPA results and the full curves the SRPA results. 
In case of the lp-lh RPA the 0~ and 1~ strength is 
essentially concentrated in a single collective state. As 
2p-2h mixing is allowed via SPRA equations the strength is 
spread out over a large energy interval. The width of 
these states are larger than 10 MeV with roughly 354 of the 
strength being shifted into the high-energy region of more 
than 35 MeV. The 2 strength distribution is strongly 
fragmented already on the RPA level. The SRPA then moves a 
large portion of the strength (30%) into the high energy 
region E^ > 30 MeV. 

The asymmetric spreading width for the spin-flip 
quadrupole resonance (F « r* (Y a]Jt_) is even larger as is 
seen in fig. 3.10. The calculated widths of the individual 
components '.Jn - 1 . 2 and Э ) of this 2hw mode are now 
larger than 15MeV. The SRPA moves at least 50* of the total 
strength out of the region where RPA predicts it to be. 
This strength is placed in the high excitation energy 
region. 

As <* result of the high-energy tails appearing in the 
SRPA strength functions the SRPA centroid energies are about 
б MeV higher for each multipolarity than t>; -rrresponding 
RPA energies. This shift is also partly due to extra 
repulsion in the effective p-h interaction. 

Thus, the SRPA predicts a large aeynmetric spreading of 
the giant spin-flip dipole and quadrupole charge exchange 
modes, and this is consistent with the more phenomenological 
arguments 161]. 
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90 3.7. (p.n) and (n,p) cross sections in Zr 

Using the Green's function formulation of the SRPA one 
can go even further and microscopically compute the full 
cross section for the charge-exchange reactions (63]. At 
intermediate energies and in the forward directions these 
reactions are essentially direct. The general expression 
for the direct reaction cross section in shell model 
representation has the following form: 

dOdE 
(3.16) 

L.S.J, refer to the orbital angular momentum, the total spin 
and the total angular momentum transfer, respectively. The 
indices a, (i, у and 6 label all possible quantum numbers of 
shell model orbits in the target nucleus. 

The Distorted Wave Impulse Approximation (DWIA) form of 
the T-matrix elements written down as a convolution integral 
in momentum space is [64] 

t"(E.q') pJJJ'W) СЭ.17) 

This approximation works well for energies above about 200 
MeV. The distortion function D generated by the optical 
model distorted waves x{*,{~| *n *n* initial (final) 
state of the scattered nucleon is defined as 



D - fd"r X**(r*) X" (? ). (Э.18) 
P к P 5? p 

where r denotes the target coordinate. To simplify the p 
calculation we take D to be local in momentum space. In 
anguiar momentum coupled form we then have 

where q — |fcf— fcj and С ie a global attenuation factor. 
Under this assumption the evaluation of the cross section 
reduces to a Plane Wave Impulse Approximation (PWIA) and the 
effect of distortion ie described by a constant distortion 
factor. This approximation is reasonable in the forward 
directions considered here. The attenuation factor С can 
then be estimated from the eikonal approximation (66] and is 
given by the following expression: 

С - в-2|ЛгвЛ*л/Ь1к. (3.20) 

where W denotes the depth of the imaginary part of the 
90 optical potential and r is the radius. For Zr at 200 

MeV this gives [67] С - 0.3457. 
The Love-Franey parametrization [68] is used for the 

projectile-target interaction t* which in DWIA is 
approximated by the free two-nucleon T-matrix. The index i 
labels all possible operator invariants (central, tensor, 
orbit). The target physics is contained in the propagator G 
and in the momentum space transition densities (Рил'ся)- The 
explicit form of these transition densities is given in ref. 
169] . 
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on on The results for the 200 MeV Zr(p.n) Nb reaction are 
shown in fig. Э.11 at three different scattering angles. 
Bearing in mind, a somewhat crude treatment of the distortion 
factors, the agreement between theory and experiment [65] is 
quite satisfactory. The 20 MeV to 40 МеУ excitation energy 
region, which is dominated by the spin-flip dipole 
resonances, is reproduced rather well. Above 40 MeV the 
theoretical cross section starts to underestimate the data. 
This is most probably due to the neglect of mult istep 
processes. Adding to our results two step contributions, 
calculated in semi infinite slab model [70], the high energy 
сгозз section is very well reproduced. One should also 
notice that the GT-contribution to the cross section at high 
energies contains only a small fraction of the high energy 
cross section and, consequently, is very unlikely to be 
detected experimentally. 

While (p.n)-reactione have been studied extensively 
over the past several year, the (n,p) branch has only 
recently come into focus with the new neutron facility at 
TRIUMF (71]. Due to the Ikeda sum rule the interest in this 
branch is stimulated by the problem of missing GT strength. 
Independently, it can provide useful astrophysical 
information related to nucleosynthesis in stellar evolution 
(72]. With the upcome of new experimental results it is 
thus desirable to have theoretical estimates for this 
reaction. 

90 90 The calculated Zr(n.p) Y cross sections for 200 MeV 
neutron incident energy are shown in fig. 3.12. As 
expected, at lower excitation energies the spectrum is 
dominated by the spin-flip dipole resonances. For larger 
scattering angles more mu'tipoles contribute noticeably to 
the cross section, especially at higher excitation energies. 
Among them the spin-flip quadrupole plays a dominant role. 
This is summarized in table 3.2 which gives the integrated 
cross sections from 0 up to 50 MeV for various mult ipoles 
separately. The non-spin-flip contributions ere given by 
the values in paranthesis. This table leads us to the 
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conclusion that the (n.p) reaction at 200 MeV is also 
predominantly of the spin-isospin type. 

Table 3.2. 
90 90 Energy integrated Zr(n.p) Y cross sections in (mb/sr) 

from 0 - 5 0 MeV for the various multipoles included in the 
present calculation. The numbers ' in brackets give the 
non-spin-flip contributions alone. 

Jn 

0~ 
Г 
2~ 
3~ 
4~ 
5~ 
0+ 

1+ 

2+ 

3+ 

4+ 

5+ 

6 
13 
13 
0 
0 
0 
0 
5 
3 
4 
0 
0 

6 -

.304 

.260 

.650 

.492 

.700 

.002 

.105 

.761 

.347 

.350 

.038 

.069 

5° 
(0) 
(1.266) 
(0) • 
(0.064) 
(0) 
(0.000) 
(0.105) 
(0) 
(0.365) 
(0) 
(0.005) 
(0) 

e -
9.251 
9.323 
20.310 
1.322 
4.941 
0.017 
0.280 
16.750 
4.870 
14.470 
0.171 
0.699 

8° 

(0) 
(1.281) 
(0) 
(0.229) 
(0) 
(0.002) 
(0.280) 
(0) 
(0.777) 
(0) 
(0.031) 
(0) 

6 -

8.967 
4.988 
26.810 
1.702 
12.830 
0.045 
0.325 
25.010 
4.028 
25.970 
0.328 
2.875 

10° 

(0) 
(0.935) 
(0) 
(0.386) 
(0) 
(0.010) 
(0.323) 
(0) 
(0.857) 
(0) 
(0.075) 
(0) 

3.8. Quasielastic charge response 

previous considerations provide strong evidence of 
correlation effects beyond the mean field theory. The last 
problem which we wish to discus* in this context ia the 
higrh-momentum luasielastic electromagnetic response because 
it directly probes the single-particle aspects of nuclei. 
The interest in the electromagnetic response is also 
motivated by the fact that the electron' is a weakly 
interacting probe and hence multiple scattering is strongly 
suppressed. 
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A number of experiments on quasielastic electron 

scattering by nuciei has been carried out f73i in recent 

years at high momentum transfers and energies UP to 600 MeV 

over a wide range of light and medium heavy nuclei. The 

Rosenbluth separation of the nuclear response provides 

independently its longitudinal RL and transverse Jtp 

components, related respectively to the charge and current 

density distribution of the nucleus. The observation that 

R. is not described by the free response came as a surprise, 

since the energy dependence of the total inclusive le,e') 

cross section {74} 

dOdE 
0.20) 

is rather well reproduced within the Fermi gas model 175]. 

In the above expression q (q* » q*- E2) is the four-momentum 

transfer. E the energy transfer, q the three-momentum 

transfer and © the laboratory scattering angle. 

Many different effects have been proposed to account 

for the disagreement between the independent particle 

Picture and experimental data. They include rescattering of 

the emitted proton in an optical potential [76]. 

relativistic mean field theories [77] or modification of the 

nucleon form factor inside the nuclear medium [78]. 

A failure of the independent particle model in the 

description of the longitudinal response lies in the fact 

that the corresponding theoretical results strongly 

overestimate the data in the quasielastic peak region. Our 

experience from the preceding sub-sections suggest that the 

higher order configuration mixing effects may account.at 

least partly, for this disagreement. Thus, the quasielastic 

longitudinal electromagnetic response provides another 

important field of application [79] of our extended RPA -

theory. 
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In the Green's function language the longitudinal 

response function takes the following form: 

i l i E E Q<4;>i, G . E ) ^ Q(,;)^ (3.22) 
j 

where 

1 + qf /4m 
R - 4 £ (3.23) 
c 1 + q*/ 2m 

is a relativistic correction factor [60]. 

The one-body matrix elements of the charge density operator 

in angular momentum coupled form are given by 

n̂ {г) v r ) M v 
The function 

- И + 4M
2/ (842 MeV)V* (3.25) 

is the nucleon form factor [811. 
Since the finite momentum transfer response probes 

higher momentum components in the nuclear wave function one 
has to go higher than before with the truncation of the 
shell model space. For numerical reasons we had to limit 
the number of shells to eight and consider only the lightest 
systems. We have chosen С for which many experimental 
data on (e,e') scattering exist. 

Besides the spreading effects generated as usual by the 
SRPX Green's function we also incorporate globally an escape 
width. To this purpose the quantity n (see eq. (3.6)) is 
taken as finite and parametrized as follows.-
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ł Г* ( Е ) " У < Е " Eihr)Ł" (3.26) 

where Elhr denotes threshold the energy for particle 
emission and r is an adjustable parameter. It is thus 
implicitly assumed that the escape width does not depend on 
the particular particle orbit. This is a reasonable 
approximation in the quasielastic region. The parameter r 
is adjusted such as to reproduce the shape of the exact 
simple particle continuum free response calculated 
separately. 

The results of calculation* for two different momentum 
transfers in С are summarized in fig. Э.1Э. The solid 
lines represent the full calculations. The isoscalar (T • 0) 
and isovector contributions (T • 1) are given separately by 
the dashed lines. The experimental data have been taken 
from ref. 173]. Since the p-h interaction is attractive in 
the isoscalar channel and repulsive in the isovector channel 
the centroid energy of the isoscalar T - 0 response is lower 
than that of the T - 1 response. These results are in 
agreement with the semiclassical RPA calculations [81]. As 
anticipated, the spreading effects in the isovector part of 
the response are larger than in the isoscalar part. While 
at 250 NeV/c (and below [79]) the theory essentially 
explains the data, at 300 MeV/c the agreement is not as 
good. This is a consequence of the truncation of major 
shells in the discretized space. As illustrated in fig. 
Э.14. the effect of the limited shell model space is the 
unrealistic high energy behaviour of the 2p-2h level density 
obtained in that space. It reaches a plateau around 120 M*V 
and then drops quickly. In reality the density continues to 
grow as a function of excitation energy because of larger 
available phase space. As a result of this computational 
deficiency we start to underestimate the total strength and 
also the spreading at 300 NeV/c. For this momentum transfer 
the total integrated strength obtained in our model space is 
20k smaller than the strength of the full continuum free' 
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response, while for 250 MeV/c and lower q values the 
strength is essentially exhausted. Thus, the results 
presented here do not yet give a definite answer to the 
question wheather conventional many-body techniques can 
explain the problem of the "missing charge". They do, 
however. point to the importance of highet—order 
configuration mixing effects as a common, most important 
cause for all these phenomena. 

In connection with the higher momentum transfer 
•response there is one more point worth mentioning. While at 
low q. low E there is a strong cancellation between 
self-energy insertions and bubbles in the isoscalar channel, 
in the quasielastic region the bubbles are much less 
important [79]. Host of the spreading is provided by the 
self-energy diagrams, which are responsible for a 
modification of the mean field in which the particles 
propagate. This result supports more phenomenological 
treatments in terns of *n optical potential [76]. 



4. MEDIUM CORRECTIONS TO THE FREE NUCLEON-HUCLSON 
INTERACTION 

So far our attention has been mostly attracted by 
various problems connected with the spreading 
characteristics of the transition probability. This 
characteristics is related to the imaginary part of the 
Green's function. There is however another effect of 2p-2h 
correlations which calls for more detailed analysis. The 
2p-2h correlations can also generate additional contribution 
to the real part of the SRPA Green's function. That the 
corresponding desplacement in the excitation spectrum can be 
very pronounced we have seen comparing the isoscalar 
transition strength distribution for natural parity 
excitations in RPA and SRPA. respectively. This effect can 
be interpreted as an additional modification of the 
nucleon-nucleon interaction, besides that accounted for by 
the Brueckner G-matrix. In the SRPA formalism this extra 
modification is possible because of the presence of 2p-2h 
correlations in the nuclear wave function. We have shown in 
section Э that the bubble term (see fig. 3.1) plays a 
decisive rcle in this connection. Since this term 
constitutes a perturbative analog of the induced interaction 
in the sense of Babu and Brown equation (20], in the 
following we will discusse this aspect of the problem. 

4.1. Medium polarization effects 

An investigation towards relating the phenomenological 
Landau theory of Fermi liquids to the microscopic treatment 
of the problem in the spirit of Brueckner approach led Babu 
and Brown to the conclusion [20] that the full effective 
particle-hole interaction F* hae the following form: 



A diagrammatical representation of this equation is shown in 
fig. 4.1. 

Fig. 4.1. Diagrammatical representation of eq. (4.1). 

According to eq. (4.1) the effective interaction may 
involve not only the short range correlations (G-matrix) but 
also the longe range ones generated by the exchange of 
virtual collective excitations, or equivalently. by the sum 
of all p-h bubbles in the crossed channel. This second 
contribution is known as an induced interaction. The 
corresponding term IŁnd in eq. (4.1) depends itself on the 
full interaction F*h which implies the non-linearity of this 
equation. 

Application (21] of eq. (4.1) in nuclear matter showed 
a strong reduction of the scalar-isoscalar component of the 
effective interaction, stabilizing the system. A particle 
clothed with collective excitations is substantially larger 
than the bare particle and harder to compress.-
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Consequently, this longer range effect described by I1 
leads to the increase of the compression modulus. 
Accordingly, the density vibration modes should show up at 
higher excitation energies if this component of the 
effective interaction is included. We easily recognize that 
in the SRPA formalism Iv is approximately represented by 
the bubble diagram fsee fig. 3.1). We have already seen 
that the presence, of this diagram significantly improves the 
description of the isoscalar natural parity excitations. 

The Babu and Brown equation (4.1) has been derived in 
the limit of vanishing momentum transfer q. It is then 
straightforward to relate its content to the Landau theory 
which restricts the interaction to quasiparticle states in 
the vicinity of the Fermi level and assumes only the forward 
scatterings. Then the interaction depends only on the angle 
between the corresponding momenta. This suggests an 
expansion in Legendre polynomials depending on the angle &. 

f(в) - С Pt Pt(cos в ) . (4.2) 

f(®) denotes here any of the components of the interaction 
(see eq. (3.9)). The constants Ft are called Landau 
parameters. One introduces dimensionless parameters f by 
defining 

F, - Cf, (4.3) 

The constant С is usually taken as the inverse of the 
density of states at the Fermi surface 

- Г fu I | (4.4) 

which is related to the effective mass m of nucleons near 
the Fermi surface « 
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(4.5) 

The Landau parameters are very useful because their 
sirrcie analysis shows qualitatively how the differ«r.t. 
Tcz.por.er.-.s of ar. effective interaction . influence the 
pr.-.parties of the low-lying excited states. Thus, the most 
important features of eq. (4.1) can be studied in the Landau 
Ijxit where the particle-hole interaction has the form: 

?Ь • Со< V Vo \ V *о \ "г + «i \ "г \ %> 

••» *.hen obtains 182! the following simple mode): 

fo' f'o° + i( fo - fo 

• J 

Here fQ etc. denote the Landau parameters derived from the 
G-matrix, while the terms arising from the induced 
interaction are given by ' 



As is easily seen from (4.7), the major effect of the 
induced interaction is to stabilize the interaction in the 
scaler-isoscalar channel since all induced contributions add 
coherently to compensate the attractive f*. Particularly 
important role is played here by the spin-isospin channel 
because the corresponding g' parameter enters with the 

о 
factor of 9. In all other channels, however, the pieces 
generating the induced interaction cancel to a large extent. 
This nicely explains all the related results of the previous 
section. The bubble term produces the largest upwards shift 
of the excitation spectrum in the ecalar-isoscalar channel. 
Гп the spin-isospin channel it introduces a correction of 
about 20% which agree* with simple estimations based on the 
relation (4.7d). In the remaining two channels, isospin 
(isovector component of natural parity states) and spin 
(shown in ref. [83]). the role of the induced interaction is 
almost negligible. 

In light nuclei the G-matrix interaction does not lead 
to an instability in the ecalar-isoscalar channel. Already 
on the RPA level the isoscalar natural parity excitations 
are located above the ground state. The corresponding 
theoretical results generated by SRPA are close to the 
experimental data. However, in heavy nuclei the situation 
in this channel is not so good. Consistently with the large 
negative value of the Landau parameter f* the RPA starts 
developing imaginary roots. Since f determines the nuclear 

о 
compression modulus which, in turn, has the closest 
connection with the breathing mode (Jn - 0 , T • 0) in the 
following we restrict our discussion to this excitation 

an mode. In RPA this mode is unstable already in Zr. 
Inclusion of 2p-2h processes significantly improves the 
sitt 
208r 

situation. The SRPA gives 9.7 MeV in 902r and 4.5 MeV in 
Pb, respectively, as the excitation energies of the 

isoscalar 0 mode. However, this result is not yet 
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satisfactory because it still seriously underestimates the 

experimental data. Experimentally, the GMR centroid energy 

1les at about 17 1 

respectively [3]. 

lies at about 17 MeV in 902r and at 14 MeV in 2 0 Pb. 

4.2. Highei—order erfects 

One of the possible reasons for the above discrepancy 

might be that the bubble term in SRPA does not fully 

reproduce the whole induced interaction. We remember that 

in the present calculation the matrix elements other than 

the diagonal ones have been entirely neglected. Moreover, 

as suggested by the Babu and Brown equation (4.1), the 

interaction of 2p-2h states among themselves should involve 

not only the G-matrix alone but also the induced interaction 

itself. Equivalently. an exchange of the p-h excitations in 

the crossed channel should be replaced by the full 

phonon-exchange scheme. One would then expect that the 

dominant effect comes from the most collective states euch 

as 2+ and 3~. Qualitatively speaking, the interaction which 

is attractive in the scalar-isoscalar channel places those 

states below their unperturbed counterparts and. as a 

consequence, effectively increases the density of 2p-2h (or 

more complicated) excitations in the low energy region. The 

anticipated result of this increase should then be an 

enhancement of the induced interaction. 

In terms of diagrams, to get a quantitative estimation 

of this effect, one has to generate a series of diagrams 

where bubbles are exchanged inside bubbles etc. An example 

of such a "bubbles in bubbles" diagram is displayed in fig. 

4.2. In this way one, of course, includes much more 

complicated configurations than 2p-2h. The natural way of 

solving this non-linear problem is to invoke an iterative 

scheme [84]. As a starting point we can adopt the SRPA 

propagators calculated independently for all multipoles 

which can be coupled to the 0* p-h excitations. This is a 

big advantage of SRPA because its solutions are already 
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stable. In other words. the underlying effective 

interaction is not so strongly attractive in the scalar-

-isoscalar channel and does not lead to divergent 

contributions as the "bare" G-matrix interaction does [84). 

Fig. 4.2. A possible higher-order contribution to the 

induced interaction. 

In the next step one uses these propagators instead of 

the free p-h ones representing the original SRPA bubbles 

(see fig. 3.1). In fact, in this way, one also generates 

more complicated self-energy diagrams but these are always 

rescaled to reproduce the empirical s.p. energies on the 

energy shell which is consistent with our original SRPA 

calculations. These steps can be iterated until convergence 

is reached. Surprisingly enough this convergence is 

obtained [85] very fast. Already the first iteration does 

not change significantly the position of the breathing mode. 

A closer inspection of the angular momentum coupling algebra 

within the bubble diagram explains this behaviour. It 

appears that the 0+ mode couples mostly to the 1~ state. 

This state is predominantly isovector and the interaction in 

the scalar-isospin channel is repulsive. Thus, according to 

our intuitive line of reasoning as presented above, we 
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should even observe a reduction of the strength of the 
induced interaction and. consequently, the lowering of the 
excitation energy of the breathing mode. In light nuclei, 
such as 1 60. we really observe this effect which is of the 

208 order of few keV. In Pb. however, a weak coupling to 
otn-r collective states (mostly 2+) slightly improves the 
situation. The breathing mode in this nucleus gets a shift 
up of about 0.Э MeV. Also, the spreading characteristics of 
the transition strength distribution are not changed 
appreciably. 

Obviously, the shift of that order is much too small to 
help us in explanation of our problem. It rather means that 
the induced interaction is properly reproduced already on 
the SRPA level. Although negative, this result is very 
optimistic because it means that there is no need to go 
beyond 2p-2h excitations in the theoretical description of 
r.uclear collective modes. 

4 3 Non-relativistic versus relativistic G-matrix 
interaction 

The relativity might seem to be of little importance to 
the low energy nuclear phenomena. However, one should 
remember that the scalar-isoscalar component of 
nucleon-nucleon interaction has some distinctive feature 
among the other components. The n + p meson-exchange 
interaction employed within the conventional 
non-relativistic formalism gives a reasonable description of 
magnetic (66) and spin-isospin response [67]. Thus, the 
heavier mesons play a minor role in those channels as we can 
conclude from our previous considerations. However, a 
proper description of natural parity states clearly requires 
the inclusion of other mesons like о and <•>. The isoscalar « 
- meson provides the most significant vector маоп exchange 
contribution to the nucleon-nucleon force at short distances 
[66]. This short range force is strongly repulsive and thus 
leads to a rapid decrease of the two nucleon wave function-
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at distances leas than 0.5 fm. This. in turn, generates 

high momentom components in the wave function. There is no 

reason to be live that such h:gh momentum componen ~ can be 

described adequatly by the non-relativistic equations. 

Since the problem refers to the short range part of the 

nucleon-nucleon interaction it has to be reconsidered 

already on the level of Bethe-Goldstone equation. In fact, 

it has been pointed out in ref. [89J that relativistic 

effects introduce an extra density dependence on the 

effective interaction which tends to cure the problem of 

nuclear matter (90,91]. 

The medium corrections have been included in the 

Bethe-Goldstone equation so far only in the energy 

denominator and by the Pauli operator Q. For consistency, 

the nuclear medium effects should be included also in the 

nucleon spinors which enter into the expression for the bare 

nucleon-nucleon interaction (92). The nucleon spinor f(p\s) 

obeys the Dirac equation in the nuclear medium 

la P + fim + 2 ( P ) ] f(p.s) - E f(p.a) (4.9) 

where £(p) is the nucleon selfenergy. In the previous 

approaches f(p.s) has been always replaced by the spinor of 

the free Oirac equation (setting £(p) « 0 in eq. (4.9)). 

The solutions of eq. (4.9) enter into the calculation of the 

bare nucleon-nucleon potential which has the form: 

V(P'.P) - E Ve(|' ,t) (4.10) 
a » n.p.cr.to.. . . 

with 

(4.11) 
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where Г^° denote the meson-nucleon vertices and Pa is the 
meson propagator. 
The nucleon self-energy £(p) should be calculated 

self-consistently. This may be done within the Brueckner-

-Hartree-Fock approximation. The Dirac spinors can be 

written as 

*g. (4.12) 

where m is the self-consistently calculated effective mass 

and E • \rm + p*. Therefore, the inclusion of the nuclear 

medium gives rise to a change of the ratio between the large 

and small components of the Dirac spinor compared to the 

ccrresponding values of the free Dirac spinor. In the low 

momentum region this leads to a reduction of the attractive 

c-meson contribution and an enhancement of the repulsive 

ш-meson contribution [83]. One expects therefore much less 
attraction in the scalar-isoscalar channel. 

The momentum transfer q dependence of the central 
components of the 6-matrix interaction at к - 1.36 fnf* 
(nuclear matter normal density) is shown in fig. 4.3. The 
solid lines refer to the relativistic G-matrix interaction 
using HM3A version of the OBEP, while the dash-dotted lines 
correspond to that of the BMR2 (the one which binds nuclear 
'matter at the correct saturation point and energy) version 
[90]. As one can see. both versions give similar results, 
although the BMR2 version is somewhat stronger than the HN3A 
version in the scalax—isoscalar channel F. For comparison 
the non-relativistic G-matrix corresponding to the HM3A 
version is also plotted (dashed lines). As is clearly seen. 
relativistic effects make the interaction less attractive in 
the F-channel at low momentum transfer. The difference 
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-450 

Fig. 4.3. The central components 
interaction at к » 1.36 fm 

of the G-matrix 
as a function of the 

momentum transfer q. The dashed curves correspond to 
the standard non-relativistic G-matrix interaction 
[47] calculated with HM3A version 1453 of OBEP. The 
solid and dash-dotted lines correspond to the 
relativistic G-matrix (92} calculated with the MK3A. 
and BMR2 (92] versions of OBEP. 
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between the non-relativistic and the corresponding 
relativistic interaction is about 140 MeV fm*. The other 
channels of the interaction are not affected very much by 
the relativistic effects. Also the tensor components of the 
G-matrix interaction are quite similar to each other in all 
the channels (92]. 

Since the Landau parameters represent some of the most 
important features of the interaction it is instructive to 
compare them as well. The first three Landau parameters for 
all the channels of all interactions considered here are 
collected in table 4.1. These parameters are extracted only 
from the G-matrix interaction. The remarkable feature here 
is the stron? reduction of the Landau parameter f , compared 

о 
to the non-relativistic calculation. An estimate based on 
eq. (4.7a) of the core polarization effect put on top of the 
relativistic G-matrix interaction corresponding to BMR2 
version of the OBEP gives fo*v - 0.2 which is close to the 
empirical one (0 ± 0.2) [93]. and which gives rise to an 
incompressibility of К - 265 [MeV] [92]. 

Of course, to see how the relativistic effects affect 
quantitatively the excited states one has to take care of 
the full momentum transfer dependence of the effective 
interaction, i.e., to performe age in full 2p-2h 
calculations. One should mention that there might be an in 
consistency in using the relativistic G-matrix interaction 
in the RPA-type equation developed within a conventional 
non-relativistic formulation. However, if one neglects the 
retardation effects, the relativistic RPA equation is 
formally identical to the conventional non-reletivistic RPA 
equation [94]. It has been also explicilty verified [92] 
that the four-component relativistic G-matrix interaction 
can be. to a good approximation, used as a two-component 
interaction. 

In fig. 4.4 we show the strength distribution for Jre-0+ 
in Pb. As we have mentioned already, the RPA calculation 
(dashed curve) with the non-r«lativistic G-eatrix 
interaction (upper part) yields an unstable solution for the 
breathing (T - 0) mod*. Inclusion of 2p-2h processes alone-
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(solid curve) already cures this instability. The middle 
part of fig. 4.4 corresponds to the results using the 
relativistic G-matrix interaction based on the HM3A version 
of the OBEP. Here, in contrast to the non-relativjstic 
case, the standard 

Table 4.1. Landau parameters in the common units of С - Э02 
MeV fm* extracted only from the quasi-particle 
G-matrix 

f 

tt 
fz 

g 
gt 

*; к n 

interaction 

BMR2 

-0.657 
-0.750 
-0.221 

0.301 
0.213 
0.098 

0.271 
0.127 
0.063 

0.706 
-0.045 
0.031 

at kr - 1 

НМЭА 

-0.612 
-0.739 
-0.240 

0.308 
0.248 
0.110 

0.204 
0.121 
0.060 

0.644 
-0.008 
0.042 

.36 fm . 

HM3K (NR) 

-1.08 
-0.65 
-0.23 

0.27 
0.32 
0.15 

0.17 
0.24 
0.11 

0.72 
0.04 
0.04 
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Fig. 4.4. Strength distribution of the J - 0 state in 
Pb. The upper part corresponds to the 

non-relativistic (HM3A). while the middle and 
lower parts correspond to the relativistic 
G-matrix interaction based on the НИЗЛ and BKR2 
versions of OBEP. respectively. 
The dashed curves display the standard RPA 
results (artificial width Г - 1 HeV) and the 
solid curves the SRPA results. 



RPA calculation does not suffer from the problem of 
instability. Inclusion of 2p-2h processes gives a further 
repulsion and shifts the breathing mode to be located at 
much higher excitation energy. A comparison of the upper 
and middle parts of fig. 4.4 also shows that the isovector 
(T - 1) mode is energetically almost unaffected by either 
relativistic or 2p-2h effects. The lower part of fig. 4.4 
shows the results using the . relativistic G-matrix 
interaction based on the BMR2 version of the OBEP. In this 
case the result is similar to the НМЭА version. 

The table 4.2 lists the excitation energies E 
(centroid) and the transition probabilities В extracted from 
the RPA and SRPA calculations, respectively, for the 
breathing mode in 0, Ca, Zr and Pb. An interesting 
feature observed here is that in RPA calculations including 
relativistic effects, the BMR2 version gives the excitation 
energies which are systematically below the results of НМЭА. 
The corresponding transition probabilities are 
systematically bigger for BMR2 than for the НМЭА version. 
The results for the scalar-isoscalar (F) channel of fig. 4.3 
show exactly this feature, tt is also interesting to note 
that the effect of 2p-2h correlations is bigger for the BMP2 
than for the HM3A version. The reason is the stronger 
spin-isospin (6') channel of the interaction based on the 
BMR2 version than the HM3A as is seen in fig. 4.3 and in 
table 4.1. We remember that this channel of the interaction 
contributes to the induced interaction amplified by a factor 
9 (see eq. (4.7&П. These results emphasize again the 
usefulness of the simple model based on equations (4.7). 

For better illustration the results of table 4.2 are 
recapitulated in fig. 4.5. Here, the excitation energy E • 
of the breathing mode multiplied by A1"is plotted as a 
function of A1", where A is the mass number. The interest 
in such a product results from the existence of the 
empirical formula which states that E • a« CA~*' and С at 80 

о 
MeV. The constant С is indicated by the straight line. The 
dash-dotted curve tikes care of the surface effects [95] 
which take place in light nuclei. The dashed lines 
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Table 4.2. Excitation energy E„ (in units of MwV) 
г transition probability В (in units of e 

.1 «+ i M.I_I i- .: _ 1б л 40^_ 90 

208 

fm*) 
and 
of 

0T breathing mode in *"0. ~*"Ca, ^"Zr and 
JPb obtained within the RPA and SRPA 

calculations, respectively. The first two rows 
are the results using the non-re!ativistic 
G-matrix interaction based on the HM3A version 
of the OBEP. The second two rows are the 
results using the reiativistic G-matrix 
interaction based on the HM3A version, while the 
last two rows correspond to those of the BMR2 
version. 

16, 40 Ca 90 Zr 206 Pb 

HM3A 
(NR) 

HM3A 

BMR2 

RPA 
SRPA 

RPA 
SRPA 

RPA 
SRPA 

13.6 
20.4 

18.9 
23.1 

16.5 
22.1 

56 
48 

39 
37 

44 
40 

12.3 
18.9 

17.1 
21.2 

15.9 
20.7 

296 
240 

200 
196 

214 
198 

— 
9.7 

9.6 
13.4 

9.0 
13.3 

— 
2604 

2036 
1837 

2177 
1855 

4 

6 
10 

6 
10 

-
.5 

.5 

.0 

.1 

.1 

-
18750 

9802 
7630 

10880 
7850 
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Fig. 4.5. Excitation energy of the breathing mode 
multiplied by A 1 " as a function of A 1 " , where 
A denotes the mass number. The dashed lines 
correspond to the RPA calculation, whiie the 
solid lines to the SRPA calculation. The 
liquid drop model result E • * 80 A"1'" is 

о 
indicated by the straight line. The 
dash-dotted curve is the result of ref. [95] 
which includes surface effects. 
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correspond to tr.e standard RPA ca.cu;at:on£, wr.iie the solid 

; :res to those incluiir.? Lp-lr-. correlations. 

Thus, it seeir.r t ? з* :.ег: tr.s: t.'.e r-.-.at ivist Jc 
effects help tc irr.'rrc-v* the- descnpticr ;•* rsart.i*l parity 
excitat i".rse oover.T?: :y the scs '. ar-;so? rs ler component cf 
the effective :r.:e.'s:::cr.. Of course, '. ne has to be aware 
of f e fa.-; tr.flt '."? consistent relativistic th.e:ry of 
riar.y-bcdy systea-.£ is not yet fuliy ertabl:shed '96.. 

Consecue: -1 у. r'-.e :';rma; :sx whirr leids tc the results 
cr»f ent-r: ir. this -ub-s-rrt :on :,-•••". '-es олпу Assumptions arc 
approxjinet icns !92), n? = ". of *'ne:r. - ;-/e r.e" er teer. tested. 
This rr:?h* be a reason for '.h<r ?• .. existing discrepancy 
Detweer -. .e theoretical and etnp -.:•-. г t. results 

4.4. Screening со:: ect ion re 'he tensor foi"-e-

The 2p-2h rorre.ations present in the SRPA provide also 
an important correction to the isoscaiar component of the 
tensor force [97]. To llustrate this effect let us consider 
the isoscalar 1* excitation in Pb. This excitation 
corresponds to I»Y 31 and t<"Y I1 operators. The [o-V 'l 

О 2 О 
operator, upon acting on the ground state, generates a very 
low spin-flip state with the shell model wave function 

l\ 

1. isZ. 

The [«'Yt]t operator excites a collective 2ho> - isoscalar Ml 
mode 

t t*|O*> e (4.14! 

The tensor fore* leads to a coupling of these two modes and 
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thus admixes a [ctY J1 component to the low lying spin-flip 
mode. Thus 

(4.15) 

The inelastic proton scattering strongly excites the 
[&Y ]* component of \1*\ [98]. However. the RPA results 
w' h tensor interaction are in sharp contrast to the 
experimental data [99]. Much better description is obtained 
using the pure spin-flip wave function ((eq. 4.13) ). 
:r.c:cat :ng that the isoscalar tensor force resulting from 
Dne rvson exchange is too stror?. Again, it turns out that 
2 l?-:h RPA description :•: this state\ls net sufficient and 
2p-2'r. excitations have to be inc.uded 

Table 4.Э. Excitation e.-.ergies E and r [«Y )k - transition 
strength for tne iow lying ieoscalar 1 state an 
2 0 вРЬ. 

Model E x r (o-Ya) strength 

RPA (no tensor) 6.1 MeV 516 fm* 
RPA (with tensor) 4.7 MeV 1226 fm4 
SRPA (with tensor) 5.7 MeV 682 fm* 

Table 4.3 shows the excitation energy E and r'fcY ] l 

- transition strength for the low lying isoscalar 1 state 
in three different cases: (i) RPA without tensor force 
(first line); (ii) RPA with inclusion of the tensor force 
(second line); and (iii) SRPA with tensor force. As one can 
see. inclusion of the tensor force in RPA leads to a 
considerable lowering of the excitation energy and to an 
enhancement of the transition strength. Including 2p-2h 
effects, the enhancement of the transition strength is 
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reduced; i=-?sentid: i> TO the FT'A r-?s-.::r. otnitnmsr the censor 
force a l t c?e the r . ? ;nu la r ly . r-h« R~A »Kcitat:ien energy Fv 

i s much c ' - s s r to :he RPR. rssra* wi*h no tensor force than 
*o RFA i-t»s':U wifl- -h* ner.w:r ?-..r?s> included. One should 
•also r:o> p T.n.j". tne *xc i : a'; ;•••;•: c/vyrf"- •:c^s.i.n*?d :n SRPR 3s :n 
v.iy-y .*•...:; s,rre<?m<?r.: wuh w.'.p^ruaent '39.-. Frem t h i s we 
•:>:T.: .:;':*' \r.at the s^ronsr ;s'.-^s;ss" vensor force ?*?neraced by 
•?n* .'•o.?:r evihan?* ftcd*:.? is ', artv* Iv reduce;.: by . 2p-2r. 
sTCi-e<?r.2i"iT **ct'»cr,? «.;-,•> tha i <:'!":;? v- ' iuctjcn is necessary. 
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SUMMARY AND OUTLOOK 

A theoretics! riescr ipt ion of the system of many 
: г.: er act ing nucie-ons :s particuiarly difficult among other 
ir.ony-bouy problems. Эегзоез typical inć obvious 
,:iff i(-u:r.:<:£ related tc the f-sct that the problem involves 
талу degree.1? of "freedom, the nuclear Hans: I ton: an ir.anifesrs 
sr almost singular- behaviour. This behaviour originates 
from the existence of trie strcng shcrt-r%nge repulsive core 
:n the r.ucleors-nucleors interact ion. Irs order to make the 
.••ornpurat icnsr convergent and. :r. the next sta?"?, ко properly 
incorporate the physics of this core one has to use a 
r.anifeld of wave functions? tfhos>; structure :s rich enough to 
account for а эта \ i probe 5a!: ty of ?:nditr; two Tjcieons very 
close to each :3ther. Alternet :ve:y. on«? car, work w:tr, the 
reiat:veiy simple wave functions bu" the suppresses degrees 
•.if freedom r,«ve to be compensated by the иге ot tlfec^ive 
ir.terflc'Mont-. In other words, al2 important rorrf.s'.ions 
hfive to oe inciudec either into the wave function or into 
the effective interaction. in this context the second RPA 
with the G-matrix as an effective interaction emerges as a 
very reasonable compromise. Her*4. the short range 
correlations are included. :rvto the effective interaction and 
the long range ones into the wave function. The fact that 
in the SRPA formalism the iong range correlations generated 
by 2p-2r. excitaitions are present in the wave function aliovs 
us to study expliciziy the decey prop«rties of nuciear 
collective excitations and. more generally, to obtain a 
realistic description of the nuclear excitation spectrum. 
Various aspects of this problem have been discussed in 
section Э. 

Simultaneously, the same 2p~2h processes civ» ary 
important screening correction to the nucleon-r.uclecn 
interaction inside the nucleus. This correction is 
particularly strong in the scalai—isoscalar channel. "t 
removes the instability in this channel, but the tc-rce is 
still too attractive. Even more, the higher order effects 
(np-nh) do not generate any otłłer significant mcsdification 



of the interaction. Meanwhile, as discussed in section 4. 

the use of modified spinors helps to explain the properties 

of nuclear excitations governed by the scala»—isoscalar 

component of the interaction. Thus, although there are 

still many serious questions open in connection with this 

fact, the influence of relativistic dynamical effects in 

nuclei on a short-range part of the nuclecn-nucleon 

interaction seems noteworthy. The remaining discrepancy 

between theory and experiment may result either from the 

approximations invoked in the derivation of the r^iativjstic 

G-matrix interaction or from the lack of self-consistency in 

SRPA. We remember that in the present caiculat:--is the 

ground state is not determined by the same interaction as 

the excited states. However, the fact that the relativistic 

G-matr:x interaction alone does not any longer lead to the 

instability, opens a possibility for a fully self-consistent 

SRPA study of the excited states. 

In connection with the above problem one should aiso 

remember that the nucleon^meson theory of nuclei is an 

effective theory only. The adequacy of this theory seems to 

be unquestionable at larger distances. At small distances, 

however, the quark structure of nucleon may enter into the 

game. As we have s ~. in section 3. the problem of the 

missing Gamov-Telle- strength is not fully explainable in 

the conventional framework. Thus, the nucleon excited 

states or. possibly, even more exotic phenomena such as 

six-quark systems constitute additional degrees of freedom 

which might have to be taken into account already in the low 

energy nuclear physics. This problem remains an exciting 

subject for a future study. 

We have reported various realistic calculations using 

the SRPA equations. These calculations show that this 

advanced method is indeed numerically menageable. Of 

course, the adequacy of this method is limited to the 

nuclear phenomena which do not differ very much from the 

ground state. It, certainly, is not suitable, for instance, 

to the description of nuclear fission. It would also b* 

very difficult, due to technical reasons, to apply it-
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without злу further siraolificat:ons to defcrmed nuclei Ail 
ir.ese facts point to the :mpor*:s"ce ct ether methods which 
•describe the gross features ara ?us3 i-. *•: :v« trends cut ere 
numerically s:mp)er. The * :me-c* r̂ .̂ĉ nr: var:st:orai 
principle supplerrjen^ed by '.he RSV suentua rcrs:stency 
condition prc>v:c*-e a unified f: i.T.ewot .< for a wi-.cie C I Ł E S -yt 

•spprcaches v?ath varying levels ::" rr.-r.?le\-.tv 
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