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Abstract. Fifty years ago, in his paper on " Q u a d r u p o l e and 
dipole y emission from nucle i" , A B Migda l in t roduced 
implicitly the concept of a dynamic collective mode l in 
nuclear physics and used this concept to predict a giant 
dipole resonance . Evolu t ion of the theory of this resonance 
has had an e n o r m o u s influence on the format ion of m o d e r n 
concepts relat ing to the dynamics of nuclei. A brief 
historical in t roduct ion is followed in this paper by an 
account of the conceptua l aspects of the subsequent 
evolut ion of the ideas on the na tu re of the giant dipole 
resonance . This evolut ion has followed a complex pa th 
from the initial identification of a nucleus with a liquid drop 
to its representa t ion as a system of independent nucleons. 
Recent investigations have m a d e it possible to unde r s t and 
the interrelat ionships between these apparen t ly d iamet r i 
cally opposed concepts , to br ing them closer together , and 
to demons t ra t e the equivalence of the descript ion of the 
giant dipole resonance with either concept . 

1. Introduction 
1.1 This year fifty years will have passed from the 
publ ica t ion of A B MigdaPs " Q u a d r u p o l e and dipole y 
emission from nuc le i " [1]. The title and the specific result 
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repor ted in this paper , an indicat ion of a s t rong u p w a r d 
energy shift of intense dipole t rans i t ions in nuclei, at first 
sight seem to be of purely ' local ' impor tance . In reality, 
however , the work of Arkad i i Beinusovich occupies a 
special place in the his tory of nuclear physics. 

Firs t , this paper predicted one of the most impor t an t 
p h e n o m e n a in nuclear physics, which is the giant dipole 
resonance ( G D R ) . The G D R is a wide ( 5 - 1 0 M e V ) 
m a x i m u m of the curve represent ing the absorp t ion of y 
p h o t o n s by a nucleus, which in the case of heavy nuclei is 
located at energies 1 4 - 1 6 MeV. In the case of light nuclei it 
is shifted t owards somewhat higher energies ( 2 0 - 2 5 MeV) . 
Wi thou t any exaggerat ion we can say tha t the format ion of 
the G D R and also of giant resonances of different origin, 
together with the proper t ies and role of these resonances in 
var ious nuclear processes, have been the central poin t 
a r o u n d which the main discussions in nuclear physics 
have taken place in the last 3 0 - 3 5 years. 

Second, A B Migda l was the first to unde r s t and tha t the 
main G D R paramete r , which is the energy of its m a x i m u m , 
is governed, on the one hand , by the symmetry energy 
(more exactly, the coefficient fi) in the B e t h e - W e i z s a c k e r 
formula for the b inding energy of a nucleus and, on the 
other , by the average kinetic energy of nucleons, which he 
found by applying the sum rule. 

Third , and pe rhaps as impor t an t as the predict ion of the 
G D R , is the fact tha t Migda l was the first to in t roduce the 
concept of q u a n t u m collective excitation modes in nuclear 
physics. 

1.2 W e shall consider the conceptua l aspects of A B 
M i g d a l ' s paper and the current views on the G D R in later 
sections. W e shall begin with a small de tour to the his tory 
of nuclear physics. 

The G D R predicted by Migda l was discovered several 
years later by Baldwin and Kla iber [2]. Soon after, G o l d -
haber and Teller [3] interpreted the G D R as a manifesta t ion 
of collective, i.e. associated with synchronous mot ion of a 
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large number of nucleons, dipole p r o t o n - n e u t r o n oscilla
t ions. One of the oscillations models considered by 
Go ldhabe r and Teller, the hyd rodynamic mode l (model 
III) , was subsequent ly developed by Steinwedel and Jensen 
[4] and D a n o s [5]. The dependences of the G D R proper t ies 
on the shape of a nucleus were investigated by O k a m o t o [6] 
and D a n o s [7]. At approximate ly the same t ime, Ra inwa te r 
[8] in t roduced surface oscillation modes in nuclear physics 
and these were investigated subsequent ly by A Bohr and 
Mot te l son [9, 10], and by m a n y other au thors . A complete 
dynamic mode l of coupled dipole and surface oscillations 
was formulated in the early sixties by D a n o s and Greiner 
[11], and also by Semenko [12]. Some aspects of the 
interact ion of p h o t o n s with nuclei were considered by 
Baldin [13] within the f ramework of m o r e general con
cepts. A n impor t an t role was played by the work of 
McDan ie l , Walker and Stearns [14], who investigated 
elastic scat tering of 17.6 M e V p h o t o n s by a number of 
nuclei. Their results were used by D a n o s to suppor t the 
collective mode l [15]. 

In addi t ion to the evolut ion and extensive use of the 
concept of collective types of mo t ion in a nucleus, the late 
forties and early fifties saw a literal b r e a k t h r o u g h in nuclear 
physics of the idea of independent mo t ion of nucleons and 
the special role of single-particle degrees of freedom [16]. 
The final stage of extensive investigations of the effects of 
these degrees of freedom in nuclei has been a general 
acceptance tha t a nucleus represents , in the first a p p r o x 
imat ion, a system of independent ly moving nucleons, which 
is k n o w n as the independent-par t ic le mode l ( IPM) . This has 
b rough t to the fore the p rob lem of in terpre ta t ion of the 
G D R in te rms of single-particle degrees of freedom and the 
quest ion of the general relat ionship between the collective 
and single-particle forms of mot ion . 

Wilkinson [17] was the first to investigate the general 
proper t ies of dipole t rans i t ions in the I P M . It was found 
tha t such dipole t rans i t ions are grouped in the range of 
energies equal to the average energy separat ion between the 
shells. This means tha t the p h e n o m e n o n of the G D R 
appears also in the I P M , bu t the energy of this resonance 
for heavy nuclei is approximate ly half tha t found experi
mental ly . The 'collective n a t u r e ' of the G D R , in the sense 
defined above, seems to be absent . 

In the early fifties, Reifman, work ing under Heisenberg, 
in the n o w completely forgotten no te [18] demons t ra ted 
tha t — using the m o d e r n language — the I P M can accom
m o d a t e collective mo t ion if the residual interact ion is t aken 
into account . Soon after, Brink [19] showed tha t the I P M 
with the oscillator potent ia l can be used also to predict 
configurat ions in which centres of masses of p r o t o n s and 
neu t rons are excited separately. In other words , we can say 
tha t the I P M can be regarded as including potent ia l ly the 
collective mode l of dipole oscillations. 

The role of the residual interact ion in the G D R was also 
investigated by a group at M o s c o w Univers i ty [20]. Finally, 
Elliott and F lowers [21] and to an even greater extent 
Brown and Bosterli [22] demons t ra ted explicitly the 
p a r t i c l e - h o l e mechanism of format ion of collective modes 
of mo t ion of nucleons in the I P M . The mathemat ica l 
' a p p a r a t u s ' used to describe this mechanism is n o w a d a y s 
called the r a n d o m phase approx imat ion (RPA) . This has 
been followed by the development of a m o r e or less 
consistent p ic ture of the format ion of the G D R (and 
also of other giant resonances) in nuclei, the main features 

of which agree with the exper imental results. This led to the 
growth of an entire p a r t i c l e - h o l e ' indus t ry ' occupied with 
the research on the G D R and other giant resonances . The 
most impor t an t stages in the development of this indust ry 
were as follows: 
— a detailed investigation of the form of the p h e n o m e n -
ological p a r t i c l e - h o l e interact ion [23]; 
— identification of the mechanisms of dissipation of the 
collective forms of mot ion [ 2 4 - 2 7 ] ; 
— inclusion of nonmag ic nuclei in the R P A scheme 
[ 2 8 - 3 1 ] ; 
— development by Migda l and his colleagues of a 
consistent theory of the final F e r m i systems [ 3 2 - 3 4 ] ; 
— development of m e t h o d s for including in the R P A 
scheme a con t inuous spectrum of single-particle excitat ions 
[ 3 5 - 3 7 ] ; 
— establ ishment of a relat ionship between realistic 
n u c l e o n - nucleon forces and the effective p a r t i c l e - h o l e 
interact ion [38]; 
— demons t ra t ion tha t the R P A app roach is equivalent to 
the macroscopic app roach of the Vlasov equat ion in the 
case of a collisionless p lasma; this has m a d e it possible to 
app roach from a new angle the relat ionship between the 
collective and single-particle mo t ions in nuclei [ 3 9 - 4 1 ] . 

The main milestones in the early evolut ion of the physics 
of pho tonuc lea r research are discussed in detail in con
ference proceedings [42]. The subsequent theoret ical 
developments and new exper imental da ta can be found 
in a recently publ ished review vo lume [43]. 

2. Giant dipole resonance as excitation of a 
collective mode of a nucleus 
2.1 In m o d e r n terms, M i g d a l ' s est imate of the average 
energy co of the absorbed dipole p h o n o n s is obta ined from 
the formula 

1/2 
C D = \ — , (1) 

where 

cr(co) dco (2) 

is the to ta l cross section of the absorp t ion of a p h o t o n by a 
nucleus cr(co), integrated with respect to energy, and 

'(7(G)) 
dco. (3) 

If, for the sake of simplicity, we assume tha t the poten t ia l 
energy commutes with the nucleon coordina tes (in reality 
this is no t qui te t rue because of the exchange and 
s p i n - o r b i t forces), we find tha t c r i n t e g is a mode l -
independent quant i ty : 

v m t e g = 47 i 2 5>„ 0 K o l 2 = 4n2(0\[d[Hd}}\0) 

2n2e2 NZ 
= 4 * 2 < 0 | [ < / [ f < * ] ] | 0 > = — — , 

(4) 

where |0) is the vector of the g round state of the nucleus, f 
is the kinetic energy opera tor , d is the dipole t ransi t ion 
opera tor 

N N+Z 

i=Z+l 
(5) 
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and it is the opera tor represent ing the z project ion of the 
coordina tes of the iih nucleon. The rest of the no ta t ion is 
as follows: M is the mass of a nucleon; A, N, and Z are, 
respectively, the mass number , and the n u m b e r s of 
neu t rons and p r o t o n s in a nucleus; [Hd] and [Td] are the 
c o m m u t a t o r s of the complete Hami l ton i an of the kinetic 
energy of the nuclear system with the dipole t ransi t ion 
opera tor . 

If we t ake into account the exchange na tu re of the 
nuclear forces, we have to in t roduce a small correlat ion into 
formula (4): this correct ion represents the rat io of the 
effective mass M* of a nucleon in a nucleus to the mass 
of a free nucleon. However , this correct ion alters only 
slightly the quant i ta t ive result obta ined by Migda l [1]. 

On the other hand , the quant i ty cr_2 is model -dependent 
and Migda l est imated it with the aid of collective coor 
dinates . W e can easily see tha t cr_2 is identical, apar t from a 
factor, with the static polarisabi l i ty a of a nucleus: 

G_2 = 2K a. (6) 

The polarisabil i ty a can be found from the dipole m o m e n t 
induced by an external electric field. In its tu rn the induced 
dipole m o m e n t of the nucleus is governed by minimisat ion 
of the energy of a nucleus in an external field. The local 
var iant of the B e t h e - W e i z s a c k e r formula for the b inding 
energy of a nucleus, in which for example the symmetry 
energy 

MN-Z)2 

becomes 

d 3 x KM •Pn(x)]7 

p{x) 

(7) 

(8) 

where p P } n ( x ) are respectively the densities of p r o t o n s (p) 
and neu t rons (n), together with the assumpt ion tha t 
p = p p + p n = const, enabled Migda l to show tha t the 
polarisabi l i ty a of a nucleus is given by 

e2R2A 
40/3 ' 

(9) 

where R is the rad ius of the nucleus. Migda l then 
subst i tuted formula (6) into formula (1) and found tha t 
for a = 200, Z = 80, and R = 5 fm, this average energy is 

co ~ 16 M e V . (10) 

2.2 W e shall n o w consider the conceptua l aspects of the 
work of A B Migda l . W e must stress once again tha t he 
used the collective model . This is obvious from the fact tha t 
the dynamic var iable in his analysis is the density pp(x) in 
the dis t r ibut ion of p ro tons . 

The collective mode l in the liquid drop form had been 
used in nuclear physics long before Migda l . F o r example, it 
was used by Bohr and Wheeler [44] in an analysis of the 
b inding energy of nuclei and also of the process of nuclear 
fission. However , only the effects of the poten t ia l energy of 
collective mot ion have been used in the previous t rea tments . 
W e can therefore say tha t the concept of a q u a n t u m 
collective mode l (with the essential element of including 
no t only the poten t ia l bu t also the kinetic energy of 
collective mo t ion ) had no t been stated explicitly. In fact, 
it is in MigdaPs paper tha t the kinetic and poten t ia l t e rms 
were included s imultaneously for the first t ime. W e can 

easily see from the preceding subsection tha t the po la r i s 
ability a is governed entirely by the poten t ia l energy of the 
collective variable p p , i.e. by the symmetry energy Es; on the 
other hand , the to ta l cross section c r i n t e g is governed, as can 
be seen from formula (4), by the kinetic energy of the 
Hami l ton ian . One should ment ion also some nontr iv ia l 
features of the var iable pp(x). In M i g d a P s analysis it is 
model - independent in the sense tha t it does no t require the 
hyd rodynamic in terpre ta t ion . Actual ly, this var iable is of 
q u a n t u m na tu re and is one of the componen t s of a q u a n t u m 
object which is the density mat r ix pmn(x): 

(11) 

where m, and n are the indices of the state vectors, xt are 
the coordina tes of the nucleons , and 8(x) is the usua l 8 
function. F o r m u l a (11) represents one of the rules for 
t ransi t ion from microscopic (x,) to collective variables. 

2.3 The collective mode l is frequently associated with the 
hyd rodynamic model . However , we can see from an 
analysis of M i g d a P s paper tha t the concept of the 
collective mode l is wider t han tha t of its hyd rodynamic 
var iant . 

It is in general evident tha t a 'nuc leon ' nonrelat ivist ic 
nucleus can be described no t only in te rms of the nucleon 
coordinates , bu t also by means of any complete set of 
dynamic variables, such as those defined by relat ionship 
(11). Therefore, there are no 'more fundamenta l ' and 'less 
fundamenta l ' degrees of freedom: the use of each of such 
sets of degrees of freedom should give, in the final analysis, 
identical results. However , the n u m b e r of variables which 
can be used to describe a specific physical p h e n o m e n o n 
depends on the selected set of coordinates . Therefore, 
instead of the concept of ' f u n d a m e n t a l l y ' , the p ragmat i c 
considerat ion of 'convenience ' p lays the chief role. F o r 
example, in describing a dipole resonance in a ho lmium 
nucleus we need three collective variables, whereas work ing 
with single-particle degrees of freedom, we require abou t 50. 

The collective mode l begins with selection of a limited 
set of collective variables, i.e. variables which describe 
matched mot ion of a large number of nucleons . This set 
depends on the na tu re of the p h e n o m e n o n to be analysed. 
F o r example, in a descript ion of surface v ibra t ions and 
ro ta t ions of a nucleus the collective coordina tes m a y be the 
deformat ion pa rame te r s ft and y , and the Euler angles which 
govern the or ienta t ion of a nucleus in space. 

The next step is the derivat ion of the Hami l t on i an 
expressed in te rms of selected variables and their canonical 
m o m e n t a . The cons tants and functions which determine the 
Hami l ton i an are either regarded as pa ramete r s , to be found 
by compar i son with exper imental results, or are calculated 
by, for example, the N i l s s o n - S t r u t i n s k y me thod [45]. 

2.4 Some comment s should n o w be m a d e to prov ide m o r e 
detail in the descript ion of the G D R in the dynamic 
collective model . It is na tu ra l to include in this mode l all 
the collective coordina tes necessary for the description of 
the G D R p h e n o m e n o n . 

The ' in ternal ' mul t ipole oscillations, a m o n g which the 
most impor t an t are dipole oscillations, are described by the 
h a r m o n i c Hami l ton i an HinteYn: 

^ i n t e r n « {By1 (KJKJ), + Cj (Dj Dj)Q} , (12) 
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where Dj and KJ are the mul t ipole collective coordina tes 
and the associated m o m e n t a ; Cj and Bj are, respectively, 
the 'r igidity ' coefficient and the mass coefficient; / is the 
angular m o m e n t u m of collective oscillations. The index 0 
indicates tha t the m o m e n t a are included in the to ta l zero 
m o m e n t u m . 

Vibra t ions of the surface and ro ta t ion of a nucleus can 
be described by the app roach developed by Bohr and 
Mot te l son . In this app roach , selection of the rad ius 
R(9,</>) of a nucleus 

R(9,<t>)=R0^l + YjALYL(e,<P)Sj, (13) 

where AL are the in ternal dynamic variables, determines 
the ro ta t ion of the nucleus and vibra t ions of its surface. 

The interact ion of the mul t ipole v ibra t ions with the 
surface v ibra t ions and with the ro ta t ion of a nucleus is 
determined by the dependence of the energy of the mul t i -
pole v ibra t ions on the static deformat ion of a nucleus 
(adiabat ic approx imat ion) . In an approx imat ion which is 
linear in te rms of the pa ramete r Aj9 this interact ion should 
be described by 

^ i n t e r a c t OtAjDjDj. (14) 

The mos t impor t an t aspect of the G D R prob lem is the 
interact ion between the mul t ipole and surface vibrat ions . 
Specific effects of this interact ion depend decisively on the 
s trength of the interact ion. In the case of nuclei which are 
rigid in relat ion to surface deformat ions , such as the 2 0 8 P b 
nucleus considered earlier, these effects are slight. On the 
other hand , the interact ion between the dipole and surface 
v ibra t ions in 'soft ' nuclei causes a very s t rong splitting or 
b roaden ing of the G D R (Fig. 1). 

On the whole, we can say tha t the dynamic collective 
mode l under discussion describes, in spite of the small 
number of initial pa ramete r s , a surprisingly wide range of 
exper imental da ta on the proper t ies of low-lying states of 
nuclei as well as the gross s t ructure of the G D R . Moreover , 

K o l (rel. units) 

1.0 -

0.5 -

0.2 -

0.1 -

14 18 22 
CD/MQV 

Figure 1. Giant dipole resonance in a spherical nucleus of intermediate 
weight, considered within the collective model framework: (a) ignoring 
the coupling of the dipole and surface vibrations; (b) taking account of 
this coupling [11]. The vertical axis gives, in relative units, the 
squares of the matrix elements of the dipole transition operator \dn0\2 

[see expression (4)]. 

its predictive and interpretat ive capabili t ies have not yet 
been fully utilised, a l though the pa rad igm has n o w changed 
and the chief place in research is occupied by the mic ro 
scopic approaches . 

3. Giant dipole resonance as excitation of 
single-particle degrees of freedom of a nucleus 
3.1 Single-particle degrees of freedom appear in low-energy 
nuclear physics as the degrees of freedom of quasipart icles 
(quasinucleons) . Quas inucleons are generally collective 
q u a n t u m objects which have the q u a n t u m n u m b e r s of 
nucleons. They are complex superposi t ions of real ( 'hole ') 
nucleons and of many-par t ic le excitat ions such as, for 
example, those tha t create local polar i sa t ion in a nuclear 
med ium. F o r simplicity, we shall use the term 'nucleon ' 
when speaking of single-particle degrees of freedom, bu t we 
shall unde r s t and it to be a quasinucleon. 

In te rms of single-particle degrees of freedom a nucleus 
can be regarded, as in the first approx imat ion , as a F e r m i 
gas of nucleons placed at zero t empera tu re in a self-
consistent nuclear field. 

A r emarkab le p rope r ty of the dis t r ibut ion of nucleon 
levels in the average field is the shell s t ructure , i.e. the 
g roup ing of levels in shells separated from one another by 
an energy interval considerably greater t han the width of 
the levels (for example, in the case of 2 0 8 P b , the upper shell 
is abou t 1.5 M e V wide and the separat ion between the shells 
is 7 - 8 MeV) . 

The magic nuclei, i.e. those with filled neu t ron and 
p r o t o n shells, have the simplest s t ructure in the I P M model . 
Therefore, in our discussion we shall use these nuclei as an 
example or, m o r e exactly, we shall consider 2 0 8 P b as the 
' ideal nuc leus ' . This heavy nucleus can be regarded as ideal 
in the sense tha t it is no t affected by several physical factors 
(for example, pair ing, a s t rong influence of the surface, etc.) 
which complicate the giant resonance pa t t e rn described in 
te rms of the single-nucleon degrees of freedom. 

3.2 The simplest excitat ions of magic nuclei appear as a 
result of mo t ion of one nucleon from a filled to an empty 
(free) shell. They are described by the q u a n t u m n u m b e r s of 
a 'part icle ' , which is a nucleon in an empty shell, and a 
'hole ' , which is a vacancy in one of the filled shells. They 
are usually called p a r t i c l e - h o l e (ph) excitat ions. 

M o r e complex states are built up by displacements of 
two, three, etc. nucleons from filled to vacant shells. They 
are called the 2p2h, 3p3h, etc. states. In the region of a giant 
resonance in heavy nuclei (co ~ 14 — 16 M e V ) the number 
of m o r e complex states is much greater t han the number of 
the ph states. 

W e shall n o w determine to wha t extent the investigated 
set of single-particle degrees of freedom i.e. the I P M , can 
account for the G D R . In the range of the G D R energies the 
interact ion of y p h o t o n s with a nucleus is characterised by 
the following features: 
— the interact ion is of single-particle na tu re and, therefore, 
the y p h o t o n s excite directly only the p h states; 
— the y -pho ton wavelength is still considerably greater 
t han the size of a nucleus and, therefore, the main 
singularities of the absorp t ion curve should be governed 
by the absorp t ion of the dipole y p h o t o n s ; 
— in the absorp t ion of dipole y p h o t o n s the strongest 
t rans i t ions are those which occur between adjacent shells. 
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It therefore follows tha t in the I P M the dipole 
t rans i t ions are grouped mainly in the range of energies 
equal to the average separat ion between the adjacent shells. 
In the 2 0 8 P b nucleus the separat ion is 7 - 8 M e V . This was 
indeed explained by Wilkinson [17]. Therefore, the G D R 
p h e n o m e n o n does occur in the I P M . Since the separat ion 
between the shells varies smooth ly with the mass number A 
(as A _ 1 / 3 ) , the G D R predicted by this mode l has the external 
criterion of its characterist ic collective na tu re , i.e. the 
resonance posi t ion depends weakly on the mass number . 

However , the G D R predicted by the I P M has an energy 
which for heavy nuclei is abou t twice the exper imental 
energy. Therefore, this very serious discrepancy in nuclear 
physics has to be removed by finding a mechanism which 
does not negate the I P M , bu t shifts the G D R to much 
higher energies. 

3.3 The initial steps t owards the solution of this p rob lem 
were suggested by a research group work ing in M o s c o w 
Univers i ty [20] and the solution was obta ined by Elliott 
and F lowers [21] and Brown and Bolsterli [22]. This 
solut ion can be summarised as follows. The n o w familiar 
hole interact ion between nucleons cannot be reduced 
entirely to the average nuclear field. Some cont r ibut ion 
to the n u c l e o n - n u c l e o n forces, t radi t ional ly called the 
residual cont r ibut ion , comes from the ' scat ter ing ' of 
nucleons, i.e. it alters the state of their mo t ion in the 
average field or, which is equivalent , mixes the var ious 
configurat ions identified by indices which in the I P M are 
good q u a n t u m numbers . 

In general, identification of the g round and excited 
states subject to the residual interact ion is equivalent to the 
exact solut ion of the m a n y - b o d y p rob lem and is therefore 
practical ly una t t a inab le . However , since in a rough a p p r o x 
i m a t i o n the I P M provides a correct descript ion of the main 
proper t ies of a nucleus, it is possible to adop t a special 
me thod of successive inclusion of the residual interact ion 
effects. 

The first and most impor t an t link in this chain of 
approx ima t ions is the R P A ment ioned earlier. This a p p r o x 
imat ion appears in a m o r e or less na tu ra l manne r in the 
Green function m e t h o d s [32], in app rox ima te second 
quant i sa t ion [28], and in the t ime-dependent H a r -
t r e e - F o c k me thod [46]. The physical aspect of the R P A 
is tha t a part icle and a hole are regarded as one complex, 
which is a p a r t i c l e - h o l e degree of freedom. Therefore, the 
only permissible processes are conversion of one p a r 
t i c l e - h o l e pair into ano ther and s imul taneous creat ion 
and absorp t ion of two such complexes (Fig. 2). The 
subsequent refinements represent ing the quasipart ic le 
R P A [26, 29], the second R P A (SRPA) [47], the extended 
second R P A ( E S R P A ) [48], invoke other m o r e complex 

Figure 2. Par t i c le -ho le interactions included in the random phase 
approximation. The wavy line represents the pair interaction. A 
particle and a hole are identified by a line with an arrow. 

degrees of freedom. In par t icular , account is t aken of the 
processes of conversion of a p a r t i c l e - h o l e complex into two 
p a r t i c l e - h o l e pairs , etc. 

Since in the I P M it is assumed tha t y p h o t o n s excite 
directly only the p h configurat ions, we can expect the R P A 
to describe correctly the gross s t ructure of the absorp t ion 
curve. The subsequent refinements therefore determine 
pr imar i ly the dissipation proper t ies of the G D R , which 
will be discussed in Section 5. 

3.4 The role of the residual interact ion is demons t ra ted 
most clearly in a schematic mode l which makes it possible 
to obta in a purely analytic solut ion of the R P A equa t ions 
[49]. In this mode l it is assumed tha t 

(a) the energies of all the ph configurat ions t aken into 
account are degenerate; 

(b) the mat r ix of the p a r t i c l e - h o l e interact ions i.e. the 
( p ' h ' I V | ph) matr ix , where V is the residual force opera tor , 
becomes factorised: 

< p ' h , | V | p h ) ~ d p , h , d p h . (15) 

Here , dph are the ampl i tudes of the dipole p a r t i c l e - h o l e 
t ransi t ions . The solution of the R P A equat ions then gives 
the following results: 
— all the levels, apar t from one nontr ivial , have the 
energies of the initial ph configurat ions and are no t excited 
by the dipole opera tor ; 
— the nontr iv ia l level, usual ly called the dipole level, is 
involved in all the dipole t rans i t ions and is displaced 
strongly in the u p w a r d direction a long the energy scale. 
The dipole state is a coherent superposi t ion of a large 
number of the ph configurat ions with approximate ly the 
same ampl i tudes . Therefore, its proper t ies depend weakly 
on the details of the nuclear s t ructure considered within the 
f ramework of the I P M . 

It t hus follows tha t the residual interact ion considered 
within the f ramework of this schematic mode l gives rise to 
an excited state of the nucleus which cor responds to 
synchronous mot ion of a large number of nucleons. In 
other words , the residual interact ion has the effect tha t the 
collective coord ina te 

1 Z 1 A 
R = - y n - - y ri9 

Z U N M i 

which represents the difference between the centres of 
masses of the p r o t o n s and neu t rons , becomes the n o r m a l 
coord ina te of the nucleus. Since the dipole state is a 
superposi t ion of a large n u m b e r of the ph configurat ions, it 
t akes away only a small pa r t of the spectroscopic s trength 
of each configurat ion. Therefore, the appearance of 
synchronous mot ion of nucleons does no t destroy the 
shell s t ructure. 

In a real nucleus the p a r t i c l e - h o l e configurat ions are 
nondegenera te and the ph interact ion is no t factorisable. 
Nevertheless , the main effect of inclusion of the residual 
interact ion, which is the shift of the G D R towards higher 
energies and setting up of collective mot ion , is retained. 
Fig. 3a [50] gives the results of a calculat ion of the 
intensities of the dipole t rans i t ions in the 2 0 8 P b nucleus. 
It is evident from this figure tha t the dipole state predicted 
by the schematic mode l does no t appear in its pu re form: 
instead of one state, there are n o w several and they 
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Pb nucleus, (a) 
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Figure 3. Absorption of y photons in the 
Distribution of the squares of the matrix elements (in units of e 
fm 2 ) of the dipole transition operator \dn^ [see expression (4)], 
considered in the random phase approximation [27]. (b) Curve 
representing the photoabsorpt ion cross section (in barns) obtained in 
the par t i c le -ho le approximation with a continuum [37]. (c) 
Distribution of the squares of the matrix elements (in units of e1 

fm 2 ) of the dipole transition operator | J w 0 | 2 obtained including the 
2p2h configurations [50]. 

cor respond to dipole t rans i t ions with nonzero intensities. In 
the collective mode l this result can be regarded as an 
indicat ion tha t only the collective degrees of freedom 
have no t been taken into account to a sufficient degree 
and tha t there is consequent ly a need to include single-
part icle degrees of freedom or to widen the set of collective 
variables. 

However , a different po in t of view is also possible: the 
ph splitting of the G D R is the result of an app roach in 
which one of the G D R splitting mechanisms (single-
particle) due to the s t ructure of the average field is included 
automat ica l ly in the R P A . In the relevant l i terature this is 
known , wi thout sufficient justif ication, as the L a n d a u 
damping [51]. Since there are other equally impor t an t 
splitting mechanisms, inclusion of just the L a n d a u d a m p 
ing in the R P A results effectively in an excess over the 
precision of the approx imat ion . 

4. Explicit relationship between single-particle 
and collective degrees of freedom. Vlasov 
equations 
4.1 The use of different complete sets of coordina tes should, 
in the final analysis, give the same physical results. 
However , compl ica t ions arise with each set of variables. 

W h e n a limited set of collective variables is used, it is 
necessary to 'guess ' , first, which of these variables are 
n o r m a l and, second, which of them are relevant to the 
physical p h e n o m e n o n under discussion. In the case of the 
dipole resonance this was done by Migda l and soon after 
h im by Go ldhabe r , Teller, and others . 

It is in general quite difficult to work with single-particle 
degrees of freedom. However , in this case there is no need to 
decide anyth ing in advance: diagonal isa t ion of the energy 
mat r ix reveals all possible (in the adop ted approx ima t ion) 
n o r m a l coordinates . However , when there is, as d e m o n 
strated above , a definite cor respondence between the R P A 
and the collective theories of the G D R , a direct compar i son 
of these two approaches is no t a trivial mat te r . In fact, the 
collective mode l is usual ly unde r s tood to be its h y d r o -
dynamic var iant , which is definitely in conflict with the 
main proper t ies of the nucleus: the mean free pa th of 
nucleons in nuclear mat te r is considerably greater t han the 
size of the nucleus. 

A decisive b r e a k t h r o u g h has been m a d e recently in 
tackl ing this p rob lem. It has been found tha t : 
— the R P A equa t ions considered in the semiclassical 
approx ima t ion can be wri t ten in the form of the 
macroscopic Vlasov equa t ions for the function nv(r, t) 
represent ing the dis t r ibut ion of nucleons in a nucleus; 
— if the dis t r ibut ion function nv(r, t) is known , there is no 
special difficulty in going over from single-particle degrees 
of freedom of the nucleus to the collective descript ion; 
— the equa t ions which are then obta ined for the collective 
variables are very close to the h y d ro d y n ami c equa- t ions , 
bu t considered in the collisionless case. 

This going over from single-particle degrees of freedom 
to the collective app roach practically within the f ramework 
of the same physical f ramework is par t icular ly valuable in 
an analysis of p h e n o m e n a m o r e complex than the G D R in 
nuclei at zero t empera tu re . W e have in mind here the 
processes which occur in collisions of heavy ions, the G D R 
in heated nuclei, and excitat ions in metall ic clusters. 

4.2 The t ransi t ion to collective variables in the R P A 
approx ima t ion is simplest to carry out within the frame
work of the t ime-dependent H a r t r e e - F o c k me thod [46]. 
This m e t h o d can be formulated in te rms of the single-
part icle density mat r ix p(r,r;t), which satisfies the 
equat ion of mo t ion 

dt ' 
[h,p]. (16) 

Here , h is the single-particle H a r t r e e - F o c k Hami l t on i an 
and 

[h,p] = hp — ph. (17) 

The t ransi t ion to the collective variables requires 
replacement of the density mat r ix p with its Wigner 
t ransform np(R;t) [52]: 

np(R;t) exp 
.P{r~r') 

p{r,r';t) d(r -r'), (18) 
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where R = (r + r)/2. The function np (r;t) is interpreted as 
represent ing the m o m e n t u m dis t r ibut ion of nucleons [40, 
42]. F o r this dis t r ibut ion function, E q n (16) becomes 

dnp(r;t) 2 . 
— ^ - = - s i n . 

8; H \2 

x s p ( r ; t)np{r;t). 
(19) 

Here , the indices (1) and (2) indicate tha t the derivatives 
opera te on sp and np, respectively. The equat ion includes 
the Wigner t ransform of the single-particle Hami l ton i an 

sp(R;t) = exp 
.P{r-r') 

h{r,r';t) d ( r - r ' ) , (20) 

which represents the local energy of a nucleon. 
The approx imat ion in which only the first te rm of the 

series expansion of the sine is retained, subject to the 
condi t ion of locality of h, can be called the semiclassical 
H a r t r e e - F o c k approx imat ion . In this approx imat ion , E q n 
(19) becomes 

8; 
np(r;t)=0. (21) 

The te rms of higher order in Ti and the effects of 
nonlocal i ty of h give rise to q u a n t u m correct ions to the 
function np (r;t), which is defined by E q n (21). 

Therefore, the q u a n t u m equa t ions of the (16) type used 
in the R P A me thod and considered in the semiclassical 
approx ima t ion can be reduced to an equat ion which is 
identical in form with the classical Vlasov equat ion [53] for 
the dis t r ibut ion function of part icles in a collisionless 
p lasma. 

The formulat ion of the R P A me thod in te rms of the 
dis t r ibut ion function np (r; t) allows us to go over easily to 
the collective variables. This is done by in t roduct ion of the 
m o m e n t s of this function [40]. The simplest m o m e n t is the 
local density p(r\t) of mat te r : 

dp 
p (r; t)=M np (r, t), (22) 

(2nhy 

where M is the mass of a nucleon. 
The next in complexity are the m o m e n t s which are 

identical with the local velocity u(r; t) and with the pressure 
tensor Pij(r, t): 

dp pnp(r;t) 

(2ttH)3 p(r;t) 
(23) 

pv(r>') = f T T ^ 3 (pt ~Mui) (pj - Muj) N P ( r ; 0 • ( 2 4 ) 
J {2nn) 

E q n (21) can be rewri t ten in te rms of these quant i t ies in 
the form of the classical hyd rodynamic equat ions : 

— + divpw = 0 , 

1 „ 1 „ 
dt M Mp 3 3 

(25) 

(26) 

(w is the local average field) for a collisionless fluid. 
If the tensor Ptj could have been expressed in te rms of 

just p and w, the result would have been a closed system of 
equa t ions expressed directly in te rms of collective variables. 

In reality, the equa t ions for the tensor Ptj include higher 
m o m e n t s of the dis t r ibut ion np(r;t) and t runca t ion of the 
resul tant chain of equa t ions occurs only under certain 
physical assumpt ions . 

The result is a r emarkab le and instructive si tuat ion 
when the physics under ly ing the R P A approx imat ion can be 
described equally successfully in te rms of single-particle and 
collective variables. Detai ls of the calculat ions of the 
characterist ics of var ious excitat ions of nuclei, carried 
out s tar t ing from E q n (17), can be found in the reviews 
ment ioned earlier [27, 4 0 - 4 2 ] . 

5. Decay properties of the giant dipole 
resonance 
5.1 In the preceding sections we have analysed the n a t u r e 
of the G D R from two al ternat ive po in ts of view. W e shall 
consider the same po in t s of view in dealing with the decay 
characterist ics of the G D R . They include the na tu re of the 
absorp t ion curve in the region of the G D R with all the 
details (fine and in termedia te s t ructure of the G D R ) of the 
energy dependence of the cross section cry(co) and the 
energy spectra of the emitted nucleons. 

The absorp t ion curve is determined by the processes of 
spreading, dissipation, and escape to a con t inuous spectrum 
of the initial p a r t i c l e - h o l e and m o r e complex states. The 
spreading and the dissipation are related concepts , bu t they 
represent different p h e n o m e n a . In the course of dissipation 
an excited nucleus leaves the initial ph configurat ion and 
does not re tu rn to it. On the other hand , in the case of 
spreading the nucleus m a y re turn m a n y t imes to its initial 
state before decay. 

5.2 In the phenomenolog ica l collective mode l the spreading 
of the dipole excitation occurs mainly because of the 
coupl ing of a dipole degree of freedom to surface 
v ibra t ions ; dissipation is included as an addi t iona l p a r a 
meter and determines the intrinsic width of the collective 
dipole level. However , such a na tu ra l app roach to an 
analysis of the G D R has not found great favour (possibly 
because the lack of clarity in the relat ionship between the 
hyd rodynamic and shell models) and the main effort has 
for a long t ime been concent ra ted on the approaches based 
on single-particle degrees of freedom. 

5.3 In the R P A approach , the absorp t ion curve of y 
p h o t o n s in the G D R region (and, consequently, the G D R 
width) is determined by the spreading of a dipole excitation 
m o d e between the p h configurat ions in the G D R region 
and by the width of the decay in var ious nucleon channels . 
The R P A with a con t inuum makes it possible to calculate 
the widths of nucleon decay of p a r t i c l e - h o l e states with 
the same conceptua l degree of reliability as tha t involved in 
calculat ion of the G D R energy. N u m e r o u s calculat ions of 
this type have shown tha t the R P A p h o t o a b s o r p t i o n curve 
differs greatly from tha t observed in the G D R region. F o r 
example, the decay width of a dipole level of 2 0 8 P b is 
approximate ly an order of magn i tude less t han tha t found 
experimental ly (Fig. 3b). This has led to the conclusion of 
the need to include the coupl ing between the ph 
configurat ions and m o r e complex (part icularly 2p2h) 
configurat ions. 

A realistic calculat ion of the absorp t ion curve of 
nonmag ic nuclei is a very difficult task. Therefore, we 
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shall limit ourselves to a brief discussion of the si tuat ion in 
our ideal 3 0 8 P b nucleus. The usua l me thod for the 
calculat ion of the absorp t ion curve of such nuclei is based 
on the hypothes is of 'grey ' 2p2h configurat ions for which 
the intensity of the interact ion with the ph configurat ions is 
approximate ly the same. The si tuat ion is as follows. Let 
G^s\co) be the exact p a r t i c l e - h o l e p r o p a g a t o r . It is 
na tura l ly d iagonal in respect of the index S represent ing 
the exact p a r t i c l e - h o l e levels. If we include the ph —> 2p2h 
coupling, the p r o p a g a t o r Gf\co) becomes modified to 
GSSF(co), which satisfies the Dyson equat ion whose sym
bolic form is as follows: 

G(co) = G0(co) + G0(co)Z(co) G(co) 

or 

G(a>): 

(27a) 

(27b) 
G 0 - » - Z ( f t ) ) ' 

where E(co) is the self-energy of the p a r t i c l e - h o l e states 

Z(co) = VG2V; (28) 

V is the interact ion responsible for the ph —> 2p2h 
t rans i t ion and G2 is the exact p r o p a g a t o r of the 2p2h 
states. The e n o r m o u s number of the 2p2h states in the 
G D R region makes it impossible to t ake the interact ion 
2p2h space exactly into account . Therefore, G2 is as a rule 
replaced with the ' zero th ' approx imat ion , i.e. it is assumed 
tha t 

G2(co) 
1 

a> - e 2 p 2 h + i 8 ' 
(29) 

where s 2 v 2 h is the energy of the 2p2h states considered in 
the approx imat ion of either two diagonalised ph states or 
of nonin te rac t ing part icles and holes [26]. It is usua l to 
assume tha t the phases of the (2p2h |V|ph) ampl i tudes are 
chaot ic so tha t the mat r ix Gss>(co) becomes diagonal . The 
cross section cr5(co)y, represent ing the absorp t ion of a y 
p h o t o n by the ph level S, averaged over the energy interval 
ACQ = I, has the following energy dependence: 

<7S (co) oc Im Gs (co) = I m GI co + i 

(co-es)2 + (rs/2)2 

where 

- 2 f t V \{S\V\2p2h)\2(I/2) 

2 ^ ( « - « 2 P 2 h ) 2 + ( / / 2 ) 2 

(30) 

(31) 

determines the width of the p a r t i c l e - h o l e level S9 

dependent on the energy co. Ideas of this k ind have led 
to the growth , in the last two decades, of a '2p2h indus t ry ' 
of calculat ions of the curve represent ing the absorp t ion of y 
p h o t o n s by nuclei. By way of example, Fig. 3c shows the 
results of one of the recent calculat ions of this type carried 
out for the 2 0 8 P b nucleus [50]. 

The overall agreement between the calculated and 
observed to ta l absorp t ion curves of y p h o t o n s shows 
tha t the mechanisms governing the decay proper t ies of 
the G D R are on the whole n o w under s tood . In par t icular , 
the role of the 2p2h configurat ions has become clear. It 
mus t be stressed however tha t formula (30) is app rox ima te 

because the p r o p a g a t o r in the space of the 2p2h states is 
described by an approx ima te expression (29). The resul tant 
error in the analysis of the G D R is at present very difficult 
to est imate. W e shall simply no te tha t the excitation 
spectrum in the G D R region, considered in this a p p r o x 
imat ion, is discrete. This means tha t only the spreading and 
no t the dissipation processes are taken into account . 

5.4 F o r a m o r e detailed unde r s t and ing of the absorp t ion 
curve, for example its fine s t ructure, we mus t go beyond 
the approx ima t ion discussed above. F r o m the fundamenta l 
po in t of view, it is clear which addi t iona l factors have to be 
t aken into account : the con t inuum, as well as the 3p3h and 
m o r e complex p a r t i c l e - h o l e states. However , if the vo lume 
of calculat ions is widened to t ake these factors into 
account , one meets no t only technical bu t also var ious 
serious physical p rob lems . They include above all the 
identification of the interact ions of the configurat ions of 
the var ious subspaces, 2p2h, 3p3h, etc., as well as the 
p rob lems of in ternal consistency of the calculat ions. A n 
impor t an t b r eak th rough has been m a d e recently: a self-
consistent 'ph + p h o n o n + c o n t i n u u m ' me thod has been 
developed for inclusion of the addi t iona l 'ph + p h o n o n ' 
configurat ions in the R P A with a con t inuum [54, 55]. The 
term ' p h o n o n ' means here tha t one of the ph states in the 
subspace of the 2p2h configurat ions becomes collective. 
The results of a calculat ion of this type carried out for the 
2 0 8 P b nucleus are presented in Fig. 4. These results 
represent the current level of calculat ions of the a b s o r p 
t ion curves. 

5.5 The recently established explicit relat ionship (see 
Section 3) between the I P M and the collective mode l 
m a y resuscitate the collective app roach to an analysis of 
the G D R absorp t ion curve described in Section 5.2. The 
dissipation pa ramete r of the collective states needed in this 
app roach can be found automat ica l ly by supplement ing the 
collisionless Vlasov equat ion with a collision integral . This 
integral can be expressed directly [27] in te rms of the 
ampl i tudes of t rans i t ions of the p —> 2ph type, i.e. for 
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Figure 4. Curve representing the photoabsorpt ion cross section (in 
millibarns) of the 2 0 8 P b nucleus. The continuous curve gives the results 
of a calculation carried out in the 'RPA + phonon + cont inuum' 
approximation [55] and the dots give the experimental results. 
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example in te rms of the ampl i tude of the p a r t i c l e - h o l e 
interact ion in the F e r m i liquid theory . It would be 
interest ing and instructive to pu t this into pract ice and 
to compare the results obta ined in this way with, for 
example, those plot ted in Fig. 4. 

5.6 A n even m o r e impor t an t decay characterist ic of the 
G D R is the na tu re of the energy spectra of the escaping 
nucleons. The phenomenolog ica l collective mode l leads us 
to expect (this was po in ted out long ago by Go ldhabe r and 
Teller [3]) tha t the energy spectra of nucleons should be 
statistical. The exper imental results indicate tha t even in the 
case of heavy nuclei the number of high-energy nucleons is 
considerably greater t han the number predicted by the 
statistical model . This effect can be unde r s tood again, as in 
the case of the width , if we tu rn back to the single-particle 
degrees of freedom. The quest ion of nonstat is t ical nucleons 
was considered a l ready by Wilkinson [17], who essentially 
predicted this effect by in t roducing the concept of 'direct 
resonant escape ' of nucleons. F r o m the m o d e r n poin t of 
view, this direct resonant escape is the first stage of p r e -
c o m p o u n d decay of the G D R [56] which occurs because y 
p h o t o n s excite directly pr imari ly the p a r t i c l e - h o l e config
u ra t ions tha t p lay the role of the ' incoming s ta tes ' [57]. In 
view of the relatively weak interact ion with the 2p2h 
configurat ions, a p a r t i c l e - h o l e G D R m a y emit ' super-
statist ical ' nucleons up to complete dissipation. The 
number of such nucleons in heavy nuclei does no t exceed 
5 % - 1 0 % . Nuc leon decay at each subsequent stage of 
thermal isa t ion of the G D R approaches m o r e and m o r e 
closely the statistical predic t ions [58]. 

Identif ication of the nucleon decay channels can be used 
as a decisive test of the configurat ional na tu re of the G D R . 
The small number of nonstat is t ical nucleons of this type in 
heavy nuclei makes it difficult to carry out such a test. In 
the case of light and in termedia te nuclei we find the 
opposi te s i tuat ion: the Wilkinson direct resonant decay 
of simple configurat ions, excited directly by y p h o t o n s , is in 
m a n y cases the dominan t mechanism. This has been used in 
a direct exper imental confi rmat ion of the existence of the 
configurat ional splitting of the G D R in the case of light 
nuclei [59]. 

6. Conclusions 
6.1 W e have considered the conceptua l aspects of the 
evolut ion of our ideas on the na tu re of the G D R following 
the p ioneer ing paper of A B Migda l and the exper imental 
discovery of this resonance . This evolut ion was one of the 
central (or even the central) po in t s in the establ ishment of 
the current views on the dynamics of nuclei. Initially, the 
theory of the G D R considered as an excitation of 
v ibra t ions of the p r o t o n liquid, relative to the neu t ron 
liquid, has been based implicitly on the liquid drop mode l 
of the nucleus. However , an incontrover t ible p r o o f was 
soon obta ined tha t , in the first approx imat ion , a nucleus is 
a system of independent ly moving nucleons ( independent -
part icle model) . This has given rise to two extremely 
impor t an t p rob lems: 
— interpre ta t ion of the G D R on the basis of the 
independent -nucleon model . The main difficulty has been 
tha t the G D R energy has been strongly underes t imated ; 
— compatibi l i ty of independent mot ion of nucleons with 
the liquid proper t ies of nuclei, which at first sight would 

require tha t the mean free p a t h of a nucleon in a nuclear 
med ium should be small compared with the dimensions of 
the nucleus itself. 

The first p rob lem was solved wi thout rejecting the 
hypothesis of independent mo t ion of the bulk of nucle
ons. This was done by including the residual interact ion 
between nucleons . It has been found tha t the interact ion can 
induce synchronous smal l -ampl i tude v ibra t ions of a large 
number of nucleons. There were two results of this 
approach : first, the exper imental G D R energy was r e p r o 
duced and, second, the collective coord ina te of the 
difference between the centres of masses of p r o t o n s and 
neu t rons became a n o r m a l coord ina te . 

The second p rob lem was resolved by recognising tha t the 
p a r t i c l e - h o l e equa t ions in the R P A can be reduced, to a 
good approx imat ion , to the Vlasov equa t ions for a q u a n t u m 
ana logue of the classical dis t r ibut ion function np(r, t). The 
Vlasov equat ion for nv(r, t) can then be used to go over to 
equa t ions for the collective variables such as the local 
density, velocity, pressure tensor , etc. The resul tant equa
t ions describe a collisionless liquid and they are identical in 
form with the equa t ions of classical hydrodynamics . 

6.2 It is n o w clear tha t the collective descript ion of a 
nucleus can be fully equivalent to the descript ion obta ined 
in the p a r t i c l e - h o l e R P A approach . However , a further 
refinement of the descript ion of the G D R proper t ies (its 
width , fine s t ructure, energy spectra of nucleons , etc.) is 
possible only if the single-particle degrees of freedom are 
t aken into account . Here , we have some inequivalence of 
the collective and shell models . 

6.3 The na tu re and the limited space in this review have 
prevented us from discussing m a n y other extremely 
impor t an t and interest ing aspects of the dynamics of 
nuclei closely related to the G D R . W e can only list some of 
them here. 

A major role is played in the G D R by the symmetry 
effects in a nucleus. The mos t striking a m o n g these effects is 
p robab ly the splitting of the G D R into two max ima 
observed for nonspher ica l bu t axially symmetr ic nuclei. 
In the collective model , this splitting is a t t r ibuted to the 
difference between the radi i a long the two symmetry axes of 
the nucleus and in the microscopic app roach the two 
max ima rise because of the considerable difference between 
the energies of the p a r t i c l e - h o l e configurat ions corre
sponding to longi tudinal and t ransverse (relative to the 
symmetry axis of the average field) excitat ions and because 
these excitat ions are not miscible by the residual interact ion. 
It should also be ment ioned tha t we have ignored com
pletely the single-particle aspects of the dynamics of the 
G D R in nonspher ica l nuclei. 

A second effect of the symmetry of a nucleus is the 
isospin splitting of the G D R in nuclei with N^Z. This 
splitting is related to the conservat ion of isospin in a nucleus 
and to the fact tha t a y p h o t o n m a y excite states of the 
isospin r< = (N — Z ) / 2 of the g round state as well as the 
states with T> = (N — Z ) /2 + 1, which lie considerably 
higher on the energy scale. 

Final ly, the third effect of the symmetry and the 
characterist ic features of the s t ructure of a nucleus is the 
configurat ional splitting of the G D R in light (up to 4 0 C a ) 
nuclei. It arises from the approx ima te conservat ion of the 
' Y o u n g scheme' q u a n t u m number and a s t rong dependence 
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of the energy of the hole levels (and, consequently, of the 
potent ia l ) on the nucleon configurat ion. 

6.4 The states of the nuclei responsible for the G D R m a y 
be excited no t only by p h o t o n s . Extensive studies are being 
conducted at present in which a nucleus is p robed with 
vir tual p h o t o n s , p ions , nucleons , etc. [60]. The whole 
e n o r m o u s set of da ta on the p rob ing of the G D R by a 
variety of b e a m s leaves no doub t tha t the main features of 
the na tu re of the G D R are n o w unde r s tood correctly and 
this applies also to the dissipation and decay (escape) 
processes. 

This c i rcumstance however leads almost au tomat ica l ly 
to the predict ion (and the existence!) of a large number of 
other giant resonances (monopole , electric quad rupo le and 
octupole , magnet ic dipole, G a m o w - T e l l e r ) and also the 
G D R of excited states [61]. 

6.5 The collective model , which goes back to A B Migdal , 
has become very popu la r no t only in dealing with 
giant resonances , bu t also with fission processes in 
nuclei. A classical descript ion of this process goes back 
to the early work of Bohr and Wheeler . The next impor t an t 
step was m a d e by going over to collective coordina tes b o t h 
on the basis of the N i l s s o n - S t r u t i n s k y scheme, pu t into 
pract ice by a group of physicists at Los A l a m o s (Nix et al. 
[62]), and in F rankfu r t (Greiner et al. [63]), as well as on 
the basis of the t ime-dependent H a r t r e e - F o c k m e t h o d 
(Cogny [64]). In par t icular , the last g roup of au tho r s have 
m a d e considerable progress and revealed fine details of the 
nuclear s t ructure such as the existence of a second 
min imum of the poten t ia l energy. 

6.6 A new b ranch of physics in which collective dynamics 
should give impor t an t results is growing at present . W e 
have in mind here metall ic clusters, condensed from a 
supercold meta l vapour and conta in ing several h u n d r e d s of 
a toms . Qut ie recently, a s tudy has been m a d e of the 
absorp t ion of p h o t o n s by such systems and a giant 
resonance has been discovered. 

6.7 Na tu ra l ly , A B Migda l could not foresee 50 years ago 
the na tu r a l evolut ion of the ideas set out in his first paper 
on the G D R . However , since he m a d e the necessary 
s ta tements , this has opened up new and extremely fruitful 
direct ions for evolut ion of nuclear physics and several 
related fields, which is undoub ted ly the historical con
t r ibut ion m a d e by Arkad i i Beinusovich Migda l . 
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