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Abstract. Exper imenta l and e lementary theoret ical w o r k 
relevant to the e lectromagnet ic and h a d r o n excitat ion of 
the A i sobar in nuclei is reviewed. The historical develop
men t of the no t ion of non-nuc leon degrees of freedom, 
from the quas inucleon and the p ion to qua rks and gluons, 
is described, and the role of A excitat ions is discussed. 
G a m m a , electron, p ro ton , p ion and ion b e a m me thod
ologies and detector and target designs are discussed. 
Prel iminary suggestions abou t y, e, p , K exci tat ion mecha
nisms are m a d e . P rob lem areas tha t need m o r e research are 
highlighted, and t rends for the future and prospect ive 
experiments are discussed. 

1. Introduction 

One of the mos t i m p o r t a n t p rob lems in m o d e r n nuclear 
physics is the s tudy of non-nuc leon degrees of f reedom in the 
nucleus. Historically, the subject has gone a long way from 
the quas inucleon and the p ion , to p ion and ba ryon 
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resonances , pa r tons , qua rks , and gluons. Near ly every 
successive step on this rou te was in its t ime covered in 
detail in b o t h original and (sometimes popular-level) review 
articles. The only exceptions pe rhaps are the b a r y o n 
resonances , par t icular ly the p rob lem of the excitat ion of 
the A(1232) i sobar inside nuclear ma t t e r (for brevity, the 
t e rm nuclear A isobar will be used in the following). 
Reviews of this par t icular subject are relatively few, tend to 
be limited in scope, and are a imed at n a r r o w specialists 
(see, e.g., Refs [ 1 - 3 ] ) . The fact is, however , the nuclear A 
isobar is receiving increasing a t ten t ion from b o t h exper
imentalists and theoris ts . F r o m the former, because it m a y 
be excited in a wide variety of s t rong and electromagnet ic 
nuclear processes involving p ions , nucleons , nuclei, p h o 
tons , and electrons. The lat ter are intr igued by the 
nontr ivial i ty of the da t a and by the diversity of inter
pre ta t ions they as yet unfor tunate ly admit . 

The present review is an a t t empt at a semipopular — 
in tended for a physicist of any n a r r o w specialisation — 
account of the up- to -da te exper imental da t a on the nuclear 
A isobar degree of freedom. The mater ia l is organised as 
follows. Section 2 provides a brief historical account of why 
par t icular non-nuc leon degrees of f reedom had to be 
in t roduced to describe nuclear s t ructure , the proper t ies 
of the nuclear forces, and some aspects of nuclear react ion 
processes. The basic pa ramete r s of the cor responding 
particles (quasinucleons, n, a , p, co and cp mesons , A isobar , 
pa r tons , qua rks , and gluons) are presented; the extent of the 
reality of their nuclear manifes ta t ion is characterised; a 
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brief compara t ive account of current nuclear models and 
nuclear force theories is given. 

The section does no t actually conta in any new infor
m a t i o n because its mater ia l m a y be found in m a n y fairly 
wel l -known sources. W h e n b rough t together , however , this 
in format ion m a y prove useful as a k ind of in t roduc t ion to 
the subject and as a brief reminder of some ideas, models , 
theories , etc., used or jus t ment ioned in the sections tha t 
follow. The section concludes by emphasis ing the special 
impor tance the A degree of f reedom assumes in connect ion 
with the n o w very topical research on s p i n - i s o s p i n 
excitat ions and the collective nuclear states. 

It is hoped tha t having read t h r o u g h the second section 
the nonspecial ist will have no difficulty in reading the 
remaining sections, and tha t the review as a whole will 
s t imulate a desire for m o r e invest igat ion in m o r e specialised 
l i terature. Of the Russ ian sources, pe rhaps the best choice is 
Ref. [3], a review article with a special emphasis on the 
( 3 H e , t ) charge exchange react ion, which gives a clear-cut 
definition of the concept of a collective nuclear A excitat ion, 
and presents a detailed survey of theoret ical work . 

The logic behind the remaining sections of the present 
w o r k is as follows: The th i rd section is concerned with the 
processes of photoexc i ta t ion and electroexcitat ion of the 
nuclear A isobar . The topics discussed here are mechanisms 
of pho tonuc lea r react ions at in termedia te y energies; the 
sources of real and vir tual y quan ta ; work with brems-
s t rahlung spectra and with label led-photon and electron 
beams; exper imental da t a on the tota l p h o t o a b s o r p t i o n 
cross section and on par t ia l h a d r o n pho togenera t ion 
react ions; and, finally, the p rob lem — and possible 
causes — of the change in nuclear relative to nucleon A 
m a x i m u m paramete r s . Based on indirect considera t ions , it 
is suggested tha t , apa r t from the quasifree A excitat ion 
mechanism, a compet ing collective mechan i sm m a y exist. 

The four th section discusses A excitat ion processes in 
h a d r o n - nuclear in teract ions such as ion, nucleon, or p ion 
charge exchange; exper imental aspects (beams, facilities, 
targets); the change in the pa ramete r s of the nuclear A 
m a x i m u m with respect to the free and quasifree A excitation; 
the exper imental p roo f of existence of collective effects. 

The topics covered in this section are nuclear A for
m a t i o n mechanisms for var ious types and energies of the 
incident particles; the role of Fe rmi m o t i o n and of the 
nucleon binding energy; the role of the in teract ion in the 
final state; A format ion at the surface and in the bulk; the 
re la t ionship between the meson and mesonless de-excitat ion 
channels . 

The simplest present -day theoret ical concepts based on 
the A-hole (A-h) model are in t roduced in the mos t elemen
tary fashion in the fifth section. The coverage includes the 
quasifree and collective mechanisms of A excitat ion; the 
basic features of the A-h mode l and its appl icat ion to 
var ious p r imary particles; spin- longi tudinal and spin- t rans
verse nuclear responses; A m a x i m u m shift in the A-h model 
with 7r-exchange; optical theorem aspects. Also , A isobar 
b inding energy, A - N interact ion, A nuclear potent ia l , the 
hypothesis of 2A states and A balls, and some other quest ions 
are considered. A n u m b e r of the theoret ical studies of the 
pas t decade are discussed in detail , some of which rely on 
m o d e r n inclusive and exclusive experiments , and some on 
pure calculat ions. These very recent results have no t yet 
received exper imental suppor t , bu t enable a very interest ing 
and promis ing p r o g r a m m e of future research to be m a r k e d 

out . Relativistic and related chiral models are no t covered 
in the review. 

The closing sixth section discusses the results a l ready 
obta ined and experiments for the near future. 

The review covers the papers and in terna t ional confer
ence proceedings as of 1993 inclusive, with addi t ional 1994 
papers the au tho r s became aware of at the very latest stage 
of their manuscr ip t work . 

2. Non-nucleon degrees of freedom in historical 
perspective 

2.1 Difficulties of nuclear models with nucleon degrees of 
freedom 
After the discovery of the neu t ron in 1932 nuclear physics 
came to be completely domina t ed by the p r o t o n - n e u t r o n 
mode l of the a tomic nucleus — a concept which did away 
spectacularly with the then seemingly in su rmoun tab le 
difficulties of its p r o t o n - e l e c t r o n predecessor and was at 
first quite satisfactory in explaining the basic proper t ies of 
the nucleus and the general features of nuclear react ions. A t 
the hear t of all par t icular implementa t ions of the mode l was 
the no t ion of nucleon degrees of freedom, i.e., one 
considered in this mode l the behaviour of p r o t o n s and 
nuclei which unde r the act ion of certain forces (such as 
nuclear , e lectromagnet ic , or weak) m a y combine into nuclei, 
scatter one another , s t imulate nuclear react ions, etc. The 
nuclear forces were t rea ted purely phenomenologica l ly . As 
the euphor ia of the early successes faded away, however , the 
recogni t ion came tha t , t aken alone, the nucleon degrees of 
f reedom were insufficient to describe nuclear p h e n o m e n a . 
Firs t evidence for this was tha t some specific versions of the 
purely nucleon models were found to cont radic t one ano the r 
in their basic features. 

This is mos t clearly demons t r a t ed by compar ing two 
early concepts , the d r o p model (N Bohr , Wheeler , Frenkel , 
1939) and the shell mode l (Hepper t -Meyer , Jensen, 1949 — 
1950). Whereas the former involves the no t ion of a s t rong 
nucleon - nucleon interact ion, in the lat ter nonin terac t ing 
nucleons move independent ly in a certain self-consistent 
potent ia l field. Nevertheless , either accounts for a very wide 
range of nuclear p h e n o m e n a in its respective region. Suffice 
it to men t ion fission physics in the former model , and the 
magic and near-magic nuclei and isomery islands in the 
latter. A similar s i tuat ion arose in the descript ion of nuclear 
react ions . Here too some models assume a s t rong n u c l e o n -
nucleon in teract ion (composi te Bohr nucleus, 1936), and 
some consider the m o t i o n of nonin terac t ing nucleons in a 
self-consistent potent ia l (optical model of nuclear react ions, 
1954). Based on the shell concept , the optical model 
involves a complex potent ia l whose real pa r t describes 
elastic scattering, and the imaginary accounts for absorp
t ion and for elastic diffraction scattering. 

The above disagreements between different models were 
at first reconciled by compromise . The drop-shel l conflict 
was smoothed to some extent in the generalised nucleus 
mode l ( 1 9 5 0 - 1 9 5 3 ) in which the achievements of b o t h 
models were used. Basically, the generalised mode l involves 
an inner core consist ing of s trongly interact ing closed-shell 
nucleons (drop cont r ibu t ion) , and outer nucleons moving in 
the field of the core (shell con t r ibu t ion) . The m u t u a l 
influence of the core and the outer nucleons — and this 
is the crucial po in t — leads to the deformat ion of the 
nucleus, changes the na tu re of the one-part icle levels and 
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gives rise to new — collective ( though again nucleon) — 
degrees of freedom associated with the ro ta t ion and 
v ibra t ion of the core. The mos t p r o n o u n c e d manifes ta t ions 
of the collective excitat ion of the nucleus are giant reso
n a n c e s — collective vibra t ions of all the const i tuent 
nucleons. 

The nuclear deformat ion idea was suggested by 
Ra inwate r , O Bohr and Mot te l son in 1950. However , the 
concept of collective nucleon m o t i o n goes back to Niels -
Bohr , who in par t icu lar pu t forward the idea of ro ta t iona l 
m o t i o n of the nucleus and discussed the na tu re of the dipole 
giant resonance as far back as 1937 [4 ] | . The key role of 
Bohr ' s ideas in the genesis of nuclear physics and in its 
subsequent development b o t h in the pas t and today is mos t 
completely described in Ref. [6], devoted to the great 
physicist 's b i r thday centenary. 

La te r improvements in the nuclear models involved the 
separa t ion of the residual in teract ion between the outer 
nucleons from the self-consistent potent ia l effect, wi th a 
result ing corre la t ion between nucleon mot ions . The com
m o n descriptive t e rm for these models is 'pai r corre la t ion 
mode l s ' [7]. 

One of these, which separates a par t icu lar type of 
residual in teract ion — the shor t - range pai r a t t rac t ion of 
nucleons of the same energies and m o m e n t s (with sign 
opposi te projections) — is called a superfluid model . Here 
nucleon corre la t ion has a specific na tu re reminiscent of the 
electron C o o p e r pairs in metals . The ma themat ica l frame
work of the theory of superfluid type pa i r corre la t ions is 
due to Belyaev and Solov'ev [8, 9]. The superfluid model 
accounts for the wide energy gap near the non ro t a t i ona l 
g round state of e v e n - e v e n nuclei, the anomalous ly small 
inert ia m o m e n t of these nuclei, etc. 

N o t only nuclear models bu t also models of nuclear 
react ions have been improved . In describing the in teract ion 
of fast particles, for example, the optical model becomes 
m o r e accurate if one uses the expression of the to ta l 
scattering ampl i tude in terms of the scattering ampl i tudes 
on individual nucleons (Glauber ' s mult iple scattering 
theory [10, 11, 12]). 

2.2 Unified microscopic theory and quasinucleons 
The improved nucleon models of the nucleus and of 
nuclear react ions have been qui te successful and are being 
used even now in interpret ing nuclear processes (see, e. g., 
Sections 4 and 5, in which Glaube r ' s theory is discussed). 
Physicists, however , have long been puzzled by the 
disagreement between the assumpt ions used in the models . 
It seemed u n n a t u r a l to have models of equal predict ing 
power based on entirely different and indeed conflicting 
assumpt ions . Thus came the idea of a unified microscopic 
theory of the nucleus, wi th the mos t general nucleon 
in teract ion concept as the s tar t ing point , whose different 
versions would be able to generate different — and 
mutua l ly consistent — models . 

A suitable tool for t rans la t ing this fundamenta l ly new 
idea in to reality was provided by the theory of the Fe rmi 
liquid developed by L a n d a u in 1 9 5 6 - 1 9 5 7 [13]. In this 
theory, the picture of the ideal Fe rmi gas of nonin terac t ing 
particles was modified by adding an in teract ion te rm which, 
L a n d a u believed, would have little effect on the m o m e n t u m 

"[The actual prediction of the existence and position of the giant dipole 
resonance was made by Migdal in 1944 [5]. 

d is t r ibut ion proper t ies of ideal Fe rmi particles (all the states 
u p to the Fe rmi level being filled). The validity of this 
assumpt ion , seemingly ques t ionable for a s t rong part icle 
in teract ion, was proved by Migda l and Gali tski i who 
developed a r igorous Fermi- l iquid theory [14] and extended 
it to include finite Fe rmi systems, in par t icular a tomic nuclei 
[15]. The inclusion of the in ternucleon in teract ion 
required — because of the Paul i principle — al lowance for 
(both real and virtual) t ransi t ions of nucleons beyond the 
Fe rmi level, wi th a s imul taneous format ion of holes in the 
lower filled states of the potent ia l well. 

Thus the simplest non-nucleon , or m o r e precisely 
n u c l e o n - h o l e degree of freedom came into being. Because 
the nucleon - nucleon in teract ion is s t rong, the chance for 
vir tual nucleon hole pairs to form and subsequent ly 
annihi la te is qui te good, with a consequence tha t the m o t i o n 
n o w involves m a n y nucleons and so the nucleon becomes a 
quasipart icle (quasinucleon) . The lifetime of the quas inu
cleon depends on its energy s as measured from the Fe rmi 
level sF. However , like the nucleon proper , the quas inucleon 
carries a half-integer spin, obeys the Paul i principle and 
hence, like nucleons in a nonin terac t ing scheme, m a y under 
certain condi t ions (if long-lived enough at low energy) 
par t ic ipate in the independent one-quasipar t ic le m o t i o n 
(gas of quasipart icles) . 

Thus the in t roduc t ion of a s t rong nucleon - nucleon 
interact ion, necessitating the replacement of the nucleon by 
the quasinucleon, does no t inval idate the nuclear shell 
model . In the new shell model , ins tead of a nucleon we 
have a sufficiently long-lived quas inucleon moving in the 
self-consistent potent ia l field. This a p p r o a c h conserves b o t h 
the q u a n t u m number s and filling order of the levels, i.e., the 
new mode l is adequa te as before to explain the proper t ies of 
the magic and near -magic nuclei. O n the o ther hand , there 
is no longer any disagreement with the liquid d r o p model , 
which includes the s t rong in teract ion which the nucleons 
(not quasinucleons!) retain. 

The quas inucleon and quasihole concepts can also be 
shown to reconcile o ther nuclear and nuclear react ion 
models . The optical model of nuclear react ions, previously 
based on the old (nucleon, complex potent ia l ) shell model 
n o w derives from the new (quasinucleon, complex po ten
tial) shell model . The same is t rue for collective giant-
resonance processes occurr ing in the generalised model , 
which are described in a na tu ra l way in terms of interact ing 
quasinucleons: a quas inucleon hole pai r initially p roduced 
by an external influence annihi lates and t ransforms into 
ano the r pair; this, in its tu rn , t ransforms into a third, and so 
on — resulting in a high probabi l i ty of nuclear excitement. 
One example of the successful appl icat ion of the theory of 
finite Fe rmi systems is the predic t ion of the correct 
posi t ions and of some proper t ies of the G a m o w - T e l l e r 
resonance in spherical nuclei [ 1 6 - 1 8 ] . 

Similarly, the microscopic pai r -corre la t ion model 
exploits the characteris t ic features of the in teract ion of 
two super -Fermi quasinucleons as a function of the 
m o m e n t u m , spin, and isospin of the pair . In par t icular , 
the superfluid mode l makes use of the m u t u a l a t t rac t ion of 
two quasinucleons with their to ta l m o m e n t u m and to ta l 
spin b o t h zero. 

It is to be emphasised tha t the quas inucleon theory of 
finite Fe rmi systems yields m a n y nuclear proper t ies within a 
single f ramework and using identical pa ramete r s for all the 
nuclei involved. A m o n g these are b inding energy, the spectra 
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of the low-lying excited states, magnet ic m o m e n t s , the 
probabil i t ies of P decay and of e lectromagnet ic t ransi t ions , 
electron scattering cross sections, and more . 

2.3 Nuclear interaction quanta and meson theories 
Whereas the quas inucleon concept came into nuclear 
physics as a result of the development of nuclear models , 
the other — non-nuc leon — degrees of f reedom are due to 
the bet ter under s t and ing of the na tu re of nuclear forces. 

The meson degree of freedom was first predicted 
theoretically in 1935 by Y u k a w a [19] w h o assumed the 
existence of a boson of mass ~ 1 0 0 in order to explain the 
na tu re of nuclear forces. As is known , in 1947 a part icle of 
a b o u t this mass (140 MeV) was discovered experimental ly 
and called a K meson . The K meson (or p ion) has three 
charge states (n+, 7 i ~ , n°). This is an isovector (T — 1) 
pseudoscalar (Jn = 0~) with negative G par i ty and zero 
b a r y o n charge (B = 0). The 7i° meson has a posit ive charge 
par i ty . Wi th reference to the m a n n e r in which it interacts 
with o ther part icles, the K meson is classified as the lightest 
h a d r o n . It interacts strongly with other h a d r o n s (including 
itself) but , since its mass is the m i n i m u m a m o n g the 
h a d r o n s , it decays by a weak or e lectromagnet ic channel . 
The charge radius of the p ion is (rn

2)1^2 = 
(0.66 ± 0 . 0 1 ) x 1 0 " 1 3 cm. 

The basic proper t ies of the K meson , such as its 
involvement in the s t rong in teract ion and the suitable value 
of its mass , permi t ted it to be t rea ted as a q u a n t u m of 
s t rong in teract ion between nucleons in the nucleus. This is 
clearly seen from the fact tha t the n meson C o m p t o n 
wavelength ^ o m p t = H/mnc = 1.4 x 1 0 " 1 3 cm is jus t the 
range of the nuclear forces, r n u c l , as es t imated from other 
considera t ions . 

M e s o n theories of nuclear forces were cons t ructed by 
analogy wi th q u a n t u m electrodynamics , bu t unl ike this 
latter, in which the small dimensionless cons tan t 
a = e2/He — 1/137 <̂  1 allows an extremely accura te per
tu rba t ion evaluat ion of the v i r tua l -pho ton in teract ion 
c o m p o n e n t (i.e., radiat ive correct ions) , the meson theories 
(where the cor responding cons tan t f2 « 1) do no t offer such 
a possibility. The correct ions due to the vir tual n mesons are 
m u c h too large to est imate per turba t ional ly . Therefore, no 
exact meson theory of nuclear forces exists. 

Still, there is a specific version of the meson theory 
( taking into account nucleon and K meson propert ies) which 
led to a ( 7 i - N ) in teract ion cons tan t f = 0.08 <̂  1, thus 
al lowing a first-order pe r tu rba t ion analysis for some 
p h e n o m e n a . This is the 'one-pion exchange (OPE) ' approx
imat ion . It has enabled, for example, calculat ion of ( N - N ) 
and ( 7 i - N ) scattering in fair agreement with experiment; 
and even es t imat ion of the (n-n) scattering cross section, 
which, because nei ther n meson targets no r colliding p ion 
beams are available, canno t be obta ined in direct experi
ments . The O P E approx ima t ion is still being used in 
present -day theories (see Section 5 of this review). 

Wha tever the accuracy of meson nuclear-force theories, it 
is clear tha t the role of the p ion c o m p o n e n t is great and 
diverse. Suffice it to say tha t n mesons par t ic ipate in nucleon 
charge exchange, in the fo rmat ion of p ion resonances in the 
nucleus, in the d ipion exchange process, etc. The in teract ion 
of p ions and nucleons with nucleons and nuclei gives rise to 
large cross-section mult iple p ion p roduc t ion , to p ion charge 
exchange, etc. F u r t h e r below certain par t icular manifesta
t ions of the K meson field in the nucleus will be discussed (such 

as par t ic ipa t ion in collective s p i n - i s o s p i n excitat ions, n 
condensa te , b a r y o n solitons). There is, however , ano the r 
side to the quest ion of the meson theory: n mesons a lone 
prove to be insufficient to explain the proper t ies of nuclear 
forces, either quant i ta t ively or quali tatively. 

It is known , for example, tha t at a dis tance equal to and 
somewhat smaller t h a n r n u c l — A™mpt — h/mnc9 nuclear 
forces are at t ract ive, and at very small distances ( < 0.5 x 
1 0 ~ 1 3 cm), repulsive. T o explain this, o ther part icles, vector 
mesons with a mass of a b o u t 800 MeV, are needed. The 
vector na tu re of the new mesons is clearly seen from the 
analogy between two nucleons of equal b a r y o n charge and 
two like electric charges, the lat ter also repelling by means 
of a vector part icle, the p h o t o n . 

In addi t ion to vector mesons , the meson model also 
requires a scalar (Jn = 0 + ) a meson with a mass of a b o u t 
500 M e V to explain the repulsion at in termedia te distances. 
Suitable vector mesons have indeed been discovered within 
the meson none t 1~. These are (i) a p resonance with a mass 
mp = 770 MeV, TG = 1 + , r = 150 M e V decaying to two 
pions; (ii) an co resonance with a mass ma = 783 MeV, 
TG — 0~, r = 8.5 MeV, decaying pr imari ly by co —> 3n; 
and (hi) a cp resonance with a mass 1020 M e V TG = 0~, 
r = 4.2 MeV, decaying p redominan t ly by cp —> K K . As 
regards the a meson, this is in t roduced into the theory 
in a formal way as a correla ted pai r of K mesons . 

In t roduc ing several nuclear q u a n t a into the meson 
theory of nuclear forces is no t inconsistent with the m o d e r n 
q u a n t u m field theory, in which any physical part icle is 
su r rounded by a c loud of the vir tual q u a n t a of the fields 
with which it interacts . The cloud is the denser the s t ronger 
the cor responding interact ion. F o r the nucleon, which 
par t ic ipates in all nuclear in teract ions , the densest c loud 
is the h a d r o n one. Its per iphery consists of vir tual n mesons 
responsible for the longest-range pa r t of the nuclear 
a t t rac t ion force; next come a mesons account ing for the 
a t t rac t ion in the in termedia te region, and still nearer to the 
centre are vector mesons responsible for the shor t - range 
repulsion forces. A l though this form of phenomenologica l 
meson mode l is still being used in describing the h a d r o n 
interact ion, its predictive power is l imited to the per iphery. 
So by the meson degree of freedom of the nucleus one usually 
means its p ion componen t . 

2.3.1 Pion degrees of freedom in the nucleus. The problem of 
existence of n condensate and of superdense nuclei 
Part icular ly intensive studies of the p ion degree of freedom 
began in the 1970s in connect ion with the p rob lem of K 
condensa te in t roduced by Migda l [ 2 0 - 2 2 ] . Migda l consid
ered the polar isa t ion of nuclear ma t t e r by the n meson field 
existing inside it, a process which leads to the excitat ion 
from the Fe rmi sea of n u c l e o n - h o l e and A-hole states wi th 
p ion q u a n t u m number . H e showed tha t , for nucleon 
density p above a certain critical value (p > p c ) , the 
nuclear ma t t e r becomes uns tab le to the fo rmat ion of K 
mesons . Since n mesons are bosons , they will accumula te in 
an energetically favourable state forming, in so doing, the 
so-called n condensa te , whose in teract ion wi th the nucleon 
m e d i u m m a y lead to the modif icat ion of the nuclear ma t t e r 
state e q u a t i o n | . 

| I n studying such an exotic state as the n condensate (i.e., the nn 
interaction in the nucleon medium) one can rely on the no longer 
exotic data on nn scattering vacuum parameters (see, e.g., Refs [23, 
24]). 
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Accord ing to Migdal , the n condensa te modifies the 
proper t ies of the nuclear ma t t e r ( 'softens' the shor t -dis tance 
repulsion) in such a way tha t the energy-density curve m a y 
develop a second min imum, one cor responding to a super-
dense state. In principle, b o t h condi t ions p c > p 0 , and 
p c < p 0 are possible. The critical density p c depends on 
the value of the corre la t ion pa rame te r g' responsible for the 
shor t - range repulsion. F o r small values of the pa rame te r 
(gf « 0.3), 7i condensa t ion is possible for p c ^ p 0 . W i t h 
increasing g\ the ra t io p c / p 0 increases')*. 

Migda l ' s early est imates were tha t n condensa t ion m a y 
even exist in real nuclei wi th p c = p 0 . However , the global 
da t a analysis in a 1981 review article [25] ques t ioned this 
view and led to the conclusion tha t n condensa te mus t be 
absent in n o r m a l nuclei, tha t is, the n exchange a t t rac t ion is 
ba lanced by the g' repulsion. F r o m this fact, together wi th 
some other exper imental da ta , the realistic value of this 
pa rame te r is g' = 0.7, so tha t p c « 3 p 0 . Such nuclear 
density can be expected in experiments on nucleus - nucleus 
collisions at relativistic energies. 

The absence of n condensa te in n o r m a l nuclei does no t 
rule out their being close to the n condensa te instabili ty 
poin t . In par t icular , it was shown in 1983 [26] tha t 
precrit ical nuclear m e d i u m p h e n o m e n a m a y (for certain 
values of m o m e n t u m transfer) enhance the (K,2K) cross 
section on nuclei, and an exper iment to see this was in fact 
projected in the same year [27]. This predic t ion is p resum
ably subs tant ia ted by the discovery, in 1991 [28], of the 
enhanced p ion yield in the 250 M e V / c m o m e n t u m transfer, 
low energy transfer (n,2n) react ion on Fe and Ti nuclei. 
The p rob lem of the n condensa te is still a subject of some 
interest, as is p roved by the n u m b e r of projects having the 
search of precrit icality sensitive effects as one of their 
objectives (e. g., Refs [29, 30]). 

2.3.2 Chiral models. Skyrme model 
New, far-reaching and sometimes even quite unexpected 
appl icat ions of the meson degrees of freedom have emerged 
qui te recently from systematic work on the chiral models , 
no tab ly on the Skyrme model [31, 32] p roposed back in the 
early 1960s (the original ideas da t ing indeed to the mid-50s 
[33]). The Skyrme scheme exemplifies the use of field-
theoret ical concepts for describing extended objects (bary-
ons and nuclei) and their proper t ies . Skyrme starts from a 
nonl inear , chiral meson Lagrang ian , for which the E u l e r -
Lagrange solut ions come out in the form of topological 
soli tons (skyrmions) and so represent localised finite-size 
objects, in par t icular ba ryons . Thus , the nonl inear na tu re 
of the in teract ion of light meson (i.e., boson) fields (baryon 
n u m b e r zero) enables heavy particles (baryon n u m b e r 
unity) with fermion proper t ies to be obta ined. In other 
words , the mass of a b a r y o n is of p ion origin. One of 
Skyrme 's early ideas [33] is a nucleus consisting of an 
electrically neut ra l 'p ion l iquid ' whose density f luctuat ions 
give rise to the nucleon mass , nn scattering phase da t a 
imply a p r o t o n mass fairly close to the exper imental value 
(0.85 GeV) [34]. Skyrme 's mode l has been successful in the 
descript ion of nuclear ma t t e r and in the analysis of m a n y 
s t rong interact ion p rob lems (in par t icular , n u c l e o n -

| T h e parameter g is often referred to as the L a n d a u -
Migdal correlation parameter. One considers g parameters for the 
N N interaction ( ^ N N ) a n d f ° r the N N —> NA and NA —> NA processes 
( £ N A a n d &AA> respectively). We will encounter these parameters in 
Section 5. 

nucleon forces, m e s o n - n u c l e o n scattering, meson 
exchange currents , static nucleon proper t ies [35]). In 
q u a n t u m ch romodynamics the mode l is being used in 
the low-energy region (chiral bag models , see, e.g., 
Ref. [36]). 

2.3.3 Nucleon form factors and the parton model 
As far as the descript ion of the s t rong nuclear in teract ion 
at ^ 1 GeV is concerned, the nucleon (quasinucleon) , p ion , 
and o ther meson (resonance) degrees of freedom of the 
nucleus are no t sufficient because in this energy range the 
in ternal s t ructure of these particles mus t be impor t an t . The 
internal s t ructure of the nucleons was first suggested by 
Fermi , w h o in t roduced the concept of a n meson cloud of 
nucleons of radius / l £ o m p to account for the a n o m a l o u s pa r t 
of nucleon magnet ic m o m e n t s . This simple mode l yielded 
nucleon magnet ic m o m e n t s and electric charge dis t r ibut ion 
consistent b o t h wi th one ano the r and with the concept of a 
nucleon as an isodoublet member . 

A l t h o u g h the first a t t empts to discover dis t r ibuted 
charge in the neu t ron da te again to Fe rmi (1947), it was 
in a series of experiments by Hofs tad te r [37] where m o r e 
convincing da t a on the in ternal nucleon s t ructure were 
obta ined. It was demons t r a t ed qui te reliably tha t the 
electric charge and magnet ic m o m e n t are dis t r ibuted 
spatially in nucleons, which necessitated in t roduc t ion of 
form factors and hence el iminated the point l ike nucleon 
concept . A l t h o u g h remaining elementary, the nucleon 
became extended. The behaviour of nucleon form factors 
implies 0.86 x 1 0 ~ 1 3 cm as the nucleon radius . 

The next step towards unders t and ing nucleon s t ructure 
was m a d e in 1969 by F e y n m a n , w h o , based on the 
behav iour of the form factor for deep-inelastic electron 
scattering on the p r o t o n , suggested the existence, within 
nucleons, of vir tual , point l ike, weakly interact ing subele-
men ta ry particles — pa r tons [38]. Thus , according to the 
p a r t o n mode l the nucleon is no t an e lementary bu t a 
composi te part icle. This conclusion is suppor ted by the 
linear energy dependence of the inelastic neut r ino scattering 
cross section on a nucleon, and by the energy independence 
of the ra t io of the cross sections for e + e ~ annihi la t ion into 
h a d r o n s and m u o n s . In later work the pa r tons were 
identified with other subpart icles, qua rks , p roposed as 
far back as 1964 by Ge l l -Mann [39] and Zweig [40]. 

2.4 Quark model and Q C D 
Recall tha t qua rks are semi-hypothet ical (as they have no t 
been found free), semi-experimental (their existence was 
proved in indirect experiments) particles wi th fractional 
b a r y o n ( £ = + 1 / 3 ) and electric [q=(+2/3)e and 
q= ( - 1 / 3 ) e] charges and with a half-integer spin. In all, 
we k n o w of six types (or flavours) of qua rks , of which five 
(u, d, s,c, b) have been convincingly demons t r a t ed in 
experiment , and the sixth (t) is predicted theoretically J . 
The first two qua rks [u q u a r k with q = ( + 2 / 3 ) e, T — 1/2, 

JTwo 1994 studies [41, 42] were devoted to the search for the t quark 
using the 1.8 TeV Fermilab Tevatron pp collider. The former study 
was the search for the t quark decaying to a charged Higgs boson H + 

(which, incidentally, also has not yet been discovered); the latter, for 
the decay of the tt pair to lepton modes. F rom the properties of 
several t candidates, the lower bound for the t quark mass was 
estimated, at a 9 5 % confidence level, to be Mt > 131 GoV/c2. The 
theoretical values of the ( 'current') masses of the remaining quarks 
( u , d , s , c , b ) are 4, 7, 150 M e V / c 2 , 1.3 and 4.75 M e V / c 2 , respectively. 
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r 3 = + l / 2 , and d q u a r k wi th q=(-l/3)e, T=l/2, 
T3 = — 1 /2] form nons t r ange h a d r o n s , whereas the remain
ing, with cor responding addi t ional q u a n t u m numbers , 
par t ic ipate in the format ion of s t range (s), cha rmed (c), 
and beautiful (b) part icles. A n y b a r y o n consists of three 
qua rks (p = uud , n = udd , A + + = uuu , QT = sss, etc.); any 
an t iba ryon consists of three an t iqua rks (with q u a n t u m 
number s opposi te to those of the cor responding quarks) ; 
and a meson, of a q u a r k and an t iqua rk tied by a very 
s t rong interact ion (much s t ronger t h a n the h a d r o n one). 
The to ta l n u m b e r of qua rks is conserved in all in teract ions 
whereas the n u m b e r of qua rks with a given flavour is only 
conserved in s t rong and electromagnet ic in teract ions . Each 
q u a r k type has three species d u b b e d as colours (red, blue, 
and green) [ 4 3 - 4 7 ] . The an t iqua rk is character ised by three 
ant icolours (antired, etc.). Co lou r has two meanings . First , 
as a new q u a n t u m n u m b e r it secures wave function 
ant i symmetr i sa t ion for th ree-quark ba ryons (fermions); 
second, it serves as an ana logue of the electric charge in 
the e lectromagnet ic in teract ion (colour charge) . Accord ing 
to the m o d e r n theory of s t rong in teract ion ( q u a n t u m 
c h r o m o d y n amies, Q C D ) , the q u a r k - q u a r k in teract ion 
proceeds via eight vector part icles, gluons (m = 0, q = 0, 
T=09 JPC = 1 ), p rovided by the coloured qua rks . In 
cont ras t to uncharged p h o t o n s , and similarly to qua rks , 
gluons are ' charged ' wi th colour , tha t is, can generate o ther 
gluons and interact with one ano ther . 

The q u a r k - g l u o n in teract ion is of such a na tu re tha t 
the effective colour charge of a q u a r k is small in its 
ne ighbou rhood bu t increases rapidly with dis tance away 
(antiscreening). Therefore the q u a r k - q u a r k in teract ion at 
very small separa t ion is practically absent (cf. pa r tons ) . This 
feature is te rmed asympto t ic freedom [48, 49]. A t large 
distances (of the order of the h a d r o n radius) the interact ion, 
in contras t , becomes so large tha t qua rks find themselves 
confined in h a d r o n s [50, 51]. It is therefore believed tha t 
qua rks and gluons canno t exist free. In fact, in spite of very 
intensive searching, free qua rks have no t been found either 
in na tu re or in accelerators . The spectra of observed 
particles display only colourless h a d r o n s , in which the 
q u a r k s ' colour charges cancel (quark and gluon hadron isa -
t ion) and which interact only via convent ional nuclear 
(meson) forces, m u c h weaker t h a n their colour counte rpar t s . 

Q u a n t u m ch romodynamics at small distances is char
acterised by a small cons tan t (~ 0.16), which enables fairly 
accura te pe r tu rba t ion calculat ions to be performed. Wi th 
increasing distance the cons tan t increases, pe r tu rba t ion 
calculat ions b reak down, and the Q C D hadron i sa t ion 
and confinement p rob lems remain unsolved. So to describe 
the q u a r k - q u a r k in teract ion at large distances one has to 
employ composi te q u a r k models of h a d r o n s , the so-called 
bag models [36, 52, 53]. 

Essentially, the bag model involves the idea of quasi-
independent relativistic part icles, qua rks and gluons, mov
ing in a finite closed region of space. In this way, and using 
a par t icu lar confinement model , the masses, magnet ic 
m o m e n t s , rad ia t ion t rans i t ion widths , and o ther static 
characterist ics of low-energy h a d r o n physics were ob ta ined 
[54, 55]. 

In s t andard bag models the scale of confinement is 
specified by b o u n d a r y condi t ions , i.e., is deduced from 
n o n m o d e l considera t ions . In Refs [56, 57] the confinement 
is due to the q u a r k - q u a r k in teract ion (chiral, or hybr id bag 
model ) . The hybr id models have permi t ted a unified 

descript ion of b o t h the hadron i sa t ion and asymptot ic-
freedom regions [36]. 

A n a p p r o a c h al ternat ive to the bag m e t h o d is to solve 
the Q C D equa t ions numerical ly by use of the lattice 
me thod , which does no t involve pe r tu rba t ion theory and 
goes d o w n to distances of the order of 3 x 1 0 ~ 1 3 cm [58, 59]. 
One can argue, however , t ha t this dis tance is insufficient to 
justify the confinement a p p r o a c h [60]. 

A n o t h e r independent theoret ical app roach , the Q C D 
sum rule [61, 62], is one which relates c h r o m o d y n a m i c 
quant i t ies to h a d r o n characterist ics wi thou t considering the 
confinement p rob lem. A n a t t empt [63] at unifying the basic 
large-distance q u a r k - h a d r o n assumpt ions formula ted 
above (i.e., the colour confinement , colourless hadron isa 
t ion, and the phenomeno logy of low-energy h a d r o n states) 
employed the model of confined relativistic qua rks . The 
mode l reproduces the low-energy chiral- theoret ical states 
and is consistent wi th the low-energy l ight-meson da ta . The 
confinement is accounted for phenomenological ly . 

W e m a y summarise the s i tuat ion concerning Q C D and 
the q u a r k mode l as follows. A l though undiscovered free, 
the existence of qua rks can hard ly be quest ioned since the 
proper t ies of qua rks and gluons have been established in 
indirect exper iments . The asymptot ical ly free Q C D is an 
exact theory, whereas in the low energy region q u a r k model 
results are close to those of o ther models — the Skyrme 
model , for example [35, 36]. O n the other hand , the 
confinement p rob lem is no t yet settled (even an incomplete 
colour confinement has been suggested [60]) and hence the 
nucleon — let a lone the nucleus — is no t yet amenab le to a 
consistent Q C D descript ion. 

If one still adheres to the view tha t Q C D is an exact 
theory of s t rong interact ions valid for all distances (and jus t 
having some t empora ry difficulties of technique at shor t 
q u a r k spacings), then the o p t i m u m a p p r o a c h to the 
descript ion of nucleons and nuclei will be apparen t ly to 
t ake Q C D as the basis on which to develop t radi t ional 
microscopic theories involving the quasinucleonic , p ion, 
and resonance degrees of freedom described above. In this 
connect ion, it is still i m p o r t a n t to keep gather ing semi-
empirical da t a on the carriers of non-nucleonic degrees of 
freedom, and to develop phenomenolog ica l me thods for 
describing the proper t ies of these carriers, their q u a r k -
gluon s t ructure , depa r tu re from the cor responding free 
particles, etc. In concluding this section, Refs [64, 65] are 
to be r ecommended as good sourcebooks for the reader 
desiring to b rush u p his or her knowledge of the subject. 

2.5 A-hole degree of freedom 
2.5.1 Relation to spin- isospin excitations 
The following sections review the state-of-the-art of 
exper imental A isobar research, a fairly recent subject 
which was s t imulated by the now topical studies on s p i n -
isospin nuclear excitat ions and on the role of p ion degrees 
of f reedom in them. Let us explain wha t is so i m p o r t a n t 
a b o u t this subject. W e have al ready ment ioned the close 
relat ion between s p i n - i s o s p i n excitat ions and the p rob lem 
of existence of n condensa te and superdense nuclei. Some 
further examples from var ious areas of nuclear physics and 
e lementary part icle physics follow. 

1. W h e n compar ing the masses and q u a n t u m number s 
of the nucleon (S = 1/2, T=\/2) and A resonance 
(S=3/29 T=3/2) it is seen tha t the simplest response 
of a nucleus to a s p i n - i s o s p i n excitat ion on a 300 M e V 
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energy transfer scale is when a nucleon in the nucleus makes 
an ( N - A ) t rans i t ion to the A isobar . If the result ing A 
acquires in this process a low m o m e n t u m (comparab le to 
the Fe rmi m o m e n t u m ) , this favours its subsequent inter
act ion wi th the nucleons which, on account of the i sobar 
decay proper t ies , m a y result in the excitat ion of a peculiar 
pion-l ike wave collective state, a p h e n o m e n o n which holds 
great promise of interesting physics (see Sections 3.1, 4.5.4, 
and 5.3.2 for m o r e details). 

2. A wel l -known p rob lem is tha t of a large discrepancy 
between the s t rength of the G a m o w - T e l l e r resonance and 
the sum rule for nucleon degrees of freedom. Since the 
G a m o w - T e l l e r resonance is associated with collective 
s p i n - i s o s p i n A S = A r = l t ransi t ions , the discrepancy 
m a y be due to the G a m o w - T e l l e r t rans i t ion s t rength 
leaking into the A isobar region, an effect which requires 
A-hole non-nuc leon degrees of f reedom to be accounted for. 
Microscopic schemes of the G a m o w - T e l l e r resonance , 
including the A-resonance and pionic branches and the 
b r e a k d o w n of the Wigner SU(4) symmetry, are considered 
in the original pape r [66] and in a review article [67]. 

3. The p ion degrees of freedom have the potent ia l to 
explain the so-called E M C effect discovered by the E u r o 
pean M u o n Col labora t ion . Basically, this is the depa r tu re 
from uni ty of the exper imental nuc leus /deuteron ra t io , R9 of 
the s t ructura l functions for the deep-inelastic m u o n (elec
t ron) scattering. The quant i ty R is defined as 

R{x)-T°(x)-^> (1) 

where X — Q2/2Mv9 Q2 — —t is the square of the four-
m o m e n t u m transfer, v = — E^ is the energy transfer, M 
the nucleon mass , and Fi(X) and i f (X) are the s t ructura l 
functions of the nucleon with mass n u m b e r A and of the 
deute ron , respectively. If the nuclear wave function 
involves only nucleon degrees of freedom, then for all X 
we mus t have R—l. Exper imenta l da t a on 5 6 F e [68, 69] 
suggest tha t R = 1.17 for X= 0.05, R = 0.85 for X= 0.65, 
and R— 1.2 for X—0.9, necessitating inclusion of non-
nucleon componen t s in the nuclear wave function. 

Analysis of the results of Refs [68, 69] has indicated [70] 
tha t the rise in R in the region of small X is due to ' long-
range ' meson fields, and at large X is associated with the 
dynamics of nucleon - nucleon interact ions at small dis
tances and , ul t imately, wi th the mixture of mu l t i qua rk 
states in nuclei t- Accord ing to Ref. [70], the in t roduc t ion 
of 7i meson degrees of freedom (meson exchange currents) 
causes a rise in R for 0 ^ X ^ mn/'M ~ 0.15. This is a purely 
nuclear effect, its size increasing towards heavier nuclei. 

4. M o d e r n Q C D considers the possibility for nuclear 
ma t t e r to m a k e a phase t rans i t ion to the hypothet ica l state 
of a q u a r k - g l u o n p lasma. A necessary condi t ion for this is 
a very high t empera tu re a n d / o r a high b a r y o n charge 
density. In na tu re the q u a r k - g l u o n phase is achievable 
in neu t ron stars, and in the l abora to ry , in collisions of 
relativistic nuclei. U n d e r such extremal condi t ions , it is 
na tu ra l to assume tha t t ransi t ions of o rd inary nuclear 
ma t t e r to a q u a r k - g l u o n p lasma state and back will be 
accompanied by the excitat ion (de-excitation) of the inter
nal degrees of f reedom of the ba ryons and mesons (71, p, co, 
etc.) tha t m a k e u p the nuclear mat te r . 

tExperimental evidence for multiquark systems in nuclei and nuclear 
processes was obtained in Ref. [71]. 

If it is app ropr i a t e here to d r aw analogy wi th o rd inary 
p lasma, which is a 'gas ' of electrically charged bare a tomic 
nuclei and electrons, then q u a r k - g l u o n p lasma m a y be 
t hough t of as a 'gas ' m a d e u p of ' co lour-charged ' qua rks 
and gluons released from confinement captivity. The 
excitat ion spec t rum of the nuclear ma t t e r at the phase 
t rans i t ion line mus t be very complicated, bu t it seems 
certain tha t its lower states will be associated with the 
format ion of the A isobar and other b a r y o n resonances . 
Thus , knowledge of the proper t ies of the A isobar inside 
nuclear ma t t e r is also essential to the development of one of 
the latest areas of research in physics — nucleus - nucleus 
collisions at superhigh energies [72]. 

2.5.2 Free versus nuclear A isobar 
W e assume t h r o u g h o u t tha t , having been p roduced in the 
excitat ion of the nucleus, the A isobar exists for some t ime 
in it before decaying, in spite of the ne ighbour ing nucleons 
interact ing strongly b o t h with one ano the r and with the 
i sobar itself. It is evident, however , tha t this ne ighbour
h o o d canno t be of a l together no consequence for the A. 
The quest ion is: W h a t is the difference between the nuclear 
and the free isobars? 

T o begin, let us recall the familiar proper t ies of the free 
A isobar , tha t is, of one result ing from the excitat ion of a 
free nucleon. The free (or nucleon, or vacuum) A is an 
isotopic quar te t ( A + + , A + , A 0 , A~) of nons t r ange particles 
of average mass mA = 1232 M e V tha t comprise the b a r y o n 
decouplet 3 / 2 + . The A isobar is a h a d r o n , tha t is, a part icle 
which has a large cross section for p roduc t ion in s t rong 
interact ions but , unlike ' o rd inary ' long-lived h a d r o n s such 
as the p ro ton , neu t ron , and K meson , has a very shor t — 
nuclear — lifetime and hence belongs to the class of reso
n a n c e s — entities which are no t only p roduced , bu t also 
decay by the s t rong interact ion. The mos t p robab le decay 
channel for the A isobar is A ^ N + n9 wi th a wid th 
r = (115 + 5) MeV. Despi te its extremely short lifetime, 
T = / z / r ~ 0 . 6 x 1 0 " 2 3 s , the A resonance may , like ord inary 
long-lived particles, be character ised by a complete set of 
q u a n t u m numbers , m a y be given definite values of kinetic 
energy and m o m e n t u m , etc., a l though it is of course 
impossible in principle to separate it in a single event. 

W e n o w proceed to a prel iminary discussion of A isobar 
pa ramete r s . N o t e first tha t in the q u a r k mode l the A 
resonance is 'o rganised ' analogously to the nucleon, which 
is especially clear when one compares the q u a r k c o m p o 
sitions of the p r o t o n and the A + resonance . Ei ther consists 
of the same set of qua rks (uu and d), except tha t one of the 
qua rks has its spin and isospin reversed, Sp 1 / 2 , 
SA+ = TA+ = 3 /2 . Often the A resonance is referred to as an 
excited state of the nucleon. In fact the nucleon 's un ique 
posi t ion of being stable to the s t rong in teract ion is simply 
due to the fact tha t it is the lightest b a r y o n possible and 
hence, in cont ras t to the isobar , has nowhere to decay by 
the s t rong interact ion. So the coexistence of the A isobar 
with nucleons in the nucleus appears qui te na tu ra l , and in 
some nuclear models the A is simply t reated as an extra 
b a r y o n (see, e.g., Ref. [73]). 

In this connect ion, m u c h of wha t is k n o w n a b o u t the 
nucleon in a nucleus is p resumably t rue — with due shor t 
lifetime correct ions — for the nuclear A isobar as well. In 
par t icular , this is the possibility of collective effects, which 
are expected to p roduce a difference between the nuclear A 
and its nucleon counte rpar t . 
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The collective nuclear excitat ions associated with the 
appearance of the A isobar degree of freedom form a ra ther 
complicated subject. W e note first tha t the A degree of 
freedom is closely related to the K meson one. The A isobar 
in the nucleus is excited as a result of very n u m e r o u s and 
diverse processes tr iggered by p r imary n mesons (not by 
them alone, though) ; its format ion within the nucleus is 
closely related to p ion exchange currents , and the meson 
decay channel is accompanied by n meson emission. The A-
hole type quasipart icle with p ion q u a n t u m number s is 
sometimes even called a 'quas ip ion ' . 

Because of its s t rong interact ion with the nucleons and 
with the vir tual p ions in the nucleus, the nuclear A m a y and 
indeed mus t have different proper t ies from the free. In 
appearance , there are only a few paramete r s which have 
changed, namely, the energy posi t ion of the A m a x i m u m , its 
wid th and height (per nucleon) , and certain decay features 
(less corre la t ion between the p r imary part icle m o m e n t u m 
and the to ta l m o m e n t u m of the A decay p roduc t s , a new 
mesonless de-excitat ion channel for A). In actual fact, 
however , m a n y m o r e sources of difference exist. A m o n g 
these one inevitably finds trivial effects which, a l though of 
nuclear origin, are obvious enough; as well as nontr ivial 
collective effects, to be separa ted against the b a c k g r o u n d of 
the obvious ones. 

A m o n g the nontr ivial effects are the renormal i sa t ion 
of the A p roduc t ion vertex, the excitat ion of a vir tual p ion 
field, the collective nucleus excitat ion due to the m o t i o n of 
the A within the nuclear vo lume, etc. The difficulty in 
disentangling nontr ivial collective effects lies in the fact tha t 
the other — obvious — effects are very large in number . 
First , there is the possibility of quasifree A excitat ion in a 
nucleon inside the nucleus, which makes it necessary to 
in t roduce Fe rmi m o t i o n and to consider the boundedness of 
the nucleons in the nucleus, wi th a result ing change in the A 
peak pa ramete r s (shift and broadening) . Fu r the r , if the 
projectile part icle is complex (nucleus), it can carry a A 
excitat ion itself. One also mus t take in to considera t ion the 
details of its in teract ion wi th the target nucleus (surface or 
bulk in teract ion, form factor influence). The format ion and 
decay of the A isobar in the nucleus mus t undoub ted ly be 
influenced by the Paul i principle (phase vo lume decrease) 
and by the interact ion in the final state (reduced corre la t ion 
between the p r imary and the final m o m e n t a ) . Finally, the 
observed pa ramete r s of the A isobar in the nucleus m a y 
change because of b a c k g r o u n d react ions . It is clear, for 
example, tha t the low-energy tail of the excitat ion of 
resonances heavier t h a n A 1 2 32 mus t shift the A peak to 
higher invar iant masses t h a n for the case of the free A. 
Similarly, the quas ideu te ron mechan i sm (see Section 3.1.3) 
m a y shift it to smaller masses . 

A l t h o u g h it seems tha t the above effects can in principle 
be accounted for individually — and we shall see later tha t 
this work is indeed unde rway — when acting in concert they 
m a y lead to unpredic tab le results. It is therefore desirable to 
begin by discussing processes for which some doubtful 
poin ts associated with these effects m a y be discarded from 
the start , and those remaining m a y be cleared u p m o r e or 
less unambiguous ly . A suitable process is, in our view, the 
electromagnet ic A excitat ion, which does no t involve the 
excitat ion of the p r imary part icle — the p h o t o n , and for 
which an exact theory of calculat ion exists. It is this process 
which is addressed in Section 3 of this review. 

3. Electromagnetic excitation of the nuclear 
A isobar 

3.1 Mechanisms of interaction of y quanta with nucleons 
and nuclei in the intermediate energy region 
(100 <Ey< 500 M e V ) . Basic diagrams 
3.1.1 General remarks on the photoproduction of pions and 
A isobar on free and bound nucleons 
The basic features of in termedia te energy y q u a n t a are tha t 
their m e a n free p a t h in nuclear ma t t e r is large compared 
with the size of the nucleus and tha t their wavelength is 
shor t compared to the nucleon spacing. It is these two 
characterist ics which to a large extent de termine the na tu re 
and mechan i sm of the pho tonuc lea r in teract ion. The 
former allows y q u a n t a to pene t ra te freely in to the high 
density region of the nuclear mat te r , i.e., their in teract ion 
with the nucleus mus t be of a bulk (not surface) na tu re — a 
fact which m a y lead, in par t icular , to the propor t iona l i ty 
between the to ta l p h o t o a b s o r p t i o n cross section and the 
mass n u m b e r A (see Section 3.5); the lat ter feature implies 
tha t the y q u a n t u m interact ion is local, i.e., involves a 
par t icular individual nucleon inside the nucleus (or a pair 
of nucleons a small dis tance apar t ) . One therefore expects 
tha t at in termedia te energies the in teract ion of y q u a n t a 
with the nucleons in the nucleus will be similar to their 
in teract ion with free nucleons, a l though some differences 
due to the influence of ne ighbour ing nucleons can of course 
be expected. In par t icular , a region of high nucleon density 
is expected to favour collective effects in the nucleus. 

W e will employ d i ag rammat i c language to discuss the 
in teract ion of the y q u a n t u m with a free nucleon and wi th a 
nucleon in the nucleus. Free nucleon processes are pr imari ly 
p ion p h o t o p r o d u c t i o n [one p ion at Ey > 150 M e V 
(Fig. l a ) , two at Ey > 310 M e V (Fig. lb ) , etc.], and the 
excitat ion of A at Ey > 340 M e V (Fig. lc) and of other 
resonances at the higher energies. Therefore at least for the 
y - n u c l e u s in teract ion one would expect quasifree p ion 
p roduc t ion and the excitat ion of A at one of the nucleons 
in the nucleus to occur. 

In Fig. Id the p ion p h o t o p r o d u c t i o n d iag ram is shown. 
Here K is the resul tant p ion ( 7 i + , 7 i ~ , 7 i ° ) and N 7 is the (n ,p ) 
'recoiling' nucleon, which usually leaves the nucleus 
together with the p ion . The spectra of the K mesons 
p roduced and of the recoiling nucleons mus t be dis tor ted 
with respect to the p ion p h o t o p r o d u c t i o n on a free nucleon, 
the reason being the nucleon binding energy and Fe rmi 
m o t i o n effects and the in teract ion of the nucleons and n 
mesons in the final states caused, for example, by p ion 
rescat ter ing (Fig. le) , or to p ion absorp t ion by a ne ighbour
ing nucleon (Fig. If) with a result ing excitat ion of the 
nucleus. The excitat ion can be released by one or m o r e 
nucleon emissions. Because the nucleus is t r anspa ren t for 
intermediate-energy y, a nucleon interact ing wi th a y 
q u a n t u m m a y be at any poin t within the nucleus. The 
p ion p roduc t ion and A photoexc i ta t ion thresholds on nuclei 
are somewhat below their free nucleon analogues 
(~ 140 M e V for a single K meson , ~ 280 M e V for two, 
and - 3 0 0 M e V for the A). 

3.1.2 Behaviour of the A isobar in the nucleus 
F o r Ey > 300 MeV, the pho tonuc lea r in teract ion cross 
section is character ised by a b r o a d ( r — 150 MeV) 
m a x i m u m associated with the A isobar excitat ion. The A 
isobar m a y be due to a quasifree mechanism, when all the 
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Figure 1. 

required energy (—300 MeV) is t ransferred to one nucleon 
in the nucleus (Figs lg , l h ) . In ano the r possibility, the A 
excitat ion of the nucleus results from the superposi t ion of 
m a n y A-hole states — a collective nuclear mechanism. Of 
course, in nei ther case mus t the excitat ion necessarily be 
electromagnet ic , a l though for the sake of uniformity it is 
precisely this case which we show in the figures. F o r either 
mechanism, there are two al ternatives for the resul tant A 
isobar . One , the same as for the nucleon A isobar , is the 
decay by emit t ing a nucleon and a K meson (see Figs lg , 
l h ) . The other , specifically nuclear possibility is the 
in teract ion with a ne ighbour ing nucleon, which yields 
two nucleons and no n meson (Figs l i - l m ) . 

In principle, the collective A excitat ion mechan i sm m a y 
take an even m o r e complex form of a superposi t ion of A-
hole and p ion degrees of f reedom (Fig. In) . This is due to 
the large wid th and to the two-part ic le decay of the A, with 
the result tha t the n meson from the decay of the 'first' A 
isobar m a y conserve its resonance energy and form a 
' second ' one with ano the r nucleon of the nucleus, etc. 
(pion-like wave [74]). Clearly this process is no t sensitive 
to the m a n n e r of excitat ion of the first i sobar , and this m a y 
be p roduced by any o ther p r imary part icle (Fig. l o ) | . 

Of course the t r ans format ion chain m a y break at any of 
its l inks, and the next n meson will either interact outside 
the resonance region or escape from the nucleus. In the 
lat ter case the decay p roduc t pa ramete r s of the ' last ' A mus t 

j lndeed instead of the first isobar, a 'first' n meson of suitable 
energy— i.e., not necessarily a primary n meson but, say, a rescatte-
ring pion (Fig. lp) — may be the first link of the chain. 

correlate m o r e weakly with the p r imary part icle m o m e n t u m 
t h a n in the quasifree A p roduc t ion case. The above 'mo t ion ' 
of the A inside the nuclear ma t t e r m a y also be accompanied 
by changes in the wid th and locat ion of the A excitat ion 
m a x i m u m , in the to ta l charge of the decay p roduc t s of the 
last relative to the first A, etc. In ant ic ipat ion of the 
discussion below, no te tha t all three mechanisms for the 
excitat ion of the nucleus in the A region have indeed been 
discovered experimental ly. 

3.1.3 Interaction of the photon with a meson exchange 
current. Quasideuteron mechanism 
A p a r t from the processes i l lustrated in Figs 11 and l m , a 
mesonless nucleon pai r m a y be p roduced by ano the r 
nuclear mechan i sm — the in teract ion of a y q u a n t u m with a 
charged meson exchange current (Figs l q and l r ) . 

The d iagrams show tha t the above nuclear mechanisms 
for the format ion of two nucleons in the final state b o t h 
lead to the emission of pr imari ly p n (not nn or pp) pairs , 
tha t is, the kinematics of these processes m a y be similar to 
the photospl i t t ing of the deu te ron . 

The two-nucleon (quas ideuteron) pho tonuc lea r interac
t ion was first suggested in 1951 by Levinger to explain the 
format ion of fast p h o t o p r o t o n s at Ey > 150 M e V [75, 76]. 
Consider ing the absorp t ion of the y q u a n t u m dipole 
c o m p o n e n t by an np pai r (known to have an electrical 
dipole m o m e n t ) , Levinger showed tha t at short n e u t r o n -
p r o t o n distances the two-nucleon wave function for posit ive 
energy (the quas ideu te ron has no b inding energy!) is 
p ropo r t i ona l to the deu te ron wave function: 
|<Fq d| oc | *Fd | . The factor of p ropor t iona l i ty depends on 
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the density of the nuclear ma t t e r and the relative m o m e n 
t u m of the neu t ron and the p r o t o n . A nucleus of radius 
R = r$A1^, where r 0 = 1.2 fm, behaves as if it conta ined 
8NZ/A quas ideuterons . 

Accordingly, Levinger [77] p roposed the following 
est imate for the cross section for the quas ideu te ron 
absorp t ion of y: 

NZ 

where N is the n u m b e r of neu t rons in the nucleus, Z the 
nuclear charge, A the mass number , and ayd the to ta l cross 
section for deu te ron photospl i t t ing . 

In 1979, to m a t c h to the low-energy region Levinger [78] 
modified E q n (2) to obta in 

_ NZ ( Ey\ 
tfyqd =

 L ^ j ~ e X P l ~S J ' 

Here L — 10 is wha t is now k n o w n as the Levinger factor, 
Ey is the energy of the y q u a n t u m in MeV, and S is the 
fitting pa rame te r (S = 60 MeV) . 

Accord ing to Ref. [77], the exper imental dependence 
of the to ta l deu te ron photospl i t t ing cross section ayd 

on p h o t o n energy has two max ima , at Ey « 4 M e V and 
Ey « 300 MeV. Curiously, the m a x i m u m at Ey « 300 M e V 
was in terpreted as an i sobar nucleon excitat ion as far back 
as 1955 [79, 80]. 

The small value of nucleon spacing in the quas ideu te ron 
is clearly seen from the analysis of the y q u a n t u m - nucleon 
in teract ion [78]. A high-energy y q u a n t u m canno t transfer 
its energy and m o m e n t u m completely to a single nucleon, 
no t even if this lat ter is b o u n d in the nucleus (which canno t 
compensa te for the excess nucleon m o m e n t u m at high y 
energies). It is readily shown, however , tha t this is possible 
for a pai r of nucleons a small dis tance apa r t which do no t 
interact with the remaining nucleons in the nucleus. In this 
connect ion, it is helpful to note tha t the above process m a y 
provide insight in to the in teract ion of nucleons at very short 
distances (less t h a n the average nucleon spacing in the 
nucleus). 

3.1.4 Experiments necessary for the study of the photo
production and electroproduction of the A isobar in nuclei 
Thus , in s tudying the y q u a n t u m - nucleus in teract ions for 
100 < Ey < 500 MeV, some informat ion on the excitat ion 
of the nuclear A isobar and on its proper t ies m a y be hoped 
for. G loba l in format ion on the A isobar , namely the 
conf i rmat ion of its existence and the pr incipal pa ramete r s 
such as the locat ion, wid th and height of the A m a x i m u m , 
is ob ta inable from measurements of the tota l p h o t o -
absorp t ion cross section. Usual ly these da t a are ob ta ined 
by detect ing certain pho tonuc lea r react ion p roduc t s (whose 
na tu re depends on the technique used) — i.e., the exper
imenta l a r r angemen t is an inclusive one, and the 
con t r ibu t ion from undetec ted particles is accounted for 
either by calculat ion or by use of da t a from elsewhere. 

M o r e detailed invest igat ion of the format ion , decay, and 
absorp t ion of the A — and in par t icu lar separat ing the 
decay p roduc t s from the b a c k g r o u n d of quasifree p ions 
and nucleons from the excited nucleus, and the s tudy of 
correla ted nucleon pairs at shor t distances — requires m o r e 
sophist icated experiments in a very nearly exclusive 
setup — those with coincident detect ion of 7 iN and N N 
pairs . T o get a feeling for the nuclear size effect, it is 

desirable tha t the target mass n u m b e r range be as wide as 
possible (including hydrogen as a reference poin t ) , y beams 
of high enough intensity and specified energy are preferred. 

The exper imental work on this p r o g r a m m e is reviewed 
in Sections 3 . 3 - 3 . 5 following a brief descript ion, in Sec
t ion 3.2, of in termedia te energy y sources. 

3.2 Intermediate energy y sources 
3.2.1 Real and virtual photons and their properties 
The major sources of y q u a n t a of sufficiently high energy 
are b remss t rah lung and the reverse C o m p t o n scattering of 
laser p h o t o n s on relativistic electrons. In-flight annihi la t ion 
of accelerated pos i t rons and the coherent emission of 
electrons in oriented crystals m a y also be u s e d | . 

All of the techniques we have listed above involve the 
format ion of real p h o t o n s , which are jus t ano the r projectile 
to work with. Real p h o t o n s can be coll imated, target-
directed, detected, etc. Their spectra m a y be measured and 
calculated and , needless to say, do no t depend either on the 
nucleus or the react ion type. One further feature of real 
p h o t o n s (except for annih i la t ion-produced ones) is their 
longi tudinal polar i sa t ion c o m p o n e n t ( 3 0 % for b remss t rah
lung and coherent p h o t o n s and 100% for C o m p t o n 
pho tons ) . 

A p a r t from real p h o t o n s , e lectromagnet ic in teract ions 
m a y also proceed via vir tual p h o t o n s , a concept which is 
used to interpret the in teract ions of charged leptons — 
electrons wi th nuclei, for example. F r o m the exper imental 
me thodo logy viewpoint , these are no t pho tonuc lea r bu t 
ra ther electronuclear react ions, and the vir tual p h o t o n s they 
involve only serve to t ransmi t the in teract ion in quest ion. 
The spec t rum of the vir tual p h o t o n s canno t therefore be 
measured bu t can be calculated — a l though this is quite a 
challenge (in par t icular , because of the react ion and target 
dependences) . 

A n interesting feature of vir tual p h o t o n s is the simulta
neous presence of longi tudinal and t ransverse polar isa t ions . 
Because of this, vir tual p h o t o n s — unlike real ones — m a y 
t ransmi t L = 0, thus exciting nuclear m o n o p o l e t ransi t ions . 
Also , the spect rum of vir tual p h o t o n s shows an increase in 
the intensity of the mul t ipole par t ia l c o m p o n e n t with 
increasing L. Thus , using electronuclear react ions (by 
compar ing t hem with pho tonuc lea r react ions) one can 
separate the quad rupo le and higher cont r ibu t ions . N o t e , 
however , tha t e lectronuclear cross sections are abou t 10 2 

t imes smaller t h a n pho tonuc lea r ones, a po in t evident from 
a compar i son of the nuclear photoexc i ta t ion (Fig. Is) and 
electroexcitat ion (Fig. I t) d iagrams . 

The analysis of electronuclear react ions is m o r e com
plicated, because the theoret ical spectra of vir tual p h o t o n s 
are ra ther p o o r in quali ty. F o r p rob lems where such spectra 
are no t needed, however , e lectronuclear react ions are qui te 
informative. A m o n g these is nuclear A e lec t roproduct ion , a 
process which m a y be studied as a function of the square of 
the f o u r - m o m e n t u m transfer, Q2 (see Section 3.5.2). 

Of the real p h o t o n p roduc t ion m e t h o d s we ment ioned in 
the beginning of this section, only b remss t rah lung and 
inverse C o m p t o n scattering will be considered in some 
detail , as these two have a n u m b e r of advantages which 
m a k e them quite promis ing for the solut ion of nuclear 
physics p rob lems . 

fThe reader is referred to monograph [81] to learn more on the subject 
matter of this section. 
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3.2.2 Bremsstrahlung and labelling technique 
The bremss t rah lung energy spec t rum is k n o w n to decrease 
as l/Ey to the m a x i m u m y energy E™ax = Te - mec2. 
P h o t o n s of different multiplicity weigh equally in the 
spect rum (start ing from L = 1). Bremss t rah lung y q u a n t a 
are polar ised linearly ( ~ 3 0 % ) , and their p r o p a g a t i o n 
direct ion is tha t of the p r imary electron beam. The spread 
of the y b e a m depends on mult iple scattering in the 
b remss t rah lung target and the spread in angle of the 
p r imary b e a m electrons. Wi th the high v a c u u m of m o d e r n 
electron accelerators , and using low-density jet targets , very 
low y b e a m spreads m a y be achieved. 

Natura l ly , the con t inuous energy spec t rum of brems
s t rahlung y q u a n t a makes them inconvenient to work wi th 
because in order to separate the effect due to a given energy 
one has either to use the difference me thod , which involves 
large intensity loss and in t roduces errors , or to extract the 
cross section from the react ion yield by solving an imprope r 
ma themat ica l p rob lem. F o r this reason m o d e r n p h o t o 
nuclear experiments usually employ labelling techniques, 
which act to pick out a certain y energy from the con t inuous 
spect rum. The idea of labelling is tha t the energy of the 
reac t ion-producing b remss t rah lung y q u a n t u m is deter
mined from the energy of the scattered electron tha t h a d 
emit ted the q u a n t u m . The schematic d i ag ram of labelling is 
shown in Fig. 2a. 

The energy of the scattered electrons is de termined by a 
system of plastic counters in the focal p lane of the analysing 

Laser 

Figure 2. (a) Schematic diagram of a y bremsstrahlung labelling 
facility: e — accelerator electron beam, BT—the bremsstrahlung 
target, e'— scattered electrons that have emitted y quanta; TS—target 
under study, DX and D2 — reaction product detectors, (b) Schematic 
diagram of a Compton backscattering facility: LS—the linear segment 
of the accel-erator, e — accelerator electron beam, e'— scattered elect
rons that form after the interaction of laser photons P with the 
electron beam, M—photon mirror, L — lens, y — Compton y quanta, 
T— target under study. 

magne t (not shown in the figure). The size of the counters is 
de termined by the required resolut ion and by the desire to 
separate a b o u t the same n u m b e r of y q u a n t a into each 
energy interval . 

The idea of labelling implies work ing in coincidence 
with react ion p roduc t detectors . If the coincidence t ime 
resolut ion is t aken to be 1 ns, then the to ta l current TV of 
labelled y q u a n t a m a y be as m u c h as 10 8 y s - 1 . Labell ing 
facilities current ly in opera t ion yield (1 - 5) x 10 7 y s - 1 wi th 
energies 5 - 1 7 0 M e V [82, 83], (10 5 - 10 6 )y s " 1 wi th ener
gies 1 0 0 - 5 0 0 M e V [84, 85], and u p to 10 8 y s " 1 wi th 
energies 5 0 - 8 0 0 M e V [86]. 

State-of-the-art b remss t rah lung labelling systems now 
unde r development m a k e use of the Amer ican C E B A F 
accelerator [87], wi th Ey = 3 0 - 4 0 0 0 MeV, AEy = 5 MeV, 
7 V = 1 0 7 y s " 1 , and the M o s c o w c Siber ia-2 ' facility [88], 
Ey = 1 0 0 - 2 5 0 0 MeV, AEy = 5 MeV, and A f = 1 0 7 y s _ 1 . 
The project of the first pho tonuc lea r exper iment on the 
P L P (polarised labelled pho tons ) channel of 'Siberia-2 ' is 
described in Ref. [89]. 

3.2.3 Laser photon Compton backscattering 
In 1963 it was shown tha t the backscat ter ing of laser 
p h o t o n s of energy Eph on colliding relativistic electrons 
gives rise to ha rd electromagnet ic rad ia t ion whose energy 
Ey m a y be comparab le to the electron energy Ee [90]. The 
quant i t ies Eph, Ey, EQ and the angle 9 between the directions 
of the incident electron and the outgoing y q u a n t u m are 
related by 

Y (mec2/2Ee)2 + Eph/Ee + e2/4' 
where me is the electron mass (9 in radians) . 

Equa t i on (4) implies, for example, tha t ArF- laser p h o 
tons of energy 6.42 eV, when scattered straight back 
{9 = 0°) on electrons of energy EQ = 2.5 GeV, t rans form 
into h a rd y rad ia t ion with Ey ~ 500 MeV, i.e., the energy of 
the laser p h o t o n s increases by a factor of a lmost 10 8 . 

The resul tant y q u a n t a will have 100% linear (in the 
p lane of the electron's orbit) or circular (above or below the 
plane) polar isa t ion. F o r p h o t o n scattering angles 9 7̂  0, 
h a rd y rad ia t ion of lower energy and of somewhat lower 
intensity can be obta ined. The energy of the rad ia t ion m a y 
be varied (at fixed intensity) by changing the electron 
energy. There are o ther C o m p t o n backscat ter ing features 
i m p o r t a n t to experiment: low bremss t rah lung b a c k g r o u n d 
(because of the low gas pressure in the electron s torage 
ring), low neu t ron b a c k g r o u n d (few scattered electrons), 
and high (up to 10 7 y s - 1 ) intensity. The i m p o r t a n t advant 
age of backward C o m p t o n rad ia t ion is tha t its intensity is 
concent ra ted in a very n a r r o w angle (9 ~ 1 /Ey)9 which, for 
no t very high rad ia t ion energies (Ey < 100 MeV) , enables 
good b e a m m o n o c h r o m a t i s a t i o n to be achieved by colli-
m a t i o n alone. A t higher energies, labelling techniques are 
employed. 

The schematic d i ag ram of a C o m p t o n backscat ter ing 
facility is shown in Fig. 2b. A n example of a facility for 
obta in ing a C o m p t o n y beam is the Novos ib i r sk R O K K 
machine in opera t ion from 1984 [91]. Its basic componen t s 
are the VEPP-4 accelerator (Ee = 1 .8-5 .5 GeV) and an 
a rgon laser (Eph = 2.4 eV). The facility yielded a y b e a m of 
intensity 2 x 10 5 y s - 1 and monochromat i c i ty AEy/Ey = 
(3 - 10) x 10~ 2 . The b e a m intensity is concent ra ted within 
an angle of 9 ~ 10~ 4 rad . The b e a m was monoch romised by 
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means of a labelling technique with a high accuracy of 
detecting scattered electrons. 

Of o ther C o m p t o n b e a m labelling facilities we shall 
men t ion the Novos ib i r sk machine [92] developed on the 
basis of the VEPP-3 accelerator [Ey = 6 0 - 1 4 0 MeV, 
AEy ~ 2 % , intensity of 10 6 y s - 1 ] , and the Brookhaven 
machine [93] based on the SLS (LEGS) accelerator 
(Ey = 1 0 0 - 3 0 0 M e V , AEy = 5.5 MeV, intensity 10 7 y s " 1 ) . 
The col l imation principle is employed in the facility 
described in Ref. [94] which is based on the A D O N E 
storage ring [Ey = 5 - 7 8 MeV, A £ y = 3 - 1 0 % , intensity 
5 x 10 4 y s " 1 ] . 

G o o d C o m p t o n b e a m pa ramete r s are expected from the 
facility n o w being developed in M o s c o w [88] based on the 
c Siber ia-2 ' facility [Ey = 1 0 0 - 5 0 0 MeV, AEy = 5 MeV, 
intensity 10 7 y s - 1 ] . Still higher energy will be achieved 
in the labelled C o m p t o n b e a m facility n o w unde rway 
in Grenob le [95], using an a rgon laser and the 
s torage ring E S R F (European Synchro t ron Rad ia t ion 
Facility) [Ee = 6 GeV, Eph = 3.5 eV, Ey — 1.5 GeV, 
AEy = 15 MeV, intensity 10 7 y s " 1 ] . 

3.3 Total photo absorption cross section at 
10 < Ey < 2 x 1 0 5 M e V 
At the present t ime, the to ta l p h o t o a b s o r p t i o n d a t a (of 
varying accuracy) cover a vast range of energies from the 
nuclear photoeffect threshold (1.8 M e V for Be and 
2.22 M e V for 2 H ) right u p to Ey = 2 x 10 5 M e V [1]. The 
me thods to obta in to ta l p h o t o a b s o r p t i o n cross sections are 
the summat ion of par t ia l p h o t o n e u t r o n cross sections 
ignoring react ions tha t p roduce charged particles only (and 
whose yield is low for Ey = 3 0 - 100 M e V [96, 97]); or (for 
Ey > 200 MeV) conversely, the summat ion of the cross 
sections for p r o t o n and K meson p roduc t ion , using the 
M o n t e Car lo s imulat ion technique to account for the 
undetec table particles [85, 98]; or else the measuremen t of 
the cross section for p h o t o d e t a c h m e n t (this is very nearly 
complete for nuclei wi th Z ^ 90 and Ey > ( 2 0 - 3 0 ) M e V 
[99-101] ) ; or, finally, a direct reduct ion of the b e a m 
intensity in the target [ 1 0 2 - 1 0 5 ) (mainly in the giant 
resonance ne ighbourhood , and m a k i n g some calculat ions 
to account for the photoeffect and other non-nuclear 
processes). 

The ma in results, ob ta ined in var ious energy regions 
star t ing from Ey ~ 10 MeV, m a y be summar ised as 
followst- In region 1 (Fig. 3) the increase in the cross 
section with energy is mainly de termined by giant reso
nances , p redominan t ly by the giant electric dipole 
resonance , wi th m a x i m a at approximate ly 
£ Y

m a x ~ 80 A~l/3 MeV, their wid th ranging from 3 to 
10 MeV. The predic t ion [5], discovery [106], and subsequent 
s tudy of this resonance (see, e. g., Ref. [107]) were instru
menta l in in t roducing collective part icle - hole states in to 
nuclear physics and in elucidating their effect in var ious 
react ions. 

Along the r igh t -hand b r an ch of the curve tha t b o u n d s 
region 1 in Fig. 3, the magn i tude of the cross section is 
mainly determined by the quas ideu te ron mechanism. It 
decreases smooth ly d o w n to oyi/A ~ 0.05 m b at 
Ey ~ 100 MeV. 

In region 2 (100 < Ey < 500 MeV) the cross section 
starts to increase rapidly due to the excitat ion of the nuclear 
A resonance and (for Ey > 140 MeV) due to p ion p h o t o 
p roduc t ion . The m a x i m u m ayt/A ~ 0.4 m b occurs at the 
energy Ey ~ 300 MeV, after which the cross section 
decreases to a b o u t 0.2 m b at Ey = 500 MeV. This energy 
range has come unde r scrutiny due to the par t icular 
significance of the A degree of freedom of the nucleus. 
Specifically, the interest of the experimental is t lies with the 
observed difference in the proper t ies of the nuclear and 
nucleon A resonances (solid curve in Fig. 3); in par t icular , 
the shift and b roaden ing of the A m a x i m u m in the nucleus 
and the decrease of its excitat ion cross section a t t rac t 
a t ten t ion . The i m p o r t a n t aspect of the p rob lem is to 
separate out the trivial causes of the observed differences 
and to est imate the role of collective nuclear effects. 
Because pho tonuc lea r in teract ions are relatively simpler 
to interpret t h a n the s t rong interact ion, hope now lies in 
the pho tonuc lea r s tudy of the A region. 

Other resonances found on the free nucleon (see the 
solid curve in Fig. 3) have no t yet been seen in the to ta l 
nuclear p h o t o a b s o r p t i o n cross section. The region of 
extremely high energies is little studied. It is k n o w n tha t 
(Jyt/A in the energy range 2 x 10 3 —2 x 10 5 M e V decreases 

fWe do not consider the nuclear photoeffect region 2 < Ey < 10 MeV. 



A isobar in nuclei 815 

smooth ly from 0.12 to 0.07 m b . A m o n g the specific studies 
in this range we should men t ion those concerned with the 
energy dependence of the p h o t o d e t a c h m e n t yield, a quan
tity which differs sharply from one nucleus to another . The 
m a x i m u m y energy to be involved in p h o t o d e t a c h m e n t yield 
measurements is current ly 16 GeV. 

In concluding this brief survey of to ta l p h o t o a b s o r p t i o n 
cross section da ta , let us no te tha t mos t of these come from 
no-labell ing b remss t rah lung experiments , so tha t some 
results disagree no t only quant i ta t ively bu t also qual i ta
tively with one ano ther . Therefore remeasurements on 
m o n o c h r o m a t i c y q u a n t a are desirable. The first studies 
a long these lines will be discussed in Section 3.5.3. The 
subsequent par t s of Section 3 are devoted exclusively to the 
region of e lectromagnet ic excitat ion of the A (region 2 in 
Fig. 3, of wid th 1 0 0 - 5 0 0 MeV) , which for brevity we will 
call the region of in termedia te energies, or A region. 

3.4 Partial hadron photoproduction reactions 
W e consider first pho tonuc lea r react ions with 7 i , p , 7 i p , p n 
and p p emission in the A region. As al ready ment ioned in 
Section 3.1.1, in this region a p h o t o n mus t preferentially 
interact with an individual nucleon, either p roduc ing a p ion 
or exciting the A, which will subsequent ly decay as 
A —> N + 7i or interact with a ne ighbour ing nucleon 
according to the A + N —> N + N scheme. 

T o the left of the A region (Ey - 5 0 - 1 0 0 MeV) the 
quas ideu te ron mechan i sm is significant, and also leads to 
the two-nucleon emission. In b o t h cases, a shor t - range 
corre la t ion between the emit ted nucleon pairs is observed. 
Thus , these processes no t only provide informat ion a b o u t 
the A p h o t o p r o d u c t i o n in a nucleus bu t also a b o u t the 
s t ructure of the nuclear wave function at small nuclear 
spacings. 

Ear ly ( 1 9 5 4 - 1 9 6 7 ) exper iments on two-nucleon p h o t o -
emission employed the con t inuous b remss t rah lung 
spect rum [ 1 0 8 - 1 1 2 ] . The experiments yielded the angular 
correla t ions between p and n, which were in terpreted 
(qualitatively) in terms of the quas ideu te ron model . The 
in terpre ta t ion p roved to be difficult because of the use of 
b remss t rah lung beams in experiments . Since the early 1980s 
labelled p h o t o n beams from the 500 M e V synchro t ron in 
Bonn and the 1.3 G e V synchro t ron at the Inst i tute for 
Nuc lea r Study, Universi ty of T o k y o , have been available. 

The Bonn experiments investigated the emission of 
p ro tons [113] and of charged n mesons [114] at angles 
between 49° and 130° from the 1 2 C nucleus in an inclusive 
setup with 10 M e V resolut ion. Knowledge of the y q u a n t u m 
energy and direct ion is i m p o r t a n t for determining the 
react ion kinemat ics . F u r t h e r insight in to pho tonuc lea r 
in teract ions requires p7i , pn and p p coincidence experi
ments . 

The first experiments on coincidence of two nucleons 
from 1 2 C using labelled p h o t o n s in the A region were m a d e 
back in Ref. [113] men t ioned above . A n A(y, pp) cross 
section a b o u t an order of magn i tude less t h a n tha t for 
^4(y,pn) is found, and angula r pn correla t ions similar to 
those in older b remss t rah lung experiments were observed. 
However , detailed informat ion on the react ion mechan i sm 
was again difficult to extract (because of p o o r m o m e n t u m 
resolut ion this t ime). In the same years , studies on inclusive 
p r o t o n spectra were m a d e with labelled p h o t o n beams from 
the Japanese synchro t ron [ 1 1 5 - 1 1 7 ] . In par t icular , in 
Refs [115] and [116] two peaks for p r o t o n s escaping 
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Figure 4. 

from Be and C at a l abo ra to ry angle of 25° were detected 
and tentatively in terpreted as arising from two quasifree 
react ions 

y + "N" p + 7i , (5) 

y + " p N " ^ p + N , (6) 

where "N" designates a nucleon in the nucleus ( "p" or "n") , 
and " p N " denotes a two-nucleon system ( " p p " or "pn") . 
Fig. 4 shows the m o m e n t u m spect rum of the p ro t ons from 
9 Be (y , p) as measured in Ref. [115]. In the figure one indeed 
sees two max ima , whose locat ions in m o m e n t u m corre
spond to the kinematics of the react ions (5) and (6). The 
absence of a second charged part icle implies tha t react ion 
(6) should be identified as 

y + " d " ^ p + n , (7) 

indicat ing the existence of n e u t r o n - p r o t o n correla t ions 
(quasideuterons) in nuclei. However , in order to ob ta in 
m o r e definitive in format ion on each of the (y, pp) and 
(y, pn) cont r ibu t ions , coincidence experiments in a close-
to-exclusive setup are required (see a review of Ref. [117] 
below). In Ref. [118] the m o m e n t u m spect rum of p ro tons 
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from 9 B e and 1 2 C was measured at 23°, 55° and 130° in the 
energy range k = 3 6 0 - 6 0 0 MeV. The s t ructure of the 
forward angle spec t rum was found to be a t t r ibu tab le to 
quasifree p ion p roduc t ion and quas ideu te ron decay reac
t ions, whereas backscat te red p r o t o n s were the result 
pr imari ly of in ternuclear mult iple scattering. 

M o r e definitive results, in either series of experiments , 
are those from the bo t toml ine studies on the Bonn and 
T o k y o synchro t rons (Refs [119] and [117], respectively). 
The studies are sufficiently i m p o r t a n t to wa r r an t a m o r e 
detailed discussion. 

In Ref. [119], a labelled meson b e a m with £ = 2 2 0 -
450 M e V was employed in a systematic s tudy of p r o t o n and 
7 i ± meson emission from Be, C, O, Ti, and P b nuclei. The 
bremss t rah lung from electrons, wi th E0 = 450 M e V and 
with an internal labelling system [120] was employed. 
P h o t o n energy was var iable within k — (0.45 — 0.97)£' 0 

wi th resolut ion of Ak = 0.02E0. The synchro t ron du ty cycle 
was 3 % , so the y b e a m intensity was cut off at the level 
Ny = 1 0 5 s _ 1 . 

The h a d r o n detector was m a d e u p of two par t s ; a 
reverse-field magnet ic spectrometer for charged particles 
( e ± , 7 ^ , p , d) in the m o m e n t u m range 8 0 - 8 0 0 MeV, and 18 
scintillation counters to detect the coincidence of charged or 
neut ra l part icles. The magnet ic spect rometer conta ins flat 
drift chambers in order to obta in 4 points on the part icle 
trajectory. Charged and neut ra l particles were dist inguished 
using thin scintillation counters . In the measuremen t of t ime 
of flight, pa i red-counter hodoscopes were used. The par 
ticles were identified by their m o m e n t u m p and t ime of 
flight T (Fig. 5). The key results of the s tudy are the 
m o m e n t u m dis t r ibut ions of 7C ± mesons and p ro t o n s 
detected by the spect rometer at 0lab = 52° and two p h o t o n 
energies, k = 2 8 2 ± 5 M e V and k = 227 MeV. The spectra 
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for the light nuclei (Be, C, O) display a distinct peak in the 
region of quasifree p ion p roduc t ion , whereas for the higher 
nuclei (Ti, Pb) , only a b r o a d m a x i m u m is seen. In lead there 
is a definite dist inct ion between K+ and K~ meson p ro 
duct ion cross sections, which can be a t t r ibu ted to the 
difference in the n u m b e r of neu t rons and p ro t o ns in this 
par t icular nucleus. 

The da t a (especially those for low-energy pho tons ) are 
in satisfactory agreement with a M o n t e Car lo in t ranuclear 
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Figure 5. Figure 6. 
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cascade calculat ion tak ing into account such factors as the 
quasifree p roduc t ion of n mesons , their passage t h r o u g h the 
nucleus, 7iN scattering, 7iN charge exchange, absorp t ion by 
nucleon pairs , and also the Pauli principle for the nucleons. 
The predicted cross section is very sensitive to the final state 
in teract ion, a fact which is evident, in par t icular , in the shift 
of the quasifree peak for lead. Fig. 6a shows the results for 
Be and P b for Ey = 282 ± 5 M e V as an example. The 
in t ranuclear cascade calculat ions are shown by a h is togram. 
The vertical dashed line shows the posi t ion of the p ion 
m o m e n t u m for the e lementary process y N —> 7iN. 

The p r o t o n spectra h a d been expected to exhibit low-
energy recoiling p ro tons from n meson p roduc t ion p roc
esses, and high-energy (Tp = k/2) p r o t o n s from two-
nucleon emission. The lat ter were found in a peak for 
Be at low p h o t o n energies k — 227 M e V (Fig. 6b). As the 
size of the nucleus increases, the m a x i m u m gradual ly 
d isappears . The two-nucleon emission cross section 
decreases with p h o t o n energy. The n meson p roduc t ion 
cross section, on the cont ra ry , increases, bu t mos t of the 
p ro tons from this process are below the 40 M e V spec
t romete r threshold . The exper imental results were 
compared with the in t ranuclear cascade mode l (dashed 
h i s togram in Fig. 6b) and with a calculat ion in which 
the final state in teract ion is added (solid h is togram) . The 
compar i son shows tha t including the final state in teract ion 
helps to explain the features of the p r o t o n spectra. 

M o r e informat ion on react ion mechanisms was obta ined 
from the observat ion, in oxygen, of the coincidence of the 
p ro tons detected in the spect rometer wi th the p ro tons , 
neu t rons , and pions detected in the scintillation counters . 
Briefly, the results are as follows: the p7i coincidences display 
low-energy p r o t o n s only; the p7i coincidences, on the 
cont ra ry , are domina t ed by high-energy p ro tons ; the p p 
pairs have a lower cross section t h a n the pn pairs and are 
domina t ed by low-energy p ro tons . It is readily seen tha t 
these results are in satisfactory agreement with the p h o t o -
react ion mechanisms discussed above , i.e., quasifree p ion 
p roduc t ion (ftp), quas ideu te ron decay (pn), and p ion 
p roduc t ion followed by its absorp t ion (pp). 

Thus , Ref. [119] provided s t rong suppor t to the pic ture 
of in termedia te energy pho tonuc lea r react ions expected 
b o t h on general g rounds (see Section 3.1) and from theory 
(quasifree p ion p roduc t ion , quas ideu te ron mechanism, bulk 
h a d r o n p roduc t ion , h a d r o n in teract ion in the final state, 
etc.), and even offered quant i ta t ive est imates for some 
processes. 

The o ther fundamenta l work employed labelled beams 
from the T o k y o synchro t ron [117]. The objective was to 
confirm the in terpre ta t ion of two peaks in inclusive p r o t o n 
m o m e n t u m spectra previously repor ted in Refs [115, 116], 
to measure the cross sections for the react ions 

(8) y + pn p + n , 

y + " p p " ^ p + p (9) 

[for each separately, see the c o m m e n t on Eqns (5) and (6)], 
and also to measure the dependence of the cross section on 
Ey and A to examine the mechan i sm of quasifree react ions 
in the A region. 

The technique used was a semi-exclusive m e t h o d [meas
ur ing Ey, the m o m e n t u m , and escape angles for b o t h 
nucleons in Eqns (8) and (9)], which discr iminated the 
quasifree react ions (6) against the large b a c k g r o u n d 
from the quasifree generat ion of p ions in E q n (5). 

The work was per formed on labelled p h o t o n beams 
from the Inst i tute for Nuc lea r Research electron synchro
t ron at T o k y o Universi ty in the energy range 
187 < Ey < 427 MeV. The detector consisted of a magnet ic 
spect rometer which detected the p ro t o n s escaping from the 
react ions (y, p ) , (y, pn) and (y, pp) at an angle of 30°, and a 
hodoscope m a d e of 64 plast ic scintillator counters measur 
ing (in coincidences with a forward p r o t o n ) the m o m e n t a of 
the p ro t o n s and neu t rons escaping at 9 0 - 170°. The targets 
used were distilled water (LH and 1 6 0 ) , l iquid deu te r ium 
( 2 H ) , and 9 B e and 1 2 C plates . 

The magnet ic spect rometer consisted of a bent magne t , 
trigger scintillation counters , and t rack chambers (multiwire 
p ropor t i ona l and drift types). The spect rometer was cali
b ra ted against electrons with m o m e n t u m pe = 550 M e V / c 
and the two-part ic le react ion y + d —> p + n. p , e + , K+ and d 
were identified by measur ing the t ime of flight between two 
triggering counters . In front of the hodoscope , 16 scintilla
t ion counters were located to discr iminate charged particles 
from neut ra l ones. The p r o t o n and neu t ron m o m e n t a were 
de termined from the t ime of flight from the counter near the 
target to the hodoscope . The same a p p r o a c h was used to 
dist inguish between the p h o t o n s from the decay of 7i° 
from y + " p " ^ p + 7i° and the neu t rons from the 
y + "pn" —> p + n react ion. 

The hodoscope-detec ted charged particles were distin
guished by the flight t ime m e t h o d combined with the signal 
ampl i tude measurement . The hodoscope was cal ibrated 
against neu t rons from y + d —> p + n using the magnet ic 
spectrometer . Bo th the trajectory of the p r o t o n and its 
m o m e n t u m were reconst ructed from the coordina tes meas-
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ured in chambers in front of and behind the spectrometer 
magne t . In coincidence experiments , wi th each p r o t o n 
passing t h r o u g h the magnet ic spectrometer was associated 
one of the hodoscope-ident if ied particles ( y , n , 7 i , p ) , i.e., the 
detector acted to separate the (y, py) , (y, p n ) , (y ,p7c) and 
(y ,pp) react ions, respectively. 

In Fig. 7, the spectra of the p r o t o n s following the 
magnet ic spectrometer are presented for deu te r ium and 
beryll ium targets for the cases when the detected particles 
are (from top to bo t t om) : p r o t o n in the spect rometer only; 
p r o t o n in the spect rometer coincident with a y q u a n t u m in 
the hodoscope (A); p r o t o n coincident with a neu t ron (B); 
p r o t o n coincident with a n meson (C), and p r o t o n 
coincident with a p r o t o n (D) . F o r deuter ium, one can 
see ( top of Fig. 7) two max ima , and calculat ions show tha t 
their locat ions in m o m e n t u m cor respond to the kinematics 
of the quasifree K p ion p roduc t ion react ions 

y + p + (n) p + 7i° + (n) , 

Y + n + (p) p + K + (p) 

(10) 

(11) 

(the left m a x i m u m ; n and p are the nucleon spectators) and 
to tha t of the deu te ron photod is in tegra t ion react ion 

y + d —• p + n (12) 

(right m a x i m u m ) . As seen in the figure, in coincidence 
experiments the r igh t -hand m a x i m u m remains only in the 
(y, pn) channel , which obviously cor responds to the 
react ion (12). The high-energy p roduc t s of this react ion 
are detected by the hodoscope (neut ron) and by the 
magnet ic spectroscope (p ro ton) . A few fast neu t rons 
detected in the (y, pp) channel are p resumably caused by 
neu t rons being incorrectly identified as p ro tons . As to the 
left m a x i m u m , this exists for all react ion channels : in the 
(y, py) channel the hodoscope detects a y q u a n t u m from 
the decay of the 7C° meson from the react ion (10); in (y, pn) , 
the neu t ron-spec ta to r from the same react ion; in (y, p7c), 
the K~ meson from E q n (11); and , finally, in (y, pp) , the 
p ro ton-spec ta to r from the same last react ion. In all these 
cases the p r o t o n detected by the magnet ic spect rometer 
mus t obviously have its m o m e n t u m in the ne ighbou rhood 
of the first m a x i m u m . 

The in terpre ta t ion of the 9 B e results is different only for 
the (y, pp) channel , which receives an addi t ional high-
energy p r o t o n con t r ibu t ion from the quasifree react ion 

y + p p p + p , (13) 

whereas for deuter ium, fast neu t rons appear only from the 
incorrect identification of the neu t rons from 

y + "np" —• p + n (14) 

It is from the above coincidence measurements tha t the 
react ions (13) and (14) have been identified. 

The posi t ions of the first and second m a x i m a in the 
p r o t o n m o m e n t u m spect rum are shown as a function of Ey 

in the lower and uppe r pa r t s of Fig. 8, respectively. The 
figure also shows the lines expected for the y + p —> p + 7C° 
on a free p r o t o n (below) and for y + d —> p + n on a free 
deu te ron (above). It is seen tha t in the case of nuclear 
targets the m a x i m a are shifted to lower p r o t o n m o m e n t s by 
1 0 - 4 0 M e V / c relative to the lines. The shift of the second 
m a x i m u m is a b o u t twice the first. The binding of one 
nucleon ("N") in react ion (5) and of two nucleons ( "pN") in 
react ion (6) could account for the shifts. 
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3.5 Electromagnetic nuclear A excitation by virtual and 
real photons 
In discussing nucleon and K meson p h o t o p r o d u c t i o n par t ia l 
react ions, two under lying mechanisms have been recog
nised: quasifree p ion p roduc t ion and the quas ideu te ron 
decay of p n pairs with the in teract ion of the result ing 
h a d r o n s in the final state. Specially per formed experiments 
showed tha t the resul tant h a d r o n s shifted d o w n in energy 
with respect to those for e lementary react ions (on the 
p r o t o n and deute ron , respectively) and also displayed 
flattening of the peak (broadening and decrease in height 
divided by mass number ) . The shifts are natura l ly 
accounted for by the influence of the b inding energy of 
the quasifree nucleon or deu te ron (some of the energy 
transfer goes to compensa te the b inding energy), and the 
flattening is a t t r ibu ted to the effect of the m o t i o n of 
nucleons in the nucleus. 

F r o m general considera t ions (see Section 3.1.2), it seems 
evident tha t the electromagnetical ly p roduced A m a y also 
differ from the nucleon i sobar in the posi t ion, width , and 
height of the peak . If quasifree A p roduc t ion domina tes , the 
A m a x i m u m mus t be observed at large energy transfers. 
Moreover , the nuclear m e d i u m can carry specifically back
g round cont r ibu t ions which m a y lead to the deformat ion 
and shift of the A m a x i m u m . 
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Table 1. 

Nucleus COA/MQV \ ^ / n b s r ^ M e V " 1 CJQF/MQY ! / n b sr"> M e V -
A dQdQ 1 

H 380±10 1.03±0.08 100 

He 370±10 0.80±0.05 105±5 2.25±0.14 

Be 375±10 0.84±0.04 115±5 1.91±0.08 
C 360±10 0.80±0.04 115±5 1.83±0.08 
O 375±10 0.77±0.06 120±5 1.76±0.12 

3.5.1 Early experiments on A isobar electroproduction in 
light nuclei 
The first exper imental s tudy of the shift and b roaden ing of 
the nuclear A m a x i m u m in the e lectromagnet ic process was 
associated with the invest igat ion [121, 122] of vir tual 
p h o t o n s interact ing with light He , Be, C, and O nuclei in 
the process of the scattering of 730 M e V electrons at an 
angle 37.19° [Q2 ~ 0.1 ( G e V / c ) 2 ] . 

Table 1 presents the results of this study. Here the 
second co lumn gives the values of energy transfer coA for the 
excitat ion of the A isobar; the th i rd lists the cross sections 
per nucleon (at the m a x i m u m ) ; the fourth , the posi t ions of 
the quasielastic scattering peak, and the fifth, the cross 
sections in the quasielastic peak region. 

The table shows tha t (i) the nuclear A peak has a slight 
tendency to shift to smaller co from its free p r o t o n posi t ion 
(the a m o u n t of the shift is within errors , though) ; (ii) the peak 
of the quasielastic electron scattering shifts to larger co 
compared to the scattering on the p r o t o n (as it should 
for the scattering on the b o u n d nucleon); (hi) the shift of 
the nuclear A peak relative to the quasielastic scattering peak 
is m o r e p r o n o u n c e d t h a n for the p r o t o n . A l t h o u g h also 
modera t e , this t ime the shift is beyond error limits, 
Aco = (15 —35) ± 12 MeV. Such a small value is of course 
difficult to interpret bu t seems to be associated with some 
effect o ther t h a n quasifree A excitat ion. Very roughly 
(neglecting possible interference effects), it m a y be argued 
tha t the posi t ion of the nuclear A peak is de termined no t 
only by the quasifree mechanism, which shifts the peak to 
larger co, bu t also by one (or more) o ther mechanism(s) t h a n 
those listed in Section 2.5.2, which for some reason(s) act(s) 
to shift it to lower co. As a result, the nuclear A peak shifts 
to slightly lower co c o m p a r e d with the nucleon A peak. 

One further work with the same O = 0.1 (GQY/CY [123] 
also repor ts the A peak slightly shifting toward lower energy 
loss t h a n for the p roduc t ion from the nucleon. Moreover , in 
all of the above studies nuclear m e d i u m effects caused a 
b roaden ing of the A peak and a large increase of the cross 
section between the quasielastic and the A peaks ( 'dip 
region ' ) . 

All the discussion above concerns the e lec t roproduct ion 
of the A isobar at one and the same Q2 ~ 0.1 (MeV/c ) 2 . The 
dependence of the A peak shift on Q2 seems first to be no ted 
in Ref. [124] which, for Q2 at Q2 = 0.09 (GeV/c ) 2 repor t s 
the same shift as in Refs [121 - 1 2 3 ] , and at g 2 = 0.16 
( G e V / c ) 2 , no shift at all. Finally, work on Ca and Fe at 
Q2 = 0.16 (GeV/c ) 2 [125] revealed a A peak shift to higher 
energy loss t h a n for the free nucleon case. 

3.5.2 Systematic study of the A isobar electroproduction in 
the range 0.2 <Q2< 0.52 (GeV/c ) 2 

The s u m m a r y of results above shows tha t by the late 1980s 
a systematic s tudy of A e lec t roproduct ion was on the 

agenda , and in par t icular the p rob lem of existence of the A 
m a x i m u m shift and of its dependence on nuclear proper t ies 
(mass number , size, b inding energy, etc.) and on Q2 h a d to 
be cleared up . The start was m a d e [126] with the nuclei of 
H , He , C, Fe , and W at f o u r - m o m e n t u m squared (Q2) f rom 
0.2 (GeV/c ) 2 to 0.52 (GeV/c ) 2 . 

The exper iment was per formed at the Stanford Linear 
Accelera tor Cent re (SLAC) using an electron b e a m with 
energies in the 0 . 9 6 - 1 . 5 G e V range. The 1.6 GeV/c 
spect rometer [127] and a new electron detector cons t ructed 
for this exper iment were used. The lat ter consisted of three 
mult iwire drift chambers each wi th four planes of wires; an 
isobutane-fil led Cherenkov detector; two planes of scintil
la tor hodoscope ; and a 35-segment lead-glass shower 
counter . A n event trigger was a coincidence between the 
hodoscopes and either the 35-segment counter or the 
Cherenkov detector . A 15 cm long recirculat ing liquid-
hydrogen target; a 25 cm long, high-pressure (25 a tm) , 
recirculat ing hel ium target; and thin solid plates of na tu ra l 
isotopic a b u n d a n c e were used. F o r all the targets , electron 
scattering at an angle of 37.5° was examined, which 
cor responds to Q2 = 0.2 (GeV/c ) 2 for EQ = 0.96 G e V and 
Q2 = 0.52 (GeV/c ) 2 for Ee = l.5 GeV. The cross sections 
obta ined were corrected for rad ia t ion , target thickness, 
detector efficiency, electronic dead t ime, spectrometer 
acceptance, etc. The cross sections for electron scattering 
from hydrogen were within 1 % of the average over all the 
earlier results [128]. 

Measu remen t s revealed tha t the mass n u m b e r (A) 
averaged value of the invar iant mass W for the A peak 
at Q2 — 0.2 (MeV/c ) 2 is approximate ly equal to the free 
nucleon value of WN = 1220 M e V and increases with 
increasing Q2. Fig. 9a shows the dependence of W on 
Q2 as obta ined in Ref. [126] and also represents da t a for 
light nuclei (He, Be, C, O) from Refs [ 1 2 1 - 1 2 4 ] . W i t h the 
exception of only the tungs ten point , the dependence is 
approximate ly linear within —30 to + 6 0 M e V relative to 
WN = 1220 MeV. 

The occurrence of the A peak shift wi th var ia t ion of Q2 

m a y be due either to some special in -medium proper t ies of 
the A resonance , or to b a c k g r o u n d from compet ing 
react ions, or bo th . The discussion of this quest ion was 
t aken further in Ref. [129], which gives a b o u t 35 M e V for 
the real (as opposed to background) shift. However , the 
shift is there a t t r ibu ted no t to the quasifree excitat ion of the 
A bu t to specifics of its in teract ion with the A nuclear 
potent ia l (see Section 5.2.4). 

A m o n g other results of Ref. [126], we no te the large 
wid th of the A peak , which for all nuclei except 4 H is 
r n u c i = 2 5 0 M e V ? t w i c e r H f ( ) r h y d r o g e n ( H 8 - 1 2 7 MeV); 

and a weak A dependence of the cross section per nucleon in 
the dip region. The lat ter fact suggests a relatively small 
con t r ibu t ion of the specifically nuclear , for example qua-
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s ideuteron b a c k g r o u n d at 
0.52 ( G e V / c ) 2 . 

Q in the range 0.2-

3.5.3 Photoabsorption in the A region 
The to ta l p h o t o a b s o r p t i o n cross section ayT in the A region 
(100 < Ey < 500 MeV) is discussed in a review of the 
exclusive work on real p h o t o n s in Ref. [1] (see also 
Ref. [130]). The cross sections per nucleon for H , Be, C, 
Pb , and U nuclei are c o m p a r e d with tha t for the p r o t o n 
and it is no ted tha t the A m a x i m u m is seen clearly for all 
the nuclei and tha t , within exper imental error , 
(jyj/A ~ const , tha t is, the curves for all the nuclei are 
identical in shape, averaged energy, and scale ( 'universal 
curve ' ) . These results are shown in Fig. 9b. N o t e tha t the 
da t a on the fissionable nuclei 2 3 5 U and 2 3 8 U were ob ta ined 
[100] on the Bonn synchro t ron labelled p h o t o n b e a m in the 
energy range 120 < Ey < 460 MeV. The major conclusion 
of Ref. [1] is tha t the A resonance does manifest itself in the 
nuclear med ium, a l though the shape of the cross section 
curve is somewhat different from the cor responding p r o t o n 
curve in having a larger wid th and a lower A m a x i m u m 
height divided by mass number . The suggested reasons are 
Fe rmi mot ion , which adds a b o u t 50 M e V to the 115 M e V 
wide nucleon resonance , and the Paul i principle, which 
forbids some nucleon t ransi t ions thus decreasing a/A. 
Moreover , the format ion of NA systems in nuclei m a y be 
impor t an t , as it opens u p the N N channel and gives rise to 

m o t i o n of the A in the nuclear ma t t e r — something 
uncharacter is t ic of the free isobar . 

As regards the shift of the A m a x i m u m from its free 
nucleon posi t ion (solid curve in Fig. 9b), one can hard ly 
a t t ach any significance to the barely visible r igh tward shift 
of the ensemble of exper imental poin ts , which for the 1 2 C 
nucleus is (19 ± 5 ) MeV. A calculat ion [131] assuming 
quasifree A p roduc t ion (and including Fe rmi mot ion) yields 
a larger shift (dashed curve in Fig. 9b). 

W e note here tha t the lack of a A m a x i m u m shift in the 
e lectromagnet ic process can be ob ta ined from a model -
independent dispersion relat ion analysis of nuclear C o m p 
ton scattering [2]. The analysis suggests tha t the resonance 
energies for nuclei and free nucleons are within AE = 5 
M e V of each other . 

Of m o r e recent work , no te the new measurements [132] 
of the to ta l photof iss ion cross sections of U and U 
using the labelled p h o t o n b e a m from the M A M I B micro-
t ron (Mainz , G e r m a n y ) . In this s tudy a wideband mass 
spect rometer with a labelling system covering the p h o t o n 
energy range 50 < Ey < 800 M e V [86] is employed. The 
energy resolut ion of the machine is a b o u t 2 MeV. The to ta l 
flux of labelled p h o t o n s m a y be as high as 10 8 y s - 1 . It is 
po in ted out tha t the new A region results are identical for 
b o t h of the u r a n i u m isotopes and agree wi th b o t h the 
previous da t a [100] and the universal curve. Referring to 
their recent work [133] the au tho r s of Ref. [132] no te the 
absence of any observable feature near the Di3 resonance 
(Ey ~ 710 MeV) . 

The 2 3 8 U photofiss ion results of Ref. [132] were con
firmed by the Frasca t t i g roup (Italy) [134]. As to the Du 

resonance , the pre l iminary da t a of the I ta l ian g roup [135] 
also indicate its s t rong reduct ion for Be and C as compared 
to the p r o t o n . 

It would seem tha t the exper imental invest igat ion of the 
mass dependence of this reduct ion of the Du and higher 
resonances is an i m p o r t a n t direct ion in y labelling p h o t o 
absorp t ion studies. 

4 . Nuclear A excitation in nucleus-nucleus and 
hadron - nucleus interactions 

In the preceding section, some indirect a rguments based on 
the s tudy of e lectromagnet ic processes were presented to 
show tha t a long with the quasifree excitat ion of the nuclear 
A a collective excitat ion mechan i sm m a y exist. However , 
the mos t convincing and direct evidence for its existence 
has come from the s tudy of the h a d r o n and nucleus charge 
exchange react ions. The present section describes inclusive 
charge exchange react ions on light and heavy ions, on 
p ro tons , and p ions . A t the end of this section, a n u m b e r of 
exclusive experiments are discussed, which give m o r e 
detailed informat ion a b o u t the nuclear A excitat ion. 

4.1 ( 3 H e , t) charge exchange reaction 
First direct evidence for the collective A excitat ion 
mechan i sm was obta ined in 1983 s imultaneously in the 
D u b n a L H E J I N R [136] and Saclay Sa turne [137] studies on 
( 3 H e , t ) charge exchange reac t ions ! . Bo th g roups then 
followed u p by cont inuously increasing the n u m b e r of 

jStill earlier (1977-1979), the collective nuclear A excitation had been 
detected in (p,n) charge exchange reactions (see Section 4.2). The 
proposed explanation was different, though. 
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nuclear species and enlarging the scope of the investigation. 
Below, some of the results obta ined and the technique 
employed are discussed. 

4.1.1 L H E JINR ( 3 He , t) charge exchange studies on 
hydrogen and nuclei. A peak shift and broadening observation 
The mos t convincing evidence for the collective A 
excitat ion was found in the series of D u b n a studies [136, 
1 3 8 - 1 4 4 ] . These were the first to reveal all the ma in 
features of the collective mechanism, namely, the shift of 
the A peak to lower excitat ion energies, its b roaden ing , and 
the d rama t i c increase in the cross section in this region 
compared to the hydrogen case. Also , specially per formed 
calculat ions showed tha t it is impossible for all these effects 
to be placed within the single quasifree A excitat ion 
f ramework. Let us consider this work in some detail . 

The first s tudy [136] was m a d e on the 3 H nucleus b e a m 
of the L H E J I N R synchrophaso t ron . The schematic dia
g ram of the facility is shown in Fig. 10a. 
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Figure 10. (a) Schematic diagram of the Dubna facility: Si~S7 — 
scintillation counters for separating out the primary beam and charge 
exchange tritons, MWC — multiwire chambers for determining the 
parameters of the detected particles, T — target, (b) Charge exchange 
cross section on hydrogen, (c), (d) Charge cross sections on carbon. 

The same Fig. 10 presents the charge exchange cross 
sections on hydrogen (Fig. 10b) and ca rbon (Fig. 10c) 
measured for the initial b e a m m o m e n t u m p0 = 6.785 
G e V / c and Qt — 0°. The cross sections are shown as a 
function of the recoiling nucleus excitat ion energy Q, 

(15) 

where £ 3 H e is the energy of He , and Et the t r i ton energy, in 
the no ta t ion of Ref. [136]. 

It is seen tha t the charge exchange cross section on 
ca rbon has two max ima , for low (go < 100 MeV) and high 
( g 0 = 300 MeV) excitat ion energies. The former corre
sponds to s p i n - i s o s p i n excitat ions of the final nucleus, 
whose cross sections, as seen from compar i son with the 
results for the p0 = 3.9 G e V / c [137], exhibits little or no 
change wi th energy (Fig. lOd). The lat ter m a x i m u m is for 
the A excitat ion of the ca rbon nucleus. The cross section for 
this process increases sharply with energy (sevenfold in the 
initial m o m e n t u m region ment ioned) and becomes domi
nan t as the energy increases still further. 

The ma in result of Ref. [136] is the discovery of the shift 
of the A m a x i m u m for the ca rbon nucleus relative to its 
posi t ion for charge exchange on the p r o t o n . The excitat ion 
energy difference between the ca rbon and the p r o t o n is 

AGo = G o ( C ) - G o ( P ) 

= 300 M e V - 324 M e V = - 2 4 M e V (16) 

t oward lower excitat ion energies. As has a l ready been said 
and will be e labora ted somewhat later, this shift, the 
d rama t i c cross section enhancement in the A excitat ion 
region, and the later [138-140] established b roaden ing of 
the ca rbon relative to the hydrogen A peak are the ma in 
indicat ions of the collective na tu re of the A isobar nuclear 
excitat ions. 

The experiments of Refs [138-140] were carried out on 
the L H E J I N R synchrophaso t ron 3 H e b e a m using the 
A L P H A facility [141], whose schematic d i ag ram is shown 
in Fig. 11. The physical pa ramete r s of the A L P H A are as 
follows: the 3 H e b e a m work ing intensity is 10 6 part icles/ 
cycle (the m a x i m u m value is 10 1 1 ) , the accuracy of the t r i ton 
m o m e n t u m Ap/p < 0 . 5 % , the accuracy of energy transfer 
AQ = ±3 MeV. 

The p roduc t ion of the A by the collective mechan i sm is 
facilitated by its m o m e n t u m being comparab le with the 
Fe rmi one. Therefore the 1 2 C ( 3 H e , t ) react ion was studied 
for low transverse (p± ~ 0) and small longi tudinal 
(p\\ = 0.35 — 0.40 G e V / c ) m o m e n t u m transfer. The results 
of Refs [138-140] can be found summar ised in conference 
proceedings [142] and in a disser tat ion [143] and are mos t 
clearly i l lustrated by Table 2 from Ref. [142] 

Let us discuss Table 2. The mos t no tab le po in t here is 
the wide interval of m o m e n t a covered in the s tudy ( 4 . 4 -
18.3 G e V / c ) , which enables one to examine the energy 
dependence of the effects observed. One such effect is (see 
the fifth row) the increased relative con t r ibu t ion to the cross 
section for 1 2 C ( 3 H e , t ) (with t escaping at 0°) from the A 
excitat ion region (Q > 150 MeV) . The con t r ibu t ion from 
the o ther c o m p o n e n t ( 'quasielastic ' charge exchange wi th 
the excitat ion of low-lying nuclear levels) cont inuously 
decreases wi th projectile energy and at piUe = 10.79 
GoV/c is only 8 % . Fur the r , a compar i son of the second 
and thi rd co lumns shows tha t the A m a x i m u m for 
1 2 C ( 3 H e , t ) is shifted relative to ; ? ( 3 H e , t ) by a b o u t 
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Figure 11. Schematic diagram of the 'ALPHA' facility: T—target; Tx and T2 — monitor telescopes consisting of scintillation counters, to 
determine the flux of target-hitting 3 H e nuclei; A, Kh St — scintillation counters; Q, C2 — threshold Cherenkov counters; PCt— multiwire 
proport ional chambers; DM—deflecting magnet; Ml — analysing magnet. 

Table 2. 

Momentum p J(GeV/c) and energy Position of the maximum go and width r/MeV 
EJGeV per nucleon of the beam 

/?( 3 He, t ) 1 2 C ( 3 H e , t ) nonquasifree 
G 

4.4 322±2.5 274±2.5 253±2 62% 1.82±0.05 
(0.8) 138±9 182±16 142±6 

6.81 327±1.5 295±1.5 275±1 82% 1.77±0.03 
(1.52) 109±5 204±9 142±4 

10.79 327±2 305±2 281±2 92% 1.95±0.03 
(2.77) 109±5 257±14 153±6 

18.3 — — — — 214±0.17 
(5.23) 

Here AG/G is the relative contribution to the cross section for 1 2 C ( 3 H e , t ) in the range g > 150 MeV, and REXP = ( d o - / D Q ) ( 0 ° ) C / ( d e r / D Q ) ( 0 ° ) . 

30 M e V to lower excitat ion energies, and tha t its wid th is 
marked ly grea te r ! . Calcula t ions (see Section 5.1) show tha t 
this canno t be explained by quasifree A p roduc t ion . It tu rns 
out tha t the quasifree mechan i sm (with Fe rmi m o t i o n and 
the b inding energy of the nucleons t aken into account) mus t 
shift the A m a x i m u m to higher excitat ion energies. If one 
' sub t rac t s ' the quasifree con t r ibu t ion to the 1 2 C ( 3 H e , t ) 
react ion, then the A peak shift due to the nonquasifree 
(collective) mechan i sm increases to abou t 50 M e V (see the 
four th co lumn in the table) . 

The existence of the collective mechan i sm for the 
nuclear A excitat ion in 1 2 C is also favoured by the values 
in the sixth co lumn in the table, which are a b o u t twice the 
7 ? t h ~ 0 . 8 , predicted [140, 143] by the G laube r - Si tenko 
mode l [145, 146]. The poin t is tha t the G S mode l assumes 
the quasifree excitat ion of nuclear i sobars and , as seen from 
a compar i son with exper iment [139], describes well the 
p ( 3 H e , t ) react ion. The twofold p redominance of Rexp 

over Rth for 1 2 C , therefore, shows the mode l to be 

fThe A peak shift with 3 He energy in the third column is accounted 
for by the different influence of the form factor of this nucleus, 
E~ exp(-27.74 | t | ) , at different values of |t| = Q2 - Ap2 (where 

= P*Yie ~ PT) within the A peak (especially for low 3 H e energies) 
[143]. 

inappl icable to the 1 2 C ( 3 H e , t ) react ion thus implying a 
considerable nonquasifree con t r ibu t ion to the A excitat ion 
of the 1 2 C nucleus. 

Thus , to summarise the sum tota l of the work discussed 
[136, 1 3 8 - 1 4 4 ] , the 1 2 C ( 3 H e , t ) cross section features listed 
above canno t be explained in terms of only one A excitat ion 
mechanism, the quasifree p roduc t ion on nucleons in the 
target nucleus, and so imply the existence of, and a qui te 
considerable con t r ibu t ion from, ano the r — collective — 
mechanism. 

4.1.2 Saturne 1 2 C ( 3 H e , t) charge exchange study 
The first s tudy of the Saclay Sa turne g roup [137] on the 
( 3 H e , t ) charge exchange on nuclei was per formed in 1983 
s imultaneously with the first D u b n a s tudy [136]. In this and 
subsequent Sa turne work , t r i ton detect ion was per formed 
by the magnet ic spect rometer SPES-4 [147] with a 35 m 
to ta l separa t ion between the target and the final focal 
p lane . The mass of the analysed part icle was de termined 
from the t ime of flight between two sets of scintillators 16 
m apar t . The high (300 ps) resolut ion secured a fairly 
reliable part icle identification. T o select events in the 
target , two sets of focal-plane drift chambers with 
m o m e n t u m resolut ion of 7 x 10~ 4 were used. 
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Ref. [137] presents ( 3 H e , t ) da t a at energies 0.6, 1.2, and 
2 G e V on 1 2 C , 5 4 F e and 8 9 Y . A t 2 GeV (p = 3.9 G e V / c ) all 
of the targets exhibit s t rong A resonance excitat ion in the 
form of a wide m a x i m u m at react ion energy Q = —270 
M e V (r = 150 MeV) . A p roposed explanat ion is the 
quasifree A excitat ion, inside the nucleus, of a nucleon 
involved in the Fe rmi mot ion . A n o t h e r suggestion is the 
excitat ion of A-hole states of different spin and par i ty . N e w 
results on nuclear A excitat ion in the ( 3 H e , t ) react ion were 
publ ished by the Sa turne g roup in 1986 [148]. In tha t w o r k 
the SPES-4 facility described above was employed to 
investigate the H , 1 2 C, 4 8 Ca , 5 4 F e , 8 9 Y , 1 5 9 T b and 2 0 8 P b 
nuclei at 2 GeV, and addi t ional ly 1 2 C nuclei at 1.5 and 
2.3 GeV. 

C o m p a r i s o n of t r i ton spectra at E — 2 G e V for different 
targets showed tha t the posi t ion of the A peak is (to within 
10 MeV) mass n u m b e r i n d e p e n d e n t ! from 1 2 C to 2 0 8 P b and 
cor responds to an energy transfer of co = 255 MeV. The 
wid th of the peaks is also the same and equals r = 160 
MeV. C o m p a r i s o n wi th the A peak posi t ion for p ( 3 H e , t ) A 
previously found at co — 325 M e V [149] emphasises the 
large size of the shift (70 MeV) , indicative of nuclear 
m e d i u m effects. 

F o r the 1 2 C nucleus, the dependence of the A excitat ion 
on energy was examined. The results are presented in 
Fig. 12, which shows t r i ton spectra at 0° for 1 2 C ( 3 H e , t ) 
as a function of the energy transfer co — £ 3 H e — Et. F o r 2.0 
and 2.3 GeV, the spectra display wide A m a x i m a a r o u n d 
co ~ 250 MeV. The cross section in this region increases 
with energy. F o r the sake of compar i son , the do t ted curve 
in the same figure shows the c o m p u t e d cross section (in 
a rb i t ra ry units) for the 2.3 G e V quasifree A. The curve is 

f i t is argued [3] that this conclusion is incorrect because of the neglect 
of the form factor effect, which is particularly important at the near-
threshold Saclay energies (see the footnote to Table 2). Analysis of the 
A dependence for the (p,n) and ( 3 He , t ) reactions [3] showed the cross 
section roughly scales with A (see Section 4.2 for more details). 

600 400 200 0 
co/MeV 

Figure 12. 

clearly seen to be shifted to large energy transfers, co, 
relative to the exper imental A m a x i m u m . 

Thus , in the same years as in D u b n a , the Sa turne g roup 
discovered the nuclear A excitat ion in the ( 3 H e , t ) charge 
exchange react ion — an effect which gives every indicat ion 
of being of nuclear ( ra ther t h a n purely quasifree) origin and 
thus suggests a collective mechan i sm at work . A similar 
result was ob ta ined at Saclay in 1986 in a s tudy of charge 
exchange react ions on heavy relativistic ions (Section 4.3). 
W o r k on the collective mechan i sm for the ( 3 H e , t ) react ion 
was cont inued at Sa turne in 1992 in a specially designed 
exclusive exper iment (Section 4.5.3). 

4.2 (p, n) charge exchange reactions 
In this section we wish to do justice to some early 
invest igators w h o h a d 'all bu t ' discovered the collective A 
excitat ion mechan i sm long before it was demons t r a t ed so 
convincingly in Refs [136, 137]. Back in 1 9 7 7 - 1 9 7 9 , (p ,n ) 
charge exchange studies [150-152] p roduced results which, 
later work [153-155] showed, were typical of the collective 
mechanism. 

F o r example, a s tudy [150] on the 7 L i ( p , n) and 6 L i ( p , n) 
react ions on 800 M e V p ro t o n s revealed b r o a d (300 MeV) 
m a x i m a in neu t ron spectra at pn = 1060 M e V / c . A l t h o u g h 
there is every indicat ion (the posi t ion in the spectrum, the 
direct ion of the shift, the width) tha t these m a x i m a are due 
to the collective mechanism, they were associated with the 
format ion of p ions on target nuclei. 

Similar b r o a d m a x i m a were found in a subsequent s tudy 
[15] by the same g roup on a n u m b e r of m e d i u m weight and 
heavy nuclei (Al, Ti, Cu, W, Pb , and U) . They were again 
a t t r ibu ted to quasifree p ion p roduc t ion in react ions of 
p ro t o n s with nucleons inside the nucleus. 

A similar conclusion was reached in Ref. [152] where the 
neu t ron spect rum showed a b r o a d m a x i m u m 300 M e V 
away from the quasielastic peak . In this case the m a x i m u m 
was explained in terms of the format ion of neu t rons in an 
inelastic react ion with p ion p roduc t ion . 

It is only in a s tudy [156] of neu t ron spectra in the 
e lementary react ion p p —> n p 7 i + , which again repor ted a 
wide (300 M e V / c ) m a x i m u m at Ep = 805 M e V for 
pn = 1025 MeV, tha t one finds a vague men t ion of the 
A resonance , albeit in the sense of its cont r ibut ing , in some 
phenomenologica l way, to the to ta l cross section for p ion 
p roduc t ion . 

Nevertheless , the b r o a d m a x i m a observed in the above 
studies possess all the characteris t ic features of the collective 
mechan i sm of nuclear A excitat ion. Therefore some au tho r s 
(see, e.g., Refs [157-160] ) quo te these works as pioneer ing 
ones, wi thou t being too m u c h embar rassed by the inter
pre ta t ions we ment ioned . W e share the view tha t these 
works cont r ibu ted significantly in this area. F o r example, 
based on the da t a from Ref. [152] and from the later w o r k 
of the same au tho r s [ 161 -163 ] , the A dependence of the 
to ta l charge exchange cross section in the A peak m a x i m u m 
and the A and N dependences of the A peak shape were 
analysed [3, 164, 165]. 

The A dependence analysis assumed one-step (p ,n ) 
charge exchange with A excitat ion in the nucleus, and 
included the absorp t ion of the projectile p r o t o n and of 
the detected neu t ron by the target . The general behav iour of 
the (p ,n ) charge exchange [and ( 3 H e , t ) ] cross sections 
indicates the per ipheral character of the process . The 
analysis of the shape of A peak showed its wid th to spread 



824 K N Mukhin , O O Patarakin 

with A, which can be quali tat ively explained by the 
mesonless de-excitat ion of the A. Of o ther Ga t ch ina results 
[152, 1 6 1 - 1 6 3 ] , the absence of the A peak shift on the 
deu te ron should be noted . 

La te r (exclusive) work on the A excitat ion of nuclei 
unde r p r o t o n s will be discussed in Sections 4.6.1 and 4.6.2. 

4.3 Nuclear A excitation by heavy relativistic ions 
The excitat ion of the nuclear A by heavy relativistic ions 
was first discovered at the Sa turne L a b o r a t o r y in 1986 
[157] using the magnet ic spect rometer SPES-4 described 
above (see Section 4.1.2). Ion charge identification was 
done using two independent AE signals from 1 cm thick 
scintil lators. A resolut ion of A Z / Z = 0.035 was secured. 
Mass identification was carried out by 17 m base flight 
t ime measuremen t with 300 ps resolut ion. This resolut ion 
permi t ted them, for example, to dist inguish 1 9 F and 2 0 F 
with an accuracy of bet ter t h a n 1 % . 

The w o r k involved the s tudy of two mi r ro r charge 
exchange react ions, 2 7 A l ( 2 0 N e , 2 0 N a ) and 2 7 A l ( 2 0 N e , 2 0 F ) , 
unde r a 950 MeV/nuc leon 2 0 N e beam. The spectra dis
played two peaks as functions of the react ion energy Q. The 
n a r r o w m a x i m u m at Q = — 30 M e V is in terpreted as the 
excitat ion of part icle - hole states of different mul t ipolar i ty , 
and the b r o a d one, at Q = - 3 0 0 MeV, as a very s t rong 
internal excitat ion of a nucleon to the A resonance in target 
nuclei. This lat ter m a x i m u m is found to occur at the same Q 
and at a b e a m energy of 1100 M e V per nucleon. 

A n o t h e r react ion studied was the 1 2 C ( 1 4 N , 1 4 C ) react ion 
unde r a 880 MeV/c 1 4 N beam, which exhibited a weak A 
excitat ion a r o u n d Q = - 3 0 0 MeV, bu t 1 4 0 nuclei were no t 
seen in the mi r ro r channel above the backg round . Finally, 
the s tudy of the 1 2 C ( 1 2 C , 1 2 N ) react ion at 900 MeV/nuc leon 
showed practically no A excitat ion. 

In discussing the fact tha t the A intensities of the 
2 7 A l ( 2 0 N e , 2 0 N a ) and 2 7 A l ( 2 0 N e , 2 0 F ) react ions differ a lmost 
threefold (2.7) whereas the isotopic relat ions oblige them to 
be the same, the au tho r s po in t out tha t the cross section 
excess for the lat ter react ion can be accounted for qual
itatively by the specifics of the 2 0 F and 2 0 N a level systems. 
The 2 0 F nucleus has a n u m b e r of b o u n d states which are 
excited in s p i n - i s o s p i n t ransi t ions . Their analogues in 2 0 N a 
are no t b o u n d (i.e., c anno t be identified as 2 0 N a by the 
detector) . Also , the part icle emission threshold for 2 0 N a is 
only 2.2 MeV, to be compared with 6.6 M e V for 2 0 F . Bo th 
of these facts favour the format ion of 2 0 F in a b o u n d state. 
In a similar way, assuming the absence (or weakness) of 
s p i n - i s o s p i n t ransi t ions tha t lead to b o u n d nuclei in the 
final state, the features of o ther react ions can be explained. 

W o r k on charge exchange react ions unde r heavy rela
tivistic ions is very interest ing for several reasons . First , one 
can s tudy s p i n - i s o s p i n modes in two mi r ro r react ions wi th 
the same projectile, thus el iminating projectile s t ructure 
effects when compar ing react ions . Second, measurements 
for different projectiles on different targets yield a great deal 
of in format ion a b o u t A dependences . Finally, considering 
the s t rong absorp t ion of heavy ions in the target and in the 
projectile one would expect these react ions to be highly 
per ipheral , so there is hope tha t density effects can be 
studied by mak ing compar i sons with l ight-ion react ions . 

However , tu rn ing to the ma in theme of our review, one 
has to admi t tha t the p r imary quest ion we are concerned 
with, tha t of the A excitat ion mechanism, was no t given a 
direct answer in Ref. [157]. This is p robab ly due to the fact 

the A m a x i m u m detected in the s tudy occurs at a value of 
energy transfer (<x> n u c l = 300 MeV) which does no t allow any 
confidence as to the presence or absence of the A shift, the 
m o r e so because no p ro ton- t a rge t reference da t a are used. 

In a somewhat indirect way, however , the par t ic ipa t ion 
of the collective mechan i sm in A excitat ion is suggested by 
the D u b n a and Sa turne studies on p ( 3 H e , t ) A + + , which 
yield cop ~ 325 MeV, 25 M e V m o r e t han a> n u c l = 300 M e V 
of the work unde r discussion. The 25 M e V difference can be 
in terpreted as a shift of the nuclear A m a x i m u m toward 
lower excitat ion energies. 

4.4 ( T I ± , T I 0 ) charge exchange reaction 
The theoret ical in te rpre ta t ion of the A m a x i m u m shift in 
charge exchange ( 3 H e , t ) and (p ,n ) react ions usually 
assumes one-pion exchange to be involved in the react ion 
mechan i sm (see Sections 5.2 and 5.3). It is therefore of 
considerable interest to investigate A excitat ion react ions in 
which 7i exchange is either impossible or h indered. A m o n g 
these are ( T E ^ T E 0 ) charge exchange react ions, in which n 
exchange is forbidden by the G par i ty conservat ion law. 
These react ions are also i m p o r t a n t because they have no A 
excitat ion in the projectile part icle and because results for 
projectiles with different charges m a y be compared . It is 
also expected tha t the zero spin of the n meson will 
facilitate the theoret ical in terpre ta t ion of the exper imental 
results. 

The first work on the ( 7 i ~ , 7 i ° ) charge exchange was 
carried out at L A M P F (Los Alamos) in 1987 on the 
475 M e V n~ b e a m [158]. However , because the energy is 
close to the threshold value, the m a x i m u m caused by the A-
decay 7t° mesons was difficult to discr iminate against the 
b a c k g r o u n d of the 7t° mesons from the 'direct ' charge 
exchange of the b e a m K~ mesons . M o r e definitive, if 
somewhat unexpected results, were ob ta ined at the D u b n a 
J I N R synchrophaso t ron in 1990 [166, 167]. In tha t work the 
( 7 i ± , 7 i ° ) charge exchange react ion was studied on the H , C, 
and Al nuclei at the incident p ion m o m e n t u m of 6 2 0 - 1 2 0 0 
M e V / c using the p ion channel of the I N R K A S P I i facility. 

Fig. 13a presents the schematics of the exper imental 
setup [159]. Mesons were identified from two Cherenkov-
detected 7i°-decay y quan t a . The 7t° meson energy was 
de termined from the y q u a n t u m energy and scattering angle. 

Fig. 13b represents the exper imental (solid line) and 
compu ted (dashed line) spectra of the 7t° mesons from the 
7 i + p —> 7 i ° A + + react ion. The pa ramete r s of the m a x i m u m 
are: E = (861 ± 19) MeV, a = (107 ± 22) MeV. In Fig. 13c, 
the h i s togram of the exper imental spec t rum of 7t° f rom the 
react ion 1 2 C ( 7 t ~ , 7 t ° ) and its Gauss ian app rox ima t ion are 
given. The pa ramete r s of the m a x i m u m are: E = 
(936 ± 7) MeV, a — (158 =b 6) MeV. The spect rum of the 
7i° mesons from 1 2 C ( T E + , T E ) is similar and has E = 
(940 ± 8) MeV, a = (130 ± 8) MeV. A poin t which a t t rac ts 
a t ten t ion is the large shift of the nuclear A peak to lower 
excitat ion energies relative to the p r o t o n peak. The max
i m u m for 1 2 C react ions is m u c h wider t han for the p r o t o n . 

Thus , the results obta ined for ( 7 ^ , 7 1 ° ) charge exchange 
are similar to those for the ( 3 H e , t ) and (p ,n ) charge 
exchange react ions, bu t the former seems to require a 
n o n s t a n d a r d theoret ical explana t ion because the K exchange 
is forbidden and the p meson is a vector part icle. 

F r o m the poin t of view of present -day theory (see 
Section 5.2.2) the n exchange mechan i sm [used to explain 
the A peak in the ( 3 H e , t) and (p, n) reactions] is de termined 
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Figure 13. (a) Schematic diagram of the experimental facility for the 
study of the (n±, n°) charge exchange reaction: T—target, Q and 
C2 — lead-glass Cherenkov counters (14 radiation lengths), Q - C 3 — 
beam scintillation counters, C5-C9 — (E — AE) counters for detecting 
charged particles, C 1 0 - C 1 2 — anticoincidence scintillation counters, 
(b) Spectra of 71° mesons from the p ( 7 i ± , 71°) reaction, (c) Spectrum 
of 71° mesons from the 1 2 C ( 7 t ~ , rc0) reaction. 

by the behav iour of the so-called spin-longi tudinal pa r t of 
the nuclear response function, which shifts the A peak to 
lower excitat ion energies, whereas the p exchange mecha
nism depends on the spin-transverse par t , which leaves the 
peak unshifted. It is for this reason tha t the results of 
Refs [166, 167] appea r somewhat unexpected (cf. their 
discussion in Section 5.3.2). They are no t un ique in this 
sense, t hough . 

In 1989, the Sa turne g roup investigated [168] the 
d , 2 p ( 1 S 0 ) react ion on a b e a m of 1.6 G e V and 2 G e V 
polar ised deu te rons with the format ion of two singlet 
p ro tons , this react ion being equivalent to the (p, n) react ion, 
the simplest possible from the spin response analysis 
viewpoint . It p roved possible to determine directly the 
longi tudinal to t ransverse cross section ra t io , and it tu rned 
out t ha t the t ransverse c o m p o n e n t exceeds the longi tudinal 
one by a factor of 1.7 for deu te rons and by as m u c h as 3 for 
1 2 C . O n the other hand , the behav iour of the form factor for 
this react ion (see Fig. 22) implies the p redominance of the 
longi tudinal componen t , and the A peak for 1 2 C was indeed 
found to be d o w n by (65 ± 5) M e V (Fig. 14). A l t h o u g h this 
cont rad ic t ion m a y prove simple to explain (see Section 
5.3.2), it is obvious tha t the par t ic ipa t ion of the spin-
t ransverse c o m p o n e n t of the nuclear response function in 
the d , 2 p ( 1 S 0 ) and ( 7 i ± , 7 i 0 ) react ions remains an intr iguing 
and highly topical p rob lem, and so further research into 
b o t h react ions is needed. In par t icular , ( 7 i ± , 7 i 0 ) charge 
exchange measurements on old (to ensure cont inui ty) 
and new nuclei to examine the A dependence are highly 
desirable, as are measurements for var ious scattering angles 
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Figure 14. 

and with improved accuracy. Exper iments on n meson A 
decay part icle coincidence, which might be of help in 
nuclear state identification, are par t icular ly desirable. 

4.5 Exclusive experiments 
The study of charge exchange react ions in inclusive 
experiments has led to the i m p o r t a n t discovery of the 
collective mechan i sm of A excitat ion in nuclei. It has been 
demons t r a t ed in m a n y experiments on var ious particles 
tha t if the energy transfer to the nucleus is on a scale of 300 
MeV, and the m o m e n t u m transfer is comparab le to the 
average Fe rmi m o m e n t u m of the nucleons, then the charge 
exchange cross section displays a b r o a d A m a x i m u m 
considerably d o w n in energy as compared to free p r o t o n 
A excitat ion. These results are in cont ras t wi th the accepted 
view on wha t would be expected from the quasifree 
mechan i sm of A excitat ion in the nucleus, and prove the 
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existence of ano the r — collective — excitat ion mechan i sm 
which is p r e d o m i n a n t over the quasifree one. 

Valuable t h o u g h inclusive experiments are, they are 
clearly insufficient for s tudying separately var ious aspects 
of the two mechanisms , such as their relative cont r ibu t ions 
to the excitat ion and de-excitat ion of the nuclear A isobar , 
the proper t ies of the A excitat ion on the p r o t o n and neu t ron 
targets , the role of the A excitat ion in the projectile and in 
the target , the role of the pionic m o d e in the A excitat ion 
process, etc. T o answer these and m a n y other quest ions, 
exclusive exper iments (Sections 4 .5 .1 -4 .5 .5 ) and theoret ical 
studies (Section 5) are needed. 

4.5.1 Quasifree A isobar formation in the (p, p ) reaction. 
A direct exper imental check on the proper t ies of the 
quasifree nuclear A isobar excitat ion was m a d e in a s tudy 
[169] of the inelastic scattering of p ro tons on d, C, and Al 
nuclei at pp = 3.88 GeV/c . In this work the quasifree 
mechan i sm was very convincingly separa ted and thor 
oughly studied, and we therefore discuss it in some detail 
here. The react ion unde r s tudy was 

p + "n" - p ' + A 0 , A 0 - p " + TT , (17) 

where "n" is the in t ranuclear neu t ron , p ' is the scattered 
p ro ton , p " the A 0 decay p r o t o n . The special feature of the 
work is the exclusive a r r angemen t of the experiment , in 
which apar t from p ' the p roduc t s of A 0 decay (and they 
alone) were detected. The work was per formed on 
unsepara ted p and n beams t aken out from the inner 
target of the 12 G e V p r o t o n synchro t ron at the Japanese 
N a t i o n a l L a b o r a t o r y for High Energy Physics ( K E K ) . The 
F A N S Y facility [170] consist ing of a beam, central , and 
frontal pa r t (Fig. 15) was used. 

The b e a m m o m e n t u m p = 3.88 GeV/c and the quan t i ty 
<Tp/p = 1.4% were obta ined from flight-time measurements . 
T o detect the inelastically scattered p r o t o n p ' , the frontal 
spect rometer was used which detected the p ' p r o t o n s in the 

angle range 1-5 .5° wi th a m o m e n t u m resolut ion of bet ter 
t h a n 1%. Fl ight t ime p r o t o n identification was used. A 0 

i sobar decay p roduc t s were detected in the central pa r t of 
the facility. 

The reliable separa t ion of quasifree A format ion events 
was ensured by satisfying the following requi rements : the 
frontal spect rometer detects only one p ro ton ; the central , 
one p r o t o n and one pion; o ther charged particles are absent . 
The selected events were cut off by the invar iant mass of the 
p7i~ pa i r (M* < 1400 MeV) and processed by the k inemat ic 
cri terion by calculat ing the mass of the target nucleon ["n" 
in E q n (17)] from the fou r -momenta of the incident p r o t o n 
p , scattered p r o t o n p ' , and decay p roduc t s n~ and p " , 

/?7" n " (Ep — Ep/ — En- — Ep») 

~(Pp -PP' ~Pn- -Pp"f • (18) 

The m a x i m u m of the d is t r ibut ion obta ined coincides wi th 
the square of the nucleon mass , i.e., the events in its 
ne ighbou rhood cor respond to quasifree p roduc t ion of the 
A. The removal of nonquasif ree events was achieved by 
cut t ing off the wings of the p ' d is t r ibut ion. The small 
b a c k g r o u n d which remained was accounted for by 
compar i son with the m o m e n t u m dis t r ibut ion ob ta ined 
for p 7 i + pairs (unable to form A + + i sobars in this par t icular 
exper imental setup). 

The selected ' t rue ' quasifree events were compared wi th 
calculat ions tak ing into account the b inding energy of the 
nucleon, the Fe rmi dis t r ibut ion, A width , incident m o m e n 
t u m scatter, and the m o m e n t u m resolut ion of the 
spectrometer . The results of the compar i son are presented 
in Fig. 16a, which shows tha t the compu ted curves approx
imate the experi- men ta l poin ts quite closely. It is seen tha t 
the A resonance m a x i m a on b o t h complex nuclei (C and Al) 
are shifted t oward lower m o m e n t a of the scattered p r o t o n p ' 
(i.e., to higher energy transfers Q) compared to the posi t ion 
of the m a x i m u m for a simple nucleus (d). Thus it seems 
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Figure 15. Schematic diagram of the F A N S Y facility. Beam part: 5 0 -
S3 — flat scintillation counters for separating the primary beam and 
measuring the time of flight; GCX2— gas Cherenkov counters for 
separating protons and n mesons and cutting off muons and electrons; 
BC\_4 and TCX^2— multiwire proport ional chambers for determining 
the trajectory and profile of the beam. Central part: SMCDC — 
solenoidal magnet ( 5 = 0.3 T); CDC—cylindrical drift chamber with 
the target inside: CDHX_24—cylindrical hodoscope consisting of 24 

scintillation counters, for obtaining a trigger signal and identifying 
particles from their time of flight (in addition to identification from 
dE/ dx in the chamber). Frontal part: DM—wide-aperture dipole 
magnet (B0 = 1.2 T); PCX_^— multiwire proport ional chambers; 
DCX2 — flat drift chambers; nHSx_3, KHLx_^, PHS^, PHLX_X5 — 
scintillation hodoscopes for obtaining trigger signals and measuring 
time of flight. 
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proved (both by calculat ion and experimentally) tha t the 
unusua l nuclear A excitat ion involving (in inclusive p roc
esses) a downshift of the A m a x i m u m canno t be accounted 
for by the quasifree p roduc t ion of the i sobar on one of the 
nucleons b o u n d in the nucleus. 

In concluding this section we present the results of wha t 
we consider to be the mos t convincing exper imental s tudy 
of the quasifree mechanism, one which involves the 
compar i son of the two simplest processes possible, the 
scattering of a p r o t o n on a free p r o t o n and on a quasifree 
p r o t o n . Such a compar i son was carried out in the same 
Ref. [169] in an exper imental a r r angement designed to 
detect only two p ro tons , the fast forward scattered one, 
and a relatively slow obl ique one. 

D a t a on elastic p p scattering on the free p r o t o n were 
obta ined from the C H 2 target by subtrac t ing the ca rbon 
target cont r ibut ion; da t a on quasifree p p scattering, by 
analysing p p scattering on a p r o t o n b o u n d in a ca rbon 
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nucleus. The results of the compar i son are given in 
Fig. 16b, which shows tha t the elastic quasifree peak in 
the spec t rum of forward scattered p ro t o n s is marked ly 
lower and wider and occurs at lower m o m e n t a as compared 
with the elastic p p peak for the free p r o t o n . The magn i tude 
of the shift cor responds to the energy of the removal of a 
nucleon from the ca rbon nucleus (25 MeV) , and the shape 
of the quasifree peak is approx ima ted well by the Gauss i an 
curve 

N(jp) = N0exp(--^ (19) 

of wid th < 7 F ~ 120 M e V / c . N o t e , finally, tha t on the 
quali tat ive level, the shift results simply from the require
men t to account for the nucleon binding energy in the 
quasifree process . 

By compar ing the results of the inclusive experiments 
with the mater ia l of the present section, one arrives at the 
firm conclusion tha t to explain the A excitat ion in charge 
exchange react ions requires tha t , apa r t from the quasifree 
mechan i sm an addi t ional — and, for these par t icu lar reac
t ions, m a y b e even d o m i n a n t — mechan i sm of collective 
in teract ions should be in t roduced . 

F u r t h e r in format ion concerning the relative roles of and 
the compet i t ion between the two mechanisms m a y hope
fully be ob ta ined from the analysis of exclusive experiments 
on the decay of the nuclear A from the (p ,n ) and ( 3 H e , t ) 
charge exchange react ions . 

4.5.2 Comparison of the rc+p and 2p de-excitation channels 
for the nuclear A produced in the (p, n) charge exchange 
reaction 
Ref. [160] of 1991 presented the results of the first A region 
experiments on (p, n) react ions on neu t rons in coincidence 
with 2p and 7 i + p from the de-excitat ion of the A from 
1 2 C ( p , n ) . The experiments were conduc ted at K E K (Japan) 
on the b e a m of 1.5 M e V / c p r o t o n s from the 12 G e V 
p r o t o n synchro t ron . T o detect coincident particles, a 12 m 
base 50 scintillator flight-time neu t ron spectrometer , and 
the wide-angle spect rometer F A N S Y described in Section 
4.5.1 [170], were used. The targets employed were ca rbon 
and polyethylene. Depend ing on the combina t ion of the 
particles detected in F A N S Y , the detected events were 
classified into 6 types: no part icles, only 7 i + , only p , p and 
7 i + , 2p, and o the r s ! . By summing all the six, a cont ro l 
inclusive cross section was obta ined . 

The mos t interest ing events to consider are 7 i + , p + n+ 

and 2p, whose cross sections as a function of neu t ron 
m o m e n t u m are given in Fig. 17. It is seen tha t the A 
m a x i m u m in the spec t rum for the (p + 7 i + ) events is shifted 
to m u c h lower neu t ron m o m e n t a relative to the other two 
(identical in posi t ion) events. W h e n recalculated to the 
excitat ion energy co, it is found tha t the ( 7 i + + p) peak 
has even somewhat higher co t h a n in the free p r o t o n 
react ion, whereas the other two peaks are shifted strongly 
in the opposi te direction. It is r emarkab le , however , tha t the 
invar iant mass for the p 7 i + events with ca rbon proves to be 
lower t h a n in the hydrogen case, whereas the wid th is larger. 

A pre l iminary analysis of this appa ren t d isagreement 
between the posi t ions , in the neu t ron spectrum, of the 

tSingle n+ events occur in the decay (A —> N 7 i + ) with a subsequent 
loss of a nucleon due to acceptance, threshold, or absorption of the 
nucleon by an unfilled nuclear orbit, etc. 
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Figure 17. 

( 7 i + + p) events on the one h a n d and of the 2p and 7 i + 

events on the o ther shows tha t the posi t ion of the 2p and 7 i + 

peaks in the neu t ron spect rum is similar to the posi t ion of 
the peak for the inclusive cross section, and tha t the 
(p + 7 i + ) peak is shifted from this lat ter by 100 M e V to 
lower m o m e n t a . Thus , it is the p and 7 i + e v e n t s which 
cont r ibu te mos t to the peak shift seen in the inclusive 
spect rum. It is suggested tha t the anomaly in the (p + 7 i + ) 
peak posi t ion in the neu t ron spect rum m a y be due to the 
effect of scattering of the outgoing p and 7 i + (see the next 
section for m o r e on this). 

A supplementary rapidi ty analysis [171] of the cross 
section for TI events suggests tha t these form in the decay of 
A p roduced in collisions with individual nucleons and tha t 
the excitat ion of the projectile is no t s t rong enough to 
p roduce the shift observed. 

4.5.3 Study of the decay of the nuclear A isobar from the 
reaction ( 3 H e , t) on lYl, 2 H and 1 2 C 
A n exclusive exper iment on the decay of the A isobar 
p roduced in the react ion ( 3 H e , t ) was conduc ted at the 
Saclay Labora to i r e Sa turne using the b e a m of 3 H e of 
intensity 10 6 s " 1 of energy 2 G e V [172]. The 4 T T - D I O G E N E 
detector (Fig. 18) with an added t r i ton-detect ion a r m [173] 
was employed. The detector (ATI-D in Fig. 18a) is of 
cylindrical shape and consists of 10 t rapezoidal drift 
chambers placed in a 1 T longi tudinal solenoidal magnet ic 
field. The targets used were liquid hydrogen (1.3 g c m - 2 ) , 
l iquid deu te r ium (3.1 g c m - 2 ) , and ca rbon (0.36 g c m - 2 ) . 

The detecting and momen tum-ana lys ing a r m for the 
resul tant t r i tons consists of a dipole magne t DM 1.33 m 
long (B = 1.9 T) and two sets of drift chambers CHI and 
CHI, wi th hodoscopes HI and HI, al lowing energy and 
angle measurements in the range 1 .4-2 .0 GeV and 0 - 4°. 
T o reduce the mult iple scattering of the t r i tons , two hel ium 
bags were used. Nonin te rac t ing H e nuclei were deflected in 
the dipole magne t and directed to a beam absorber a long 
the v a c u u m tube . 

The identification of charged particles (n, p , t, and 
impur i ty d) and the de te rmina t ion of their m o m e n t a were 
achieved by reconst ruct ing their t racks mak ing use of the 
m o m e n t u m ampl i tude analysis in the drift chambers . The 
pions and p r o t o n s of the A decay were identified in the 
po la r angle range 2 0 - 1 3 2 ° and for En ^ 15 MeV, 
Ep ^ 35 MeV. The m o m e n t u m resolut ion was typically 

4K-D 

Figure 18. 

1 8 % for p and 10% for n. F o r the two react ions 

p( 3 He , t )A^ P + 7 t + , 

d ( 3 H e , t ) A + + ( n ) , A + + + ( n ) ^ p + p , 

(20) 

(21) 

where (n) is the neut ron-spec ta tor , full kinematics can be 
const ructed, wi th adequacy being ensured by the small 
value of the missing mass for the events involved. F o r the 
ca rbon target , in addi t ion to the p7i + and 2p events, 3p 
events were also detected. 

The cal ibrat ion of t r i ton energy in hydrogen events (20) 
was m a d e using the energy balance of the react ion. F o r 2 H 
and 1 2 C , the posi t ion of the peak at low excitat ion energy 
(well k n o w n from older experiments) was used. The 
detector efficiency was de termined by a cascade calculat ion. 
The acceptance-based cutoff was found to underes t imate 2p 
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events by a factor of 1.5, and the l p + ln+ and 3p events, by 
a factor of 1.5 and a lmost 15, respectively. 

The basic results of Ref. [172] are presented in Fig. 18b, 
which shows (in a rb i t ra ry units) the energy transfer spectra 
for 7 i + p ^ H ^ H and 1 2 C targets) , 2p ( 2 H and 1 2 C targets) 
and 3p events ( 1 2 C target) and also the 0.3 scaled inclusive 
spec t rum for all the events ( 2 H and 1 2 C targets) as a 
function of the energy transfer co = £ ' ( 3 He) -E(t). It is 
seen tha t the 7 i + p spectra are similar for all the targets , 
i.e., the Fe rmi m o t i o n b roaden ing is small. A feature of the 
2p spec t rum is the lack of the A peak for 2 H , and a m a r k e d A 
peak for 12C s t rongly downshif ted (by 100 MeV) from its 
posi t ion for the 7 i + p events. The lack of the A peak for 2 H 
is in terpreted as being due the low density of nucleons in the 
deu te ron nucleus [the A isobar p roduced on the deu te ron 
p r o t o n is very unlikely to interact with a neu t ron-spec ta to r 
of (21)]. 

A n est imate of the missing mass and of energy ba lance 
for 2p events on 1 2 C shows tha t they do no t involve 3 or 
4 nucleon processes and hence m a y be in terpre ted as the 
coupl ing of Ah and 2p—2h states. The relative shift of the A 
peak for states wi th different de-excitat ion modes ( 7 i + p and 
2p) is explained by the s t rong (~pl) threshold effect for the 
A decay pions , due to ln = 1. The 2p channel does no t have 
such a threshold effect, i.e., it is sensitive to the energy 
downshif ted A-hole states. One can say pictorially tha t the 
( 7 i + p ) channel of the A decay is available only because of the 
r igh t -hand high-energy por t ion of the A m a x i m u m , whereas 
the 2p channel is also possible for lower energy transfers 
(the left-hand side of the m a x i m u m ) . 

Recall from Section 4.5.2 tha t the similar behav iour of 
7 i + p events in the (p, n) charge exchange react ion can be 
accounted for by p and K+ scattering. One m o r e explanat ion 
of this anoma ly exists. It is assumed in Ref. [2] tha t 7 i + p 
events occur in the A decay of an i sobar p roduced in the 
quasifree [collective] mechanism. The same view is t aken in 
Ref. [174]. Based on the results of Ref. [172] discussed 
above, and developing further the view p roposed there, 
it is po in ted out tha t the missing mass for 7 i + p events is less 
t h a n a few MeV, tha t is, the ( A + + —> p + 7 i + ) channel does 
indeed select the quasifree process, in which A + + is excited 
with the same energy and width as for the free nucleon. In 
any case, it is clear tha t this quest ion needs further 
invest igat ion in 'still m o r e exclusive' exper iments using 
'still m o r e ideal ' detectors . 

4.5.4 Coherent pions from the ( 3 He , tn+) and (t, 3 H e n~) 
reactions 
The tendency toward increasingly exclusive experiments 
was cont inued in a s tudy on the react ion 1 2 C ( 3 H e , t 7 i + ) at 
2 G e V [175] (see also Ref. [174]), in which apa r t from 
react ion p roduc t s , the energy state of the final nucleus was 
moni to red . 

The work was carr ied out in the Labora to i r e Sa turne 
using the D I O G E N E detector described in the preceding 
section. Fig. 19a shows the spect rum of energy transfer, 
co = £ ( 3 H e ) - E(t), for var ious decay channels . The upper 
po r t ion of the figure has been discussed in pa r t in Ref. [172] 
(Section 4.5.3). The high yield and the backward shift of the 
A peak for 2p events are due to the m e d i u m effects on the 
energy and width of the Ah states. The absence of A peak 
shift for 7 i + p events is accounted for by their fo rmat ion in 
the low-density surface layer of the nucleus. These con
clusions are suppor ted by cascade calculat ions and by the 

N 

Figure 19. 

agreement wi th the (p ,n ) decay da t a [160]. Refs [174] and 
[175] deal pr imari ly wi th \n+ events, which h a d no t been 
discussed earlier in any detail . These are assumed to arise 
from ( 7 i + + N ) events, in which the nucleon is no t detected 
(either because of being a neu t ron or due to acceptance or 
threshold restrict ions on the p ro ton ) . 

The lower po r t ion of Fig. 19a presents events for small 
t r i ton scattering angles (2.5° < 0t < 3.5°), including the 0.35 
scaled inclusive events (solid line), all ln+ events (dashed 
line), and ln+ events cor responding to the fo rmat ion of 
g round state final nuclei (dot ted line with a m a x i m u m at 
co = 250 MeV) . F o r the lat ter type of event, the insert in 
Fig. 19b shows the 10 M e V par t i t ioned spec t rum of the 
missing mass of the react ion unde r study. The spec t rum is 
seen to be well concent ra ted near the mass of the 1 2 C 
nucleus g round state (11.75 GeV) , and it is this fact which 
permits a reliable selection of events tha t cor respond to the 
format ion of a final nucleus in the g round and weakly 
excited states (left pa r t of the m a x i m u m , wi th missing mass 
less t h a n 11.2 GeV) . The events cor responding to the final 
nucleus excitat ion energy of 25 - 50 M e V were separa ted by 
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1 .200-1 .250 G e V 'gates ' (dashed region in the r ight 
po r t ion of the m a x i m u m ) . 

F o r b o t h types of events (at an energy transfer of 
~ 2 5 0 MeV) the angular correla t ions of the m o m e n t u m 
transfer q and the m o m e n t u m of the outgoing p ion pn were 
examined, the spectra of which are shown in the bulk of 
Fig. 19b. It was found tha t for events wi th the final nucleus 
in the g round state the q and pn angular corre la t ion 
spect rum is sharply peaked at low relative angles (solid 
h is togram) , whereas for excited nuclei it is m o r e uni form. 
This result, together with the large cross section (larger by 
far t h a n suggested by the phase space) and the very low 
kinetic energy of the recoiling nuclei (~ 1 MeV) p r o m p t e d 
the a u t h o r s ' claim to be the first to observe the format ion of 
coherent p ions outside the mass surface — a manifes ta t ion 
of a r a the r unusua l process in which the react ion ( 3 H e , t ) 
p roduces vir tual p ions tha t scatter from target nuclei 
elastically pr ior to becoming real. The real p ion has 
practically the same energy as the vir tual one. 

The compu ted corre la t ion spec t rum for cascade, i.e., 
incoherent , p ions has no sharp peak at low relative angles 
between q and pn and shows a weak energy excitat ion 
dependence . The au tho r s no te an excellent agreement of the 
exper imental angula r dis t r ibut ions with theoret ical calcu
lat ions ([176]; see also [Ref. 177]) which show tha t the 
format ion of coherent p ions in the ( 3 H e , t 7 i + ) react ion is in 
fact the only evidence for the existence of a nuclear p ionic 
m o d e (see Section 5.3). 

A t the Twelfth In te rna t iona l Seminar on the Prob lems 
of High Energy Physics in September 1994, coherent p ions 
from the excitat ion of resonances o ther t h a n A in target 
nuclei were repor ted [239]. The w o r k was per formed wi th 
the L H E J I N R t r i t ium b e a m using the s t reamer-chamber 
G I B S spectrometer . The facility al lowed detect ion and 
measurement of all charged particles in geometry close 
to 4K [240]. The m o m e n t u m spect rum of K~ p ions from the 
react ion t + C ( M g ) ^ 3 H e + n~ + ... for 9 G e V / c projectile 
m o m e n t u m was measured . 

C o m p a r i s o n with calculat ions [176, 241] and wi th the 
a u t h o r s ' own est imates [239] showed tha t , apa r t from the 
coherent K~ mesons from the A~, with their n a r r o w 
m a x i m u m at pn- = 2 3 0 - 2 8 0 MeV, the exper imental spec
t r u m also conta ins 3 0 - 5 0 % K~ mesons with a m a x i m u m at 
pn- = 400 M e V / c . These take away m u c h of the longitu
dinal m o m e n t u m at a low m o m e n t u m of the recoiling 
nucleus and so also behave like coherent p ions . 

Besides target nuclei, coherent p ions m a y also appea r in 
projectile nuclei dur ing the excitat ion of the A isobar or 
heavier resonances in them. In such processes, however , the 
m a x i m u m of the p ion spec t rum mus t lie at 
pn- < 150 M e V / c . The au tho r s of Ref. [239] therefore 
argue tha t the m a x i m u m at pn- = 400 M e V / c in the 
p ion spec t rum proves the format ion of coherent p ions in 
the excitat ion of the N(1440) and (or) N(1520) resonances 
in target nuclei. 

4.5.5 Separation of the D E P mechanism of A excitation 
In this section we give an account of a s tudy [178] which is 
devoted to nucleon compressibil i ty and so, on the face of it, 
has no th ing to do with the subject ma t t e r of this review. 
However , the a p p r o a c h taken in Ref. [178] was to examine 
the isoscalar m o n o p o l e excitat ion of the P n ( 1 4 4 0 ) reso
nance in the p(oc, oc') react ion, i.e., the radial m o d e of 
nucleon excitat ion. Experimental ly , this process takes place 

against a very s t rong b a c k g r o u n d from the A of the 
projectile nucleus and so is of direct interest to us here. 

The s tudy was carried out at Sa turne with a b e a m of oc 
particles of m o m e n t u m 7 G e V / c (Ea = 4.2 GeV) i r radia t ing 
a liquid hydrogen target 4 cm thick. The m o m e n t u m of the 
scattered oc particles was analysed using the magnet ic SPES-
IV spectrometer described above and two drift chambers 1 
m apar t . The interact ion vertex in the target was calculated 
from the intersect ion points of the part icle trajectory wi th 
six layers of chambers . Reliable identification of the 
scattered oc particles was secured by the time-of-flight 
m e t h o d and by the use of plastic scintillators in AE 
measurements . 

The missing energy (co = Ex — Ef) spec t rum was meas
ured for four scattering angles: 0.8°, 2.0°, 3.2°, and 4.1°. The 
results for 9 = 0.8° are shown in the uppe r po r t i on of 
Fig. 20a. The spec t rum exhibits a s t rong rise in yield above 
the p roduc t ion threshold for A related n mesons , and shows 
a highly p r o n o u n c e d s t ructure above 400 MeV, indicative of 
the s t rong excitat ion of the P n ( 1 4 4 0 ) resonance . The ma in 
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Figure 20. 
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d iagrams for this processes are shown in Figs 20b and 20c. 
Fig. 20b cor responds to the excitat ion of the P n ( 1 4 4 0 ) 
resonance; Fig. 20c, to the A i sobar excitat ion. It is seen 
from the figures tha t the A excitat ion is possible only in a 
projectile nucleus (i.e., in the D E P mechanism) , since the 
excitat ion on the p r o t o n target ( D E T m e c h a n i s m ) ! is 
forbidden by the isospin conservat ion law (N* canno t be 
replaced by A in Fig. 20b). 

By subtract ing from the exper imental spec t rum the 
result calculated for the d i ag ram of Fig. 20c (solid line 
in the uppe r po r t ion of Fig. 20a) the au tho r s arrive at the 
P i ! (1440) resonance excitat ion spect rum they are interested 
in (lower po r t i on of Fig. 20a). W e are concerned here wi th 
the inverse p rob lem, to separate from the exper imental 
spect rum the pa r t cor responding to the A excitat ion of the oc 
projectile. If no t a l together correct , the following a p p r o a c h 
seems to be fairly reasonable . As follows from the a u t h o r s ' 
supplementary analysis including the 4 H e form factor and 
mak ing use of o ther P n ( 1 4 4 0 ) resonance da ta , the lower 
pa r t of Fig. 20a is in general a good descript ion of the 
excitat ion spec t rum of this resonance . Thus in a sense the 
compu ted curve in the upper po r t ion of Fig. 20a is further 
exper imental evidence for the D E P mechan i sm acting in the 
oc projectile. 

A n ana logous conclusion can be d r a w n a b o u t the 
angular d is t r ibut ions , which mus t be similar for b o t h cases 
since b o t h d iagrams of Figs 20b and 20c cor respond to the 
m o n o p o l e excitat ion wi th L = 0 (but with different spin -
isospin structures) . This conclusion is bo rne out by experi
ment . 

O u r p rocedure of t ransforming a compu ted result in to 
exper imental one has gained some acceptance. F o r example, 
in Ref. [179], which provides theoret ical probabil i t ies for 
the D E T and D E P mechanisms in var ious react ions on 
nucleons, the above results on the energy spect rum and the 
angular d is t r ibut ion of the A excitat ion of the 4 H e projectile 
nucleus are considered as a good exper imental check on the 
calculat ions per formed (see Section 5.3.2). 

5. Attempts at theoretical interpretation 

As al ready stated in the In t roduc t ion , the theoret ical 
in te rpre ta t ion of the A excitat ion in nuclei is still uncer ta in , 
which is no t surprising considering tha t the A is a h a d r o n 
and tha t a qual i tat ive theory of the s t rong in teract ion is 
still lacking J . Yet phenomenologica l a t t empts to explain 
the major qual i tat ive features of the A isobar have been 
unde r t aken for long, based on the proper t ies of the free A 
as a s p i n - i s o s p i n excitat ion of the nucleon, and with the 
recogni t ion of the special role of the p ion in this e lementary 
excitat ion (the A isobar is a p i o n - n u c l e o n resonance) . This 
s t rong coupl ing between the nucleon, p ion and A isobar 
allows a na tu ra l ex t rapola t ion into the nucleus, which 
conta ins interact ing nucleons and p ions and is therefore 
expected to exhibit A excitat ions (nuclear A isobar) . The 
nuclear A isobar is current ly a widely held idea sub
s tant ia ted by a whole series of exper imental facts which we 
have described in the previous sections. A t this point , only 
two processes, p i o n - n u c l e u s scattering and p h o t o a b s o r p 
t ion, will be touched on. 

| D E P is for A excitation in the projectile; DET, in the target. 

J i t will be recalled that Q C D is quantitative only in the asymptotic 
freedom region. 

The basic characterist ics of A region p i o n - n u c l e u s 
scattering are de termined by the small m e a n free p a t h of 
the p ion in nuclear ma t t e r (~ 1 fm). The 7iN interact ion 
takes place at the surface of the nucleus. The to ta l and 
differential cross sections are de termined by the scattering 
at the black disk with a radius equal to the nuclear 
in teract ion radius . 

In fact, experiments show (see, e.g., Refs [180, 181]) tha t 

( 7 T O T ~ 2KR2 ~ A 2 " , (22) 

and tha t da/ dQ(0) in the ne ighbou rhood of the cross 
section peak shows a diffraction pa t t e rn with deep 
F raunhofe r located min ima . The cross section versus 
energy curve has a character is t ic A m a x i m u m for A < 50 
nuclei, which, as A increases, shifts by SE & -\5A1/3 M e V 
with respect to the A peak of the free A. The wid th of the 
nuclear A peak exceeds tha t of the free i sobar A peak and 
increases with A , and its height is also greater t h a n for the 
free A. Analysis of the experiments described in the 
preceding section shows tha t the proper t ies of the A 
excitat ion in h a d r o n react ions are de termined by the 
compet i t ion of the quasifree and collective mechanism, 
of which the lat ter is prevail ing one. 

Equal ly compell ing evidence for the existence of the 
nuclear A isobar comes from electromagnet ic processes. The 
ayA to ta l cross section has a A m a x i m u m at EY « 300 M e V all 
the way u p to the heaviest nuclei. The nucleus is t r ansparen t 
for p h o t o n s of in termedia te energy as p r imary particles, 
and the cross section scales with A . The cross section 
per nucleon is approximate ly cons tan t for all nuclei 
(jyA/A ~ const bu t is somewha t less t h a n < 7 Y H , and the A 
peak is practically unshifted from its free A posi t ion while 
being marked ly b roadened [1]. Aga in the implicat ion m a y 
be tha t the nuclear A excitat ion involves b o t h mechanisms , 
bu t this t ime with a b o u t equal weight. 

In the preceding sections b o t h mechanisms have been 
described very m u c h phenomenological ly , based on wha t 
one sees in experiment , and invoking some quite simple 
ideas. In the present section we shall t ry to employ the A-
hole model in order to give a semipopular account of these 
mechanisms from the theoret ical and compu ta t i ona l view
poin ts and also to clear u p why their effect on the nuclear A 
isobar is different in h a d r o n and electromagnet ic processes. 
Other (relativistic and chiral) theoret ical concepts will no t 
be considered. 

5.1 Quasifree mechanism of nuclear A excitation 
It has been believed for qui te some t ime (and indeed by 
some quite recent workers [171, 182]) tha t the mos t na tu ra l 
fo rmat ion mechan i sm for the nuclear A is its quasifree 
p roduc t ion on one of the b o u n d nucleons in the target 
nucleus or (and) — a recent idea (see Section 5.3.2) — in the 
projectile nucleus. Exper iments do no t subs tant ia te this 
view. N o r do calculat ions. 

A detailed discussion of the simplest possible mecha
nism for the quasifree p roduc t ion of the A isobar in nuclei 
has been given, for example, for the 1 2 C ( 3 H e , t ) react ion 
[139, 153, 155, 184]. The a rgumen t used in these studies is 
schematically as follows. Consider , to be specific, one of the 
p r o t o n s in 1 2 C , wi th Fe rmi m o m e n t u m / ? N , and suppose the 
quasifree p roduc t ion mechan i sm excites a A + + i sobar on 
this p r o t o n (Fig. 21a). Then the pa ramete r s of the nuclear A 
m a x i m u m are de termined by the convolu t ion of the differ
ential cross section d t r ( p ) / d Q d Q ( t , co') for p ( 3 H e , t ) A + + 
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with the m o m e n t u m dis t r ibut ion function P(pN) for nucle
ons in the ca rbon nucleus, 

pdQdQ 

(p) 
[ t ( G W ( G , PN)] > ( 2 3 ) 

d ( 7 < C > 

pdQdQ1 

where 7(/> N ) is the ra t io of the initial part icle fluxes for 
react ions on the nucleon when in rest and with m o m e n t u m 
pN. The m o m e n t u m dis t r ibut ion p ( / * N ) was t aken from the 
h a r m o n i c oscillator model . The cross section for 
p ( J H e , t ) A + + was approx ima ted by the Jackson corrected 
[185] B r e i t - W i g n e r function and by available t abu la ted 
da ta . The nucleon energy £ N was evaluated by 

£ N = MA - MA_X - TA_X 

2 
= m N - e N - — — — ^ . (24) 

2(MA-mN + sN) 
The energy of removal of a nucleon from the ca rbon , 
e — mN + MA_i - MA, was t aken to be e = 25 MeV. The 
quant i ty co' was calculated by 

(G + ^ N ) -(Po-Pt+Pn) (25) 

The calculat ion of E q n (23) was m a d e for piUe = 4.40, 
6.81, and 10.79 G e V / c . As an example, the result for 
P3He = 10.79 GoV/c [155] is shown as the dashed line in 
Fig. 21b. The result was normal ised to the theoretical value 
7? t h = 0.8, which was also obta ined from the quasifree 
p roduc t ion model (see Section 4.1.1). The figure clearly 
shows tha t the quasifree p roduc t ion peak is marked ly shifted 
to higher excitation energies with respect to experiment and 
tha t the role of this A excitation mechanism is relatively small. 

Thus , the mechan i sm of quasifree excitat ion of the A 
isobar in nuclei fails b o t h quali tat ively (the A peak shifts in 
the opposi te direction) and quant i ta t ively (small size of the 
effect) as an explana t ion of exper imental facts observed in 
inclusive react ions. 

a 
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+ + 
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Figure 21. 

Still, the above calculat ions do no t rule out completely 
the par t ic ipa t ion of the quasifree mechan i sm in nuclear A 
excitat ion. Recall tha t in a special exper imental setup (see 
Section 4.5.1) the quasifree mechan i sm does manifest itself 
in all its detail . In the inclusive a r rangement , however , its 
influence is obscured by s t ronger — collective — mecha
nisms acting to shift the A peak in the opposi te direction. 

5.2 Collective mechanisms for nuclear A excitation 
Of the collective nuclear A excitat ion mechanisms n o w in 
currency, the two mos t p o p u l a r ones are the collective A-
hole (A-h) excitat ions within the potent ia l A-h model , and 
the collective s p i n - i s o s p i n nuclear excitat ions of wha t 
might be called the 'pion-l ike wave ' type. 

C o m m o n to b o t h concepts is the no t ion of the A isobar 
as a nuclear const i tuent which interacts with the nucleons 
and pions , and in doing so acquires some specifically nuclear 
features which set it apa r t from the free A resonance . 

The nuclear A isobar idea requires a n u m b e r of new 
concepts for its theoret ical t rea tment , such as the A isobar 
Hami l ton ian , HA, the b inding energy of the A isobar , e A , the 
polar isa t ion opera tor , F | A , A p ropaga to r , 7 i N A and yNA 
vertices, etc. Moreover , it should be remembered tha t the 
proper t ies of the nuclear A i sobar m a y depend on such 
factors as the compet i t ion between the collective and 
quasifree fo rmat ion mechanisms , the Pauli principle, Fe rmi 
mot ion , shor t -dis tance correla t ion, projectile and ejectile 
form factors, the mesonless de-excitat ion channel 
NA —> 2N, b a c k g r o u n d effects, etc. 

As a means for obta in ing informat ion , p ion scattering, 
h a d r o n and nucleus charge exchange, pho toabso rp t i on , and 
nuclear electroexcitat ion in the A region are employed. The 
informat ion itself comes abou t in the form of the react ion 
cross section as a function of m o m e n t u m (or energy) 
transfer, f ou r -momen tum, mass number , and the p r o t o n 
to nucleon n u m b e r ra t io . The pa ramete r s of the theory are 
extracted from the earlier da t a on p i o n - n u c l e u s to ta l and 
differential scattering cross sections, on p ion absorp t ion , 
p ion p roduc t ion in N N react ions, and proper t ies of K 
mesoa toms . Basically, the in format ion on nuclear A exci
ta t ion obta ined in inclusive experiments describes h o w the 
pa ramete r s of the nuclear A m a x i m u m (height, width , 
posi t ion) depar t from their free A values. A qual i tat ive 
explana t ion of these results can be obta ined within the A-
hole model . 

5.2.1 A-hole model. The basic ingredients of the A-hole (A-
h) mode l are the format ion of the A isobar in the nuclear 
med ium, its subsequent p ropaga t ion , and (A —> 7 i N ) decay 
(or the mesonless N A —> 2 N de-excitat ion). In this model 
the A isobar is t rea ted (see, e.g., Ref. [73]) as a nuclear 
quasipart icle (baryon) compris ing the nucleus together wi th 
nucleons; and the nucleus itself is a mult ipart ic le system of 
nucleons and A isobars interact ing with b o t h one ano the r 
and p ions . 

In the p ion - nucleus in teract ion at in termedia te energies 
the A isobar p roduc t ion is the p r e d o m i n a n t process and 
contr ibutes mos t to the to ta l cross section. It is therefore for 
this in teract ion tha t the A-h mode l was originally devel
oped. The basic concepts of the model , however , hold for 
the nuclear A from other processes as well. 

W e will follow Ref. [73] in describing the essential 
features of the A-h model . As a first app rox ima t ion to 
the pic ture of interact ing nucleons , p ions , and A isobars , the 
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independent-par t ic le potent ia l model , or one-part icle 
model , was chosen. Recall t ha t a self-consistent potent ia l 
(real in one-part icle models , and complex in the optical one) 
with a single part icle moving in its field obviates mult i -
part icle in teract ion difficulties!. 

By analogy with the one-part icle nuclear shell model , 
in which a nucleon in the nucleus is described by the 
Hami l ton i an 

= M N + T N + K N , (26) 

where M N is the nucleon mass , T N the nucleon kinetic 
theory, and K N the one-part icle potent ia l , the nuclear A 
isobar is described by the Hami l ton ian 

h£] = MA + TA + VA , (27) 

in which M A , TA and VA have a similar mean ing for the A. 
The spec t rum of the Hami l t on i an Hf^ is de termined 

from the condi t ion 

H^)\As) = Es\Ai) = (MA+ei)\As) , (28) 

where 5 is the set of q u a n t u m number s for the one-part icle 
states |A^) of the isobar , and e$ is its b inding energy. 

The excited nucleus is described in the A-h mode l by the 
state 

| ( A - h U = KASN-1)) , (29) 

in which N~l describes a hole in the nucleon state | Nv)9 

and A^, a A isobar in the state \AS). The energy of A-hole 
excitat ions is 

Ed-Ev = MA-MN + e d - e v t t M A - M N & 300 MeV.(30) 

The next app rox ima t ion is to include the in teract ion of 
the A-h states with the p ion field. T o this end the coupling 
Hami l ton ians HnNN, HnNA and the free p ion Hami l t on i an 
Hn are in t roduced . The Hami l ton ian for one (zth) b a r y o n is 
then 

zttNA J (31) 

and the to ta l Hami l ton i an of the nucleus is the sum of 
E q n (31) over all A ba ryons , 

nucl (32) 

The inclusion in Hnud of the t e rm HnNA enables the A-h 
mode l to account for the A —> 7 i N decays (whose width T A 

differs from the free T A ' N decay A because of the phase 
vo lume change) and for one-pion exchange (A-h) p roduc 
t ion. The width r A of the A —> 7 i N decay m a y be 
incorpora ted in to the one-part icle potent ia l (27) as an 
addi t iona l imaginary te rm 

4 0 ) MA + TA+ VA 

2RA(E) 
(33) 

By way of systematically improving the A-h model one 
includes k inemat ic effects (recoil, b inding) , the Pauli 
principle (narrowing) , and the coupl ing to react ion channels 
(broadening) . 

| T h e other problem, the validity of the potential concept in this energy 
region, clearly remains, thus rendering the description approximate. 
One further difficulty in treating the A excitation as a collective state is 
due to the short lifetime of the A; this difficulty is also neglected (see 
Section 5.2.3). 

In a general form, the p r o p a g a t i o n of the A isobar in the 
nuclear m e d i u m can be described in terms of an effective, 
complex optical A nuclear potent ia l consisting of a central 
and a spin-orbi tal term: 

VA(E,r) = V0(E) ^ ± + 2LAsAVLS(r) (34) 

The potent ia l pa ramete r s are chosen by fitting da t a to 
the elastic scattering and absorp t ion of p ions by nuclei [186, 
187]. 

W i t h o u t here going into the analysis of the ma themat i ca l 
formalism of the A-hole in teract ion, and omit t ing specific 
expressions for the A nuclear potent ia l , the form factors of 
the incident and final particles, the response function, A 
p ropaga to r , etc., it is wor thwhi le to pause briefly to discuss 
certain general principles of the theoret ical in te rpre ta t ion of 
the observed nuclear A features in var ious interact ions . 

5.2.2 On the role of the nuclear response spin structure 
In the nuclear A excitat ion process the p r imary part icle 
transfers isospin, m o m e n t u m ( four -momentum) and spin 
(moment ) to the nucleus. The na tu re of the in teract ion 
depends on the preferential m u t u a l or ienta t ion of the 
m o m e n t u m transfer q and the m o m e n t <7, which m a y be 
either longi tudinal (q*(r)Ta or t ransverse (q x a) xa (xa is the 
isospin opera tor ) . The longi tudinal ope ra to r accounts for 
the excitat ion of the states with p ion q u a n t u m numbers , 
whereas the t ransverse accounts for magnet ic and isovector 
excitat ions (for example, p meson exchange in the nuclear 
in teract ion and p h o t o n exchange in the electromagnetic) . 
U n d e r certain condi t ions (by choosing the p r imary part icle 
type or by varying the angle keeping the f o u r - m o m e n t u m 
fixed), a preferential response to either the longi tudinal or 
t ransverse pa r t of the in teract ion m a y be obta ined , which 
facilitates the theoret ical in te rpre ta t ion of the results. W e 
n o w consider several types of in teract ion adop t ing the 
simplest in te rpre ta t ion possible in each par t icular case, 
namely, one-meson (71 or p) exchange for the h a d r o n -
nucleus in teract ion and one -pho ton exchange for the 
e lectromagnet ic one. 

The p i o n - n u c l e u s in teract ion involved in the one-pion 
exchange mechan i sm is related to the longi tudinal charac ter 
of the spin response function q-a. Accord ing to the A-hole 
model , the in teract ion in this case scales with kq cos 0 and is 
a t t ract ive (A peak shifting d o w n in energy). If the g round 
state nucleus has its spin and isospin zero, . 7 = 7 = 0 , then 
the p ion field excites in it states with 7 = 1 and with 
a n o m a l o u s values of spin and par i ty Jn: 0 ~ , l + , 2 ~ , etc. 
The a t t rac t ion is s t rongest for par t ia l waves wi th / < 3, for 
which a shift and b roaden ing of the A m a x i m u m — tha t is, a 
change in the mass (decrease) and in the wid th (spreading) 
of the free A — takes place. A similar shift for small / is also 
expected (and indeed is observed) in the to ta l p i o n - n u c l e u s 
in teract ion cross section, this lat ter being related to the 
forward scattering ampl i tude via the optical theorem. N o t e 
tha t it was in measur ing the to ta l cross section for the 
p ion - nucleus in teract ion where the anoma ly of the nuclear 
A excitat ion was observed first [188, 189]. 

In the case of the e lectromagnet ic nuclear A excitat ion 
the pic ture is different, since the spin pa r t of the p h o t o 
absorp t ion response (real pho tons ) is t ransverse (q x a), 
whereas for inelastic electron scattering (virtual pho tons ) it 
is of mixed na tu re . 
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Accord ing to the A-h model , for the (q x a) response 
the in teract ion scales with kq sin 0 and does no t shift the A 
peak , which is consistent with the p h o t o a b s o r p t i o n d a t a 
(see Section 3.5.3). The only changes the peak pa ramete r s 
unde rgo relative to the free A case are b roaden ing and 
reduct ion in height (per nucleon) . The cross section per 
nucleon remains practically cons tan t over a wide range of 
mass numbers , 9 ^ A ^ 235. 

F o r inelastic electron scattering a m o r e complex pic ture 
obta ins . In the first Born approx imat ion , the differential 
cross section for ee' scattering m a y be decomposed into 
cont r ibu t ions from longitudinal ly and transversely polar
ised p h o t o n s , and the A region is domina t ed by the latter. 
C o m p a r i s o n with exper iment does indeed yield a p h o t o -
absorpt ion- l ike (no-shift no-broaden ing) pic ture at low 
[~ 0.1 (GeV/c) 2 ] f o u r - m o m e n t u m transfers, bu t displays 
an increase in the A isobar invar iant mass as four-
m o m e n t u m grows (see Section 3.5.2). This dependence is 
beyond the simplest A-h model and will be discussed in the 
next section. 

A n even m o r e complex s t ructure is found in ba ryon 
charge exchange processes. In the wave impulse approx
imat ion the cross section m a y be wri t ten in the form 

dt 
F^T)^(T)RT+Ft(T)^(T)R^ (35) 

where N is the absorp t ion factor, and F2(t), da(t)/dt and 
R are the t ransverse (T) and longi tudinal (L) form factors, 
e lementary cross sections, and response functions, respec
tively. In this app rox ima t ion the t ransverse and 
longi tudinal par t s of the response separate , and one of 
t hem m a y be enhanced by appropr ia te ly choosing the 
projectile and ejectile particles [Fj(t) and F^(t) m a y differ 
widely]. 

As an example, Fig. 22 t aken from Ref. [2] shows the 
course of Fl(t) (solid lines) and Fj(t) (dashed lines) for the 
( 3 H e , t ) , d, 2 p ( 1 S 0 ) and some other react ions . The react ion 
( 3 H e , t) is seen to be qui te suitable for the s tudy of the spin-
longi tudinal response. F^(t) does no t become very steep, 
thus securing a large cross section for A excitat ion. The 
longi tudinal to t ransverse form factor ra t io is 

( F L / F T ) 2 = e x p ( - 0 . 3 l O (36) 

which, for — t — 3.5, is close to 3. This allows the possibility 
of mak ing one of the terms in E q n (35) p redominan t , 
which is i m p o r t a n t for the theoret ical analysis of cross 
section behaviour . C o m p a r i s o n of the form factors for 
d , 2 p ( 1 S 0 ) also suggests tha t the longi tudinal c o m p o n e n t 
domina tes over the t ransverse one (see the discussion of 
this react ion in Section 4.4). 

The general conclusion tha t can be d r a w n from the 
nuclear response analysis for var ious charge exchange 
react ions (light and heavy ions, nucleons) is tha t in all 
cases, whatever the projectile, the A excitat ion of the nucleus 
shows characteris t ic features (energy downshift and A peak 
broadening) suggesting the collective charac ter of the A 
excitat ion of the target nucleus. In the one-pion exchange 
mechan i sm these features are de termined by the spin-
longi tudinal c o m p o n e n t of the nuclear response function. 

As al ready stated, these features canno t be accounted 
for by considering quasifree A p roduc t ion on one of the 
nucleons (see Fig. lu ) and taking into account the Fe rmi 
m o t i o n and binding energy effects, because in this case a 
shift of the A m a x i m u m u p w a r d s in energy mus t result. 
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Figure 22. 

A n o t h e r quasifree idea, A excitat ion in the projectile [171] 
(see Fig. lv) is also discarded [3] as an explana t ion of the A 
peak downshift , because this mechan i sm mus t be target 
independent , and in par t icular suggests a A shift on the 
deu te ron — which is no t observed [151, 152, 1 6 1 - 1 6 3 , 168, 
172] (see, however , Section 5.3.2 for m o r e on this). 

This is subs tant ia ted by an isospin weight calculat ion for 
p , n charge exchange on the nucleus [3] which gives a 
fraction of abou t 1/3 for projectile A p roduc t ion (for a 
p r o t o n target , even 1/10). This is no t inconsistent with 
exper iments on the e lectromagnet ic nuclear A. There , due to 
the spin-transverse p redominance , the A peak shift is no t 
seen, bu t A excitat ion is again collective (more precisely, is 
no t purely quasifree, as seen from the lack of an u p w a r d 
energy shift) and canno t be ascribed to the projectile since 
the p h o t o n is a structureless part icle. 

S tanding somewhat apa r t are p ion charge exchange 
da ta , which also display a A m a x i m u m downshift [166, 
167] even t h o u g h the response function should apparen t ly 
be t ransverse here (because the TI exchange is G par i ty 
prohibi ted , it is mos t na tu ra l to expect the p exchange 
d i ag ram to be dominan t ) . This is one of the challenges one 
faces in interpret ing nuclear A excitat ion in the way 
described. A possible way out is a hypothesis [190] tha t 
the A peak shift has no th ing to do with the specifics of the 
react ion mechan i sm bu t ra ther depends on the proper t ies of 
the A isobar in nuclei. It is a rgued tha t all the exper imental 
da t a can be explained by in t roducing a b inding of the order 
of 2 0 - 7 0 M e V for the A in nuclei. [Other a t t empts at the 
theoret ical descript ion of the ( 7 i ± , 7 i 0 ) react ions will be 
described in Section 5.3.2]. 

5.2.3 Collective A isobar excitations of pion wave type 
The collective mechan i sm of the excitat ion of the nuclear A 
as a superposi t ion of A-h states has a difficulty of principle, 
due to the very short lifetime of the isobar . In fact, it is 
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a rgued [74] tha t the A isobar tha t forms in the nucleus has 
jus t enough t ime to get to the ne ighbour ing nucleon before 
decaying and hence canno t in principle feel the entire 
nuclear potent ia l (dependent on the size and shape of the 
nucleus) as a collective state would . It is therefore believed 
tha t the collective excitat ion can hard ly be a superposi t ion 
of pu re A-h states. However , the collective A state of the 
nucleus can be cons t ructed as a superposi t ion of A-h and 
p ion degrees of freedom. Pu t simply, the mechan i sm is as 
follows. 

Suppose tha t the A i sobar formed in the nucleus decays 
by the p ion channel (A —> N + 7i) . Because this is a two-
particle large-width (~ 100 MeV) channel , the decay p ion 
retains the resonant energy, i.e., can form a further A with 
ano the r nucleon. In the p ion decay of this new A the process 
m a y repeat itself, etc., leading to a collective A excitat ion of 
the type of superposed A-h and p ion degrees of f reedom 
(pion-like wave, see Figs In to l o ) | . Clearly the difficulty 
due to the short lifetime of the A resonance is el iminated, 
and the collective excitat ion m a y in principle spread over 
the whole of the nucleus. 

The ma themat i ca l descript ion of a p ion excitat ion 
p r o p a g a t i o n in Ref. [74] relies on two well k n o w n me thods , 
one of which treats p ion scattering in terms of a p ion 
refraction coefficient in the nuclear ma t t e r [195] and the 
o ther employs the proper t ies of the p ion p r o p a g a t o r in the 
nucleus [196], b o t h approaches being developed further in 
Ref. [74]. In par t icular , a l though the p ion p r o p a g a t o r for 
low excitat ion energies h a d been studied extensively in 
connect ion with p ion condensa t ion (see Section 2) and 
with precrit ical p h e n o m e n a [ 2 0 - 2 2 , 25, 194, 197], in the 
region of the A isobar relativistic calculat ions were needed. 
They h a d been performed, in co l labora t ion with the a u t h o r 
of Ref. [74], in an earlier work [193]. 

The results of Ref. [74] were used by its a u t h o r to 
calculate ( 3 H e , t ) charge exchange cross sections on A 
excited nuclei. In the high transfer limit qR ^> 1, the cross 
section is shown to be expressible in terms of the imaginary 
pa r t of the p ion p r o p a g a t o r t aken on the nuclear surface. 
The app rox ima t ion employed describes well the da t a on the 
t r i t ium spect rum for relatively low 3 H e energies. It is 
po in ted out tha t the a p p r o a c h t aken in the w o r k h a d 
also been developed in Refs [198, 199] in which, however , 
only a nonrelat ivist ic response function h a d been used. 

A p a r t from the works ment ioned , Ref. [201] addressed 
the idea of a collective pion-l ike wave in the nuclear 
med ium. T o interpret the A shift, a simple two-level 
infini te-matter zero-A-width model was considered. In 
this model , the A-h states and p ions in the m e d i u m are 
t rea ted as a system of two levels in the co, q p lane, which in 
the absence of in teract ion cross at some q (Fig. 23a t aken 
from Ref. [202]). Switching on the (TCNA) in teract ion leads 
to a s t rong mixing of the two states in this region and 
results in the exchange of their s t ructure . The pionic b ranch 
(n-b) shifts to lower energies, and the A branch , to higher. 
The A-h force is thus dis t r ibuted between the two modes . It 
is a rgued tha t the pionic m o d e accounts for a sizeable pa r t 
( 2 5 - 3 0 MeV) of the A peak downshift for ( 3 H e , t ) at 2 

|P r io r to Ref. [74] the pion-like excitation of the nuclear medium had 
been discussed in Refs [191 - 193], in which the A maximum shift in 
( 3 He , t ) was explained qualitatively as a manifestation of the collective 
concentration of force along a pion line in the medium (Migdal pionic 
branch [194]). 
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Figure 23. 

GeV. A m o r e realistic two-level mode l will be described in 
Section 5.3.2. 

5.2.4 Momentum dependent A nuclear potential. (TINA) 
versus (TINN) coupling 
In Section 3.5.2 we discussed the shift of the A peak wi th 
increasing Q2 in electronuclear react ions [126], an effect 
which is h a r d to explain in terms of the well accepted 
electromagnet ic nuclear A concept . A n o n s t a n d a r d explan
a t ion was unde r t aken in Ref. [129] by in t roducing a 
m o m e n t u m - d e p e n d e n t A nuclear potent ia l . This is an 
extension of the earlier p roposa l [203] tha t the shift of 
the quasielastic peak in electron - nuclear scattering is due 
to the fact tha t the t a rge t -bound and recoiling nucleons feel 
an effective potent ia l which depends on the m o m e n t u m . 

The initial da t a used in Ref. [129] were the statistically 
mos t accura te 3 H e , C and Fe measurements of Refs [ 1 2 1 -
125]. In order to correct for A peak shifts due to other 
electron scattering mechanisms cont r ibu t ing to the cross 
section in the A region, the cross section mode l of Ref. [204] 
was adop ted . The mode l implies tha t the low-energy tail of 
the cross section for heavier t h a n A 1 2 32 nucleon resonances 
m a y shift the invar iant mass of the peak to higher A, 
whereas the high-energy tail of the quas ideu te ron absorp
t ion, to lower. It was found tha t the A peak posi t ion 
correct ion is + 1 0 M e V for Q2 = 0.1 ( G e V / c ) 2 and 
- 1 5 M e V for Q2 = 0.5 ( G e V / c ) 2 (for the average values 
of Q2 the two correct ions compensa te each other) . The 
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correct ions reduce to 35 M e V the exper imental [126] A peak 
shift. The ' r emainder ' is a t t r ibu ted to the influence of the 
m o m e n t u m - d e p e n d e n t A nuclear potent ia l 

VA(pf) = co+Vv(pi)-(pt+WZ) 2x1/2 
1/2 

,(37) 

where co is the energy loss, p{ and pf are the initial and final 
nucleon m o m e n t a , respectively, VN(px) is the nucleon 
potent ia l for the initial m o m e n t u m , kF the Fe rmi m o m e n 
tum, and M the nucleon mass . 

The nucleon and A potent ia ls are parameter i sed by the 
dep th V0, m o m e n t u m p0, and cons tan t Vx: 

V(p) = 
1 +p2/p{ 

(38) 

The values of K0, p0 and Vx were obta ined from a least-
squares spline fit. F o r the n u c l e o n - c a r b o n potent ia l they 
were found to be K 0

N = (46 ± 6) MeV, pf = (430 ± 100) 
MeV, and (tentatively) = (38 =b 3) MeV; for the A -
carbon , VQ = (153 ± 22) MeV, p$ = (628 ± 88) M e V and 
vf — (38 d= 3) MeV. The imaginary pa r t of the potent ia l is 
es t imated to be 70 M e V (from A peak b roaden ing due to 
the N A —> N N cont r ibu t ion) . 

Fig. 23b presents the dependence of the n u c l e o n -
nuclear and A - n u c l e a r potent ia ls on nucleon m o m e n t a 
in the range 4 0 0 - 1 0 0 0 M e V / c . It is seen tha t the A 
potent ia l at q < 950 M e V is deeper t h a n the nucleon 
one. The au tho r s of Ref. [129] believe tha t this m a y be 
due to the ( 7 i N A ) coupl ing being s t ronger t h a n ( 7 i N N ) [205]. 
They also do no t a t t ach too m u c h significance to the fact 
tha t vf > 0 (which would imply tha t the A - n u c l e a r 
potent ia l is repelling at higher m o m e n t a ) because this value 
is ob ta ined unde r the assumpt ion vf — 0. T o check the 
validity of the value vf > 0 requires further da t a for 
Q2 > 0.5 (GeV/c ) 2 and a knowledge of mechanisms of 
var ious peak-shift ing react ions . 

5.3 Some specific theoretical approaches 
5.3.1 A-hole model including (A-h) correlations in the 
longitudinal channel 
The predict ing ability of m o d e r n theoret ical models of the 
nuclear A will be demons t r a t ed by first giving a detailed 
descript ion of one of them and then compar ing it briefly 
with other , b o t h earlier and later models . The reference 
mode l is t aken from Ref. [206] which proposes a specific 
a p p r o a c h to the nuclear A excitat ion in the (p ,n ) and 
( 3 H e , t ) charge exchange react ions . This 1990 pape r is in a 
sense a border l ine between purely inclusive and increas
ingly exclusive models . In fact it summarises all the 
previous results ob ta ined in the theory of nuclear A 
excitat ion as is clearly evident from its frequent quo ta t ion 
in subsequent work . 

The mode l of Ref. [206] goes as follows. The A isobar is 
p roduced in a one-step direct charge exchange process 

A + a^(B + A) + b, (39) 

which is t rea ted within the f ramework of the Dis to r ted 
W a v e Impulse A p p r o x i m a t i o n ( D W I A ) . A(B) and a(b) 
denote the target (final nucleus) and incident (outgoing) 
part icle, respectively. F o r a = 3 H e , the form factor is 
considered. 

The interact ion of the resul tant A with the final nucleus 
B (hole) is described in terms of a one-part icle complex 
potent ia l and ( A - N - 1 ) residual in teract ion. The lat ter is 

calculated within the T a m m - D a n c o f f app rox ima t ion in the 
coupled channel formalism. 

The inclusive cross section for the process is wri t ten in 
the form 

d 2 ( 7 

dEhdQh 

EaEbEAEB+A ^ kb 

2nh2c2W kn 

Im(-(p\G\p)) , (40) 

where Et is the to ta l energy of the particles (i = a, b, A and 
B + A), ka (kb) is the wave n u m b e r of a(b)9 W the to ta l 
energy of all particles in the centre of m o m e n t u m system, 
| p) is the d o o r w a y state excited by the react ion, and G is 
the Green ' s function tha t describes the m o t i o n of the 
(A + A) system. In const ruct ing the input state 

I P) = (Xb~)(Pb I ^NN,NA I X^VaVA) ( 4 1 ) 

one uses the internal wave functions cpa and cpb of the 
particles a and b, the target wave function cpA (assuming 
J a = 0 + ) , projectile d is tor ted wave functions Xa a n d Xb 

in the incident and exit channels , and the effective ^nn,na 
t rans i t ion opera to r N N —> NA. 

The expression for the Green ' s function is t aken in the 
form 

- l 
E + - u A NA.NA 

(42) 

where E is the excitat ion energy of the (B + A) system, r A 

is the energy dependent free decay width of A, TA is the 
kinetic energy opera tor , UA the A - n u c l e a r potent ia l , HB 

the Hami l ton i an of nucleus B, and K N A N A is the residual 
in teract ion describing the ( A - N - 1 ) corre la t ions . The A -
nuclear potent ia l UA is t aken to be a complex W o o d s -
Saxon potent ia l with pa ramete r s from Refs. [186, 187, 207], 
the wid th r A is t aken from Ref. [199]. K N A N A is assumed 
to consist of 7i and p exchange potent ia ls with an added 
shor t - range in teract ion. In the m o m e n t u m representa t ion 
K N A N A can be wri t ten as a sum of the longi tudinal (LO) 
and t ransverse (TR) componen t s , whose con t r ibu t ion is 
assumed to be equil ibr ium: 

(43) 

Here 

NA, NA : Anhc(FL{t) \ +FL(T) ^ - 2 / 2

p ( 0 - \ ) , (44) 

NA, NA : 

3mi 

(45) 

where f(t — or — q2) —fmA(A2 — m2)/(A2 — t) are the 
m e s o n - b a r y o n vertex factors (/ = n, p), vt = q2/(t - m 2 ) , 
g'AA ~ 0.3 is the L a n d a u - M i g d a l p a r a m e t e r ! (in uni ts of 
JnNN = 4nhcfnNNfnNN/m2

n « 1600 M e V f m 3 ) , / 2

N A = 0.324, 
fpNA = 16.63, mn = 0.14 GeV, mp = 0.77 GeV, 
An = 0.78 GeV, Ap = 2 GeV. 

The ^nn,na t rans i t ion opera to r in Eq . (41) is t aken in the 
form 

^NN,NA — &NA«ArNA 
4 ? ~ m l 

A ' 2 - t 

+ {GXXQ)-{ST*Q)]TXN (46) 

|Th i s value of the (short-flight repulsion) parameter g preserves the 
required attraction strength. 
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with JnNA = 4nhcfnNNfnNA/m2 = 800 M e V fm 3 , g^A = 
0.335, A'n = 650 MeV. 

In calculat ing the 1 2 C ( p , n ) and 1 2 C ( 3 H e , t ) react ions, a 
shell-model configurat ion for the g round state wave func
t ion of 1 2 C was employed. The A-h model included all S-
hole and P-hole states and all the A orbitals with lA < 8 (up 
to 24 states in tota l ) . Calcula t ions with and wi thou t A-h 
correla t ions were made . 

W h e n compar ing with the exper imental da t a [151, 208, 
209], the au tho r s of Ref. [206] po in t out tha t the ^NN,NA 
in teract ion of the form (46) is adequa te to give b o t h the 
shape and magn i tude of the cross section for the p (p , n ) A + + 

a nd p ( 3 H e , t ) A + react ions (better t h a n the O P E interact ion 
does) and in par t icu lar does no t require the excitat ion of the 
target nucleus A to be considered. 

In compar ing the 1 2 C ( p , n) calculat ions with experiment , 
au tho r s first po in ted out tha t m u c h of the observed shift of 
the A peak relative to its p r o t o n posi t ion (40 of 70 MeV) is 
a t t r ibu tab le to trivial factors (kinematics, b roaden ing) . As 
to the remaining 30 MeV, a calculat ion with and wi thou t A-
h correla t ions (solid and dashed lines in Fig. 24a, respec
tively) showed precisely this lat ter effect to be the 
con t r ibu tor . Here the energy dependence of n exchange 
plays the d o m i n a n t role. It was shown tha t in the longi
tudinal (LO) channel a backshift occurs for all mult ipoles 
and is a m a x i m u m for the lowest one (Fig. 24b). All the 
mult ipoles u p to 9 + were included. The t ransverse (TR) 
channel , while showing no appreciable shift, cont r ibutes to 
the height of the A peak m o r e t h a n the L O channel does . 

By compar ing with experiment , similar L O and T R 
results were ob ta ined from calculat ions for the 1 2 C ( 3 H e , t ) 
react ion which, as in the p ( 3 H e , t ) case, also included the 
form factor of the incident 3 H e . F o r this react ion, a direct 
compar i son of form-factor and point-par t ic le results was 
m a d e (solid and 0.34 scaled dashed lines, respectively), to 
show tha t the inclusion of the form factor leads to jus t a 
trivial energy downshift (Fig. 24c). 

F o r the 1 2 C ( 3 H e , t ) react ions, P W I A (plane wave 
impulse approx imat ion) calculat ions were also per formed 
(0.25 scaled dashed line in Fig. 24d), which showed tha t the 
relevant theoret ical cross sections differ only in magn i tude 
from (but are identical in shape to) their D W I A counter
par t s (solid curve). The implicat ion is tha t scattering at 
in termedia te incident energy leads pr imari ly to a pu re 
absorp t ion of the flux. 

The au tho r s of Ref. [206] conclude by emphasis ing tha t 
the A peak shift in the (p, n) and ( 3 H e , t) react ions is caused 
in their a p p r o a c h by strongly at t ract ive, very-shor t - range 
correla t ions in the longi tudinal s p i n - i s o s p i n L O channel , 
and tha t this a t t rac t ion is due to the energy-dependent n 
exchange interact ion. Some disagreement with exper iment 
in the low energy region is accounted for by the neglect of 
N N - 1 excitat ions and by the possible failure of the equal 
weight assump- t ion for the L O and T R channels in 
E q n (43) for K N A > N A . 

5.3.2 Other approaches 
A l t h o u g h it is uncharacter is t ic of a da ta -or ien ted review, 
the reason why we have discussed Ref. [206] in such detail 
is tha t , as we see it, it d raws a b o t t o m line unde r a large 
series of theoret ical studies of the lat ter half of the 1980s, 
which h a d also described inclusive experiments and 
involved the same or similar concepts [one-step p r imary 
A-h excitat ion, fast part icle scattering, the m o t i o n of the A 
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Figure 24. 

i sobar in an optical potent ia l , one-meson (71, p) exchange 
mechanism, shor t - range corre la t ion correct ions] . Let us 
discuss briefly some points of difference between those 
studies and Ref. [206]. 

In one of the early studies (Ref. [199], 1985) the A peak 
shift was explained in terms of the pure O P E mechan i sm 
with the excitat ion of one longi tudinal (LO) channel . Such a 
mode l does account for the peak shift bu t greatly under 
est imates the peak height (giving less t h a n the a p p r o a c h (46) 
of Ref. [206]). Also , the mode l canno t account for the da t a 
for 3 H e energies of 4 and 11 G e V [138], which the ^NN,NA 
in teract ion of the form (46) can. 
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In 1 9 8 5 - 1 9 8 9 work on the ( N N NA) t rans i t ion 
[210 -212 ] , as well as the n exchange, the p exchange 
was considered. ( 3 H e , t ) was assumed to be a one-step 
react ion, and in describing the m o t i o n of 3 H e and t the 
D W I A m e t h o d was used. If somewhat ahead of the story, 
no te tha t in their later work the au tho r s of those studies 
found the p exchange dispensable [213, 214]. 

S tanding somewhat apa r t is Ref. [215], according to 
which the response function is domina t ed no t by A bu t by 
collective p ion excitat ions of the nuclear mat te r . W e have 
described this mechan i sm in m u c h detail when discussing 
Ref. [74] (see Section 5.2.4). As a small a d d e n d u m , no te 
tha t in analysing the response of the nucleus on s p i n -
isospin excitat ion in the A region, the shor t - range repulsion 
[216, 217] was t aken into account . T o calculate the 
scattering, the G laube r - Si tenko mode l was used. 

The reader will r emember tha t the collective pion-l ike 
excitat ion idea was also considered in Ref. [201] in 1989 (see 
Section 5.2.3). 

In Ref. [171], 1989, the ( N N NA) t rans i t ion is 
described by means of the O P E potent ia l taking in to 
account the excitat ion of the projectile nucleus 3 H e and 
the con t r ibu t ion from the 7iN ampl i tude S wave. Fig. 25 
presents the results for the p ( 3 H e , t ) p 7 i + react ion. The 
do t t ed curve shows the calculat ion for the D E T mechan i sm 
alone; the solid curve includes the D E P mechan i sm and the 
S wave cont r ibu t ion . The exper imental points are t aken 
from Ref. [149]. 

Ref. [171] highlights the difference between the 
p ( 3 H e , t ) p 7 i + and n ( 3 H e , t ) 7 i N results which manifests itself 
as different A peak shapes. The A m a x i m u m shape 
calculat ion for the react ion on the neu t ron (with D E P , 
D E T , and S wave mechanisms) is shown in Fig. 25 by a 
dashed curve. Because of the large difference in the p r o t o n 
and neu t ron results, it is a rgued tha t one canno t c o m p a r e 
exper imental da t a on the ( 3 H e , t ) react ion on the p r o t o n 
and the nucleus. 

It is also argued tha t D E P is adequa te to explain the 
experimental ly observed [218] features of the A excitat ion in 
the deu te ron (cf. Section 5.2.2); the behav iour of the A 
excitat ion in heavier nuclei is no t considered, however . 
La te r (in 1992), the high-energy ex t rapola t ion of the (near-
threshold) results of Ref. [171] was quest ioned on the 
g rounds tha t the D E P con t r ibu t ion d isappears as the initial 
energy increases [165, 219]. 
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Figure 25. 

W e m a y summar ise the discussion of the theoret ical 
studies of the late 1980s by saying tha t they do indeed have 
m u c h in c o m m o n and provide a satisfactory qual i tat ive 
descript ion of exclusive experiments (A peak shift in the 
r ight direction) — bu t are no t sufficient as far as quan t i t a 
tive descript ion is concerned. 

N o w let us step over the self-imposed limit of the year 
1990, Ref. [206], to consider a few later theoret ical studies 
which show the same tendency to exclusiveness character
istic of m o d e r n exper imental work . 

De lo rme and G u i c h o n [220] | , developing their earlier 
p roposed simple two-level A excitat ion model (Ref. [201], 
see Section 5.2.3) show tha t m u c h of the b a c k w a r d A shift in 
( 3 H e , t ) m a y be a t t r ibu ted to a previously undetec ted p ion 
m o d e . Refs [200] and [220] develop a m o r e realistic two-
level model , one which in place of infinite nuclear ma t t e r 
considers specific ( 1 2 C and 2 0 8 P b ) nuclei, takes in to account 
tha t r A ^ 0, and includes b o t h types of A de-excitat ion and 
peak b roaden ing . 

The analysis was carried out within the r a n d o m phase 
app rox ima t ion ( R P A ) J f ramework and adop t ing the local 
density app rox ima t ion for the lowest-order polar i sa t ion (A-
h) p r o p a g a t o r Yl0(q, q' ,co), where q and q are the ingoing 
and outgoing m o m e n t a , and co is the energy. The essential 
features of the old mode l remained in the new one, however: 
The A excitat ion s t rength also recedes from the p ion line 
and the pure A-h region, shifting u p and d o w n as shown in 
Fig. 23a. The details of the shift depend on the values of the 
7iNA coupl ing cons tan t and the Migda l pa r ame te r g 
(Fig. 23a is for g = 0.5). 

Realistic calculations give two max ima for the longitu
dinal pa r t of the nuclear response function a-q in the co,q 
plane, between which there is a valley located near the free 
p ion line co2 = p2 + m2. This result is confirmed by the fact 
tha t the tota l p i o n - n u c l e u s cross section is predicted rea
sonably well b o t h in the sense of its scaling with ^ 4 2 / 3 , and in 
tha t the A shift scales with A1^3. The two max ima cor respond 
to the ord inary A-h excitations and the pionic branch . 
Est imates show tha t the d o w n w a r d shift due to the pionic 
m o d e is 25 M e V for 1 2 C and 30 M e V for 2 0 8 P b . It is 
emphasised tha t the spin-transverse a x q cont r ibut ion to 
the p ion channel is no t large because of the small coupling 
between them [222, 223]. In two-level language, this is 
interpreted as implying no intersection between the A-h 
and the p lines. It is no ted tha t so far the charge exchange 
reactions ( 3 H e , t ) , even t h o u g h peripheral , suit best for 
studying the p ion mode§. 

A p a r t from charge exchange, Refs [200, 220] also 
employ da t a on the e lectromagnet ic nuclear excitat ion. 
P h o t o n absorp t ion is depicted in the co,q p lane by the line 
co = q (real pho tons ) , and to the inelastic electron scatter
ing (virtual pho tons ) there cor responds the region 
Q2 = q2 - co2 > 0 below the line. In either case the 
spin-transverse a x q pa r t of the nuclear response 

| M o r e detailed, if preliminary calculations are given in Ref. [200]. 

JThis approximation is used in theoretical response function calcula
tions, that is, in determining the parameters (mode, energy) of nuclear 
excitations due to sp in- i sospin operators [221]. Formally, RPA is 
equivalent to the theory of finite Fermi systems. 

§While absorbed less than 3 He, real pions probe a region in between 
the maxima which is away from the n branch. A pion response from 
the entire nuclear interior might be obtained from inelastic neutrino 
scattering, but this is not yet practical [202]. 
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funct ion! , wi th practically no coupl ing to the p ion 
channel , is analysed. In the co,q p lane the t ransverse 
pa r t of the response function has one m a x i m u m . The 
results of the analysis agree with experiment . 

Ref. [183] of 1992 notes the exper imental dependence of 
the peak shift on the type of i sobar de-excitat ion channel 
involved, an observat ion not iced in the exclusive A decay 
s tudy [160, 172] we described earlier (see Sections 4.5.2 and 
4.5.3). Recall tha t , from Refs [160, 172], the N A N N 
channel shows a s t rong backward shift, whereas in the 
A —> N 7 i channel it is absent . As opposed to Refs [160, 172], 
Ref. [183] a t t r ibutes this to a two-s tep A excitat ion 
( N N NA, NA N N ) . 

The same work proposes an exper imental m e t h o d for 
separat ing informat ion on D E T and D E P A excitat ion in 
the projectile and in the target (see Figs lu , lv , lw) . T o this 
end one examines s imultaneously the react ions ( 3 H e , t ) and 
( 3 H e , 3 H e ) , which should differ considerably in the neigh
b o u r h o o d of 7^ H e = 2 G e V studied in Ref. [172] because 
the lat ter react ion becomes D E P domina t ed at this energy. 
The role of the D E P mechan i sm depends on the energy of 
3 He . F o r T 3 H e = 10 G e V the mechan i sm is still i m p o r t a n t 
for ( 3 H e , 3 H e ) bu t is negligible for ( 3 H e , t ) . In addi t ion to 
the results of Ref. [171], it is no ted [183] tha t on the p r o t o n 
target the D E P mechan i sm is no t s t rong bu t acts to improve 
agreement wi th exper iment at high energies; on the neu t ron 
it is m o r e p ronounced , especially at high energies. The s tudy 
of the relative role of D E T and D E P on nucleons was 
cont inued in Ref. [179], in which the weights of b o t h 
mechanisms are compared for the ( 3 H e , t ) , ( 3 H e , 3 H e ) 
and ( 4 H e , 4 H e ) react ions based on the isotopic relat ions. 
The results are t abu la ted in Table 3. 

Table 3. 

Reaction D E T D E P Reaction D E T D E P 

p ( 3 H e , t ) 2 2 /9 n ( 3 H e , t ) 2 /3 2/3 
p ( 3 H e , 3 He) 6/9 134/9 n ( 3 H e , 3 He) 6/9 86/9 
p ( 4 H e , 4 He) 0 64/3 n ( 4 H e , 4 He) 0 64/3 

It is seen from the table tha t in the N ( 4 H e , 4 H e ) react ions 
only the D E P mechan i sm of A excitat ion is possible 
(because of the b r e a k d o w n of isospin conservat ion for 
D E T ) ; N ( 3 H e , 3 H e ) react ions mus t be domina t ed by 
D E P , p ( 3 H e , t ) by D E T , and for n ( 3 H e , t ) the two mech
anisms are weighted equally. Based on their previous w o r k 
[171, 183], the au tho r s of Ref. [179] predict a m a r k e d 
difference in shape for the outgoing energy dis t r ibut ion 
for the D E P and D E T mechanisms . Their spec t rum for the 
D E P mechan i sm was confirmed experimental ly in the 
Sa turne w o r k on the p ( 4 H e , 4 H e ) react ion [178]. Also, in 
Ref. [179] the cross section for p ( 4 H e , 4 H e ) was calculated 
and found to agree quali tat ively with the measurements 
[178] of b o t h the energy and angular d is t r ibut ions (see 
Section 4.6.5). 

Refs [176] and [177] analysed the exclusive exper imental 
studies on 1 2 C ( p , n r c + ) [175] and 1 2 C ( 3 H e , t 7 i + ) 1 2 C g . s [174] 
ment ioned in Section 4.6.4, which display coherent 250 M e V 

| T h e transverse part was shown to be predominant in inelastic electron 
scattering experiments with longi tudinal- t ransverse separation. 

p ions with an angular d is t r ibut ion strongly peaked forward 
with respect to the m o m e n t u m transfer q (see Figs 19a 
and 19b). 

The analysis showed tha t these results are due to the 
spin s t ructure of excitat ion S^-q and de-excitat ion S-q 
opera tors which are involved in the spin- longi tudinal (LO) 
channel and lead to a knq cos 0n angular dis t r ibut ion. The 
angular d is t r ibut ion cor responding to the spin-transverse 
(TR) channel is p ropor t i ona l to knq sin 0n. The compu ted 
energy and angular d is t r ibut ion of the coherent p ions from 
1 2 C ( 3 H e , t 7 i + ) 1 2 C g . s c o m p a r e well wi th the exper imental 
da t a of Ref. [175]. 

The discovery of coherent p ions in the 
1 2 C ( 3 H e , t 7 i + ) 1 2 C g s react ion with a ground-s ta te-conserved 
target nucleus is believed to indicate the existence of a 
pionic m o d e in the nucleus. The coherent p ions , initially 
outside the mass surface (because they are virtual) unde rgo 
mult iple scattering within nuclei and so become real mass-
surface pions . Curiously, the recoil kinetic energy of a finite 
nucleus is low ( < 1 MeV) , Tn = r3He - Tt, M3He « Mt, bu t 
the vir tual to real convers ion is still possible if the 
m o m e n t u m required for the p ion to move on to the mass 
surface will be received by the nucleus as a whole . 

In concluding this section we men t ion a t t empts [224, 
225] at a theoret ical descript ion of ( 7 i ± , 7 i 0 ) charge exchange 
experiments [166, 167]. Recall tha t the A peak downshift 
found in those experiments is similar to tha t for react ions 
( 3 H e , t ) , even t h o u g h the react ion mechanisms are different. 
The basic assumpt ion of Refs [224, 225] is the p r edom
inance of the p meson exchange d i ag ram ( ' t ransverse ' 
mechanism) , because the n exchange ( ' longi tudinal ' mech
anism) is forbidden by the G-parity conservat ion law. The 
a p p r o a c h adop ted is an R P A , infinite nuclear med ium, 
circular app rox ima t ion analysis (Fig. lx) , in which the spin-
t ransverse response is p ropor t i ona l to the imaginary pa r t of 
the p r o p a g a t o r Yl° [the sum of (N-h) and (A-h) free 
p ropaga to r s ] . A p a r t f rom the p meson exchange, the 
shor t - range repulsion is included (gf ~ 0.6 — 0.7). The cal
cula t ion shifts the A peak to higher excitat ion energies, 
which is in cont rad ic t ion with the ( 7 i ± , 7 i 0 ) charge exchange 
da t a similar to those for ( 3 H e , t ) . It is suggested tha t this 
similarity in spite of the different react ion mechanisms 
[ ' longitudinal ' for ( 3 H e , t ) and ' t ransverse ' for ( 7 i ± , 7 i 0 ) ] m a y 
be due to the s t rong change in the proper t ies of the A isobar 
itself as compared to the free state (for the p r o t o n target , 
including the p meson exchange provides agreement wi th 
experiment) . 

Recall tha t the t ransverse response difficulty in the 
( 7 i ± , 7 i 0 ) charge exchange react ion was also encountered 
in a s tudy of the react ion d, 2 p ( 1 S 0 ) on a polar ised deu te ron 
b e a m [168] (see Section 4.4). In tha t work the behaviour of 
the form factors (see Fig. 22) and A peak angular dis
t r ibut ions implies the p redominance of the longi tudinal 
componen t , whereas tensor analysis of the spin observables 
emphasises the t ransverse componen t . Exper iment shows a 
s t rong d o w n w a r d energy shift of the A peak , thus favouring 
the longi tudinal c o m p o n e n t (see Fig. 14). 

In Ref. [2], which analyses the da t a of Ref. [168], it is 
this last result which is given credence, on the g rounds tha t 
the spin observables m a y be highly dis tor ted in the 
[d ,2p( 1 S 0 ) ] react ion. 

Wha teve r the validity of this conclusion, b o t h the charge 
exchange react ion ( 7 i ± , 7 i 0 ) and the react ion d , 2 p ( 1 S 0 ) 
clearly call for further investigation, b o t h wider in scope 
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and improved in precision. In par t icular , Refs [224] 
and [225] discuss p ion charge exchange mechanisms which 
form in termedia te p i o n - n u c l e o n resonances in the S 
channel and proceed via the excitat ion of the A resonance 
t h r o u g h the exchange by a p meson in the t channel . A 
significantly reduced cont r ibu t ion from d iagrams with 
in termediate-s ta te nucleon and A isobar is shown. As a 
result of this reduct ion, the cross section turns out to be 
sensitive to cont r ibu t ions from the higher resonances 
N * ( 1 4 4 0 , 1 / 2 + ) , N * ( 1 5 2 0 , 3 / 2 " ) , and A ( 1 6 2 0 , 1 / 2 " ) . The 
ampl i tude of the process is s trongly dependent on the 
relative signs and magni tudes of the resonance coupl ing 
cons tants , which are scarcely k n o w n from the exper imental 
da t a available. 

5.4 Exot ic A states in the nucleus 
In the combined 1982 I N R - J I N R effort, collisions of 
350 M e V D u b n a p h a s o t r o n p ro tons wi th copper nuclei 
were employed to investigate the spec t rum of 90° p ions in 
the 3 0 - 1 1 0 M e V energy range [226]. The spect rum was 
found to be a n o m a l o u s in tha t it increased t oward lower 
energies. The subsequent s tudy of this effect at the Sa turne 
synchro t ron with the G a target [227] showed this increase 
to be limited to p ion energy of abou t 60 MeV, and later 
work [228] showed the anoma ly to be a b o u t 5 M e V in 
width . Finally, based on a supplementary D u b n a s tudy on 
varying-angle low-energy p ion p roduc t ion [229] the a n o m 
aly was in terpreted [230, 190] as a n a r r o w resonance at a 
nuclear excitat ion energy of 350 MeV. 

The unusual ly n a r r o w wid th of a resonance state at a 
very high excitat ion needs a n o n s t a n d a r d explanat ion . A t 
present we are aware of two hypotheses tha t explain the 
anomaly , namely the format ion of 2A states and of A balls 
in the nucleus. 

5.4.1 2A states 
Accord ing to the former hypothesis [230, 190], the 
unusual ly small resonance wid th at very high excitat ion 
is accounted for by the format ion , in the nucleus, of a 
resonance state wi th two A isobars decaying by the scheme 
A —> N + 7i. All the major features of the a n o m a l o u s 
resonance are then explained by assuming tha t the binding 
energy of the A inside the nuclear ma t t e r is 125 M e V (i.e., 2 
to 3 t imes greater t h a n usually assumed) . 

In fact, the posi t ion of the resonance is de termined by 
the m i n i m u m energy for the excitat ion of two A isobars in 
the nucleus: Emin — 2 ( M A - M N - e A ) = 350 MeV, and the 
m a x i m u m kinetic energy of the A decay pions is 
Tf£x — Emin — 2mn — 70 MeV. T o the small p ion energy 
there cor responds a small phase space, i.e., a small 
resonance width . 

T o check the hypothesis experimental ly, measurements 
capable of detecting b o t h A decay p ions are required. 

5.4.2 A balls 
The second hypothesis [231] suggests the format ion of a 
localised state, a so-called A ball , in the nucleus. It is 
k n o w n tha t the (A - N ) in teract ion is a t t ract ive in charac ter 
and s t ronger t h a n the N N interact ion. Consequent ly , in the 
vicinity of the nuclear A the nucleon density exceeds its 
equi l ibr ium value, and the field on the A is larger t h a n it is 
away from this region. If the excess field is large enough to 
p roduce discrete levels in the in teract ion potent ia l well, the 
A isobar can localise on one of the levels to form a A ball . 

The effective mass of the A ball is M B ~ 1 0 M N . This is the 
excess mass of the ball ma t t e r plus the associated mass of 
the nuclear liquid which par t ic ipates in the collective 
m o t i o n as the ball moves . As long as the A isobar remains 
within the ball , the ball nuclear ma t t e r is compressed. After 
the decay of the A the ball starts to expand and the 
compress ion energy is t ransferred to all the nuclear 
particles. 

The decaying A isobar emits a p ion, whose energy, by 
the Pauli principle, canno t be large because the decay 
nucleon canno t occupy states with low (p < pF) m o m e n 
tum. Est imates pu t the energy at 7 0 - 8 0 MeV, which is 
close to the exper imental value. The low p ion energy again 
implies a n a r r o w resonance . 

The exper imental verification of the second hypothesis 
rests on the p roof tha t in the decay of a n a r r o w resonance 
only one p ion is emit ted. Par t icular a t ten t ion is pa id to the 
fact tha t some of the p ions m a y have a negative charge 
(because of the charge exchange of the A + i sobar to A 0 for 
in -medium neut rons) . Finally, the au tho r s of Ref. [231] 
indicate tha t r esonan t y q u a n t a from the A —> N + y decay 
m a y be observed. 

5.5 Collective excitation of other baryon resonances in 
nuclei 
As al ready ment ioned in Sections 3.1.1 and 5.2, a collective 
A excitat ion in a nucleus m a y arise if the A resonance is 
wide and decays by the two-part ic le p ion scheme. These 
condi t ions p rove to have greater generality. If the S 
channel of an e lementary two-part ic le in teract ion has a 
wide resonance with a p redominan t ly two-part ic le decay 
channel , it was shown back in 1975 [232] tha t in the nuclear 
ma t t e r excitat ion spect rum a collective b ranch is b o u n d to 
appear . 

This possibility was analysed in Ref. [3], so often quo ted 
here, by considering a g roup of nine s t range A and £ 
resonances , 2 5 - 4 0 0 M e V in wid th and having a fairly high 
( 2 0 - 6 0 % ) probabi l i ty of decaying via the two-part ic le 
channel N K . A n example is the A(1820) resonance, whose 
wid th is 7 0 - 9 0 M e V and whose N K channel decay p r o b 
ability is 5 5 % - 6 5 % . 

It is suggested tha t the collective effects involved in the 
excitat ion of s t range resonances in nuclei m a y be detected 
by the shift and b roaden ing of the relevant peaks in the 
to ta l cross sections of ~ 1 G e V / c K~ mesons on nuclei wi th 
respect to the ana logous peaks for K~ mesons on deuter
ons. A compar i son of current ly available da t a [233-237] 
suggests tha t while the collective excitat ion of s t range 
ba ryons in nuclei is still a m o o t quest ion, further w o r k 
a long these lines is impor t an t . 

N o t e also tha t nuclear p h o t o a b s o r p t i o n experiments 
have no t exhibited any analogues of resonances heavier 
t h a n A, even t h o u g h such resonances are well k n o w n for 
free nucleons (see Section 3). 

6. Conclusion 

The existence of the A isobar in the nucleus has received 
solid exper imental suppor t in recent years . It has been 
observed in practically all the investigated nuclei, whether 
excited in h a d r o n (nucleus, nucleon, p ion) charge exchange 
react ions or in e lectromagnet ic processes. 

The former invar iably display s t rong A excitat ion of 
nuclei on an energy transfer scale of 300 M e V and for 
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m o m e n t u m transfers comparab le to the average Fe rmi 
m o m e n t u m of nucleons in the nucleus. It is pr imari ly 
nuclear A excitat ion which determines the cross section 
for h a d r o n charge exchange processes in the A region. 
Quasielast ic charge exchange with the excitat ion of ordi
na ry nuclear levels cont r ibutes relatively little, and as the 
initial energy decreases, increasingly so. 

A t the dawn of nuclear A studies it was believed tha t 
the excitat ion of the A proceeds via quasifree format ion on 
one of the nucleons of the nucleus. Calcula t ions and 
specially per formed experiments have shown tha t , com
pared to the free A, such a mechan i sm should b r o a d e n the 
A peak, shift it to higher excitat ion energies, and reduce 
the height. 

There is, however , m u c h evidence from inclusive experi
ments on h a d r o n charge exchange in nuclei tha t even if the 
quasifree mechan i sm does opera te in the nucleus, its 
expected features do no t manifest themselves but , instead, 
the A peak shifts to lower energies and increases in height. 
This suggests something other t h a n a quasifree — collec
t i v e — A excitat ion mechanism, no t related to the s p i n -
isospin excitat ion of one of the nucleons bu t represent ing the 
response of the nucleus as a whole. The two possibilities 
usually considered are collective (A-h) excitat ions, wi th their 
subsequent correla t ions , and the collective s p i n - i s o s p i n 
excitat ion in the form of a wave p ropaga t ing t h r o u g h 
the nuclear m e d i u m as a superposi t ion of A-hole and 
p ion degrees of freedom (pion-like b ranch) . 

It is the separa t ion and subsequent s tudy of each of the 
mechanisms ment ioned which is the p r imary objective of 
the exper imental work on the h a d r o n processes of nuclear A 
excitat ion. It seems safe to say tha t b o t h objectives have 
been fairly successfully achieved: no t only are the quasifree 
and collective mechanisms experimental ly separa ted and 
examined, bu t it has also proved possible to separate the 
pion-l ike b r anch in the lat ter mechanism. Specifically, it is 
wor thwhi le to men t ion the exper imental separa t ion of the 
D E T and D E P mechanisms , the s tudy of the pionic m o d e of 
nuclear A excitat ion, and the invest igat ion of var ious 
channels of A de-excitat ion. 

Unl ike h a d r o n processes, nei ther of the two varieties of 
the e lectromagnet ic nuclear A excitat ion tha t have been 
investigated (pho toabso rp t ion and inelastic electron scatter
ing) exhibits a detectable A peak shift for 
Q2 ~ 0.1 ( G e V / c ) 2 , even t h o u g h the specially designed 
experiments on the par t ia l p h o t o p r o d u c t i o n of h a d r o n s 
on nuclei suggest tha t this process also — like h a d r o n 
interact ions — involves a quasifree mechan i sm produc ing 
an u p w a r d energy shift. The lack of a A shift is p resumably 
due to a collective A-hole mechan i sm compet ing with the 
quasifree one. 

The unshifted peak is undoub ted ly the mos t intr iguing 
result, one which is c o m m o n to b o t h varieties of the 
e lectromagnet ic nuclear A excitat ion, and requires a non
s t anda rd a p p r o a c h for its explanat ion . A poster ior i , the 
lack of a A peak in e lectromagnet ic processes m a y be 
a t t r ibu ted to the fact tha t they have no con t r ibu t ion from a 
pion-l ike wave-type mechanism, which produces an addi
t ional d o w n w a r d energy shift in h a d r o n processes. 

The following results are also of interest: 
1. The mass n u m b e r independence of the A region 

p h o t o a b s o r p t i o n cross section per nucleon (universal 
curve), and no signs of o ther — higher-energy — resonances 
like those familiar for nucleons [133]. 

2. Enhancemen t of the invar iant mass W of the nuclear 
A peak as a function of the Q2 t ransfer in inelastic electron 
scattering. 

M o s t workers t ake the A-hole (A-h) mode l as a basis for 
explaining the exper imental da ta . The model assumes tha t 
the A isobar is ano the r nuclear const i tuent — together wi th 
the nucleons — and tha t it interacts with b o t h the lat ter and 
p ions . Accordingly, the mode l involves the to ta l Hami l 
ton ian of the nucleus, which includes the nucleon, A isobar , 
and free p ion Hami l ton ians , and also the Hami l ton ians for 
the 7 i N N and 7iNA coupling. 

The excitat ion of the nucleus is in terpreted in the A-h 
mode l as the appea rance of a hole in one of nucleonic states 
and of a A isobar on one of the A orbitals of the nucleus. The 
energy of the A-h excitat ion is of the order of 300 MeV. The 
in -medium p r o p a g a t i o n of the A is described by an effective, 
complex optical potent ia l using a residual in teract ion in the 
form of shor t mean-free-path (A-h) correla t ions [206]. 

Affecting the response function of the nucleus are the 
pa ramete r s of the p r imary and final part icles, the part icle 
form factors, the energy, m o m e n t u m , spin, and isospin 
transfers, the exchange mechan i sm type involved (for 
example, one-meson for certain h a d r o n processes, and 
one -pho ton for e lectromagnet ic ones), the preferential 
m u t u a l or ienta t ion of the m o m e n t u m transfer q and the 
m o m e n t <7, which determines the na tu re of the in teract ion 
(a t t rac t ion or weak repulsion) , etc. The difficulty with this 
a p p r o a c h is the ambigui ty as to h o w to choose model 
pa ramete r s . 

Theoret ical calculat ions within the A-h model explain 
nuclear A excitat ion qui te well quali tatively, bu t as yet 
canno t p re tend to a quant i ta t ive s ta tus . N o r can other 
theoret ical concepts , t hough . 

W e m a y summar ise this review by saying tha t while 
m u c h has been done in the s tudy of the p rob lem discussed, 
m a n y quest ions remain concerning b o t h the exper imental 
results themselves and — especially — their in terpre ta t ion . 
T o answer them, new and higher-qual i ty da t a and new 
theoret ical approaches are required. 

The general direct ion to be t aken in future exper imental 
research is, as we see it, t oward m o r e exclusiveness, wider 
range of f o u r - m o m e n t u m transfer, higher statistical accu
racy, and m o r e reliable removal of b a c k g r o u n d react ions . 
The objects to be studied are nuclei wi th different A and 
N/Z, and the projectiles to be used are h a d r o n s (nucleons, 
nuclei, and pions) , p h o t o n s , and electrons. 

The following are some of the specific experiments to be 
carr ied out in the near future: 

1. Exclusive experiments on nuclear A excitat ion by 
m o n o c h r o m a t i c y quan t a , wi th detect ion of A decay (de-
excitat ion) p roduc t s and de te rmina t ion of the excitat ion 
energy of the final nucleus. High-energy electron accelerators 
[88, 87] with universal charged-part ic le and y detectors 
might be employed (see, e.g., Refs [30, 238]). 

2. Invest igat ion of nuclear A excitat ion in e lect ropro
duc t ion processes at large and var ious Q2, to check the 
observed [129] dependence of the invar iant mass of the A 
isobar , W, on Q2. 

3. New, m o r e accurate measurements of the p h o t o 
absorp t ion of m o n o c h r o m a t i c y q u a n t a by nuclei in the 
A region, in order to de termine reliably the posi t ion and 
height of the A peak, and in par t icular to establish the 
presence, or otherwise, of a A shift in this process. 
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4. Measu remen t of the p h o t o a b s o r p t i o n of monoene r -
getic y q u a n t a in the region of heavier t h a n A b a r y o n 
resonances , to examine the mass dependence of the 
excitat ion intensity of the resonances , and in par t icular 
to s tudy the D 1 3 resonance reduct ion effect [133, 132, 135]. 

5. Invest igat ion of the W(Q2) dependence in h a d r o n 
processes, wi th detect ion of all shift-imitating b a c k g r o u n d 
react ions, and of var ious A de-excitat ion channels . 

T o ob ta in a m o r e accura te theoret ical picture, the 
following exper iments m a y prove par t icular ly helpful: 

6. F u r t h e r exclusive experiments on h a d r o n charge 
exchange processes, to find out m o r e a b o u t the dependence 
of the nuclear A peak posi t ion on the A de-excitat ion 
channel type [160, 172]. 

7. F u r t h e r s tudy of the ( 3 H e , t 7 i + ) react ion, with the 
final nucleus excitat ion energy fixed, to develop a bet ter 
under s t and ing of the scattering of vir tual p ions with their 
t r ans format ion in to real ones [174, 175]; and of h o w this 
process relates to the existence of the nuclear p ion mode . 

8. F u r t h e r work on the ( t , 3 H e 7 i ~ ) react ion (the subject 
p ioneered in Refs [239, 240]), in order to s tudy the 
excitat ion of resonances heavier tha t A 1 2 32 in nuclei. 

9. Precision s tudy of the ( 7 i ± , 7 i 0 ) charge exchange 
react ion, first investigated in Refs [166, 167], to learn 
m o r e abou t the nuclear excitat ion mechan i sm involved. 

10. Polar ised p r o t o n b e a m measuremen t of the polar
isat ion characterist ics of the (p ,n ) charge exchange 
react ion, to elucidate the mechan i sm of the react ion 
1 2 C [ d , 2 p ( 1 S 0 ) ] s tudied in Ref. [168]. 

11. Con t inua t i on of the experiments [157] on nuclear A 
excitat ion by heavy relativistic ions, to investigate the A 
dependence , the density effect, and the mi r ro r charge 
exchange react ions . 

12. M o r e studies on the compara t ive role of the D E P 
and D E T mechanisms in the ( 3 H e , t ) , ( 3 H e , 3 H e ) and 
( 4 H e , 4 H e ) react ions on p r o t o n s and neu t rons [183, 178, 
239, 240]. 

Finally, the following experiments might be of help in 
elucidating the exotic na tu re of nuclear ( t , 3 He) processes: 

13. Search for 2A states by detecting two pions from the 
decay of two A isobars as p roposed in Ref. [230]. 

14. Search for A balls by detecting 80 - 90 M e V TI mesons 
from the decay of n a r r o w resonances at E — 350 M e V and 
by observing resonant y q u a n t a from A —> N + y [231]. 

15. Exp lora t ion of the possibility of collective excitat ion 
of s t range ba ryon resonances by observing the shift and 
b roaden ing of the relevant peaks in the to ta l cross sections 
for K~ meson scattering from nuclei [232, 3]. 

In conclusion, all exper imental facts and all k n o w n 
theoret ical approaches have proved to a c c o m m o d a t e them
selves quite well in a single f ramework developed here for the 
purpose , wi thou t the au tho r s being confronted with an 
a w k w a r d choice of either stretching or lopping them off 
P rocrus tean style. As t ime goes on, however , it c anno t be 
ruled out tha t ' the vict im' will grow further, bu t it is our 
feeling tha t the g rowth will be widthwise ra ther t han length
wise, and so our scheme will in general remain t rue . If not , it 
is the 'bed ' which will have to be adjusted — something the 
mythical robber would no t consider. 
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