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Abstract : A description of nuclear critical opalescence is presented with empha
sis on the information which can be gained from electromagnetic probes. The 
connection with standard nuclear physics treatments is given. Experimental 
possibilities are reviewed. Present information from electron scattering is 
shown to be unconclusive. The maximum sensitivity to critical phenomena would 
be attained by measurements of longitudinal spin form factors. Photopion 
reactions are analyzed in this spirit and found to be promising. 

1. Introduction 

1.1. THE CONCEPT OF CRITICAL OPALESCENCE 
There has been recently a continuous and vivid discussion about the possible 

occurrence at usual nuclear densities of critical phenomena precursor to pion con
densation. These would appear as an enhancement of certain spin correlations in 
a characteristic (critical) range of momenta (2 to 3 m T C ) . The experiments per
formed up to now seem at best unconclusive. The purpose of this paper is to dis
cuss the information available from magnetic electron scattering which has sus
tained some hope that substantial effects might be present. A prospect is also 
given of future experiments with electromagnetic probes which can help to settle 
the situation. As an introduction to the field, it seems however instructive to 
situate this apparently exotic problem within the more conventional framework 
of nuclear physics. 

Such critical phenomena have been christened "nuclear critical opalescence" 
from a nice analogy with critical scattering on magnetic substances 1. 2). It 
should be clear that this rather fancy name recovers a number of subjects which 
are more familiar to nuclear physicists. There is indeed a strong overlap with 
notions like core polarization, spin-isospin modes in the framework of the RPA, 
exchange currents (in the sense of isobar degrees of freedom), renormalization 
of the nuclear pion field, etc... which could provide a more or less equivalent 
description of the problem. Critical opalescence is nothing else than a polari
zation phenomenon induced by the attractive pion exchange interaction : 

In a first order approximation, a pion source (i.e. a nucléon) emits a pion 
which produces virtual excitations of the nuclear medium so that an external pro
be sensitive to the appropriate spin and isospin degrees of freedom sees a pola
rization cloud in addition to the original source (fig. l a ) . This is the fami
liar core polarization reduced here to the part produced by the pion field. 
Critical opalescence enters into the game when one replaces the pion propagator 
by a dressed one, i.e. when one allows the pion to produce and destroy successi
vely a chain of excitations (fig. 1 b). It appears therefore as soon as higher 
order effects become important. In the language of field theory it corresponds 
to the consideration of medium renormalization of the pion field. As for the nu
clear physicist, he has easily recognized that it is simply equivalent to a 
RPA treatment of excitations which carry the pion quantum numbers ( T = 1 J = 0~ 
1 +, 2"...). ' 

The characteristics of the critical behaviour follow from the energy-momen
tum dependence of the elementary polarization bubble (fig.2). The pion self-ener-
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gy is essentially of p-wave nature and is strongly frequency dependent : the nu-
cleon-hole excitations dominate 

Probe 
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Fig.l Core polarization produced by the pion 
field to first order (a) and with a< 

propagator (b). 

q'»<w. 

q,o> q,<W 

Fig. 2 Nucléon and A contributions to the 
pion self energy(crossed terms have not been 

represented). 

at zero energy whereas only the 
A-hole components survive at 

U = m r c in agreement with 
the measured level shifts of pio-
nic atoms. The relevant quantity 
is the irreducible self energy 
which accounts for interactions 
other than the pion exchange in 
the same spin-isospin channel 
(fig.3). These are essentially 
repulsive (they are believed to 
arise predominantly from p-me
son exchange in presence of short 
range correlations 3 > 4 )and rather 
poorly known. They can be sche
matically parametrized by a con
tact Landauj-MKjdal interaction 
g' CCJ.Ĉ  T,.*C2 . The attrac
tive self energy 

ÏÏwCq.«>« <»"•*• (*»> 
is then considerably reduced : 
in infinite matter, summation 
of the graphs of fig. 3 amounts 
to replace the polarizability 
(note that oJ, is defined to be 
negative) by a much lower effec
tive one d.C<\,t»-)no[0/(i-^'e(9) 
The short range interaction 
should also renormalize the pion 
vertices (Lorentz-Lorenz effect " ) 
but the essential information 
is contained in the pion propa
gator which is renormalized 
from its free expression . 
D(<|,u)s £<yK.co*-*n^Z 
to : 

'B'fq.co) 
r T- 4 

s [<f-eo*+'w£+q*« (<n,u)j (2 ) 

At sufficiently high densi
ties, this expression becomes 
singular at o>= 0, q = q the 
critical momentum (2 to 3 mK ), 
its exact value depending on 
the precise q dependence of 
the polarizability. This is the 
onset of the phase transition 
to pion condensation. At densi
ties below threshold (the rele
vant parameters are rather the 
polarizability and its threshold 
value M t ), one finds from eq(2) 
that the propagator presents an 
enhancement over its free value 
which is maximum at to » 0 , 
q a q and the more pronounced 
the closer one is to the critical 
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density (see fig. 4 one will note that the effects disappear at q = 0 and oo ). 
This typical behaviour 
constitutes the pheno
menon of critical opa
lescence. Though the 
word critical constitu
tes the proper denomi
nation of similar ef
fects in classical phy
sics, opalescence phe
nomena are sometimes 
qualified as "precriti-
cal" to emphasize their 
subthreshold or precur
sor character ). 

Fig. 3 The equation for the effective polarizabilitv 
represented as the bubble with a hatched box. The wavy 
line stands for interactions others than one pion ex

change. 

1.2. CRITICAL OPALESCEN
CE IN FINITE NUCLEI 

Descriptions have 
been presented which 
show how the critical 
opalescence is associa
ted with the develop
ment of a local order 
of the nucléon spins 
which precedes the long 
range order of the pha
se transition1'8). This 
nice picture is of cour
se altered in a finite 
nucleus where the con
cepts of a long range 
order and of a phase 
transition do not apply 
stricto sensu. One can 
show however that one 
can have a transition 
to typical spin struc
tures in nuclei with 
characteristic conse
quences on the energy 
spectrum in very the 
same way as one can pass 
from spherical to de
formed nuclei (see the 
review paper of Nigdal 

8 ) or the more re
cent one by Meyer-ter-
Vehn 1 0 ) ). The ap
proach of the transi
tion is signated by 
strong spin correlations 
which appear as impor
tant enhancements on 
the appropriate spin 
form factors in the cri
tical momentum range. 

This is the equivalent of the critical behaviour in infinite systems. Translated 
into the usual language of nuclear physics, this description means that the pion 
exchange force admixes a large number of high lying configurations in the original 

D(q,0) / ' \ 
\ D(q,0) / 
\ 
\ 
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Fig.4 The enhancement of the pion propagator in an 
infinite medium. The dashed, dot-dashed and full curves 
refer to polarizabilities ot« 0, «.= <Xe , lo<|< |«cl 
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wave function which act coherently in the momentum range 2-3 m,,. characteristic 
of the pion attraction. The effect becomes more pronounced as one approaches the 
transition point. Collective excitations develop provided the repulsive contact 
interaction is not strong enough to counterbalance the attraction 1 0 ). The para
meter g' plays a crucial role for determining the threshold and governs the 
amplitude of the critical effects. 

The detection of an opalescence behaviour of the spin correlations would dis
play a very beautiful manifestation of the pion degrees of freedom in nuclei. As 
a precursor phenomenon to the up to now unobserved pion condensation, it could 
also be informative on the position of the threshold by helping to determine the 
strength of the short range repulsion.One should however add the warning that the 
present belief is in favour of rather strong repulsion so that the transition 
would occur at densities largely higher than that of nuclear matter. If this is 
right, it is not very likely that an extrapolation in terms of nucléon and meson 
degrees of freedom remains relevant and the quark-gluon content of the nucleus 
should come into the game 1 1 ) . Nevertheless the picture of critical opalescence 
in terms of strong spin fluctuations remains valid at the usual densities though 
the phase transition itself might involve new degrees of freedom or even never 
occur. Since the current expectations do not favour a spectacular opalescence, one 
could also wonder whether rather moderate fluctuations should be qualified as 
critical. One can answer that the physical mechanism of spin alignement via the 
pion field is the same, irrespective of the amplitude of the effect. It is clear 
however that below a certain level the critical phenomenon will fade into the 
nuclear "background". A precise limit is of course difficult to establish but it 
is reasonable to think that below an enhancement of the pion field by at least 
a factor two it would be impossible to disentangle nuclear opalescence from other 
kinds of correlations and meson exchanges which might be effective in the same 
range of momenta. 

2. Probes for critical opalescence 

2.1 THEORETICAL APPROACHES 
Some technical considerations are helpful to introduce the discussion about 

the best way of detecting nuclear critical opalescence. One can distinguish two 
classes of approach which have both advantages and shortcomings. In line with 
traditional nuclear physics, one can first diagonalize the RPA matrix for pion-
like excitations with a schematic spin-isospin interaction like that described 
in the preceding section *2). This method is practicable only if one is far 
from the transition point and has consequently moderate critical effects. Indeed 
a large number of excitations is necessary to saturate the polarizability at the 
relevant momenta (up to 2 5 W in an harmonic oscillator basis). The needed di
mensionality of the RPA matrix would thus be huge if the interaction were strong 
enough to collect this full strength as would be the case if the pion attraction 
dominates. Furthermore one would have problems to incorporate the A-nole con
tribution which acts cooperatively with the nucleon-hole polarizability when one 
is in a fairly critical regime (the interaction should be renormalized to include 
the isobars in an effective way). On the contrary if it turns out that the re
pulsion is strong (as produced e.g. by a large g'), the overall force is weak 
at the relevant momenta ; it is then legitimate to use a restricted basis and to 
add the A part perturbatively. 

An alternative is afforded by methods worked out to treat the medium renor-
malization of the pion field. They are based on mean field theory and hence more 
or less equivalent to the RPA 1 3 ). The configuration space is divided in two 
parts, a restricted active space which corresponds to usual shell model wave func
tions and a polarization space which contains as many high lying excitations as 
necessary to saturate the polarizability, including the isobar contribution. The 
polarization effects amount to replace the spin operators <T by effective ones 
2_ to be used in the restricted space. Indeed one can derive integral equa

tions for their matrix elements, the driving terms being fixed by the shell-model 
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spin densities (this formulation was first introduced by Toki and Weise 7 ) ; the 
variant of the Lyon group is presented below ** ) ). Ultimately the solutions can 
be used to calculate an effective interaction which is diagonalized in the active 
space 1 5 ). This procedure can be made practically equivalent, to a RPA treatment 
on a large basis with the exception that Pauli effects cannot be exactly treated. 

This second method has also the great advantage to display clearly the very 
different roles played by the spin degrees of freedom which are longitudinal and 
transverse with respect to momentum. The phenomena we have discussed up to now 
apply only to the pion channel, i.e. that relevant to coupling to the longitudi
nal degree of freedom ( 0-.<\ type). In infinite matter, due to momentum conser
vation between the two vertices of a polarization bubble, the longitudinal cha
racter is preserved along the chain. A simple orthogonality argument prohibits 
any conversion into a transverse coupling ( *xtj type) as that arising from 

p-meson exchange. In a finite nucleus on the other hand, there can be some 
mixing between the two modes. For a pion-like excitation of multipolarity J, i.e. 
an isovector excitation with unnatural parity, there are two independent spin 
matrix elements arlLvV(<{) with L = jtl.One can define the longitudinal and 
transverse combinations O^ and o£ __which correspond respectively to the 
reduced matrix elements of «f.tj and O5**} operators : 

<$%)*[& cr^'ifr «r̂ J/fefc < £ f , H J H d ^ ^ * * ^ (3, 
In the same way, the polarizabilities are separated in four types <*«. > <*« > <*tt 
and ot^t , according to the character of the spin operators appearing at the two 
vertices. A schematic interaction can be constructed from 7t(longitudinal) and 

ff.q 

Z< ® TFxq' \ 
g'+p ffxq1 

OVq 

© 

Fig. 5 The integral equations for the effective spin multipoles. The wavy lines 
represent longitudinal (g1 + 71.) or transverse interactions (g' + p ) 
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p -meson exchanges (transverse) and a more uncertain short range interaction 
which is seen to,be shared equally between the two channels by using the identity 
C? s ê?.3 5 — (0"x^)xq . The effective spin densities S^and 21t are found to 
obey the following coupled integral equations which are also pictured by fig. 5 t 

(4) 

The situation of infinite matter is recovered as follows : the polarizabilities 
are diagonal in q space so that orthogonality of the ?. c\ and <J*c\ vertices 
forces 0Cjt and Q<tj,to vanish and the two equations decouple. This is not true 
in a real nucleus where the finite size allows the non vanishing of OC^and d^ 
(the orthogonality is not complete because there is some transfer of momentum 
Iq-q'l of the order of the inverse nuclear radius). However, even in a light 
nucleus, one should realize that these non diagonal polarizabilities are typically 
one order of magnitude smaller than <%or «ttso that a very large opalescent 
enhancement of Ht is needed to modify appreciably the transverse component £.£ 
which is essentially sensitive to the transverse polarization. Though this modera
te sensitivity of the transverse form factors to critical effects night be acci
dentally increased if the structure of the sources is such that <Tt is depressed 
with respect to C£ in the critical momentum range, it remains that critical 
opalescence is predominantly a phenomenon of the longitudinal sector. This is 
quite natural since PCAC arguments show that Xgis proportional to the nuclear 
pion field. These remarks are of crucial importance when discussing the choice 
of an appropriate probe. 

2.2. EXPERIMENTAL POSSIBILITIES 

Being basically a spin correlation effect, nuclear critical opalescence 
should be studied first by the response function of the system as measured in 
the quasi-free domain (fig. 6). The theoretical investigations have been limited 
up to now to Fermi gas calculations in infinite matter 1 6 )It has been found 
that the phenomenon appears as a softening of the longitudinal spin response in 
the region of the critical momentum, i.e. a shift of the quasi-elastic peak to 
lower energies. This feature can be interpreted as an increase of the life-time 
of the correlations at the approach of the transition point. On the experimental 
side, the difficulty is to separate the ( &<| < & 4 ) isovector response from 
the other (spin and non-spin) components or at least to find processes where it 
can dominate. No very favourable case has oeen so far identified. The cleanest 
information would come from magnetic electron scattering with the shortcoming 
that it determines the (^oxq ) response which, as already emphasized, is rather 
weakly coupled to the ( CT. ̂  ) one,except may be in light nuclei. There is yet no 
theoretical predictions to compare with experimental data like those obtained 
at Saclay for - i aC 1 7 ). One should add that the latter do not reveal outstanding 
anomalies. 

One should turn to more exclusive information coming from pion-like nuclear 
excitations (i.e. T « 1, J « 0", 1 . . . ) . It was soon remarked 1 8 ) after Migdal's 
suggestion about pion condensates in nuclei that one observed no softening of 

t The polarizabilities correspond to the ot„of the introduction ; the effects de-
picted by fig 3 are contained in the iteration of eqs. (4). 
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these states, i.e. 

g,a> __ 

f,a> 

Fig. 6 The longitudinal spin response function. 
The complexity of the medium response is repre

sented by the hatched box. 

that they showed no marked tendency of moving downwards from 
their unperturbed positions, 
contrary to the expectations 
of a RPA description in the 
case of strong critical effects. 
Though one could generally ob
ject that energy levels are 
sensitive to some Average of 
the force ard not necessarily 
to its detailed momentum beha
viour, it was pointed out that 
in light nuclei the spin densi
ties can hav«: precisely a mo
mentum content in the range re
levant to pion condensation 1 9 ) . 
Recent analyses of selected 
energy levels in various nuclei 
spanning the momentum range 
between zero and some pion mas
ses have come to the same con
clusion that the spin-isospin 
force is weak at the critical 
momentum, which means that the 
short range repusion is strong 
enough to counteract the pion 
attraction 1 2 ) . Translation 
in terms of the parameter g' is 

not unique since the force differs according to the authors, in particular in 
what concerns the treatment of the p-meson exchange. The obtained values range 
from 0.55 1 2 )tto 0.70 w « 1 * ) but in the first case there is a supplementary mo
mentum dependent repulsion which amounts to an effective value 0.70 at 2.5 m r t . 
The 1st number is even probably too low because the L isobars were not taken into 
account in the analysis. These numbers are very unfavourable to important criti
cal effects : the enhancement of Z j would be of at most 50 % which is probably the 
level of the theoretical "background" at momenta 2 to 3 m„_ . One can allege two 

sorts of objections to these 
analyses. First the determina
tion of the force is not uni
que : in particular it does not 
separate the longitudinal from 
the transverse spin channels 
(this argument does not apply 
to 0~ states which are purely 
governed by the longitudinal 
force). Secondly the investi
gated levels are not very sen
sitive to the interaction : a 
downwards change of g' by 0.1 
which would affect strongly 
the critical enhancement ap
pears as a shift of only 200 
KeV. A more convincing deter
mination should pass by the 
identification of states which 
have longitudinal spin densities 

with optimum sensitivity 
1 0 ). Such states would even
tually become the collective 
ones in case of a strong enough 

q»q c 

tOssO <§) 

Fig.7 The ideal probe of critical opalescence. 
Tne wavy line is the driving interaction coupling 
the projectile(s) to the longitudinal degree of 

freedom. 
fNote that our definition of g' 
tive mass factors. 

corresponds to 11/15 G Q of ref.12 apart from effec-
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attraction. It seems worth devoting an experimental program to the search of 
these characteristic particle-l-ole states which might have escaped detection sim
ply beause they are preferentially excited at rather large transfers. 

Measurements of form factors of pion-like excitations in the appropriate 
range of energy and momentum transfer ( bixO, q a 2 to 3 m^. ) constitute a more 
direct way for studying critical opalescence (fig.7). As previously emphasized 
it would be preferable that the probe had a predominant longitudinal coupling 
to the nucléon spin in order to measure £.£ , i.e. the pion field. Phis requi
rement does not favour electron scattering though it is the cleanest method to 
observe a magnetic order. Nevertheless since indications of critical behaviour 
have been tentatively drawn ** ) from magnetic scattering on the nucleinC and 

'13C, a detailed discussion of these data is presented in the next section. More 
appropriate probes with longitudinal sensitivity have been suggested : (p,p' )7i2°j, 
(7t,2Jt) 21 ) # (7Cf 2V )

 1 - « ) and the various photopion reactions ( y,Tt), 
(e.e'Tt), ( Ji,y ) 1 , " j 2 4 ) # one should concentrate first on processes where the 
reaction mechanism and the elementary amplitude on the nucléon are well-known. 
Among these, (p,p') reactions stand as very good candidates and data on JaC have 
already been obtained 25) and analyzed 2 8 ) . Though no longitudinal-transverse 
separation has yet been presented, it seems that an interpretation is possible 
through a moderate but sensible enhancement of the pion field .(about a factor 3 
corresponding tog1 = 0.55 with the interaction of ref. 26). Since this work 
is devoted to electromagnetic probes we do not insist on this subject and discuss 
more thoroughly in the next section the information which can be expected from 
photopion reactions. 

3. Present and future experiments with electromagnetic probes 

3.1 MAGNETIC ELECTRON SCATTERING 

Recent and precise measurements of magnetic form factors in the nuclei "^C 
and "*3C display large anomalies in precisely the momentum range relevant to cri
tical phenomena 27-29). it w a s tempting to attribute the observed discrepancies 
to critical opalescence though it does not constitute the only way of introducing 
large-momentum components in the form factors. Calculations have been performed 
which use the solutions of eqs.(4) for Z^with spin sources OJ and G"t determi
ned from standard lp shell wave functions 1 4 , 3 0 ) . They showed that a good descrip
tion of both form factors was indeed obtained with an unexpectedly low value 
g' » 0.40 for the Landau-Migdal parameter (see fig.8). Moreover it was possible 
to reproduce the marked change of sign of the anomaly between 'aC and ',3C and 
to trace back this important feature to the pion induced polarization (second 
integral of eq.(4) in <xtj). Though the general agreement with the data is gra
tifying, it is clear that the discrepancy with the larger repulsion needed to fit 
the energy levels is very disturbing. One has to make sure that there are no 
alternative explanations before taking seriously this tentative evidence for opa
lescence. It cannot be excluded that the nice reproduction of ̂ C and 4 3 C form 
factors might be less significant than first believed and at least partly acci
dental. The 1 (15.11 MeV, T « 1) state of ̂ C is a true pion-like excitation 
whereas the ̂ 3C ground state is a particle state which has been coupled to core 
1 excitation. In the latter case there is thus an important isoscalar piece 
which interferes destructively in the second lobe of the form factor and has 
been left untouched in the calculation. Pion exchange currents other than the 
isobar components (i.e. the pair term and the genuine pion current) are included 
in the full and dot-dashed curves shown on fig.8 . They make rather important 
effects in < 3 C while their contribution vanishes at the top of the second maxi
mum in a C . Finally, in agreement with the conclusions of the previous section, 
it should be remarked that the large incrase of the pion field (a factor 4 to 5) 
implied by the low repulsion has a comparatively small influence on Z* as is 
apparent on fig.8 where the higher order effects(opalescence) are represented 
by the difference between thé full and dot-dashed curves. A much stronger sen
sitivity is expected to the transverse polarization (integral in oi^of eq.(4)) 
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Fig. 8 The squared Ml form factors for the 1 (15.11 MeV, T « 1) transition in **C 
(a) and the ground state of 4*C (b). References for the experimental points can be 
found in refs. 14,30. The dashed and dot-dashed curves represent pure lp shell and 

first order (core polarization + exchange current) calculations. 
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which is better probed by the virtual photon. 
This feature is exploited in an alternative explanation proposed by Toki and 

Weise 2 6 , 3 1 ) . These authors modify the treatment of the transverse interaction 
by including the full 2rt isovector exchange and not only its resonant part, the 

o meson. This has the effect of increasing appreciably the attraction in the 
transverse channel. Most of the difference between the full and dot-dashed curves 
of fig.8 is then filled by this modification and one needs only a more modest 
enhancement of the pion field (a factor 2 to 3). The data on *lC can be reprodu
ced with the more acceptable value g' = 0.55 (dot-dashed curve of fig.9). No fit 
has been attempted on ""c but it is likely that it would not be successful ao)i 
unlike the longitudinal polarization which changes sign between the two cases, 
the transverse polarization always enhances the second maximum so that the 2TC 
effect would increase the nC form factor beyond the dot-dashed curve of fig. 8. 
At first sight this observation seems to discard the Toki-Weise proposal. It is 
probably less decisive because an increase of the isoscalar form factor by about 
a factor two would bring the calculation in agreement with the data. Estimations 
by first order core polarization show that this might be reasonable 3 2 ). However 
the problem of the discrepancy with the level positions remains unsolved though 
the repulsion in the longitudinal channel has been sensibly increased. Indeed the 
attraction has been correlatively increased in the transverse channel so that on 
the average the interaction is practically as attractive as the previous one. 
Such uncertainties stress the need for independent determination of the two com
ponents of the spin-isospin force. 

The two interpretations just presented follow the effective operator appro
ach of section 2.1. They have been recently criticized mainly on the basis that 
they deviate from a strict application of the RPA 3 3 ) . Indeed the driving spin 
sources G£ and <Te have been computed from effective 1 p shell wave functions 
while in principle one should have started from a pure particle-hole density 
which has the well-known-drawback that it overestimates the low transfer obser
vables by a factor (2.5) . It is thus not clear whether it is justified to apply 
polarization treatment of the RPA type to complicated densities which contain 
2p-2h and 4p-4h correlations. As an equally plausible procedure, the authors 
propose to take the solution of a standard RPA approach (as described at the be
ginning of section .-,1) with an ad-hoc reduction of the lp shell content in or
der to recover agreement with the low tranfer data. They make use of the follo
wing interaction 1 2) where the central part of the p -meson exchange has been 
cut due to short range correlations (the longitudinal and transverse components 
have been separated) : 

Noting that the energy levels require g' =0.55 and that the special treatment 
of the p exchange introduces an extra repulsion ( « 0.15 at q = 2.5 m r t ) in 
V, and decreases the attractive part in V_ , one sees that the interaction has 
more repulsion than in the two previous cases (it would have even more if A 
isobars had been taken into account). The pion attraction is thus masked and the 
RPA matrix can be diagonalized on a basis of reasonable size. The calculated form 
factor is plotted as the dashed curve of fig.9. The height of the second lobe is 
reasonably reproduced. The longitudinal polarization plays a minor role and one does 
not need marked critical effects (the enhancement of £ t i s less than 50 % ). It 
does not seem that one can insist much on the quantitative results of this ap
proach. Translated into the picture of eq. (4), it amounts to compute the polari
zation effects (i.e. the integrals) with source terms which are typically 2.5 
larger than those used in refs. 14 and 31 and to reduce afterwards the source 
contribution to £"tby the same factor. This is a rather artificial way to get strong 
modifications with respect to reduced sources. One must admit however that besides 
technical points (Woods-Saxon basis, orbital contributions) which can be of im
portance, the merit of this proposition is to point to a possible serious short
coming of the previous approaches arising from the non closed shell character of 
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0 1 2 3 4 

Fig. 9 Comparison of several alternatives to strong critical opalescence in the 
Ml form factor of AiC. The full curve is same as on fig. 8 (ref.14) ; the dot-
dashed, cross-dashed and dashed curves are taken respectively from refs 31,32 

and 33. 

The same criticism is contained in another attempt of interpretation of the 
41C and '"c data 3 2 ) . The origin of the anomalies is attributed to first order 
core polarization (recall fig. la) by an effective interaction. The calculations 
have thus a perturbative character with however the advantage that they can be 
performed exactly irrespective of the nuclear structure complexity. In a previous 
paper, the authors had made use of a Rosenfeld central interaction and a tensor 
force taken from the Hamada-Johnston potential except for a cut at short distan
ce 3* ). They fell short by a factor two in the second maximum of A1C. In their 
more recent work they have adjusted the parameters of the central force so as 
to reproduce both the AXC and '"c data 3 2 ). The fit for AiC which is reprodu
ced as the cross-dashed curve on fig. 9 is not very satisfactory at large trans
fers. A somewhat better behaviour is obtained in the case of '•'C. This treatment 
is difficult to compare with the other ones since the effective interaction is 
not restricted to the spin-isospin channel (note that several fits are possible). 
Arguments have been presented to show that the force might not be too unrealis
tic. The importance of polarization graphs not contained in the RPA (or the ef
fective operator) approach has also been emphasized.. 

One can conclude from this variety of interpretations that the complicated 
structure of 4 2 C and ""C obscures the comparison of the critical opalescence 
theory will experiment. Some answer to the presented criticisms can be obtained 
by modifying the polarizabilities in order to take into account the deformed 
character of these nuclei 3 5 ) but the adequacy of the particle-hole picture 
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remains to be ascertained. It seems that reasonable alternatives to strong opales
cence are possible though a definitive explanation of the form factors is yet 
to be found. Cleaner tests should be searched in closed shell nuclei like ' l 60 
where the applicability of the RPA is less questionable. The "collective" states 
mentionned in the previous section would be good cases. The preceding discussion 
has also made clear that the rather low sensitivity of transverse form factors 
to the pion field makes it difficult to extract evidence for opalescence from a 
background of other phenomena. This enforces the need for direct information on 
the longitudinal spin degrees of freedom. 

3.2. PHOIOPION REACTIONS 
As just seen, the electromagnetic current does not probe properly critical 

opalescence because of its transverse coupling to the spin densities. A better 
candidate would be the axial current which is directly connected by PCAC to the 
pion field (see e.g. ref.13). Neutrino reactions (e.g. electron or muon produc
tion) would thus provide ideal probes of the longitudinal spin densities. It 
is however obvious that exclusive reactions on nuclei would be extremely hard 
experiments. A possible way to circumvent the difficulty is to turn to photopion 
reactions since at low energy the pion-photon pair is equivalent to an axial 
current 3 6 ). One will lose the advantage of a weakly interacting probe but 
our present knowledge of the pion-nucleus dynamics seems sufficient to permit a 
clean interpretation of the results. Only the case of charged pion photoproduc
tion ( Y , 7C-) (or the inverse radiative capture process) is considered here 
along the lines presented in ref.23. The electroproduction reaction (e, e'A. ) 
is amenable to a similar treatment after due account of the new degree of free
dom brought in by the virtual character of the photon. This process presents in
terest of its own due to the greater flexibility of the kinematics which allows 
an increased sensitivity to the pion field. The cross sections for excitation 
of definite states are however very small (a preliminary estimate is given in 
ref.24) and such experiments are postponed till next generation of accelerators. 

The photoproduction on the nucléon y (k) + N > K- (pn , ^ji) + N 
is well understood. A description of the nuclear process by the impulse approxi
mation works reasonably well, at least in the threshold region 37 ) # j^e e i e _ 
mentary amplitude can be represented from threshold to the 3-3 resonance by the 
pseudovector Born terms (gauge term, pion and nucléon poles) and the contribu
tion of the A resonance excitation 38 f 39 ). in the static limit, it can 
be put in the general form : 

V - *\*te5&\p^J$^^ (6, 
with € rÇ r = <HL vO.Ot/tf,? ( £ i h e photon polarization vector and a 
a unit vector in the directon of the momentum transfer "̂  •= 3C - --tv " 
The coefficients of the longitudinal (A) and transverse (B 1, B,) spin operators 
have the following expressions in the pseudovector model : 

A(t) * A -^ffipvfa*.) ^^M[^)f^4 
aP-ABfr-wS*^ ( 7 ) 

where f̂  has the resonant form tûjc/(w(t-Wre-i.T'/t) w i t n W ( b g^ f t n e 

position and width of the free A ; K and K denote the isoscalar and isovector 
magnetic moments of the nucléon and M Its mass. We are mainly interested in the 
longitudinal coefficient A which is seen to originate from the gauge, pion pole 
and A excitation terms. The nucléon poles generate only small isoscalar con
tributions which produce a difference between 7C+and 7t"production. Computing the 
cross section for excitation of a pion-like state of multipolarity J , one finds 
in the PWBA approximation : 
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where # and Ĵ  are as usually the scattering angle and the angle between the 
polarization (k, £ ) and scattering ( "k.Pn; ) planes. The formula appropriate 
to radiative capture follows from the replacement of the factor p^/k by k/p* 
In the absence of polarization effects the effective multipoles would of course 
be replaced by the source terms Cfc and Oj . The longitudinal multipoles X g 
appear with a typical ( 9 , t/> ) dependence arising from the transverse character 
of the photon. The opalescence effects would thus show up most clearly at scat
tering angles around 7V2. A very favourable situation woujLd occur if this region 
could coincide with a zero of the transverse multipole X t . If one uses polari
zed beams the $ dependence can be exploited to separate further the two con
tributions. At forward and backward angles, the cross section is merely of trans
verse origin and should reproduce the information obtained from magnetic (e,e*) 
scattering. This feature will permit to check whether the distortion and the pion-
nucleus dynamics are kept under control. 

0(d*grMs) 6 (dagr«M) 

Pig. 10 The angular distribution for the reaction C (-y,Tt,7 2B (g.s. ) at pion 
energies of 70 MeV (left) and 140 MeV (right). The opalescent behaviour is dis
played by the full curves whereas the long-dashed curves represent standard lp 
shell calculation. The longitudinal spin contributions have been separated as 

the dot-dashed and short dashed curves. 
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On fig.10 is represented the cross section for excitation of the 1 (15.11MeV) 
state of ' , 1C. A pion energy of 70 MeV has been selected so that the angular dis
tribution can span the critical range of momentum transfer. The role of the A ex
citation has been investigated by pushing the energy to 140 MeV. The calculations 
have been made by solving eqs. (4) with the same interaction (g1 = 0.4) which 
produced agreement with the electron data (fig.8a). The opalescent behaviour 
appears as a spectacular bump around Tty2 (fig. 10 left). The effect is even more 
pronounced at the approach of the resonance (fig.10 right) due to the A contribu
tion to the A coefficient (eq. 7). It is thus evident that there exists a rather 
large angular window (which coincides with the zero of the transverse form fac
tor) where one can obtain information on the longitudinal spin form factor. The 
cross section in this region is thus a direct measure of .S^and consequently of 
the pion field enhancement : it would showincreases by factors 20, 10 or 4 for 
g' = 0.4 (fig.10) , 0.5 and 0.6 respectively (with the interaction displayed on 
eqs.(4) ). A similar sensitivity can be found in other transitions though the Ml 
of AZC looks as one of the best detectors for critical opalescence. The absolute 
numbers given on fig.10 should not be taken too seriously especially those rele
vant to the resonance region which will suffer a drastic reduction from absorption 
effects. It seems however likely that the distortion will not alter the qualita
tive features just presented. Progress is currently made towards a final descrip
tion including the full pion-nucleus dynamics. On the experimental side, only 
partial results are presently available for magnetic transitions at the relevant 
energy and momentum transfer. More complete measurements are currently planned *0). 

4. Conclusion 

Definitive conclusions about nuclear critical opalescence do not seem pos
sible on the sole basis of electron scattering. Though the (e,e') data on carbon 
are not inconsistent with strong critical effects as signed by a factor 4 to 5 
enhancement of the pion field, nuclear structure problems render the issue con
troversial. It appears even plausible that one can find an alternative explana
tion to the detected anomalies which would be reconcilable with the more repul
sive character of the spin-isospin force determined from the energy levels. In 
any case more theoretical effort is necessary to do full justice to the quality 
of the experimental data. 

This uncertainly emphasizes the need for specific probes of the longitudinal 
spin degrees of freedom. One should stress once more the necessity of a good un
derstanding of the interaction which drives the excitation of the pion-like states 
so that a longitudinal-transverse separation could be presented in the same spi
rit as in the previous section. This requirement is yet to be met before any de
finitive statement about (p,p') data which certainly contain precious information 
of longitudinal character. At the present moment, no spectacular effect is seen 

2 5 ) though a tentative analysis shows that a consistent description of (e,e') 
and (p,p') data can be achieved with still appreciable enhancement of the pion 
field (nearly a factor 3)?<7This interpretation would probably not solve the con
flict with the energy levels. Independent information would also be gained from 
photopion reactions where the driving interaction is well known. Irrespective of 
the fate of critical opalescence such experiments should be encouraged as probes 
of the spin-isospin correlations. They are marginally feasible with present day 
accelerators and will extensively develop with next generation. 

It seems that future efforts to unambiguous information on critical opa
lescence could be devoted to pion-like excitations in closed shell nuclei with 
special attention to the search of "pion-favoured" or "collective" states 1 0 ). 
The most fruitful prospect would be a joint program of exploration with a varie
ty of spin sensitive probes. It would constitute a fundamental step to a unified 
determination of the elusive spin-isospin force. 

I am glad to thank the members of the Lyon group, M.Ericson, A.Figureau, 
N.Giraud and P.Guichon for the nice collaboration which is at the origin of much 
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