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1. Introduction : 

During the recent period the extensive efforts devoted to the de

tection of pion condensation in nuclear systems have been disappointed. 

A common belief is that the threshold density is largely higher than 

that of nuclear matter. There has been consequently a growing interest 

in the search for critical effects or precursors which can occur till 

rather far from the critical point. They could thus be observable un

der usual nuclear conditions and provide informations on the proximi

ty of the transition itself. Their signature would be a strong increase 

of specific spin correlations in a range of energy and momentum charac

teristic of pion condensation ( W a O , q * 2 to 3 m^ ]. The name of 

critical opalescence which has been proposed to christen these phenome

na is reminiscent of critical scattering on magnetic substances which 
1 2) 

also originates from strong spin fluctuations ' . The present experi
mental situation seems at best unconclusive though some hope of subs
tantial effects has been sustained sometime by a tentative analysis of 

3 4 ) anomalies in magnetic form factors ' . The available data are briefly 

reviewed below. More emphasis is put on the necessity of more complete 

information and on the criteria of selectivity which should be fulfilr-

led by future experiments. Such a discussion is better introduced by 

the consideration of the general features of critical opalescence which 

dictate the choice of the best probe. 

2. General features of nuclear critical opalescence : 

The topic of nuclear critical opalescence presents aspects rele

vant to both classical nuclear physics and mesonic degrees of freedom. 

Indeed it can be viewed as a collective phenomenon in the spin-isospin 

channel, i.e. the channel of states which have the quantum numbers of 

the pion (the so-called pion-like states T » 1 /J
7 f- 0", 1 +, 2~...)/or 

as a manifestation of pion degrees of freedom. These two descriptions 

represent both sides of the same physical reality. Each has advantages 

and shortcomings. It should be clear that, though technically different 

they can be conducted to practically equivalent results. In the collec

tive approach, an effective particle-hole interaction is diagonalized 
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A: 
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in the RPA scheme (fig.l). The prominent long range component of the 
p-h force in the 0"t channel is given by 
the attractive one pion exchange 

There is a large uncertainty for the shor
ter range part. It is usually very sche
matically represented by a contact repul-
sive interaction O ti-̂ -2 ̂ - ^2 
governed by the Landau-Migdal parameter g', 
The isobar degrees of freedom(essentially 
A excitation)can be introduced by a re-
normalization of the interaction which 
has the effect of increasing the OPE at

traction. A logical procedure would be to follow the development of 
the collective phenomenon as a function of the density with a fixed 

interaction. In view of the un-

Fig.l The schematic p-h in
teraction in the o"t channel 
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Fig. 2 The development of the spin 
isospin collective mode (according 
to ref.5) 

certainty on the force, it is mo
re convenient to keep the usual 
nuclear conditions and to vary'g', 
a decrease of g' producing the 
same effect as an increase of the 
density. As an illustration the 
evolution of the energies of the 
lowest 2" isovector states of 0 
is represented in fig. 2 which is 
borrowed from a recent work of 
Meyer-ter-Vehn . It is seen that 
when the repulsive component is 
low, one state is pushed conside
rably downwards by the OPE attrac
tion. Ultimately, beyond the tran
sition point {attained for null 
excitation energy in a RPA theory), 
the nucleus would present a per
manent spin-isospin deformation 
with a typical layered structure 
in the sane manner as strong qua-
drupole coupling leads to perma
nent shape deformation. This is 



the way pion condensation is realized in finite systems (see e.g. the 

reviews of Migdal and Meyer-ter-Vehn for more details). One has 

noted the well-known fact that with the pion force alone, nuclei 

would be already in the "condensed phase" i.e. spin-isospin deformed. 

Concurrently as the energy of the collective state drops to zero, the 

longitudinal spin form factor for its excitation (i.e. the matrix ele

ment of the cr.q operator) shows a very spectacular increase for mo

menta in the critical range, the more pronounced the nearer the tran

sition point. This is the critical opalescence phenomenon which signs 

the importance of the longitudinal spin fluctuations announcing the 

change of structure of the deformed phase. 

The second description singles out the pion field component and 

its renormalization in the nuclear medium through the p-wave pion -

nucléon interaction (fig.3). In a mean field theory (hence the equi

valence with the RPA), the free pion propa

gator D(o[.oi) - [ q - w 4 * - ^ ] " i s changed 

into the renormalized one 4 

^(<\.o>) « L3 2 -rf+K + 1«oft '*»! 
*''Û -̂'A l i \/''' by the nuclear axial polarizability c(Q (de

fined < 0) representing nucleon-hole and 
A-hole excitations by &.q X operators. 

The frequency and momentum dependence of the 
pion self-energy q 2oi 0(q,to) is such that 

Fig.3 Renormalization f Q r a s u f f i c i e n t l y l a r g e v a l u e o f t h e p ola-
of the pion propagator r i z a b i l i t y ( w n i c n i s a function of the den-
by the medium polarizâ- s i t y ) a s i n g u l a r i t y o f ff o c c u r s a t w = 0 > 

q « q the critical momentum (2 to 3 m ^ ) . 

This is the onset of pion condensation in nuclear matter. At lower den

sities, the pion field, though non singular, still presents an enhan

cement U/D which is maximum around O- 0 and q « q c. This is again the 

critical opalescence phenomenon. The description becomes somewhat more 

complicated in a finite nucleus but the main feature remains : the 

pion field form factors, i.e. by PCAC the f̂f.q t ^ matrix elements 

undergo large enhancements in the characteristic momentum range at 

the approach of the transition point. For commodity we will keep throu

ghout the denomination "critical opalescence" to designate the medium 

enhancement of the pion field irrespective of its amplitude. It is 

clear that there exists no precise boundary of the critical domain and 

that even for moderate "opalescence" the underlying physical phenome

non remains the same, i.e. the alignment of the spins through the pion 

exchange force. 



In th2 two descriptions we have presented, a crucial role is 
played by the (repulsive) forces other than the OPE which act in the 
C"£ channel. In the RPA approach, collectivity appears if the over

all particle-hole force is sufficiently large in the momentum range 
relevant to pion condensation to drive strength from many high lying 
excitations and build the collective mode. On the contrary, if the 
repulsion is important as given for instance by a value of g' as big 
as 0.8 in the schematic representation chosen above, the OPE attrac
tion would'be cancelled and the critical effects would disappear. In 
the field approach, the inclusion of forces other than OPE amounts to 
replace the polarizability by an effective lower one OL (at the usual 
density « 0would be large enough to cause pion condensation). The re
levant quantity is indeed the irreducible pion self-energy c| <x ob
tained by summing the graphs of fig.4. In the case of a contact inte

raction d.0 is replaced by 
Otr Ci0 l(-\ - g'oO w h i c n c a n t h u s 

r,' be considerably lower than OC0 for 
large values of g' (Lorentz-Lorentz 
effect ) and reduces accordingly the 
amplitude of critical opalescence. 
The size of the non-pion components 
of the 0""C force at the relevant 

,,'"'' transfers is thus the key which go
verns critical phenomena. There is 

Fig.4 The equation for the ir- s t i l l a l a r g e u n c e r t a i n t y i n theore-
reductible self-energy (shaded t i c a l e s t i m a t i o n s

 8. 9> cf this short 
* > l o b'* range part but the calculations con
verge towards a rather large repulsion (g' = 0.6 to 0.9 with a more 
or less marked momentum dependence) which is very unfavourable to 
important amplification of the pion field. Phenomenological determi
nations come essentially from the position of pion-like levels. We 
will not consider here the information from the Lorentz-Lorenz renor-
malization of Gamow-Teller transitions ' which is not exactly rele
vant since it concerns only the zero-transfer region (note however 
that it is consistent with the overall picture of large repulsion). 
3. The pion-like levels : 

A general observation about the CZ channel is that it does not 
«how prominent collective feature». The energies of the known pion-
like states have no marked deviation from their unperturbed p-h posi
tions. This very remark about the 0~ (T - 1) state of O was at the 
origin of early scepticism about Migdal's suggestion of pion conden-



sates in nuclei (earlier considerations against 6T instability 
can be found in ref.12). A RPA calculation of the relevant levels 
of 0 with a schematic (OPE + contact) interaction showed indeed 
that the observed energies demanded a relatively large repulsion cor-

5 13) responding to g' =0.7 to counterbalance the OPE attraction ' 
More recently a detailed analysis has been performed over a wide ran
ge of selected states from C to Pb with different momentum content 

14) so as to span the momentum dependence of the force . A p meson. 
exchange component was added to the interaction because its tensor part 
has the well known property of cancelling the tensor OPE at large mo
menta. The resulting fit gave g' = 0.55 with such a q dependence 
that an extra repulsion of 0.15 is produced at q = 2.5m„ . These num
bers can even be considered as lower limits since the interaction 
was not renormalized to allow for the attractive contribution of the 
A isobars. The general information from energy levels is thus in 

favour of an overall weak force at the relevant momenta which would 
push the condensation threshold to very large densities and would pro
duce only small pionic opalescence. One can make however two sorts of 
objections which have more concern with the precision of the result 
rather than with the general conclusion of a large repulsive component. 

First the fitted forces have a very schematic character and their 
determination is probably not unique. Two different examples have been 
quoted above. Indeed the consideration of the <Tx channel is not suffi
cient to sign the pion-channel : there are two degrees of freedom, 
one transverse ( CTX.q mode) illustrated by rho meson coupling and one 
longitudinal ( c.q mode) which is sole relevant to pion properties. 
It is very important to realize that in the present problem this dis
tinction is much more relevant than the usual scalar/tensor separa
tion. To fix the ideas, an interaction containing a g' contact term 
and %+ O exchanges has the following longitudinal and transverse 
components V, and V_ (up to possible nucléon form factors) : 

This is to be compared to the force used in ref.14 where the central 
part of the p exchange is decreased by the effect of short range 
correlations : 

fniÇ 'Ktf<' • T ° r f + M r 



This force is thus more repulsive in both channels. One should not be 
surprised by the appearance of a O contribution in the longitudinal 
part because the presence of short range correlations means that the 
exchange is not that of:a pure p -meson (recall that a great part of 

15) g' is believed to arise from p exchange between correlated nucléons ). 
One would thus need in principle an independent determination of the 
force in the two channels. This is not an easy task since their rela
tive weight for a given state strongly depends on the structure of 
the p-h excitation to begin with. An exception is constituted by the 
O" levels which are dominated by the longitudinal interaction. They 
are however very scarce and not easily excited. One should add that 
there is little doubt that the overall picture of a relatively weak 
force at the relevant momenta will not be significantly altered. It 
might well happen however that the exact balance between V_ and V, 
could be slightly modified with a little more repulsion in one channel 
compensated by more attraction in the other one. 

A second and connected comment should be made about the rather 
low sensitivity of many of the pion like states to the precise value 
of the force. For instance it can be seen on fig.2 that the curves 
representing the evolution of the 2" states of O are very flat in 
the region g' > 0.5 : a variation of 0.1 corresponds to a shift of 
only 200 keV. The only and very important exception arises from the 
state which would become collective with sufficient attraction, in 
the case of O, this state has precisely not yet been seen, one pos
sible reason being its very weak excitability at low transfers (see 
the spin form factors shown in ref.5). The sensitivity of such excita
tions that I would call "pion favoured" or "true" pion like is due 
to the peculiar structure of their <6\q> (or equivalently pion field) 
form factor which is in phase with the polarizability Ot, i.e. it peaks 
at q % P r , the Fermi momentum, and has no node in the momentum range 
where oC is large. These states are then able to benefit best from 
the pion attraction and to drive maximum strength from the high exci
tations represented in the polarizability. In the same way one can 
probably find states with maximum sensitivity to the transverse spin 
mode. It appears thus that some possibilities remain open for a much 
more selective determination of the 0"C force. Of particular interest 
would be a systematic study of the "true" pion-like or collective sta-

5) tes as emphasized by Neyer-ter-Vehn . It seems worth to devote a 
systematic program to the identification of these specific excitations. 
He will return later to this important question. 



4. The form factors of the longitudinal spin mode : 
The simple consideration of the energy of the appropriate levels 

does not fully exploit the specific property of critical opalescence 
namely the enhancement of the pion field form factors in the momentum 
range 2-3 m„ . Furthermore the scale of the amplification varies much 
more raplidly with g' than the energies. For instance calculations in 
12 
C show that the average renormalization factors are 1.5, 2, 3 and 

3 ) 
4.5 for g' = 0.7, 0.6, 0.5 and 0.4 respectively . This increased sen
sitivity is. not without shortcomings. It is likely that at the consi
dered momenta other types of correlations or meson exchanges can se
riously affect the form factors. Below a certain level, say a factor 2, 
the pion field amplification would be very difficult, if not impossi
ble, to identity among all sources of "nuclear noise".. With this re
servation in mind, one can use the previous discussion as a basis to 
establish the criteria for best detection of the searched phenomenon. 
As a spin-isospin ordering effect it should be looked for in isovec-
tor form factors of the type. It is also clear that the spe
cific information on the pion channel is essentially contained in the 

a.q-

probe 
\O)x0 

\i 
q » q c 

a.q 

<7xq 

Fig.5 The conversion between 
transverse (wavy line) and lon
gitudinal (dashed line) couplings 
through the nuclear polarizability. 

Fig. 6 The probe for pion opa
lescence. 

form factors of the <,&•<{> mode (or longitudinal spin form factors). 
One can add incidentally that the <o"x£)>form factors are not completely 
unsensitive to pion opalescence. There is actually some coupling bet
ween the transverse and longitudinal modes because the momentum trans
fer lq-q'1 (of the order of the inverse nuclear radius) prevents com
plete orthogonality between the two vertices (fig.5). This conversion of a 
transverse probe into a pion is however relatively weak so that only 
a very large pion field enhancement would have a marked influence on 
the transverse form factors. 



The conditions for a selective detection clearly take shape : are 

sould choose a proble wnich couples to the longitudinal spin mode 

\ d-<3^(f ig.6) and look for an increase of the corresponding form 

factors at the relevant momenta. Hence the crucial prime requirement 

should be a good knowledge of the driving interaction (wavy line on 

fig. 6) leading to the spin excitation so as to permit a clean separa

tion of the longitudinal and transverse spin information. A weakly 

interacting probe would be preferable to avoid final state interaction 

(and connected) problems which'would produce some mixing of the two 

modes and blur the information extracted from the data. Unfortunately 

photon and neutrino reactions present major drawbacks. The coupling of 

the (virtual) photon to the magnetization is indeed transverse so 

that (e,e') reactions are purely informative on the ( ffxq) mode. As 

for lepton production by neutrino reactions, it has both components. 

The longitudinal contribution has however the unpleasant feature of 

being proportional to the squared lepton mass at zero energy transfer. 

It has thus generally weak cross sections and would be difficult to 

separate from the transverse component except in special cases. It ap

pears that in contradistinction to the transverse mode there is not 

clean specific probe of the spin longitudinal degree of freedom. One 

has to turn to reactions involving strongly interacting particles 

with their already mentionned inherent uncertainties. Among them, the 

photopion reactions ( y,K), (e.e'Tt), ( TC ,2y ) and the inverse pro

cesses ' are the best understood mainly because they are connec

ted by current algebra to the weak currents. Other probes have been 

proposed like ( p . p 1 ) 1 9 , 2 0 ' and ( 71 ,27C) 2 1 ) but the interpretation of 

the experiments strongly relies on our knowledge of the elementary 

reaction on nucléons which is not always sufficient at the needed ener

gies and momenta. 

The easiest and very informative experiments would be inclusive 
measurements of the inelastic response func-

_ _ tion (fig.7). They would not only probe the 
q,û> ff.q 

spatial (longitudinal) spin correlations 

with their typical momentum dependence but 

also their lifetime which should increase 
27 ) 

at the approach of the phase transition '. 
q,«w ff.q This feature appears as a softening of the 

quasi-elastic peak, i.e. a shift towards 

the low energy transfers. Theoretical cal-
Fig.7 The spin longitu-

culations have been limited up to now to 
dinal response (the hat
ched circle stands for the nuclear complexity). 



the case of infinite nuclear matter. On the experimental side, only 
23 ) 

the (e,e') response is presently available . As we have already stres
sed, it is not properly adequate to the searched pion degrees of free
dom and does not anyway show outstanding anomalies (see however ref.24). 
The use of other probes depends on the possibility of extracting the 
spin longitudinal information form the transverse and non-spin degrees 
of freedom and occasionnally dominating the final state interaction 
complications. This involves more specific experiments with e.g. pola
rized particles. There exist yet no systematic investigation of the 
various possibilities. Among the best known processes we have seen that 
neutrino reactions do not appear very promising because of the dominan
ce of the charge and spin transverse modes. Inclusive photopion reac
tions offer interesting perspectives when working with polarized pho
tons at specific angles (scattering angle0-sTC/2, 0 = 0). Preliminary 
studies have also been presented for (e,e*3X ) and ( ft, 2 3*-) pro
duction near threshold. 

The difficulties encountered in the interpretation of inclusive 
reactions are also present for more exclusive processes where one looks 
at the excitation of specific pion-like states. These necessitate strin
gent resolution requirements. The available experiments are still very 
scarce though they will develop in the near future. Most efforts has 
been concentrated up to now on the excitation of the 1 + (15.11HeV) sta-

12 te of C. Anomalies in the form factor measured by (e,e') scattering 
25 26) 3) 

' have been tentatively interpreted as a signal for strong pion 4) opalescence (4.5 enhancement)and this analysis was confirmed by recent 
13 27) 

measurements of the HI form factor of C . In view of the low sen
sitivity of this transverse information to critical phenomena (an en
hancement of |<C.Q>I by a factor 20 would be necessary to pro
duce a factor 2 in the squared <<xyq;> form factor) and the rather 
complicated structure of these open shell nuclei, it seems that rea
sonable alternative explanations are possible though a definitive in-

28—30) 
terpretation is yet to be found . The same state has been explo
red by (p,p') reactions at 800 MeV (Los Alamos) 3 1' and 400 MeV (Satur-32) ne) . The interpretation of the data is somewhat obscured at the first 
energy by uncertainties in the driving amplitude. The situation at the 
lower energy is in principle under batter control. No definitive analy
sis has yet been produced. It seems however that the interaction con
tains much more transverse component than first believed. Nevertheless 
the large opalescence advocated from the (e,e>) data seems excluded. 
Preliminary calculations indicate that the data at both energies can 
be accounted for with a rather moderate pion field enhancement (a fac-



tor 2) corresponding to g' =0.55 . This value can also produce a-

greement with the Ml form factor. One will remark that it is sensibly lower than that 

extracted from the energy levels. Other yet unexplored reactions can 

show an interesting sensitivity. Lepton processes leading to 0 states 

would be a very selective probe of the <fr£J> mode with an unfortunately 

very small cross section ; leptonic excitation of J ^ 0 states would be 

predominantly transverse. The photopion reactions ( s» , it ) and ( Tt,y ) 
16 ) 

have been shown to present promising features at angles around TC/2 

They have however the drawback of strongly interacting probes and one 

has not yet enough experience to insure that the pion-nucleus dynamics 

is under control. Such experiments are nevertheless currently planned 

or performed in the appropriate energy and momentum range ' 

5. Conclusion : 

The present information on the pion mode in nuclei is rather 

adverse to strong critical opalescence phenomena. Energy levels are 

interprétable in terms of a rather weak particle-hole force where the 

pion attraction is counterbalanced by short range repulsion. Form fac

tor measurements permit more direct exploration of the longitudinal 

spin-isospin correlations. The scarce data seem consistent with modera

te pion field opàlescenceT]It is clear that complementary information 

is necessary for a more precise statement. Though theoretical investi

gations are not yet completed, it seems that there exist no perfectly 

selective experiment for the pion channel with the exception of the 

hardly feasible excitation of 0~ crates. One need therefore a variety 

of measurements making use of the whole arsenal of spin sensitive pro

bes. The investigations should be pursued in several nuclei especially 

those with closed shell structure which are the natural field of appli

cation of RPA theory. Special attention is to be devoted to the search 

and the study of the "pion favoured" states already pointed out by 

Meyer-ter-Vehn. Comparison of ^'©".«'^ and <6X C| y form factors 

in the critical momentum region would be especially instructive. Such 

an effort is deserved if we want to understand the rather elusive pion 

mode in nuclei and its eventual extension to pion condensation. 
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