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Production of Pions in a Coherent State in Heavy-Ion Collisions
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The coherence recently observed in heavy-ion collisions is attributed to the decay of a collective
state of 5+%baryons. A simple model for this phenomenon is formulated and several new exper-
imental implications are discussed.
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Recent observations by Zajc et al. ' appear to con-
firm that the pions produced in heavy-ion collisions at
1.8A GeV are partially coherent, notwithstanding the
uncertainties inherent in the measurement; this sug-
gests that the coherence is due to a collective nuclear
effect. 2 Indeed, even if meson production in
nucleon-nucleon collisions is totally coherent, it is to
be expected, as shown by Gyulassy, Kaufman, and
Wilson, 3 that unless nuclear collective effects are
present the interference of the many sources present
in a heavy-ion collision would eliminate the coherence.
In addition, according to the pion interferometric mea-
surements reported by Crowe, 4 the radiating fireball is
not spherical but elongated at right angles to the beam
direction, and we shall see that this has implications
for the directionality of the coherence. The purpose of
this paper is to propose a model for this collective-
coherent effect and to discuss some of its implications
which can be subjected to experimental tests.

Cascade calculations by Cugnon, Kinet, and Vander-
meulen5 indicate that at 1.8A GeV most of the pions
originate from b, resonances and so it is natural to look
for some collective effects in which 6 resonances play
a leading part. A model involving coherent decay of
b, 's based on an analogy with the laser has been pro-
posed by Wakamatsu. 6 This requires that the collision-

al transformation of longitudinal kinetic energy into b
resonances acts as the "laser pumping" mechanism
and continues to operate until the nuclear fireball
disintegrates. Aside from the fact, recognized also in
Ref. 6, that this assumption might be too strong, there
appears to be no experimental evidence for the degree
of monochromaticity expected with this mechanism. 6

On account of the short 6 lifetime, other collective
quantum optical mechanisms might also be difficult to
sustain, unless one assumes the existence of, e.g. , a 5
matter state. 7 This possibility, however, appears rather
speculative too, and will not be discussed in the
present paper.

Given the importance of the experimental observa-
tion of coherence it appears necessary to investigate
the problem from other points of view. In particular,
we consider the possibility that the collective behavior
of the system originates in the A-b, and N-b, interac-
tions. We shall discuss this further with the help of
the two-state operators used by Wakamatsu, in a
model inspired by the work of Lipkin, Meshkov, and
Glick. s This model contains the essential features of
nuclear matter at high densities which we are interest-
ed in, namely, the two states N and 5 and their in-
teractions, treated schematically.

In more detail, we write for the Hamiltonian of the
N fermion system
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where a~ creates a baryon in state p of the upper (6)
level when o.=+1 or of the lower (N) level when
rT= —1. The p=1, 2, . . . , N label the degenerate
states of each level; e/2 is the energy of the upper lev-
el and —e/2 the energy of the lower one, by appropri-
ate choice of energy zero. As follows from the defini-
tion of H, V is a measure of the strength of the cou-
pling in which a pair of baryons is scattered from the
same state to the other, and W of the coupling in
which one baryon is scattered from one state to the
other while another baryon makes the inverse transi-
tion. The quantities e, V, and W'are parameters of the
model. [It is perhaps of interest that the Lipkin-
Meshkov-Glick model predicts8 a phase transition for
( ~ V~ —W) ) e which, in our case, presumably corre-
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which satisfy the usual angular momentum commuta-
tion relations, and write H as

H =aJ, + —,
' V[J2+ + J2 ]+ —,

' W[J+J +J J+].

sponds to a baryonic state in which b, 's are a substan-
tial component. ]

%e now introduce the quasispin operators
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(JMIJ IJ,M+I)
= [(J—M)(J+M+ I)]'t2 —N/2, (4)

as in the original treatment of superradiance given by
Dicke. " The source of pionic radiation is now a
coherent state of N's and b, 's with sufficiently many
5's for the system to behave as a classical "macroscop-
ic dipole" source exactly as in the corresponding su-

It should be realized that the absence of the range of
forces, characterized by the treatment of V and W as
independent of space coordinates, is less important in
the case of highly compressed nuclear matter, which
we assume is produced in the heavy-ion collisions that
we are concerned with. The absence9 of saturation
which is a characteristic of the Hamiltonian of Eq. (1)
is therefore also not an important problem for us.

To simplify even further we take V= 0, IV & 0 to il-
lustrate the possibilities of the model. This corre-
sponds to an attractive N-5 exchange interaction as
found by Arenhovel. 'P Then J2 and J, are diagonal
with eigenvalues l(l+ 1) and M and the eigenener-
gies are given by

(2)

At sufficiently high compressions (J large enough to
satisfy WJ/e » 1, J—N/2) states exist with M « J
which are the lowest-lying states and which one may
therefore expect to be preferentially occupied. Such
states correspond to coherent admixtures of N's and
5's, in contrast to the state of normal nuclear matter
which has M= —J= —N/2. The transition to such
states in circumstances of high compression is analo-
gous to the shape transition in the original Lipkin-
Meshkov-Glick model except that in our case the
model is more closely related to a real physical situa-
tion.

We now introduce the usual meson-baryon interac-
tion term which in our variables may be written

H;„,=g@ J +H.c.,

where @ is the (m. ) meson field, and consider more
realistically the implications of the fact that the system
will actually be unstable and decay through pion emis-
sion. In particular, the system resembles a many-
particle resonance which decays via the interaction (3),
and which we may describe as a "giant 5 resonance. "
(This is not quite analogous to the "giant monopole"
also described by the Lipkin-Meshkov-Glick model
when applied to low-energy nuclear physics. This is
actually an excited state of the Lipkin-Meshkov-Glick
Hamiltonian. )

Now we are in a position to discuss the first impor-
tant experimental consequence of this model, namely,
the coherence of the emitted (pion) radiation. Indeed,
we observe that the decay matrix element is

perradiant optical system, ' and so we may expect the
pionic emission to be coherent.

A second important experimental consequence of
the above theoretical treatment is that the coherence
should depend on the emission angle of the case that
the emitting source is not spherically symmetric. This
may be seen in the following way. In the first place,
the decay of the corresponding states, if we ignore for
the moment the 8'term in the Hamiltonian, may be
expected to proceed exactly as in the corresponding
optical case for which the intensity is given" (at least
in lowest-order perturbation theory) by

I(k') = Ip(k') (N/4) (I + N(exp[i(k —k') x]) ],
(5)

where Ip is the spontaneous intensity, the average is
taken over the coordinates of the participating
baryons, and k is in a fixed direction in the radiating
system which defines the directionality of the radia-
tion. This directionality arises through the effect of
stimulated emission, which can be expected to be most
effective along the direction in which most 5 s are en-
countered. Actually (5) represents an idealization of
the experimental situation in that a single direction is
selected which would be appropriate to a needlelike
system, whereas we probably have to consider an ob-
late spheroid. 4 This means that the directionality will
be significantly less pronounced than that given by (5).

Another effect which washes out directionality (and
coherence) is the spontaneous decay of the b, 's which,
however, we expect to be inhibited by the collective
nature of the state.

Possible evidence for this enhancement of coher-
ence along the long axis of the fireball has been report-
ed in Ref. 4. The evidence is exhibited in Fig. 3 of
that reference in which the "degree of incoherence" A.

at 45' is smaller than that at 0, although the fact that
A. po & 1 suggests that the experimental result must be
treated with caution.

If the origin of coherence is indeed a 6+ N collec-
tive state, there should be no coherence below the 6
threshold. Interestingly enough, the measurements by
Beavis et al. '4 at 1.2A GeV show that the pion source
is completely incoherent.

The enhancement of coherence at right angles to the
beam direction should be seen both in the Bose-
Einstein correlations and in the multiplicity distribu-
tion of pions, which would be more of Poisson type
than the events as a whole.

Finally, since the coherence arises from a collective
effect we should expect it to be relatively greater for
larger %normal to the beam direction.
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