VoLUME 42, NUMBER 14

PHYSICAL REVIEW LETTERS

2 APrIL 1979

Evidence for a Blast Wave from Compressed Nuclear Matter
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Central collisions of heavy nuclei at c¢.m. kinetic energies of a few hundred MeV per
nucleon produce fireballs of hot, dense nuclear matter. Each fireball explodes, producing
a blast wave of nucleons and pions. Several features of the observed cross sections for
pions and protons from Ne on Na F at 0.8 GeV/nucleon (lab) are explained by the blast
wave, but contradict earlier, purely thermal models. The available energy is equally
divided between translational energy of the blast, and thermal motion of the paritlces in

the exploding matter.

One of the principal motivations for accelerat-
ing heavy-ion beams to relativistic energies is
the hope of producing and studying matter at bary-
on densities greater than are found in atomic nu-
clei. However, information about the properties
of the dense matter thus created is obscured by
three major dynamical consequences of the high
energies needed to get high densities: First, the
high-density region (the nuclear fireball) may not
include all the nucleons from the target and pro-
jectile.! Second, the high-density matter must
be in a state of high excitation, and so we must
use the data to infer not only the density but also
the distribution of the excitation energy among
the matter’s internal degrees of freedom.? Third,
the compressed matter remains hot and dense
only for a very short time, <10"2% g, and our ob-
servations are limited to the products emitted as
it disassembles. We present arguments that the
observed pions and protons do not exhibit the sim-
ple, purely thermal distributions assumed by the
earlier “fireball” and “firestreak” models.'* 3
Rather, we show how several features of the ob-
served cross sections may be understood as typi-
cal of the blast (pressure wave) produced by the
explosion. We use these features to estimate the
speed of the blast wave, and find (for Ne on NaF
at 800 MeV per nucleon laboratory kinetic energy)
that about half the available energy appears as
translational kinetic energy of the blast, while a
similar amount ends up as thermal agitation of
the particles in the exploding matter. Finally,
we suggest how information on this partitioning
of energy into organized and thermal motion may
help to determine properties of the dense matter.

It is a matter of ordinary experience that the
sudden creation of hot dense matter leads to an
explosion (bombs, blasting caps, supernovae).
The blast wave of the explosion is a result of fre-
quent collisions of the rapidly moving particles
in the hot matter: Particles just inside the sur-

face of the high-density region will be able to
move outward freely, while those with inward mo-
tion will be deflected by collisions with the hot,
dense matter inside. Thus particles on the sur-
face will soon be moving outward, on the average:
The anisotropy in their environment gives rise to
an anisotropy in their velocity distribution, and
the kinetic energy of their motion becomes less
random. In this way the particles acquire a net
flow velocity B, the blast wave, the energy for
which comes primarily from the kinetic energy of
their random relative motion. As they move out-
ward, they fill more space; so the density de-
creases in the surface, and the next layer of par-
ticles inside the surface now experiences an an-
isotropic environment and also begins to move
outward.

A convenient quantitative description of this
phenomenon, in the limit of very frequent colli-
sions, is provided by hydrodynamics®: One says
that the matter locally acquires an outward-di-
rected macroscopic flow velocity 8 by converting
internal thermal energy into work through a pres-
sure gradient VP, The force —VP is conservative
(i.e., reversible), so that entropy is conserved
during the expansion. The additional phase space
exploited by the expansion of matter into a larger
region of position space is compensated by the
concentration of the velocity distribution into a
narrower region of momentum space, as the cool-
ing of the matter provides the energy for the
macroscopic flow. Entropy is produced only by
diffusion of particles between neighboring regions
of different mean velocity (viscous forces) or dif-
ferent internal energy (thermal conduction), both
expected to be small. (The rate of entropy pro-
duction by thermal conduction is proportional to
the square of the thermal gradients, while viscous
forces may be large only if large shear velocities
are present due to incomplete thermalization of
the original kinetic energy of relative motion.)
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Additional energy for the blast may be provided
by the elastic forces between the nucleons, whose
compressional energy is released as the density
falls, and by the reabsorption of pions and deex-
citation of nucleon resonances as the temperature
falls.

This conversion of thermal and compressional
energy E* into organized blast-wave flow contin-
ues as long as collisions are sufficiently frequent.
Eventually the density becomes so small that the
particles no longer collide and instead retain their
momenta until they reach the detectors. Thus the
final distribution of momenta will be characterized
by a mean expansion velocity B, and by a fluctua-
tion about the mean B due to the remaining intrin-
sic excitation E*, The characteristic features of
the explosion are (a) the peaking of the observed
velocity distribution about the mean radial veloci-
ty B, in contrast to the fully thermalized distribu-
tion which is largest for the slowest particles in
the fireball frame, and (b) the reduction of the in-
trinsic excitation due to the cooling accompanying
the expansion.

To look for these signs of the exploding fireball,
we have analyzed the reaction of 800 MeV per nu-
cleon Ne with a NaF target. We choose a sym-
metric target-projectile combination because then
the rest frame and intrinsic excitation of the fire-
ball are independent of the impact parameter (in
a clean-cut geometry’), and because the explosion
will occur in free space instead of inside the tar-
get nucleus. To maximize multiple-collision ef-
fects, we choose the heaviest beam for which com-
prehensive data are available for both pions and
protons (a heavier beam would be preferable). A
high energy is chosen to maximize pion cross sec-
tions (as well as the anticipated compression);
we hope that 800 MeV per nucleon is not so high
that transparency becomes a problem.? An added
advantage of the high excitation energy is that it
reduces the relative importance of Coulomb forc-
es, nuclear binding, and Fermi/Bose statistics.
To minimize background from projectile and tar-
get fragmentation, knock-on scattering and pion
production,* and shadowing by target and projec-
tile fragments, we concentrate our attention on
the spectra of pions and protons at 90° in the c.m.
system, shown in the Fig. 1.

Inspecting the logarithmic slopes of the distribu-
tions at large transverse kinetic energy, we see
immediately that both pions and protons are much
cooler than would be expected if the full initial
kinetic energy of 182 MeV per nucleon were re-
tained in thermal motion. Only part of this cool-

i

) 1.0 |

3 :
>~

> -
[
e

3 T

0.1 -

m ]

® ]
nb

LY ]

§ 0.0l =

S —

Gm) —

2 AN
o

© 0001, protons -

~ o T ]

- anwt 7]

0.000!1 1 ] | ] 1 |
0 0.2 0.4 0.6

c.m. kinetic energy, GeV

FIG. 1. Inclusive cross sections d’c/dp® at 90° in the
c.m. system for ?®Ne on NaF at 800 MeV per nucleon
laboratory kinetic energy. Open circles, protons;
closed circles, 7~ from Ref. 5; triangles, n* from Ref.
6. Solid lines: expanding fireball [text, Eq. (1)] fit to
data for c.m. kinetic energy > Ey,,/A=0.182 GeV,
with T =44 MeV, $=0.373, N(m*) =0.094N(proton). The
dashed curve is a Boltzmann distribution extrapolated
from the high-energy proton cross section. The dotted
curve is the expanding-fireball expression for 7* rough~
ly corrected for Coulomb effects by the factor [Fo(n,p)2
+Go(n.p)2]' 1) evaluated for s-wave n* with the full nu-
clear charge and radius of the combined §)Ca system.
F, and G, above are, respectively, the standard regu-
lar and irregular Coulomb functions, with 1 the Som-~
merfeld parameter and p (=«R) the dimensionless radi-
al coordinate.

ing is due to pion production: In the distribution
shown, there is about one pion for every ten pro-
tons; with a mean pion energy of about 240 MeV
(including rest mass), and assuming equal num-
bers of ™ and 7°, about 35 MeV per baryon has
gone into producing and accelerating pions, so
that the temperature would be about 90 MeV if all
the remaining energy were in thermal excitation.
We tentatively attribute the additional cooling to
the production of a blast wave.

The other characteristic feature of the explo-
sion, the peaking of the velocity distribution, is
less apparent in the measured inclusive spectra.
In the case of the 7* spectra, the peak in d%o/dp?
around 15 MeV pion kinetic energy appears sug-
gestive, but is probably produced by Coulomb ef-
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fects.” We believe it is only accidental that this
peak is near the blast velocity. A comparison of
7" and 7" cross sections at low energy in the c.m.
system would confirm the Coulomb nature of the
peak in the 7" spectrum: The 7~ spectrum at 90°
c.m. should not show such a peak, but should be
largest for the smallest c.m. kinetic energy.

The measured proton spectrum begins at c.m.
energies too large for Coulomb effects to be sig-
nificant. Also, for protons, the rms thermal ve-
locity will be smaller than it is for pions at the
same temperature; so the peaking of the proton
distribution at the blast velocity should be more
pronounced. The measured inclusive spectrum
does exhibit a slight shoulder, but this may be
obscured by the presence of knock-on protons at
moderate momentum transfer [E.,, (proton) |

d*n _ N YE T\sinha T
=i (F) [ (5702
where y =(1 =822, a =yBpT, Z(T') is the normal-
ization of a relativistic Boltzmann distribution of
temperature T', and N, gives relative normaliza-
tion of pions and protons.

We assume that pions are in kinetic equilibrium
with the nucleons, attaining a common tempera-
ture T and flow velocity Bc, but pions are not as-
sumed necessarily in chemical equilibrium. The
figure shows a fit of Eq. (1) to the high-energy
parts of the proton and pion spectra with (c.m.
kinetic energy greater than beam energy per par-
ticle). The fitted parameters were the normaliza-
tions of the pion and proton spectra, blast veloci-
ty B¢, and the common temperature. The parame-
ters are constrained by total energy conservation,
requiring the mean proton kinetic energy (ther-
mal plus ordered flow) plus the energy in pion
mass to be equal to the beam energy per nucleon
in the center-of-mass system. Unobserved par-
ticles (n,m",7°) are included by assuming com-
plete isobaric symmetry, i.e., ny4+ =n o=n,- and
n,=n,. For large p, this distribution resembles
a Boltzmann distribution with the apparent tem-~
perature T ,p=(-d Ino/dE) ' =Ty '(1 -BE/p)™*.
Thus the pions (p ~E) should appear cooler than
the protons (p<E), as is indeed seen.

Monte Carlo studies suggest that the Ne + NaF
system is too small for multiple collisions to be
very important'®; thus, this evidence for a blast
feature may be an indication that pion exchange
is enhanced, and the effective nucleon mean free
path shortened in dense nuclear matter, as sug-
gested by Gyulassi and Greiner.!* The signs of
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<E..m(beam)/A]. Indeed, the low-transverse-
momentum cross section is suppressed relative
to high transverse momenta if high charge multi-
plicity is used to select central collisions.? Thus
we expect a surplus of low~transverse-momen-
tum protons from knockout reactions to be added
to those from the fireball.

To gain a more quantitative understanding of
these spectra, we can try to fit them with a sim-
ple model. Consider a spherically symmetric
fireball expanding to a radial velocity 8 and a
temperature T. Bondorf, Garpman, and Zimayni®
have derived their Eq. (8) to express nonrelativ-
istically the energy distribution. We have gener-
alized this relativistically to give the following
expression for the final momentum-space density
of particles of momentum p and energy E:

1)

| the blast wave should become more prominent if
central collisions are selected by a multiplicity
trigger. A preliminary analysis of proton spec-
tra selected in this way shows a much more pro-
nounced shoulder in the proton distribution at 90°
c.m, for Ar +KCl at 800 MeV per nucleon.?

We may remark that the shoulder in the proton
spectra is in qualitative disagreement with the
firestreak model,® in which the superposition of
thermal distributions of varying temperatures
leads to a distribution of transverse kinetic ener-
gies that would be concave upward in the figure.
The firestreak model accounts for the low trans-
verse temperature by retaining some of the initial
kinetic energy in longitudinal motion, while the
data show that at least some of this energy must
be in the transverse notion.

The departure from complete equipartition of
energy due to the ordered motion of the blast has
especially interesting implications for the spectra
of composite light nuclei (@, ¢, etc.). In the coa-
lescence model'? these composites are formed af-
ter the nucleon velocity distribution has reached
its asymptotic value, and the spectrum is that of
a proton raised to the power of the mass number
of the composite. If, on the other hand, the ve-
locity distribution of composite is kinetically
equilibrated after formation, then its distribution
will be given by our Eq. (1). These two contrast-
ing conditions lead to the same apparent tempera-
ture in the asymptotic region, but the spectra dif-
fer especially in the vicinity of the blast velocity.
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Thus, it is of great interest to have available re-
liable spectra of composite particles with which
to test further the blast picture.

Whether or not the blast-wave interpretation of
the neon data is ultimately upheld, there is real
hope that for heavier projectiles the hydrodynam-
ic picture may be realized for the hot compressed
matter. Then the observed temperature allows
one to infer the total entropy of the high-density
matter, provided we also know the density at
which collisions cease. The entropy of the initial-
ly compressed matter is sensitive to its equation
of state: The entropy will vary inversely with the
strength of repulsive forces between baryons, and
it will increase if baryon resonances and mesonic
degrees of freedom come into play. Thus we be-
lieve that the identification of the blast wave from
exploding fireballs is an important step toward
learning about the properties of dense hot baryon-
ic matter.

We are grateful for helpful and enlightening dis-
cussions with many colleagues, especially Shoji
Nagamiya, Hans Bethe, Jakob Bondorf, Steve Koo-
nin, Aram Mekjian, David Scott, and Kent Smith.

(30n leave from The Niels Bohr Institute, University
of Copenhagen, Copenhagen, Denmark.

1G. D. Westfall, J. Gosset, P. J. Johansen, A. M.
Poskanzer, W. G. Meyer, H. H. Gutbrod, A. Sandoval,
and R. Stock, Phys. Rev. Lett. 37, 1202 (1976).

2M. Sobel, P. J. Siemens, J. P. Bondorf, and H. A.
Bethe, Nucl. Phys. A251, 502 (1975).

3W. D. Myers, Nucl. Phys. A296, 177 (1978).

‘R. L. Hatch and S. E. Koonin, Caltech Report No.

MAP-2, 1978 (to be published); S. E. Koonin, Phys.
Rev. Lett. 39, 680 (1977).

5S. Nagamiya, I. Tanihata, S. Schnetzer, L. Ander-
son, W, Briickner, O. Chamberlain, G. Shapiro, and
H. Steiner, in J. Phys. Soc. Jpn. Suppl. 44, 378 (1978).

®K. Nakai, J. Chiba, I, Tanihata, S. Nagamiya,

H. Bowman, J. Ioannou, and J. O. Rasmussen, in Pro-
ceedings of the Intevnational Confevence on Nuclear
Structure, Tokyo, 1977 (Contributed Papers) (Interna-
tional Academic Printing Co., Tokyo, 1977), p. 769.

"The Coulomb penetration factor for a pion of 15 MeV
at the surface of the compound nucleus (Z =20, A=40,
7,=1.25 fm) is 0.80, 0.48, and 0.12 for L=0, 1, 2; for
twice the volume, the factors are 0.83, 0.59, and 0.23,
respectively. The rms angular momentum of the pions
in the model described in the text is about 1.0% and
1.25% for the smaller and larger volumes, respectively.,

5s. Nagamiya, in Proceedings of the Fouvth Summer
Study on High-Enevgy Nuclear Collisions, edited by
C. Webb (Lawrence Berkeley Laboratory, Stanford,
1978), p. 71.

%J. P. Bondorf, S. I. A. Garpman, and J. Zimanyi,
Nucl. Phys. A296, 320 (1978). The assumption of spher-
ical symmetry by them and by us could be questioned
if the fireball were confined by large pieces of specta-
tor matter; however, the form of our Eq. (1) would
not be altered so as to affect the qualitative conclusion
of a hydrodynamic explosion. Note that these authors
go on to express their final distributions [their Eq. (9)]
as an integral over the expanded fireball having ele-
ments with varying temperature and flow. In view of
the complexity of the freeze-out density question we
believe our use of the simpler single-temperature ex-
pression is justified.

YR, K, Smith, private communication.

1), Gyulassy and W. Greiner, Ann. Phys. (N.Y.) 109,
485 (19717).

2R, Bond, P. J. Johansen, S. E. Koonin, and S. Garp-
man, Phys. Lett, 71B, 43 (1977).
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A simple analytic calculation of magnetic and hyperfine constants of molecular iodine
in the B3I+, state is carried out. The calculation is based on simple physical ideas
which are well suited to represent precisely molecular states close to their dissociation
limit. Thus the method is quite general. The agreement between theory and experiment

for the I, B state is good.

During the last ten years, a large number of
sub-Doppler spectroscopic measurements have
allowed determination of accurate values of the
hyperfine®? and magnetic constants®* in the B
state of molecular iodine. Although some of
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these constants (spin rotation C;; rotational
Landé factor g;; and chemical shift g,) exhibit
large variations with energy levels, only rough
models’ ® have been given to explain these chang-
es.
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