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Determination of the Equation
of State of Dense Matter

Pawet Danielewicz,’? Roy Lacey,? William G. Lynch™*

Nuclear collisions can compress nuclear matter to densities achieved within
neutron stars and within core-collapse supernovae. These dense states of
matter exist momentarily before expanding. We analyzed the flow of matter
to extract pressures in excess of 10%* pascals, the highest recorded under
laboratory-controlled conditions. Using these analyses, we rule out strongly
repulsive nuclear equations of state from relativistic mean field theory and
weakly repulsive equations of state with phase transitions at densities less than
three times that of stable nuclei, but not equations of state softened at higher
densities because of a transformation to quark matter.

The nucleon-nucleon interaction is generally
attractive at nucleon-nucleon separations of
N=1t2fm( X107 cmto2 X 1073
cm) but becomes repulsive at small separa-
tions (< 0.5 fm), making nuclear matter
difficult to compress. As a consequence, most
stable nuclei are at approximately the same
“saturation” density, p, =~ 2.7 X 10'* g/em?,
in their interiors, and higher densities do not
occur naturally on Earth. Matter at densities
of up to p = 9 p, may be present in the
interiors of neutron stars (/), and matter at
densities up to about p = 4 p, may be present
in the core collapse of type Il supernovae (2).
The relationship between pressure, density,
and temperature described by the equation of
state (EOS) of dense matter governs the com-
pression achieved in supernovae and neutron
stars, as well as their internal structure and
many other basic properties (/-5). Models
that extrapolate the EOS from the properties
of nuclei near their normal density and from
nucleon-nucleon scattering are commonly ex-
ploited to study such dense systems (/, 3—9).
Consequently, it is important to test these
extrapolations with laboratory measurements
of high-density matter.
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Nuclear collisions provide the only means
to compress nuclear matter to high density
within a laboratory environment. The pres-
sures that result from the high densities
achieved during such collisions strongly in-
fluence the motion of ejected matter and pro-
vide the sensitivity to the EOS that is needed
for its determination (/0-79). Full equilibri-
um is often not achieved in nuclear collisions.
Therefore, it is necessary to study experimen-
tal observables that are associated with the
motions of the ejected matter and to describe
them theoretically with a dynamical theory
(20-27).

To relate the experimental observables to
the EOS and the other microscopic sources of
pressure, we apply a model formulated within
relativistic Landau theory, which includes
both stable and excited (delta, N*) nucleons
(that is, baryons) as well as pions (20, 28). It
describes the motion of these particles by
predicting the time evolution of the ( Wigner)
one-body phase space distribution functions
f(r,p,t) for these particles, using a set of
Boltzmann equations of the form

9
a—{ + (Vo) X (V.f) = (Vg) X (Vpf) =1

(1)
In this expression, f(r,p,) can be viewed
semi-classically as the probability of finding
a particle, at time ¢, with momentum p at
position r. The single-particle energies € in
Eq. 1 are given in a local frame by

e = KE+U 2)
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where KE is the kinetic energy and U is the
average (mean field) potential, which de-
pends on the position and the momentum of
the particle and is computed self-consistently
using the distribution functions f(r,p,f) that
satisfy Eq. 1 (20, 28). The particle density is
p(r,f) = [ dp X f(r,p,t); the energy density e
can be similarly computed from € and f(r,p,?)
by carefully avoiding an overcounting of po-
tential energy contributions.

The collision integral 7 on the right-hand
side of Eq. 1 governs the modifications of
f(r,p,?) by elastic and inelastic two-body col-
lisions caused by short-range residual inter-
actions (20, 28). The motions of particles
reflect a complex interplay between such
collisions and the density and momentum
dependence of the mean fields. Experimental
measurements (/2—19, 29-31), theoretical in-
novations, and detailed analyses (/0, 20-29,
32-34) have all provided important insights
into the sensitivity of various observables to
two-body collisions (29, 32) and the density
and momentum dependence (28, 33, 34) of
the mean fields. The present work builds on
these earlier pioneering efforts.

Compression and expansion dynamics
in energetic nucleus-nucleus collisions.
Collision dynamics play an important role in
studies of the EOS. Several aspects of these
dynamics are illustrated in Fig. 1 for a colli-
sion between two Au nuclei at an incident
kinetic energy of 2 GeV per nucleon (394
GeV). The observables sensitive to the EOS
are chiefly related to the flow of particles
from the high-density region in directions
perpendicular (transverse) to the beam axis.
This flow is initially zero but grows with time
as the density grows and pressure gradients
develop in directions transverse to the beam
axis. The pressure can be calculated in the
equilibrium limit by taking the partial deriv-
ative of the energy density e with respect to
the baryon (primarily nucleon) density p

- d(elp)
P—sz(ep ap)

at constant entropy per nucleon s/p in the
colliding system. The pressure developed in
the simulated collisions (Fig. 1) is computed
microscopically from the pressure-stress ten-
sor TY, which is the nonequilibrium analog of
the pressure [see supporting online material

3)

s/p
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(SOM)]. Different theoretical formulations
concerning the energy density would lead to
different pressures (that is, to different EOSs
for nuclear matter) in the equilibrium limit, in
these simulations, and in the actual collisions.

At an elapsed time of 3 X 10723 s in the
reaction, the central density (in Fig. 1b") ex-
ceeds 3 p,. The corresponding back panel,
labeled (b), indicates a central pressure great-
er than 90 MeV/fm? (1 MeV/fm?® = 1.6 X
1032 Pa; that is, 1.6 X 10?7 atmospheres).
These densities and pressures are achieved by
inertial confinement; the incoming matter
from both projectile and target is mixed and
compressed in the high-density region where
the two nuclei overlap. Participant nucleons
from the projectile and target, which follow
small impact parameter trajectories (at x,y ~
0), contribute to this mixture by smashing
into the compressed region, compressing it
further. The calculated transverse pressure in
the central region reaches ~80% of its equi-
librium value after ~4 X 10723 s (Fig. 1c’)
and is equilibrated for the later times in Fig.
1. Equilibrium is lost at even later times, but
only after the flow dynamics are essentially
complete.

Spectator nucleons, which are those that
avoid the central region by following large
impact parameter trajectories (with large |x|
> 6 fm), initially block the escape of com-
pressed matter along trajectories in the reac-
tion plane and force the matter to flow out of
the compressed region in directions perpen-
dicular to the reaction plane (Fig. 1, b to d).
Later, after these spectator nucleons pass,
nucleons from the compressed central region
preferentially escape along in-plane trajecto-
ries parallel to the reaction plane that are no
longer blocked. This enhancement of in-
plane emission is beginning to occur to a
limited extent in Fig. le at this incident en-
ergy of 2 GeV per nucleon. This later in-
plane emission becomes the dominant direc-
tion at higher incident energies of 5 GeV per
nucleon, where the passage time is consider-
ably less. Thus, emission first develops out of
plane (along the y axis in Fig. 1) and then
spreads into all directions in the x-y plane.

The achievement of high densities and
pressures, coupled with their impact on the
motions of ejected particles, provide the sen-
sitivity of collision measurements to the
EOS. The directions in which matter expands
and flows away from the compressed region
depend primarily on the time scale for the
blockage of emission in the reaction plane by
the spectator matter and the time scale for the
expansion of the compressed matter near x ~
y = z =~ 0. The blockage time scale can be
approximated by 2R/(y,V.,) where R/y_ is
the Lorentz contracted nuclear radius, and
V. and y_ are the incident nucleon velocity
and the Lorentz factor, respectively, in the
center-of-mass reference frame. The block-
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age time scale therefore decreases monoton-
ically with the incident velocity. The expan-
sion time scale can be approximated by R/c,

where ¢, = ¢’V dP/de is the sound velocity in
the compressed matter and ¢ is the velocity of
light. The expansion time scale therefore de-
pends (via c ) on the energy density e and on
the nuclear mean field potential U according
to Egs. 2 and 3 and the associated discussion.
This provides sensitivity to the density de-
pendence of the mean field potential, which is
important because uncertainties in the density
dependence of the mean field make a domi-
nant contribution to the uncertainty in the
EOS. More repulsive mean fields lead to
higher pressures and to a more rapid expan-
sion when the spectator matter is still present.
This causes preferential emission perpendic-
ular to the reaction plane where particles can
escape unimpeded. Less repulsive mean
fields lead to slower expansion and preferen-
tial emission in the reaction plane after the
spectators have passed.

Analyses of EOS-dependent observ-
ables. The comparison of in-plane to out-of-
plane emission rates provides an EOS-depen-
dent experimental observable commonly
referred to as elliptic flow. The sideways
deflection of spectator nucleons within the
reaction plane, due to the pressure of the
compressed region, provides another observ-
able. This sideways deflection or transverse
flow of the spectator fragments occurs pri-
marily while the spectator fragments are ad-
jacent to the compressed region, as shown in
Fig. 1b’ to 1d’. The velocity arrows in Fig.
1d’ and le’ suggest that the changes in the
nucleon momenta that result from a sideways

Fig. 1. Overview of
the dynamics for a
Au + Au collision.

10 —10.0

deflection are not large. However, these
changes can be extracted precisely from the
analysis of emitted particles (37). In general,
larger deflections are expected for more re-
pulsive mean fields, which generate larger
pressures; and conversely, smaller deflec-
tions are expected for less repulsive ones.
In terms of the coordinate system in Fig.
1, matter to the right (positive x) of the
compressed zone, originating primarily from
the projectile, is deflected along the positive x
direction; and the matter to the left, from the
target, is deflected to the negative x direction.
Experimentally, one distinguishes spectator
matter from the projectile and the target by
measuring its rapidity y, a quantity that in the
nonrelativistic limit reduces to the velocity
component v, along the beam axis (35). For
increasing values of the rapidity, the mean
value of the x component of the transverse
momentum increases monotonically (12, 14—
16, 31). Denoting this mean transverse mo-
mentum as <p > and corresponding trans-
verse momentum per nucleon in the detected
particle as <p /4>, we find that larger values
for the pressure in the compressed zone, due
to more repulsive EOSs, lead to larger values
for the directed transverse flow F defined
(12) by
d(p./4)
d(y/ycm) VY =1
where y_ is the rapidity of particles at rest in
the center of mass and A is the number of
nucleons in the detected particle. (F can be
viewed qualitatively as the tangent of the

mean angle of deflection in the reaction
plane. Larger values for F correspond to larg-

(4)

X (fm)
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density p ~ 0.1 p,. The magenta arrows indicate the initial velocities of the projectile and target
(left panel) and the velocities of projectile and target remnants following trajectories that avoid the
collision (other panels). The bottom panels show contours of constant density in the reaction plane
(the x-z plane). The outer edge corresponds to a density of 0.1 p,, and the color changes indicate
steps in density of 0.5 p,,. The back panels show contours of constant transverse pressure in the x-y
plane. The outer edge indicates the edge of the matter distribution, where the pressure is
essentially zero, and the color changes indicate steps in pressure of 15 MeV/fm3 (1 MeV/fm?® =
1.6 X 102 Pa; that is, ~1.6 X 102" atmospheres). The black arrows in both the bottom and the
back panels indicate the average velocities of nucleons at selected points in the x-z plane and x-y

planes, respectively.
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er deflections.) The open and solid points in
Fig. 2 show measured values for the directed
transverse flow in collisions of '°7Au projec-
tile and target nuclei at incident kinetic ener-
gies E, ., /A, ranging from about 0.15 to 10
GeV per nucleon (29.6 to 1970 GeV total
beam kinetic energies) and at impact param-
eters of b = 5t0 7 fm (5 X 10713 to 7 X
1073 ¢cm) (13-16). The scale at the top of
this figure provides theoretical estimates for
the maximum densities achieved at selected
incident energies. The maximum density in-
creases with incident energy; the flow data
are most strongly influenced by pressures
corresponding to densities that are somewhat
less than these maximum values.

The data in Fig. 2 display a broad maxi-
mum centered at an incident energy of about
2 GeV per nucleon. The short dashed curve
labeled “cascade” shows results for the trans-
verse flow predicted by Eq. 1, in which the
mean field is neglected. The disagreement of
this curve with the data shows that a repulsive
mean field at high density is needed to repro-
duce these experimental results. The other
curves correspond to predictions using Eq. 1
and mean field potentials of the form

U = (ap + bp")/[1+(0.4p/pe)™'] + BT,
&)

Here, the constants a, b, and v are chosen to
reproduce the binding energy and the satura-
tion density of normal nuclear matter while
providing different dependencies on density
at much higher density values, and BUp de-
scribes the momentum dependence of the
mean field potential (28, 33, 34) (see SOM
text). These curves are labeled by the curva-

Pmax/Po: ~2 =8 =0 =4
04 -  DATA more pressure 9
O Plastic Ball
o EOS

® E£895
* E877

03 [~

F (GeVic)
o
|

5.0 ‘10.0
IA (GeV)

0.1 05 1.0
E

beam

Fig. 2. Transverse flow results. The solid and
open points show experimental values for the
transverse flow as a function of the incident
energy per nucleon. The labels "Plastic Ball,”
“EQS,” "E877,” and “E895” denote data taken
from Gustafsson et al. (13), Partlan et al. (74),
Barrette et al. (15), and Liu et al. (76), respec-
tively. The various lines are the transport the-
ory predictions for the transverse flow dis-
cussed in the text. p . is the typical maximum
density achieved in simulations at the respec-
tive energy.
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ture K =9 dpl/dpl,, of each EOS about the
saturation density p,. Calculations with larger
values of K, for the mean fields above, gen-
erate larger transverse flows, because those
mean fields generate higher pressures at high
density. The precise values for the pressure at
high density depend on the exact form chosen
for U. To illustrate the dependence of pres-
sure on K for these EOSs, we show the
pressure for zero temperature symmetric
matter predicted by the EOSs with K = 210
and 300 MeV in Fig. 3. The EOS with K =
300 MeV generates about 60% more pres-
sure than the one with K = 210 MeV at
densities of 2 to 5 p, (Fig. 3).

Complementary information can be ob-
tained from the elliptic flow or azimuthal
anisotropy (in-plane versus out-of-plane
emission) for protons (24, 25, 36). This is
quantified by measuring the average value
<cos2¢>, where ¢ is the azimuthal angle of
the proton momentum relative to the x axis
defined in Fig. 1. (Here, tang = p /p, , where
p, and p, are the in-plane and out-of-plane
components of the momentum perpendicular
to the beam.) Experimental determinations of
<cos2¢> include particles that, in the cen-
ter-of-mass frame, have small values for the
rapidity y and move mainly in directions
perpendicular to the beam axis. Negative val-
ues for <cos2¢> indicate that more protons
are emitted out of plane (¢ ~ 90°%r ¢ ~
270°) than in plane (¢ =~ 0°r ¢ =~ 180°), and
positive values for <cos2¢> indicate the
reverse situation.

Experimental values for <cos2¢> for in-
cident kinetic energies E, ., /4 ranging from
0.4 to 10 GeV per nucleon (78.8 to 1970 GeV
total beam kinetic energies) and impact pa-
rameters of 5 = 5to 7fm (5x 1073 to 7 X
10713 cm) (17-19) are shown in Fig. 4. Neg-
ative values for <cos2¢>, reflecting a pref-
erential out-of-plane emission, are observed
at energies below 4 GeV/A, indicating that
the compressed region expands while the

T T T T T T

symmetric matter -

----- Fermi gas +
— — Boguta

-— Akmal
—K=210 MeV
——K=300 MeV
I:le{perin)em

35 4 45 5

1 156 2 25 3

plp,
Fig. 3. Zero-temperature EOS for symmetric
nuclear matter. The shaded region corresponds
to the region of pressures consistent with the
experimental flow data. The various curves and
lines show predictions for different symmetric
matter EOSs discussed in the text.

spectator matter is present and blocks the
in-plane emission. Positive values for
<cos2¢>, reflecting a preferential in-plane
emission, are observed at higher incident en-
ergies, indicating that the expansion occurs
after the spectator matter has passed the com-
pressed zone. The curves in Fig. 4 indicate
predictions for several different EOSs. Cal-
culations without a mean field, labeled “cas-
cade,” provide the most positive values for
<cos2¢>. More repulsive, higher-pressure
EOSs with larger values of K provide more
negative values for <cos2¢>> at incident en-
ergies below 5 GeV per nucleon, reflecting a
faster expansion and more blocking by the
spectator matter while it is present.
Transverse and elliptic flows are also in-
fluenced by the momentum dependencies
dU,, of the nuclear mean fields and the scat-
tering by the residual interaction within the
collision term [ indicated in Eq. 1. Experi-
mental observables such as the values for
<cos2¢> measured for peripheral collisions,
where matter is compressed only weakly and
is far from equilibrated (28), now provide
significant constraints on the momentum de-
pendence of the mean fields (27, 28). This is
discussed further in the SOM (see SOM text).
The available data (30) constrain the mean-
field momentum dependence up to a density
of about 2 p,. For the calculated results
shown in Figs. 2 to 4, we use the momentum
dependence characterized by an effective
mass m* = 0.7 my, where my is the free
nucleon mass, and we extrapolate this depen-
dence to still higher densities. We also make
density-dependent in-medium modifications
to the free nucleon cross-sections following
Danielewicz (28, 32) and constrain these

Pmax/Po: ~2 =3 =5 &7
aas ™™ — ‘. Al —
0.00 - ol
A
& DATA
§ -0.05 — © Plastic Ball -
\ -
EOS
I 210 “
L ® E895
I N
010 N * ES77
r K=380 MeV
FAAII PRSI T | Ml e |
0.1 05 1.0 50 10.0

Ebeam A (GeV)

Fig. 4. Elliptical flow results. The solid and open
points show experimental values for the ellip-
tical flow as a function of the incident energy
per nucleon. The labels "Plastic Ball,” “EOS,”
“E895,” and "E877" denote the data of Gutbrod
et al. (77), Pinkenburg et al. (78), Pinkenburg et
al. (78), and Braun-Munzinger and Stachel (79),
respectively. The various lines are the transport
theory predictions for the elliptical flow dis-
cussed in the text.
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modifications using observables sensitive to
stopping in collisions, such as the longitudi-
nal momentum distributions (p, distributions)
of reaction products.

Sensitivity to the pressure and to the
symmetric matter EOS. The elliptic and
transverse flow observables are sensitive to
the mean field and to the EOS at central
densities of 2 to 5 p, (Figs. 2 and 4). We
compared the two observables to the calcula-
tions and did not find a unique formulation of
the EOS that reproduces all of the data. At
incident energies of 2 to 6 GeV/A4, for exam-
ple, the transverse flow data lie near or some-
what below (to the low-pressure side of) the
K = 210 MeV calculations, whereas the el-
liptic flow data lie closer to the K = 300 MeV
calculations. Some discrepancies are also ob-
served between the two sets of experimental
transverse data at incident energies of 0.25 to
0.8 GeV/A. Although it is not possible to
fully resolve the inconsistencies between the-
ory and experiment at the present time, one
can still use these data to provide constraints
on the EOS. For example, calculations with-
out a mean field (cascade) or with a weakly
repulsive mean field (K = 167 MeV) provide
too little pressure to reproduce either flow
observable at higher incident energies (and
correspondingly higher densities). The calcu-
lations with K = 167 MeV and K = 380 MeV
provide lower and upper bounds on the pres-
sure in the density range 2 < p/p, = 5. These
comparisons also suggest that the upper
bound must lie lower than the pressures cor-
responding to the X = 380 MeV curve at
most densities and that a field that is less
repulsive than K = 380 MeV at densities p >
3 p, could provide a stricter upper bound on
the pressure.

Our transport theory calculations provide a
calibration for the transverse and elliptic flow

T T T T T T
neutron matter
100 | o
&
£
S | AT
2 | 8
o 10 —aviduvll
= GWM:neutrons
----- Fermi Gas
NExp.+Asy_soft
[CJExp.+Asy._stiff
1 ! 1 !

1 L . .
1 16 2 25 3 45 5

plp,

5 4

Fig. 5. Zero-temperature EOS for neutron mat-
ter. The upper and lower shaded regions corre-
spond to the pressure regions for neutron mat-
ter consistent with the experimental flow data
after inclusion of the pressures from asymme-
try terms with strong and weak density depen-
dences, respectively. The various curves and
lines show predictions for different neutron
matter EOSs discussed in the text.
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“barometers.” These can be used, in turn, to
assess the pressures achieved in the hot and
nonequilibrium environment of a nuclear colli-
sion. From our transport theory, we determined
that maximum pressures in the range of P = 80
to 130 MeV/fm? (1.3 X 10** to 2.1 X 1034 Pa)
and P = 210 to 350 MeV/fin® (3.4 X 10** to
5.6 X 1034 Pa) are achieved at incident energies
of 2 and 6 GeV per nucleon. These pressures
are approximately 23 orders of magnitude larg-
er than the maximum pressures recorded previ-
ously under laboratory-controlled conditions
(37). They are about 19 orders of magnitude
larger than pressures within the core of the sun
but are comparable to pressures within neutron
stars.

Determination of constraints and
comparison to theoretical EOSs. Compar-
ing the calculations and data of Figs. 2 and 4
and factoring in the uncertainties due to the
momentum dependencies of the mean fields
and the collision integral, we have assessed
the range of pressure-density relationships.
These are shown for zero-temperature matter
and densities of 2 < p/p, < 4.6 by the shaded
region in Fig. 3. These bounds on the EOS for
symmetric nuclear matter are the main
achievement of this work.

To illustrate the value of these constraints,
a few representative theoretical EOSs are
shown in Fig. 3. The EOS of Akmal et al. (3),
which passes through the allowed region,
represents a class of models that take the
two-nucleon interactions from fits to nucle-
on-nucleon scattering data. The EOS of
Lalazissis et al. (RMF:NL3) (6) represents a
class of relativistic mean field theory models
that derive the nucleon-nucleon interaction
from the exchange of effective w and o me-
sons. Although most such models provide too
much pressure, we note that a recent inclu-
sion by Typel and Wolter (7) of nonlinear
terms in the Lagrangian can reduce the pres-
sure in such models so as to be consistent
with the present experimental constraints.
The EOS of Boguta (38) illustrates the soft-
ening of the EOS that might occur if there
were another phase more stable than nuclear
matter for densities of about 3 p,. This EOS
and the calculation without a mean field pro-
duce too little pressure. On the other hand, an
EOS that first increases in pressure, consis-
tent with our constraints, such as the Akmal
EOS, and then remains constant with density
above p/p, = 3, consistent with the existence
of a different, more stable, phase at higher
densities p/p, > 4, such as transition to a
phase composed of quarks and gluons (the
quark-gluon plasma), cannot be precluded by
the present analysis.

QOur constraints on the EOS of symmetric
matter are relevant to the dynamics of superno-
vae and to the properties of neutron stars, where
such densities are achieved (/). Supernovae in-
volve admixtures of neutrons and protons that

are similar to the Au + Au system; the appli-
cation of these constraints to supernovae is more
straightforward than is the application of these
constraints to extremely neutron-rich environ-
ments such as neutron matter or neutron stars. In
such neutron-rich environments, one must con-
sider how the EOS depends on the difference
between the neutron and proton concentrations.
This concentration difference vanishes for sym-
metric matter, but in pure neutron matter gives
rise to an additional source of pressure P =
P2 d(E (p))/dpl,,,, which depends on the sym-
metry energy E_(p). The symmetry energy
determines how the energies of nuclei and nu-
clear matter depend on the difference between
neutron and proton densities. This energy is
repulsive and is the reason why light nuclei have
nearly equal numbers of protons and neutrons.
Few experimental constraints on the density de-
pendence of £ (p) exist. Therefore, we em-
ploy, in the following, the two parameterizations
for E_ . (p) with the weakest (Asy,) and stron-
gest (Asy,.,) density dependence proposed by
Prakash ef al. (4) to assess the sensitivity of
neutron star properties to the asymmetry term.
This assessment is summarized in Fig. 5.

Assuming either an asymmetry term
(Asys) With strong density dependence or
an asymmetry term (Asy. ) with weak
density dependence (see SOM text), the
allowed regions from Fig. 3 can be extrap-
olated (Fig. 5). Clearly, the uncertainty in
the pressure due to the asymmetry term,
represented by the difference between the
pressures for these two “allowed” regions
in Fig. 5, exceeds the remaining uncertainty
in the pressure due to the symmetric matter
EOS, represented by the width of each
region. The pressure in the actual neutron
star environment is somewhat smaller than
that for neutron matter (Fig. 5), reflecting
the small fraction of nucleons that are pro-
tons. The precise values of this proton frac-
tion and many other static and dynamical
properties of these dense astrophysical ob-
jects depend on the density dependence of
the asymmetry term (4).

In comparison to these “allowed” pressures,
the pressure due to the Fermi motion of a pure
neutron gas (Fermi gas) is comparatively small;
the remaining pressure must arrise from the
repulsive mean field potential. The EOS of Ak-
mal et al. (3) and the av14uvll EOS of Wiringa
(8) are both models that take the two-nucleon
interactions from fits to nucleon-nucleon scat-
tering data. The EOS [MS({ = 0, = 0)] of
Miiller and Serot et al. (9) represents a class of
relativistic mean field theory models that derive
the nucleon-nucleon interaction from the ex-
change of effective w and o mesons. Its predic-
tion is essentially the same as the neutron matter
predictions for the model of Lalazissis et al. (6)
(RMF:NL3 in Fig. 3). Although these models
appear to provide too much pressure, other rel-
ativistic mean field theory models of Miiller and
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Serot et al. (9) and the calculations of Glenden-
ning et al. (5), (GWM:neutrons) predict lower
pressures. The uncertainty in the pressure due to
the asymmetry term widens the range of possi-
ble EOSs that may be consistent with the exper-
imental data. For this purpose, it is important to
obtain experimental constraints on the asymme-
try term (39—41) (see SOM text) and to comple-
ment them with improved constraints on the
EOS of symmetric nuclear matter.

We have analyzed the flow of matter in
nuclear collisions to determine the pressures
attained at densities ranging from two to five
times the saturation density of nuclear matter.
We obtained constraints on the EOS of sym-
metric nuclear matter that rule out very repul-
sive EOSs from relativistic mean field theory
and very soft EOSs with a strong phase transi-
tion at densities p < 3 p,, but not a softening of
the EOS due to a transformation to quark matter
at higher densities. Investigations of the asym-
metry term of the EOS are important to com-
plement our constraints on the symmetric nu-
clear matter EOS. Both measurements relevant
to the asymmetry term and improved con-
straints on the EOS for symmetric matter ap-
pear feasible; they can provide the experimental
basis for constraining the properties of dense
neutron-rich matter and dense astrophysical ob-
jects such as neutron stars.
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Electron Acceleration by a
Wake Field Forced by an

Intense Ultrashort Laser Pulse
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Plasmas are an attractive medium for the next generation of particle acceler-
ators because they can support electric fields greater than several hundred
gigavolts per meter. These accelerating fields are generated by relativistic
plasma waves—space-charge oscillations—that can be excited when a high-
intensity laser propagates through a plasma. Large currents of background
electrons can then be trapped and subsequently accelerated by these relativistic
waves. In the forced laser wake field regime, where the laser pulse length is of
the order of the plasma wavelength, we show that a gain in maximum electron
energy of up to 200 megaelectronvolts can be achieved, along with an im-
provement in the quality of the ultrashort electron beam.

The exploration of the fundamental nature of
matter is the central quest of high-energy phys-
ics. In particular, collisions of particles at ener-
gies above 10'! eV are required to test some of
the proposed grand unification theories, which
may be able to describe all of the forces of
nature. Consequently, efficient particle acceler-
ators are essential for continuing progress in this
field. At the present time, radio frequency cav-
ities are used as accelerators. However, the tech-
nological limit of such devices is beginning to
be approached, because the accelerating electric
fields must be less than 55 MV/m to avoid
material breakdown. To reach higher energies
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with reasonably sized facilities, a new and
more efficient method of particle acceleration
is required.

Mechanisms of laser-plasma accelera-
tion. One possible alternative has been dem-
onstrated in a number of proof-of-principle
experiments over the past few years. In these
experiments, high-amplitude relativistic plas-
ma waves (RPWs) excited during laser-plas-
ma interactions (/—4) have been used to ac-
celerate electrons beyond 100 MeV. In the
self-modulated laser wake field (SMLWF)
regime, the laser pulse length ¢t (where ¢ is
the speed of light and 7 is the pulse duration)
must be longer (5, 6) than the plasma wave-
length A . Because even for small-amplitude
plasma waves the index of refraction is no
longer constant but oscillates periodically,
the laser pulse envelope becomes modulated
at A. This modulated beam in turn resonantly
drives the amplification of the plasma wave.
As a signature of this interaction, the trans-
mitted laser spectrum exhibits forward Ra-
man scattered satellites at frequencies of
(wy * n* w,), where o, and o, are the laser
and the plasma frequencies, respectively, and
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