
PHYSICAL REVIEW C 71, 064907 (2005)

Kaon and pion emission in asymmetric C+Au and Au+C collisions at 1.0A GeV and 1.8A GeV
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The emission of K+ and π± mesons has been studied in the asymmetric collision system Au+C and in
the inverse reaction C+Au at 1.0A GeV (and at 1.8A GeV for C+Au only) in order to extract the effective
source rapidities based on their distribution in the pt -y plane. The extracted source rapidity of K+ mesons
is about ys/ybeam = 0.25 at both incident energies [y(Au) = 0, y(C) = ybeam]. This corresponds to a reaction
volume consisting of the C nucleus and a tube cut out of the Au nucleus. In clear contrast, the source rapidities
of π± mesons vary from ys/ybeam = 0.5 in peripheral collisions (corresponding to NN interactions) to about
ys/ybeam < 0.33 in central reactions. The multiplicities of K+ and π are compared to symmetric collision
systems and, together with detailed transport model calculations, are used to study the sensitivity to the nuclear
equation of state.
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I. INTRODUCTION

Pions and kaons emitted in heavy-ion collisions at beam
energies close to their threshold in NN collisions serve as
valuable probes of the dense nuclear matter produced in these
reactions [1,2]. Especially, K+ mesons have turned out to be
sensitive messengers of the high-density phase giving infor-
mation on the stiffness of the nuclear equation of state [3,4].

Usually, symmetric collision systems have been studied as
in this case, where the center of mass (c.m.) of the emitting
system is well defined as being half of the beam rapidity.
Consequently, spectra in the c.m. system, inverse slope
parameters, and cross sections can be determined [3,5–9].

By using asymmetric collision systems (here, a C beam on a
Au target and the inverse combination Au on C), the rapidity of
the emitting source is a priori not known. It might vary between
the rapidity corresponding to NN collisions (ysource/ybeam =
0.5) and the one representing the complete amalgamation of
the collision partners. On the other hand, the effective source
rapidity can be extracted from the measured distribution of
the emitted particles in space as done in this paper. A great
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advantage is the use of one system in “normal” kinematics and
the same one in “inverse” kinematics. In an earlier paper [10],
only C on Au collisions had been studied. Other aspects in
C+Au/Au+C collisions at the same incident energy have been
investigated in [11,12].

The obtained source rapidity might be different for pions
and kaons; it may vary with impact parameter and even
with the momentum of the emitted particle. These results,
which are only accessible using asymmetric collisions, offer
new information on the underlying production mechanisms
of the various particles. The source rapidity gives a measure
of the effective size of the reaction volume and hence
the number of nucleons involved in their production and
emission. The extracted source rapidities are compared to
estimates based on geometric concepts. Finally, yields, slope
parameters, and multiplicities are compared to results obtained
in symmetric systems. In view of extracting information on
the compressibility of the nuclear matter from the yield of
produced K+ [3,4], a comparison of C+Au and Ni+Ni
collisions having similar numbers of participating nucleons
turns out to be very interesting. It exhibits a different sensitivity
to the stiffness parameter of the nuclear equation of state (EOS)
as demonstrated along with model calculations.

II. EXPERIMENT

The data were measured with the kaon spectrometer
(KaoS) [13] at the SIS (Schwer-Ionen-Synchrotron) heavy-ion
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FIG. 1. Top view of the KaoS with its various components.

facility at the Gesellschaft für Schwerionenforschung (GSI) at
Darmstadt. The experimental setup shown in Fig. 1 consists
of a double-focusing quadrupole-dipole spectrometer, three
multiwire-proportional-chambers (MWPCs 1 to 3), time-of-
flight (TOF) start and stop walls, and one scintillator large-
angle hodoscope (LAH) around the target point. The compact
design of the spectrometer with particle flight paths of 5–6.5 m,
a solid angle of up to 35 msr, and a momentum acceptance
of pmax/pmin � 2 is matched to the requirements of kaon
identification. The spectrometer can be moved around the
target point from 13◦ to 130◦ with respect to the beam line. The
two TOF walls serve as trigger of the data acquisition. Together
with the target hodoscope they allow for two time-of-flight
measurements. In combination with the reconstruction of the
particle trajectories using the MWPCs (detection efficiency
>95%) a strong background reduction is achieved making
the detection of kaons possible at low incident energies.
The Cherenkov detector array was not used in the present
experiment. Figure 2 shows a mass distribution around the
K+ mass after analysis. To extract the number of kaons,
the remaining background is fitted with a polynomial and
subtracted afterward. The “kaon peak” is integrated separately
for various bins in plab with a width of 3σ , which takes into
account that the width of the mass spectra slightly increases
with momentum.
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FIG. 2. (Color online) Mass distribution showing the K+ peak
together with a Gaussian fit. The measurement refers to C → Au at
a beam energy of 1.8A GeV, a magnetic field setting of 0.6 T, and a
polar angle of �lab = 44◦.
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FIG. 3. Double differential cross sections of K+ mesons (a)
and π+ (b) for inclusive collisions in the system C+Au/Au+C at
1.0A GeV as well as from C+Au at 1.8A GeV beam energy. The
horizontal bars give the bin size. The thin lines in (a) show the
calculated spectra using the parameters from the fits discussed later.

III. EXPERIMENTAL RESULTS

The emitted K+ and π± mesons in the colliding system
C+Au at 1.0A and 1.8A GeV have been measured at laboratory
angles �lab = 44◦, 70◦ and �lab = 40◦, 60◦, respectively, and
at �lab = 44◦ in the inverse system Au+C at 1.0A GeV. A
1 mm Au target was used for the C+Au experiment, whereas
a 5 mm C target was installed in the Au+C experiment.
Figure 3 shows the measured double differential cross sections
of K+ and π+ for inclusive reactions as a function of
the laboratory momentum. The different slopes visible in
these figures demonstrate the difference between the emission
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FIG. 4. Distribution of the measured multiplicity in the target
hodoscope (LAH) at 1.0A GeV for C+Au reactions together with the
four chosen centrality classes.

system and the laboratory system, e.g., clearly visible for K+ at
1.0 A GeV at 44◦ for the two systems. The thin solid lines
represent the results of the fits discussed later. They show the
extrapolated range to low plab (used later for the integration)
which amounts to 30–60%.

The multiplicity of charged particles in the target hodoscope
(LAH) is proportional to the centrality of the collision. The
corresponding distribution measured in the LAH has been
divided into four centrality classes as shown in Fig. 4 for C+Au
collisions at 1.0A GeV. This is obtained for the minimum
bias condition recorded independently of the particle trigger
(TOF walls). Table I gives the chosen bins of the centrality
classes together with the corresponding fraction of σreac. The
integral area of the spectrum represents the measured reaction
cross section for C+Au reactions at 1.0A GeV determined to
σreac = (2.6 ± 0.3) b. Applying a geometrical model, one can

calculate the impact parameter b using 〈bj 〉 =
√

σ
j
reac/π with

σ
j
reac calculated from the sum of fraction of σreac beginning

from central collisions up to the bin j under consideration.
The results are shown in Table I.

IV. DATA ANALYSIS

The spectra are transformed into the Lorentz-invariant
pt -y frame. The data of both experiments, C+Au and Au+C,

TABLE I. Selection of centrality classes for incident energies
of 1.0 and 1.8A GeV: Multiplicity range, fraction of the total cross
section, and the corresponding impact parameters for each centrality
class.

1.0A GeV Bin 1 Bin 2 Bin 3 Bin 4

Multiplicity 1–3 4–6 7–11 12–84
% σ reac 33.6 26.4 32.7 7.3
〈bj 〉 (fm) 8.8 6.6 4.3 1.8

1.8A GeV Bin 1 Bin 2 Bin 3 Bin 4

Multiplicity 1–5 6–10 11–17 18–84
% σ reac 32.3 27.3 33.8 6.6
〈bj 〉 (fm) 8.7 6.9 4.9 1.8
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FIG. 5. (Color online) Phase-space coverage for K+ mesons at a
beam energy of 1.0A GeV. The marked areas refer to �lab = 44◦, 70◦

for the system C+Au and to �lab = 44◦ for the system Au+C
[y(Au) = 0, y(C) = ybeam].

are combined using the additive property of the rapidity by
the transformation yC+Au = ybeam − yAu+C, and Fig. 5 shows
measured phase-space coverage of K+ mesons at 1.0A GeV.

Two different procedures are applied to extract the source
rapidities. Method 1 uses a simple approach, while method 2
is more general.

A. Method 1

By transforming the spectra from the laboratory frame
into various emitting source frames (center-of-mass systems)
one can compare the total cross sections and inverse slope
parameters of each transformation. In the correct source frame,
the cross sections and inverse slope parameters T (if the spectra
can be described with a Maxwell-Boltzmann distribution,
σ MB = CEe−E/T ) of all spectra must be the same for a given
incident energy. This is of course a rather simplified approach.
An advantage of this method is an easy comparison of spectra
from reactions of inverse kinematics as the transformation of
the spectra leads to a clear crossing point when plotting cross
sections and slope parameters T as a function of ys/ybeam as can
be seen in Fig. 6 for K+ mesons at 1.0A GeV from C+Au and
Au+C collisions. From the crossing region, a source rapidity
of about ys/ybeam = 0.25 can be extracted. In this method,
we assume an isotropic emission of all particles. This simple
procedure works well only for K+ at 1.0A GeV. The reason is
(as will be shown next) that in this case the emission is indeed
isotropic.

Pion spectra are usually described with two Boltzmann
functions reflecting also a contribution from decaying � reso-
nances. The range setting for separating the two parts of each
spectrum has unfortunately a strong influence on determining
the crossing point of the temperatures and therefore of the
source rapidity. For this reason, this method can only be applied
for kaon spectra.
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FIG. 6. Determination of the source velocity by transforming the
spectra from the laboratory frame into emitting source systems with
different y/ybeam. At the correct source rapidity y/ybeam = 0.25, both
slopes and yields obtained at different angles and with both projectile-
target combinations are expected to agree.

B. Method 2

A more general method is based on a fit in the pt -y frame.
An anisotropic emission from a source is the basis of the
fit procedure. We compare the measured cross sections with
lines of constant cross sections of the chosen particle-source

FIG. 7. Fit to spectra of K+ mesons at 1.0A GeV. Solid lines
reflect constant values of invariant cross sections from a source
rapidity at ys/ybeam = 0.26 ± 0.01. Emission in the polar angle is
isotropic with a2 = 0.0 ± 0.4.
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FIG. 8. Fit to spectra of semiperipheral (bin 2) π+ mesons at
1.8A GeV. The results of the fits are ys/ybeam = 0.42 ± 0.01 and a2 =
1.8 ± 0.2.

distribution for K+ mesons at 1.0A GeV in Fig. 7 and of
1.8A GeV π+ mesons in Fig. 8. The measured values are
shown by the symbols connected by dashed lines. The values
are the measured cross sections. The solid lines represent the
loci of constant cross sections from a source located at ys/ybeam

determined by a χ2 procedure comparing the measured cross
sections with the calculated values as will be explained next.

The parametrization of the invariant cross section σ inv of a
source with angular anisotropy has the form

σ inv = [1 + a2 cos2(�c.m.)] σ MB, (1)

with �c.m. the polar emission angle of the particles in the
c.m. system, and the factor a2 the strength of anisotropic
emission in the polar angle. Only a symmetric function is used
here, as an asymmetric contribution in the angular distribution
cannot be distinguished from a change in rapidity. σ MB is the
invariant cross section parametrized by a Maxwell-Boltzmann
distribution

σ MB = ECe− E
T . (2)

With E = m⊥c2 cosh(y − ys) and m⊥ =
√

(p⊥/c)2 + m2, we
can write

σ MB =
√

p2
⊥c2 + m2c4 cosh(y − ys) Ce−

√
p2⊥c2+m2c4 cosh(y−ys )

T .

(3)

Based on Eq. (3), a least χ2-fit routine was developed.
The fit was divided into two steps. The first step determines
the source rapidity and the a2 parameter. The second step
fits the normalization factor C and the inverse slope parameter
T. The separation into two independent steps is possible as
only the shape of the distribution, not the absolute values of the
cross sections, is necessary to determine the c.m. system. We
compare the cross sections for the measured spectra along lines
of constant cross section of the distribution with parameters a2

and ys/ybeam within the range of measured pt . Each spectrum
with index i in Eq. (4) has crossing points with lines j of
constant cross section. These points depend on the parameters
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a2 and ys/ybeam. The resulting least χ2 function

χ2 = 1

N

∑
j,i

∣∣σ̂ inv
j (ys, a2) − σ inv

i,j (ys, a2)
∣∣2

∣∣�σ inv
i,j (ys, a2)

∣∣2 (4)

is then only data based. σ̂ inv
j is the average value of constant

cross sections at line j. σ inv
i,j (ys, a2) is a constant cross section of

spectra i at the crossing point with line j. N is a normalization
factor reflecting the number of crossing points. This method
has the advantage that we have used only two fit parameters to
find the c.m. system.

The errors of ys/ybeam and a2 are determined from the χ2

distribution in dependence of the two parameters ys/ybeam and
a2 at χ2

min + 1 [14].
For each chosen parameter set a2 and ys/ybeam we fit the

spectra with Eq. (1). The fit parameters C and T are in this
method independent of a2 and ys/ybeam. These values are
determined within the range of measured pt . To determine
the total cross sections of the various particle species, Eq. (1)
is integrated over pt assuming a Maxwell-Boltzmann distribu-
tion which has been shown to describe the spectra in symmetric
systems quite well [3,8]. Together with the integration in space,
one obtains

σ = 4π

∫ ∞

0

∫ ∞

ys

[
1 + a2 cos2(�c.m.)

]
ECe− E

T pt dy dpt .

(5)

For pions, an expression composed of two Maxwell-
Boltzmann distributions is used in order to take into account
the contribution from decaying � resonances as well (see, for
example, [15]).

V. RESULTS AND DISCUSSION

A. Source rapidities

At both incident energies, inclusive K+ spectra and four
centrality classes for pion spectra were analyzed. The results
are summarized in Table II.

Figure 9 shows the extracted source rapidity y/ybeam for
pions as a function of centrality. At peripheral collisions the
source rapidities of pions reach the NN-limit (yNN/ybeam =
0.5). Pions need only an energy of 0.29 GeV/nucleon in the
laboratory system to be produced and hence, they can easily
be made in direct collisions. This explains the results for
peripheral collisions. With increasing centrality the extracted
source rapidities decrease. In central collisions there is more
material of the target around the reaction zone and pions
cannot escape easily. They might be absorbed and new
pions might be created in secondary collisions. All these
interactions occur predominantly with nucleons from the Au
nucleus. Therefore, the resulting source rapidity is shifted
towards target rapidity (yAu/ybeam = 0) in more central col-
lisions. Within the error bars the π+ and π−-source rapidities
at 1.8A GeV are identical. The values obtained at 1.0A GeV
are slightly higher (towards projectile rapidity).

The source rapidities of kaons (inclusive measurements)
shown in the right part of Fig. 9 are about yK+

s /ybeam = 0.25

TABLE II. Results of the extracted source rapidities ys/ybeam and
asymmetry parameters a2 with errors as explained in the text.

Particle E (A GeV) Centrality a2 ys/ybeam

K+ 1.0 Inclusive 0.0+0.5
−0.3 0.26+0.01

−0.01

K+ 1.8 Inclusive 0.7+0.2
−0.3 0.24+0.01

−0.02

π+ 1.0 Inclusive 2.6+0.2
−0.1 0.42+0.01

−0.01

π+ 1.0 Bin 1 1.5+0.2
−0.3 0.5+0.01

−0.01

π+ 1.0 Bin 2 2.3+0.3
−0.2 0.45+0.01

−0.01

π+ 1.0 Bin 3 1.2+0.1
−0.3 0.38+0.01

−0.01

π+ 1.0 Bin 4 0.9+0.1
−0.2 0.35+0.01

−0.01

π+ 1.8 Inclusive 1.6+0.2
−0.1 0.4+0.01

−0.01

π+ 1.8 Bin 1 1.2+0.1
−0.3 0.48+0.01

−0.01

π+ 1.8 Bin 2 2.0+0.3
−0.3 0.42+0.01

−0.01

π+ 1.8 Bin 3 0.4+0.1
−0.2 0.36+0.01

−0.01

π+ 1.8 Bin 4 0.1+0.1
−0.3 0.34+0.01

−0.01

π− 1.8 Inclusive 1.6+0.2
−0.1 0.4+0.01

−0.01

π− 1.8 Bin 1 1.1+0.2
−0.1 0.46+0.01

−0.01

π− 1.8 Bin 2 1.6+0.2
−0.2 0.42+0.01

−0.01

π− 1.8 Bin 3 0.3+0.2
−0.2 0.35+0.01

−0.01

π− 1.8 Bin 4 −0.1+0.2
−0.1 0.34+0.01

−0.01

at both incident energies. This value is very different from
those of the pions which are between yπ±

s /ybeam = 0.35 and
0.5. Kaons need at least 1.58 GeV in the laboratory system to be
produced in NN-collisions. As expected, the results for kaons
are far from the upper limit ys/ybeam = 0.5 for NN-collisions.
The extracted source rapidity at 1.8A GeV is about equal to the
one at 1.0A GeV. This indicates that at both incident energies
the majority of kaons are produced in multi-step processes
accumulating thereby the necessary energy to produce a K+.
As there are many more nucleons from the Au than from the
C nucleus, additional interactions lead to a shift of the source
rapidity away from NN-collisions towards the rapidity of the
Au-nucleus.
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FIG. 9. Dependence of the extracted source rapidities on particle
species for inclusive collisions (right side) and as a function of
centrality (left side).
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TABLE III. Cross sections and slope parameters of inclusive
C+Au/Au+C collisions.

E T1 T , T2

Particle (A GeV) σ (b) (MeV) (MeV)

K+ 1.0 (1.4 ± 0.7) × 10−3 – 62 ± 3
K+ 1.8 (40 ± 10) × 10−3 – 82 ± 2
π+ 1.0 2.1 ± 0.1 46 ± 3 68 ± 2
π+ 1.8 5.3 ± 0.9 47 ± 3 90 ± 2
π− 1.8 6.9 ± 1.1 39 ± 2 86 ± 2

In a simple geometrical picture a limiting situation can be
calculated. It corresponds to a central collision of a 12C nucleus
drilling a tube into a Au nucleus (central penetration limit). In
this case 12 nucleons from the carbon collide with 43 nucleons
from the gold giving an Apart of 55. The corresponding source
rapidity has a value of ys/ybeam = 0.25. Indeed, the extracted
values for K+ just correspond to this geometrical limit.

B. Multiplicities and the nuclear equation of state

Having extracted the source rapidity and the asymmetry
parameter of the angular distribution, we obtained the cross
sections and inverse slope parameters by integration as
described in the preceding section. The results for inclusive
collisions are summarized in Table III. Knowing ys and a2, the
laboratory spectra are converted into Ec.m. spectra as shown
in Fig. 10 for K+ mesons. Identical spectra are obtained
confirming the extracted parameters.

It is interesting to compare the results of this asymmetric
collision system with symmetric ones. For this purpose, we
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FIG. 10. Ec.m. spectra of K+ mesons from the colliding systems
Au+C and C+Au at 1.0A GeV. The spectra are transformed to a
system with the source rapidity of ys/ybeam = 0.25.

π+     Au+Au
          C+C
          C+Au

K+    Au+Au
          C+C
          C+Au

FIG. 11. Multiplicity per Apart for π+ and K+ as a function of
the incident energy in comparison with inclusive collisions of the
mass-symmetric systems C+C and Au+Au. The lines are drawn to
guide the eye.

use the multiplicities per number of participating nucleons
M/Apart to avoid a trivial size dependence. Multiplicities are
obtained by dividing the cross sections from Table III by
the geometrical reaction cross sections, σreac = 0.95 b for
C+C, 2.7 b for Ni+Ni, and 6.1 b for Au+Au. For symmetric
collisions, Apart is set to A which takes into account that the
K+ are predominantly produced in central collisions. For the
asymmetric system C+Au, the rapidity of the K+-emitting
source has been established to ys/ybeam = 0.25. In a strict
sense, Apart is not yet defined by this value, but we have the ratio
Apart(proj)/Apart(target). In our example, we can set Apart(proj)
to 12, and we obtain Apart = 55 which is used for K+. From
our analysis we found that Apart for pions is significantly
lower. However, when comparing with symmetric systems, the
corresponding values of Apart for pions are not available. For
consistency and for simplicity, we have used for all reactions
the same Apart as for K+.

Figure 11 shows the results both for pions and for kaons
as a function of the incident energy. The yield of pions in this
representation is a factor of about 2 higher for the lightest
system C+C than for Au+Au. This result can be interpreted
as due to absorption in the larger system [3]. The asymmetric
system C+Au is rather close to the value of Au+Au. In an
analogous way, one can conclude that here also the yield is
strongly influenced by absorption.

An opposite behavior is observed for the production of
K+: the yield in the heavy system Au+Au is five times higher
than in the light C+C system. The underlying physics is the
production mechanism via multiple collisions. They occur
much more frequently in the heavy system which has reached
higher density. The obtained multiplicities of the asymmetric
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FIG. 12. Apart dependence of K+ multiplicities per Apart (in-
clusive collisions) at 1.0A GeV. Data are shown as full star sym-
bols. RQMD calculations using a soft (κ = 200 MeV) and a stiff
(κ = 380 MeV) EOS are given as open symbols.

system happens to be closer to the light C+C system. One
can interpret this as information on the number of secondary
collisions which depends on the density reached in the system.
The compression in C+Au will hardly exceed the values
obtained in the C+C system.

The sensitivity of the K+ yield on the density has made
these studies a key measurement for extracting information
on the stiffness of nuclear matter. Indeed, the results shown
in Fig. 11 have led to extraction of a stiffness parameter κ of
around 200 MeV [3,4].

In this context, it is interesting to study the K+ multiplicity
per Apart as a function of Apart at 1.0A GeV incident energy
together with model calculations from the Tübingen group.
The transport calculations include a repulsive in-medium
K+N potential as proposed by effective chiral Lagrangiens
[16]. In this type of model the kaon-nucleon interaction
consists of an attractive scalar part (Kaplan-Nelson term)
and a repulsive vector part (Weinberg-Tomozawa term). The
calculations are based on a K+N potential that also accounts
for in-medium modifications of the pion decay constant [17]
leading to a repulsive net potential of ∼30 MeV at nuclear
saturation density ρ0 = 0.16 fm−3. Such an in-medium kaon
potential is essential for reproducing the measured K+ yields
as well as the kaon dynamics [4,18–20]. The nuclear mean
field, on the other hand, is taken as a momentum-dependent
Skyrme interaction using a stiff (κ = 380 MeV) and a soft
(κ = 200 MeV) EOS. Details of the model can be found in
[4,18].

Figure 12 shows the measured results as full stars. It
appears already astonishing that Ni+Ni with a rather similar
number of Apart has a higher yield than the asymmetric C+Au
system. Furthermore, the sensitivity to the stiffness of the
EOS extracted from relativistic quantum molecular dynamics
(RQMD) calculations [18] is high for Ni+Ni and rather low
for C+Au, as seen in Fig. 12. Also for C+C collisions,
both assumptions give undistinguishable results. Thus, in both
C+C and C+Au, no sensitivity to the stiffness of the nuclear
equation of state is seen. For Ni+Ni and Au+Au collisions,
in contrast, higher densities are reached, and a soft EOS gives
yields that are about 30–40% higher than for a stiff EOS. The
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FIG. 13. Apart dependence of the K+ multiplicities in different
mass systems obtained from transport calculations at 1.0A GeV. Apart

is normalized to the maximum number of participating nucleons,
which is 2A for symmetric systems and 55 for C+Au.

asymmetric system exhibits only an increase of about 10% for
a soft compared to a hard EOS.

The difference between Ni+Ni and C+Au collisions
becomes even more obvious considering the Apart dependence
in exclusive reactions as predicted by the model calculations.
A qualitative difference between C+C and C+Au on the one
hand and Ni+Ni and Au+Au on the other can be seen from
Fig. 13. In C+C and C+Au reactions, the K+ yield as
a function of Apart is almost insensitive to the stiffness of
the nuclear EOS. The Au+Au system, in contrast, shows
a distinct EOS dependence. The enhanced kaon production
caused by higher compression using a soft EOS becomes more
pronounced with increasing centrality. The same effect occurs
already in Ni+Ni.
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FIG. 14. Density distribution at the instant of K+ production
calculated for the studied systems exhibiting values around normal
nuclear matter density for C+Au while the other systems clearly have
higher values.
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The small sensitivity of C+Au to the nuclear EOS is
because the densities hardly exceed normal nuclear matter
values as can be seen in Fig. 14. Here the densities at the time
of the K+ production are shown for the four systems studied.
To explore the maximal effects, central reactions (b = 0 fm)
were chosen. Indeed, C+Au is centered around normal nuclear
matter density, while the other systems are clearly grouped at
higher values.

In C+Au a large fraction of kaons originates from the
surrounding spectator matter of the Au nucleus. These particles
are produced at normal nuclear density ρ0, which explains
the shift toward lower density values seen in Fig. 14. Hence,
C+Au reactions show features that are otherwise typical for
proton-nucleus reactions and explore the transition from p+A

to A+A.
Both the measured K+ multiplicities and the model

calculations exhibit a clear contrast between the results of
C+Au and Ni+Ni in spite of similar values of Apart. This
confirms the sensitivity of K+ production to density and hence
to the stiffness of the EOS. Moreover, model calculations
predict a linear dependence M ∝ Apart in central C+Au which
resembles that of pions and is distinct from the usually
observed power law M ∝ (Apart)α [5]. Such a power law
in symmetric systems is reproduced by transport models
as well as by the statistical model when based on exact
strangeness conservation [21]. Hence, the measurement of the
Apart dependence in C+Au may help distinguish between the
dynamical and the statistical approaches.

VI. SUMMARY

For asymmetric collisions of C+Au and Au+C, the
effective source rapidities for the emission of K+ and π± are
determined from the pt -y distribution by a fit procedure. The
emitting source rapidities of kaons and pions turn out to be very

different. The kaons are emitted from a system moving with
yK+

s /ybeam = 0.25, that corresponds to an emitting fireball
consisting of a C nucleus amalgamated with a tube cut out
of a Au nucleus. Pions in contrast are emitted from sources
which vary from yπ±

s /ybeam = 0.5 for peripheral collisions
pions (corresponding to NN collisions) to yπ

s /ybeam = 0.35
for central collisions.

A comparison of the multiplicities per Apart of the asym-
metric system C+Au with the symmetric reactions C+C
and Au+Au shows that (i) the pion yield resembles Au+Au
collisions and (ii) the kaons are closer to C+C interactions.
This can be understood because the pion yield is strongly
influenced by absorption and C+Au contains many nucleons
able to absorb pions. The production of K+ below the NN
threshold requires multiple interactions, and their rate depends
strongly on the density reached. The densities reached in
C+Au hardly exceed normal nuclear matter density, and
hence their yield resembles the one of C+C. This reasoning
is supported in detail by RQMD calculations showing the
sensitivity of various quantities to the stiffness of the nuclear
EOS. Comparing Ni+Ni and C+Au collisions as they have
similar numbers of Apart, one observes a clear sensitivity
to the stiffness of the EOS for Ni+Ni but not for C+Au.
The measured multiplicity of K+ per Apart is higher for
Ni+Ni than for C+Au. Indeed, Ni+Ni collisions reach higher
densities than C+Au interactions. These studies confirm that
the measurement of the K+ production in heavy-ion collisions
is a sensitive tool for extracting the stiffness of the EOS.
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