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Kaon production in nucleus-nucleus collisions at 92 MeV per nucleon
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K1 production far below the free nucleon-nucleon threshold has been investigated in collisions of36Ar on
12C, natTi, and 181Ta targets at an incident energy of 92 MeV per nucleon. The cross sections forK1

production have been inferred from the observed muon decays of positive kaons. The results are discussed in
the framework of a participant-spectator model and are compared to proton inducedK1 production and to
subthreshold pion production experiments.@S0556-2813~99!00303-9#

PACS number~s!: 25.70.2z, 25.75.Dw
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I. INTRODUCTION

Meson production in heavy ion collisions at subthresh
energies offers the possibility to study dense and hot nuc
systems and thus possibly the underlying nuclear equatio
state @1#. At incident energies per nucleon well below th
free nucleon-nucleon threshold, nucleons have to unde
several collisions in the hot and compressed zone to gain
chance enough energy to allow meson production, or i
cooperative model, several nucleons have to pool their
ergy to produce the particles. Both processes are density
temperature dependent; so meson production can be a
probe of the early stages of the collision if the particle c
escape the interaction zone without substantial final state
teraction. In that respect kaons, and especiallyK1, seem to
be particularly suitable since they have extremely low
sorption and a small scattering cross section with nucleo
K1 production, in the elementary processN1N→K11L
1N, requires an available energy ofE05670 MeV, that is
to say, 1.58 GeV, for an incident nucleon on a fixed targe
335 MeV for each nucleon. This makesK1 production by
first-chance nucleon-nucleon collisions very unlikely at in
dent energies around 100 MeV/nucleon for which it has b
shown that the pion production is in agreement with
simple participant-spectator collision geometry@2,3#.

Another interest inK1 production comes from the intrin
sic nature of the kaon, since its production requires the jo
production of a pair of strange quarks. Therefore subthre
old experiments on strangeness production may be relate
the low but significant strange quark component in nucle
@4–6#. It is thus interesting to compare pion and kaon p
duction in the same energetic conditions.

The production ofK1 was measured more than ten yea
ago in Ne1NaF collisions at 2.1 GeV per nucleon@7#, and
only few data exist at subthreshold energies. An enhan
K1 production compared to microscopic transport calcu
tions has been found in197Au1197Au collisions at 1 GeV/
nucleon@8#. Our earlier measurement ofK1 production in
PRC 590556-2813/99/59~3!/1464~8!/$15.00
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36Ar1natTi at 92 MeV/nucleon@9# is up to now the only
result at an energy far below the free nucleon-nucle
threshold. The order of magnitude of the cross section is
reasonable agreement with the systematics of meson pro
tion probabilities per participant nucleon as a function of t
Coulomb-corrected bombarding energy, normalized to
production threshold in free nucleon-nucleon collisions@10#.
It has also been reproduced by two quite different theoret
calculations. One of these calculations was performed in
framework of a cooperative model which has already be
applied to subthreshold pion production@11#, while the other
assumed an incoherent production mechanism and in
duced fluctuations using the Boltzmann-Langevin appro
with a soft equation of state@12#.

In this paper, we report on new measurements ofK1

production using a beam of 92 MeV/nucleon36Ar. The ex-
periment is described in Sec. II. The data analysis meth
are presented in Sec. III and the results are discussed in
IV.

II. EXPERIMENTAL DETAILS

A. Kaon detection

In K1 production measurements in heavy ion collisio
around 100 MeV per nucleon, theK1 energy is low and it is
not possible to use magnetic detection and range teles
techniques as at higher incident energies. However, it is
possible to detect kaon decays with no kaon energy thre
old. In this case, a total production cross section can only
inferred while the angular distribution and the kaon ene
cannot be measured.

The mean lifetime of theK1 is 12.4 ns and the main
decay channels are~i! K1→m1n with a branching ratio of
64% and a muon kinetic energyTm15153 MeV for a decay
at rest and~ii ! K1→p1p0 with a branching ratio of 21%
and a pion kinetic energyTp15110 MeV for a decay at
rest. The delayed particle (m1 or p1) is detected in a range
1464 ©1999 The American Physical Society
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telescope designed to accommodate a high counting
Since the branching ratio is higher for the muon decay ch
nel and the range of a 153 MeV muon is larger than
range of a 110 MeV pion, there is an enhanced rejection
wrong events. The emission of kaons can be tagged by
range and energy measurement of the delayed 153 M
muons. The mean lifetime measurement provides an a
tional check. This method takes advantage of two interes
characteristics of the GANIL beams: the very high intens
available on a small beam spot~a few mm2) and a well-
defined time structure~1 ns every 70 ns! which allows the
measurement out of the beam burst with a reasonable n
ber of triggers. The same detection method was used in
first K1 production experiment performed at GANIL@9#
while the same kaon decay method was used in proton
ducedK1 production measurements@13#.

B. Experimental setup

The experimental setup is shown schematically in Fig
A copper plate to stop kaons up to 40 MeV energy for n
mal trajectories was located 1.5 cm from the center of
target, covering polar angles from 45° to 135°. Muons fro
the kaon decays were detected in a range telescope loca
90 ° with respect to the beam direction.

The telescope was made of passive and active abso
and consisted of four parts.

~1! Passive absorbers of different nature, placed in fr
of the telescope in order to reduce the background coun
rate in the first active planes.

~2! The trigger~T1–4! where a coincidence between th
detection planes was required, and the trajectories coul
checked in two hodoscopes~H1,2, H3,4!. Plates of copper
were inserted between the trigger detectors in order to
large the matter thickness. The first trigger pla
(T1,23 cm323 cm) was located 25.5 cm from the targ
The four active trigger planes were segmented in forw
and backward parts.

~3! Just behind, the muons of interest were stopped in
eight absorbers~A1–A8, 2 and 4 cm thick!, allowing the
measurement of the range, the specific energy loss and
residual energy of stopping particles. The absorber pla
were segmented in four parts.

FIG. 1. Sketch of the experimental apparatus. Hodoscopes w
labeled H, triggers T. Different materials are represented by dif
ent shading as indicated.
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~4! The last detection plane provided a veto to reject
ergetic cosmic muons crossing the whole telescope.

All detectors were tuned and energy calibrated us
cosmic-ray muons.

C. Simulation

The whole detector geometry was put into a simulat
using theGEANT package from the CERN library@14#. The
emission of the kaons was assumed to be isotropic from
center of the target. Muons from the decay of kaons w
then selected and tracked trough the detector. The en
loss spectra of all scintillators were constructed. The res
ing range and energy distributions are shown on Fig. 2
the expected experimental statistics. The total energy
tected in the active parts of the telescope (.55 MeV) is a
significant part of the muon energy~153 MeV!. The total
efficiency of the detection system has been extracted f
this simulation for different velocities and energy distrib
tions of the primary kaon source. The simulation yielded
total efficiency around 0.7%. More details on the results
these calculations will be given in Sec. IV.

D. Experiment

The experiment has been performed at the GANIL N
tional Laboratory using a.200 nA 36Ar beam and 12C,
natTi, and 181Ta targets 102 mg/cm2, 92 mg/cm2, and
79 mg/cm2 thick, respectively. The range telescope was c
tered at 90 ° with respect to the beam direction. The be
pipe and some mechanical parts close to the target w
made of low-Z material in order to limit the backgroun
counting rate. A parasitic beam was used to determine
nature, thickness, and position of the absorbers in front of
telescope and in between the trigger planes. Several con
rations have been tested. The final configuration was cho
in order to accommodate the highest beam current with
lowest counting rate. The on-line trigger condition requir
the coincidence between the H3-4, T1, T2, T3, T4, and
planes. A time measurement of the trigger plane T3 w
respect to the beam time structure~accelerator RF! was per-
formed. The timing of the Cyclotron RF was checked co
tinuously with an independent scintillator. For each targ

re
r-

FIG. 2. Simulation of the range and energy deposited in
absorbers for muons coming from the disintegration ofK1.
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1466 PRC 59R. LEGRAIN et al.
data were accumulated with a gate that rejected pro
events, but runs including prompt events were perform
periodically.

III. DATA ANALYSIS

A. Events selection

The muonic kaon decay events were identified by us
the energy loss information from the telescope. At each s
of the analysis, the time distribution of the selected eve
was compared to the kaon decay. The off-line data reduc
was performed in two steps, with most of the backgrou
events being rejected in the first stage by the following
lections.

~1! Only delayed particles, with time arrival into the T
counters larger than at least 3 ns with respect to the b
spill were considered, to reject prompt events.

~2! A narrow time coincidence was applied to all plane
to reject random events.

~3! The measured energy losses in each counter of
trigger part were required to be inside an energy wind
defined on the lower part by the cosmic muon at the m
mum of ionization and on the higher part by the values c
culated for protons.

~4! The triggering conditions were still satisfied when r
quiring only one hit per detection plane.

This first selection yielded about 700 events for the th
targets. The time distribution of these events is shown in F
3 as the remnant population of events after a delayed t
T0 . The solid line represents the expected slope for k
decay. It is clear that the selection of kaon decay events f
the background has to be more efficient.

Figure 4 shows the measured energy loss versus the
sorber depth for the events selected in the first stage of
analysis. The energy threshold is the result of the energy
applied in the trigger part of the detector. Most of the eve
are located at low energy in absorbers 1–5 while kaon de
events are expected to be peaked at a measured energ
55 MeV ~Fig. 2!. A simulation shows that most of the bac
ground events are compatible with cosmic rays muons go
out of the detector via the side. This background is large
absorbers 1–4 because the veto detector is not large en

FIG. 3. Time distribution obtained after the first selection~see
text!. The solid line corresponds to the time decay ofK1. This
selection is insufficient to extract the muons correlated to this
cay.
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to reject triggering particles escaping from the sides of th
absorbers.

In a second stage, the background cosmic events h
been removed taking into account the energy losses of s
ping muons in the absorber part of the telescope. A tw
dimensional cut, corresponding to the energy losses of
muons deduced from the simulation, was applied to the
last counting scintillators. The range and deposited ene
distributions resulting from such a procedure are presente
Fig. 5. These spectra represent the sum of the data obta
for the three targets studied in this experiment. Compar
these results to the simulation of Fig. 2, it is clear that ka
decays have been observed.

The time distribution of the remaining events after t
second step of the analysis for the three targets is show
Fig. 6. The solid line represents the expected slope for k
decay. The measured time distribution is in agreement w
kaon decay only after 18 ns. ForT0<5 ns prompt events are
still present and a dead time effect due to the high coun
rate for prompt events extends up to 18 ns. This dead t
effect is reproduced by a simulation also shown in Fig
with a dead time equal to 80% forT0<18 ns. Figure 7
shows the time decay spectra observed with the12C, natTi,
and 181Ta targets forT0.15 ns. These spectra seem com
patible with kaon time decay spectra represented by s

-
FIG. 4. Measured energy loss versus absorber depth for

events selected in the first stage of the analysis. The size of
box is proportional to the number of counts in the correspond
bin.

FIG. 5. Observed range and energy deposited in the absor
for the complete selection. These spectra are a summation o
statistics for the three targets.
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PRC 59 1467KAON PRODUCTION IN NUCLEUS-NUCLEUS . . .
lines in the figure. This is confirmed by the fits to the dec
curve N0exp(2t/t) performed for the three spectra forT0
.18 ns which yieldt518612 ns, 11.564.3 ns, and 10.6
62.6 ns for the12C, natTi, and 181Ta spectra, respectively
Subsequently the mean lifetime of the kaon (t512.4 ns) has
been used to derive the number of produced kaons,N0 , from
the number of counts observed in the interval 18–50 ns. T
givesN0523, 51, and 60 for12C, natTi, and 181Ta, respec-
tively. The statistical uncertainty in these numbers has b
estimated using a simulation. For each target, 10 000 de
time spectra have been generated with an initial numbe
counts equal toN0 and a mean lifetime 12.4 ns. Then,

FIG. 6. Time distribution obtained for the complete selecti
~upper part! and for a simulation~lower part!. The solid line corre-
sponds to the time decay ofK1. Prompt events generate a de
time up to 18 ns that is introduced in the simulation.

FIG. 7. Time distribution obtained for the three targets for tim
larger than 15 ns. The solid line corresponds to the decay tim
K1.
y
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ay
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distribution of the estimated initial number of countsN0
esthas

been obtained from the number of counts in the inter
18–50 ns. To get an approximation of a standard deviatio
these discreteN0

est distributions, the nextN0
est value corre-

sponding to a value lower than 60% of the maximum of t
distribution has been used. The results are reported in T
I.

B. Decorrelated analysis

An analysis based on the total energy spectrum has b
performed in order to check the values extracted from
event-by-event analysis. The energy spectrum is compo
of good events superimposed on a contamination backgro
which can be estimated using decorrelation techniques. T
background arises mostly from high-energy cosmic mu
going through the detector. These minimum ionizing p
ticles therefore do not show the correlation of energy los
of stopping muons in the absorbers. The first selection le
to a first sample of about 700 events. Starting from this fi
sample, eight classes of events are constructed assoc
with each stopping absorber number (A1–A8). For an event
of a given class with a decay timeT.T0 , a decorrelated
event is then constructed by a random sampling~excluding
the parameters of the physical event! of the energy loss in the
detection planes. All the events are treated in the same w
producing a decorrelated energy distribution associated w
a decay timeT.T0 . This distribution is normalized to the
lower part of the initial energy distribution ('25 MeV)
where the muons of interest are not expected to contrib
The two energy spectra are subtracted, allowing the num
of counts with a decay timeT.T0 to be evaluated. The time
spectrum deduced from this method is presented in Fig
The global features of the time spectrum are similar for b
analyses~event by event, Fig. 6, and decorrelated, Fig.!.
Parametrizing the decorrelated time spectrum
N0exp(2t/t) gives N05143653 and t514.663.0. The
solid line in Fig. 8 is the result of this exponential fit. Th

s
of

TABLE I. Number of kaon production events derived for th
three measurements on12C, natTi, and 181Ta targets.

Target 12C 48Ti 181Ta

N0 23 51 60
(14→37) (37→69) (42→79)

FIG. 8. Time distribution obtained by the decorrelation analy
~see text! based on a global data reduction of the energy spectr



s:

1468 PRC 59R. LEGRAIN et al.
TABLE II. Cross sections forK1 production for the12C, natTi, and 181Ta targets for three assumption
~1! isotropic emission in the laboratory frame with a kinetic energyTK535 MeV, ~2! isotropic emission in
the laboratory frame with a kinetic energy spectrum given by Ref.@11#, and ~3! isotropic emission in the
fireball frame with a kinetic energyTK535 MeV.

Ec.m. s tot
(1) s tot

(2) s tot
(3)

Target ~MeV! ~pb! ~pb! ~pb!

12C 820 82 96 107
(50→131) (58→154) (65→172)

48Ti 1870 511 598 571
(371→691) (434→808) (414→722)

181Ta 2744 3093 3616 3358
(2165→4072) (2531→4761) (2351→4421)
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event numberN0 is compatible with the number of goo
events~134! deduced from the previous analysis. From th
result one can conclude that there is no loss of events an
background contamination in our data selection. The fit
slope parametert is also compatible with the expected slo
for K decay of;12.4 ns. The agreement between the t
methods give added confidence about the extracted num
of events.

IV. RESULTS AND DISCUSSION

A. Derivation of cross sections

In order to extract production cross sections, theK1 de-
tection efficiencies have been calculated fromGEANT simu-
lations including a geometrical description of the experim
tal set-up and assuming three different production modes~1!
isotropic emission in the laboratory frame with a kinetic e
ergy TK535 MeV, ~2! isotropic emission in the laborator
frame with a kinetic energy spectrum as reported elsewh
@11# and ~3! isotropic emission in the fireball frame with
kinetic energyTK535 MeV.

In the above calculations of the detection efficiencies, c
rections for the particle decay are also included. The to
cross sections thus obtained are presented in Table II
labeled~1!, ~2!, or ~3! according to the three different pro
duction modes described above. The values in parenth
are the upper and lower limits of the total cross sectio
taking into into account the statistical errors. The total cr
sections are very little influenced by the assumed emis
patterns and remain inside the limits of experimental erro
independently of the kaon energetic distribution and Ja
bian effects. In the following we use the cross sections c
culated assuming isotropic emission in the laboratory wit
kinetic energyTK535 MeV. The target mass dependence
the total cross section has been fitted by a power ofA. We
obtainx51.3460.22 for the power ofA. This result differs
from theAT

2/3 scaling observed inp production in the same
energy range. This could be a consequence of the diffe
absorption of pions and kaons.

B. Participant-spectator model

Experimental data@2,3,15,16# suggest that pions are emi
ted from a composite system formed by the overlap betw
no
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the projectile and the target nuclei using the geometrical c
cepts of the fireball participant-spectator model@17#. The
size of the composite system is then a function of the imp
parameter. Pion production is possible only if the c.m. e
ergy of the composite system~excitation energy! is such that
E* >mp . This sets an upper limit for the impact parame
(beff) which is determined by energetic considerations.

The mean number of participant nucleons averaged o
the impact parameters is, respectively, 10, 20, and 39
12C, 48Ti, and 181Ta targets and36Ar projectile. The mean
value of the c.m. energy is, respectively, 215, 435, and
MeV. The mean c.m. energy of the participants is given

^Ec.m.&5~m2^Npt&
212mElab̂ Np&^Nt&!1/22m^Npt&,

with ^Np&5APAT
2/3/(AP

1/31AT
1/3)2 and ^Nt&5ATAP

2/3/(AP
1/3

1AT
1/3)2 representing the mean number of participant proj

tile and target nucleons, respectively (m5931.5 MeV,
^Npt&5^Np&1^Nt&, andElab592 MeV/nucleon). The mean
c.m. energy of the participants is lower than the kaon p
duction absolute energy threshold~671 MeV!, except for the
heaviest system, but the c.m. energy of the participants
pends on the impact parameter:

Ec.m.~b!5@m2Npt~b!12mElabNp~b!Nt~b!#1/22mNpt~b!,

whereNp(b) andNt(b) are calculated using the geometric
concepts of the fireball participant-spectator model@17#. This
dependence is shown in Fig. 9. By requiring that the c
energy satisfyEc.m.(b)>671 MeV, we obtain upper limits
for the impact parameterb of beff /(Rp1Rt)50.22, 0.54, and
0.70 for 12C, 48Ti, and 181Ta targets, respectively. Weigh
ing with b(b50→beff), it is possible to evaluate the mea
number of participating projectile and target nucleons in
range 0→beff which is determined by energetic conside
ations. In Table III, the calculated results for^Ec.m.&, ^Npt&,
and ^«* &5^Ec.m./nucleonpt& are shown for our three sys
tems. In the last column of Table III, the kaon producti
probabilities defined asPeff5sexp/(seff^Npt&eff) are reported
whereseff5pbeff

2 .
For the three systems, the mean excitation energies o

composite system are similar. The cross section increa
with the size of the intermediate zone, but the probabi
remains constant in the limit of experimental errors. In vie
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of the uncertainties of fixingbeff , the correlation between
excitation energy and production probability gives suppor
the validity of the geometrical concepts used to define
assumed kaon sources. In spite of the uncertainties in
evaluation of̂ «* &, an energy scaling is observed in the pi
production probability @18–30# ~Fig. 10!. This approach
leads to a ratioK/p.1026 at ^«* &.20 MeV which is con-
sistent with a model@11# wherein production cross section
are calculated in the framework of a cooperative mechani

C. Comparison with existing data

In meson production analysis, it is usual to present
experimental cross section in terms of the probability
participant nucleon. This probability is given by

Pi5
sexpt

sg^Ap&
,

with sexpt being the experimental cross section,sg the geo-
metrical cross section, and̂Ap&b the mean number of par
ticipant nucleons. The geometrical cross section is expre
as

sg5pr 0
2~AP

1/31AT
1/3!2,

with AP andAT the mass numbers of the projectile and tar
nuclei, r 051.2 fm and

^Ap&5
APAT

2/31ATAP
2/3

~AP
1/31AT

1/3!2
.

TABLE III. Characteristics of the the reactions of36Ar ions on
targets of12C, natTi, and 181Ta at 92 MeV/nucleon incident energy

^Ec.m.& ^«* &
Target ^Npt& MeV MeV/nucleon Peff

12C 33.7 696 20.7 (3.961.8)310211

48Ti 49.3 1090 22.6 (1.661.1)310211

181Ta 73.8 1439 19.5 (2.460.6)310211

FIG. 9. Excitation energy of the fireball as a function of t
impact parameter of the reactions~a! 36Ar1181Ta, ~b! 36Ar
1natTi, and~c! 36Ar112C at 92 MeV/nucleon. The absolute energ
threshold to produce a kaon~671 MeV! is indicated by a solid line.
o
e
he

.

e
r

ed

t

Similarities in the subthreshold production of strange a
nonstrange mesons can be seen with the universal de
dence of the meson production probability per particip
nucleon, if this probability is plotted as a function of th
Coulomb-corrected bombarding energy per nucleon norm
ized to the energy threshold in freeN-N collisions @10#.

The excitation function forp and K1 production inA
1A collisions is presented in Fig. 11. The present data~the
lowest-energy data points! follow the trend given by previ-
ously measured data (p andK1) @7,18–30#. In this picture,
the probability per participant nucleon to produce eithe
pion or a kaon is very similar at equivalent relative ener
@(E2VC)/A#/Eth

NN whatever the strangeness of the mes
When discussing subthreshold meson production in he
ion reactions, it should be borne in mind that the defin
threshold in a fully coherent production is given by

Eth
def5

Eth
2 12~Ap1At!mEth

2mApAt
,

where Eth5140 and 671 MeV, respectively, for pion an
kaon production. Then we observe that

FIG. 10. Meson production probability per participant nucle
as a function of the effective excitation energye* defined in the
text.

FIG. 11. Meson production probability per participant nucle
as a function of square root of the Coulomb corrected bombard
energy per nucleon normalized to the nucleon-nucleon ene
threshold for nucleus-nucleus collisions.
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1470 PRC 59R. LEGRAIN et al.
~Eth
def!p

~Eth
def!K

;
~Eth!

p

~Eth!
K

;
~Eth

NN!p

~Eth
NN!K

.

The observed universality is mainly due to the we
variation of thep andK threshold ratio with respect to th
energetic conditions of production. Thus the agreemen
our data with the universal dependence of meson produc
@10# does not allow any conclusions about the processes
volved in meson production but it is very useful to pred
experimental cross sections.

This is confirmed by an analysis ofp andK1 production
in p-nucleus reactions near the absolute threshold~140 MeV
for p and 671 MeV forK). Using the same approach, w
observe~Fig. 12! a large gap between the two excitatio
functions. The ratio of the production probabilities inp
1Pb→p0 and p1Pb→K1 is about 103 and is comparable
to the cross section ratio of the elementary processesN1N
→N1N1p andN1N→N1L1K. Thus, thep andK pro-
duction for p-nucleus collisions near the absolute thresh
can be explained as a convolution of the elementary c
section of thep-nucleon system using high-momentum co
ponents of the nuclear wave function@1,31–33#. The K1

production results from a dominant two-step mechan
@31,33# in the collision of secondary pions (p1N→p
1•••) with the nucleons inside the nucleus (p1N→L
1K1). From these results, the conclusion is thatp and K
production inp-nucleus reactions is dominated by theN-N
elementary process.

K1 andp production at bombarding energies of 92 Me
nucleon and 20 MeV/nucleon, respectively, would be co
parable, considering just the ratios between the incident
ergy per nucleon and theN-N production energy threshold
But in a 20 MeV/nucleon collision, the available energy
theN-N system is about 140 MeV when taking into accou
an internal momentum of 350 MeV/c ~Fig. 13!. Then sub-
threshold pion production is energetically possible. Ho
ever, in a 92 MeV/nucleon collision, with the same intern
momenta, the available energy is about 210 MeV, far fr
the kaon center-of-mass threshold energy~671 MeV!. This
value is reached only by taking into account an internal m
mentum of 800 MeV/c in both partner nuclei~Fig. 13!.

FIG. 12. Pions and kaons production probability as a function
the square root of the Coulomb corrected bombarding energy
nucleon normalized to the nucleon-nucleon energy threshold for
reactionp1208Pb.
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These estimates have been made in the most favorable
matical configuration: a collision between a project
nucleon with an internal velocity vector~beam1Fermi!
aligned with the relative velocity and a target nucleon with
Fermi velocity in the opposite direction. The distribution
the internal momentum of nucleons in a nucleus dedu
from experimental distributions@34# fall down about three
orders of magnitude from Pf5350 MeV/c to Pf
5800 MeV/c. In the case under consideration the probab
ties to produceK1 and p cannot be of the same order o
magnitude. At an energy as low as 25 MeV/nucleon,
simple Fermi motion cannot explain the measured pion cr
section@35#. There is a need to call for cooperative modes
several participant nucleons to satisfy energy conserva
@36,37#. Similar conclusions can be deduced fromK1 pro-
duction at 92 MeV/nucleons.

V. CONCLUSIONS

Kaon decays have been observed in the collisions of
MeV/nucleon36Ar with 12C, natTi, and 181Ta, and values of
the total kaon production cross section have been der
using an event-by-event analysis and assuming isotro
emission. A statistical analysis applying correlation tec
niques to the various energy loss measurements shows
no significant loss of events occurred and that backgro
contamination can be excluded. The variation of theK1 pro-
duction cross section with target mass number follows
AT

1.33 scaling law, larger than theAT
2/3 one observed for the

pion production. The target dependence of two calculati
@11,12#, reproducing the order of magnitude of the cross s
tion for the titanium target, remains to be investigated.

The present results follow the general trend given by
universal dependence of meson production@10#. This agree-
ment does not allow final conclusions regarding the prec
processes leading to meson production. Taking into acco
a reasonable Fermi momentum, pion and kaon productio
nucleon-nucleus collisions are compatible with anucle
nucleon initiated production. Similar considerations
nucleus-nucleus production rule out a common nucle
nucleon production mechanism. However, theK production
can be consistently described in the framework of
participant-spectator model. In that case, close to the a
lute threshold, a cooperative mechanism is required and
ergetic conditions apply to the effective number of nucleo

f
er
e

FIG. 13. Correlation of the incident beam energy and of
internal momentum of nucleons necessary in both nuclei to prod
a pion or a kaon.
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involved in the production. If the production probability
restricted to this effective number of nucleons involved
the process, the kaon production probability is lower than
pion production probability as in nucleon-nucleus reactio
lt,
c

a
e

la-
ain

G

A

v.
e
.

In this experiment, we have demonstrated that kaon p
duction is measurable at incident energies below 100 M
nucleon. At such a low energy, geometrical and kinemat
constraints play a major role in the kaon production.
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