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Investigation of Pion Absorption in Heavy-Ion Induced Subtbreshold x Production
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We present results from an experimental study of reabsorption eA'ects in subthreshold z production in

the reaction '29Xe+ '9 Au at 44 MeV/nucleon. Within the picture of pion generation in nucleon-nucleon
scattering we deduce, from our data and from a comparison with the systematics of production cross sec-
tions available for lighter reaction systems, information on the z absorption length in nuclear matter.
For the z kinetic-energy range =5-100 MeV the energy-averaged A,,&, and its momentum dependence
are obtained, and compared with optical-model calculations.

PACS numbers: 25.70.—z

Like hard-photon emission, the production of pions has
been shown to be a sensitive probe of reaction dynamics
in nucleus-nucleus collisions [1,2]. In that respect, par-
ticularly subthreshold z production has been extensively
studied over the last decade. While at beam energies in

excess of =200 MeV/nucleon pions are thought to be
emitted mostly from the hot and compressed participant
zone [3], at very low projectile energies collective or
cooperative eAects have been considered as a possible
production mechanism [1,4]. In the intermediate-energy
regime relevant to this paper, namely, at =35-150
MeV/nucleon, the systematics of data, as well as dynami-
cal phase-space calculations suggest that the pions are
generated mainly in incoherent nucleon-nucleon (N N)-
collisions [2], in analogy to the production of hard pho-
tons in proton-neutron (p-n) collisions [5]. Here the en-

ergy necessary to create pions is provided through an ap-
propriate coupling of the nucleon Fermi momenta with
the momentum of relative motion of the colliding nuclei.
Pions, however, interact strongly with the nuclear medi-
um, i.e. , they rescatter and are reabsorbed with high
probability. These eAects decisively inAuence experimen-
tal observables, like production yields, energy spectra,
and angular distributions, as has been shown, e.g. , by
Grosse [6]. For a deeper understanding of pion-produc-
tion mechanisms, detailed knowledge of the pion final-
state interactions is therefore essential, and it is in partic-
ular of prime interest to the investigation of the nuclear
equation of state.

For kinetic energies above 50 MeV the pion mean free
path in nuclear matter is dominated by the h, resonance
and has been studied extensively in z —-nucleus reactions
with charged-pion beams [7]. At lower energies, impor-
tant in subthreshold production, absorption data for
charged pions are scarce and the situation is complicated
by the Coulomb interaction. Although direct measure-
ments are impossible for neutral pions because of their
short lifetime, an average absorption length of X,b, ~ 4-6
fm has been estimated from the shadowing effect ob-
served in heavy-ion induced subthreshold pion emission
[6,8,9]. Photoproduction data rather suggest X,b, ~ 10
fm in the kinetic-energy range of 20-30 MeV [2], indi-
cating that for a consistent picture clearly more informa-
tion on low-energy pion absorption is required. There-
fore, we have extended the available experimental sys-
tematics of subthreshold z production to a very heavy
collision system where final-state eAects are expected to
be large. In this paper we present first quantitative data
on neutral-pion absorption and its momentum depen-
dence far below the 3, resonance.

In an experiment performed at GANIL a 9 mg/cm
Au target was irradiated with a 44 MeV/nucleon ' Xe
beam of typically 0.4-0.9 particlenA. High-energy y
rays stemming from both bremsstrahlung and the decay
of neutral pions were detected in an array of 247 hexago-
nal BaF scintillators clustered in blocks of 19 crystals
each. Placed at a distance of 42 cm from the target, they
covered angles from 66 to 156 with respect to the beam
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axis, with a total solid angle 0=0.30x4z. Seven of the
blocks were assembled with BaF2 crystals of 25 cm length
and 5.9 cm inscribed radius, developed for the TAPS
(two-arm photon spectrometer) array [10]; for the
remaining blocks, crystals of somewhat diA'erent sizes
were used (20 cm length, 5. 1 or 6.7 cm inscribed radius).
The scintillators were shielded with 2 cm thick plexiglass
plates against charged particles; one block was equipped
with plastic veto detectors. The energy calibration of the
BaF2 detectors was done with y rays from radioactive
sources and energy-loss signals from cosmic-ray muons.
A typical time resolution of 700 ps FWHM was achieved.

In the oA-line data reduction it was possible to identify
"photon only" events with a high degree of selectivity
through a combined pulse-shape and time-of-flight
analysis. For each neutral hit the photon energies depos-
ited in adjacent modules were summed in order to im-
prove the overall energy resolution. The high-energy
background events produced by cosmic-ray muons were
largely suppressed by cuts on the coincidence time and on
the geometry of the hit pattern. Finally x events were
identified by an invariant-mass analysis of coincident
photons, yielding a FWHM mass resolution of 29% and a
kinetic-energy resolution above 35 MeV of 20%, superior
to those of lead-glass detectors, typically about 2 times
less accurate [4,6]. The energy-averaged e%ciency for
neutral pions was determined from Monte Carlo shower
simulations to be 3.1%.

Our data yield an inclusive cross section of 5.3~ 1.2
mb for the production of bremsstrahlung photons with
F~~ 30 MeV and, from a moving-source analysis of the
latter, a source velocity of P=0.15 ~0.01, i.e. , equal to
Pb„ /2. Both findings fit well into the systematics of
hard-photon data [2,5]. For x production we obtain an
inclusive cross section of 9.6 ~ 1.7 pb, integrated over the
N-N frame angular distribution. The error quoted is the
quadratic sum of a 4% statistical and a 17% systematic
error mainly from the beam-current normalization. A
thermal fit to the z transverse-momentum spectrum pT,
represented in the upper part of Fig. 1, produces a source
temperature of TO=14.6~ 1.0 MeV, in good agreement
with the systematic study of pion energy slopes of Suzuki
er al. [11]. From the lower part of Fig. 1 it appears that
the x angular distribution displays a distinct minimum
at 90' in the N-N center-of-mass (c.m. ) frame, reminis-
cent of the p-wave amplitudes of pion production in free
N Ncollisions [12]-. While this indicates that a sizable
fraction of the pions originate from N-N collisions in an
early stage of the heavy-ion reaction, the good description
of the measured pT spectrum with a thermal distribution
points to a certain degree of thermalization.

Beyond these inclusive results, some impact-parameter
selectivity could be achieved by placing cuts on the num-
ber of neutrons and protons detected in the BaF2 array.
Correlating the nucleon multiplicity with the impact pa-
rameter b through a statistical fragmentation calculation
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FIG. l. (a) Response-corrected x transverse-momentum
spectrum measured for ' Xe+ ' Au at 44 MeV/nucleon. The
solid line is a thermal fit (see text). (b) Angular distribution in

the A-JV c.m. frame. Only statistical error bars are shown. A
Legendre-polynomial fit (solid line) yields an anisotropy of
A2 =0.27+ 0.07.

done with the code FREESCO [13], we find that the
neutral-pion/hard-photon ratio decreases by a factor of
2-3 going from central (b ( 5 fm) to peripheral (b ) 10
fm) collisions. The decrease of this ratio with larger b is
most probably caused by a depletion of the z production.
Such a behavior is indeed expected as peripheral reac-
tions probe the softer momentum components in the
difT'use nuclear surface and because it takes much more
energy to produce a pion than a 30 MeV photon. Within
the Fermi-gas model the Fermi momentum is calculated
to decrease over the investigated impact-parameter range
from 265 to 220 MeV/c.

Ultimately our data display many features of x pro-
duction in mainly leading N -N collisions. Adopting
therefore the N-N scattering picture, the ~ multiplicity
per N-N collision P~~(n ) can be expressed dividing
the inclusive production cross section by the product
a„„.,N~~, i.e., the total reaction cross section times the
impact-parameter-averaged number of first-chance N-N
collisions, where N~~ is computed in a Glauber approach
[8]. The value found for ' Xe+' Au collisions can be
compared with the body of inclusive data available for
beam energies around 44 MeV/nucleon [4,6] and extend-
ing from ' C+ ' C to Kr+ Zr. Beforehand two cor-
rections are, however, necessary: (1) Because of the
strong energy dependence of subthreshold pion produc-
tion, we choose to scale the various data points to a com-
mon energy of 40 MeV/nucleon available above the
Coulomb barrier. The scale factors were determined with
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the aid of a polynomial fitted to the doubly logarithmic
representation of the systematics of Pjv~(x ) vs (Eb„
—Vc,„1,mb)/Ab„between 30 and 60 MeV/nucleon (see,
e.g. , Fig. 5.17 of Ref. [2]) and range from 0.28 to 14.
The error bars have been scaled accordingly and an addi-
tional 10% systematic error has been applied to the Sta-
chel data, measured at 35 MeV/nucleon, i.e. , furthest
away from the 44 MeV/nucleon used in our experiment.
Corrections due to diAerent energy losses in the targets
are small and have been neglected. (2) Furthermore, one
expects the pion production to be depleted at low bom-
barding energies more strongly in light collision systems
because of their reduced Fermi momenta. In order to
compensate this we have applied an empirical correction
estimated from the ratio of z cross sections measured by
Noll et al. in light and heavy systems over a range of
beam energies [14]. Between 48 and 84 MeV/nucleon
the rise of this ratio, after correction for the Coulomb
barrier, amounts to a factor of 2.0 for cr p(C+ C)/
cr o(C+U) and 1.5 for cr (Cp+Ni)/ cr p(C+U). The x
yields of the three lightest systems included in the sys-
tematics have been corrected with these numbers, i.e., by
a factor of 2 for C+C, and 1.5 for C+Ni and N+Al,
the latter being comparable in size to the C+Ni system.
The average Fermi momentum probed in the C+C sys-
tem is only 221 MeV/c [15], in contrast with the satura-
tion value of 265 MeV/c in heavy nuclei, which is similar
to the momenta probed in the most peripheral Xe+Au
collisions. The correction factors deduced from the data
of Noll et al. are indeed consistent with the impact-
parameter variation of the pion yield discussed in the pre-
vious paragraph.

The corrected PIv~(rr ) is shown in Fig. 2 as a function
of the average distance D „„the pions propagate in the
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nuclear medium before they can escape. Following Ref.
[8], D „„has been calculated in a simple geometric mod-
el in which the pions are emitted uniformly and isotropi-
cally from the overlap region of the two colliding nuclei.
A maximal geometric overlap of 3 fm and an overlap
density of 1.25po has been assumed, as suggested by
Boltzmann-Uehling-Uhlenbeck calculations [2], and the
result has been averaged over all impact parameters. We
attribute the observed decrease of P~~(n ) with increas-
ing system size, characterized by D „„,to pion reabsorp-
tion and, fitting an exponential attenuation law to the
data, we find an energy-averaged absorption length of
X,, b, =5.5+i 5 fm. This value agrees well with the former
estimate of ~ 4-6 fm by Grosse deduced from the shad-
owing effect observed in x angular distributions [6].

The momentum dependence of the z absorption can
be deduced from a comparison of the measured c.m.
energy-differential cross section (pE) der/dE with a pri-
mary distribution, which we take as a Boltzmann distri-
bution [Fig. 3(a)]. Primary is understood here in the
sense of antecedent to any final-state interactions. The
above assumption seems to be at odds with the picture of
pion production in mainly leading collisions. A reconcili-
ation might, however, be given by microscopic transport
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FIG. 2. Inclusive n multiplicity per N-N collision as a func-
tion of the pion mean path to the nuclear surface; the square
point is ' Xe+ '97Au; other data are from Refs. [4] (triangles)
and [6] (circles). The solid line is a fit of PIviv (ir ) =Pp
xexp( —D „„/k,b, ) to the data, where Pp is the |r multiplicity
without absorption.

FIG. 3. (a) ir kinetic-energy distribution in the IV-JV c.m.
system (histogram) compared to a Boltzmann distribution
(solid line) with Tp =14.6 MeV. (b) ir absorption length as a
function of the pion c.m. momentum, normalized to an average
of 5.5 fm (see text for details). Error bars are statistical; the
normalization error is not included. The dashed line is an
optical-model calculation from Hecking (parameter set ll [17])
and the solid line is obtained by adjusting the potential of Ref.
[18] to our data; for the latter calculation the finite experimen-
tal energy resolution has been folded in, giving a better agree-
ment at low pion momenta.
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models which show that, while leading N-N collisions
dominate pion production in the energy regime con-
sidered here, second- and higher-chance collisions con-
tribute to some extent [2]. Furthermore, from cascade
calculations [16] it is known that the mere folding of the
nucleon Fermi distribution with the diA'erential cross sec-
tion of the elementary N-N production process results in

a phase-space occupation close to Maxwellian. Pion data
from light collision systems [9,11,14], where final-state
eAects are much weaker than in the Xe+ Au system,
show indeed that the production mechanism, whatever it
is, leads to a Boltzmann-like primary energy spectrum.
This is also supported by the shape of the z pz spectrum
measured in the present work [see Fig. 1(a)]. With these
arguments in mind we have calculated the z escape
probability f„,as a function of the pion c.m. kinetic en-

ergy E, , dividing the experimental energy spectrum by
a primary spectrum approximated with a Boltzmann dis-
tribution of temperature Tp=14.6 MeV. The parameter
Tp, fitted to the pion pT spectrum, is itself not very sensi-
tive to reabsorption efrects, as any given value of pT cor-
responds to an average over a whole range of pion ener-
gies. Using f„,=exp( —Dm„„/),b,) and F., = (p
+m ) 'I —m, where m is the tr rest mass, we finally ob-
tained the z absorption length as a function of the
(asymptotically observed) pion c.m. momentum, i.e.,
X,,b, (p) shown in Fig. 3(b). In this procedure the absolute
normalization of the primary distribution was chosen
such that the momentum average of the absorption length
is 5.5 fm.

The overall trend of X,b, (p), with a pronounced absorp-
tion minimum around momenta of 100 MeV/c, is repro-
duced by a pion-propagation calculation of Hecking [17]
based on an optical potential adjusted simultaneously to
charged-pion scattering and pionic-atom data. A better
description of the data can be achieved by adjusting the
potential of Carr (taken from Ref. [18]) to k,b, (p). One
should, however, realize that these potentials are not very
strongly constrained by our z data. From the momen-
tum dependence one can now understand the apparent
discrepancy between estimates of X,b, from heavy-ion
data (~6 fm) and photoproduction data (~ 10 fm):
While the former correspond to an average over a
thermal pion spectrum, the latter yielded k,b, for pion ki-
netic energies in the range of 20-30 MeV [2], i.e., close
to the absorption minimum. The nuclear translucence
observed around 50 MeV in pion charge-exchange reac-
tions has been recently interpreted in a similar way
within optical-model calculations [19].

In summary, we have measured inclusive x production
in the reaction ' Xe+ ' Au at 44 MeV/nucleon. Our

data support the picture of x and hard-photon produc-
tion in incoherent nucleon-nucleon collisions. A quantita-
tive analysis of the x multiplicity per N-N collision
yields an average x absorption length of 5.5 fm. The
momentum dependence of X,. b, is deduced for pion kinetic
energies reaching from the threshold to below the 3, reso-
nance region.
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