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The x+ production in 85@-MeV C+C and C+Au reactions has been studied for 20 MeV
~E„&80 MeV and 8b& 55'. The cross sections, d'0/dO dE, fall exponentially with
E„and are 9 times larger for C+ Au than for C+ C. The ~mlar distribution is back-
ward peaked for C+ Au in the nucleon-nucleon c.m. system, while it is weakly forward
peaked in the nucleus-nucleus c.m. system. An independent nucleon-nucleon scattering
model can explain the data only if diffuse internal momentum distributions are introduced.

PACS numbers: 25.70.Hi

The availability of heavy-ion accelerators in the
intermediate energy region has opened up new

possibilities to study pion production at an energy
per nucleon below the free nucleon-nucleon
threshold (290 MeV). Hadron-nucleus collisions"
have been used for many years to examine the
importance of the nuclear environment in the

pion production process. Very large momentum
transfers to the nucleus (2-3 times the Fermi
momentum) can be involved in these reactions,
a fact which points towards a large degree of
coherence. However, the reaction mechanism is
not convincingly explained. Nucleus -nucleus reac-
tions substantially below the free threshoM have
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been studied only in the experiments of Benenson
et al. A pronounced minimum in the ~'/v ratio
has been observed for velocities (or rapidities)
close to that of the projectile. 4 This phenomenon
has been explained in terms of Coulomb effects. '
Fully coherent production in light-ion reactions,
like 'He+'He -'Li+ r', has been observed with
cross sections of the order of 100 nb at energies
(90A MeV) close to the reaction threshold. ' At
higher energies (303A MeV) such coherent chan-
nels are much less important. ' Subthreshold pion
production in. heavy-ion interactions could be ex-
plained in various ways. The most obvious way
is to produce pions via nucleon-nucleon collisions,
taking into account the boost from the internal
(Fermi ) momenta. "Collective phenomena such
as collisions between clusters"'" or the coher-
ent prpductipn pf an isobar"' ax e pther ppssi-
bilities. More exotic phenomena, such as pion
condensation' '" appearing in dense regions of
the ion-ion system, have also been discussed.
In this Letter, we report on the results of an in-
clusive study of the &' production at large angles,
using a "C beam with an energy of (85+ 1)A MeV.

The "C beam from the CERN synchrocyclotron,
with intensities between 2 X10' and 2.5 X10'o ions/
s, impinged on a carbon or gold target. The tar-
get thicknesses were 51 and 38 mg/'cm', result-
ing in small energy losses and thus a very well
defined effective beam energy of (85",)A MeV.

The range telescope, used to detect pions, was
designed to be sensitive to cross sections of
about O. l pb/sr. It consisted of six plastic scin-
tillators (5, 25, 50, 50, 50, and 5 mm thick).
The first element was used only as a ~ detector
and the last element only as a veto detector. An

8-mm plastic absorber was necessary to reduce
the intense proton flux especially at 55 and it
increases the effective pion-energy cutoff to 17
MeV. The trigger for a positive pion was a de-
layed (within 200 ns) signal (m'- p, '+ v„) from
the stop (st) detector following any s, + +s„

+ s, coincidence. All hE-hE corre-
lations were further used for the identification.
The time spectra and the (monoenergetic) signal
from the decay muon were recorded. Prompt
runs (i.e., with no delayed coincidence require-
ment) were made throughout the data-taking
period in order to check the stability of the sys-
tem. The dead-time due to the prompt pulse
length reduces the pion registration efficiency
in the stop detectors to between 25% and 35%%uo.

Since no deviation from a constant background
was found, the total &' yield was obtained by
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FIG. 1. DoubIy differential cross sections of ~+

from (a) C+ Au and (b) C+ C collisions at S5A MeV
as a function of the pion kinetic energy.

fitting the function A +Bexp(t/T), T = 28.02 ns,
to the time spectra.

Each scintillator constitutes one energy bin,
obtained from the range-energy relation. The
error bars in Fig. 1 are mainly due to statistical
errors in the g' fit procedure but the uncertainty
in the zero time determination has also been in-
cluded. In calculating the cross sections, we
have corrected for decay in flight (15%%d-17%)

and nuclear collisions before the stopping point
(10'%%u0-20%), The multiple Coulomb scattering
correction (see Chiba"), as well as the correc-
tion due to loss of muons and pions from the finite
geometry, is negligible. A three-element plastic-
scintillator telescope served as a monitor. The
errors in the absolute cross section of r', main-
ly due to the uncertainty in the beam current
measurement with a Faraday cup" and the effec-
tive solid angle determination, add up to about
30%. The prompt cPo/dQ dE spectra of protons
at 90' are, within this uncertainty, in agreement
with those found in Ref. 17.

The d'o/dQdE spectra of v' in Fig. 1 show an
exponential falloff with energy in the interval 20
-E„-80 MeV, with a slope which becomes
slightly steeper with increasing laboratory angle.
The shapes of the spectra are similar for C and

Au targets. The cross section for C+Au colli-
sions is 9 times larger than that for C+C colli-
sions. Under the assumption that the cross sec-
tions follow an A power law, n would be 0.8.
The integrated cross section f(d'o/dQdE)dE for
C+C is 0.8 p, /sr at 55', 0.5 pb/sr at 90, and

0.4 pb/sr at 130 to be compared with about 10
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FIG. 2. Lorentz-invariant doubly differential eros s
sections as a function of (a) the nucleon-nucleon c.m.
~~~le, (b) the nucleus-nucleus c.m. angle, and (c) the
laboratory angle. The curves are drawn to guide the
eye. In the c.m. spectra for C+ C we have chosen to
draw them symmetric around 90', thereby presenting
typical errors in the individual points.

pb/sr at 0' for Ne+NaF in the experiment of
Benenson et al. ' lf the comparatively weak slope
in the angular distribution, which we find, is
valid also for 8 & 55 (a fairly uniform do/dQ dis-
tribution for 0 &30' is reported in Ref. 3) and the
cross section is proportional to A.,"A.,", then
our cross sections are slightly smaller than
those in Ref. 3. However, the effective beam en-
ergy in Ref. 3 is reported with a large error,
(80+10)A MeV, and it is possible that the v'
production cross section is falling more steeply
with decreasing beam energy than was assumed
there. An extrapolation to 180 of the angular
distribution for C+C reactions in Fig. 2(a) re-
sults in a total ~' production cross section of
-10 Jtj,b.

In Figs. 2(a)-2(c) the invariant cross section
(1/p)d'o/dQ dE is plotted against the emission
angle in the nucleon-nucleon c.m. frame, in the
nucleus-nucleus c.m. frame, and in the labora-
tory frame. The C+C cross section is found to
be symmetric in Figs. 2(a) and 2(b) as it should
be in any c.m. system. The C + Au spectrum of
v' is, however, strongly backward peaked in
the nucleon-nucleon c.m. frame (P, =0.20).
On the other hand it seems [Fig. 2(b)] to be
slightly forward peaked in the nucleus-nucleus
c.m. frame (P, =0.023). This might indicate
the presence of mechanisms involving more than
two independent nucleons, such as collisions be-
tween clusters or the creation of a locally heated,

dense subvolume of nuclear matter ((PFB)=0.13
in the clean-cut fireball approximation). One
should, however, bear in mind that pions created,
for instance, in independent nucleon-nucleon
collisions are reabsorbed when traversing the
remaining parts of the nuclei and that an asym-
metry could be created in this way.

The apparent temperatures of the pion-produc-
ing sources obtained from fits of Lorentz-trans-
formed relativistic Boltzmann-like sources to
the spectra of Fig. 1 (Ref. 17) are 14+ 1 MeV for
C+C collisions and 15+1 MeV for C+Au colli-.
sions. The latter one is, within the limits of
error, the same as the Boltzmann temperature
for high-energy protons given in Ref. 17, while
the temperature for pions in C+C events is even
slightly higher than that for protons. It should
be noticed that smaller apparent temperatures
for pions than for protons have been observed at
higher beam energies, "a phenomenon which is
explained in the framework of an expanding com-
mon Boltzmann-like source. " Preliminary cal-
culations of the &' production cross section in
C +C collisions with an independent nucleon-
nucleon scattering model have been performed. "
From these calculations we have observed that
the absolute cross section (especially for pions
with E, & 60 MeV) can be reproduced only if dif-
fused internal momentum distributions (e.g. , of
harmonic-oscillator type for light nuclei) are
introduced. The largest contribution to the &'

production is coming from the pp -d& channel
since the Pauli blocking in this case (two nu-
cleons with the same final momentum) is weaker
than for (two nucleons) +m' in the final state.

In conclusion, we have obtained 7t' production
cross sections at 85A MeV with an A dependence
close to A". The apparent production source
has a velocity between the nucleon-nucleon c.m.
velocity and the nucleus-nucleus c.m. velocity.
The absolute cross sections could possibly be
explained in the framework of independent nu-
cleon-nucleon collisions from two interacting
momentum spheres but only if we assume a
strong pp —dm' component for which Pauli block-
ing could be treated as if two nucleons with the
same final momenta are produced.
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Measurements have been made of spectra of electrons resulting from autoionization of
a doubly excited quasimolecular state in a Li -He collision. An isolated peak is observed
beyond the classically accessible energy region of the backward electron emission. The
occurrence of this peak is interpreted as due to a new type of interference among the
probability amplitudes of the ejected electrons.

PACS numbers: 34.50.-s, 33.80.Eh, 32.80.Dz

Yagishita and co-workers"' have investigated
collisionally excited autoionization states in the
Li'-He system by means of ejected-electron
spectroscopy. They have pointed out that molec-
ular autoionization of the (LiHe)+ 2pn''b, state is
enhanced below 3 keV of Li'-ion impact. Bring-
ing the molecular autoionization into focus, we
have measured the energy and angular distribu-
tions of the ejected electrons resulting from Li'
impact on He. The impact energy E varies be-
tween 0.6 and 2.4 keV, and the electron-emission
angle 9 between 30 and 150 with respect to the

incident Li' beam direction. The experimental
apparatus and procedure are similar to those in-
troduced by Yagishita et al.' The main change is
an improvement of the Li'-ion source to obtain
a higher signal-counting rate at lower impact en-
ergies. The spectra observed include a peak due
to a new type of interference among probability
amplitudes of the ejected electrons. In the pres-
ent Letter, the occurrence of this peak is dis-
cussed briefly, while a full and detailed account
of the present measurements will appear in a
subsequent paper.
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