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A it0 SPECTROMETER FOR LOW-ENERGY HEAVY-ION REACTIONS*

G. R. Young
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.

ABSTRACT

A spectrometer composed of SF5 and F2 lead-glass blocks has
been constructed for detection of neutral pi mesons emitted in low
energy heavy-ion reactions. A geometric acceptance of nearly 10%
of 4-JI is possible; the n° detection efficiency varies between this
value at Tj - 0 MeV and 2% for T^ ~I00 MeV. Integrated cross sec-
tions as low as 300 pb have been measured. A ferf comments on the
spectra observed are presented. In particular, evidence is seen
for pion reabsorption. The total yields are apparently too large
to interpret in single nucleon collision or statistical models*

The work described in the following results from the collaborative

efforts of a group from SUNY-Stony Brook and ORNL. The collaborators

are (Stony Brook) P. Braun-Munzinger, R. Freifelder, P. Paul, L. Rlcken,

S. Sen, J. Stachel, P. DeYoung, and P. H. Zhang and (ORNL) T. C. Awes, R. L.

Ferguson, F. E. Obenshain, F. Plasil, and G. R. Young* The motivation for

the work reported here is our desire to study production of neutral pi

mesons using heavy-ion beams at energies per nucleon well below the value

required for free nucleons to interact and produce a pion. Six experiments

have been carried out: two using a 25-MeV/nucleon 1 60 beam from the ORNL

Holifield complex to bombard 197Au, ^tNi, and 2 7A1 targets; one using a

22-MeV/nucleon 3 2S beam from Holifield to bombard 27A1 and oatjtt targets;

and the others using a 35-MeV/nucleon 1'*N beam from the MSU K • 500 super-

conducting cyclotron to bombard 2 7A1, n a tNi, and naty targets. Due to

levels of cosmic-ray background and magnitude of cross section (0.3-160 nb),

only the latter experiments yield a pi-meson signal easily observed above

background; special steps to produce an identifiable pion signal in the

lower energy experiments will be mentioned. The purpose of the experiments

was, after establishing a nonzero value for the pion-production cross sec-

tion at such low bombarding energies, to obtain energy distribution, angular

distribution, and target mass-dependence data which might allow one to learn



what mechanism is responsible for concentrating so much of the kinetic

energy of the projectile into creation and ejection of one outgoing par-

ticle* Part of the fascination of such measurements for a physicist

accustomed to low-energy heavy-ion reactions is the concentration of over

half of the center-of-mass energy to produce a pion; e.g., at least 54% to

produce a stopped pion for 25-MeV/nucleon 1 60 + 2 7A1. Certainly, the

emission of very energetic nucleons is familiar from observation of nucleons

in the high-energy region of evaporation spectra from compound or composite

systems of nuclei, but the particles emitted were present in the entrance

channel. If emission of a quark-antiquark pair (i.e., meson, here a pion)

requires large momentum transfer in the scattering of the constituents, one

wishes to inquire as to what constitutes such scattering, or who the parti-

cipants are, in such low-energy experiments.

The experimental method used consists of detecting the two energetic

photons, emitted in the decay of a n°, in an array of Cerenkov detectors.

A 7t° decays 98.8Z of the time into two equal energy (in the n° rest frame)

photons with a lifetime of 8.3 x 10~17 seconds. The remainder of the decay

goes principally by the Dalitz decay it" + ye+e~; we do not try to identify

this mode. The photons emitted in the decay have energies of the order of

70 MeV or larger, increasing with increasing it0 kinetic energy. The photons

tend to cluster about a laboratory opening angle 9i2 " 2 cos"
1 (8^), where

Bfl - vu/c. This occurs merely due to "piling up" of the spherical phase-

space distribution of the photons, in the %° rest frame, in the transforma-

tion to laboratory coordinates. As the orientation of the photons in the n°

rest frame is uncorrelated with the Tt° 's laboratory velocity, the observed

y-y opening angle for a given energy it0 will be greater than or equal to

&12* Stopped Tt°'s are particularly easy to detect, as their photons propa-

gate in opposite directions. The experiment thus has an advantage over

those measuring charged pions in magnetic spectrometers or range tele-

scopes, as there is no efficiency falloff at low pion kinetic energies (Tu <

40 MeV). For charged pions with Tn < 10 MeV, this effect is usually severe

due to the charged pion lifetime of 26 ns; detection methods relying on

observation of a charged pion itself thus muse employ very short flight

paths (<1 meter) for 1% < 10 MeV.



Lead-glass Cerenkov shower counters were used to detect the decay pho-

tons. Cerenkov light emitted by electrons and positrons as they pass

through the glass is detected with photomultiplier tubes glued to the glass

blocks. Only the blue and longer wavelength light can be seen as the blocks

strongly absorb blue and UV light below 3400 A.

The detectors used are arranged as twenty pairs of detectors, with each

pair, or telescope, placed in a plane about the target at 15° intervals, as

shown in Fig-, i . The beam pipe occupies the 0° and 180° positions. The

front, or converter, block of each telescope is a 10 era x 10 cm x 5 cm thick

block of F2-type glass1 viewed on a side edge (10 cm x 5 cm) by a fast 5-an,

i4-8tage phototube. The rear, or absorber, block of each telescope i s a

15 cm x 15 cm x 34 cm thick block of SF5 glass2 viewed from the rear 15 cm x

15 cm face by a 12.5-cm, 10-stage phototube. We have used fast linear

focussed phototubes in al l cases. For the large blocks, we use a Hammamatsu

R1250 5" flat-face phototube. Properties of the blocks are listed in

Table I .

Pig. 1. Experlaental setup to aeasure •*"
production in heavy-Ion collision*. The plon
decay* In two high-energy T rays while s t i l l In
the target; these are detected In a setup of
lead-glass Cerenkov detector telescopes. The
thick arrow narks the beam axle. This Is the
planar geometry used at MSU. For details and
dinenslons, see the text.

A typical target thickness i s chosen so that the beam lo ses 10% of i t s

energy traversing the target . For example, a 41-mg/cm2 27A1 target was used

for the 1SO experiments at E/A » 25 MeV. Beam currents of 2-20 part ic le nA

with 100% macroduty factor are used.



Table I. Lead-glass properties

Type

Radiation length, Xo
Critical energy
Transmi11 ance

(4000 A, 10 Xfl)
Refractive index

(\ « 5376 A) B n
Density (g/cm3)
(v/c) threshold = P?

Electron kinetic
energy at Px

F2
(converters)

3.05 cm
18.2 MeV
0.797

1.6200

3.61

0.6173

138.5 keV

SF5
(absorbers)

2.38 cm
15.5 MeV
0.629

1.6727

4.08

0.5978

126.5 keV

No. photons/cm » — PT lit 2~~2l 2it dv» v " frequency

» 500 sin2ec/cm (visible)

9 * •

Fast electronics are used to record all events, including two or

more good telescopes, where a good telescope requires a fast (tr ~ 30 ns)

coincidence between converter and absorber. Pulse heights and time of arri-

val relative to the cyclotron RF for all good events are recorded on mag-

netic tape and analyzed off line. Off-line time cuts were typically 2 ns

between absorbers of different telescopes and 3 na between absorber and con-

verter of one telescope.

The blocks can all be placed in one plane, yielding a geometric accep-

tance of 52, or placed on two conical surfaces at ±11" to horizontal,

yielding a geometrical acceptance of 9.6Z.

A K?nte Carlo code was written to simulate ix° decay in the laboratory

for kinetic energies between 0 and 110 MeV and for all emission angles

(polar and azimuthal angle). The geometric acceptance of the completely

planar detector array is 5Z and decreases with increasing n° kinetic energy

to a value of IX at T^ ~ 100 MeV. The detection efficiency ot the conver-

ters was estimated by using the EGS electromagnetic shower computer code of



Ford and Nelson (SLAC, 1978, unpublished). As these blocks are 1.62 radia-

tion lengths thick, an efficiency due to shower conversion alone of <80% is

expected; light collection effects decrease this to ~50% to 70%.

We have made measurements of converter efficiency as a function of pho-

ton energy, using 20- to 120-MeV tagged photons at the Mainz electron accel-

erator. The converter efficiency rises with photon energy roughly linearly

up to 50 MeV, and then more slowly reaches an asymptotic value of 62% above

120 MeV. The same measurements also yielded resolution and linearity infor-

mation for the converter and absorber blocks. We find the absorbers are

linear down to Ey » 11 MeV at which point we see no light. The resolution

can be well described by a - O.OA//E^±^t where E^g - Ey - 0.011 [GeV],

The response is quite well described by a Poisson shape over at least three

orders of magnitude, meaning the resolution is dominated by photoelectron

statistics, as expected at these low photon energies.

Neutral pions are tagged by calculating the invariant mass of a

detected photon pair and searching for events where this is clustered about

135.6 MeV, the n° rest mass. This procedure takes advantage of the fact

that 1^2 - E,j2 - |p,t|2 is a Lorentz invariant, where E^ - T% + m^ is the

pion total energy and p% is the pion momentum. In the decay, due to conser-
• * " -> ->

vation of energy and momentum, E^ • Ey + Ey and p^ • py + py . Using

|py| =• Ey/c, one easily finds that

m^c2 - 2(EYl Ey2)l/2 sin-if , (1)

where 6 1 2
 i s t n e opening angle between the photons. By then producing a

scatter plot of invariant mass vs. detector pair opening angle, a distinct

cluster of events is found near 135 MeV and for 9i2 > 90°, as seen in

Fig. 1, taken from our first experiment of 35-MeV/nucleon lf*N + natfli. A

projection onto the invariant mass axis is given in Fig. 2, whlcu also shows

a dashed line which is the calculated m^nv resolution from our Monte Carlo

code.

As the pulse-height resolution of such Cerenkov counters is so poor,

as already noted, calculating T% from Eyj + Ey2 - rn^c
2 introduces a large

uncertainty in the energy spectrum. A preferred procedure is to use the
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, Fig. 2. (a) (Top) Scatter plot of twofold coincidence events observed In the 1'»S + 27A1
I reaction In the plane of Invariant aaas and y-ray opening an(;le. (Bottoa) The projections on
; the aass axis of events with • < 90* and 4 > 90* demonstrate that it0 events arc clearly resolved
: froa the background, (b) Flon Invariant asss spectrun measured tor 35-MeV/nucleon 1'tN + Nl.
The Intensity Is In arbitrary units; the Integral correspond!! to a cross section of U S nb or
about 900 events. Also shown by the dashed line Is the result of a Monte Carlo simulation.

opening angle information by recasting the invariant mass equation in the

form

TH * •«*!'
- cos912)(l - X

2)
(2 )

where X - (Ey i - By 2)/(ET l + Vy2).
There are two principal sources of background in these experiments.

The first is y rays from deexcitation of nuclear levels, e.g., compound

nuclear decays. For example, if we assume the geometric cross section of

1.9 barns for 1I+N + 58Ni leads to an average gamma multiplicity of 10, and

take the ratio of it0 decay photons (<% total " ̂ 5 nb, my - 2) to nuclear

decay photons, we find 1.2 x 10"8 of the photons present arise from it0

decay. These are suppressed by the following measures: (1) Only electrons

with Te > 130 keV can produce any Cerenkov light, which eliminates all

triggering due to X rays and slow Corapton- and photo- electrons. (2) The

Cerenkov light output increases as sin2[cos"1(l/f3n)J, which strongly discri-

minates against slow (p < 0.9) electrons. (3) A four-fold coincidence is



the basic trigger: since a nuclear y ray will only fire cne counter, a

four-fold, instead of two-fold, random event is required. (4) Geometrical

cuts on 8 1 2 vs. Tn reduce random events with incorrect geometry; see the

invariant mass vs. 612 plot for 912 < 90°. (5) The critical energy in the

absorber glass is >15 MeV; this is the energy below which electrons lose

most of their energy by dE/dx processes instead of shower production,

meaning only E > 15 MeV photons can cause efficient conversion of their

energy to a proportional output of Cerenkov light. These measures reduced

the nuclear background to a level of nearly zero.

The difficult background arises from penetrating cosmic-ray unions and

products of cosmic-ray hadron showers. These particles have energies of

several GeV and higher, easily penetrate entire absorber blocks, and are

well above Cerenkov threshold. Showers are produced in the target room's

1-meter-thick concrete roof and penetrate vertically. Since energetic muons

do not interact (except by electroweak processes, which have very small

cross sections) in the glass, they penetrate the array in a more or less

straight line, and thus tend to be concentrated near the horizontal plane.

In this way, they produce much more Cerenkov light than a 100-MeV photon

shower, and can thus be discriminated on the basis of pulse height. Shower3

and muons are further suppressed by the invariant mass cut, a prompt cut on

the event time relative to the beam RF timing, and by requiring a multipli-

city of exactly four hit counters. This last requirement was checked to

cause only a ~1% loss in real it0 events (due to, for example, random coin-

cidences between a it" and beam-related y background).

Even with these precautions, for 9i2 ~ 90° and smaller, a 20Z contami-

nation of cosmic rays in the invariant mass spectrum is found. This

contamination is zero for 912 > 150° and ~5% for 912 - 120°. Accordingly,

2.5-cm-thick plastic paddles3 are placed in front of telescopes to veto'

charged particles — cosmic rays — hitting the arrays by detecting their

Cerenkov light. As this plastic has a 48-cm radiation length, only <4% of

the photons will pair convert in the paddle, resulting in a small efficiency

loss but a very large reduction in cosmic-ray background, especially for

6X2 ^ 90°• This is the range of opening angles for energetic pions, Tn >

56 MeV. This background reduction is essential at lower bombarding energies



such as 25 MeV/nucleon, where the total u° cross section is of the same

order as the apparent cross ?»ction due to cosmic-ray background.

The resulting pion production cross sections for 1 60 + 27A1 are shown

as a function of it" kinetic energy in Fig. 3a, a function of transverse

momentum pĵ  in Fig. 3b, and a function of ir° polar angle in Fig. 3c. The

kinetic energy spectra exhibit a peak near T^ « 10 MeV with an exponential

falloff towards higher energies.

FRACTION OF C H ENERGY

» 0.39 O.M 0.73 0.90 0.97

Fig. 3. (a) Laboratory kinetic energy distribution, (b) transverse aooencua distribution,
and (c) angular distribution for neutral plona observed In the reaction Elab/A " 25 HeV
160 + Al + *° + K. The dashed line In (a) It the prediction of Ref. 8 nultiplied by a factor of
SO. Th« solid Una in (b) Is a fit using Eq. (3) and yields T - 11.6 HeV. The solid lines In
(a) and (c) arc predictions of the slnple thermal rodel discussed in the text with T - 11.6 MeV
and sourc* speeds 8a - 0.083, 0.17, and 0.23. The legend #t the cop of (a) is the fraction of
the c.a. energy required to produce a n° traveling at 0* in the laboratory.

The spectra shown in Fig. 3 can be examined further to determine

whether they are consistent with emission from a common source, as would be

expected in present thermal models. For a single thermal source, Hagedorn7

has derived an expression for dcr/dp^, which only depends on the temperature

of the moving source and is not distorted by source motion along the bean

axis.. The expression is (for bosons)



/•CD

f dp,
J(l exp nw + pi +

dcJ
- const. • Pi • / *' ,,„ • (3)dPi Jo exp 4 + p| + vl 1/2/T -1

The constant in this expression can be estimated with a thermal model for

the pion production dynamics, such as the models described in Refs. 8-11.

For the present discussion, we are interested in the spectral shape implied

by Eq. (1). The solid curve in Fig. 2b is the best fit result using this

expression with a temperature of 1 • 11.6 ± 0.8 MeV (the error corresponds

to a 10% increase in X^)» Since Eq. (1) implies isotropic emission with

d3o"/dp3 <* e"^11 *n t'le ^rame *n which the source is at rest, the value of

d3c/dT7[dQ in the laboratory frame can be computed for various values of the

source velocity, S8, and the results integrated and compared to the measured

dc/dT^ and do/dQ^ spectra. The solid curves drawn in Figs. 2a and 2c corre-

spond to emission from the center-of-momentum frame, p s « 0.083, emission

from a frame having the average rapidity of the observed pions, Bg - 0.17,

and emission from the projectile frame, Ps - 0.23, all for T » 11.6 MeV.

The calculated values have been normalized to give the measured total cross

section. The results for da/dT% do not discriminate strongly among the

choices for Ps. The situation is different for the calculated angular

distribution, which indicates that values 8 3 > 0.15 are clearly favored.

Although these results indicate that the data are not incompatible with

Isotropic emission by a single "source," they are at variance with the pre-

dictions of the models in Refs. 8-11, which predict P8 < 0.11. From the

shape of the angular distribution at forward angles, it appears that reab-

sorption of the pions in the surrounding nuclear matter may be an important

consideration. As the above moving source prescription should be normalized

to the total cross section prior to the inclusion of reabsorption effects,

and the angular distribution prior to reabsorption may be more forward

peaked (in the laboratory frame), an even larger value of ps could result.

Figures 3 and 4 also indicate the degree to which the measured total

cross sections are underpredicted by the models of Refs. 8-11. The dashed

line in Fig. 2a represents the prediction of the cooperative model of Ref. 9,

multiplied by a factor of 50. This model thus severely underestimates

both the magnitude and the slope of the measured kinetic energy spectrum.
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Similar conclusions are obtained when comparing the predictions of the ther-

mal model of Ref. 11 to the data for integrated and differential cross sec-

tions.

In the following we discuss how far the data could be influenced by

pion reabsorption effects. Experimental data for pion absorption cross sec-

tions are available*** for i& and n" induced reactions, but only for kinetic

energies T^ > 37 MeV and, of course, only for ground-state nuclear matter.

Most of the pions we see are at lower kinetic energies. To cover this pion

kinetic energy range, we, therefore, will use for the present discussion

pion absorption mean free paths ^abs^-rc) a s resulting from the optical model

calculation of Hufner and Thies16 (rajjS =» 120 MeV), which reproduce reason-

ably well the experimental it absorption data for T^ > 37 MeV. In the energy

range of interest here such calculations typically yield a maximum mean free

path of X.abs "* 3.6 fm around T,; » 25 MeV. The ?*.at,s values decrease smoothly

towards higher and lower kinetic energies to Xa{,s - 3.0 and 1.7 fm at 10 and
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100 MeV, respectively. Similar but 3lightly smaller values are obtained in

a recent relativistlc calculation.17 Comparing such mean free paths to the

dimensions nf the systems studied here, it is obvious that pion reabsorption

cannot be neglected; the combined 14N + Ni system, e.g., has a radius of

~7 fm at 50% density overlap.

To study effects of pion reabsorption, we performed Monte Carlo simula-

tions based on ^-abs^ii) °^ Ref. 16. In these calculations a pion source of

one nucleon mass (938 MeV) is assumed to move with kinetic energies between

1 and 20 MeV corresponding to P = 0.5-0.20 along the beam direction. It

emits pions isotropically in its rest frame with a Maxwell-Boltzmann kinetic

energy' distribution and a temperature varying between 5 and 20 MeV. This

source is moving through cold nuclear matter, for instance through the com-

bined N + Ni system with A » 72, at different impact parameters b ranging

from central to grazing collisions for the combined system. We investigated

different impact parameters and source locations Z (for a precise definition

see below) becauss (i) a nonzero average impact parameter would originate

for a pion source smaller than the combined projectile plus target system

after integration over all impact parameters, (ii) Stopping of the projec-

tile before traversing the whole target nucleus (which is well conceivable

but not proven at the beam energies discussed here) would lead to pion

source location with Z < 0. Here, and in the following, we use a coordinate

system with the Z axis along the beam direction and Z » 0 at the center of

the combined projectile plus target system. In our simulations we always

studied samples of 105 primary pions and obtained secondary (after reabsorp-

tion) distributions da/dTn, do/dQ, dc/dpi, da/dy, and o"inv(y,px)
 a s a func-

tion of the source velocity and location. Note that while the initial

position of the source is varied, we assume its lifetime x to be so short

that Px « 1 fm, i.e., x « 10~2^ s which seems reasonable for thermal

models (see below). The temperature was chosen from a thermal model fit,

following the prescription of Ref. 7, to the experimentally observed pion

perpendicular momentum spectra. For comparison we also studied the larger

system of *̂*N + 191*Pt, but in the following we will mostly concentrate on

the ^ N + Ni system, for which the most detailed experimental information is

available. The results are the following:
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(i) For a pion source located at Z » 0, b • 0, i.e., in the center of

the A =» 72 system, about 80% of the pions are absorbed; for a distance of

R - (Z2 + b 2 ) 1 / 2 » 4 fm from the center, this number goes down to 65X. This

implies that the primary experimental cross section could be a factor 3-5

larger than what is observed.

(ii) Due to the fact that for T^ > 30 MeV the pion mean free path is

decreasing with increasing Tu, pion absorption effects decrease the slope

constant E o of the experimentally observed pion kinetic energy spectra.

This effect strongly depends on the size of the system and the relative

location of the source. A primary slope constant Eo =• 25 MeV decreases due

to reabsorption to 16 MeV for a source in the center of the ^ N + Pt system,

and to 23 MeV if the source is R - 3 fm off the center. For the smaller

14N + Ni system, the corresponding secondary slope constants are 23 and

24 MeV for a source at R - 0 and R - 3 fm.

—. 6 0

200

Fig. S. The effect of pion reabaorptlon on
the measured pion angular distribution (In the
laboratory frame) for different source locations.
The curves shown here result froa Monte Carlo
slaulatlons and correspond to lsotroplc distri-
butions In the rest t'raae of a source moving
with $ - 0.20 and located at Z - 0, b - 0, I.e.,
In the center of the 1HN + Nl coablned aysten
(nlddle), at Z - +4 fa, b - 0 (top), and at Z •
-4 fa, b - 0 (bottom). All three distributions
are normalized to give the sane integrated cross
section.
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(iii) The pion angular distribution in the laboratory is strongly

dependent on the source locations as is shown in Fig. 5 for a source velo-

city of 0 - 0.20. The undisturbed distribution (middle of Fig. 5) corre-

sponding to a pion source in the center of the combined A = 72 system

(Z » 0, b = 0) displays just the forward peaking due to the Lorentz trans-

formation of an isotropic (in a frame moving with p - 0.20) distribution

into the laboratory system. The drastic effect on angular distributions of

a source located at Z • ±4, b " 0 fi is visible in the top and bottom there;

picas going forward (top) and backward (bottom) can escape unhindered,

whereas there is maximum absorption in the opposite direction. All distri-

butions are normalized to yield the same integrated cross section. Of

course, the exact shape of the measured angular distribution is determined

by the interplay of primary angular distribution, source location, and the

source velocity; and for lower velocities and backward source location, a

distinct backward rise in da/dQ can result. As the pion mean free path is

changing with T^, so is the secondary angular distribution; in particular,

an increasing backward pion yield with increasing T^ is expected and found

in the simulations for a backward located (Z < 0) pion source. The gradual

shape change of da/dQ as a function of T^ depends, however, critically on

the precise dependence of X.abs
 o n ît*

(iv) We find that the shape of the calculated transverse momentum

distribution da/dp JL is nearly not affected by pion reabaorption effects,

which means that, within the thermal model of Ref. 7, the source temperature

can be determined independently of other variables such as source location

and velocity.

(v) The pion rapidity distribution, as expected, depends sensitively on

the pion source velocity and its location. Our studies indicate that it is

advantageous to analyze the shape of dff/dy rather than that of da/dQ in order

to get information on both source velocity and location. We find, in par-

ticular, that with decreasing source velocity the centroid of do/dy is

decreasing and approaching zero; as the pion source is moved backward with

respect to the beam direction (Z < 0), again the centroid in do/dy is

decreasing (and can become even negative), but in this case the distribution

is also becoming increasingly asymmetric. As displayed in Fig. 6, an
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Fig. 6. Experimental plon rapidity distri-
bution histogram for 35-MeV/nueleoa 1I(N + Nl
together with result* of Monte Carlo simulations
that Include plon reabaorptlon and display the
sensitivity of the experimental data to the prl—
aary source velocity. The curve* correspond to
p - 0.14 (dashed curve), p - 0.09 (solid curve),
and p - 0.05 (dotted curve). For the other
parameters, see the text.

analysis of the centroid of the rapidity distribution together with higher

moments (skewness or kurtosis) allows a determination of both source velo-

city and location (always assuming the simple picture of one source

emitting pions thermally). The best agreement of the simulations with the

35-MeV/nucleon lf»N + Ni data is found for p - 0.09 ± 0.03 and Z - -2.5 ±

0.5 fm. This reproduces rather well the experimentally observed dff/dy

. distributions and explains the shift toward negative values of y of the

centroid of dc/dy and its increase in width with increasing perpendicular

motion (see Fig. 7). Such a location of the pion source is in accordance

with recent simulations18 of the collision dynamics of 25-MeV/nucleon

16Q + 1 2 ^ according to which stopping of the projectile should occur in the

overall center-of-mass system.

The conclusions regarding reabsorptlon for the present experimental

data are the following: Measured15 and calculated16>17 mean free paths of

pion absorption as well as the negative centroid of the experimental

rapidity distribution, its asymmetry, the overall forward-backward symmetry

of the pion angular distribution in the laboratory frame, and its backward
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rise at high kinetic energies observed in the present ll4N + Ni experimental

data show the relevance of pion reabsorption for the experiments discussed

here.

3OO

200

100

0-250 MeV/c

Fig. 7. Experlaental pion rapidity distr i -
butions for 35-MeV/nucleon l"N + Hi Integrated
over all values of the perpendicular pion •onen-
tua (top) and for three different px bins. The
dashed line corresponds to the experlaental
centrold for the top spectrum and la shown to
visualize the asyametry of the data about this
centrold and the systematic downshift of the
centrold with Increasing p^.

We conclude that production of neutral pions in heavy-ion collisions

has been observed at beam energies as low as 25 and 35 MeV/nucleon. In a l l

cases the pions are identified by a clear peak around their invariant mass

of 135 MeV. Detector response and data analysis have been modeled with

Monte Carlo simulations; the agreement between simulated and experimental

distr ibutions is good. We made a special effort to understand and suppress
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both beam-correlated and cosmic-ray backgrounds. In spite of the small

measured cross sections, the background subtraction from the differential

pion distributions is less than 20Z at an average and <50% even in the tails

of the distributions. We find experimental evidence that the data are

affected by pion reabsorption effects. Schematic Monte Carlo simulations,

performed to model these effects, show which observables are altered and

indicate the size of the effect. They also allow the extraction of informa-

tion about the reaction dynamics from the data; in particular, we find a net

backward location of the apparent pion source with respect to the projectile-

target combined system implying full stopping in the overall center-of-mass

system.

The experimental cross sections are surprisingly large and, in par-

ticular, the kinetic energy spectra extend to quite large energies. We

observed pion production up to the kinematical limit, where the total center-

of-mass energy is transformed into the production of one energetic pion and

find that, toward this phase-space limit, all kinetic energy spectra merge

if plotted as a function of the energy available in the center-of-mass

system. Single nucleon-nucleon collision models and also models that invoke

the cooperative sharing of the beam energy of several projectile nucleons or

statistical models fail at the low beam energies discussed here. The data,

especially at the high pion kinetic energies, rather call for a coherent

mechanism for pion production.

Results of the experiments using this array have been published in

Refs. 4-6.
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