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NEAR-THRESHOLD PRODUCTION OF NEUTRAL PI MESONS
IN HEAVY-ION REACTIONS*

G. R, Young
Physics Division,

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.

ABSTRACT

Energy and angular distributions of neutral pi mesons emitted
in reactions of 35-MeV/u 1'*N + Al, Ni, and W have been measured by
using beasts from the MSU K - 500 cyclotron. The measurements con-
tinue a long tradition of "subthreshold" (in the nucleon-nucleon
sense) production of pi mesons, extending back to the first arti-
ficial production by Gardner and Lattes using 75-MeV/u cc-partide
beams from the UCRL 184" synchrocyclotron. Comparisons are made
with theory, ascribing the present production to mechanisms of
varying degree of collectivity, and some suggestions are made con-
cerning future experimental work.

I. INTRODUCTION

Before I get into this paper, I acknowledge the collaborators on the

work presented herein. The measurements made at Michigan State University

(MSU) were a joint effort among Drs. P. Braun-Munzinger, P. Paul, L. Ricken,

J. Stachel, and P.-H. Zhang of State University of New York, Stony Brook

(SUNY), F. E. Obenshain and myself of Oak Ridge National Laboratory (ORNL),

and E. Grosse of Gesellschaft fur Schwerionenforschung, Darmstadt (GSI).

Considerable help in the earlier 25-MeV/u attempts at ORNL was provided by

T. C Awes, R, L. Ferguson, and F. Plasil of ORNL and by ORNL visitors, S.

Pontoppidan of Niels Bohr Institute and V. Rauch of Strasbourg. Credit for

the experimental work devolves upon them; blame for errors herein is attrib-

uted to the present author.

The work reported here concerns production of neutral pi mesons using

heavy-ion beans at energies per nucleon well below the value required for

free nucleons to interact and produce a pion. Two experiments were carried

out, one using a 25-MeV/u 1 60 beam from the ORNL Holifield complex to bom-

bard a 197Au target, the other using a 35-MeV/u 1 HN beam from the MSU K *

500 superconducting cyclotron to bombard 2 7A1, natNi, and aatV targets. Due

to levels of cosmic-ray background and magnitude of cross section, only the

latter experiments have to date yielded a pi-aeson signal extending well

above background; forthcoming improvements to produce an identifiable pion



signal in the lower energy experiment will be mentioned. The purpose of the

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

cross section at such low bombarding energies, to obtain energy distribu-

tion, angular distribution, and target mass-dependence data which night

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 particle. Theorists have, by their usual ingenuity, provided a

range of explanations, some of which are mentioned below. These run the

gamut from "ordinary," involving coupling of relative and Fermi momenta of

individual nucleons to give energies in excess of the nucleon-nucleon

threshold, to "exotic," involving very short-range clustering of nucleons to

form a massive hard scattering center, or involving a nuclear counterpart to

the familiar electromagnetic bremsstrahlung emission of photons. 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 (mw0 » 135 MeV/c
2, m^l » 139 MeV/c2).

Certainly, the emission of very energetic nucleons is familiar from observa-

tion of nucleons in the high-energy region of evaporation spectra from com-

pound 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 con-

stituents, one wishes to inquire as to what constitutes such scattering, or

who the participants are, in such low-energy experiments.

The concept of "subthreshold" production of pions, in the nucleon-

nucleon sense, dates back to the detection of the first artificial production

of pions. The absolute energy thresholds, for fixed-target experiments, for

it+ and it0 production are, for example,

p + p -• p + p + u° T p - 279. 7 MeV

p + p + p + n + i t + T p - 292. 2 MeV.

The first accelerator-produced pions were observed by E. Gardner and C. M. 6.

Lattes.1 The first observation of pions was by Ochialini and Powell using

emulsions exposed to cosmic rays. They used 75- to 100-MeV/u a-par tide

beams produced by the UCRL 184" synchrocyclotron to produce charged pions,

preferring the oc-particle beam to a proton beam as it was argued that the

internal Fermi motion of the a particle would help enhance the cross section

over the value for protons at the same total kinetic energy. The first pro-

duction using £ "heavy ion" was studied at a proton synchrotron converted



to heavy-ion operation, the Princeton-Penn rapid cycling synchrotron,

where a 520-MeV/u ll*N beam was used in pion-production experiments of

W. Schimmerling and collaborators. 2

The first, truly high-energy proton machines producing protons of Tp >

1 GeV, the COSMOTRON at BNL and the BEVATRON at LBL, of course, produced

pions in copious amounts and allowed many of their properties to be estab-

lished. This followed the early work at a synchrocyclotron by Gardner and

Lattes and is followed today by heavy-ion experiments at synchrotrons

(BEVALAC, LBL, T/A < 2.1 GeV/u); synchrocyclotrons (the CERN SC, T/A < 84

HeV/u); and cyclotrons (MSU, ORNL, and GANIL). Indeed, as seen below,

experiments at present-day tandems are not ruled out based on considerations

of energy conservation alone.

The energy threshold is easily calculated using the fact that the total

center-of-mass energy is conserved. It thus is easily calculated from the

projectile and target four-momenta to be

/ 7 - t(Ep + Et)2 _ (£ p +p>t)2,l/2, or

/7 - [mp
2cIt + m^c1* + 2Epmtc

2]1/2

for the fixed-target case pt • 0. Here, E - m + T is the particle's total

energy, the sum of its kinetic energy and rest mass. For the absolute

energy threshold, all particles are at rest in the center of mass, so /s~ •

(nip + mt + mn0)c
2. This yields Che following table for some representative

cases.

Table I

System

p + p
p + U
C + C
N + Al
C + Au
N + W

^projectile
(MeV)

279.7
135.6
270.8
205.4
143.3
145.3

T / A projec t i l e
(MeV/u)

297.7
135.6
22.6
14.7
11.9
10.4

If one instead asks for a table of available energy, i. e., /s less the pro-

jectile and target rest masses (called A in the following table), the fol-

lowing results.



Table II

System = /s - rest mass

(MeV)
(A)nucleon pair
(MeV/NN pair)

* 100-MeV/u C + C
* 84-MeV/u C + C
* 60-MeV/u C + C
(T) 22.6-MeV/u C + C

592
498
357
135

49.3
41.5
29.8
11.25

* 35-MeV/u N + Al
25-MeV/u N + Al

(T) 14.7-MeV/u N + Al

321
230
135

17.4
12.5
7.3

(T)279.7-MeV p + p 135 135

* is a system where n° production has been observed; (T) denotes
absolute energy threshold for this channel.

The last column expresses the available energy in the nucleon-nucleon center

of mass in terms of available energy per nucleon-nucleon pair. If one

argued for a mechanism requiring coherent action of several such pairs,

i.e. , a "pooling" of available energy, then the case 35-MeV N + Al requires

"7.8 pairs" to assemble the energy just to create a it0. One should view

such a value with considerable caution, however, as the actual production

mechanism may have nothing to do with such an implied clustering.

II. THEORETICAL CONSIDERATIONS

The theoretical motivation for looking at pion production at very low

bombarding energies per nucleon divides into several classes. The mecha-

nisms proposed include coupling of relative and Fermi momenta,3>** fireball

production,5»*> collisions between clusters of nucleons,^»8 coherent isobar

production,9*10 pion condensation,11»12 statistical emission,13>1'* "pionic

fusion,"15 and "pionic bremsstrahlung. "16 A brief comment about each of

these follows; no one model has yet emerged as the clearly favored theoreti-

cal description of pion production at very low bombarding energies,

however.

Models assuming a coupling of relative and Fermi momenta3 »** calcu-

late the pion-production cross section in the Independent particle model.



Bertsch3 assumes that: only the first nucleon-nucleon scattering can create a

pion (arguing that the initial nucleon distribution in phase space rapidly

degrades to an equilibrated one) and uses free nucleou-nucleon cross section

data as input. Jakobsson et al. ** use a Glauber multiple scattering for-

nalism and treat later absorption of the produced pions using an isobar

model. Both models include a Fermi distribution of nucleon momenta inside a

nucleus; blocking of scattering to occupied states is included in refined

calculations. The pion-production threshold in such a model is at an inci-

dent relative momentum P • 1. 18 ^Fermi* corresponding to an incident (fixed-

target) energy of 54 MeV/u. The combination of Fermi momenta of nucleons

still exceeds the threshold value at lower energies; the exclusion of final-

state phase space determines the 54-MeV/u threshold. At bombarding energies

of one hundred to a few hundred MeV/u, such a model yields a quantitative

description of excitation functions and invariant cross sections E d3a/dp3.

Fireball5* and firestreak^ models explain production of nucleons, pions,

and light fragments by postulating that thermal equilibrium is achieved

among hadrons localized in a fireball region corresponding to the geometri-

cal overlap of the two nuclei in a collision. Relativistic thermodynamics

is used to describe the fireball decay and spectra produced. The model

requires consideration of appropriate chemical potentials and conservation

laws for charge, angular momentum, energy, and baryon number. The theory

has a free parameter pc, the critical density below which hadrons "freeze

out" and no longer interact; its value is determined in Ref. 6 to be p c -

0.12 ± 0.02 fm~3, just below the density of normal nuclei, 0.15 fm~3.

Cluster models7>9 were motivated by observation of very high energy

pions in reactions of p + A •> it + X, where the kinetic energy of the pion

exceeds the kinematical limit for nucleon-nucleon -> it + X scattering. It

was proposed7 that several nucleons could cluster in a small region of

space, r < 0.5 fm, with decreasing probability for increasing numbers of

nucleons in the cluster. Such a cluster would act as "-a hard scattering

center, or high momentum fluctuation, to shift the kinematics of scattering

of Incident nucleons beyond free nucleon-nucleon limits, resulting in pro-

duction of very energetic pions. It was argued that such "fluctuons" would

thus result in a nonzero (but rapidly falling with decreasing bombarding

energy) cross section for pion production at energies below the free

nucleon-nucleon threshold.



Another coherent mechanism proposed is the production of isobars [e.g.,

the A(1236)] by coherent action cf the target nucleus on the individual

nucleons of the projectile in a peripheral reaction.9 Such production was

proposed to explain very forward-angle production of pions in relativistic

heavy-ion collisions* It is coherent in the sense that the nuclear field of

the target nucleons is summed, folded with the density, and then transformed

Into a virtual quasi-phonon field transferring an impulse of energy and

momentum to the projectile (as seen in the projectile frame). Such a mecha-

nism also implies concomitant excitation of the target to, for example, a

giant resonance state. Backward emission of pions (in the cm.) would cor-

respond to the analogous process in the target frame; however, it is not

clear that such a mechanism would easily explain the large yields of pions

found in the transverse direction to the bean, for example, In the present

work.

Pirner12 has calculated effects resulting from the various branches of

the pion quasi-particle spectrum in nuclear matter and points out that the

quasi-free branch is important for "subthreshold" pion production in

nucleus-nucleus collisions. Whether pion condensation is present is con-

sidered rather speculative, although it is expected to disappear rapidly12

at high bombarding energies (> several hundred MeV/u).

Aichelin and Bertsch14 have considered a statistical model for pion

emission which uses compound nuclear decay theory to describe the excitation

function and kinetic energy spectra of n°'s produced in nucleus-nucleus col-

lisions. Starting from the expression for the transition state,17

W i f (E)dE - - ^ v " Z "" afi(E)EdE ,
p(e) TCZ

where E is the kinetic energy of an evaporated particle, p(U) is the level

density of an evaporation residue, p(e) is that of the compound nucleus, and

Ofi(E) is the inverse cross section for formation of the compound nucleus.

They then calculate the pion energy distribution from

do- W l f(E)

j(Ej)dEj '

where 0"n is the entrance-channel cross section for compound nucleus forma-

tion. The value for Ofi(E) for % +
 1 2C is taken from Ref. 18; an energy

dependence of the form,



(r/2)2

(E - E0)2 + (T/2)2

with a - 285 mb, EQ - 140 MeV, and T » 160 MeV, is assumed. For neutron and

proton emission, geometric values of o~ff(E) were used. They argue that the

* O ls seen in low bombarding energy (T/A < 85 MeV/u) experiments are not pro-

duced by a collective mechanism, but rather that the available phase space

is sampled uniformly by the system.

A strongly collective mechanism is proposed by Vasak, Miiller, and

Greiner.16 They propose that a strong deceleration of the projectile in the

nuclear field of the target results in a coherent excitation of the nuclear

field, resulting in pion emission, in analogy to the similar electromagnetic

bremsstrahlung process in which a strongly decelerated elect- on emits elec-

tromagnetic quanta, or photons. The deceleration parameter in this model

is adjustable, but is predicted to have a smoothly decreasing dependence on

increasing bombarding energy. Given the nature of the process, the expected

center-of-mass angular distributions of pions are symmetric about 9c>m# "

90° and markedly forward-backward peaked.

III. PREVIOUS EXPERIMENTAL WORK

On the experimental side of the coin, a broad range of studies has been

made at bombarding energies well below the nucleon-nucleon threshold with

both protons, light ions (e.g., 3He), and heavy ions as projectiles. Pile

et al. 1^ have done a series of experiments using the proton beams from the

Indiana University cyclotron (Tp < 200 MeV). They have measured doubly dif-

ferential cross sections for reactions to discrete states, in particular,

for the reactions 10B(p,*+)llB(g.s.) and l*0Ca(p,it+)'*1Ca(g. s. ) at bombarding

energies down to Tp - 145.4 MeV and Tp * 140.1 MeV, respectively, near abso-

lute threshold for the reactions listed. Cross sections as large as 10 ub/sr

are still found at these energies. Proton-induced *+ production is looked

to as a tool to examine high momentum components in a nucleus at values of

momentum transfer q up to two or more times the Fermi momentum. For example,

a 140-MeV proton colliding with an infinitely massive nucleus and producing

a stopped x + transfers 531 keV/c to the nucleus but leaves the final nucleus

in its ground state. By looking at low-energy pions produced at varying

angles in transitions to discrete states, momentum transfers of up to 700

MeV/c are obtained (see Fig. 1). Theoretical treatments have concentrated
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650

on sorting out effects of reaction

mechanism, pion rescattering and ab-

sorption, and nuclear structure.20'21

It is felt that near-threshold measure-

ments aid in separating contributions

from one-and two-nucleon production

mechanisms. 2 1

Le Bornec et al.22 have observed

transitions to ground and low-lying

states in 3He-induced it+ production

reactions on 3He and '•He targets.

Experiments have been carried out at

energies very near absolute threshold

(83 MeV/u). In particular, the reaction

3He(3He,it+)sLi* at 9A MeV/u leading to

the ground and first two excited states of 6Li has been studied, as well as

the reaction £*He(3He,it+)7Li leading to the ground and first two excited

states of 7Li (see Fig. 2). The

results have lead to the suggestion

that one is observing "pionic fusion"

in which emission of a pion serves to

cool completely an excited system. The

authors suggest a coherent model in

which (e.g., the He + He case) scat-

tering of a projectile proton from the

entire 3He produces a it+, and the

resultant a particle fuses with the

residual deuteron to produce ^Li. An „
Fig. l

alternative model of doubly coherent

reactions23 suggests a steeper falloff with increasing beam energy than does

this model. The cross sections reported by Le Bornec et al. are of the

order of a few nanobarns per steradian; for the reaction 12C(3He,«°) leading

to pions of similar energy, cross sections of a few picobarns per steradian

are found,2*4 possibly reflecting increased target complexity for reactions

leading to discrete states.

Mev
35
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A much higher bombarding energy

version of this experiment was per-

formed by Aslanides et al. ,25 who

studied 303-MeV/u 3He + 6Li •*• it" + X

and looked for n~ in the region of

the kinematic limit of the %~

momentum spectrum as a possible

signature for the "doubly coherent"

process 6Li(3He,ic~)9C(g. s.) (see

Fig. 3). They used a single-arm

spectrometer to detect the it", com-

bining a hodoscope, threshold

Cerenkov counter, and electron

Cerenkov veto to positively identify

the pions. The kinematic limit for
6Li(3He,iT)9C(g.s. ) for T 3 H e - 909

MeV occurs at |pw-| - 729 MeV/c; an

excess of counts above the (1 -
xFeynmann)n background is found

(see Ref. 26). If this excess yield

is assumed to be due to the "doubly

coherent" process, then the 0° cross

section found for it is 0.42 x 10~3S

cm2/sr, over three decades smaller

than the cross sections found by Le

Bornec et al. 22

The study of pion production by heavy ions of low bombarding energy

was begun by W. Benenson and coworkers in a collaboration among Michigan

State University, Tokyo, Lawrence Berkeley Laboratory, Osaka, Orsay, and

Indiana University Cyclotron Facility at the BEVALAC.27 They used a zero-

degree dipole spectrometer and arrays of range telescopes, later supple-

mented by several wire chambers for trajectory determination, to measure

charged pion production in reactions of 20Ne + NaF at 80-400 MeV/u. They

later used 20Ne and **°Ar at energies of 280-535 MeV/u to bombard C, NaF,

KC1, Cu, and U targets. 28 A striking result of their studies was the obser-

vation of a very strong peak in the ratio of the *~ to %+ cross sections as

200 400 600
P*(MeV/c)

Fig. 3



10

a function of rapidity. The peak occurs at the rapidity of the projectile,

is most pronounced at 0°, and decreases rapidly in size with increasing pion

detection angle. Examination of momentum spectra of negative pions reveals

a peak at the projectile momentum, while those of positive pions show a dip.

This effect is explained in terms of Coulomb interactions between the pions

and cold fragments of the projectile. 2 9» 3 0 Small shifts in the peak in the

%~ spectra from the beam velocity and the widths of the peaks are con-

sistent with the effect expected from an averaging over the velocity disper-

sion of the projectile, which can be determined from fragmentation data.31

The apparent, effective charge is smaller for %+ than for n~, in agreement

with the expectation that beam-velocity positive pions originate from more

central collisions than the corresponding negative pions.

Large-angle pion spectra were measured by a CERN-Lund-Saclay-Grenoble-

Uppsala-NBI group who used the 85-HeV/u 1 2C beam available from the CERN

synchrocyclotron to bombard carbon and gold targets.32 Their spectra of n +

exhibit angular distributions which are somewhat backward peaked in the

nucleon-nucleon center-of-mass system but are somewhat forward peaked in the

nucleus-nucleus center-of-mass system, all this meaning that if a "source

velocity" analysis is meaningful, then the emitting source travels at some

velocity intermediate between those of the nucleon-nucleon and nucleus-

nucleus center of mass. A similar conclusion has been reached from analyses

cf it0 spectra obtained from 60-, 74-, and 84-MeV/u 1 2C bombardments of vari-

ous mass targets,33 and of it0 spectra obtained from reactions of 44-MeV/u

Ar +**°Ca.31* Johansson et al.32 also tried to fit their results with a

Fermi-gas model.3 »** They noted it was necessary to include Pauli blocking

effects and to use diffuse momentum distributions (harmonic oscillator wave-

functions) for the 12C. A remaining, open question was how to treat prop-

erly the reabsorption of pions as they traverse the nuclear matter between

their creation site and the nuclear exterior.

IV. PRESENT EXPERIMENT

The experimental method used in the present work consisted of detecting

the two energetic photons, emitted in decay of arc0, in an array of Cerenkov

detectors. A it0 decays 98.8% of the time into two equal energy (in the ic°

rest frame) photons with a lifetime of 8.3 x 10~17 seconds. The remainder

of the decay goes principally by the Dalitz decay it0 •*• ye+e~; we did not try
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to identify this mode. The photoas emitted in the decay have energies of

the order of 70 MeV or larger, increasing with increasing ic° kinetic energy.

The photons tend to cluster about a laboratory opening angle 9j 2 • 2 cos"
1

(p w), where $% - vK/c. This occurs due simply to "piling up" of the spheri-

cal phase-space distribution of the photons, in the ic° rest frame, in the

transformation to laboratory coordinates. As the orientation of the photons

in the x° rest frame is uncorrelated with the itOfs laboratory velocity, the

observed Y~Y opening angle for a given energy u° will be greater than or

equal to 0^2* Stopped ic°'s are particularly easy to detect, as their pho-

tons propagate in opposite directions. The experiment thus has advantage

over those measuring charged pions in magnetic spectrometers or range

telescopes, as there is no efficiency falloff at low pion kinetic energies.

For charged pions with Tw < 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 must employ very short flight paths « 1 meter)

for TTC < 10 MeV. .

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

tons. These detectors are large rectangular blocks of optical glass loaded

with ~55Z by weight lead oxide. The lead acts as; the necessary high-Z

material to initiate pair production by an incident photon and then enhance

bremsstrahlung and further pair production by successive generations of e+e~

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

through the glass is detected with photomultiplier tubes attached 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 were arranged as ten pairs of detectors, with eaah

pair, or telescope, placed in a plane about the target at 30° intervals.

The beam pipe occupied the 0° and 180° positions. The front, or converter,

block of each telescope was a 10 cm x 10 cm x 5 cm thick block of F2-type

glass viewed on a side edge' (10 cm x 5 cm) by a fast 5-cm; 14—stage photo-

tube. The rear, or absorber, block of each telescope was a 15 cm x 15 cm x

34 cm thick block of SF5 glass viewed from • the rear 15 cm x 15 cm face by

a 12.5-cm, 10-stage phototube. .Properties of the blocks are listed in

Table III. .

Fast electronics- were used to record all events, including two or

•ore good telescopes, where a good telescope required a fast (tr ~ 30 ns)
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coincidence between converter and absorber. Pulse heights and time of. arri-

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

netic tape and analyzed off line.

Table III. Lead-glass properties.

Type
F2

(converters)
SF5

(absorbers)

Radiation length, Xo

Critical energy
Transmlttance

(4000 A, 10 Xo)
Refractive index

(\ - 5876 A) = n
Density (g/cm3)
(v/c) threshold = px
Electron kinetic

energy at B-j

3. tf5 cm
18. 2 MeV
0.797

1.6200

3.61
0.6173

138.5 keV

2.38 cm
15.5 MeV
0.629

1.6727

4.08
0.5978

126.5 keV

No. photons/cm = — PT il
c J\PT2yr2 PZY

500 sin29c/cm (visible)

2it dv, v = frequency

The experiments used a 35-MeV/u beam of 11+N provided by the MSU K - 500

superconducting cyclotron with an average current of three particle nano-

amperes. Targets and areal densities were n a tAl, 62 mg/cm2; " ^ M , 90

mg/cm2; aatt*, 98 mg/cm2. A Monte Carlo code was used to simulate m° 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 detector array was 2.5% and decreased with increasing rc° kinetic energy

to a value of 0.5% at Tw ~ 100 MeV. The detection efficiency of 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 <80Z is

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

the largest source of systematic uncertainty in the experiment.

Neutral pions were tagged by calculating the invariant mass of a

detected photon pair and searching for events where this was clustered about
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135.6 MeV, the it0 rest mass. This pro-

cedure Cakes advantage of the fact that

mjj2 » E,(2 - IP^I 2 is a Lorentz invari-

ant, where E m • T u + m^ is the pion

total energy and pn is the pion momen-

tum. In the decay, due to conservation

of energy and momentum, E n - Ey + Ey

and p^ - p Y l + py2. Using |pY| - Ey/c,

one easily finds that

2(E n Ey,,)1/2 sin -j^.

where 9i2 is the 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 812 > 90°, as seen in Fig. 4.

A projection onto the invariant mass

axis is given in Fig. 5.

As the pulse-height resolution

of such__Cerenkov counters is typi-

Cally /E(GeV) *
Ey + Ey - m^c2

c a l c u l a t i n g
introduces

from

a large

uncertainty in the energy spectrum. A

preferred procedure is to use the open-

ing angle information by recasting the

invariant mass equation in the form

50 100 150
Invotionl Mass (MeV t

200

Fig. 4

ORNL-DWG B3-1755O

50 TOO 150 200 250 300 350 '100
INVARIANT MASS (MeV)

Fig. 5

- cos812)(l - X
2)

where X * (Ey - Ey )/(Ey, + Ey ). Using the Monte Carlo program mentioned

above, it was found that with the present geometry a reasonable division of

the kinetic energy axis could be made into the bins 0-5 MeV, 5-10 MeV, 10-20

MeV, 20-40 MeV, 40-70 MeV, and 70-110 MeV. An angular step of 20° for angu-

lar distributions was also found to be reasonable. The resulting energy

and angular distributions for the Al and Nl targets are shown in Fig. 6.
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Integration of these distributions yields

' the dependence of total cross section on

target mass shown in Fig. 7.

There are two principal sources of

background in the present experiment. 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 N + Ni leads to an

average gamma multiplicity of 10, and take

the ratio of rc° decay photons (crK t o t ai =» 80

nbr my = 2) to nuclear decay photons, we

find 8 x 10~9 of the photons present arise from it0 decay. These are sup-

pressed by the following measures: (1) Only electrons with T e > 130 keV

can produce any Cerenkov light, which eliminates all triggering due to X

rays and slow Compton- and photo- electrons. (2) The Cerenkov light output

increases as sin^cos^O/Pn)], which strongly discriminates against slow

(P < 0.9 electrons). (3) A four-fold coincidence is the basic trigger:

since a nuclear y ray can only fire one counter, a four-fold, instead of

two-fold, random event is required. (4) Geometrical cuts on 912 vs. T^

reduce random events with incorrect geometry; see the invariant mass vs.

912 plot for 912 < 90°. (5) The critical energy in the 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
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Cerenkov light. These measures reduced the nuclear background to a level of

nearly zero.

The difficult background arises from penetrating cosmic-ray rations 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. Showers

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 an ~l% loss in real n° events (due to, for example, random coin-

cidences between a it0 and beam-related y background).

Even with these precautions, for 9^2 ~ 90° and smaller, a 20% contami-

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

contamination is zero for 912 > 150° and ~5% for 0i2 * 120°. Accordingly,

for future runs. 2.5-cm-thick Lucite paddles will be placed in front of

telescopes to veto charged particles — cosmic rays — hitting the arrays by

detecting their Cerenkov light. As Lucite has a 48-cm radiation length,

only <4X of the photons will pair convert in the Lucite paddle, resulting in

a small efficiency loss but a very large reduction in cosmic-ray background

for 9j2 < 90°. This is the range of opening angles for energetic pions.

This background reduction will be essential at lower bombarding energies

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

order as the apparent cross section due to cosmic-ray background.

The energy spectra (see Fig. 6) integrated over all angles are rather

similar for both reactions with a peak near T(u°) ~ 10 MeV and an exponen-

tial falloff towards higher kinetic energies. The measured angular distri-

butions, integrated over all energies, indicate an anisotropy (at least for

the system llfN + 2 7A1), with a minimum near 6xab - 90°. The distribution

for N + Ni is nearly flat within our statistics. Better statistics are

required for a meaningful source-velocity analysis.
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The mass dependence of the inclusive it0 production cross section (see

Fig. 7) follows an A £ * S 8 curve for the lighter targets but appears to satu-

rate for heavier masses. A similar mass dependence had been observed at

higher energy.32'33 The most interesting aspect is the unexpectedly large

values of the cross sections: For the system 1<fN + 27A1 the total inclusive

K° production cross section is a m 42 nb with a systematic uncertainty of

(+42, -13) nb due to the poorly known absolute conversion efficiency ec.

Attempts to explain production at higher energy, but below the free

nucleon-nucleon threshold, have used the Fermi-gas model. However, this

model when applied with Fauli blocking and, more importantly, energy conser-

vation13 underpredicts the cross sections for ***N + 27A1 •»• it0 + X by more

than three orders of magnitude at E ^ / A • 35 MeV.

To put these values into perspective, it is useful to convert the

present cross sections into equivalent values for the 1 2C + 1 2C system

at the same bombarding energy by using the proportionality a ~

(AtargetAproject>°'68« Figure 8 shows our extrapolated value at 33.5 MeV/u

(corrected for energy loss in the

target) together with extensive

earlier results at higher bombarding

energies. 33

Since models based on N-N colli-

sions underpredict the measured cross

section by at least three orders of

magnitude, some cooperative effect,

which pools the kinetic energy of

several nucleons, must be involved.

Such a phenomenon involving cluster

formation in the final state is

explored in Ref. 13. Microscopic

I
S

j
k

IO

C+C—n-'

Absolute
Threshold

t

0.68

120
E l a b ' * C M e V I

Fig. 8
models have been proposed9*22 based

on the excitation of a coherent delta

nucleon-hole excitation. Another more phenomenological model is that of

pionic bremsstrahlung.16 In this process the sudden slowing down of the

projectile or parts of it, in the nuclear field of the target nucleus, on a

time scale of 10~22 sec produces pions in close analogy to electromagnetic

brensstrahlung.
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Aichelin and Bertsch have proposed a model In which pion production

from the compound nucleus is investigated. *•** Two tests of this picture are

suggested, one being observation of discrete states near the kinematic limit

(probably mot possible with our energy resolution), the other being cross

bombardments using different entrance channels to populate the same compound

system. Preliminary comparisons of the cross sections found in Refs. 32 and

34, which correspond to roughly the same compound nucleus at the same exci-

tation energies, but for markedly different bombarding energies (12C + 6 0Ni

at 74 and 84 MeV/u in Sef. 33, ^ A r + 't0Ca at 44 MeV/u in Ref. 34), show

over an order of magnitude difference in cross section, being lower for the

smaller laboratory bombarding energy. In addition, source velocity analyses

done for those data indicate the pions are emitted in a frame traveling at

a laboratory velocity halfway between those of the nucleon-nucleon and

nucleus-nucleus center-of-mass systems. It may be that a participant

geometry similar to that expected from the fireball model provides the best

explanation of kinematics and cross section systematics. . .

More detailed measurements with improved statistics on angular distri-

butions and energy spectra are presently being pursued to specify the source

of pions. Experiments at bombarding energies down to 15 MeV/u will also be

done.
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