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The contribution of nucleon-nucleon-single collisions to subthreshold pion 
production in hadron-nucleus and nucleus-nucleus collisions, E . . < 300 A MeV 
is investigated within a knock-out type model. This contribution might be 
important for energies higher than about 150 MeV/nucleon but decrease stron
gly with decreasing beam energy. 

1. INTRODUCTION 

The possibility of creating pions in nucleon-nucleus (H-JO and Nucleus-

nucleus (JfhX) collisions at energies per nucléon well below the threshold for 

producing i t in a free N-N collision (E^ b % 290 HeV) was suggested as early as 

1947 by Mc Millan and Tel ler ' . The experimental evidence for such subthreshold 

IT production was f i rs t given within proton induced reactions on complex nuclei. 

An abundant work, both experimental and theoretical has been devoted to such 

reactions as A(p,ir)A+l, where the final nucleus is left in a definite state. A 

major motivation for studying(P.TT) reactions was that they involve very large 

momentum transfer to the nucleus. In spite of huge efforts, the reactions are 

yet far to be fully understood and a lot of problems are le f t open ; see for 

Instance the extensive review by Fearing2. Comparatively 1t Is worth noting 

that the Inclusive reaction A(P,TT), where no identification of the exit channel 

is done has motivated only l i t t l e interest, so that data are very scarce. On 

the other hand such inclusive rr production data 1n nucleus-nucleus collisions 

at intermediate energies (30 A MeV < EL . < 300 A MeV) nave been collected du

ring the last years 1 » 1 0 and quite different models 1 1 '" are now proposed for 

explaining the main features. One hopes in this energy regime to understand the 

transition from a low energy behaviour dominated by mean field effects to a 

high energy one dominated by sequential N-N scatterings. Since pions are not 

present before collision, since they cannot simply be evaporated from outgoing 

excited nuclei they are expected to be a sensitive probe of either the forma

tion of a participant zone (high temperature and high density) or of the mean 

field ion-ion dynamics". 

After a brief review of main experimental features and models available so 



far, we describe a model in which we have estimated the contributions of N-N 
single collisions. As pointed earlier by several authors 1* 1 1* 2 0, an extra boost 
for the elementary N-N production process may be brought by the initial nucleo-
nic Fermi motion. The aim of this work is to try to establish to which extent 
such elementary hard N-N collisions may be neglected and thus statistical or 
collective effects to be considered. Attention will also be paid to the n pro
duction 1n proton induced collisions in order to see if anything specific to 
the JC-JC collision (formation of a high density zone for example) is Inferred 
by IT data. 

2. EXPERIMENTS AND MODELS 
2.1 Experiments 
Experiments performed so far have provided inclusive energy plon spectra 

measured at different laboratory angles using magnetic spectrometers''*, scin
tillation detector telescopes'**s or a lead-glass-spectrometer 7' 9' 1° only sen
sitive to neutral pions. The lowest energy reached so far is 35 MeV/nucleon 
with a '^N beam 1 0. The main features of the different measurements are the 
following : i) The energy spectra above 20 MeV show a monotonous exponential 
fall off (figure 9), 11) For a symmetric collision, like ' 2C+ 1 2C the angular 
distribution is isotropic with a minimum at 90*. The degree of anisotropy seems 
to depend upon the pion energy as well as the beam energy. 111) For an asymme
tric collision at energies below 100 MeV/nucleon the centre-of-mass frame for 
which the angular distribution is found forward-backward symmetric has a velo
city in the laboratory system which 1s intermediate of that of the nucleus-nu
cleus cm-system and that of the N-N system (half the beam rapidity). This 
suggests a cooperative effect of several nucléons with unequal partition for 
projectile and target and is In contrast with 183 MeV/nucleon data which show 
a "source" velocity close to the N-N system one. 1v) The dependence upon pro
jectile and target masses is also monotonous and typically of geometrical na
ture with a power dependence (A,.A-) X x being about 0.7-0.8. v) The variation 
of production rate with beam energy is very rapid. The total production cross-
section goes over 6 orders of magnitude from 35 MeV/nucleon to 3C0 MeV/nucleon 
beam energy (see figure 8). 

2.2. Models 
The models may be broadly classified into three categories : statistical or 

thermal , 2 , l ,
t col1ect1ve l , , ,' , and N-N single collision"*' 2 models. In the 

first catégorie one assumes that the creation 1s entirely statistical with a 
cross-section governed by available phase space. Different versions exist : 
either one applies the Weisskopf theory of coumpound nucleus decay or one 



assumes statistical equilibrium within subgroups of nucléons and composite nu
clei which formation in the final channel 1s seen vital. Collective models 
range from considering the mean field effects by Incorporating In the theory 
the dynamics of the nucleus-nucleus collision and treating the pion production 
by the so-called one-nucleon or two-nucléons mechanisms1', to pionic bremss-
trahlung to be discussed in this Conference l H , i l. An other collective model1*'17 

based on the WeizScker-WilHams method well known in Electrodynamics22 descri
bes the pion production as resulting from materialization by TTN •* irN collisions 
of the virtual pions associated to the nuclear field of the moving projectile 
as 1t passes by the target. This model has the clear advantage of being very 
specific by requiring a peripheral collision and by letting the projectile In 
its (AS-1, ûT*l) analog state. Finally the N-N single scattering11 model Is the 
less ambitious one since I t simply envisions the IT creation within the first 
step of a cascade calculation but taking into account Fermi motion and Paull 
blocking. We shall now examine its limits within the frame of what we call the 
knock-out model. 

3. THE KNOCK-OUT N-N SINGLE COLLISION MODEL 

We envision the v creation process as resulting from a very "hard" collision 

between a projectile and a target nucléon. The mechanism is represented dia

grammatical ly on figures la and lb for proton and nucleus Induced reactions 

respectively. 

A proton with incoming momentum p and a target nucléon with off-shell energy 

momentum (E,U) scatter to the Inelastic channel in which the pion and the two 

nucléons are left free - therefore It 1s denoted as a knock-out process. In 

that sense this mechanism Is selective, since channels which are energetical

ly favourable - In which one or both of the two nucléons are kept bound - are 

here ruled out. On the other hand this simplifying picture permits to avoid the 

difficult treatment of Paull blocking. At such low energies as about 200 MeV, 

the incoming proton sees an attractive optical potential and 1s thus accelera

ted as It falls Into 1 t 2 " 2 1 \ Naturally, outgoing nucléons are also distorted 

and the diagrams should be taken as very schemat1cal. The extension to the nu

cleus-nucleus collision Is natural : the Incident proton is replaced by a pro

jectile nucléon with off-shell energy-momentum (ej.kj) and the proton-nucleus 

optical potential by the ion-ion optical potential. 

The whole calculation is classical. Moreover we make the sudden approximation 

l.e that the internal nucléon phase space distributions do not change during 

the collision. As discussed later this is justified since within this model n 
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FIGURE 1 
Diagrammatic representation of the knock-out N-N 
mechanism for pion production in a p.nucleus and 
a nucleus-nucleus collision. 

creation can occur only at the very beginning of the JC-J'C collision. However, 
1t would be worth looking at corrections for possible distortions of phase spa
ce distributions in the early stage of the collision. The relative motion of 
the two interacting nucléons 1s described by the variable s, the invariant 
energy squared of the N-N system. Conservation of energy and momentum At each 
vertex allows to define s. The average cross-section for nucleon-nucleon ine
lastic scattering within the nuclear environment 1s then : 

U NNTT 
Jd'Sj d JS 2 gjtfj) g 2 {t 2 ) aN N f f [s(o;tj.*2)J (1) 

were a represents all other Mnematical parameters but the internal momenta t, 
and IL of projectile and target nucléons. These Internal momenta, assumed to 
be independent of space coordinates are distributed with probability functions 
g^Uj) and g2(i<2) normalized to unity. After Introducing expHclty the s varia
ble : 

W s ( a ; W ] * / d s «ts-s(a,ic1,^2)]aNNlT{s) (2) 

the average cross-section becomes 

NNIT - /"ds (3) 



with 

F(s) » Jd'Êj i \ 91(t1) g2(t2) 6[a-s{<xitvtz)l (4) 

The calculation of this distribution function F(s) will be discussed later. 

The total ir production cross-section in a p-nucleus or a nucleus-nucleus 
collision is then defined by sunning Incoherently over all nucleon-nucleon col

lisions. Let p(v) be the probability of having v collisions and R(v,j) that of 

producing j pions out of them. Here j * 0,1. Defining the branching ratios 

q ( l ) * °HH - NNir/a** a n d q { 0 ) " °NN * UN/a**' t h e P«*»M11ty R(v,l) is : 
UN NN 

R(v.l) « vq(l) q ( 0 ) V _ 1 * vq(l) (5) 

The probability P to produce one pion in the nucleus-nucleus collision is 
then : 

P - Çp(v) R(v.l) * I vp(v) q(l) 

< v • (6) 

P * vq( l ) 

or 

which also reads as 
\ 

aAB - ir+x . y. °NNir 
ïôP^ioT < 7> 

aAB CTNN 

-v with v being the average number of collisions. Both the total nucleus-nucleus 

and nucleon-nucleon cross-sections may be taken from experiment. Note that a 

similar relation (eq.7) can be written for differential cross-sections. 

Thus the main ingredients of the model are the average number of collisions 

the input nucleon-nucleon Inelastic cross-sections and the momentum distribu

tions. Let us consider them In more detail and then work out the invariant 

energy squared distribution. 

3.1 First chance collisions 

Only violent nucleon-nucleon collisions have a chance to produce a pion. 

Therefore after a first scattering a projectile-nucleon which has lost some of 

its momentum is ruled out for further ir production. The optical approximation 

of the Glauber theory 2 5' 2** 2 7, which has been shown to be successfull even in 

the Intermediate energy region is well suited for calculating the average num

ber of first chance collisions. With the elementary N-N total cross-section, 

ovjj and the density distributions, p of both projectile and target as inputs, 

one calculates the probability that a projectile nucléon interacts2' as : 

P(5) - 1-Jds dz p p{s,z) exp[-AT ojj* £ p T(s+B,2
,)dz ,l (8) 



Where b is the Impact parameter, z the coordinate along the beam axis and s 
perpendicular to i t . The probability that v independent nucléons of the projec
ti le (more exactly the lighter partner) interact at least once is then simply 
given by the binomial distribution17 

P(v.b) ( v

r ) IP(b)J I I - P(b)] v (9) 

The average number o f f i r s t chance c o l l i s i o n s a t given b , 
A A 
«p ftp 

v(b) - Z v P(v,b)/ I P(v,b) (10) 

is plotted against b on figure 2. 
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FIGURE 2 Average number of first chance collisions as a function of Impact parameter. The arrows Indicate the sum of r.m.s radii of projectile and target for the three different combinations. 

define f the multiplying factor . 
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On sees t h a t r a t h e r cent ra l 
collisions are favoured, special
ly for the symmetric system 
( , 2 C+ I 2 C), In which the most pro
bable geometrical contribution to 
the total cross-section comes 
from an Impact parameter of about 
2.5 fm. 

I t is worthnoting that the In
put N-N cross-section value is 
not a very sensitive parameter. 
For the 1 2C+1 2C system, the mean 
number of first chance collisions 
would vary from 3.2 to 4.2 as 
cîjj* goes from 30 mb to 100 mb 
1.e within the range of relevant 
values. The target mass dependen
ce is approximative^ geometrical 
(Aj' ) for masses higher that 40 
but faster for lower masses. Let 

(ID 

For the three systems l2C+C, N1, Pb, the factor f takes the values of 110, 
260 and 790, respectively, with uncertainties of about 20-30*. 

The reduction of the previous calculations to a proton-Nucleus collision 1s 

file:///C.Ni


straightforward. Table 1 shows the values of f for different systems. 

Table 1 

Nucleus »*C I 7 A1 *°Ca • »Y 2 0.p„ 

f 3 5.9 8.5 10.5 13.5 

3.2. Input cross-sections for NN * NNw 

The elementary NN •* NNir vertex of F ig. l Is not calculated. The ini t ia l two 

nucléons are off their energy-shell and a medium correction is expected for the 

exchange pion which is very much off shell . A proper treatment of these effects 

is far beyond the scope of this work but would be of great interest. Therefore 

I t is a major assumption of the model to assign the in-medium inelastic cross-

section its free-space value. 

The cross-sections for the different inelastic channels just above pion 

threshold are not experimentally known with good accuracy. Recently Ver West 

and Arndt 2' have parametrized the energy dependence of the four independent 

isospin components". In terms of these quantities the input ir production 

cross-sections may be written as : 

Z. Z- , N, Z - Z. N 2 

V s TT t a » ° ( d ) + ° i ° { n P ) + < J u ] + ^TJT* 7 ^ } ^ ( a l l + a o l ) , 
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FIGURE 3 

Reaction cross-section for reaction pp -» IT d. Data are 
from r é f . " . The curve is the parametrlzatlon of r e f . 1 ' . 



where Z, N and A denote the proton, neutron and mass numbers of projectile and 
target. The subscripts 1,1' of o, ,, refer to the isospin of the two nucléons 
in the initial and final states respectively. For the oio case one distingui
shes ird and irpn final states. The parametrization of ref. Z ( is compared to 
experimental data for the reaction p+p •* ir*d near threshold for which suffi-
dent information Is available'0. A satisfactory agreement 1s observed as ' 
illustrated on figure 3. For other channels, data are wry scarce. However an 
overall agreement is found so that we rely upon this parametrization. 

3.3. The momentum distributions 
The most sensitive Ingredient of the model is undoubtedly a precise knowled

ge of momentum and energy distributions of single hole states. Coincidence 
(e.e'p) experiments are well suited to provide a direct measurement of the nu
clear spectral function S(p,E) leading to these distributions". S(p,E) is the 
combined probability to find in the target nucleus a proton with momentum p and 
to remove it leaving the residual nucleus with an excitation energy E relative 
to the target ground state 3 1. However because of experimental difficulties,and 
distortion as well as rescattering effects, detailed data are limited to momen
ta below about 400 MeV/c and to rather light nuclei. Higher momentum components 
- which are of great interest because one expects departures from single-parti
cle distributions due to short range correlations - may be reached via the 
(Y.p) reaction 3 2. On figure 4a we show a parametrization of the empirical 
p-shell momentum distribution in terms of a p.wave harmonic oscillator poten
tial distribution 

with parameter v 
g(k) . 5 
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The lp-shell momentum 
distribution for 1 2 C. 
The dotted line is f i t 
ting the data and has 
the form of a lp shell 
harmonic oscillator dis
tribution. The solide 
curve is the lp 3/2 mo
mentum distribution 
calculated from an 
Elton-Swift potential. 
See r e f . 3 1 * 3 2 . 
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FIGURE 4b 
Momentum distribution 
for -°Ca. The solid 
line goes through 
data from (e.e'p) 
(q<250 MeV/c) and 
(Y.P-) (q>250 MeV/c). 
The °dotted line is a 
1 d shell harmonic os
cillator momentum dis
tribution adjusted to 
data. See r e f . 3 1 " 2 . 
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This parametrizatlon reproduces very well the data below 500 MeV/c ; beyond 
this value the slope is much steeper than the experimental one which shows ra
ther an exponential fall-off than a gaussian one. This last point is a general 
feature of measured momentum distributions as illustrated on figure 4b by the 
""Ca momentum distribution32. The experimental data below 400-500 MeV/c are 
here again well reproduced by a d-shell harmonic oscillator momentum distribu
tion. However higher momentum components are again strongly underestimated. For 
heavier nuclei for which little data is available, we shall use the six-gaus-
sian least-square fits of the momentum distributions calculated within the 
spherical density dependent Hartree-Fock approximation3'. Parameters for the 
fit are tabulated in ref. 2 0. The knowledge of the energy distribution is also 
important but for sake of simplicity we restrict ourselves to the average remo
val energies <E> quoted in ref. 3 1, which allow us to assign the excitation 
energies of the residual nuclei. Let M be the mass of the initial nucleus from 
which a nucléon is removed to form the residual nucleus R with mass M R, then 
the excitation of R Is : 

EJj « <E> + M - M R - m (14) 
with m being the free nucléon mass. When a proton is extracted from the l 2 C 
p-shell the U B excitation is about 2 MeV whereas it reaches 22 MeV for an ex
traction from the ls-shell. Thus only p shell nucléons should be significantly 
contributing in , 2C. 

3.4. The distribution of invariant energy squared. 
Let us consider the p. Nucleus diagram of Figure 1. The available Invariant 

energy squared, s in the N-N system is 

s » E 2 - P 2 

av r av (15) 



P' 2 » P* - 2mU (17) 

a n d 1/2 1/2 .. 
(pW) + M « E a y + (M

2 + k 2) + EJJ + U (18) 

U is the optical potential depth. The excitation energy E» can be absorbed in 
:: K 

an effective recoiling mass, Mi • M + E R. 
The distribution f-(s) is then given in terms of the momentum distribution, 

assumed to be isotropic : 

F(s) = n J d k 2 / dk, fits-s^,^ )]g(k) (19) 

with k 2 » k 2 + ki 

After k A integration : 

.k + 

Jk- 2t 2 \ Zt R / 
(20) 

in which 

I = s - (M+yn) 2 - M£ 2 • p" 2 (21) 

t = M + ym - U (22) 

and -ytn = (p 2+m 2) f (23) 

The limits of integration are given by : 

, P'I ± \ t 2[i 2 + 4 M : 2 ( P '
2 - 1 2 ) ] 

k: S (24) 
2(p' 2- t 2) 

For harmonic oscillator momentum distribution, the integration over k̂ , (eq.20) 
is performed analytically. The extension of the above derivation to the nucleus 
nucleus collision 1s straightforward, and therefore will not be given here. 

3.5. Results 
We are interested only In those values of s higher than the threshold ener

gy squared s n, 2 

$o ' ( 2 m + V («J 
On figure 5 are shown the lower and upper limits of the relevant momenta 

defined by eq.24, for a 12C(p,ïï) reaction at 200 MeV laboratory energy. In or
der to produce pions, nucléon momenta higher than about 200 MeV/c (i.e the 
Fermi momentum) are necessary. The upper cut-off (k m a x) is mainly fixed by 
energy conservation - there is no perpetual motion ! 
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FIGURE 5 
Lower and upper limits of the Internal nucléon momentum 
distribution as a function of the Invariant energy 1n the 
nucleon-nucleon system. The reaction 1s l2C(p,ir) at 200 MeV. 

In a heavy ion collision the energy reservoir is however large enough so 

that the upper cut-off is in most cases much larger than 1 GeV/c, thus Ineffec

tive. Anyhow, since in the momentum region of Interest the distribution func

tion decreases very fast, the integration F(s) of eq.20 Is exhausted within a 

small range of k values above k m 1 n . Taking again the
 1 2 C + l 2 C symmetric system 

at 85 MeV/nucleon as an example, the lower limit, k . for reaching the pion 

treshold is about 280 MeV/c - In agreement with ref. 1 2 - when no attractive 

potential is considered. Setting the real part of the Ion-ion optical potential 

to -100, -200 MeV brings the k m 1 n value down to 170, 70 MeV/c respectively, 

thus showing how It is sensitive to this potential parameter. The maximum value 

of / s , corresponding to k m 1 n * k m a x (fig.5) is increased by about the potential 

value. It should be kept clear In mind that the distribution F(s) 1s calculated 

when the attractive potential acts on the projectile so that the overall effect 

1s an Increase of the Incoming particle kinetic energy and thus of the relative 

energy In the N-N c m system. Therefore the outgoing lines of the diagram of 

figure 1 are not the asymptotic ones but correspond to an intermediate state, 

In which mean field effects are present. Whereas the choice of -20 MeV for the 

p- l ïC optical potential at 200 MeV seems to be reasonable 2 3' 2", there Is much 

uncertainty for defining the Ion-Ion optical potential. The overall optical 

potential which is the sum of Coulomb, centrifugal and nuclear contributions 

depends upon Impact parameter and beam energy. There are some hints 3 5' 3'' 3 7 

that 1n the Intermediate energy region below 100 MeV/nucleon the real part of 

the nuclear attractive potential has a very large depth of the order of a few 



hundreds of MeV. We simply take this optical potential depth as a parameter to 
play with. This crude non-realistic approximation is just for indication. 
Clearly enough, a real time-dependent treatment of the ion-ion dynamics would 
be necessary1*. However at this stage an easier improvment might be to consider 
classical trajectories. 

The total production cross-sections for different charged pions 1n p+ , 2C 
reactions has been calculated a a function of beam energy and with a real 
potential depth of -20 MeV. Comparison with experiment 1s shown on figure 6. 

As mentionned earlier, little data exist on Inclusive ir production in pro
ton induced reactions below N-N threshold. For neutral pion production, we are 
only aware of the extensive work of ref." which shows a huge discrepancy with 
our model expectations speciaTy for the lower beam energies where 1t reaches 

2 to 3 orders of magnitude. 
The discrepancy Is apparently 
less Important for IT produc
tion. A recent experiment1* 
has provided total cross-sec
tions at 180 and 200 MeV 
which are significantly hi
gher by a factor 5 to 10 than 
the theoretical ones. The mo
del predicts a higher produc
tion of TT+ than TT°, due to 
isospin averaging. This is at 
variance with the experimen
tal observation, which would 
suggest strong «scattering 
and charge exchange effects. 
We think that some further 
experimental confirmation of 
this surprising feature with 
also TT" measurement would be 
very useful. The large dis
crepancy between this model 
and experiment shows that 
other mechanism than this 
simple knock-out are invol
ved. However we have been 
calculating a partly exclusive 

250 
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FIGURE 6 
The total IT ,n ,TT" production cross-section as 
a function of proton energy for the reaction 
p+ 2 C. The experimental data for Tr°(open cir 
cles) have been taken from r e f . 3 ' , and those 
for TT (crosses) from r e f . J , " , ° . 
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1 1 1 1 1 — - | 1 ^*\ ^—| reaction by removing apart 
the target nucléon. Thus It 
would be more fair to compa
re the calculation to the re
sults of such an exclusive 
experiment. 

Similarly, theory-experi
ment discrepancies are obser
ved for tr creation in nucleus 
-nucleus collisions. Figure 7 
shows the excitation function 
for the reaction , 2C+ 1 2Oir°+x 
with three values of the real 
optical potential depth para
meter : 0, -100 and -200 MeV. 
The experimental points for 
beam energies higher than 
100 MeV/nucleon are from 
Ne+NaF reactions',s and have 
been rescaled to the 1 2 C + 1 2 C 

i ; i _j 
ISO 180 210 
E/A (MtV) 

certainty which may reach 
about a factor 2, should of 
course be assigned to the 
plotted values. For the higher 
energies - but still below 

the nucleon-nucleon threshold - the model accounts for a significant fraction 
of the total cross-section even with the optical potential set to zero. However 
for lower energies (below 150 MeV/nucleon), and no attractive potential acting, 
the model understlmates the observed cross-section by several orders of magni
tude, the predicted variation with beam energy being much faster that the ob
served one. Naturally, setting the attractive potential on, has a dramatic 
effect. For Instance, the experimental values measured between 60 and 90 MeV/nu
cleon would be reproduced with a potential depth of -200 MeV. Again we emphasi
ze that we just want to show how the ir creation process in the vicinity of 
threshold light be very sensitive to mean field effects. However it Is Just 
impossible through this N-N scattering process to account for the production 
observed at the lowest energies as 35-44 MeV/nucleon. We shall not dwell upon 

I I I I I L 
WO 270 300 system by using the relation 

(Ayty ' ' Quite a large un-

FI6URE 7 
Total TT° production cross-section 1n a l 2 C+ , 2 C 
reaction as a function of incident energy. Ex
perimental point for E/A > 100 MeV are deduced 
from Ne + NaF data, (see tsxt). 
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the target dependence. The main agency Is the factor f of eq.ll which for a 
given projectile varies approximative^ as A ° - 7 . This agrees with experiment. 
The second agency 1s the momentum distribution profile. However, the average 
variation of momentum distribution with particle mass number 1s not nry impor
tant and this would not be very relevant at this stage of the work. 

Although the model presented 
above aims mainly at calculating 
total cross-sections, differen
tial cross-sections may be ob
tained In an average way and in 
some specific cases. Since we 
know the invariant energy squa
red distribution in the N-N sys
tem we can, if assuming a two 
body inelastic final state trd 
which actually dominates near 

- threshold, calculate the diffe
rential cross-section, do This 

«0 60 «0 100 120 
RON CM ENERGY (M«V] 
FIGURE 8 

Angle Integrated TT° spectrum from , 2 C + l 2 C 
collision at 85 MeV/nucleon. The drawn li
nes represent the results of the model. 

quantity can be compared direc
tly to the observed differential 
cross-section in the symmetric 
JP-Jf system. This is done on 
figure 8. It is clearly seen 

jggthat the slope of the spectrum 
is not sensitively affected by 
the choice of the real potential 
depth, but is essentially deter
mined by the Fermi momentum dis
tribution. In order to recover 
the observed fall-off one would 
need much harder distributions 
than the gaussian-type ones we 
have used. 

4. CONCLUSION 
The production of pions In heavy Ion collisions at beam energies below 

300 MeV/nucleon has been Investigated within a knock-out-like N-N single-scat
tering model. We have tried to be as conservative as possible with regards to 
the main ingredients of the model. We restricted ourselves to first chance N-N 



collisions and took harmonic oscillator momentum distributions which were adjus

ted to data below about 400 MeV/c, as obtained In (e.e'p) experiments. In addi

tion we required the Interacting nucléons to be removed from projectile and tar

get, letting the residues excited. Moreover the in-medium n creation cross-sec

tion was assigned Its free space value. Within this set of almost parameter-free 

hypothesises, it is found that the model cannot account for observed cross-sec

tion at energies below 100 MeV/nucleon, but that for energies larger than 

^ 150 MeV/nucleon the N-N single scattering contribution is significant. The 

model was also applied to p-nucleus reactions. At energies around 200 MeV, the 

calculated cross-section for IT production were also much lower than the obser

ved ones. 

The most sensitive ingredient 1s the momentum distribution. If Instead of a 

harmonic oscillator shape we would have taken an exponential fall-off*1 with a 

reasonable slope parameter the p+ l*C data and l 2 C + l 2 C data could be well repro

duced1*2. Unfortunately these exponential momentum distributions which have been 

used for fitting backward proton-production in heavy-ion collisions'*1, disagree 

with empirical data from (e.e'p) reactions. However it should be noted that we 

did not consider the high momentum components observed in (y,p) experiment above 

400-500 MeV/c. Their inclusion lead to less steep fall-off than the reported one. 

We have also pointed out in a very crude manner how the ion-ion optical poten

tial could change the prediction by orders of magnitude when being the closest 

to threshold. Thus a proper treatment of mean field effects would be required. 

It should be noted that this model Is based on a well defined mechanism and 

should preferentially be compared to exclusive experiments in which the residual 

nuclei are identified. Such coincidence experiments should be of great help for 

understanding the IT production mechanism, as would also be such data as 

p+Jf+ ÏÏ + N + N +JP. More generally, better data on subthreshold IT'S in p + nu

cleus reactions would be useful, since after all we are looking for departure 

from such reactions. 

ACKNOWLEDGEMENT 

We have greatly benefied from interactions with J.P. Bondorf, B. Jakobsson 

and H. Nifenecker at all stages of this work. One of the authors (C.G) wishes 

to thank A. Blin and B. Killer for helpful discussions. 

REFERENCES 

1) W.G. Mac Mlllan and E. Teller, Phys. Rev. 72 (1947) 1. 

2) H.W. Fearing, Progress 1n Part, and Nucl. Physics, vol 7, 113. 

3) W. Benenson et al, Phys. Rev. Lett. 43 (1979) 683. 



T. Johansson et a l . Phys. Rev. Lett. 48 (1982) 732. 

V. Bernard et a l . Nucl. Phys. to be published. 

S. Nagamiya et a l . Phys. Rev. Lett. 48 (1982) 1780. 

H. Noll et a l . to be published ; E. Grosse, Proc. Sixth High Energy Heavy 
Ion Study and Second Workshop on Anomalous, Berkeley, June 28-July 1 , 1983. 

J . Julien et al . Proc. Sixth High Energy Heavy Ion Study and Second Work
shop on Anomalous, Berkeley, June 28-July 1 , 1983. 

W. Heckwolf et a l . Z. Physik A315 (1984) 343. 

P. Braun-Hunzinger et a l . Phys. Rev. Lett. 52 (1984) 255. 

G.F. Bertsch, Phys. Rev. C15 (1977) 713. 

R. Shyam and J. Knoll, Phys. Lett. 136B (1984) 221, and GSI preprint 
84-22 (1984). 

J . Aichelin and G. Bertsch, MSUCL preprint 437 (1983) and J. Aichelin, 
MSU preprint (1984). 

D. Vasak, B. Miller and W. Greiner, Phys. Scr. 22 (1980) 25 ; 0. Vasak, 
H. Stacker, B. MUller and W. Greiner, Phys. Lett. A360 (1980) 243. 

M. Tohyama, R. Kaps, D. Masak and V. Mosel, Phys. Lett. 136B (1984) 226. 

G. Brown and P.A. Deutchman, Proceedings of Workshop on High Resolution 
Heavy Ion Physics at 20-100 MeV/A, Saclay, May 31 - June 2, (1978) p.212. 

H.J. Pirner, Phys. Rev. C22 (1980) 1962 and B. Hll ler and H.J. Pirner, 
Phys. Lett. 109B (1982) 338. 

L.W. Townsend, P.A. Deutchman, R.L. Madigan et J.W. Norbury, Nucl. Phys. 
A415 (1984) 520. 

W. Cassing, GSI preprint 84-15 (1984). 

M. Sandel, J.P. Vary and S.J.A. Garpman, Phys. Rev, C20 (1979) 744. 

W. Greiner, this Conference. 

J.O. Jackson, Classical Electrodynamics, 719. 

O.G. Long, M.M. Sternhelm and R.R. Silbar, Phys. Rev. C26 (1982) 586. 

A. Nadasen et a l . Phys. Rev. C23 (1981) 1023. 

R.J. Glauber, In Lectures 1n Theoretical Physics, edited by W.E. Brit t in 
and L.G. Dunham (Interscience, New-York, 1959) Vol. 1. 

J. Hufner, K. SchSfer and B. Schtirmann, Phys. Rev. C12 (1975) 1888. 

B. Jakobsson, J.P. Bondorf and G. Fai , Phys. Lett. 82B (1979) 35. 

B.J. Ver West and R.A. Arndt, Phys. Rev. C25 (1982) 1979. 



29) A.H. Rosenfeld, Phys. Rev. 96 (1954) 139. 
30) J. Bystricky and F. Lehar, Nucleon-Nucleon Scattering Data Nr 11-2 (1982). 
31) S. Frullani and J. Mougey, Advances in Nucl. Phys. Vol. 14 (1984) 1. 
32) O.J.S. Findlay et al. Phys. Lett. 74B (1978) 305 and J.L. Matthews, in 

Nuclear Physics with Electromagnetics Interactions» Mainz (1979), Lecture 
Notes in Physics 108, 369. 

33) D. Vautherin and D.M. Brink, Phys. Rev. C5 (1972) 626. 
35) M. Buenerd et al. Phys. Rev. C26 (1982) 1299, see also H.E. Bohlen et al. 

Z. Phys. A308 (1982) 121. 
36) K.W. McVoy and G.R. Satchler, Nucl. Phys. A417 (1984) 157. 
37) S.A. Moszkowski, Nucl. Phys. A309 (1978) 273. 
38) A.F. Dunaitsev and Yu.D. Prokoshkin, Nucl. Phys. 56 (1956) 300. 
39) L. Bimbot et al. Orsay experiment to be published. 
40) V.A. Krasnov et al. Phys. Lett. 108B (1982) 11. 
41) R.L. Hatch and S.E. Koonin, Phys. Lett. 81B(1979) 1. 
42) C. Guet, Atelier Ganii, Physique des pions aux énergies intermédiaires 

(Octobre 1983) unpublished. 
43) 0. Boal, MSU preprint, MSUCL-451. See also references therein. 


