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Abstract

Pion production from p + A collisions at energies below and above the
reaction threshold in free space was studied within the impulse approximati-
on. The model fairly well reproduced the energyv and angular spectra for the
positive pions, while underestimate the m~-production cross sections. The
discrepancy is not related to the beam energy and thus is not influenced by
the subthreshold phenomena. We discuss the contribution from the seconda-
ry interactions as the charge-exchange scattering which might populate the
negative pion production.
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1 Introduction

Particle production in proton-nucleus and heavy ion collisions at bombarding ener-
gies below the free nucleon-nucleon threshold is of considerable interest since it
relates both the nuclear structure and the reaction dvnamics.

At high collision energies. there is little doubt about the particle production
dynamics. We accept the approach considering the p + 4 and A4 + A collision as
an incoherent superposition of the individual nucleon-nucleon interactions and this
assumption allows one to reproduce balk of experimental data.

The particle production far below the reaction threshold requires huge internal
nuclear energy. In order to explain the concentration of a large amount of the
available energy into a very specific degrees of freedom one has to incorporate a
large cooperation of the nuclear system as a whole or the large amplitude collective
motion {1].

Obviously. between these extreme boundaries the production dynamics under-
goes a transition. Thus the main objective in subthreshold particle production is to
establish the energy against which we need to account for the collective phenomena.
Before looking for specific signature indicating the expected transition one has to
address the question whether this phenomena reflect the nucleus structure or the
collision dynamics. The crucial problem is to select observables which are not influ-
enced mostly by the reaction kinematics, secondary interactions, nuclear geometry,
etc.

To study the problem we analyze the experimental data on pion production at
energies between the boundaries expected. When the pions are produced through the
various reaction mechanisms we are interested to distinguish the involved processes.

Most of the experimental data on subthreshold pion production were taken from
the inclusive measurements. Data analysis starting from the superposition of the
elementary individual nucleon-nucleon collisions up to collective phenomena like the
coherent excitation or statistical emission allows one quite reasonably reproduce
the inclusive data [2. 3. 4]. However to make a definite conclusion concerning the
subthreshold pion production mechanism one needs to perform a detailed systema-
tical analysis of the pion energy spectra. angular distribution. 4-dependence, etc.

In the present paper we study the pion production from proton-nucleus collisions
by means of the standard dynamical approach considering the interaction picture as
a superposition of the independent elementary nucleon-nucleon interactions. Thus
we adopt the high energyv approach and looking for the discrepancy between the
model results and the experimental data.

2 The kinematical threshold.

The absolute kinematical threshold for pion production from the collision of the
projectile B with the target 4 is available in the coherent pion production as

B+A->B+4+r (1)

and might be resolved like

m2 4+ 2m. (M4 + Mp)

Tin = 2M



where T}, stands for the projectile kinetic energy in the laboratory, while m., Mg
and M4 are the pion, projectile and the target masses respectively.

The threshold for neutral pion production in free proton-proton collision equals
to 279.6 MeV. For the proton-nucleus collision the absolute kinematical threshold
ranges from the free pion mass (for heavy target) to the free V.V threshold. The
most surprising experimental finding was the observation of sizeable pion yields from
R'r + Zr collisions at such a low energy as 20 MeV /u [3. 6]. However note. that the
absolute threshold for such a system is around 3 MeV/u.

The simple kinematical relation (2) is based on the coherent pion production. i.e.
when the colliding systems interact as a two pointed objects. Within the Glauber
formalism one can slice such interaction into N-body terms. For instance the proton-
nucleus collision may be presented as

A
p+A:=N{p+N}+ No{p+ NN} + N3{p+3V}+..=> N{p+,V} (3)
=1

where .V, stands for the effective collision number (7]
1 A
Ny = [ & expl-aTGITG) (4)

with the profile function
T(b) = /d: o(b.2), (5)

where p(r) is the nuclear density distribution and o stands for the V.V total cross
section.

Eath term of the row (3) refers to certain reaction threshold in accordance with
the definition (2). Thus one can conclude that the pion production below free .V.V
threshold is related with the collective phenomena or the many body collisions.

However the system of a bound nucleons possess the Fermi motion and the point
is that the internal momentum of the nucleus permits the pion production below
free .V + N threshold.

As was shown by Bertsch [8] the Fermi motion permits the pion production from
heavy ion collisions at such low energy as ~ 54 MeV/u. The combination of the
internal momenta of the colliding nuclei gives enough energy to produce the pion at
even low energies, but the reaction is blocked by the Pauli principles.

Within present approach we analyze the subthreshold pion production from p+ 4
collisions due to the Fermi motion.

3 Elementary production cross sections.

In free space and at bombarding energies below 1 GeV' the pions are produced from

the following reactions
p+N—-> N+ N+ (6)

and
p+N—od+r (

=1
~—
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Figure 1: The elementary production cross sections as a function of the invariant
collision energy for the reactions: a) p+p =+ p+n+7* -solid, p+n =+ n+n+7*
_dashed. p+p — d+7* - dotted line and b) p+p — p+p+n° -solid, p+n = p+n+r°
-dashed, p4+n — d + 7° - dotted line.

Pion production in reaction (6) proceeds predominantly through the A-isobar
excitation [9] as
' p+NVN-o>N+A AN+ (8)
Fig.1 shows the cross sections of the relevant reaction for 7% and m0%-meson
production in pp and pn collisions {10]. Note that it is only one channel for the
direct m~-meson production in proton induced reactions and

a(p+n—>p+p+7r')=cr(p+n—)n+n+7r+) (9)

At high energies one should to account for the multiple pion production via the
excitation of heavy barvonic and/or mesonic resonances.

The elementary production cross sections already contain the features which
might be observed from p + A collisions.

First, 7+ as well as w%-spectra might show the two-body kinematical structure
from p+n — d + #° and p+ p — d + 7 reactions, while 7~-meson spectrum does
not.

As was pointed out by Bertsch [8] the pion production from heavy ion collisions
at low energies is not to continuum np states, but mostly due to the deuteron final
states.

When a created neutron-proton pair possesses a wave function which overlaps
with the deuteron wave function. these nucleons fuse to a deuteron due to the strong
final state V.V interaction [11]. The nucleon pair produced at high energy collisions
has a large relative momenta [12. 13]. Because of the ¢~ dependence of the deuteron
form factor. it cannot coalesce to form a deuteron.



At low energies the produced np pair has small relative momentum-and its wave

function strongly overlaps with the deuteron wave function. Fig.1 demonstrates that
the deuteron channel is dominant for the pion production at energies close to the

reaction threshold.

The direct observation of the kinematical peak from p+ NS d + T reaction was
reported from the experimental study of the fast deuteron production at forward
angles from p + A collisions {14].

The analysis of the quasifree subthreshold pion production in the reaction
12C(p,dn*)"' B at beam energy of 223 MeV also illustrates that the reaction mecha-
nism is related to the elementary reaction p+p — d + 7% [13].

Second, the cross section of m~-production from p/N interactions is substantially
smaller those for 7+ and 7% meson. Therefore the secondary interactions of the

pions in the nuclear matter like
™+n—or +p (10)

become important as an additional source of m~-production [16]. The charge-
exchange cross section is around 15-30% of the total one at pion momenta below
1 GeV. It means that the contribution to m~-meson production from the primary
pN collisions is comparable to those from the secondary charge-exchange scattering

(10).

4 The model.

In terms of a multiple scattering theory the proton-nucleus collision can be expressed
as a sum of the two-body interactions (17, 18, 19] shown in Fig.2. These graphs
presents a microscopic determination of (3).

Z +E +Z + etc.

i i] ijk

Figure 2: Graphical presentation of the multiple scattering theory.

The individual interactions differ from the nucleon-nucleon collisions in free
space, because the reaction occurs in a surrounding of other target nucleons. The
svstem of a bound nucleons influences the .V collisions through the Pauli prin-
ciple and Fermi motion as well as the effective nuclear potential or the mean field
effects [20].

Taking into consideration only the first term from the multiple scattering theory
one get the single scattering approximation. which we refer as the direct production
mechanism.



Moreover, when the bombarding energy is greater than the binding energies of
the struck nucleons then the two nucleons interact inside the nucleus like in a free
space. The presence of the medium has a little effect to the reaction. This approach
is called the impulse approximation and may be applied to the p 4+ A collisions at
energies above 100 MeV'.

Direct particle production is frequently described by means of the First Colli-
sion Model (FCM) [21. 22]. which is quite reasonable within the single scattering
approximation. Similar to Cassing et al. [21] we consider that pion is produced in
the primary collision of the incident proton with the target nucleon and give the
Lorentz-invariant differential production cross section by

dSUpN—HrX ( \/‘;)
d*p

where ®(q) is the nuclear momentum distribution, N.ss is the effective collision
number . /s is the invariant energy of the incident proton and the target nucleon
and primed indices denote the m-meson momentum and energy in this system, ¢
is the nucleon momentum. In formula (11) E,rdsa,,N_,,,x(\/3)/d3p,r stands for the
elementary differential cross section of m-meson production in the collisions of proton
with free nucleon.

Factor G accounts for the Pauli blocking of the final state, i.e.

x G (11)

E dsapA—an V- 3 7
" dp, =. fff(Err)/d q ®(q)Ex

G :=0O(p1 — qr) x O(p2 — qr) (12)

where p, and p, are the momenta of the final nucleons in the residual target system,
while g is the Fermi momentum.

The effective collision number N.;; was obtained with the Glauber approxima-
tion [7]. as described in Sec.5.

To calculate the m-meson spectra we use the isobar model {23, 24]. The s-
wave isobar production as well as it isotropical decay were adopted. It is allowed
the \-resonance to decay immediately. Thus we do not account directly for the
delta destruction and propagation in the surrounding nuclear medium. The most
important effect is the delta (or pion) absorption as [25]

A+N 5 V4V (13)
or 7+ NN = N4+ N (14)

However. within our approach the factor N, also includes the pion reabsorption in
nuclear matter due to the final state interaction.

We do not study the medium effects on 7-meson and A-isobar formation as
well as the modification of its mass and width due to the temperature and density
available in nuclear collisions. It was shown by Cugnon and Lemaire [23] that such
modifications change the pion vield in central heavy ion collisions. In contrary the
7-meson production from p + A collisions is not sensitive to any modification.

The shift of the effective \-resonance mass reconstructed from p + A collisions
was observed in several experiments [26. 27. 28, 29]. It was found that the reduction
of the invariant pr-mass is traced to the effects of Fermi motion, V.V-scattering and
7-meson reabsorption(29].



At low energies the m-meson inclusive spectrum from the isobar model is roughly
similar to those from the three body final state phase space or s-wave production.
The pion spectrum from A-excitation at incident energies above around 1 GeV shows
the high energy tail, while those from s-wave calculation does not [30, 24].

The deuteron channel was calculated as follows [31]. We determine the deuteron
density as

pd(pd) = /dsq%(q)an(qmd) : (13)

where ®4(q) is the squared deuteron wave function and H, stands for the two-
particle density matrix of the neutron-proton states with the total momentum pq and
relative momentum 2q [33]. The deuteron wave function for the Bonn potential {32]
was adopted. The density matrix was calculated with the isobar model described
above. The deuteron cross section should be corrected by the effective final state
VN interaction similar to [34], which enhanced the production near the reaction
threshold. We adopt a phenomenological way and renormalize the deuteron density
pq with the elementary cross section of the reaction (7).

The coalescence mechanism simulates quasi-two-body final state, which indicates
the pion as well as the deuteron kinematical peak in the differential cross sections.
Within sophisticated approach the deuteron channel can be calculated directly as in
the reaction p+ N — d+ . similar to [11]. However it rises the problem concerning
- the deuteron existence in the nuclear medium. The deuteron radius is larger the
average distance between the nuclear nucleons, so in principle it can not be formed
inside the nucleus. The coalescence model [35] assumes the deuteron formation
outside the target or at the nuclear surface.

Note that pion and deuteron spectra calculated with the coalescence mechanism
differ from those obtained with the direct production (7) due to the reaction blocking
by the Pauli principles and non sharp deuteron wave function in Eq.15.

5 Effective collision number and pion reabsorpti-
on.

5.1 Factor V;.

The factor N.;;(E,) in Eq.(11) is accounting both for the A-dependence of the A-
resonance production and the final stage of the pion interaction in nuclear medium.
Similar to [36, 37], the effective collision number was calculated as

400
Ny = / ba’b/ 2z [ do x
[e2p (~outp¥) / pbfdé—mot(m\/ E) [ plelchdc )] - 16

where p(r) is the one-particle density distribution taken from [38] and normalized
to the target mass number A. r[¢] appearing in eq.(16) is defined as

r[¢] = ro(b,0.2) +Ce. (17)
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Figure 3: =% + p cross section as a function of the pion kinetic energy.

where b and = stand for the impact parameter and the z-component of the coordinate
along the beam-axis. respectively. Here & is a unit vector in coordinate space defined

as
e := (sinfcosd, sinfsing, cosb) (18)

with 8 being the pion emission angle in the laboratory system. Moreover go(piV)
stands for the total p 4+ .V cross section. while o;o:(7N) is the m# + N cross section.
We account for the V.;; dependence on the 7 + N cross section shown in Fig.3,
because of the strong energy dependence of the oo (piV).

The effective collision numbers (16) calculated for C, Ni and C'u-target are shown
in Fig.4,5 as a function of the pion emission angle and for several 7V cross sections.
Note that our collisions numbers growth around 1.5-2 times with increasing of the
emission angle from 0° to 180°. Moreover the effective collision numbers reduce
almost twice when the m + )V cross section ranging from 20 to 100 mb.

The standard way [39. 40. 41] to account for the particle final state interaction
(FSI) in p + 4 and A + A collisions is to multiply the production cross section by

the factor
i(Ez A) = exp[—L4/Ar(Er)] (19)

where L 4 is the radius of the interaction zone, i.e. the distance passed by the pion
in nuclear medium. which is frequently taken equal to the nuclear radius. A, stands
for the mean free path of the pion as

Al = po X oim(mN) (20)

where po is average nuclear density and oi,(mN) is the inelastic cross section of
7 + .V interaction.

The factor (19) substantially depends on the target mass A as well as on the
T + N cross section. For instance for the copper the factor « changes from ~0.2 to
~0.0005 when the cross section varving from 20 to 100 mb. Let us to remind that
within our approach the reabsorption is not such strong.

Another sophisticated ways to account for the final state interaction are discussed
in [42]. Similar to (19) those approximations are just simplification of the Glauber
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Figure 5: Similar as in Fig.4 for p + C'u collisions.

formula (16) and substantially overestimates the FSI for strong interacting particles.
like pions, A'~-mesons, antiprotons, etc.
Within the calculations of A'*-meson production [43. 44]. the factor .V.s; was
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obtained by the Glauber approach but does not account for the A"t-meson interac-
tion. The total cross section for the A™* N-interaction is small o( K N) ~ 12mb, thus
one can treat it perturbatively and get the effective collision number for o( A" V)
from the results performed in Fig.4.5.

Neglecting the FSI. that is reasonable for the weak interacting particles like
R'*-mesons. the effective collision numbers from [43, 44] were parameterized as

~Veff — ._10.751:0.01. (21)

which indicates reasonable agreement with present results for small g4, (7 V).

Note that the .A-dependence from (21) is very close to those from the experi-
mental data on 7°-meson production from p + A collisions at 200 MeV [45].

5.2 Pion absorption and scattering.

The target effect reveals the dramatic importance of final state interaction of the
pions in the residual nuclear environment. The analysis on experimental data on 7+
and 7~ -production in heavy ion collisions results the average pion absorption length
of about 6-7 fm [48]. By the other hand the analysis of the experimental data on
direct pion reabsorption in 7+A collision results the absorption length of about 3
fm at the same pion energies.

However let us to emphasize that within our approach the factor N.s; accounts

for the distortion of the primary pion spectra. We do not distinguish between -the
pion elastic or inelastic rescattering and the pion reabsorption as (13). Moreover
we prevent from using the formula (19) to account the pion absorption in nuclear
matter. :
Indeed the meaning of Eq.16 concerning the FSI is to account for the probability
that directly produced pions interact in nucleus changing their emission angle. It
does not matter, is the interaction due to the 7+ N — 7 + N scattering or because
of the real reabsorption (13). Moreover the pion scattering populates the angles
differ from the primary emission angles and are relayed as secondary interactions.

To account for the pion reabsorption one needs to incorporate the cross section
of reaction (13) [46. 47] instead of o:x(7.NV) from Eq.16 as well as to make similar
with Eq.19.

6 Nucleon momentum distribution.

The function ®(q) appearing in Eq.11 stands for the internal nucleon momentum
distribution. In the noninteracting Fermi-gas model the occupation probability of
states with momentum q is

(%]
o
—

3
®(q) = —7; Olgr —9) (:
dmqp

with ¢r being the Fermi momentum

: 1/3
aF = [% 2 po] ~ 263 MeV/c (23)
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where po = 0.16 fm~3 is the average nuclear density. The corresponding Fermi
energy qr?/2my, with my being the mass of free nucleon. is maximal kinetic energy
of a neutron bound in the nucleus. The binding energy of the last nucleons is
roughly 8 MeV. Thus the minimal total energy of the stuck nucleon must be =~
my — 35 MeV [49]

Short range NN interactions induce correlations in the wave function. which
deplete states below the Fermi sea and make the states above the Fermi level partially
occupied [50, 51]. Thus the nuclear momentum distribution ®(q) has a tailat ¢ > qr.

Moreover the particles in nuclear matter have not precise energies. The relation
between the momentum of the particle and its energy is defined by the spectral
function P(q, E). The spectral function gives the joint probability of finding the
nuclear nucleon with momentum q and removal energy E. However the evaluation
of P(q,E) is a hard problem [52, 53, 54, 55, 36].

If no reliable spectral function is available we may use an approximation, which
correlated the momentum distribution

o(q) = [ dE P(q.E) (24)
with the mean removal energy (E) defined as
(E) = [ &g dE E P(g,E) (25)

As was pointed out by Fernandez de Cordoba et al. [57] this approximation is quite
accurate when one do not explore the momenta significantly larger gr.
In accordance with the Koltun sum rule [58] the binding energy per nucleon € is
related with the mean removal energy (F) as
14 h 2

2¢ = T—(T) - (E) (26)

where A is the target atomic number and (T') stands for the mean single-particle

kinetic energy,
2

(T) = /qu d%q g% ®(q) (:

[
|

with ¢mer = 0.

Although the spectral function is not observable quantity. the energy sum rule
describes it with the measurable binding energy ¢ and the mean kinetic energy.
because ®(q) might be obtained from the analysis of the properties of single-particle
states in nuclei with the experimental data [39. 60].

When the distribution (24) does not contain the high momentum component
generated by the short-range and tensor correlations. the mean kinetic energy (27)
is that as obtained with the mean field approach. Taking the Gaussian momentum

distribution as
®(q) = (27) ™" a™® exp (—¢*/20”) (28)

with the slope a ranging from 139 to 151 MeV/c for '2C' and **® Pb nuclei respec-
tivelv [61] one can get the mean removal energy equals almost 40 MeV.

Fig.6 shows the mean removal energy as function of the momentum ¢,,,.. Here
(E) was calculated with gm.. being the upper limit of the integration in Eq.27 and
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Figure 6: Dependence of mean removal energy on maximal nuclear momentum
calculated for for carbon -solid and lead -dashed line.

the parametrizations of the nucleon momentum distributions ®(q), which are shown
in Fig.7 and were taken from Ciofi degli Atti and Simula [61]. Note that the high
momenta of the distribution ®(q) are related with the high removal energies, as is
illustrated with Fig.6.

The relation between the high momentum and high removal energy components
has been for the first time illustrated in [62] considering the saturation of the mo-
mentum sum rule (24). It is fundamental finding for the study of subthreshold
particle production, which indicates that the contribution from the high momentum
component of the distribution ®(q) might be negligible, because the available colli-
sion energy is under the production threshold. The microscopic calculations [63, 64]
with realistic spectral functions confirm this expectation.

The invariant collision energy /s of the beam proton and the target nucleon
appearing in Eq.11 can be determined by analogy with Guet and Prakash [63]). The
incident proton is influenced by the nuclear optical potential U, thus its total energy
E} becomes as

s=To+my-U (29)
where T, is the beam kinetic energy and my stands for the free nucleon mass. Note
that the momentum of the incident proton P} is modified properly.

The energy E,..qs available for the pion production is related with the incoming
energy by the energy conservation rule

: V2 .
Ej+ My=Epoa+ (M3 +¢")  +E (30)

with M4 and M4_, being the masses of the initial and residual nuclei respectively.
q is the internal momentum and E* stands for the excitation of the final nucleus.
Applving M-y > q one can get

Eprod= E6+m:V"'€—E‘ (31)

where ¢ is the binding energy. Minimal excitation energy E~ for almost all nuclei
equals to ~ 1.5 — 2 MeV. For instance the stable states of ! B are below ~ 8 MeV.
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Figure 7: Nuclear momentum distributions for 12C -solid, *°C'a -dashed, ¢ Fe -dotted
and 298 Pb -dashed-dotted line. Arrow shows the Fermi momentum gF.

However the pion production might be associated with the high energy excitation

of unstable residual nuclei.
The relation between the average removal energy (E) and the excitation energy

is as follows [39]
E*=(E)+ Ms— M4, —my (32)

which results
Eprod = E({) +my — <E> (33)

with mean removal energy being positive.
Therefore the invariant energy from Eq.11 is determined as

s=(Eg+mn —(E))’ — (Py+q)’ (34)

We adopt the momentum dependent optical potential from [66] for cold nuclear
matter at normal density

2 2 _ 2 2 2
: gg+AN —p (p+ar)®+A
L =44+ B x x |
(p) [ 2p\ . (p—qr)?+ A2
2 —
+-/Q_\F -2 (arctgqu# — arctgp ‘\QF)] (33)

with 4 = 30.46 MeV, B = —381.66 MeV and A = 1.58¢F.
Fig.8 shows the optical potential as a function of proton kinetic energy. Note
that the mean field without any momentum dependence results U ~ —53 MeV [67].
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Figure 8: Optical potential as a function of the proton kinetic energy.

while the analysis of the experimental data using the Dirac equation [68, 69, 70]
shows the potential becomes repulsive at energies higher than 300 MeV.

In the following calculations we use the parametrizations of the nucleon momen-
tum distributions shown in Fig.7, which are borrowed from [61] and do not contains
the high momentum part from the short-range and tensor correlations. The relati-
on between removal energy and the nuclear momentum ¢ was constrained with the
energy sum rule (26).

7 Comparison with experimental data.

7.1 Energy dependence of the production cross section.

Fig.9 shows the total cross section of m*-meson production from p + A collisions
as a function of the incident proton energy. The experimental points are taken
from [71, 72], while lines are the results calculated with Eq.11.

Note that increasing the beam energy the agreement between the experimental
data and the calculations for heavy targets becomes poor. We relate the discrepancy
with the contribution from secondary induced reactions as

p+.V1 — '/T+.VI+.¥
N+N, - #+N'+X
or T+ N; - 7o +7"+X (36)

The calculations with cascade type models, which are accounting for the secondary
interactions quite reasonably reproduce the pion production at high energies (21, 23].

The beam energy dependence of m-meson production cross section from p + C
collisions was calculated by Guet and Prakash [65]. It was found that the calculations
around 2.5 times underestimate the experimental results. The global difference



— 15—

102

g [mbl

10

AERBLRRALL

LERRAMLLL | LERLAAALLL |

MR |

A A A

1
400
T, IMeV]

L . . 1
100 200
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function of the bombarding energy. Experimental points are from {71, 72] and lines
show our results.

between our model and the calculations from [65] is due to the determination of the
effective collision numbers. For instance, our numbers for the carbon target shown
with Fig.4, as well as (21) from [43, 44] are roughly 2 times greater those from [65].

7.2 Pion production at 201 MeV

First let us to illustrate the kinematical ingredients of the calculations on pion
production from p + C collisions at 201 MeV. Fig.10a) shows the production cross
section calculated with ®(q) = const as a function of the momentum ¢q and the angle
¥ between the beam proton and the nuclear nucleon in the laboratory. Obviously the
contribution to the pion production comes mostly from the high internal momenta
as well as from the system of the colliding beams. Fig.10b) shows the 7#*-production
cross section calculated with the realistic momentum distribution ®(gq) from [61).

Note that the dominant contribution comes from the momenta around 200
MeV/c, which is below the Fermi momentum. Thus the total cross section for
pion production at 201 MeV is not influenced by the high momentum tail of the
nuclear spectral function. Such a simple preliminary estimation prevent us from
using the distribution ®(q) containing the correlated part.

It is frequently discussed that particle production at large emission angles is
sensitive to the short range correlations related with the high momentum component
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Figure 10: a) Cross section of 7*-meson production from p + C' collisions at 201
MeV as a function of the angle ¥ between the incident proton and target nucleon
and the momentum ¢ of the nuclear nucleon calculated with uniform momentum
distribution. b) Similar as for a) calculated with realistic ®(g).

of ®(q). However it is not the present case. The double differential cross sections of
x*-production from p + C collisions are shown with Fig.11 for the emission angles
of 30° and 90° and as a function of the pion kinetic energy and momentum gq.

The pions produced at emission angle § = 90° and with energies close to the
absolute kinematical threshold probe the momenta of around 300 MeV /c, which are
still below the region of ¢ > 400 MeV/c where the contribution from the short-range
and tensor correlations becomes dominant.

Fig.12 shows the energy spectrum of 7#*-mesons produced from p + C' collisions
at 201 MeV and at emission angle of 30°. Dots are the experimental data from [71],
while lines show our calculations. The peak at Tr =~ 45 MeV is related with the
deuteron production. as discussed above.

Fig.13 shows the pion spectrum for 6 = 45° and also illustrates visible contribu-
tion from the quasi-deuteron reaction channel.

The energy spectra of positive pions from p + Ni collisions at 201 MeV and
at emission angles from 22° to 105° are shown with Fig.14.15,16. The agreement
between the experimental data and our model results is quite reasonable. The
discrepancy at large emission angle of § = 105° we relate with the contribution from
secondary interactions. as 7 *-elastic scattering and charge-exchange reactions.

Note that due to the reaction kinematics the pion spectra from the deuteron
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Figure 12: The energy spectrum of w*-meson produced from p + C collisions at
bombarding energy of 201 MeV and detection angle of 30°. Experimental points
are from [71]. Lines show the calculations. Dashed- the contribution from p+.V —
N 4+ N + 7t and dotted from the quasi-deuteron reaction channel. Solid line shows

the sum.
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Lines show the calculations. Dashed- the contribution from p+ N = N + N + =+
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Figure 15: Energy spectrum of =*-meson from p + Vi collisions at bombarding
energy of 201 MeV and emission angle of 35°. The notations are similar to Fig. 14.
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Figure 16: Energy spectra of #*-meson from p+ Ni collisions at bombarding energy
of 201 MeV and the emission angle §. The notations are similar to Fig. 14.

channel are shifted to lower energies with increasing the detection angle. The quasi-
deuteron peak also exist at large emission angles but can not be observed being
dissolved with the contribution from p+ .V — N + N + 7t reaction channel.

Fig.17 shows the angular spectra of m*-mesons produced from p + N collisions
at 201 MeV and for the pion energies of 30, 40 and 50 MeV.

Let us to analyze the experimental data. The pion angular spectra might be
subdivided by two parts, as are shown with the dashed lines. First one is the forward
peaked angular distribution with a slope rather independent on the pion kinetic
energy. We relate this part with the direct pion production as discussed within the
present model. The nature of a forward peaked distribution is in accord with the
Lorentz boost of spectra in the laboratory system, i.e. due to the kinematical reason
only. We fairly reproduce this part of the pion angular spectra.

Second part indicates almost isotropical distribution. which can not be obtained
with applying of the direct production mechanism. We are referring this part to the
secondary interactions as pion rescattering in nuclear medium. Indeed, the produced
plons are slow and scatter as

T+ N7+ N (37)

in s-wave [73], i.e. isotropically in the rest system of the residual nucleus, which
is almost the laboratory system because the recoil momentum is small. The pion-
nucleon scattering populates all emission angle. However its contribution to the
forward angles is almost negligible for m*-production and high pion energies, because
of the strong contribution from the direct reactions (6.7).
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Figure 17: Angular spectra of #*-meson from p+ Ni collisions at bombarding energy
of 201 MeV and pion kinetic energy T,. Experimental points are from [72]. Solid
lines show the contribution from p + N = N + N + n* channel. The dashed lines
indicate the contributions from primary and secondary interactions.

As opposed to the mt-mesons, the negative pions are produced roughly equally
from the direct reaction mechanism as well as from the secondary charge-exchange
scattering. We discussed this opportunity in the section on elementary production
cross section. Therefore the angular spectrum of 7~ -mesons might show flat distri-
bution. Moreover the spectra become mostly isotropical for the heavy targets, when
the secondary interactions are probable. :

The energy spectra of m-mesons produced from p+ Ni collisions at 201 MeV are
shown in Fig.18,19 for the detection angles from 22° to 105°.

The model rather well reproduces the spectra at angles less than 72°, while sub-
stantially underestimates the 7 ~-production cross sections at large angles. Note that
experimental results from Fig.18.19 indicate almost isotropical angular distribution
at 8 > 35°. Within the present approach we are failed to describe the 7~-spectra.
because the model does not account for the secondary interactions.

Let us to prevent from the expectation that with increase of the beam energy
the 7~-angular spectra might be isotropical. At high collision energy the produced
pions are relatively fast. The angular distribution of #+V scattering at the A-isobar

region is described as
do/d? x 1+ 3cos%0 (38)

with @ being the pion emission angle in the m + N center of mass system. For
much higher pion energies the angular spectrum is strongly forward peaked. As an
additional factor the Lorentz boost for the # + N scattering is always valid.
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Figure 20: Energy spectra of 7*-meson produced from p+ Cu collisions at emission
angle of 90° and bombarding energy T,. Experimental points are from [74]. Solid
lines show the contribution from p+ N — N + N + 7+ and dashed- from the quasi-
deuteron reaction. Dotted lines show the pion spectra from p + N collision in free
space.

7.3 Pion production above the threshold.

To illustrate the reliability of the present approach at high energies we calculate the
pion production at 338 and 400 MeV and compare our results with the experimental
data. Fig.20 shows the energy spectra of positive pions produced from p + C'u
collisions and at emission angle of 90°. The experimental data are taken from [74].
The solid lines show the calculations with (11) accounting for the three body final
state. while the dashed lines are the contribution from the quasi-deuteron channel.

The dotted lines show the calculation on 7 +t-meson production from the collision
of beam proton with free nucleon, i.e. assuming ®(q) = 0. Note that we do not
perform the calculations in free space for the beam energy of 248 MeV, which is below-
the pion production threshold. The results from Fig.20 illustrate the importance of
the internal momentum distribution for the calculations of meson production also
above the reaction threshold. The influence of the ®(q) on the shape of the pion
spectrum is apparent.

As a prediction of the model Fig.21 shows 7% and 7~-meson spectra produced
from p + C'u collision at 248 MeV and detection angle § = 22°. Because of the reac-
tion kinematics the peak from the quasi-deuteron reaction mechanism is dissolved
by the contribution from p+ N — A+ N — N + NV 4 r* channel. Remind that
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Figure 22: a) Cross section of m*-meson production from p + C collisions at 585
MeV as a function of the angle ¥ between the beam proton and target nucleon and
the momentum q calculated with ®(g) = const. b) Similar as for a) calculated with
®(q) from [61].

at beam energy of 201 MeV the m*-spectra at forward angles perform transparent
quasi-deuteron peak.
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Figure 23: Energy spectra of 7*-meson from p+ C collisions at bombarding energy
of 585 MeV and the emission angle §. Experimental points are from [75]. Lines
show the model results.

The kinematical constraints of the pion production from p + C collisions at
such high beam energy as 385 MeV are shown with Fig.22. Fig.22a) performs
the production cross section calculated with ®(g) = const as a function of the
momentum ¢ and the angle ¥ between the beam proton and the target nucleon in
the laboratory. Fig.22b) shows the m*-production cross section calculated with the
carbon momentum distribution from [61].

The dominant contribution to m*-meson production cross section comes from
the internal momenta as close to 150 MeV /c, which is almost twice below the Fermi
level. Thus already above the pion production threshold one can trust the reliability
of the cascade type models adopting the mean field approach, i.e. assuming that
individual nucleons move as independent particles in an average potential.

The energy spectra of 7+-mesons produced from p+Cu collisions at 585 MeV are
shown in Fig.23 for the pion emission angles from 22.5° to 90°. The experimental
data were taken from [75]. The agreement between the model and experimental
results is reasonable. Note that the energy spectra of pions overlap with the A-
isobar region as is shown with Fig.3 and therefore proposing the strong final state
interaction.

Fig.24 shows 7 ~-spectra from p + C'u collisions at 585 MeV. The model unde-
restimates the cross sections for low energy m~-mesons, which again indicate the
possible contribution from the secondary charge-exchange pion rescattering. Again
the high energy pions are reasonably reproduced.

Indeed, at high collision energies the high energy pions are predominately produ-
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Figure 24: Energy spectra of 7~-meson from p + C collisions at bombarding energy
of 585 MeV. Notations are similar to Fig.23.

ced from primary reactions, while soft pions from secondary one. As an additional
indication, the pions at such high energies are scattered through the A-excitation
following the forward-angles anisotropy as (38). Thus the contribution from pion
rescattering to the forward detection angles becomes dominant. As a result we ob-
serve a strong discrepancies at angles of 22.5° and 45°. while the cross sections of
7~ -production at 60° and 90° are described much better.

8 Conclusions.

Within the single particle approximation we perform the study on subthreshold
pion production from proton-nucleus collisions. To calculate the direct production
mechanism we adopt the on-shell elementary cross sections and the isobar model.
The deuteron channel was considered as applying the deuteron formation outside
the nucleus in accord with the coalescence mechanism.

The pion production and distortion in nuclear medium were provided with the
Glauber formalism. We use the nuclear momentum distributions from realistic mo-
del on the nuclear spectral function and follow the relation between the internal
nuclear momenta and the energies of the bounds nucleons using the Koltun sum
rule.

[t was found that the spectra of #*-mesons from p+ A collisions at 201 MeV are
fairly well reproduced with the model calculations. It was shown that the structure
observed from mt-spectra at forward angles is related to the quasi-deuteron produc-
tion mechanism. However the calculations strongly underestimate the cross sections
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of #~-meson production.

In order to study while the discrepancy is influenced by the subthreshold phe-
nomena we perform the analysis of pion production above the free nucleon-nucleon
reaction threshold. The differential cross section of #+-production are well described
by the model, while those for #~-mesons are not.

Thus we conclude that the difference between the experimental cross section of
7~ -meson production from p + A collisions and the model results is not connected
with the beam energy or the effects of the subthreshold pion production.

We associate the discrepancy with the contribution from the secondary interac-
tions of pions in the nuclear environment. Such pion rescatterings are important
for the negative pion production due to the elementary nucleon-nucleon production
cross sections and the # + .V — 7 + N kinematics.

It was found no crucial arguments for the incorporation of the reaction mecha-
nisms beyond the standard in order to get a better description of the experimental
data.
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