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PACS. 24.90. — Other topiecs in nuclear reactions and scattering: general.

Summary. — Models deseribing nucleus-nucleus collisions at high energy need the
value of the N°A — NN’ cross-section. The latter may be obtained from the NN — NA
cross-section by detailed balance. We point out the relation between the two cross-
sections, relevant to models which do not diseriminate the charges.

The collision between two nuclei in the relativistic regime faces the theorist with
a very complicated quantum many-body situation, and simplifications have to be made
to tract the problem. One possible schematization leads to the model of intranuclear
cascade (1), in which the nuclear collision is built up as a sequence of binary collisions
between hadrons. The particles are assumed to move freely between zero-duration
collisions which occur when the minimum distance of approach for a pair is smaller
than the square root of the cross-section divided by z.

The multiplicity of negative pions produced in central nucleus-nucleus collisions
has recently received very much attention. In particular, the diserepancy between the
observed pion yield and the predictions of the intranuclear cascade, the most suc-
cessful model in every other respect, has been interpreted (2) as a manifestation of the
compressional energy of nuclear matter, a quantity of considerable interest for nuclear
physiecs.

In the intranuclear caseade model, pion production is assumed to take place via
the occurence of A igsobars during the process. The A’s are allowed to decay and to
interact in the course of the process. The following reactions are used:

a) NN —=>NA, by NA->NN,
9] A—7mN, d) mN —A.

() For a review, see J. CUGNON: Nucl. Phys. 4, 387, 191c (1982).

(®*) R. STOCK, R. BOCK, R. BROCKMAN, J, W, HARRIS, A, SANDOVAL, . STROEBELE, K. L. WOLF,
H. G. PucH, L. S. SCHOEDER, M. MAIER, R. E. RENFORDT, A, DAcCAL and M. E, OrTiz: Phys. Rev.
Lett., 49, 1236 (1982).
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The A-isobars have a mass spectrum. In reaction a) the mass is chosen at random
according to a distribution which closely follows the observed A-distribution; decay ¢) is
governed by the natural width of the A.

The cross-sections for reactions a) and d) are taken from experiment, whereas the
cross-section for reaction b) is computed as explained below.

The discrepancy between cascade calculation and experiment for pion production
may arise from the inadequacy of the pion production model sketched above. In par-
ticular, the A having a small lifetime, off-energy shell effects may be important. Bub
the discussion about the compression energy, by reference to the output of the cascade
model, demands that this classical model uses correct ingredients. It appears, in par-
ticular, that a definite point has to be clarified. The derivation of the (integrated)
cross-section for the N°A — NN reaction, by detailed balance, is in principle straight-
forward, but has given rise to controversies in some circles using models of heavy-ion
collisions (intranueclear cascade, chemical kinetics, ...). More precisely we point out
hereatter the precise numerical factor to be used in the formula when the average over
isospin states is made. Of course, in general, one studies the population of the par-
ticles in their various isospin states. But, sometimes, one may be interested in quan-
tities summed over the charges. Moreover, in a symmetric system, one needs not
diseriminate between isospin states (see below), provided one concentrates on average
quantities (e.g. the average number of negative pions). Furthermore, several intra-
nuclear cascade codes used in the past did not distinguish between isospin states.
In order to compare with new versions making this distinetion, it is desirable to know
how to handle the detailed balance (this is the crucial point) when isospin average is
introduced.

As a usual procedure, we consider the igospin as an internal degree of freedom,
similarly to the treatment of the spin. One has (with the nonrelativistic kinematics),
for the A4+B —C+D process (%)),

do P 1
(1) (d—.Q) = (27'5)4/11Mf—f X 33 Kk, 8oSpToTo|Tkyy 8485 T8 T2,
1 Pi 9a9s  sasp TgTo
TATg ScSp

where g, = (28; + 1)(2T; + 1). The other notations are quite standard.

This cross-section corresponds to the hypothetical situation of a mixed beam of
protons and neutrons, in equal proportion, bombarding a target, also composed in
equal proportions of neutrons and protons, and of a detector which does not diserim-
inate between the members of an isospin multiplet. As usual, we have assumed an
unpolarized beam and an unpolarized target, with respect to the spin. This cross-
section is very well suited to a cascade code which does not distinguish the isospin
states inside a given multiplet. The T-matrix in (1) involves antisymmetrized wave
functions (see ref. (%), ch. 5, p. 242, and ref. ()).

For the reverse process, one has

do 1
(2) ( ) - (2”)4.‘%%1& > 2% Kk 8x8p Ty Ty|T|—ky, 8o8p T To)|? -
de/, t 969D S0,8p 8,8
T¢,Tp Ta, T

(®) M. L. GoLpBERGER and K. M. Watson: Collision Theory, 2nd edition (R. E. Krieges Publ. Co.
Inc., New York, N.Y., 1975).
() G. PINSEI, A. J. MACFARLANE, E. C. G. SUDARSHAN: Phys. Rev., 140, 1045 (1965).
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Time reversal invariance implies that (see ref. (3), ch. 4, p. 171)
() K=k, SaSpTa Tp|T|— ke, So8p ToTo)[? = |<keSaSp Lo Tp| Tk Sy Sp Ty Td|? -

Therefore,

4 do P: d_a Pi
(4) a0 2909])201— a0 lgAngf-

The important point i that eqs. (1) and (2) have been obtained by defining the dif-
ferential cross-section as the ratio of the scattered to the incident flux even if the par-
ticles are identical (see, once again, ref. (3) for more detail). Therefore, the integrated
cross-section is obtained by integrating over 2x units of solid angle, if the ountgoing
particles are identical (two nucleons, for instance, in our representation). We thus have

gz_p_?gAgB 14 dqp

(5) = .
0y p? Jofgp 1+ Oup

For the NN — N°A reaction (we concentrate here and below on a definite A-mass)
eq. (5) reduces to

2
1 p;

(6) ONA=NN =g 3 TNN—NA -
P+

Therefore, there is an extra factor 4, coming from the identity of the nucleons, when
spin and isospin are averaged over.

To make the argument more convineing, we show that this formula can be obtained
from detailed balance, without explicitly introducing the isospin representation. We
have to consider the following reactions:

PP — DA+, pA+,
(7) pn —nA+, pA°,

nn —nA°, pA-,

The branching ratios are $ and £, § and %, } and £, respectively. Detailed balance
allows us to write

1
2’

DO |

(8) OpAt+—pp = Opp—snAt++

Fol Feo

where the first § factor comes from the spin and the second one from the identity of
the two particles in the final states. The latter factor will not appear for pn final states.
By summing equations similar to (8) for all the reaction channels (7), we easily get

1p;
(9) Z Z ny—-éa,b p { Z G‘pp—éxy + Z O'pn—>xy —I_ z o':m-—>xy‘} H

z=n,p y=A7,.,,,A** 2 pf
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where ab represent the final nucleon-nucleon states accessible to the (x,y) pair. One
may write

(10) h > 2 2 Orpem = L piz {l > 2. aabﬁxv} ’

_ 9 2
x=p,n y=AT,...,A*¥ a=n,p b=n,p 2 Ps 2 x,7 a,b

where the cross-sections for reactions not allowed by charge conservation are con-
ventionally put equal to zero. Hence,

an (FZ S o) = s A3 S ).

] »2
¥.y a,b 8 P X,¥ asb

The parentheses are precisely the isospin-averaged cross-sections considered above.
We thus recover the factor 1 of eq. (6). We stress that this result is obtained without
relying on a particular model for the A-production: for instance, it is independent of
the branching ratios mentioned above.

We finally want to discuss the implications of relation (6) on usual models. Let us
turn first to the so-called hadrochemical model and consider a mixture of nucleons and
A-particles. We again do not diseriminate between isospin. We thus may write the
following evolution equations for the particle densities:

doy  dea 1

(12) 1 TRl Paltt O LN NN AVNNY T 0N QALTNANNVNAD -

The factor } arises from the identity of the reacting particles. It occurs, because, if
we have N nucleons, we have only N(¥N — 1)/2 ~ N?2/2 reacting pairs, in contrast with
the case in which the reactants 4B belong to different species. Then the loss term would
be simply proportional to g, eq.

The brackets in (12) indicate an average over the relative velocity distribution.
For a thermal distribution, one has (5-7)

(13)

O NN N AVNND ma \¥
XA NABNNZ _ o INIE(ZA ) exp [— (g — ) T,
LONA>NNVNAD gy \my

where the factor 2 comes once again from the identity of the nucleons through detailed
balance. This factor 2 combines with the factor § in eq. (12) to give an equilibrium ratio

2
(14) (3‘3) =9—A("£) exp [— (ma—my) /KT,
oN/ea  IN \TN

a result which can be obtained from an equilibrium caleulation (8), without reference
to the cross-sections.

(5) I. MoNTvAY and J. ZIMaNYI: Nucl. Phys. 4, 316, 490 (1979).

(®) D. D. CLAYTON: Principles of Stellar Evolution and Nucleosynthesis (McGraw-Hill Book Co.,
New York, N, Y., 1968).

(") C. A. BarNES: International School of Nuclear Physics at Erice, 1980.

(*) J. I. Kapusta: Phys. Rev. C, 16, 1493 (1977),
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Equation (12) is exact in the case of a N = Z symmetric system. It is easy to show
that equations similar to (12) written for every species (n, p, A—, A% A+, A++) can be
summed up to give eq. (12), when isospin average cross-sections are introduced. More-
over, the branching ratios for reactions (7) and the isospin conservation law, which
implies that o(nn — nA%+pA-) = o(pp — nA++4pAt) = 2¢(pn — nA++pA%), guarantee
an equal population for the members of a given isospin multiplet (g, = ¢,, oA- = ... =
= ga++) ab any moment.

The same considerations apply to a standard cascade model. We remind, for in-
stance, that the factor } is indeed included in the machinery of a code like the one
of ref. (%) since nuecleon-nucleon pairs are checked to see whether they produce a col-
lision. Of course, in a cascade calculation, the averages in eq. (12) are taken on the
actual distributions and not on a thermal one. Furthermore, fluctuations are allowed,
which may make, at a given time, the n/p ratio different from unity, even if one starts
with a symmetric system.

(*) J. CuaNoN, D. KINET and J. VANDERMEULEN: Nucl. Phys. 4, 379, 553 (1982).



