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Motivated by pion productions in high-energy heavy-ion collisions, we study the p-wave pion absorption in
highly excited nuclear matter. The basic absorption mechanism is the two-nucleon model with both pion and
rho-meson rescattering. The excited nuclear matter is modeled by a finit'e temperature Fermi gas. We
deduce that for a given pion kinetic energy, the mean free path for pion absorption depends weakly on the
temperature of the nuclear matter, but strongly on the density. Its relevance to high-energy heavy-ion
collisions is discussed.

NUCLEAR REACTIONS intermediate energy: high-energy heavy-ion collisions,
pion production and absorption, highly excited nuclear matter.

I. INTRODUCTION

The production of pions in high-energy heavy-
ion collisions is a sub'ject being extensively studied
both experimentally and theoretically. ' The
energy spectrum of the produced pions in the in-
clusive cross sections implies that these pions
are produced from a source with a very high tem-
perature. In the collision of Ne and NaF at energy
0.8 GeV/A, Nagamiya et a/. ' have deduced that
the temperature of the pion source is 62 MeV. The
space-time structure of this source presumably
can be determined from the correlation measure-
ment of two pions &0'tt

In the scattering of pions from ordinary nuclei,
it has been known that pions are strongly absorbed
in nuclear medium. ' For example, the total ab-
sorption cross section for 130 MeV m in "C in a
bubble chamber experiment is -200 mb and is
about one-third of the total cross section. ' Re-
cently Ginocchio' has done detailed cascade cal-
culations for deep inelastic pion-induced nuclear
reactions. He found, using the isobar model, that
the pion is absorbed mostly on the nuclear surface
where the nuclear density has almost reached the
central density. Are pions still strongly absorbed
in a highly excited nuclear matter produced in
high-energy heavy-ion collisions?

From previous studies on pion absorptions in
normal nuclei, it is well established that the most
important absorption mechanism involves a pair
of nucleons. '~ '7 After the absorption of a pion,
each nucleon therefore receives on the average
more than VO MeV in kinetic energy, implying

that the final two nucleons are well above the Fer-
mi energy. Hence we expect that the Pauli prin-
ciple does not play an important role in pion ab-
sorptions and that pion absorptions in highly ex-
cited nuclear matter are similar to that in normal
unexcited nuclei. %e shall show in this paper quan-
titatively that this is indeed so and suggest that
the pions observed in high-energy heavy-ion colli-
sions are probably from the surface of the source,
as those produced inside are absorbed.

%e shall take into account only the P-wave pion
absorption as it is the dominant part above thresh-
old. The study of P-wave pion absorptions in a
zero temperature Fermi gas model has been re-
ported in Ref. 16. Here we generalize it to finite
temperatures.

In Sec. II we outline the P-wave pion absorption
in nuclei using the Fermi gas model. In Sec. III
numerical results are presented. Conclusions are
drawn in Sec. IV, and detailed formulations are
given in the Appendix for completeness.

II. FORMULATION

The pion absorption rate in a nucleus is given by

where & is the energy of the absorbed pion. The
matrix element Tz; describes the transition of the
nucleus from the initial state to the final state,
their energies being F. ; and E&, respectively. For
pion absorption by a pair of nucleons in the Fermi
gas model, Eq. (1) is written as

2
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where

f(k) =1/(1+e' "'~ ),
with e=K k'/2m and T the temperature of the nuclear matter. The chemical potential /(, is determined
from the total nucleon number, i.e., Zkf(k) =N/4. ln the above, k& and k, are the initial momenta of the
two nucleons, while k3 and k4 are their final momenta; q is the momentum of the incident pion. The nor-
malized antisymmetric pair wave function is denoted by (/g,(„(1-.2), where (1}and (2) represent all the coor-
dinates of nucleons 1 and 2. The mass of the nucleon is m.

From conservation of momentum, the matrix element of the pion absorption operator, T;(12}, must have
the form

f
d(1)d(2)(/((~g~(12)T;(12)(/(g~„- (12)=(2w) 5' '(k' —k —q) J( dr d(1') d(2')(/(~, (r; 1'2')T;(r, 1'2')(/(((r; 1'2'), (4)

and

K =k( + k2, k = 2(k( —kp)

K =ka+k4~ k =~z(k3 —k4)

(5a)

(5b)

where we have introduced the center-of-mass and
relative momenta

high temperature. In this case there are finite
probabilities for nucleons in such high momentum
states and the above kinematic factors are smaller
than unity. (2) We approximate the angular part
in the 6 function for the energy conservation by
its average value, i.e. ,

1R= b(r( + rp), r = r( —r2, (5c)
2h 2 2 2 2

2m (ks + k4 —k( —k2 ) —u)

The notations (1') and (2') represent the spin and
isospin coordinates of nucleons 1 and 2. The ma-
trix element on the right-hand side of Eq. (4) has
been discussed in detail in Ref. 16 for P-wave
pion absorption by a pair of nucleons with pion
and rho-meson rescattering. Diagrammatically
it describes the processes shown in Fig. 1. The
explicit form of this matrix element is given in
the Appendix.

The kinematic factors in Eq. (2) can be greatly
simplified if we make the following two approxi-
mations: (1) We approximate the factors [1-f(ka)]
and [1 f(k4)] by uni—ty. This is justified for not
too high temperatures as k3 and k4 are, on the
average, well above the Fermi momentum. Cer-
tainly we should be cautious in the case of very

~ 2 @ 12
2 2

(k'K —q )+—(P' p')
4m ng

(6)

Both approximations were used in Ref. 16.
The pion absorption cross section per nucleon is

then given by Eq. (A.ll) in the Appendix. The only
place where the effect of temperature appears is
in the function P(x) defined in Eq. (A.16). This
function essentially gives the r'elative probability
for a pair of nucleons to have relative momentum
xSk&, where k~ is the Fermi momentum and has
the value 1.34 fm '. For zero temperature, T =0,
it has the familiar form

P(x) = 24x'(1 —-', x+ —'x3) .
To determine P(x) for finite temperature, we as-
sume that the density of the excited nuclear matter
is the same as that at T =0. From the well known-
Sommerfeld expansion, ' we can then determine
the chemical potential p, for the following two lim-
its:

7&2T 4

p=~, 1-— ~ ~ ~

12 ep] 960 e~

for T «e+, and

(Sa)

FIG. 1. Pion and rho-meson rescattering through 6
resonant intermediate state.
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TABLE I. Dominant integrals in units of yz„, with m„ the inverse pion Compton wave

length, for pion momentum q =0.8, 1.0, 1.2, and 1.4 fm ~ at different temperatures. The

number -4 in the bracket is understood as 10

T
(Me V) (fm ')

0.8
1.0
1.2
1.4

2.09(—4)
1.98(-4)
1.80(—4)
1.69{-4)

1.11(—4)
1.67(—4)
2.30(-4)
2.96(—4)

~D @&30
2

1.08(-4)
9.46(-5)
8.05(-5)
6.77(-5)

6.33(-5)
9.49{—5)
1.26(-4)
1.56(-4)

~D 020

3.85(—4)
3.15(—4)
2.50(-4)
1.98(-4)

20 0.8
1.0
1.2
1.4

4.06(-4)
3.85(-4)
3.60(-4)
3.45(—4)

1.22(-4)
1.82(-4)
2.49(—4)
3.35(—4)

1.45(-4)
1.30(-4)
1.13(-4)
9.81(—5)

5.07(-5)
7.73(-5)
1.05(—4)
1.33(—4)

3.22(-4)
2.65(-4)
2.10(-4)
1.65(-4)

60 0.8
1.0
1.2
1.4

6.66(-4)
6.29(-4)
6.19(-4)
5.63(-4)

8.50(—5)
1.27(—4)
1.82(-4)
2.29(—4)

1.21(-4)
1.12(—4)
1.02(-4)
9.09(-5)

2.05(—5)
3.22(—5)
4.55(-5)
5.94(-5)

1.41(-4)
1.17(-4)
9.31(-5)
7.37(—5)

1V. DISCUSSION AND CONCLUSIONS

In this work we have studied the dependence of
P-wave pion absorption on the pion kinetic energy,
the temperature, and the density of the nuclear
matter. It is seen that the mean free path for pion
absorption in the nuclear matter depends only
weakly on the temperature of the nuclear matter,
but strongly on the density and the kinetic energy
of the pion. Around the (3, 3) resonance, i.e. ,
pions with kinetic energy -140 MeV, A.,b, has the
largest value and is about 1 fm in nuclear matter

TABLE II. Absorption cross section per nucleon in
units of fm2 for pion momentum q=0.8, 1.0, 1.2, and

1.4 fm ~ at different temperatures.

T
(Me V)

q'.
(fm-') (fm')

0 0.8
1.0
1.2
1.4

3.38
5.75
5.79
3.31

20 0.8
1.0
1.2
1.4

4.30
7.37
7.42
4.51

60 0.8
1.0
1.2
1.4

4.69
8.09
8.49
4.76

the inverse of o,b,p, we obtain Eq. (9). The density
dependence of ~,„, is therefore much stronger than
the case if pion absorptions involve only one nu-
cleon, which would lead to A.,b, ~ p '.

with normal density.
Since we have only taken into account the P-wave

pion absorption, one might wonder how important
are other partial waves. It is obvious that inclu-
sions of other partial waves will reduce the mean
free path for pion absorptions. Around the (3, 3)
resonance region, the value X,b,

- 1 fm in normal
nuclear matter density will not be much affected.
However, the effect can be appreciable away from
this energy region. For example, for pions with
kinetic energy 35 MeV, we have estimated that
A.,b, -5 fm in normal nuclear matter for P-wave in-
teraction only. Inclusion of s-wave pion-nucleon
interaction will reduce this value to approximately
half.

Our results are relevant to high-energy heavy-
ion collisions. When the incident energy is high
enough, pions are produced in the reaction. We
do not know definitely the temperature and density
of the nuclear matter during the stage pions are
produced. Model calculations such as that using
the classical equations of motion" do indicate that
density of twice the normal nuclear matter density
can occur in the collisions. Also the experimental
energy spectra of protons are consistent with the
assumption that the nuclear matter in heavy-ion
collisions has a very high temperature which is
30 MeV or more. ' If pions are produced in such
hot and dense nuclear matter, then our calculations
indicate that the mean free path for pion absorp-
tion is, 0.25 fm or smaller. Although the pions
produced on the surface of this source can leave
the source and be detected by the counter, those
produced in the interior of the source will have
negligible probability of escaping if the size of
the source is much larger than the absorption mean
free path. From pion correlation experiments of
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Pung et p/. ,
" it is tentatively determined that the

size of the pion source is -3-4 fm. If this value
is reliable, then we are encouraged to speculate
that pions produced in the interior of the source
will probably be absorbed by nucleons. These nu-
cleons will then dissipate their energies through
collisions with other nucleons or through produc-
tion of new pions. In this fashion pion absorptions
are probably one of the important mechanisms via
which the source achieves thermal equilibrium.
Such an equilibrated source has been assumed in
all thermal models4' for high-energy heavy-ion
collisions.

As far as we know, most models for high-energy
heavy-ion collisions work better for protons than
for pitons. From the above discussions it is prob-
ably fair to say that we should consider more
seriously the effects due to true pion absorption's
in high-energy heavy-ion collisions.

The work was performed under the auspices of
the Nuclear Physics Division of the U. S. Depart-
ment of Energy.

APPENDIX

In this Appendix, we shall give the mathematical
details of evaluating the absorption process
schematically described in Fig. 1. Most of the

following material can be found in Ref. 16. We in-
clude these details for completeness.

To evaluate the amplitude in Fig. 1, we use the
following meson-nucleon effective interaction La-
g rangians:

Lw~x= X h v'Vp r)X'~f (A.l)

L,NN =2' (1+~)X'&'(e "&}'(0,'r}&X (A.2)

L,„~= }( $
' VQFX+H. c. ,

f~
mr

(A.3)

Lpg~ ——2' X $ '(Vxg))X +H.c. (A.4)

!
Here $ and X are the nucleon spinor and isospinor,
and g and X the b, vector spinor and vector isospin-
or. The pion isovector field operator is denoted by
g and the rho-meson vector-isovector field oper-
ator by p. The mass of the nucleon and pion are
denoted by m and m„respectively. The coupling
constants are taken to be f'/4w =0.081, f~'/4m
=0.32, g, /4m=0. 55, and v=6.6. The p-b, coup-
ling is g, ~ =6W2/5g, (1+v) from static quark model.

The two-body w' absorption operator T;(r, 1'2'}
defined in Eq. (4) for pion or rho-meson rescatter-
ing is then given by

Z",'-'(r;1'2')=,. (e"' V&,'(r)(S~'q)T&', +e "' 'V»'(r)(S2 q)T2,j (A.5)

and

V~2(r) =3 4 m, (Yo(m,*r)S, o, + Y,(m,*r)Sf&(r))T&'72, (A.6)

V&2(r) =3 4
'&m, j2Yo(m,"x)S& &z2 —Y2(m,*r)S&&(r))T& 7, ,3 4mm

(A.7)

S+, = 3S, gc, - r" - S, .c, , (A.8}

Yo(x)=, Y,(x) = 1+-+~e 3 3
x ' x x x (A.9)

I

with S and T the transition spin and isospin operators which connect nucleons and isobars. The effective
pion and rho-meson masses are defined respectively to be m,*=(m,' —e /4)' ' and m,*=(m, —&o /4) in
terms of the pion energy +. The position of the isobar resonance and its width are

q 2f 2 q3
(u~=m, -m+ and r, =- ~

2m+ 34mm, ' (A.10)

respectively, where the mass m~ of 6 is 1232 MeV.
After summing over the initial and final spin and isospin states and carrying out partial wave expansions,

we obtain the pion absorption cross section per nucleon
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(A.11)

k4k' milco .-P-g+ 24~2, '] + 18+12, ]'+g+(24llj2, ' ]]' 9q 70i»]tLI'll' )
371 E'

+g gg EX"'+22X"' +g (16lt""—5~7091"")
I L' Et+,18x ' — 9 70%,
L I' E E'

where the + and —in the summations denote even and odd, respectively. In the above, we have used the
following expressions:

C]O L' L lX"'= [L][L'][1] dx P(x)x' iH" '(k,x', k,, x) i
',

00
2 l Ci L L'C

'=[L][L'][l] dxP(x)x'IK '(k x', k x)IT[C]
n

SR "=( 1)"-''~'[L][L'][i][l'] dxP(x)x'Re [Il '(k x', k x)]*K '(k x', k x)
l l' 2 ", I L' l'

(A.12)

(A.13)

I

+ II kx'kxK 'kx kx

(A.14)

l l' 2X» "=(-i) ' ' "']I]]I']]l]]i'](0
0 O

d»»'(»)»'R»]i» ']k, »', k,.»)]i»' '(0»', 0»]] ]
0

(A.15)

We use the abbreviation [L]—= 2L+1. The quantity
x' is given by, through energy conservation, x'
= [x + &em(l —q /4' m)/k~ ] ~ The .function P(x),
which is the relative probability for a pair of nu-
cleons with relative momentum x@kz, is given by

»] ]=24*'(-' ' ) fd'Ki( —+i)i( —-k) .

I

where

(A.19)

(A.16)

The two functions H ' and K ' are defined,
respectively, by

Hadronic form factors in the vertex can be
straightforwardly included. In the monopole forms,
we make the following replacements for the coup-
ling constants:

L~
i~I

l

~
~

7

~
~

~

~

i~

~~
~

~

~

I
I

~ ~1
~

~~

i~ ~
i~

~

7r j~ (k(kij, ~

j) i~ Q

(A.17)

f f A2+P]2» 8 . gA2+Q2»
22' P

(A.20)

with

yo+(2. ) = g,r, (222,*2 ) + 2),Y,(m,"2),

1'f(2 ) = g, r2(222,'2.) —g, 1'2(m+2 ),
(A.18)

where Q is the momentum of the rescattered pion
or rho-meson. These lead to modified expressions
for FQ and F2 as shown in Ref. 16. The values of
A, and A, are both taken to be 1.2 GeV in our cal-
culations.
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