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ABSTRACT 

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 finite temperature Fermi. gas. We deduce that the pion absorption rate 

depends weakly on the temperature of the nuclear matter. 

Intermediate~Energy: High-energy heavy-ion 

collisions, pion production and absorption, 

highly excited nuclear matter • 
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1. INTRODUCTION 

The production of pions in high-energy.heavy-ion collisions is a 

1-3 4-9 subject being extensively studied both experimentally , and theoretically. 

The energy spectrum of the produced pions in the inclusive cross-sections 

implies that these pions are produced from a source with a very high 

temperature. In the collision of Ne and NaF at energy 0.8 GeV/A, 

1 Nagamiya et al ' has 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 measurement of two pions.lO,ll 

In the scattering of pions from ordinary nuclei, it has been known 
, 12 

that'pions are strongly absorbed in nuclear medium. For example, the 

total absorption cross-section for 130 MeV 7T+ in l2C in a bubble chamber 

13 experiment is -120 mb and is about one-third of, the total cross section. 

Recently, Ginocchio
14 

has done detailed cascade calculations for deep 

inelastic pion-induced nuclear reactions. He found, using the isobar 

model, that the mean free path for pion absorption in the nucleus ts of 

the order of the nuclear, surface thickness, i.e., 1 fm. 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. 12,15-l7 After the absorption ofa pion, each nucleon 

therefore receives on the average more than 70 MeV in kinetic energy, 

implying that the final two nucleons are well above the Fermi energy. 

Hence we expect that the Pauli principle does·not play an important role 

in pion absorptions and that pion absorptions in highly excited nuclear 

.. 



• 

, 

• 

-3-

matter are similar to that in normal unexcited nuclei. We shall show 

in this paper quantitatively that this is indeed so and suggest that the 

pions observed in high-energy heavy-ion collisions are from the surface 

of the source, as those produced inside are absorbed. 

We shall take into account only the p-wave pion absorption as it 

is the dominant part above threshold. The study of p-wave pion absorp-

tions in a zero temperature Fermi gas model has been reported in Ref. 16. 

Here we generalize it to finite temperatures. 

In Section II we outline the p-wave pion absorption in nuclei using 

the Fermi gas model. In Section III numerical results are presented. 

Conclusions are drawn in Section IV, and detailed formulations are given 

in the Appendix for completeness. 

II. FORMULATION 

The pion absorption rate in a nucleus is given by 

r = (1) 

where w is the energy of the absorbed pion. The matrix element Tfi 

describes the transition of the nucleus from the initial state to the 

final state, their energies being Ei and Ef respectively. For pion 

absorption by a pair of nucleons in the Fermi gas model, Eq. (1) is 

written as 

T = 271" E f(k 1 ) f(k2 ) (1 -f(ks»(l -f(k4 » 

k
1

, k 2 , k 3 , kit 
"" "" -." ~ 

* 1/ ) * ( . 12 . d(l) d(2 ~k k 12) Tq(12) ~k k(12) 
3" _ 1 2 

.-...; ,...., '"'¥ ,...., 

(2) 
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. where 

f(k) = 
1 

(3) 
1 + e(e:-ll)/T 

with E = ~2k2/2m and T the temperature of the nuclear matter. The 

chemical potential II is determined from the total nucleon number, i. e. , 

1; f(k) = N/4. 
~ 

In the above,k 1 and k2 are the initial momenta of the 

two nucleons, while k3 andk 4 .are their final momenta; q is the momentum 

of the incident pion. The normalized antisymmetric pair wave function is 

denoted by ~klk~12), where (1) and (2) represent all the coordinates. 

'" '" 
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 
~ 

x (4) 

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

K (Sa) 

(5b) 

and 

(5c) 

The notations (1') and (2') represent the spin and isospin coordinates 

of nucleons 1 and 2. The matrix element on the RHS of Eq. (4) has been 

discussed in detail in Ref. 16 for p-wave pion absorption bya pair of 

, 
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nucleons with pion and rho-meson rescattering. Diagrammatically it 

deScribes the processes shown in Fig. 1. The eXplicit form of this 

matrix'e1ement is given in the Appendix. 

The kinematic factors in Eq. (2) can be greatly simplified if we 

make the following two approximations: 1) We approximate the factors 

(l-f(k3» and (1 -f(k4» by unity. This is justified for not too high 

temperatures as k3 and k4 are, on the average, well above the Fermi 

momentum. Certainly we should be cautious in the case of very 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 a-function for 

the energy conservation by its average value, 1. e. 

%,.2 

~m (k~ + k! - k~ - k~) - w 

(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 relative probability for a pair of nucleons to have 

relative momentum x~~,. where ~is the Fermi momentum and has the 

-1 value 1. 34 fm • For zero temperature, T = 0, it has the familiar form 

p(x) ( 3 x
3 

) 24x2 . 1 - "2 x + 2" (7) 



-6-

-To determine p(x} for finite temperature, we assume that the density of 

the excited nuclear matter is the same as that at T = O. From the well 

18 known Sommerfeld expansion, we can then determine the chemical potential 

].I for the following two limits: 

(8a) 

for T« E
F

, and 

ll/T e 

3/2 
4 (EF) "'" -_.-

31iT T 
+_1_ 

212 ( ~)3/2 [.(E .)3/2]2 
3~ T - 3~ 3Jrr: + 

(8b) 

for T » ~. In the above, EF is the Fermi energy and has the value 

-40 MeV. For T around EF , we have to determine ].I consistently from its 

defining equation. This procedure is more involved numerically and we 

shall not consider T "" EF in this paper. 

III. RESULTS 

In Fig. 2 we show the numerical results of p(x) for different 

values of temperature. We observe that the peak of P(x} moves to larger 

values of x as the temperature increases. At T = 0 MeV, it peaks at 

x =0.5 while at T =60 MeV it peaks at x =0.9. Also, as the temperature 

increases, the width of p(x} becomes wider and the whole function gets 

flatter. This change of p(x} with respect to the temperature has effects 

on the pion absorption cross-section through integrals iIi Eq. (A.I7). 

We show in Table I the dominant integrals for different values of 

the pion momentum and the temperature. In order to remove the energy 

, .... 

, .. J 

'J 
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dependence we have multiplied these integrals by the e~ergy factors wn 2
, 

where w is the pion energy and n the propagator of the ~-resonance in 

Fig. 1. From the table we see that as the temperature increases, those 

integrals with initial relative angular momentum L=O decrease while 

those with L = 1 increase. This can be understood qualitatively in the 

following way. The integrals are limited to the range of r values 

determined by the Yukawa functions, which are defined in Eq. (A.9). 

For the case of pion rescattering, values of r smaller than 1. 4 fm are' 

important. As shown before, when the temperature increases from 0 MeV 

to 60 MeV, the maximum of the function P{x) increases from x=0.5 to 0.9. 

-1 -1 i.e., ki = 0.67 fm to 1.21 fm • Therefore, kir increases from 0.94 

to 1.68 in this temperature region. For these values of k1r, the spherical 

Bessel functions jO{kir). and jl (kir) have different behaviors, with the 

former a decreasing function while the latter an increasing function 

of the argument. Similar arguments apply to the case of rho-meson 

rescattering. These explain the features we obtained in Table I. 

In Table II, we show the absorption cross-section per nucleon at 

different temperatures for different pion momenta. We observe that it 

increases with the temperature up to 30% from T = 0 MeV to T = 60 MeV 

The changes are not appreciable. Considering the approximation 1) which 

we make in the calculation, we actually overestimate the absorption cross 

section for very high temperature. If we could include the Pauli principle 

more accurately, the pion absorption cross section in nuclear matter would 

be more insensitive to the temperature of the nuclear matter. Using the 

average absorption cross-section per nucleon, -5 fm2, we obtained a mean 

free path of 1 fm for pion absorptions in nuclear matter, if the normal 
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nuclear matter density is used. This value of the pion absorption mean 

free path is consistent with that determined in Ref. 14. 

IV. CONCLUSIONS 

From the above analysis, we conclude that the pion absorption cross 

section in excited nuclear matter has similar values to normal nuclear 

matter. The mean free path of pion absorptions in nuclear matter is 

determined to be 1 fm, irrespective of the temperature of the nuclear 

matter. Therefore, the observed pions in high-energy heavy-ion collisions 

are from the surface of the source. This fact also implies that there 

are enhancements of high-energy protons in these collisions as a result 

of pion absorptions. 
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APPENDIX 

In this Appendix, we shall give the mathematical details ,of evaluat-

ing the absorption process schematically described in Fig. 1. Most of 

the foliowing material can be found in Ref. 16. We include these details 

for completeness. 

To evaluate the amplitude in Fig. 1, we use the following meson-

nucleon effective interaction Lagrangians: 

L1TNN = -.£ X+~+ -;; - Vej> - T ~X m1T -
(A. 1) 

gp 
(1 + K) X+~+ -+ -+ -+ 

LpNN = (0 XV)-(e -:E) ~X 2m (A.2) 

f/::,. 
~+~+ -

-+ 
L1TN/::,. = - Vej> ~X + h.c. 

~ 
(A.3) 

gp/::,. X+t+ -+ -+ 

LPN/::" = 2m - (V x p) ~X + h.c. (A.4) 

-+ 
Here ~ and X are the nucleon spinor and isospinor, and ~ and X the /::,. -
vector-spinor and vector-isospinor. The pion isovector field operator 

-+ 
is denoted by ej> and the rho-meson vector-isovector field operator by p. 

The mass of the nucleon and pion are denoted by m and mrrrespectively. 

The coupling constants are taken to be f2/41T = 0.081, f~/41T = 0.32, 

g2/4rr = 0.55, and K = 6.6. The p-/::,. coupling is g /::,. = 611/5 gp(l+K) 
p p , 

from static quark model. 

+ ' 
The two-body 1T absorption operator Tq (:,1'2') defined in Eq.(4) 

-
for pion or rho-meson rescattering is then given by 
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1 = 

(",.0' 

(A.5) 

and 

= 
(A.6) 

1 
= 

3 

(A. 7) 

* "-
8

12 = 38 • r (J • r - 8 . (J2 1 2 - 1 
(A.8) 

-x -x 
y (x) e 

Y2 (x) (1 + ; + -2)_e = = 
0 X x 2 X 

(A.9) 

\ 
with 8 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 and 

in terms of the pion energy w. The position of the isobar resonance and 

its width are 

and 
2 

(A.lO) 

2 ff). 3 

rf1 
q _. 

3 47T 2 
IIl.rr 

respectively, where the mass mf). of f). 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 

a = 

It 2
0 

4k
f

m q 

3'IT m 6 
'IT 

+ I+ (24~LLltt' 
t ' 
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9 170 .JtfLL I JI.JI. ')] + I I I- [a XLLolJl. 
L L' JI. 

+ I+ I I-[aJeLL't + 22XLL' JI. + ((l61?LLL'Jl.Jl.I - 5 /7OflLL I JI.JI. ')] 
L L I JI. JI.' 

(A.ll) 

where the (+) and (-) in the summations denote even and odd respectively. 

In the above, we have used the following expressions: 

LL'JI. 
:J( = 

.:J(, 
LL'JI. 

LL'Jl.Jl.I 
7fL 

= 

* 

00 (LI L t) 
[LJ[L' J[t] ~ dx P(x) x' 0 0 0 

00 

IHLLIJI.(~X"kpx)12 
(A.l2) 

[L][LI][JI.]jf dx P(x) x' IKLL'JI. (kFx' ,kFx) 12 I [C] 
0 C 

C JI. :)2 C L' :r (A.l3) 
0 0 

= (-) t-t'/2 [LJ[L' ][t][t'] G : :/ j:x P(x) x' 

o 

L~ :' r [H
LL

' t' (k,-x' , k,-x) J* K
LL

' t (k,-x' ,k,-x) 

L~ ; r HLL
' t (I<,.x ',kFx) [~L' t' <I<,.x' ,k,-X)]*! (A.l4) 
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00 

LL'tt' . .t-t ' / 2 (t t' 2) 1 
-'" = (-) [LJ(L' ][t][t']o 0 0 0 dx p(x) x' 

x Re 1 K
LL

' t (t<,.x·. t<,.x) [KLL 
• t • (t<,.x· • t<,.x) ]"1 ~. (-) c [C 1 

x C ~ : )(: ~. :) C ~ ~ : )2 t : :.} (A. IS) 

We use the abbreviation [L] :: 2L + 1. The quantity x' is given by, 

through energy conservation, x' = [x2 -& wm(l- q2/4wm)/~2]\ The 

function P (x), which is the relative probability for a pair. of nucleons 

with relative momentum xfl.~, is given by 

P(x) = 

The two functions 
LLt' LLt' 

Hand K 

with 

where 

HLL ' 9.. (k k) f' i . 

KLL '9..(k k) 
f' i 

Y*(r) 
0 

Y;(r) 

= l;'IT Yo(m~r) 

= l; Y2(m*r) 'IT 7T 

are defined respectively by 

+ 2l;p Yo (m~r) 

. ( * ,- l;p Y2 mpr) 

(A.16) 

(A. 17) 

(A.18) 

I. " 
II' . 

I~/ 

.; 
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and 

~p = 
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1 

DiW 

1 

D Iw 

Hadronic form factors in the vertex can be straightforwardly 

(A.19) 

included. In the monopole forms, we make the following replacements 

for the coupling constants 

f -+ f 

A 2 *2 
7T - m'IT 

A 2 _ Q2 

7T -

and (A.20) 

g -+ g 
A 2 *2 - m p p 
A 2 _ Q2 

P 

where 9 is the momentum of the rescattered pion or rho-meson. These lead 

to modified expressions for Yo and Y 2 as shown in Ref. 16. The values 

of A7T and Ap are both taken to be 1.2 GeV in our calculations. 



-14-

REFERENCES 

1. S. Nagamiya et at., Lawrence Berkeley Laboratory Report LBL-6770 

(1977) 

2. K.Nakai et a1., Proceedings of the Int. Conf. on Nuclear Structure, 

Tokyo (1977). 

3. S.Y.Fung et a1., Phys. Rev. Lett. 40, 292 (1977). 

4. J.I.Kapusta, Phys. Rev. C16, 1493 (1977). 

5. J.Gosset, J.I.Kapusta, and G.D.Westfa11~ Phys. Rev. C18; 844 (1978). 

6. M.Gyu1assy and S.K.Kauffman, Phys. Rev. Lett. 40, 298 (1978). 

7. J.P.Vary, Phys. Rev. Lett. 40, 295 (1978). 

8. H.B.Mathis and Meng Ta-chung, Phys. Rev. C18, 952 (1978). 

9. Y.Afek, G.Ber1ad, A.Dar, and G.Ei1am, Phys. Rev. Lett. 41, 849 

(1978). 

10. F.B.Yano and S.E.Koonin, Phys. Lett. B78, 556 (1978). 

11. S.Y.Fung et aI., Phys. Rev. Lett. 41, 1592 (1978). 

12. J.Hufner, Phys. Lett. C21, 1 (1975). 

13. E.Belotti, D.Cava11i, and C.Matteuzzi, Nuovo Cim. 18A, 75 (1973). 

14. J.N.Ginocchio, Phys. Rev. C17, 195 (1978). 

15. G.F.Bertsch. and D.O.Riska, Phys. Rev. C18, 317 (1978). 

16. C.M.Ko and D.O.Riska, MSU preprint (1978), and Nuc1. Phys. (in press). 

17. F.Hachenberg, J.Hufner, and H.J.Pirner, Phys. Lett. 66B,A25 (1977). 

18. K.Huang, Statistical Mechanics (John Wiley & Sons, New York, 1965). 

I. . v 



, ) 
:'~ 

t, 

'.1 
V 

TABLE I. 

T 

(MeV) 

0 

20 

60 

-15-

Dominant integrals in uni'ts of mn 
-6 

, with mn the inverse 

pion Compton wave length, for pion momentum q = 0.8, 1. 0 
-1 

and 1.2 fm at different temperatures. 

2 2 2 2 2 
q wD ;]('110 wD ;]('011 WD~30 WD.x031 WD~020 

(f'm':"l ) 

0.8 2.09 (-4) 1.11(-4) 1.08(-4) 6.33(-5) 3.85 (-4) 

1.0 1. 98(-4) 1.67(-4) 9.46(-5) 9.49(-5) 3.15(-4) 

1.2 1. 80(-4) 2.30(-4) 8.05(-5) 1.26(-4) 2.50(-4) 

0.8 4.06(-4) 1.22(-4) 1.45(-4) 5.07 (-5) 3.22(-4)' 

1.0 3.85(-4) 1.82(-4) 1. 30(-4) 7.73(-5) 2.65(-4) 

1.2 3.60(-4) 2.49 (-4) 1.13(-4) 1.05(-4) 2.10(-4) 

0.8 6.66 (-4) 8.50 (-5) 1. 21 (-4) 2.05 (-5) 1. 41 (-4) 

1.0 6.29 (-4) 1.27(~4) 1.12(-4) 3.22(-5) 1.17(-4) 

1.2 6.19(-4) 1.82(-4) 1. 02 (-4) 4.55(-5) 9.31(-5) 
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TABLE II •. Absorption cross section in units of fm2 for pion 

momentumq = 0.8, 1.0 and 1.2 fm- 1 at different 

temperatures. 

T 

(MeV) 

o 

20 

60 

q 

(fm- 1
) 

0.8 

1.0 

1.2 

0.8 

1.0 

1.2 

0.8 

1.0 

1.2 

cj 

(fm2) 

2.54 

4.71 

4.99 

·3.23 

6.04 

6.40 

3.53 

6.63 

7.32 

v 

\ -v 
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FIGURE CAPTIONS 

Fig. I. Pion and p-meson rescattering through 6 resonant 

intermediate state. 

Fig. 2. Relative probability function P{x) as a function of the 

relative momentum x in units of the Fermi momentum kF 

for different temperatures. The curves are represented as: 

solid curve for T = 0 MeV, long-dashed curve for T = 20 MeV, 

long-dashed-dotted curve for T = 40 MeV , and short-dashed 

curve for T =60 MeV. 
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