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OPTICAL MODEL SOLUTIONS FOR PIONS IN NUCLEAR MATTER 

Abstract 

P. Hecking 

Nucl.U.r Science Division 
Lawrence Berkeley Laboratory 

Univera.ity of California 
Berkeley, CA 94720 

Solutions for damped plane pion waves in homogeneous nuclear 

matter are deduced from optical potential parameters, taken from 

pion scattering and picnic atom data. 

The work was supported by the Director, Office of Energy Research, Division 

of Nuclear Physics of the Office of High Energy and Nuclear Physics of the 

U.S. Dept. of· Energy under Contract W-7405-ENG-48. 



Picnic modes and pion propagation in baryonic matter are of 

considerable interest concerning pion production in nuclei and heavy-

ion collisions and more exotic phenomena like pion condensation in 

nuclear and neutron matter. Sound reviews of the pion spectrum and 

~ the pion self-energy involving the 6-isobar can be found, for 

example, in ref. 1 and 2. The purpose of this letter is to point out 

to which extent information about propagation and attenuation of the 

"picnic" branch of the pion-spectrum in nuclear matter (in contrast 

to the 6-isobar branch or the acoustical branch) can be deduced from 

optical model parameters, which are compiled from scattering and 

picnic atom data. 

The (complex) pion momentum k = k
1 

+ ik 2 in the medium is 

related to the (also complex) optical potential uopt(k,w) by the 

expression 

k
2 

- k~ = -2wUopt (k,w) (1) 

where k~ = w2 - 1 is the free pion momentum+. The usual 

parametrization of Uopt for homogeneous nuclear matter of the 

density p is given by 

with w 
= 1 + M 

twe set m = 1 in all expressions. 
'IT 

nucleon mass M = 6.7. 
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The Landau Fermi-liquid parameter g' represents short-range 

correlations, whereas b 0 and B0 are the s-wave, and c 0 and c 0 

are the p-wave contributions to Uopt" 

contracted to 

Equation (2) can be 

which is easily solved by 

with 2 2- - -1 x 1 = -2wReU + k0 - 4w ImU ImU(l + 2wReU) 

y
1 

= 1 + 2wReU + 4w2
(!nill)

2 (1 + 2wReU)-l 

- -1 y = (-wimU - wimUx) (1 + 2wReU) = k1 k2 

The imaginary part k2 is connected with the pion mean free path 

1 A.=-= 
2k2 2wimU top 

- -

(3) 

( 4a) 

( 4b) 

(4c) 

(5) 

Solutions of eq. (1) exist for all values of ReU, ReU, ImU, ImU. The 

so-called Kisslinger-catastrophe2 ) occurs for 1 + 2wR;0 + 0 with 

- This does not happen in reality, since f:ffiU is ImU = ImU = 0. 

substantially different from zero for the pionic branch because of 

Imc0 and ImB
0

• These arise from pion annihilation, which is still 

active at threshold (w = m ) . For the far off-shell, undamped 
'IT 

(k2 = 0) branch with w = 0 (or w = l-In - l-Ip in neutron matter) , the -imaginary parts ImU and ImU are zero. The optical potential 

I 
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parameters, extracted from experiment, however, do not serve in this 
._ 

case, and ReU has to be replaced by the k-dependent self-energy 

IT(k,w), which prevents the Kisslinger-catastrophe. 

The appearance of a complex m9mentum k in uopt has no obvious 

interpretation in terms of many-body.diagrams, since typical 

particle-hole and ~-hole diagrams (fig. 1) 

depend on k2 independently from the real part k1 • A nucleon-hole 

or ~-hole excitation with a complex pion momentum and consequently 

complex nucleon (or ~-) ~nergies has a dubious meaning. The imagi-

nary part k2 does not describe the coupling of a pion to a NN- or 

~N-vertex, but merely represents a reduction of the pion flux, which 

results from the imaginary part of all diagrams describing particle-

hole excitations induced by pions. In view of this, the use of only 

the real part k1 in U appea~s to be more appropriate. With the 
opt 

abbreviations 

--- 2 ... 2 A = 1 + 2wReU - w ImU 

(6a) 

the solution of eq. (1) with uopt(k1 ,w) takes the form 

2 B ~]2 
C k 1 = - 2A ± . 2A + A ( 6b) 



-4-

Obviously, k1 is not real for all possible values of the components 

of U t' since A can be negative. This is more than a remote matheop 

matical possibility. The parameters of the optical model~ given in 

Table 1, are an interpolation between the results from inelastic pion 

scattering and picnic atom data3 ' 4 ). Above k0 ~ 2.4, sufficient 

data are missing. The Fermi liquid parameter g' = 1/3 i~ probably 

too small: however, it has to be kept for consistency with the other 

parameters. The solutions of eq. (1) with U t(k,w) and U t(k1 ,w) op op 

are also shown. For several values of k0 with the choice Uopt(k 1 .w), 

no solutions exist for a real k1 • The value of Rec0 ~ 0.4 may be 

reckoned as slightly too large, but confining the Rec 0 below ~0.25 

does not save this situation either, since then the same problem 

emerges at densities slightly larger than p 0 . Also, the Kisslinger

catastrophe occurs at A = 0, even if IffiU ~ 0. This fact and the 

The result for the mean free path ~ for a complex k in Uopt(k,w) 

has a strange character: it is rather flat be~ween 1 ~ k0 ~ 2.4. 

From the estimate 

( 7) 

one should expect a pronounced minimum at resonance. Also, for 

I 
(! 

(· 

p = 2Po {not shown in Table 1) the mean free path is larger than at ~ 

p = p0 , which is rather unreasonable. Furthermore, a ~ between 

0.6 and 1 fm seems extraordinarily small. One could adopt the view 

that, since eq. (3) is a phenomenological ansatz, it is unnecessary 

to have a clear identification of the p-wave part of Uopt (with a 
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complex k) with a specific many-body diagram. But even then, the 

above results for A with this ansatz prove unsatisfactory. 

A different approach would be the application of the free pion 

momentum k0 in Uopt(k 0,w) instead of k, which provides a different 

outcome. A distinct minimum of the mean free path at the resonance 

is produced, fitting well to the estimate eq. (7) with an isospin-

tot averaged crnN = 140 mb; the variation of A with k0 seems more 

acceptable; for p = 2p
0 

it is smaller throughout than_for p = p
0

; and 

the result is (in the isobar-dominated region) in good agreement with 

Ginocchio•s results5 ). Also, the pion spectrum7 ) in low energy 

heavy-ion collisions is highly nonthermal, which advocates a rather 

large mean free path of the pions emanating from the reaction zone, 

which--for the central collisions with the highest pion productivity--

lies inside the fireball. The solution with U t(k,w) gives a short op 

mean free path (~1 fm), which would result in a thermalization. 

We conclude that a "self-consistent" solution of the ·pion 

momentum k in the medium turns out to be unsatisfactory in comparison 

with the approximation k = k in the optical potential U t' at least 0 op 

if th~ parameters of Uopt are deduced from experimental data. The 

reason for this is not entirely clear; probably the abilities of the 

optical model are overstressed. One argument could be that pion 

scattering and pionic atom data probe too much of the nuclear surface 

and do not yield sufficient information about the interior which is 

more like nuclear matter. However, calculations of A--with the 

parameters c 0 ; c0 , and B0 taken from calculations8), not from 

experiment--have been performed 6 ) for nuclear matter. The results 

for the mean free path A agree rather well with those for the above 

:_ ~/. 



-6-

empirical values of c
0

, a
0 

and c
0

, indicating that optical model 

parameters, abstracted from experiments with finite nuclei, provide 

already a good description of pion absorption in nuclear matter, at 

least for pion momenta up to the ~-resonance. 

Finally, we would like to mention that the often-adopted 

. -1 
expression A = vf ( 2 ImU t) , where vf is the velocity of ree op · ree 

the free pion, can be erroneous. It clearly gives wrong results for 

k0 + 0 but is also a bad approximation for larger k
0

, except in the 

resonance (see Fig. 2a). One could think of the group velocity vgr 

in the medium instead of vfree as a more suitable quantity to 

describe the propagation of a wave packet in the optical potential. 

Unfortunately there is no unique way to determine the group velocity 

for strong absorption and dispersion. 

dw The expression -- = 
dkl 

vgr does not work well, since the w(k 1 )-

curve (Fig. 2b) has a backbending at the resonance. 

at the turning point, reflecting the breakdown of the 

dw Hence, -- + co 
dkl 

Taylor-expansion of w(k
1
). Apart from this, the result for 

dw -1 A = dkl (2 ImUopt) for momenta below the resonance is even less 

suitable than that for vf (Fig. 2a). ree 
-1 

is A = k1 (2wimUopt) . 

The only,proper expression 

Stimulating discussions with G.F. Bertsch, H. McManus, and 

H. Toki are gratefully acknowledged. This work was supported by the 

Deutsche Forschungsgemeinschaft under contract Hell55/l 

and by the Director, Office of Energy Research, Division of 

Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S. 

Dept. of Energy under Contract W-7405-ENG-48. 
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Figure Captions 

Fig. 1. Typical nu~leon-hole and 6-hole excitations by a pion of 

momentum k and energy w. 

Fig. 2a. 
-1 

The mean free path A for A= k1 (2wimU
0
pt) (full curve), 

-1 
A = vf ( 2ImU t) (dashed curve) , and ree op 

dw -1 
A = dkl (2ImU

0
pt) (dotted curve) as a function of the free 

pion momentum k0 ; uopt = u~pt(k 0 ,w) 

Fig. 2b. The energy w as a function of the real part k1 of the 

pion momentum in the medium for Uopt = Uopt(k 0 ,w> 



Table 1. The 9ptical model parameters from ref. 3 and 4 
for U t(k,w}; uo:et(kl,w} OJ2 

and U t(k ,w} op o in eq. 

k b co Bo co 0 0 

[m ] 
'IT 

[m-1] 
'IT 

[m-3] 
'IT 

[m;4] [m-6] 
'IT 

0 -0.030 0.220 0.040i 0.060i 

0.4 -0.035 + O.OOli 0.360 + 0.005i 0.044i 0.070i· 

0.8 -0.045 + 0.003i 0.390 + 0.020i 0.048i 0.095i 

1.2 -0.055 + 0.007i 0. 350 + 0. 050i 0.052i 0.130i 

1.6 -0.065 + O.Ol3i 0 . 2 50 + 0 • 1 JO i 0.056i 0.165i 

2.0 -0.080+ 0.022i 0.080 + 0.240i 0.060i 0.155i 

2.4 -0.100 + 0.030i ~o.o8o + o.l70i 0.064i 0.070i 

... 

with g' = 1/3, together with 
( 1} • The density is p = Po 

uopt(k,w} uopt(kl,w} 

kl A kl A 

rm ] 
- 'IT 

[fm] [mTI] [fm] 

-0.18 0.68 0.15 1.52 

-0.42 1.09 0.55 3.55 

0.19 0.75 

0.76 0.57 

1.13 0.61 

1.25 0.70 2.06 7.37 

1.60 0 •. 97 2.48 1.47 

the solutfons 
= 0.5 m3. 

'IT 

uopt (ko ,w} 

k 
1 

[mTI] 

0.14 

0.39 

1.06 

1.65 

2.16 

2.60 

2.45 

A 

[fm] 

1.47 

2.93 

3.92 

2.59 

1.36 

0.70 

0.51 

I 
\0 
I 
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