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ABSTRACT

The cross-section for (*He, t) reaction on nuclei at
high excitation energy is calculated in optical approxi-
mation for incoming and outgoing ions. For high mo-
mentum transier gR3>1 the cross-section is expressed
in terms of imaginary part of a pion propogator at
nuclear surface. Comparison with the data demonstra-
tes that the approximation is good only for comparati-
vely low kinetic energy of *He.
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1. INTRODUCTION

The spin-isospin response of a nucleus has been intensively stu-
died in the (p, n) reaction with 200 MeV protons [1,2] (and ref.
therein). Recently, the (®He, t) reaction has been used to study the
spin-isospin response of a nucleus at higher energy transfer where
the internal degrees of freedom of a nucleon can be excited [3,4].

The data show clearly the difference between the objects excited
from a single nucleon and from a nucleus. The diiference is both in
the peak positions and the heights of the peaks. According to con-
ventional Glauber theory of quasifree scattering the height of the
peak must be lower in the case of a carbon than in case of a single
nucleon due to strong absorption of a projectile. The data, however,
show the height of the peak on '*C bigger than on a nucleon. The
shift of the position cannot be explained as well by Fermi motion in
quasifree mechanism.

This situation is similar to excitation of giant resonances at low
energy where the transition strength is concentrated in a single col-
lective state rather than in separate particle-hole states. The questi-
on now is—what kind of states can form the resonance at high
energy. The obvious candidate is the A-isobar. This resonance gives
a strong peak in the (®He, t) reaction on a single nucleon. The col-
lective state, however, can hardly be built as a superposition of pu-
re delta-hole states. The reason is in very short lifetime of a A. Du-
ring its life the A has no time to propagate further than to a neigh-
bour nucleon, therefore, it does not feel the nuclear potential to
form the state sensitive to the shape of a nucleus.
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From the other hand, this large width of a delta can lead to for-
mation of another kind of collective states. The delta decays mainly
through pion emission. The pion due to large width of a delta is
still in resonance and can be reabsorbed by another nucleon for-
ming again a delta-isobar but in different point. In this way we ob-
tain an excitation propagating through nuclear medium which is a
superposition of the delta-hole and pionic degrees of freedom. At
very high density, where deconfinment of quarks occurs, this excita-
tion transforms into a longitudinal spin-wave in quark matter.

This picture is very close to that proposed in the pioneering pa-
per of T.E.O. Ericson and J. Hiifner [5] for the scattering of real
pions off a nucleus.

Following this line, in the next part we express the cross-section
for the (®He, t) reaction in terms of a pion propagator and in the
third part we discuss shortly the properties of a pionic propogator
inside a nucleus. The similar investigation has been done in [6] for
the real pions. For virtual pions the Chew-Low model is not suffici-
ent because we need an amplitude reproducing the nonresonant par-
tial waves as well.

For the (®He, t) reaction the similar approach has been develop-
ped in [7, 8] where nonrelativistic response function of a nucleus
has been used.

2. THE CROSS-SECTION OF THE (*He, t) REACTION ON A NUCLEUS

L

The data on p(®He, t)ATT reaction can be well described by
one-pion exchange as well as p(p, n)A*tt reaction. Good fit of the
data can be obtained using the parameter of the formiactors of
aNN and nNA vertexes A =630 MeV.

Let us forget for the moment about distortion of the projecti-
le-ejectile waves and start from the PWIA. The general expression
for the cross-section can be written as follows

-ﬂmﬂ' PJE 2 ;
= E,—E 1
e = o Lo ZTMl b (0 +Eo—E)) dar, (1)

where M, is the matrix element of the T-matrix. For one-pion ex-
change the matrix element is of the form

Mo=—v2 ™ gy (¢*)F(¢*) U(p)V5U (Pue) Ga(q”) -Tumar (2)
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here, the *He and t are treated as relativistic pdrtlcles of spin 1/2.
F(q?) is the formfactor of the (®He, t) vertex. G (¢®) is pionic pro-
pogator. The cross-section can be drawn graphlcally as in Fig. I,

Fig.1. Matrix element squared for isobar production in nuclear matter.

with the expression for | Myl * being

Mal7=2(— ") (22) " g (¢1) F*(¢%) (G2(¢"))* Tl (3)

The sum over final states in (1) includes the sum over the momen-
tum of the hole & weighted with E(p,,,{k)iz where o, (k) is the
wave-function of the state occupied by a nucleon.

The matrix elements of nNA-vertexes, together with the §-func-
tion, form exactly the imaginary part of the pion self-energy inside
a finite nucleus. Combining (1) and (3) we obtain the cross-section
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Me g e bt i T Y T g §
dQdE, “Snapm( m ) g (¢°) F*(¢%) 4% (Gx (¢%))* Im11(3, ) (4)

11(7,§) =§ d®d®’e ™" T1(7,7) is the self-energy of a pion inside
a nucleus. For the infinite matter

[1(q, 9) -—ﬂ(q) (9)




where A is the number of nucleons and #n is nuclear density.

Since the imaginary part of the bare pion propagator at given
kinematics is equal to zero, we obtain the final expression for the
cross-section by changing G. (g2ImT1(7, §)G: (¢*)—Im G, (¢%), whe-
re G, (g*) is the pion propagator inside the nucleus

i R R s e gy 6
=) &b (P9 Im Ga(9.9). (6)

The imaginary part of a pion propagator is actually the response of
a nucleus on a virtual pion field. '

The total cross-section of the p-He scattering is of the order
~120 mb. Thus, the mean-free-pass of a *He or t inside the target
nucleus is small compared to size of a nucleus even for '°C,
I=1/no,,~0,5 fm. It means that the target is black for the *He and
t, and the charge-exchange takes place in a thin ridge on the surfa-
ce of a nucleus. The distortion of an incoming and outgoing wave is
mainly due to absorption and it can be taken into account in optical
approximation. The wave function of an incoming °He is

Vo (E) = exp [iﬁne*F+ imfw) § u{FbZ’}dz"], (7)
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and for outgoing tritium
B, (F) = exp [fﬁ;-?‘—%f' (0) §e(71,2) dz’]. (8)

For heavy nucleus this approximation is reasonable due to small
mean-free-pass of a projectile.

Now, one must use the wave functions (7),(8) in (5) instead of
plane waves. Neglecting the change in q® due to admixture of small
transversal components (~1/R) one obtains

e (ﬂ)ﬂ 2 2 F2(a?)a? Im GUt .
dQdE,  2n py, \2nm gv(q”) F(¢°)q" Im Gx™ (g.9) , (9)

dist

where G, (g,q) is

—ig(r—r) = ga(ri)—52(ri)

G (q,9) = §drd®'G, (F,7) e (10)

The distortion factor is &'/ with

1(FL) =0 § 0(FL,2)dz. (11)
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The integration over z and 2’ in (10) can be performed explicitly.

—i L (P=F) — 2 (F) — ()

Gy*' (g,9) = \d*d*’G,(q,,q,;7F,7) e (12)

In the limit g, R>1, which is good approximation in the A region,
the distorted function (}‘:m{q,q] can be expressed in terms of pion
propagator in infinite nuclear matter (see Appendix) The final ex-
pression for the cross-section is

d?n we P (mliz
dQdE;, py. \ mp

2
) (6% F(6)4*Im Go(g, 0; R) -r-b-1/he. (13)

u is the mass of a pion, fy—anNN constant. The other notations see
Appendix

Now, to calculate tritium spectrum we need to know pionic
seli-energy in the medium.

3. PIONIC SELF-ENERGY IN THE MEDIUM.

At low energy the pionic self-energy in nuclear matter has been
studied in number of papers in connection with the pion-condensati-
on [9-11]. In the A-region relativistic calculations are necessary.
Below we shall follow the model developped in [12], with some mo-
difications discussed later.

First, we would like to remind the outlines of the model. The
change of the pionic self-energy in the medium comes from two so-
urces. The main correction arises from the modification of nucleon
propagator in the matter due to Pauli blocking.

56 (p) = 2niny 228 (py—E) - (14)
P

It brings into play an amplitude of elastic pion-nucleon scattering
with nucleons being on-shell and pions being off-shell. We are using
the model developped in [13] for description both resonant and
nonresonant partial waves of pion-nucleon amplitude near and be-
low the A-resonance.

Another source of modifications is the short-range correlations
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in nuclear matter and nuclear absorption of virtual pions. The first
one affects intermediate nucleon and isobar states by quenching
their contributions. Here we are using the effective interaction in
slightly different form than in [12]

2

o o
W’,,F%gH FEARTA +£ﬂ-‘;—g.« S-S (T +

+ IZ;’\ g [(3i"-3,) (TV -7y + hec] S

letting the constants g, and g, be different.

Again, we would like to remind that the form (15) of the inte-
raction is meaningful only when the exchange contributions are neg-
lected.

The nuclear absorption is taken into account in a phenomenolo-
gical way by using the imaginary part of the pion optical potential
[14,15], which describes the p-wave absorption at small g. Follo-
wing this, we add the term

47iC,n2q?, (16)
. h° :
with Cﬂzﬂiﬂa(u—c) to the pion self-energy.
The final expression for the pion seli-energy is
[1(0,§) =Ty (0,§) +11s (0, §) +11;(, §) +40iCon’F, (17)
where

My (0, ) = ¢*w (0, q),

SETEAANIW o o8 fﬁ.w*:-)* 1 1) =y
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e e S TS (18)
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and I, arises from the sigma-term of pion-nucleon amplitude,

eatl A
I, (0, ) ——ff( ) (0)-n, (19)
where [, is pion decay constant, [, =133 MeV and o(0) is the value
of g-commutator for forward scattering; o(0) =66 MeV, ¥, and y,
are nucleon and A spin susceptibilities corrected for short-range
correlations.

=

" L4 %= (Goa—8a)
- ; (20)
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The expressions for y, and y, are [12]

<, (g* d? ]
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2 o4 Bwh 8 I
AN §) =0 n ——q |, (23
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where F'ni =w:r§--.fﬁlr1_ﬁ [ (o,4).
The properties of the A itself, including the width I'y (w,q), remain
unchanged in our approach. For the I, we have

= kY2 R 4%
My (0,9) =T () =55, (24)
ﬁ H

where £ is the relative momentum of a pion and a nucleon in c.m.

, _ (Mmi—p)?

k L —m*, (25)

with M being a current mass M?=m?’+2mo+4° and
ko=k(M=m,). [,=120 MeV and »=200 MeV/c. The parameter of
centrifugal barrier » is necessary to reproduce the shape of a reso-
nance in nN—naN reaction,

Strictly speaking, the expressions (24) for I, and (17) for II,
are not consistent with each other. Im Il, is proportional to elastic
pion-nucleon cross-section, i. e. Im nwrf. To do Il, and I’y consis-
ky +»*

tent one must include into the vertexes in Il, the factor o
H

where k? depends on a virtual pion mass ¢? instead of p’.
A pion spectrum with the seli-energy (17) is shown in Fig. 2 for
two sets of constants g’. The spectrum is mostly sensitive to the
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constant g,L An imaginary part of the pion propogator calculated
for gy =gy, =0, g,=0.5 is shown in Fig. 3. At small ¢ the pionic
peak dominates completely in Im G, (w, §), but at higher g, entering
into A-hole continuum, it dissappears due to strong mixing with
A-hole excitations. Another feature that is seen from Fig. 3 is the
second maximum at high omega corresponding to the «true» A-hole
collective mode.

4. RESULTS AND DISCUSSIONS

Using the expression (13) for the cross-section and the pion
seli-energy (17) we calculated tritium spectrum for forward charge-
exchange at different energies of incoming *He.

The tritium spectrum from the (*He, t) reaction on carbon for
8=0° at the kinetic energy of *He [4] E=2.3 GeV is shown in

2

Fig. 4. The cross-sections =i
pt dEdS2
momentum of *He p=4399.7 MeV/c is shown in Fig. 5. In both ca-

ses the position and height of the peak is reproduced satisfactorily
in calculations. At higher energies, however, the agreement is much

. | d%
more poor. The cross-sections —
p: dEdQ

p=6807.1 MeV/c and p=10790.3 MeV/c are shown in Fig. 6 and
Fig. 7. At the momentum of *He p=6807.1 MeV/c the position of
observed peak is higher comared with the predictions and its width
is larger for factor ~2. At the momentum p=10790.3 MeV/c the
calculated cross-section comprise only a small portion of the obser-
ved one.

There could be several reasons for such a strong disagreement.
The obvious one is that the approximations used in deriving (13)
for the cross-section can not be justified at high energy. In particu-
lar, the condition gR>1 is apparently violated at the momentum
Pu. = 10790 MeV/c for carbon target. The finite size effects shift the
peak position to higher energies [16]. It would be very interesting
to repeat the measurements at high energy for heavy nuclei to sepa-
rate these effects.

From the other hand, the definite increase of the width indicates
the existence of other mechanisms of energy absorption for
charge-exchange on a nucleus which absent on a single nucleon.
Partially, these mechanisms are taken into account by an imaginary
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at the momenta of 3He

measured in [3] for 6=0° at the

optical potential in (17). However, this is not sufficient to reproduce
the observed width.

In general, one can conclude that for comparatively small kine-
tic energy of *He, when ¢R>1, the proposed theory reproduces sa-
tisfactory the effects observed in charge-exchange reaction at high
excitation energy of a nucleus. At higher energy more accurate ac-
count of finite size effects is necessary before discussion of other re-
action mechanisms.

In conclusion, I would like to acknowlege V.G. Ableev, C, Gaar-
de, E.A. Strokovsky, L.N. Strunov, O.P. Sushkov, V.I. Inozemtsev
and S.M. Eliseev for numerous discussions during the work.
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APPENDIX.

Let us rewrite the Eq. (10) introducing new coordinates
r+r

2 1

GT—F, R

~igg— 'l—x( R+ E—j—} - —.]_,"I(E_: - {f—ir)

G (g,q) = {d%d*RG, (@, R)e (Al)

integration over logitudinal coordinate ¢, (along py.) can be perfor-
med explicitly

: i -l B YL R —L
L T e L T

Let us now introduce a Fourie-transform of G, over the transversal

coordinate o. Then we obtain

—i(f ) =H)G— %K(P_ + %) — é—x(f:'i e

) (A3)

GS* (¢, q) = {d°Rd%0 =G, (4. % R)e

d’x
4n?
The integration over ¢ in (A3) goes outside the region |gl =R, whe-
re R, is a nuclear radius. At distances smaller than that y(r) is
large and contribution into the integral is suppressed by the absorp-
tion factor e *. In this case the integral over g as a function of a
% has a sharp maximum at ¥=g, having the width ~1/R, At
g, R,>1 the function G, (g,,%; R) as a function of % is smooth inside
the maximum and can be taken at ¥=¢, and moved outside the in-
tegral. The remaining integration over x and ¢ is trivial and we
obtain:

Gi* (g, q) = §d*RG, (§; Rye **V), (A4)

The main contribution into (A4) for Im G'™ comes from the region
near nuclear surface where y(R) is small. Near the surface, for
goR,>1 the Im G, (g, R) follows nuclear density profile, therefore

1

AL

Im G2 (g, ) ~ Im G (7; Ry) — Sa?R.x (R )e R (A5)

Near the surface the density falls down linearly with increasing R.
Thus, we obtain
(2R y (R )e R ~2aR b . (A6)
where b is the width of a region where the density decreases line-
12

arly down to zero. For Fermi-function of density radial dependence
H{F)NI)’(EXP(r_RU

i
Im G2 (¢, ¢) ~Im G, (g; R) 2nibR, (A7)

)-J- 1), b~mna. Thus, for gR,>1 we have

where [=1/no,.
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