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Delta excitations in heavy nuclei induced by ( He, t) and (p,n) reactions
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Delta excitations in heavy nuclei, induced by charge exchange reactions, are studied using the
surface response model. The residual pion-exchange interaction and the self-energy of the delta in a
nuclear medium is included in the random-phase-approximation response. The peak position ob-
served in ( He, t) reactions can be explained by the self-energy of the delta extracted from pion-
nucleus scattering, and the magnitude of the cross section is consistent with Glauber theory. The
comparison to (p,n) data is reasonable; contributions from neutron decay of the delta, which are left
out in the calculations, constitute a substantial experimental background.

I. INTRODUCTION

Charge exchange reactions at intermediate energies are
a promising tool for probing the isovector spin response of
heavy nuclei. Excitations of the delta resonance have been
studied experimentally both in (p, n) reactions' and more
recently in ( He, t) reactions. A striking feature is a
strong peak with a position that is insensitive to the mass
of the target nucleus. In ( He, t) reactions on heavy nuclei
the peak position is about 250 MeV at forward angles and
it deviates significantly from predictions based on quasi-
free delta production. In (p,n) reactions' the peak position
seems to be shifted towards larger excitation energies
(about 310 MeV) and a substantial cross section is ob-
served at even higher excitations, in contrast to ( He, t) re-
actions.

In the present paper we study charge exchange reac-
tions in the delta region using the surface response model
of Refs. 3—5, which is based on Glauber theory and the
surface response of semi-infinite nuclear matter. This
model will immediately give the observed feature that the
peak position is insensitive to the mass of the target nu-
cleus. The target dependence enters mainly via the effec-
tive number of nucleons that contribute to the reaction.
These nucleons are located near the surface of the target
nucleus due to a strong absorption in the interior of the
nucleus.

To account for the delta excitation we need to specify
the elementary delta production mechanism in nucleon-
nucleon collisions. We use the meson-exchange Hamil-
tonian theory of Ref. 6, which gives a good description of
nucleon-nucleon scattering up to 1 GeV. The phenomeno-
logical parameters are different from the values common-
ly used, in particular with respect to the rho meson ex-
change, which is strongly suppressed in the delta excita-
tion. We shall, therefore, ignore contributions from rho
mesons. We note that our approach is different from the
Feynman-diagram approach in defining delta excitations.

The medium effects on the delta excitation and propa-
gation are treated in the surface response model. We con-
sider the effects of the residual pion exchange interaction
and the self-energy of the delta. The residual pion ex-
change interaction is treated in the random phase approxi-

mation (RPA). The delta self-energy has been consistent-
ly investigated within the mNN Hamiltonian theory of
Ref. 6, and a microscopic understanding was obtained for
the absorptive part of the self-energy extracted from the
delta-hole model of pion-nucleus scattering. We shall fol-
low the method of Ref. 8 for the delta self-energy as
closely as possible.

In Sec. II we use the formulation of Ref. 6 to write the
cross section for delta production in nucleon-nucleon col-
lisions. The validity of the Inodel is tested by comparison
with measured exchange reactions on protons. ' In Sec.
III the formalism is extended to define delta excitations in
p( He, t) reactions taking into account the composite struc-
ture of the projectile. It is then quite simple, as discussed
in Sec. IV A, to incorporate this model into the surface
response model and generate differential cross sections for
reactions on heavy nuclei. We present our results in Sec.
IV B, and Sec. V contains the conclusions of our study.

II. DELTA EXCITATIONS
IN NUCLEON-NUCLEON COLLISIONS

The inclusive cross section for nucleon-nucleon col-
lisions in the delta region can be derived from the meson-
exchange theory of delta excitation. The basic mecha-
nism for the reaction is shown in Fig. 1. We shall only
consider the contribution from spectatorlike particles
(denoted by p'& in Fig. 1) and ignore the contribution from
the delta decay (p2 in Fig. 1). The derivation is tedious
mainly due to the kinematics of the three-body aNN final
state. We shall not give a detailed presentation here but
only state the result and write it in a form that makes it
easy to generalize to ( He, t) reactions. Thus we write the
dependence on the projectile and the detected particle ex-
plicitly in order to distinguish them from the target nu-
cleon.

The expression that we obtain for the double differen-
tial laboratory cross section for detecting the spectatorlike
nucleon in nucleon-nucleon collisions is

d cr 1 Pi I IEi(pi)E'i (p'i )
I &NE, NN(q. )

IdA den (2~) p~

XCfDwS(q, co) .
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E)(Q)+EN(Q) =Q[E)(p))+m] —p) (6)

FIG. 1. Diagram for the basic delta production mechanism
in nucleon-nucleon collisions.

The momentum Q is similarly associated with the detect-
ed particle and the delta-excited target nucleon,

E( (Q')+Eg(Q') =V [E) (p ) )+Eg(q)] —p ) . (7)

The factor fDw is a distortion factor that originates
from the NN-Nb, transition operator, TNz NN

NN~Ng, NN where ANN describes the nucleon-nucleon
scattering before the delta decay takes place in the final
state. We neglect the off-shell effect of ANN and treat

fDw ——
~

ANN
~

as an' adjustable parameter in order to
reproduce the magnitude of measured cross sections for
the basic p(p, n) reaction.

Finally, the response function S(q, co) is determined by
the position and the width of the delta resonance

In the following we explain the different factors in this
expression. The momentum variables pI, p'&, and q are
shown in Fig. 1. The energies E~ and E~ refer to the to-
tal energies of the projectile and the detected particle.
The energy loss co and momentum transfer q are also
given in the laboratory system.

The meson-exchange interaction VN~ NN is taken from
Ref. 6. In the Hamiltonian formulation of the problem"
it is defined in terms of the momentum transfer q, in the
nucleon-nucleon center of mass frame,

2 2fnNNf mNh +n
~NE, NN(qc ) 2 -2

A~+9c

O')'q S2 q
7 ]'T2 .

9'c +me
(2)

The momentum transfer q, can be expressed by the labo-
ratory momenta p] and q as follows

mg —m p)
q, =q —— (3)

2 m~+m

where A
&

is the mass number of the projectile (A
&

——1 for
nucleon-nucleon collisions).

The factor C is determined by the kinematics of the
delta decay and the transformation of the NN-Nb, ampli-
tude from the center of mass to the laboratory frame,

EN(K)+E (K) E)(Q')Eg(Q')E)(Q)EN(Q)
C =(co+m)

EN(K)E (K) E', (p', )E (q)E, (p, )m

r(K) gS(q,co)= m +co—m~-
2m 2(m +co)

+ [r(K)n]'.

This nonrelativistic approximation is quite accurate in the
cases we study, and it is easy to handle and include in the
surface response model (see below). We parametrize the
width of the delta as in Ref. 12,

K A
1(K)=r, (9)

&p K +Ay

Here K is the AN momenta determined by Eq. (5), and KD
is 'the value one obtains for m *=m &.

The parameters of our model are taken from Refs. 6, 8,
and 12,

I
I

I

800 MeV p ( p, n )

~ lOO

~ 50

b

The total energy is denoted by Ez for the target nucleon,
E~ for pions, and E~ for the delta. The momentum E is
associated with the delta decay. It is determined by the
invariant mass m * of the delta-excited nucleon as follows

0.8 I.O

P„(6eV/c)
l.2

EN(K)+E (K) =m ' =+(m +co) —q2 .

The momentum Q in Eq. (4) is evaluated in the center of
mass frame of the projectile and the target nucleon, and it
is determined by

FIG. 2. Differential cross sections for 800 MeV (p,n) reac-
tions on protons at L9=0', as functions of the momentum of' the
detected neutron. The experimental results (dots) are from Ref.
9. The calculated curve for spectatorlike neutrons was obtained
from Eq. (1).
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TABLE I. Spin-isospin factors in the cross section Eq. (1)
due to the operator o

&
qS2.qr&- T2 in the pion-exchange interac-

tion. The factors are given for (p,p') and (p,n) reactions on dif-
ferent targets, both when the detected particle is a spectator and
when it comes from the delta decay.
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A =650 MeV, Ar ——300 MeV

fONE 2fnNN

and we use the convention:

& 2 IIS2lh&=2.

The value of A has been extracted to fit basic nucleon-
nucleon scattering data, and it is consistent with a van-
ishing small effect of p meson exchange.

The cross section for an 800 MeV p(p, n) reaction at
zero degrees is shown in Fig. 2. The adjusted value of
fDw is 0.15, and the position of the measured peak is
quite well reproduced. Some discrepancy is seen at small-
er neutron momenta, probably due to contributions from
neutron decay of the delta. The decay channel contributes
10%%uo to the total p(p, n) cross section in the delta region.
This can be seen from Table I, where we list for different
reactions the numerical factor in the cross section that
originates from the spin-isospin operators in Eq. (2).

III. {He, t) REACTIONS ON FREE NUCLEONS

At first glance a ( He, t) reaction looks like a (p,n) reac-
tion, where one of the protons in the He nucleus is re-
placed by a neutron. We shall therefore base our calcula-
tion of ( He, t) cross sections on the expressions given in
Sec. II. There the dependence on the projectile and the
detected particle is explicitly displayed. For p& and E&
we shall now use the momentum and total energy of the
He nucleus, and for p &

and E& we use the same quanti-
ties for the detected triton. The mass number A& in Eq.
(3) is now three. Let us call the exchange cross section we
obtain in this way, (d o/dQdco)0. To account for the
spatial extension of the charge distribution of He we in-
clude the square of the charge form factor F,(q„) and use
the following expression

0 200 300 400
2 E (MeV)

500

FIG. 3. Differential cross sections for 2 GeV ( He, t) reactions
on protons at 0=0' and 5', as functions of the energy loss of
the detected triton. The experimental results (histograms) are
from Ref. 10. The calculated curve is based on Eq. (I1), using
the point-charge form factor of He from Ref. 13.

use the He point-particle form factor obtained from a
three-body Faddeev calculation' in our calculations. The
form factor is normalized to one at zero momentum
transfer, so we have tacitly assumed that only one of the
protons can contribute to the exchange reaction. This is
consistent with the fact that one of the final neutron
states in the triton is already occupied. Anyway, we ad-
just the distortion factor fDw in Eq. (1) to fit absolute
cross sections at zero degrees. The validity of the model
is then tested in its prediction for larger angles.

The results for 2 GeV ( He, t) reactions on free protons
are shown in Fig 3with . fDw ——0. 124. The peak position
as well as the overall shape of the measured cross section'
is very well reproduced at zero degrees. The prediction at
five degrees is not unreasonable considering the fact that
the cross section has dropped by a factor of 30. In the
calculation this is achieved mainly by the strong depen-
dence of the form factor on the momentum transfer. In
fact, the peak positions in Fig. 3 are also sensitive to the
form factor. Our approach is clearly different from the
approach of Ref. 10, where an attempt was made to ex-
tract a three-nucleon form factor from fitting the data at
all angles.

In contrast to the p(p, n) cross section shown in Fig. 2,
the agreement in Fig. 3 at higher excitations is very good,
which indicates that a contribution from the delta decay is
unimportant for ( He, t) reactions. The neutron decay of a
delta, bound to a neutron and a proton, will probably have
a very small branch to a final triton nucleus.

d 0
dQ dco

0
dQ dco p

~

F, [q —(co/c)2]
~ IV. EXCHANGE REACTIONS ON HEAVY NUCLEI

for ( He, t) reactions on free nucleons.
The elementary delta production amplitude already

contains the nucleon form factor, and we shall therefore

In the surface response model the inelastic cross sec-
tion for nucleon-nucleus collisions is calculated as a prod-
uct of the elastic nucleon-nucleon cross section, the sur-
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face response of semi-infinite nuclear matter, and a nor-
malization constant. The latter two quantities are deter-
mined consistently from Glauber theory for single scatter-
ing on heavy nuclei.

In the following we modify this model slightly in order
to describe exchange reactions on heavy nuclei. The basic
cross sections for (p,n) and ( He, t) reactions, Eqs. (1) and
(11), already contain a response function due to the width
of the delta resonance. We shall therefore base our calcu-
lations directly on these formulas and only modify the
response function S(q, co) to account for the Fermi motion
and the interactions in a heavy nucleus. We assume for
simplicity that the neutron and proton densities are identi-
cal and use the average spin-isospin factor of —', to calcu-
late the exchange cross section, cf. Table I.

A. Response functions and interactions

We use the local Fermi gas approximation to calculate
the surface response of semi-infinite nuclear matter. This
approximation is discussed in Ref. 5 and it is justified for
large momentum transfers. For exchange reactions in the
delta region the momentum transfer is also quite large,
even at forward angles due to the large excitation energy.

The free polarization operator for delta-hole excitations
in infinite nuclear matter is

Ilail, [p(z), q, co] = f dkI[egg —co —iI (K)/2]
(2m )

(k+q)
6QQ —mg + (13)

(12)

The integration is over all momenta k inside the Fermi
sphere, and the Fermi momentum is determined by the lo-
cal density p(z), where z is the coordinate perpendicular to
the slab surface. We have here included the finite width
I (K) of the delta resonance. This width is still given by
Eq. (9) but the argument K determined in Eq. (5) by the
invariant mass of the delta-excited target nucleon is af-
fected by the Fermi motion. The delta-hole excitation en-
ergy is [cf. Eq. (8)]

Another important interaction is the absorption (an-
nihilation) of the delta in a nuclear medium. It is induced
by NA~NN transitions during the delta propagation in
the nuclear medium. Its effect is therefore beyond the
RPA treatment of the delta-hole propagation. The associ-
ated dynamics can conveniently be described by a complex
potential in the delta propagator. In the local density ap-
proximation the imaginary part of this potential can be
deduced from the delta-hole model of pion-nucleus
scattering. Its value is about 40 MeV in light nuclei. A
theoretical attempt to derive this empirical value from
the meson exchange Hamiltonian of Ref. 6 shows that
only 60% is due to the two-body Nb. ~NN interaction.
This implies that multinucleon processes must play an im-
portant role. The real part of the delta-nucleus potential
is not well defined in the phenomenological delta-hole
model. We use the theoretical value of ——30 MeV.

In our calculations based on Eq. (15), the above infor-
mation about the delta-nucleus interaction is equivalent to
changing the delta mass and width parameter to

m& —m =266 MeV and I 0
——200 MeV . (16)

Pion-nucleus scattering takes place mainly in the surface
region, so we feel that it is reasonable to apply empirical
values in the calculation of the surface response. Howev-
er, the values given above have been deduced from pion
scattering on light nuclei ( A & 16), and they should there-
fore be considered as qualitative for the reactions we
study. .

In the phenomenological approach based on Eq. (16)
-any interaction other than 6 or m multiple scattering in-
duced by VN~ N~ has been included in the added delta-
nucleus complex potential. We therefore ignore Landau-
Migdal short-range correlations when calculating the
RPA response.

The field F(z) that generates the surface response is
determined consistently from Glauber theory and has been
discussed in detail in Ref. 5 Sec. II B. The associated
response function is obtained from the RPA polarization
operator as follows

&(q,~)= ——' Im f « ~~(z) ~'11„[p(z),q, ~]
k

2 pl +co+
2m

jeff
X (17)

fnNb
2 2 2 2 +A —I S] qS2 q,

2 2 2 2&m+9'c 9'c +~ ~

X T(+ T2, (14)

where q, is the momentum transfer, Eq. (3), in the
nucleon-nucleon center of mass system

Equations (12) and (14) are used to evaluate the RPA
polarization operator

lish =(1—Ilzg& g, Ng) lisp, .0 —1 0 (15)

To be consistent with the model of VN~ NN, Eq. (2), the
pion-exchange interaction between delta-hole states is tak-
en to be

Here o. " is the total single-scattering cross section from
Glauber theory and N, rr is the effective number of target
nucleons that contribute; 1V,rr=cr"'loN, where crN is the.
total nucleon-nucleon cross section (cf. Ref. 3). The nor-
malization has been chosen such that this response func-
tion can be used directly in Eq. (1) to obtain the cross sec-
tion for (p,n) or (p,p') reactions on heavy nuclei. For
( He, t) reactions we further perform the modifications
discussed in Sec. III and include the He point charge
form factor according to Eq. (11).

B. Results

We have already tested our model of charge exchange
reactions in the delta region by studying the basic p(p, n)
and p( He, t) reactions. Hereby the only free parameters of
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800 MeV Pb ( p, n)

L9 =0

the model, viz. , the distortion factors fDw in Eq. (1), were
fixed for each reaction. In order to calculate the same ex-
change reactions on heavy nuclei we have to specify the
absorption cross section that goes into the Glauber calcu-
lation. The nuclear density of the target nucleus is taken
from Ref. 14.

The calculated cross sections for an 800 MeV (p,n) reac-
tion on Pb at zero degrees are shown in Fig. 4 together
with the experimental result of Ref. 1. A total nucleon-
nucleon cross section of o.

N ——40 mb was used, which
yields X,ff ——8.4 in the Glauber calculation.

The pion-exchange interaction in the nucleus is seen to
increase the cross section (dashed-dotted curve) compared
to the free response calculation (dashed curve). There is
also a minor shift of the peak position towards lower exci-
tations, from 325 MeV to about 300 MeV.

A more dramatic shift of the peak position to about 260
MeV of excitation is observed when we furthermore in-

clude the medium effect on the delta self-energy accord-
ing to the prescription of Eq. (16) (fully drawn curve).
The calculated peak position seems to be wrong. There is,
however, a kind of shoulder in the data at the calculated
peak position. Such a shoulder is present at the same po-
sition in most of the (p,n) reactions shown in Fig. 5 of
Ref. l. Our calculation is not inconsistent with the data
since we have ignored the contribution from neutron de-

cay of the delta. From Table I we estimate that this chan-
nel will exhaust at least 25%%uo of the total (p,n) cross sec-
tion.

The calculated cross section for a 2 GeV ( He, t) reac-

tion on Ca at zero degrees is shown in Fig. 5 together
with the data of Ref. 2. We used a He-nucleon cross sec-
tion of 120 mb (i.e., three times the total nucleon-nucleon
cross section) in the Glauber calculation, which yields
X ff —1 .8. The dashed curve was obtained from the free
response, i.e., without any residual interactions in the nu-
cleus. This energy loss distribution has about the same
peak position, 310 MeV, and width, 136 MeV, as in the
reaction on protons shown in Fig. 3. This is somewhat
surprising, since one would expect that the Fermi motion
would increase the width. However, only the tail of the
density is probed in the surface response model due to the
large He-nucleon cross section used in the Glauber calcu-
lation.

The dot-dashed curve shows the effect of the pion-
exchange interaction in the RPA surface response. The
effect is much weaker than for the (p,n) reaction shown in
Fig. 4, which is a consequence of the much lower density
being probed in the ( He, t) reaction.

The fully drawn curve in Fig. 5 shows the cross section.
we obtain when we also include the effect on the delta
self-energy [Eq. (16)]. The calculated peak position at 250
MeV is in good agreement with the experiment. The peak
height is also consistent with the data. Detailed calcula-
tions show as expected that the peak position is insensitive
to the mass of the target nucleus. An example is shown in
Fig. 6 for reactions on Pb.

The most striking difference between Figs. 4 and 5 is
the large discrepancy between theory and experiment in
the (p,n) reaction at higher excitations, whereas the agree-
ment is much better for the ( He, t) reaction. We associate
this discrepancy, as already mentioned, with the neutron
decay of the delta, which is not included in the calculation
and which we expect to be unimportant for ( He, t) reac-

(3)
IOOO—

IOOO—
2GeV C(j( He, t)

e=o
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b 500—
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b
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0.8 1.0
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I

200 500
ZE (MeV)
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FIG. 4. Differential cross sections for 800 MeV (p,n) reac-
tions on Pb at 0=0', as functions of the momentum of the
detected neutron. The experimental results (hatched curve) are
from Ref. 1. The calculated curves are based on Eq. (l), using
response functions of semi-infinite nuclear matter. The dashed
curve was obtained from the free response, the residual pion-
exchange interaction is included in the RPA response for the
dashed-dotted curve, and the fully drawn curve includes both
pion exchange and the phenomenological self-energy of the delta
according to Eq. (16).

FICx. 5. Differential cross sections for 2 GeV ( He, t) reactions
on Ca at 0=0', as functions of the energy loss of the detected
triton. The experimental results (hatched curve) are from Ref.
2. The calculated curves are based on Eq. (11), using response
functions of semi-infinite nuclear matter. The dashed curve was
obtained from the free response, the residual pion-exchange in-
teraction is included in the dashed-dotted curve, and the fully
drawn curve includes both pion exchange and delta self-energy
in the nuclear medium.
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FIG. 6. Similar to Fig. 5 for reactions on Pb.

tions. We expect an even larger discrepancy for (p,p') re-
actions on heavy nuclei, since the proton decay back-
ground is about 70% of the total (p,p') cross section, cf.
Table I.

V. CONCLUSIONS

We have studied (p,n) and ( He, t) charge exchange reac-
tions on heavy nuclei in the delta region. We used the
pion-exchange theory for delta excitation to develop a
model for the basic reactions on free nucleons. The con-
tribution from the delta decay was ignored and considered
as a background in the comparison with experiments.
The model was tested against measured cross sections for
reactions on protons.

We used the local Fermi gas approximation to general-
ize this model to describe reactions on heavy nuclei. The
response of the nucleus was calculated consistently with

Glauber theory for single scattering as in the surface
response model. The response function included the ef-
fect of Fermi motion, the pion-exchange interaction be-
tween delta-hole states, and the phenomenological self-
energy of the delta in a nuclear medium. The target
dependence enters via Glauber theory and determines the
absolute cross section. The peak position is determined by
the interactions in the nuclear medium and it is insensitive
to the mass of the target nucleus.

The model accounts quite accurately for the main
features of the observed delta peak in ( He, t) reactions on
heavy nuclei. The peak position is shifted to lower excita-
tion energies than predicted from the free response. The
shift is due to the change in the delta self-energy, whereas
the residual pion-exchange interaction is weak at the low
density probed by these reactions.

The calculations for (p,n) reactions do not reproduce
the measured cross sections. They are, however, con-
sistent with a shoulder on the observed delta peak at lower
excitations. The (p,n) reactions probe deeper into the nu-
cleus and the residual pion-exchange interaction becomes
more significant but the energy shift of the delta peak is
still dominated by the change in the delta self-energy.
The discrepancy at higher excitations is ascribed to the
neutron decay of the delta. This background is not
present in ( He, t) reactions, which makes these reactions
more attractive for comparison with a simple theory.

ACKNOWLEDGMENTS

One of the authors, H. Esbensen, is grateful for en-
couraging discussions at the Niels Bohr Institute, in par-
ticular with C. Gaarde. We also acknowledge discussions
with G. F. Bertsch and R. B. Wiringa. This work was
supported by the U.S. Department of Energy under Con-
tract W-31-109-ENG-38.

B.E. Bonner et al. , Phys. Rev. C 18, 1418 (1978).
~C. Gaarde, Argonne National Laboratory Report ANL-PHY-

83-1, 1983, p. 395; and private communication.
3G. F. Bertsch and O. Scholten, Phys. Rev. C 25, 804 (1982).
4H. Esbensen and G. F. Bertsch, Ann. Phys. (N.Y.) 157, 255

(1984).
5H. Esbensen, H. Toki, and G. F. Bertsch, Phys. Rev. C 31,

1816 (1985).
T.-S. H. Lee, Phys. Rev. Lett. 50, 1571 (1983);Phys. Rev. C 29,

195 (1984).
7E. Oset, H. Toki, and W. Vr'cise, Phys. Rep. 83, 283 (1982); G.

Chanfray and M. Ericson, Phys. Lett. 1418, 163 (1984).
T.-S. H. Lee and K. Ohta, Phys. Rev. C 25, 3043 (1982); T.-S.

H. Lee (unpublished).
G. Glass et al. , Phys. Rev. D 15, 36 (1977).

C. Gaarde et al. , Phys. Lett. 1548, 110 (1985).
~~In the Harniltonian formulation all particles are restricted to

be on the mass shell, i.e., E =V m2+p . To satisfy transla-
tional invariance the interaction is defined in terms of vari-

ables in the c.m. frame of two interacting particles. In the
nonrelativistic one-pion-exchange model the interaction be-

comes a function of the momentum transfer in the c.m.
frame. This construction makes the difference between the
Hamiltonian approach and the Feynman-diagram approach.
J. H. Koch and E. J. Moniz, Phys. Rev. C 27, 751 (1983).
R. B. W'iringa et al. , Phys. Lett. 1438, 273 (1984); and private
communication.
C. W. de Jager, H. de Vries, and C. de Vries, At. Data Nucl.
Data Tables 14, 479 (1974).


