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We report the first observation of the isospin splitting of the giant dipole resonance built on the
isobaric analog state. Three giant resonances were observed in (m+, m ) double charge exchange (at
T„=292 MeV) on '6Fe at excitation energies of 25.7, 30.0, and 33.5 MeV (Q = —31.4, —35.7, and
—39.2 MeV). Angular distributions were measured for the resonances and each observed to have a
dipole shape. The cross-section ratios of the resonances are in close agreement with simple isospin
geometry arguments for an isovector excitation built on the isobaric analog state. The summed
cross section agrees well with simple sequential-model calculations in which the intermediate states
arise from single charge exchange to the isobaric analog state and to the giant dipole resonance. We
identify the three resonances as the isospin members of the charge-exchange dipole built on the iso-
baric analog state.

I. INTRODUCTION

An exciting development in nuclear physics in recent
years has been the observation of giant dipole excitations
built on excited nuclear states. Such excitations were
predicted by Brink and Axel in the early sixties, but ex-
perimental observations of the phenomena were made
possible only in recent years —mainly via y-ray spectra
from heavy-ion fusion and proton capture (p, y) reac-
tions. ' Typical spectra from the above studies show
an excess yield of high-energy y rays in the E1 region.
This excess yield has been interpreted as dipole photons
emitted in competition with neutrons in the early stage of
the cooling process of the nuclear complex. These studies
show some interesting features of the giant dipole reso-
nances (GDR's) in excited nuclei when compared with
the corresponding resonances built on the ground state.
The energies of the GDR's in heated nuclei follow the
well-known ground-state GDR energies as observed, for
example, in photonuclear reactions. The measured
strengths of the GDR's in excited nuclei are essentially
consistent with one classical dipole sum rule. However,
the widths of the dipole in excited nuclei are generally
substantially larger than the corresponding widths of the
dipole built on the ground state. This broadening is attri-

buted to deformation effects at high excitations and
spins 10) 1 1

The frequency of the dipole in excited nuclei is inti-
mately related to the size of the nucleus, and, therefore, it
provides one of the best probes of the shape of nuclei at
high excitations. " The general features of the GDR in
excited nuclei are summarized in a recent review work by
Snover. ' The main difficulties in the interpretation of
the y-ray spectra in the above studies arise from the large
widths of both the resonance states and final states and
from the large density of states at high excitation energy.
Therefore, it is generally difficult to observe a resolved
GDR built on discrete excited states, unless a more com-
plicated coincidence experiment between the high-energy
y rays and the excited states is measured. ' '

Mesons have proved extremely useful in the study of
charge-exchange excitations. Systematic studies of
(tr, tr ) and (tr+, n ) charge-exchange reactions'
show that the isospin quantum number of the pion and
the pion-nucleon A3 3 resonance provide a unique tool to
study electric isovector resonances such as the dipole,
monopole, and quadrupole. The results indicate that iso-
vector GDR's and isobaric analog states (IAS's) are the
two most prominent features in the spectra. They have
both been observed in (tr+, tro) [and the GDR also in
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was fine-tuned by placing aluminum absorbers of variable
thickness in front of the first scintillator to ensure that no
pions reached the veto scintillator. The remaining back-
ground was pions resulting from continuum DCX on the
target. The choice to run with the highest beam energy
available at EPICS (T =292 MeV) results in a lower
background level from the continuum DCX spectra since
the excitation energy region of interest is away from the
inclusive DCX peak. In addition, at this beam energy a
large outgoing energy range (=50 MeV) is covered by
the acceptance of the spectrometer in a single setting.
The variation of the spectrometer acceptance across the
focal plane was measured by pion scattering from ' C.

FIG. 1. Schematic energy-level diagram of analog and dipole
states observed in single- and double-charge exchange. The list-
ed Q values refer to the case of DCX on'6Fe.

(m, n')] with typical maximum cross sections of
0.5:1.0 mb/sr. Of course, the IAS is absent in all
(m, n )

.as well as in (m. +, m ) on T=O targets. In both
these latter cases, the isovector GDR is the only prom-
inent feature of the spectra. Pion double charge ex-
change (DCX) is thought to proceed predominantly by a
two-step (n+, m ), (n', n. ) mechanism, and therefore
should be a unique probe for exciting double giant reso-
nances in nuclei. The lowest in energy of these double
resonances is the well-known double isobaric analog state
(DIAS) which can be viewed in this context as the sim-
plest double resonance state.

In a recent letter' we reported the first observation of
giant dipole resonances built on isobaric analog states
(GDR IAS) via pion DCX. In a mathematical notation
these resonances can be written in terms of charge-
exchange dipole and isospin-lowering operators acting
sequentially on the ground-state wave function. ' In the
present work we report on the isospin splitting of these
new modes of excitations in the case of DCX on Fe, and
we give a detailed description of the theoretical analysis.
Figure 1 shows a schematic energy-level diagram of ana-
log, dipole, and the GDRIAS observed in single and
double charge exchange. The three isospin components
of the charge-exchange GDR and the GDR superim-
posed on the IAS are indicated. The predicted energy
splitting and strength ratios of the members are discussed
later.

III. RESULTS AND ANALYSIS

A. Discussion of the data
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Figure 2 shows the summed Fe missing-mass spec-
trum. In addition to the DIAS transition at E„=9.9
MeV (Q = —15.6 MeV) the spectrum shows the existence
of three wide peaks labeled GR1, GR2, and GR3 very
high in the continuum region at about 15.8, 20.1, and
23.6 Me V above the DIAS. The spectra have been

II. EXPERIMENT

The measurement was performed with the energetic
pion channel and spectrometer (EPICS) at the Clinton P.
Anderson Meson Physics Facility (LAMPF) using the
pion DCX setup. ' The isotopic purity and areal density
of the Fe target were 91.8% and 1.199 g/cm . Mea-
surements were taken at T =292 MeV and scattering
angles 5 ~30 in 5 steps. Electrons were eliminated us-
ing a freon-gas Cherenkov detector in the focal plane. A
set of veto scintillators separated by graphite wedges in
the focal plane was used to reject muons. The system

5 1525354555
—Q value (MeV)

FIG. 2. Summed (angle 5' —30' in 5 steps) cross-section spec-
trum for (~+,~ ) reaction on a ""Fe target at T„=292 MeV.
(a) Gaussian fit, (b) Lorentzian fit. The arrows indicate the fitted
location of the DIAS and the giant resonances. Short vertical
lines represent the statistical uncertainty of the data. The
dashed line is the fitted background with an exponential shape
and the solid line is the fit to the spectrum using NEwFIT.
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TABLE I. Parameters of the exponential background' obtained from fitting the ' Fe(m. +,~ )
' Ni

spectra for different number of peaks assumed in the fit.

No. of
peaks

r
(MeV)

10
6
3.5
3.5
2.5

1.38
1.85

1.19

4.74

R1

—0.0208
—0.0245

—0.0225

—0.0307

R2

0.0147
0.0173

0.0159

0.0217

R3
(MeV)

10.78
11.14

10.96

11.93

1

1.18

1.08

1.47

Ratios
R2

1

1.18

1.08

1.47

R3

1

1.033

1.017

'Background (E)=R (1)+R(2) Xexp(E/R 3).
Reduced y for entire histogram.

corrected for the measured variation of the spectrometer
acceptance as a function of momentum. In an earlier
work' (where we reported only the gross features of
these resonances) we fitted GR1 and GR2 with I =6
MeV (as one peak} and I = 10 MeV (fitting all three peaks
as one). Based on the angular distribution in Fe and the

dependence of the excitation energy from three
targets Fe, Se, and Pb, the resonances were inter-
preted as a giant dipole built on the isobaric analog state
(GDR IAS). ' In Fig. 2 we fit the spectra with
I (GR1)=I (GR2)=3.5 MeV and I (GR3)=2.5 MeV.
These values give the best fit to the data. The spectra can
be well fitted using either a Gaussian [Fig. 2(a)] or a
Lorentzian [Fig. 2(b}] line shape of variable width for the
GR's. For the DIAS only a Gaussian shape was as-
sumed, because its width arises almost entirely from ex-
perimental resolution. The background (dashed line) that
arises from the DCX cross section to discrete low-
lying states and to the continuum was fitted with a
three-parameter exponential shape of the form
R 1+R2exp(E/R3). The short vertical lines represent
the statistical uncertainties of the data. The solid lines
are the resulting fits to the spectra. Table I lists the re-
duced y and the parameters of the exponential back-
ground obtained from fitting the summed spectrum
(shown in Fig. 2) with a single peak of width I =6 and 10
MeV, three peaks, and zero peaks (plus the DIAS). The
table indicates that the smallest y is obtained in the case
of three peaks. The background shape is affected very lit-
tle by the above assumptions, except for the unrealistic
case of zero peaks. In an attempt to study the influenc
of the background choice on the result, we fitted the
background also using polynomial shapes of the form
R (1)+R (2) XE+R(3)XE + . . It was found that
comparable fits and cross sections are obtained if third-
or higher-order polynomial shapes are used for the back-
ground. Figure 3 shows the Fe individual spectra at
two angles 10 and 15'. The excess yield in the GR region
shows up again above background at both angles. In this
figure, the three GR's were fitted with a Lorentzian line
shape with the same parameters listed earlier.

Figure 4 shows the angular distributions extracted for
the sum of the three resonances labeled GR1, GR2, and
GR3 in Fig. 2. The cross sections have been extracted
with constant E„=25.7, 30.0, and 33.5 MeV at all angles
and constrained widths of 3.5 for GR1 and GR2 and 2.5
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FIG. 3. Double differential cross-section spectrum for
(m+, ~ ) reaction on a ""Fe target at T„=292 MeV. (a) 0&,&

=10, and (b) 0],&=15.

MeV for GR3. Figure 4(a) shows the cross sections ob-
tained from the Gaussian and Fig. 4(b) from the
Lorentzian fit. The two angular distributions are very
similar in shape but the Lorentzian fit yields larger cross
sections by about 50%. The maximum cross section in
both cases is observed at 10' with a slightly smaller cross
section at 5'. At scattering angles of 25' —30' the peak is
much weaker. The solid and dashed lines in Figs. 4(a)
and 4(b) are the results of sequential-model calculations
with two different models for the transition density to the
isobaric analog state discussed later. Figure 4(c) shows
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FIG. 4. (a) Angular distribution for the sum of
GR1+GR2+GR3 peaks shown in Fig. 2. The cross sections
have been extracted using a Gaussian line shape for the giant
resonances with a constant width of 3.5 MeV for GR1 and GR2
and 2.5 MeV for GR3 and a constant E„=25.7, 30.0, and 33.5
MeV at all angles. The solid and dashed lines are the results of
sequential-model calculations using volume and surface transi-
tion densities, respectively, without any normalization factor.
(b) Same as (a) but with a Lorentzian fit to the GR's. (c) Data
same as (b). The solid line is a Bessel function fit to the data (see
text).
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FIG. 5. (a) Angular distribution for the peak labeled GR1 in
the DCX spectra on '6Fe shown in Fig. 2. The cross sections
have been extracted with a Lorentzian fit using I =3.5 MeV
and E„=25.7 MeV. The solid line is the sequential-model cal-
culation (model I) shown in Fig. 4 but normalized by an isospin
factor of,'~. (b) Same as (a) but for GR2 with I =3.5 MeV and
E„=30.0 MeV. The solid line is the CCIA calculation multi-
plied by a factor of

&p
(c) Same as (a) but for GR3 with I =2.5

MeV and E„=33.5 MeV. The solid theoretical curve is nor-
malized by

&p
dashed curve by —,0.

again the data from the Lorentzian fit. The line in Fig.
4(c} is a J I (qr) fit to the data with a strong absorption ra-
dius of 4.1 fm normalized to the 10' data point. This
form represents a 6J= 1 angular distribution and is ex-
pected for a surface-dominanted diffractive pion scatter-
ing process. '

Figure 5 shows the individual angular distributions of
each of the three resonances. The solid lines are the re-
sults of a sequential-model calculation (using the volume
transition for the IAS) multiplied by the predicted isospin
factor discussed later. Each one of the three GR's has
significantly a smaller width than the GDR width report-
ed in (m. +, vr ) single-charge-exchange (SCX) data. In
the SCX studies the GDR generally includes more than
one isospin member because of the limited (6~8 MeV)
energy resolution of the m spectrometer. For example in

Ni (T=2 as the present Fe) the SCX GDR splits into
three components with ratios of 9:5:1. However, exper-
imentally the GDR shows up as a single peak in SCX
with I =6.4+1.7 MeV. If we use our energy splitting

and widths from Fe for the Ni case and fold the ener-

gy resolution of the n spectrometer (I,„=7MeV}, the
three peaks indeed produce a single peak (slightly asym-
metric) with I =7. 1 MeV (after unfolding I,„),in close
agreement with the above observation. Therefore the
present data provide the first observation of isospin split-
ting of the analog GDR in the same nucleus. Previously,
useful information on isospin splitting of the charge ex-
change GDR was obtained by comparing (n, m)and. .
( n +,n)yields, since (

.m, n ) populates only the ( T + 1 )
member whereas (n.+,n ) populates predominantly the
(T —1) member. ' ' The slightly smaller width of GR3
(the T=3 component} relative to the lower two com-
ponents in the present work may be attributable to the
fact that a T=3 state in Ni cannot decay either via pro-
ton or via neutron emission to the low-lying states of the
neighboring nuclei. In addition, the spreading width is
also expected to be smaller for a T =3 state in compar-
ison with the lower T members. Therefore it should have
a smaller width relative to GR1 (T = 1) and GR2 (T =2).
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FIG. 6. Volume- (solid) and surface-peaked (chain-dashed)
transition densities used for the isobaric analog state in the
sequential-model calculations shown in Figs. 4 and 5 (see text).

FIG. 7. Experimental cross section for the GDR in
Ca(n. +,m ) reaction as a function of pion beam energy com-

pared with k' dependence (dashed) and sequential-model calcu-
lations (solid) with constant dipole transition strength normal-

ized to the cross section at 165 MeV.

B. Sequential model analysis

A calculation has been performed for the GR's using
the pion coupled-channel impulse-approximation code
(CCIA) NEwcHQP. The coupled-channel calculations
included the ground state, the IAS, the GDR, and the
GDRIAS. The collective model has been used to ob-
tain the radial shape of the transition density for the di-
pole,

p„(r ) = —(pc)
d p(r)

where p(r) is the nuclear ground-state density which was
parametrized using a two-parameter Fermi function with
half-density radius c =4.111 fm and diffuseness a =0.558
fm as derived from electron scattering. The strength
parameter P was adjusted as outlined later. For the tran-
sition to the isobaric analog state we used two different
transition densities: one volume and one surface peaked.
The volume transition density (model I) was assumed for
simplicity to have the same radial distribution as the

ground-state density, but normalized to the neutron ex-
cess in the target nucleus:

N —Z
p„,((r)= p(r) . (2)

The surface transition density (model II), which provides
a more realistic shape for the p,„,density, was taken as a
derivative of a two-parameter Fermi (2pF) function. Fig-
ure 6 shows the two different transition densities used for
the isobaric analog state in the sequential-model calcula-
tions.

Since there is no pion SCX data available for the GDR
at 292 MeV, a calculation was performed at 165 MeV
and the strength of the SCX dipole was adjusted to give
the experimental peak cross section of 792 pb/sr mea-
sured for the GDR on Ni at T =165 MeV. The de-
duced dipole transition strength at 165 MeV was then
used to calculate the dipole cross section at 292 MeV (see
Table II). This method was tested by calculating the en-

ergy dependence of the SCX cross section for the GDR.
Figure 7 shows the SCX data for the GDR on Ca at

TABLE II. Results from double-charge-exchange reaction on ' Fe at an incident pion energy
T =292 MeV compared with sequential-model analysis.

Peak
E„

(MeV)
r

(MeV)

d o /d Q,„(experiment)
Gaussian Lore ntzian

(pb/sr) (pb/sr)

d o /d Q,„(theory)
Model I' Model II

(pb/sr) (pb/sr)

DIAS
GR1
GR2
GR3
Sum

9.9+0.05
25.7+0.4
30.0+0.4
33.5+0.3

1.3+0.2'
3.5+1.I
3.5+0.8

2.5+0.9

0.24+0.05
0.48+0.09
0.51+0.10
0.41+0.14
1.40+0. 19

0.69+0.14
0.83+0.19
0.61+0.21
2.13+0.32

0.51
0.85
0.34
1.70

0.38
0.64
0.26
1.28

Using volume transition density of the form [()V Z)/A]ps—, (r) for the IAS, normalized to the mea-
sured cross sections in SCX.
Using surface transition density for the IAS (Fig. 6).
Resolution width only, due primarily to target thickness.
DIAS cross section at 5' corrected for the isotopic enrichment of the target (91.8%).
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ot„s(0')=18(N —Z)A " pb/sr . (3)

The pion distortion is computed using the Kisslinger
form for the pion-nucleus potential. The isoscalar and
isovector parameters of the elementary t matrix were tak-
en from phase shifts of Rowe, Salomon, and Landau.

C. Comparison with the data

120, 165, and 230 MeV. The data indicate that the GDR
cross section increases almost linearly with k, where k is
the incoming pion momentum (dashed line). The
impulse-approximation calculation with a constant dipole
transition density, and without any energy shift for the
incoming pions (solid) reproduces this energy depen-
dence very well. The k dependence is a consequence of
the strong absorption model and is discussed in Ref. 29.

For the IAS transition we normalized the transition
strength to give a 0' cross section of 860 pb/sr (at 292
MeV} obtained using the function

D. Discussion

The splitting of the GDR(3}IAS can in general arise
from three different sources .(a) Deformation sects I.n
deformed nuclei with axial symmetry, a dipole splits into
two components arising from vibrations along the major
and minor axis of the nucleus. (b) Spin coupling F.or nu-
clei with J, 1, the GDR splits into three members with

Jf =J, —1, J, , and J,-+1. In the simplest case of even-
even target nuclei the GDR IAS has a single J Ualue of
1 . (c) Isospin splitting Fo. r T~1 target nuclei, the
charge exchange dipole splits into three members with
T —1, T, and T + 1. In the present case, Fe, has only a
small deformation and J; =0+, therefore isospin coupling
is the predominant source for the observed energy split-
ting.

For T ~ 1 target nuclei, a charge-exchange GDR built
on the IAS will split into three components with isospin
T —1, T, and T+ 1 arising from coupling of one unit of
isospin to a state with isospin T (Fig. 1). Simple isospin
geometry arguments predict relative strengths for the
GDR IAS members:

Figure 4(a) shows the results of these calculations
without any additional normalization factor. The solid
line was obtained using the volume transition density and
the dashed line using the surface transition density. The
calculated cross sections for the GDRIAS shown in
Figs. 4 and 5 are found to peak near 11, . This is an ex-
pected result for coupling of an analog transition (which
peaks at 0') with a dipole transition (which peaks around
11'). Figure 4(b) shows the same calculations but com-
pared with the cross sections extracted from the
Lorentzian fit. The calculations with volume transition
density predict a larger cross section for the GDR(3jIAS
by about 50% than those obtained using the surface tran-
sition density. Both calculations predict the correct
shape of the angular distribution for the sum of
GR1+GR2+GR3. The dashed line gives a better fit in
magnitude in Fig. 4(a), while the solid line reproduces
better the cross sections extracted with the Lorentzian fit
in Fig. 4(b).

In Fig. 5 we show the data for each of the resonances
separately. The curves calculated using the volume tran-
sition density have been multiplied by factors of 0.3, 0.5,
and 0.2 for GR1, GR2, and GR3, respectively, as re-
quired from simple isospin arguments discussed later.
Except for GR3, which has an enhanced cross section rel-
ative to the prediction, the sequential-model calculations
(model I) give an impressive fit to the data. The chain-
dashed line in Fig. 5(c) is the result of the same calcula-
tions but scaled up arbitrarily by 50%. Therefore the an-
gular distribution measurement on Fe and the strength
ratios give strong support for the identification of these
resonances as the isospin members of the giant dipole
built on the isobaric analog state (or equivalently, as iso-
baric analogs of the charge exchange giant dipoles}. Ad-
ditional support for this identification came from the

variation of the excitation energy of the GR's
above the DIAS and the cross section ratio
o (GR)/o (DIAS). '

a(T —1) o(T):o(T+I)
(2T—1)(T1} (2T' ——1) 3

T(2T+1) T(T+1) (2T+1)(T+1)
These ratios are quite different from the ratios expected
for a GDR in SCX, where the GDR is in a T, = T —1 nu-
cleus. For T=2, Eq. (4) gives the ratios 3:5:2,respective-
ly. Therefore the GDR(3}IAS on Fe should split into
three components with the middle member about 50%
stronger than the lower member. This is in close agree-
ment with the observed ratios (Fig. 5). The intensity ra-
tios obtained from the summed histogram (Fig. 2) are
3.1:5.0:3.4 from a Gaussian fit and 3.0:5.0:3.5 from a
Lorentzian fit. Again there is a small enhancement of the
upper isospin member relative to the above prediction.

A general treatment of isospin splitting in terms of iso-
vector and isotensor potentials ' gives the following re-
lations for the energy splittings b E+(T + 1, T) and
bE (T, T —1) for isovector excitations:

bE+ =(T+1)[E,+(2T 1)E,], —

bE = T[E„(2T+3)E,], —
(5)

(6)

where E„and E, are the isovector and the isotensor ener-
gies. %'e can use our splitting energy to determine the
isovector and the isotensor energies in Eqs. (5) and (6). If
we use AE+ =3.5+1.0 and hE =4.3+0.6 MeV we ob-
tain E, =1.46+0.43 and E, = —0.098+0.044 MeV. The
deduced isovector and isotensor potentials from the
present work are in agreement with the results from pion
SCX data. For Ni (T =2, same as our case), by com-
paring (~+,n)and (m. , n .

) data to the GDR, and set-
ting arbitrarily E, =O, a value of E, =0.88+0.67 MeV
was reported in the work of Erell et al. The present
values are consistent with the results from theoretical
RPA calculations which give E, = 1.06 MeV and
E, = —0.003 MeV (Ref. 35) for Ca. We note that these
splittings for a collective dipole are only about one-half
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those expected for single-particle excitations. In fact
Bohr and Mottelson estimate hE+ to be about
V, /2A(TO+1) with V, =130 MeV in very good agree-
ment with our results. They give no expression for hE
but it is surprising that our bE is larger than our AE+.

IV. SUMMARY

the measured cross sections and the angular-distribution
shape. The observed cross-section ratio of the three
members lower:middle:upper is in rough agreement with
the values of 3:5:2expected from simple isospin-coupling
arguments. The energy splitting of the dipole IAS is
somewhat larger than estimated for its analog GDR in
single-charge-exchange scattering.

In conclusion, we have reported here the first observa-
tion of the isospin splitting of the giant dipole resonance
built on the isobaric analog state [i.e., the analog of the
GDR reached in (n.+,n ) scattering] in pion double-
charge-exchange scattering on ""Fe. The angular distri-
butions for the three members have a dipole shape. Sim-
ple sequential-model calculations for a giant-dipole state
built on the isobaric analog state give qualitatively, and
surprisingly also quantitatively, a correct description of
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