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Double giant dipole resonance in the (m, m+) reaction
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The double isovector giant dipole state has been observed in the (x, x ) bT, = +2 double-
charge-exchange reaction on C, Al, Ca, Fe, Co, and Nb. The resonances observed in
the (x, x+) reaction are closely related via Coulomb displacement energy and isospin symmetry to
the resonances measured in the inverse (x+, x ) reaction on the same nuclei. The new observations
provide a direct determination of the upper isospin component of the double giant dipole state,
which is generally very weak in the (x+, x ) reaction. The comparison between the double dipole
in the two double-charge-exchange modes gives valuable information on the isospin splitting and the
Pauli-blocking eH'ects for isotensor transitions.

PACS number(s): 25.80Gn, 21.10.Re

I. INTRODUCTION

In a recent paper [I] we reported the first observation
of a double-isovector giant-dipole resonance in nuclei in
the (s'+, s' ) double-charge-exchange (DCX) reaction on
" 'S. More recent data [2, 3] clearly show the existence
of these exotic resonances in the continuum at high ex-
citation energies. The identification of the double-dipole
resonances is based on their centroid energies, character-
istic angular distributions, cross sections, and compar-
ison with the inverse DCX reaction [2, 3]. Pion DCX
offers a cleaner way to study double giant resonances
than that offered by inelastic reactions because of the
selectivity of the DCX reaction and the clear geometri-
cal signature of the angular distributions of the various
giant resonances (GR) due to the strong absorption of
the pions. An additional unique feature of pion DCX
used in this study is the simplicity with which one can
study the inverse reaction. There are four advantages to
measuring the double-dipole resonance in the (s, x+)
reaction: (a) The double dipole is expected to appear

' Present address: Los Alamos National Laboratory, Los
Alamos, New Mexico 87545.

Permanent address: Tel-Aviv University, Tel-Aviv, Israel.

at a significantly lower energy and with a lower back-
ground level from the continuum than in the (ir+, n )
mode. The decrease in energy of the double dipole in the
(s', x+) reaction is about four Coulomb energies (af-
ter correcting for the symmetry energy and the neutron-
proton mass difference), and that is a significant shift
for medium and heavy nuclei. For example, the dou-
ble dipole is observed at Q = —49.9 MeV (E = 47.3
MeV in Tc) in Nb(7r+, x ) Tc, but (as we see be-
low) in the inverse reaction it appears at Q = —24.9
MeV (Ev = 20.9 MeV in s Y). (b) In (x, x+) the sPec-
tra should be simpler because the double isobaric analog
state (DIAS) and the giant dipole built on the isobaric
analog state (GDRSIAS) resonances do not exist, and
therefore the double dipole is the lowest resonance ex-
pected in the reaction. (c) The double dipole is expected
to have a smaller width in (s, s+) than in the inverse
reaction. (d) The double GDR reached in (s, s+) has a
single isospin component, as will be discussed later. %e
note, however, that measurements of (7r, x+) are much
more difficult than (ir+, 7r ), because s+ beam fiuxes are
generally larger by about a factor of 6 relative to the x
Auxes at the energies of interest for the present study.
Furthermore, for all N ) Z nuclei the cross sections
for the double dipole in (s', 7r+) are smaller than those
in (x+, ir ) because of the Pauli-blocking effect, making
the running time for a single measurement significantly
longer.
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TABLE I. Target compositions, areal densities, and an-

gles of measured data points.

Target
13'

A1
40'
56F
59'
93Nb

Isotopic
purity

(%)
90.0
100.0
96.9
91.8
100
100

Areal
density
(g/cm )

0.329
1.713
2.38
2.44
1.079
3.428

Scattering
angles
(lab)
50
50
5' 12 19'
50
50
50

II. EXPERIMENT

III. RESULTS AND ANALYSIS

A. Discussion of the data

Figure 1 presents the isC(z, x+)isBe and the previ-
ous C(s+, s' ) 0 Q-value spectra measured under the
same experimental conditions at 0~ b

—5' and incom-

ing pion energy T~ = 295 MeV. The spectra have been

The measurements were performed with the energetic
pion channel and spectrometer (EPICS) at Clinton P.
Anderson Meson Physics Facility (LAMPF) with the
standard pion double-charge-exchange setup [4]. Table
I lists the pertinent information on the targets and on
the measured data points, all of which were at T
295 MeV. Electrons were eliminated using an isobutane
velocity-threshold Cherenkov detector in the focal plane.
A scintillator placed behind a series of aluminum and
graphite wedges was used to detect and veto muon events

[5]. The remaining background was pions resulting from
continuum DCX in the target. The choice of the high-
est beam energy available at EPICS (T = 295 MeV) for
the present measurements has several advantages: (a)
the background level from the continuum is lower since
the excitation-energy region of interest is away from t, he
inclusive DCX peak, (b) a larger outgoing energy range

( 50 MeV) is covered by the acceptance of the spectrom-
eter in a single setting, (c) cross sections are expected to
increase as k~ or faster, where k is the incident pion mo-

mentum, and (d) the highest energy was chosen because
it is here that sequential processes dominate DCX. This
is evidenced by the dominance of the excitation of the
DIAS at 8 = 5'.

The acceptance of the spectrometer was measured with
a '2C target using inelastic scattering to the 4.44-MeV
state at an energy T = 180 MeV and a scattering angle
of 35', which corresponds to the peak cross section. The
spectrometer field was varied to move the 4.44-MeV peak
across the focal plane, covering approximately +10% of
the central momentum of the spectrometer. Absolute
normalization was obtained using a polyethylene (CH2)
target of areal density 0.068 g/cm to measure the hydro-
gen elastic cross section and comparing the yields with
cross sections calculated from z-nucleon phase shifts [6].

corrected for the spectrometer acceptance as a function
of momentum. The (x, s+) data are from the present
measurement and the (x+, z' ) fit results from reanalysis
of recent data from Ref. [2]. In addition to the weak tran-
sitions to the ground states of Be and 0, respectively,
both spectra contain a wide peak labeled (GDR)~ located
high in the continuum region. In the (s+, 7r ) reaction
the resonance is observed [2] at Q = —46.5 MeV, but
in the inverse reaction, (s, m+), the resonance appears
around Q = —49.5 MeV. The energy relation between the
two DCX modes is discussed in Sec. II B. The giant res-
onance (GR) peaks were fitted with a Lorentzian shape
of variable width. The fits in Fig. 1 use I'(GDR ) = 9.0
MeV for (z', z+) and 12.0 MeV for (s.+, 7r ). Figure
1(a) demonstrates also the existence of three low-lying
states below the g.s. of Be. These weak transitions
arise from the 10'%%uo i~C impurity in the isC target (Table
I) and correspond to the g.s. and two excited states at
2.1 and 4.6 MeV in i2Be. In (z'+, x ) the correspond-
ing states of '~0 are also present. They lie between
the GDRSIAS and the (GDR) in Fig. 1(b). The back-
grounds (dashed lines) which arise from the DCX cross
section to the continuum were fitted using a third-order
polynomial function of the Q value: background(Q, 8) =
ao(8) + ai(8)Q + a2(8)Q + as(8)Q, where Q is the ab-
solute Q value. The same background form was used
for both DCX modes. The solid lines are the resulting
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FIG. l. (a) Doubly differential cross-section spectrum for
the C(x, x+) Be reaction at T = 295 MeV and HI s =
5'. The arrows indicate the fitted location of the ground state
(g.s.) and the giant resonance (GDR) . Short vertical lines
represent statistical uncertainty of the data. The dashed line
is the background fitted with a polynomial shape and the
solid line is the fit to the spectrum using NEwFIT. (b) Same
as (a) except for the C(x+, x ) 0 reaction. The arrows
indicate the fitted location of the g.s. , the giant dipole built on
the isobaric analog state (GDRSIAS), and the double giant
dipole (GDR ).
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TABLE II. Double-dipole Q values for the (s, s+) reac-
tion extracted from the present study compared with previous
data from the (s+, s ) reaction [2] measured on the same tar-
get nuclei.

Target
(~+, ~-)

Qs..-. '
QDD

(MeV) (MeV)

(~-, ~+)
Qs.i. QDD
(Mev) (Me V)

13C

Al
40C
56F
59C
93 Nb

—18.96
—15.42
—24.76
—5.68
—4.85
—2.58

—46.5 + 2.0
—49.1 + 0.5
—54.0 + 0.5
—54.4 + 0.6
—48.6 + 0.8
—49.9 + 0.8

—32.84
—12.57
—0.83
—6.33
—7.77
—3.99

—49.5 + 0.5
-36.2 + 0.3
—31.1 + 0.3

—31.0 + 1.0
—35.0 + 0.5
—24.9 + 1.0

' Values from the 1986 mass table [24].
A new measurement of the (s, rr+) reaction on Fe (in-

cluding the elastic offset in the DCX data) gives QDD = —31.0
MeV rather than —33.8 MeV reported in Ref. [2].

fits to the spectra. The resonance labeled (GDR)2 in
the (x+, ir ) reaction was previously [2] identified as the
double isovector giant-dipole resonance. The strengths of
the double dipoles reached in the (s, mr+) reactions and
the ratios O'DD(x, s'+) joDD(s+, n ) will be discussed
later. The lower GR observed in the (rr+, n ) spectrum
was identified [7] as the giant dipole built on the isobaric
analog state and is labeled GDRSIAS in Fig. 1(b). This
resonance is very weak at 5' but appears very clearly
at 8Iab = 18', an angle which corresponds to the peak
of the dipole angular distribution at this energy [8]. The
resonance is absent in the (rr, m'+) spectrum, because no
transition to the isobaric analog state (IAS) is allowed in
this reaction mode. The computer program NEwFIT [9]
was used to fit the spectra in these figures and to extract
the parameters listed in Tables II and III.

Figure 2 displays the (rr, x+) and (x+, s ) Q-value
spectra on Co. For T & 2 nuclei the double dipole in
the (x+, n ) reaction splits into five isospin components.
However, in (s, x+), isospin considerations limit the re-
action to only the upper isospin component (T& —T+2).
These states are illustrated schematically in Fig. 3. Sim-
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FIG. 2. Same as Fig. 1 except for Co target.

pie double-isospin coupling arguments give the strength
ratios listed in the figure as (QCIC2) . Pauli-blocking
effects will further suppress the upper isospin members
of the double dipole in ssCu. Therefore the observed
resonance in the (w+, 7r ) reaction [Fig. 2(b)) contains
mainly the three unresolved lower isospin components,
whereas the double dipole in the (n', ir+) reaction [Fig.
2(a)] has only a single (T = 9/2) isospin component. An
additional obvious difference between the spectra in Fig.
2 is the presence of the DIAS and the GDRSIAS tran-
sitions in the (x+, 7r ) spectrum. Both transitions are
absent in the (x, rr+) mode. The spectra measured on
the other targets are quite similar to those presented in
Figs. 1 and 2 and are not shown here. The measured Q
values for the double dipole are given in Table II. Ta-
ble III gives all the measured quantities for the double
GDR (Q values, cross sections at 5' and the widths) for
both reaction modes. Also listed in Table III are the ra-
tios of the double-dipole cross sections in (rr, rr+) and

TABLE III. Results from the (x+, w ) and (x, ~+) double-charge-exch. nge reactions on C, Al, Ca, Fe, Co, and Nb at T = 295
Mev and 8 ~~b

—5

Target

13C
Al

4'Ca
56F
59C
93Nb

DD
(MeV)

46.5 + 2.0
49.1 + 0.5
54.0 + 0.5
54.4 + 0.6
48.6 + 0.8
49.9 + O.8

(~+, ~-)
(de/dA)DD

(pb/sr)

3.2 + 0.5
2.4 + 0.2
2.6 + 0.2
3.1 + 0.3
4.1 + 0.8
3.5 + 0.5

(MeV)

12.0 + 3.0
8.4 + 2.0
9.0 + 1.4
10.0 + 1.5
8.2 + 2.0
8.8 6 2.6

qDD

(MeV)

49.5 + 0.5
36.2 + 0.3
31.1 + 0.3
31.0 + 1.0
35.0+ 0.5
24.9+ 1.0

(x-, ~+) b

(de/dA)DD

(pb/sr)

1.3 + 0.2
0.95 + 0.09
3.2 + 0.2
1.2 1 0.1
1.5 + 0.2
0.8 + 0.3

(MeV)

9.0 + 1.4
6.4 + 1.0
9.0 + 1.0
10.0+ 1.6
9.2 + 1.4
8.5 + 2.0

~DD(~-, x+)
crDD (7f'+, x )

0.41 + 0.09
o.4o + o.o5
1.23+ 0.12
0.39+ 0.05
0.37 + 0.09
0.23 + 0.09

DEc

(MeV)

2.73,

5.19
7.30
8.74
8.90
11.9

AE'S
(MeV)

8.7+ 2.0
2.7 + 0.6
1.13+ 0.6
5.7+ 1.2
17.0 + 0.9
17.4 6 1.3

Reference [2], except for the Al data which is taken from Ref. [3].
b Present data.

Sources for the Coulomb energy values are described in the text.
EEs QDD (x ) x ) QDD (x v ) 4(AE EofD~y)
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FIG. 3. Level scheme for DCX to the double isovector giant-dipole resonances on Co. Vertical placement of states is not
to scale. Cq and Cq are isospin Clebsch-Gordan coefficients, and the sums indicate double coupling coefficients. The listed q
values on the right and left sides are from previous [2] and present experiments.

B. Energy relations and symmetry energy

Figure 4 displays the observed Q value for the double
dipole as a function of atomic mass. In (K'+, 7r ) the dou-
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FIG. 4. Q values versus A for the double dipole in both
pion DCX modes. (a) (x, x+) data from the present study.
The curve is to guide the eye. (b) (x+, x ) data from Ref.
[2]. The solid line is the least-mean-square value.

(R'+, 7r ), the Coulomb displacement energies, and the
energy differences LE+ discussed later.

ble GDR appears around Q = —50 MeV and its energy
is almost independent of A. The doubly excited GDR in
the (K'+, rr ) reaction is reached by adding two El vibra-
tional energies and two Coulomb energies to the target
nucleus ground state. The E1 energy decreases with A,
but the Coulomb energy increases with Z and the two ef-
fects almost cancel each other, yielding a nearly constant
Q value for the double GDR excitations. Experimentally
the single-charge-exchange GDR is observed in (R+, Ko)
around Q = —25 MeV for a wide range of mass. Thus
the energies of the double dipoles observed in (x+, R' )
are close to double the energy of the "single" GDR, i.e. ,

Q(~+ ~-)(GDR ) ~ 2Q(~+ 0)(GDR) —50 MeV.

This near equality is surprising because it neglects the ef-
fect of isospin splitting, which exists in both the (K+, 7r )
and (R+, K ) reactions, but is somewhat different in the
two. The double GDR observed in (n, 7r+) [Fig. 4(a)].
has a significantly different trend. This state is obtained
by adding two E1 vibrational energies to the nucleus
and subtracting two Coulomb energies, since two pro-
tons are changed into two neutrons. Thus the Q values
in (K', K+) are expected to decrease strongly (in abso-
lute value) with A. The lowering of the magnitude of the
double-dipole Q value is very significant for medium and
heavy nuclei. For example, the double dipole on Nb

has Q = —49.9 MeV in gsNb(R+, K' )ssTc but appears
as low as Q = —24.9 MeV in the ssNb(7r, R+)9sY re-
action. The solid line drawn in Fig. 4(a) is merely to
guide the eye while the line in Fig. 4(b) is a least-squares
constant fit to the data which gives Q = —50.2 MeV, for
12& A &197.

The energy relation between the double dipole in the
two DCX modes can be written as
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QDD(Ir, Ir+) —QDD(n'+, z ) = 4(EEc —Am„p) —b.F&

(2)

where LE~ is the average Coulomb displacement en-

ergy for the Tp + 2 multiplet with T, = (T& + 2), (Tp +
1), Tp, (Tp —1), and (To —2). The quantity b,m„rp is the
neutron-proton mass difference (1.29 MeV). Equation (2)
then defines AE& which is related to the symmetry en-

ergy of the single GDR [10]. We have used experimental
values for the To + 1 multipole Coulomb displacement
energies when the neighboring states in the multiplet are
known (up to mass 40). For heavier nuclei, only one pair
of states is known. In order to avoid odd-even mass dif-
ference ambiguities we have used the relation [11]

LEe ——
&

—0.861 MeU,
1.412Z

where Z and A refer to the atomic and mass numbers,
respectively, of the target nucleus. The Coulomb energies
are listed in Table III.

Using Eq. (2) and the experimental Q values listed in
Table III, we obtain the AE& values given in the table.
These quantities give the energy differences between T&
and the centroid of the double-dipole members reached
in the (z+, z ) reaction. For ~sC the T& and T& com-
ponents of the GDR have been measured in photonu-
clear studies [12]. The centroids of the two components
are separated by 6.8 MeV from which a Lane potential
[V = 6.8A/(T+ 1)] of 59 MeV can be derived. This can
then be used to calculate the expected line shape for the
double dipole in (z'+, z ), following the procedures out-
lined in Ref. [10]. The 10% contribution from the upper
isospin component causes the extracted value of AE& to
shift to 8.7 + 2.0 MeV. The value of AE& can be calcu-
lated knowing the Lane potential [10] giving an expected
value of 10.3 MeV, which compares favorably with our
measured value. Using the same Lane potential (59 MeV)
we expect AE& for Al to be 4.96 MeV, which compares
with our extracted value of 2.7+0.6 MeV. A discrepancy
is also apparent in the T = 0 data. Here we expect
AE& ——0, but for Ca we extract AE& ——1.13 + 0.6
MeV, although here the deviation is in the other direc-
tion. These deviations are not currently understood, but
may be relat, ed to a poor estimate of the Coulomb dis-
placement energy, or the assumption that the Lane po-
tential is the same for single and double resonances. For
heavier nuclei the values of 4E& for the doubly excited
GDR deduced from Eq. (2) are expected to be much
larger than for the single GDR since the states involved
differ by several ( three or more) isospin units as illus-
trated in Fig. 3, for the case of Co.
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gular distribution measured in (Ir, Ir+) is nearly iden-
tical to the angular distribution measured earlier un-

der the same experimental conditions in the (Ir+, Ir )
reaction. The dot-dashed lines are the results of sim-

ple sequential-model calculations using the pion coupled-
channel impulse-approximation (CCIA) code NEwcHoP

[13]. The calculations include the ground state (g.s.),
the giant-dipole resonance (GDR), and the double dipole
(GDR ). The dashed lines are the calculations for the
double dipole with J = 2+ and the dotted lines are for
J = 0+. The solid lines are the sums of the 0+ and 2+
curves with the normalization factors listed in the fig-
ure. The normalization factors for the 0+ curves were
chosen to account for the forward-angle rises of the cross
sections when added to the 2+ curves. Both angular dis-
tributions show a forward-angle rise which may indicate
a contribution of the J = 0+ double-dipole state [14].
The small (but nonzero) normalization factors for the 0+
curves indicate that the observed resonances are primar-
ily the J = 2+ double-dipole states, but may indicate

C. Angular distribution of the double dipole

Figure 5 displays the angular distribution measured
for the double dipole for both 4oCa(Ir+, Ir )4oTi (from
Ref. [2]) and Ca(Ir, Ir+) Ar. The figure contains
data from the present work for the 4oCa(Ir, n'+) Ti
measurements at three laboratory scattering angles 5,
12', and 19'. Figure 5 shows that the new partial an-

FIG. 5. Angular distributions for the resonances identified
as the double dipoles in the Ca(s.+, s+) reactions at T
295 MeV. The curves are sequential-model calculations for
the double dipole using NEwcHOP [13]. The dashed line is a
2+ distribution normalized to fit the (a) 19' and (b) 15' data
points. The dotted lines are 0+ curves normalized such that
the sum of the 2+ and 0+ distributions fits the forward-angle
cross sections.
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that we actually observe part of the unresolved J = 0+
double-dipole strength. 1.4

D. Width of the double-dipole resonance

Figure 6 presents the widths of the double-dipole states
observed in the (ir, s+) and (ir+, ir ) reactions. In
(~+, ir ) the width of the double dipole is around 10
MeV and is larger than the width of the "single" dipole
in (mr+, ir ) [(I'GDn) = 6.3+ 1.0 MeV] by a factor of about
1.5 [15]. This disagrees somewhat with theoretical es-
timates that the width of the double GDR, as a two-
phonon state, should be twice the GDR width [2, 16].
The solid lines are the weighted averages of the data, if
the widths in a given mode are independent of A. For
(s+, s ) the weighted average is (I'DD) = 9.23 + 0.76
MeV and for (ir, ir+) (I'DD) = 8.60 6 0.51 MeV. In
(x, mr+) our average widths are about twice the aver-
age widths measured for the single dipole in (n, s )
(I'GDR) = 4.2 6 1.0 MeV [15]. The double dipole on
27AI in (s, 7r+) has a width of only 6.4 + 1.0 MeV and
thus is overestimated by the above constant average. In
the (ir, s+) reaction the double dipole has only a sin-
gle isospin component, and therefore is expected to be
narrower than in (7r+, ir ) where the observed resonance
is composed of two to five isospin components. Table
III summarizes the deduced widths of the double-dipole
resonances observed in the two DCX modes.

E. Cross-section ratios and background analysis

Figure 7 presents the cross-section ratios for the
double-dipole resonances reached in the (n, s'+) and

I I I I
I

I I I I
I

I I I I
I

1 I I I
I

I I

15

12

I

1.0—
A

0.8—
+

0.6

8
04

i
I

i

I
I

1

I i
I \

i i
I \

I \

I \

I \

I

02

0.0 I I I I I I I I I

0 BO 40 60 BO 100

Atomic Mass

FIG. 7. Ratio of the double-dipole cross sections in
(n', n'+) to (x~, rr ) taken from Table III plotted as a func-
tion of A. The dashed line is to guide the eye.

(s'+, ir ) reactions on the same target nuclei. For all nu-
clei with N ) Z studied in the present work (isC, z Al,
5sFe, ssCo, and ssNb) the cross section in (ir, s+) is
weaker than in (ir+, n ). The suppression of the (x, s+)
cross sections is nearly independent of atomic mass, but
the ratio may decrease slightly with A. The eA'ect of Pauli
blocking in changing two protons into two neutrons is ex-
pected to increase in neutron-rich nuclei. A similar eA'ect
was found for the 1M excitation of the GDR in pion
single charge exchange [15]. The deduced cross-section
ratios R(GDR ) = O'DD(ir, m+) /crDD(x+, x ) are listed
in Table III. We will return to the 4oCa case later.

Table IV compares the cross-section ratios from
DCX with the cross-section ratios R(GDR)
oGDR(ir, s ) /oGDn(7r+, s' ) for the "single"-dipole ex-
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A
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I I & t I I I I» I » i & I

I I I I
I

I I I I
I

I I I I
I

I I I I
I

I I I I

(7r', 7r )
(b)

Target
13C

Al
40C
56F
59C
93 Nb

R(GDR )
'

0.41 + 0.09
0.40 + 0.05
1.23 + 0.12
0.39 + 0.05
0.37 + 0.09
0.23 + 0.09

R(GDR)

1.18 + 0.24

0.45 + 0.14
0.43 + 0.14

R(GDR) ch
'

1.37

0.45
0.52 '

TABLE IV. Comparison between the observed Pauli
blocking for the double dipole in DCX, the single dipole in
SCX, and theoretical estimates for exciting the isovector gi-
ant dipole.

I t I» I

50 100 150 200
Atomic Mass

FIG. 6. Widths of the double isovector giant-dipole state
as a function of A for both DCX modes. The solid lines in
(a) aud (b) are least-mean-square values. The widths were
obtained using NEwFIT and a Lorentzian line shape for the
resonances as illustra. ted in Figs. 1 and 2.

R(GDR ) = aDD(x, n.+) /aDD(x+, x ). The double-
dipole cross sections are taken from Table III.

R(GDR) = ooDa(vr, x ) / ooDa(x+, vr ). GDR peak cross
sections from single charge exchange (Ref. [15]). For Co aud

Nb we give the ratios measured for Ni and Zr, respec-
tively.
' Reference [17].

Theoretical value for Ni (Ref. [17]).' Theoretical value for Zr (Ref. [17]).
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citation from pion SCX data [15]. Since no data are
available for SCX on Co and Nb, we used in Table
IV data for the nearest nuclei ( oNi and 9oZr) for which

data are available. Also listed in the table are the theo-
retical predictions for the cross-section ratios for exciting
the GDR in (n', sc) and (s+, so) using transition den-

sities from Hartree-Fock —random-phase-approximation
calculations [17]. No theoretical work has been reported
for the Pauli-blocking effect in (m, x+) compared with
(n+, x ) transition strengths. However, the deduced
cross-section ratios for the double dipole in DCX from
the present study seem to be in good agreement with the
SCX data and the theoretical predictions. For example,
for nuclei with large neutron excess, one would expect
the blocking effect in DCX to be roughly the square of
the corresponding attenuation factor in SCX, i.e. ,

R(GDR ) = [R(GDR)],

since, in the simplest picture, pion DCX can be viewed as
two sequential SCX processes. This estimate seems to be
close to the measured cross-section ratio for the double
dipole on ssNb: R(GDR ) = 0.23 + 0.09 in the present
study. For lighter nuclei one would expect R(GDR ) to
be somewhere between R(GDR) and [R(GDR)]2 as ob-
served for ssCo. In the very light nuclei tsC and ~7AI

the measured cross-section ratio of (n, n+) to (x+, x )
is however unexpectedly small.

The nucleus 4oCa is an exceptional case in which the
double-dipole cross section in (n, n+) is larger than in

(x+, s ). This result might be due to the differences in
the spatial distributions of the protons and neutrons in
the self-conjugate 4oCa nucleus. It is well known that, be-
cause of the Coulomb interaction, the protons in 4oCa are
expelled relative to the neutrons. In an N = Z nucleus
such as ~oCa the Coulomb interaction causes a slight ex-
cess of the proton density at the surface of the nucleus.
Hartree-Fock calculations, for example, give a root-mean-

square radius for the proton distribution (r2)z~ larger by
about 1% than the rms radius of the neutron distribu-
tion [18]. This slight excess of protons at the surface of
4 Ca could cause the (7r, x+) cross sections to be larger
than the (s'+, s ) cross sections. A similar increase of
the GDR cross section was also observed in (x, n u) com-
pared with (n+, s'c) in SCX on 4oCa (Table IV); however,
in pion DCX the eff'ect seems to be more dramatic —as
discussed next in the background analysis.

Figure 8 combines all background spectra from the two
DCX modes. The background arises from DCX cross
section to the continuum of states encountered in the
nucleus at high excitation energies. Some remarkable
features are observable in these spectra. For a given
A the cross section to the continuum increases with q
value (most likely) due to the increase in the density
of states with increasing excitation energy in the final
nucleus. Furthermore, for a given Q value, the back-
ground level increases with A, because of the increase in
the number of neutrons and protons available for DCX
reactions. However, there is a clear irregularity in both
Figure 8(a) and Fig. 8(b). In the (n, x+) reaction [Fig.
8(a)] the oCa background cross section is the highest,
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FIG. 8. (a) Fitted background spectra for all targets stud-
ied in the (s, n+) reaction in the present work at 5' and
T = 295 MeV. The background has been generated using a
polynomial shape with use of NEwFIT as shown by the dashed
lines in Figs. 1 and 2. (b) Same as (a) but for the inverse
(s'+, s ) reaction studied earlier Ref. [2].

and has the largest overall DCX cross section of any nu-

cleus up to ssNb. On the other hand, in the (x+, x )
reaction [Fig. 8(b)] ~cCa is again out of order, but now

has the smallest background cross section. It seems very
likely that this remarkable irregularity arises from the
Coulomb polarization effects in the initial and final states
as mentioned earlier. Around the (3,3) resonance the pi-
ons probe mainly the surface of the nucleus, and there-
fore DCX is most sensitive to the nuclear tail, amplifying
the influence of the Coulomb effects which cause an ex-
cess of protons on the nuclear surface of 4oCa [18). This
will enhance the (x, x+) cross section and suppress the
(s+, x ) cross section on OCa as is indeed observed ex-

perimentally. This feature is shown more dramatically
in Fig. 9 where the background cross section is plotted
versus A for different 5-MeV energy bins. Figure 9(a)
presents the (n, s+) and Fig. 9(b) the (n+, s ) data.
The irregularity of the 4oCa case is now more obvious.
The cross sections for the diferent energy bins increase
with A except for a local maximum for oCa in (s, s'+)
for all energy bins, and a local minimum in the inverse
(s+, n ) reaction.

These features seem to be consistent with the available
inclusive DCX data on 4oCa and 'sO at 240 MeV [19,
20]. The inclusive spectra on Ca have a larger over-

all cross section than on 'sO in the (n, n.+) reaction,
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FIG. 9. Doubly differential cross sections of the back-
ground spectra from Fig. 8 plotted versus A for different 5-
MeV q-value bins. The data in (a) are from the present
study, while those in (b) are from Ref. [2]. The dashed lines
at some higher energy bins are extrapolations from the mea-
sured spectra.
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but have comparable cross sections in the (x+, 7r ) reac-
tion in the Q-value region covered by the present study.
These features demonstrate again the overall enhance-
ment of (n, ir+) over (x+, 7r ) cross sections on ~ Ca.
For 0 this effect is found to be much smaller, as would
be expected for a light nucleus.

In the above analysis we compared only spectra from
the same DCX mode. One can also try to compare spec-
tra from both (7r+, x ) and (ir, 7r+) reactions on the
same target nucleus. For example, Fig. 10 presents such
a comparison for the self-conjugate ~oCa nucleus. Figure
10(a) shows the data for (x+, z ) and (7r, x+) on "OCa

as a function of Q value. The (7r+, z ) cross sections
are substantially lower than the (z, 7r+) cross sections
for given Q values. To underst, and this phenomenon, we

should remember that the same Q value in the two re-
actions corresponds to very different excitation energies
in the final Ti and Ar nuclei, and thus to different
densities of states in these nuclei. (Note that the to-
tal Coulomb displacement energy in Ti- Ar is about
28 MeV. ) If we correct for this effect by aligning the
corresponding ground states (i.e. , plotting the cross sec-
tions as a function of excitation energy), the two spec-
tra come very close as expected from charge symmetry.
This is shown in Fig. 10(b). However, as can be seen
from Fig. 10(b), there are still small differences in the
two spectra, which should be expected because after all
the Coulomb interaction does break charge symmetry to
some degree. For example, in the Ca target nucleus, as
we already mentioned, the protons are slightly expelled
with respect to the neutrons. Furthermore, there are
kinematical charge symmetry breaking effects, such as

FIG. 10. (a) Comparison between the doubly differen-
tial cross-section spectra for the Ca(7r, 7r+) Ar and the

Ca(x+. n ) Ti reactions at T = 295 MeV and H~, q = 5'
plotted as a function of Q value. The short vertical thin and
thick lines represent the statistical uncertainty of the data, re-
spectively. (b) Same as (a) except for plotting the two spectra,
as a function of excitation energy in the final mirror nuclei.

the dependence of the t matrices on the effective energy
of the outgoing projectile, which will produce differences
in the two types of reactions. A detailed theoretical study
of this effect would be of considerable interest. We are
able to make t;his kind of straightforward comparison in
the case of 40Ca in which we are dealing with mirror final
nuclei, and there are no contributions from the symmetry
energy. Not so are the X—Z & 0 target nuclei, where the
final nuclei are not charge conjugates and the compari-
son is more complicated because of the isospin splitting
caused in the (z+, 7r ) reactions by the symmetry energy
and the differences in the available configuration space for
the two DCX modes.

F. Mass dependence of the double dipole

Figure 11 compares present and past data with the
results of simple sequential-model calculations using
the pion coupled-channel impulse-approximation (CCIA)
code NEwcHov [13].The cross sections, when divided by
(NZ), are seen to follow a power law in A, Ref. [2].

The calculations include the ground state (g.s.), the
giant-dipole resonance (GDR), and the double dipole
(GDR ). The calculations were normalized by extracting
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TABLE V. Details of the CCIA calculation normalized to
the energy weighted sum rule.

10

~ 10

R
10-a

CI

Cl
10

b

13C

Al
40C
56F
59C
93Nb

23.06
20.57
19.29
18.21
18.04
16.53

1.438
2.200
2.774
3.372
3.467
4.529

IV. SUMMARY

' This is the integral in Eq. (5).

0.3860
0.2310
0.1520
0.1330
0.1305
0.0935
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FIG. 11. Plots of the double-dipole cross sections at 5'
divided by (NZ) vs A for the two DCX modes. The x's
are theoretical calculations as described in the text, and the
filled circles are data (a) from the present study a,nd (b) from
Refs. [2] and [3]. Both (a) and (b) contain nearly superposed
pairs of data points for Fe and Co. The solid lines are
power-law fits to the data. C is a light nucleus where the
DD does not exhaust the energy weighted sum rule.

P from the energy weighted sum rule in the form [21,22,
14]

Details of the calculations are in Table V.
The data for (7r+, rr ) is from Ref. [2], except for the

recent 2 Al data point [3]. The nuclei i2C and zS are
deformed and do not follow the power-law fit represented
by the solid lines. The data for (rr, rr+) is from the
present work.

9 h NZ2
b, E Pr p'(r)r dr .= — e2.

0 4x 2M A

The values for LE were obtained from the following
parametrization[23]:

AE = 77.9A l [1 —exp( —A/238)]

+34.5A 'i' exp( —A/238).

The (rr, rr+) reactions were used to selectively pop-
ulate the double isovector giant-dipole resonance with a
LT = +2 nuclear probe. The energy of the double dipole
decreases with A in (rr, x+) whereas it appears at a
constant Q value in the inverse (rr+, z ) reaction. The
double-dipole resonances observed in the present study
are closely related via Coulomb energy and isospin sym-
metry to previous observations of the double dipole in the
(rr+, rr ) reactions on the same target nuclei. The cross
sections for the double GDR in (rr, rr+) are suppressed
by Pauli-blocking effects and are generally a factor of 2
to 4 weaker (in the region covered by this study) than
in (s+, rr ) on the same target nuclei —with the excep-
tion of the self-conjugate 4oCa nucleus. The width of
the doubly excited GDR in (rr+, rr ) is about 1.5 times
the width of the "single" dipole in (rr+, 7ro). In (rr, rr+),

21'D(x, z' ). A partial angular distribution was
measured for the double dipole on oCa and found to
have predominantly a quadrupole shape, similar to that
measured in 4oCa(x+, x )4oTi. The cross sections for the
double dipole observed in (x, rr+) have a simple mass
dependence but with a larger A-dependent attenuation
factor than that observed in (x+, rr ). Background anal-
ysis of the continuum DCX cross sections demonstrates
the high sensitivity of pion DCX reactions to Coulomb
polarization effects.
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