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Pion double charge exchange on tSe
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Pion-induced double charge exchange (rr+, rr ) on a target of " 'Se has been investigated at a
laboratory angle of 5' and incident kinetic energies of 132, 166, and 294 MeV. Cross sections (and
limits) have been extracted for the various ground-state transitions. The double isobaric analog
state and several other excited states are also observed.

PACS uumber(s): 25.80.Gn, 24.30.Cz, 27.50.+e

I. INTRODUCTION

The pion double charge exchange reaction (rr+, s' ) on
various nuclei has been studied over a large range of inci-
dent pion energies and has generated considerable inter-
est [1). This double charge exchange (DCX) reaction is
very useful in studying special nuclear states, such as the
double isobaric analog state and the analog of the isovec-
tor giant dipole resonance, which are difBcult to populate
via other probes. However, information is sparse con-
cerning pion DCX leading to the ground states and to
other nonanalog states of the residual nuclei in midmass
to heavy nuclei. In fact, the only nuclei with A & 58 for
which g.s. -+ g.s. DCX cross sections have been reported
are 2 Ni Sr, Zr, Sn (all with limited statis-
tics) [2—4], Nb [5], and 2 Te [6]. Recently, some
reports have appeared of the population of T& states be-
low the double isobaric analog state (DIAS) in several
nuclei, with the suggestion that such states may be quite
a general phenomenon [5—8].

We report here on a study of the pion DCX reaction
on a target of natural selenium. This experiment was
designed primarily to investigate the ground-state cross
section for oSe, which makes up 49.6'%%u&& of" Se [9]. How-
ever, the data also contain the DIAS, as well as several
additional excited states.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the Energetic Pion
Channel and Spectrometer (EPICS) of the Clinton P.
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Anderson Meson Physics Facility (LAMPF). Details of
EPICS for double charge exchange have been published

[10, ll] and will not be repeated here. The target con-
sisted of six cells of Se powder, in the configuration
displayed in Fig. 1(a). The cells were rectangular with
nickel walls. With the configuration shown, the end plugs
were either outside the beam area, or could be eliminated
during data analysis with horizontal and vertical target
cuts in software.

The natural selenium in two of the cells, labeled "in-
ner" in Fig. 1(a) and Table I, had an average areal den-
sity of 1.33 g/cm; the ones in the four outer cells were
signi6cantly thicker, with an average areal density of 2.13
g/cm . The nickel cell walls had an average areal den-
sity of 0.09 g/cm . The purity of the target powder was
about 99'Fo, and the relative abundances of various sele-

nium isotopes are listed in Table II.
An z-target (z is vertical at EPICS) histogram is dis-

played in Fig. 1(b). Cuts placed at dashed lines eas-
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FIG. 1. Con6guration of the natural selenium target cells
during the experiment is shown in (a). A histogram of
(rr, rr ) events vs their vertical positions on the target is
shown in (b).
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Type

TABLE I. Target information.

Area (cm ) Areal density (g/cm )

1.2

1.0

" 'Se (inner cell 1)" 'Se (inner cell 2)" 'Se (outer cell 1)" 'Se (outer cell 2)" 'Se (outer cell 3)" 'Se (outer cell 4)
CH2

38.0
38.0
38.4
38.4
38.4
38.4

229.6

1.32
1.34
2.24
2.13
2.07
2.08
0.07368

0.6

0.4

0.2

—8

outer

—2

(%)

0 2

ily allowed separation of data into inner and outer cells.
Elastic (x, m ) scattering was done on the selenium tar-
gets, in order to obtain a peak shape to use in the analy-
sis. Straggling and other contributions to the resolution
produced full widths at half maxima (FWHM) of 414
keV and 702 keV for inner and outer cells, respectively.
Absolute normalizations were obtained from ~-p scatter-
ing &om a CH2 target of areal density 73.68 mg/cm2
and comparing the yields with cross sections calculated
from x-nucleon phase shifts [12]. The acceptance of the
spectrometer was determined &om pion inelastic scatter-
ing on C at a given angle by varying the spectrometer
field to cover an outgoing pion momentum range of about
+10% of the central momentum of the spectrometer.

Because the momentum acceptance of EPICS is a func-
tion of position on the target, the acceptance for the two
different " Se targets was slightly difFerent, as displayed
in Fig. 2(a). Throughout the analysis, the inner and
outer data have been treated independently. The difFer-

ence in target thickness is sufBcient to produce a notice-
able difFerence in resolution, in addition to the different
normalizations and energy losses. Hence, even after cor-
recting the spectra for normalization and energy shift, it
was not possible to add the two sets of data together and
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FIG. 2. Relative spectrometer acceptance as a function of
"', where p is the outgoing pion momentum and p, is

pc
the central momentum of the spectrometer, is plotted in (a),
and " 'Se(7r, vr ) elastic peak shapes at 166 MeV are shown

in (b).

treat the sum as a single data set—the peak shapes were

just too different [see Fig. 2(b)].
Data were collected at a laboratory angle of 5' and

at three incident pion energies: 132, 166, and 294 MeV.
Additional shorter runs also exist for T„= 102 and 192
MeV, but they have not been analyzed in the present
work.

Individual histograms and their sums at the three en-

ergies are displayed in Fig. 3 (not normalized and before
acceptance corrections) and in Figs. 4 and 5 (normalized

TABLE II. Differential cross sections of Se(7r+, 7r )Kr(g. s.) at g~ b = 5'.

76

77

78

80

9.0%

7.6%

23.5%

49.6%

9.4%

5.27

3.34

1.86

-1.15

-4.02

132
166
294
132
166
294
132
166
294
132
166
294
132
166
294

At, ,s, t Relative abundance —Qs., (MeV) T (MeV) —Qs, , (MeV)' os., (nb/sr)

& 207
& 195

153
3.27 + 0.36 190 6 160
3.43 + 0.30 230 6 150

( 194
1.90 2 0.27 220 + 120
1.82 + 0.22 160 + 79

w 74
-1.06 + 0.22 161 + 54
-1.11 m 0.09 ?0 + 23

& 46
73

-4.40 + 0.50 79 + 57
& 384

From Ref. [9].
Deduced from the values of mass excesses in the literature [24].

'Measured in this work.
Assumes that there is no misidentification of an excited state of a heavier isotope. See text for

dzscuss1on.



49 PION DOUBLE CHARGE EXCHANGE ON "'Se

Inner Target

30—

20 — 132 MeV

10—

Outer Target

60—

40 — 132 MeV

20—

I
' ' ' '

I

0.15 —
Bog

0.10 — Kr g.s. T T 2
&1

0.05

0.00
10

DIAS .
0.6

20

h~
o.4—

""Se(n',7r )Kr

OUTER TARGET

(c)
GR1 GR2

0
30—S
20—

C&
10—

rLIl JL - nn~ Jlm n'I' ''I''''I '''I''''I

166 MeV

0
60—

40 — 166 MeV
O. 10

0.05

0.15 —Kr g.s.
Kr g.s.

Kr g
Kr

:v

DIAS
0.2

N
20—

10—

0
30—

294 MeV

132,16

n flnil~M
' ' ' '

I
' ' ' '

I
' ' ' '

I
' '

30— 60—

40 — 294 MeV

20—

60—
132,166,294 MeV

o.oo -~~—'"
0

0.5

0.4 — Kr g.s.b
0.3 — Kr g.s.

10

0.2 — Kr g.s.

0.1 Kr g.s.

0.0
0 10

20
0.0

20 30 40

20 30 40

GR I GR2

10—

-5 0 5

20—

0 I . .

10 15 20 -5 0 5 10 15 20

-q (Mev)

FIG. 3. Spectra of" 'Se(m+, 7r )Kr at 5' and at three in-

cident pion energies for low Q values, and the sum of these
spectra. The histograms are not normalized and not accep-
tance corrected.
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FIG. 5. Outer target spectra of" 'Se(7r+, n )Kr at 5' and
at the incident pion energy of (a) 132 MeV, (b) 166 MeV,
and (c) 294 MeV, and (d) the sum of these spectra. The his-

tograms are absolutely normalized and acceptance corrected.
The error bars are statistical only. Note that the T&3 peak is
unresolved from the DIAS at 132 MeV.

and acceptance corrected). Several peaks are apparent,
and we now turn to their analysis.

III. ANALY'SIS AND RESULTS

Acceptance-corrected histograms were generated and
analyzed with the code NEwFIT [13]. For states with
no apparent natural width, peak shapes were taken from
elastic scattering. For states in the continuum with obvi-
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FIG. 4. Inner target spectra of " 'Se(n+, m )Kr at 5' and
at the incident pion energy of (a) 132 MeV, (b) 166 MeV,
and (c) 294 MeV, and (d) the sum of these spectra. The his-
tograms are absolutely normalized and acceptance corrected.
The error bars are statistical only.

ous width, this shape was convoluted with a Lorentzian.
Following standard practice in analyzing pion DCX data,
the background was assumed to be described by a third-
order polynomial in Q [14, 15]. Peaks at low excitation
were analyzed as described above, and also by putting
area gates on the peaks of interest and simply summing
the counts. Background at these low excitations is quite
low, but it has been subtracted.

At 132 and 166 MeV, the peak corresponding to
soKr (g.s.) is obvious, and those results have already
been included in a global survey [4]. Excess counts exist
at locations corresponding to some of the other Kr (g.s.),
and they have been analyzed accordingly. Of course, as

Q values increase with A, it is always possible that an ex-
cited state &om one Se isotope could masquerade as the
g.s. from a lighter one. If these are the ground states we

are seeing, their cross sections are given in Table II. At
294 MeV, the g.s. results are only upper limits (mostly
too large to be informative). Our results from the two
different sections of the target are consistent, in both Q
value and cross section. Certainly for Se, and indeed for
the average of the other ground states (or excited states,
if that is what they are), the cross sections are larger at
132 MeV than at 166 MeV. In other nonanalog g.s.
g.s. transitions, the cross sections tend to peak near 164
MeV. However, we do note a trend: In reactions with
less negative Q values, the peak is at a lower energy—
perhaps suggesting that the peak corresponds roughly to
the same x energy [4, 16].

At higher excitation, the DIAS peak is apparent at all
three energies, but at 132 MeV it is just at the edge of
the acceptance. Of course, the DIAS peak contains con-
tributions &om several Se isotopes; but the various DIAS
Q values are much closer together than our resolution—
hence they all appear as a single peak. The DIAS cross
sections are listed in Table III and plotted vs T in Fig.
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TABLE III. Differential cross sections of " 'Se(7r+, s ) to
the excited states of krypton at 8& b ——5'.

States

T(3

DIAS

T) I

T)2

GR1
GR2

T
(MeV)

132
166
294
132
166
294
132
166
294
132
166
294
294
294
294
294

—Q (MeV) so (nb/sr )

76 + 54
85 + 24( 84

+ 0 74 72 + 65
6 0.17 122 6 32
6 0.32 148 + 56

unresolved from DIAS
+040 73+46
+ 0.1? 196 + 69
6 0.24 440 + 170
6 0.08 333 + 60
6 0.07 1030 6 110
1 0.18 430 6 120

0.08 660 6 140
k 0.28 2?70 + 290
+ 0.42 810 + 220

12.61 + 0.54
1243 + 017

14.76
14.94
14.84

17.48
17.07
18.86
18.72
18.92
24.43
27.27
33.17
37.60

FWHM
(MeV)

0.5
0.5

2.1 + 1.5
0.5

10 0

5.0

"' Se(rr+, rr )Kr(DIAS) at 5'

1.0

0.5

6. The curve in Fig. 6 results from a sequential calcula-
tion using the code sHIN [17—20] and normalized to the
data. If the Se DIAS cross sections obey the systematic
trend of Ref. [4], viz. , 0 rx (K —Z)(N —Z —I)/A ', and
taking into account the isotopic abundance of Se, then
the Se DIAS cross sections deduced from natural sele-
nium data at 166 and 294 MeV are 376 6 68 nb/sr and
1160 + 130 nb/sr respectively. At 294 MeV, the DIAS
cross section for Se is consistent with the systematics
within the present uncertainty.

Perhaps the most interesting feature of the current
data is the presence of several additional peaks in the
continuum. The largest of these has turned out to be
the analog of the isovector giant dipole resonance, about
which much has been written [14, 15].

At 294 MeV, four peaks above the DIAS are present
in both the inner and outer data. They are labeled T&z,

T&z, GR1, and GR2 in Table III. The GRl peak (which
is the GDR IAS) has been fitted with a Lorentzian
of 2.1 MeV width folded with the elastic line shape; the
other three with I' = 0.5 MeV. The identity of these other
three peaks is not known. However, a smaller, narrower
peak just above the GDR IAS appears to be a general
feature in data from other targets [15, 21—23]. In these
midmass nuclei, the isospin Clebsch-Gordan coeKcients
significantly favor the T—1 member of the isospin triplet.
It is therefore unlikely that the upper peak is another
isospin component of the GDR (3 IAS. It could perhaps
result &om deformation splitting of the underlying dipole
resonance. However, because this T —1 giant dipole is
totally absent in photonuclear work, where Tz restricts
the GDR to T and T + 1 members, no information is
available concerning its deformation splitting.

Of course, in the present case, this upper peak might
be the GDR IAS from another Se isotope. That pos-
sibility is not very likely for at least three reasons: (1)
a width of 0.5 MeV, compared with 2.1 MeV for the
lower peak, (2) the strength of 29% relative to GR1 is
a bit large, and (3) the energy difference of 4.43 MeV is
quite large for an isotopic shift. The biggest argument
against this interpretation might be its apparent presence
in DCX on monoisotopic targets [15,21—23]. Clearly, this
peak deserves further study.

The two peaks between the DIAS and GR1 have some-
what different strength ratios for the inner and outer
parts of the target, but the strengths are consistent
within the uncertainties. We have no explanation for
these two peaks. We tried (in vain) to assign them to a
target impurity. We concluded that they probably arise
from DCX on Se. (They might be even more interest-
ing if they did come from a trace impurity in the target,
because then their cross sections would be enormous. )
We have no way of knowing their isospin —the designa-
tion T& is meant to differentiate them from the T& peaks
below the DIAS.

Below the DIAS, the analysis procedure established the
existence of a peak if it was present in the inner or outer
data at at least two of the three bombarding energies.
Three peaks survived this test: They are labeled T(z,
T&2, and T(3 in Table III. The uncertainties on the cross
sections are large, but it does appear that T(2 and T(.3
have different dependence on incident energy. At 166
MeU their ratio is 0.60 + 0.41, while at 294 MeV it is
1.32 + 0.68, where the error bars have been added in
quadrature. Similar T& states have now been observed
in several nuclei, &om Fe to Ba, with cross sections
of 5 —20 % of rrDIAs, and separated from the DIAS by only
a few MeV [5—8]. At 294 MeV, the current combined T&
cross section is about 42% of the DIAS value. The two
T& states combined have about the same strength as the
DIAS.

0. 1 fi i i i I

100 150 200 250

T (Mevl
300

IV. SUMMARY

FIG. 6. Forward-angle excitation function of" 'Se(vr+, 7r )Kr(DIAS). Solid curve results from simple the-
oretical calculations (see text for explanation).

Double charge exchange on a target of" Se at three
pion energies has provided cross sections (or limits) for
the various ground states, and has populated at least
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three states below the DIAS and four above it (one of
which is the GDR IAS). Further study is necessary
before the identity of the T( states and other states above
the DIAS can be established.
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