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Total cross sections for the A.(7r+, m+vr ) reaction at T + =280 Mev
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The (m+, n+n ) reaction on H, He, 0, and Pb has been measured in the reaction plane at
T + ——280 MeV and the cross sections determined. The out of plane behavior of the reaction has been
accounted for by phase space and, by integration over it, total cross sections have been deduced.
Data are compared with the results of model calculations that, based on di6'erent approaches and
approximations, predict total cross sections 1argely discordant. Finally, the analogy between the
processes of pion production and double charge exchange is discussed in terms of total cross sections.

PACS number(s): 25.80.Hp

When a nucleus is probed with pions of energy above
the pion production threshold, the detection of two pions
in coincidence identifies the occurrence of a pion produc-
tion reaction or (vr, 27r). For some of the charged channels
this is defined by the sr+ —+ 7r+~+ reaction. Detecting
only the opposite charged pion, the sr+ in the above re-
action, customarily identifies a double charge exchange
(DCX) transition, sr+ —+ sr+. Detecting only a single
pion usually does not unambiguously establish the na-
ture of the process, whether (n, 27r) or just DCX, unless
the measurement regards exclusive DCX transitions [like
double isobaric analog transition or A(7r+, 7r+)As, , or
the scattered pion energy is above the end point of the
(m, 2m) reaction or the cross section of the A(n, 2+)A' re-
action is suppressed (for instance, when the pion produc-
tion process is examined at energies close to threshold).
In the case of deuterium, however, the identification of a
(m, 2m) event may simply involve the detection of a single
pion of opposite charge because the competing reaction
of DCX cannot take place.

The (vr, 2vr) yield in complex nuclei has been believed to
be suppressed at energies of the 6 resonance, hence ne-
glected when inclusive A(sr+, sr+)X measurements have
been presented (references are quoted below when ex-
plicitly discussing He, 0, and Pb). However, the
diagrams underlying the (sr+, m+m+) process in nuclei
may contribute to an appreciable fraction of the DCX
strength through meson exchange currents (MEC) [1—5].
According to the MEC mechanism one of the Gnal pions,
sr+, may be absorbed by a nucleon so that the original
(7r, 2vr) process appears as a DCX process, Figs. 1(a) and
1(b). However, there is a mechanism contributing to the
DCX dynamics that is not shared with the pion pro-
duction process, the double sequential (DS) mechanism
where the incident pion 'scatters with a pair of nucleons

exchanging a unit of charge with each nucleon. Fig. 1(c).
The MEC and DS mechanisms have been found to com-
pete in DCX above the 4 region [1—4], hence suggesting
that the cross section for the (m, 2m) and DCX reactions
may have comparable values.

Total cross sections for the (sr+, x+vr ) reaction on 4He
and isO were determined by the methods described in
6—8]. The methods used for the previously unpublished

Pb data were identical. The cross section values are
listed in Table I under the label P. Total cross sections
for the inclusive A(or+, vr )X reaction are tabulated in
the column labeled I, namely, cross sections determined
by detecting solely the opposite charged pion, the 7r

in the (sr+, vr ) and (vr+, vr+vr ) channels. Finally, to-
tal cross sections for the genuine A(x+, vr )A' reaction
appear under the label X. The latter is evaluated by
subtracting the second from the first cross section. Total
cross sections for the inclusive DCX reaction are avail-
able in the literature at energies in the region of the 6
resonance although not at 280 MeV. For the sake of com-
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FIG. 1. Diagrammatic representation of the mechanisms
contributing to DCX; pions, nucleons, and deltas are drawn
with dashed, thin, and thick lines, respectively. (a) and (b)
Meson exchange currents (MEC); the filled box in (b) repre-
sents the transitions contributing to the AN —+ vrmN reaction.
(c) Double sequential (DS) mechanism.
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TABLE I. Total cross sections for the inclusive double charge exchange reaction, I: [(sr+, vr+7r )
+ (7r+, vr )], for the pion production reaction, P: (7r+,7r+vr ), and for the genuine double charge
exchange reaction, 2C: (sr+, m ). Their values, either measured or scaled, are at T +=280 MeV.

Nucleus

He
16O

208Pb

o (mb)
P: (m.+, rr+vr )
0.433+0.091 [6]
2.25+0.35 [8]

8.7+2.2b

X: (sr+, rr )
0.73
3.88
83.3

See text for the method used to obtain these values.
Present work. The experimental equipment and the data analysis have been described in [6—8].

parison, the o.l have been scaled to 280 MeV. The scaling
method employed is described below as well as the o~
scaling to lower energies.

4He: In order to obtain the cross section value for the
inclusive DCX reaction at 280 MeV a polynomial expan-
sion has been fitted to the available data above the (7r, 27r)
energy threshold (T~tz~) [2, 9, 10]. With this procedure,
err = 1.17+0.07 mb at T~+ = 280 MeV. The uncertainty
quoted reflects the range of values of o.q obtained when
difFerent forms of polynomial expansions are used to fit
the data above Tt2' 159 MeV. The relative yield of
the (sr+, 7r+vr ) reaction channel, Yj, accounts for 37%
of the inclusive DCX yield.

sO: The same procedure as for the helium case has
been employed for energies above Tthz' 154 MeV with
data from [10—13], resulting in err=6. 13+0.07 mb and
Y~=37%%u&j. Furthermore, to assess o'~ at T + =270, 240,
and 210 MeV, and ultimately Yz, the measured datum
at T + =280 MeV has been scaled with the ratio of the
total cross sections predicted by the model calculations
of [14] for the isO(sr+, m+vr ) reaction. With this ap-
proach Y =28, 8, and 1% for T + =270, 240, and 210
MeV, respectively.

zosPb: By applying the same method as for helium
for energies above Tt2' 146 MeV with data from [10],
err=92+1 mb and Y =9.5'%.

Purthermore, a correct interpretation of the differential
cross sections of inclusive DCX data crucially depends on
the contribution of the (7r,2vr) reaction, which has been
accounted for by relying on phase space behavior [ll, 13]
or on a microscopical model prediction [15]. In fact, dif-
ferential cross sections of the A(sr+, sr+sr ) reaction have
been observed to concentrate most of their strength at
low pion energies (T (70 MeV) [6—8, 16].

The pion induced pion production reaction in nuclei,
A(sr+, sr+sr ), has been investigated with various models
[14, 17—21] that commonly use the one-body rrN ~ 7rvrN
reaction for pion production. The diagrams underlying
the 7t.N —+ vr7t. N reaction are customarily derived from
the Weinberg Lagrangians. However, the approxima-
tions used to calculate the elementary amplitude [22),
and difFerent approaches about the effects of the nuclear
rnatter, have led to discordant theoretical results. The
experimental total cross sections, o' ~ listed in Table II,
although bearing uncertainties as large as 25%%u&&, are suffi-
ciently accurate to set a scale of validity among the avail-

TABLE II. Comparison of experimental and theoretical
total cross sections. The meanings of Modl and Mod2 are
explained in the text.

Nucleus a'"~ (mb)
Modl'

rr'" (mb)
Mod2

12C
16O

208Pb

0.7+0.1
2.25+0.35 [8]

8.7+2.2b

2.4
2.7
11.9

3.8, 4.5, 6.0
7 5' 20, 43, 179

cr'" has been determined at T + =292 MeV [24] and scaled
at T + =280 MeV for comparison.

Present work.
'In Modl the precritical behavior enhances cr by about 20%.
The Migdal parameter, g', is 0.6.

Model predictions are from [18]; the three values are calcu-
lated for g'=0. 7, 0.55, and 0.40, respectively.
'Model prediction is from [17] with no precursor enhance-
ment.
Model predictions are from [17] for g'=0.6, 0.5, and 0.42,

respectively.

able model calculations. The predictions of A(or+, sr+sr )
models and their comparison with experimental results
are summarized in the following.

Mod1. The model developed by Oset and Vicente-
Vacas offers the option either to use a set of parametrized
amplitudes for the 7rN —+ vrvrN reaction [14], or calcu-
lated amplitudes [23]. In the latter case, the amplitudes
depend on four phenomenological parameters: the chi-
ral symmetry breaking parameter ( arising from the 8
Weinberg Lagrangian, the AAvr coupling constant, f~,
the parameter arising from the Lagrangian describing the
N*N(xm), ~, vertex, C, and g~.~, the N*An cou-
pling constant. The model accounts for the distortions
of initial and final pions, and evaluates both diKeren-
tial and total cross sections for a Fermi sea of nucleons
then reducing the results to finite nuclei. Furthermore,
cross sections are calculated with a Monte Carlo method
that widely frees them from computation approxima-
tions. Oset and Vicente-Vacas have found that a valuable
contribution (a factor of 2.5 to 3) to the cross sections de-
rives from the renormalization of the anal pions, namely,
from the modification of the dispersion relation of pions
propagating inside the nuclear medium, while the renor-
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malization of the virtual pion in the pion pole diagram
[pictorially represented by the pion line attached to the
nucleon line in Fig. 1(a)] leads to an increase of the cross
sections of only 20%.

In the case of 0 and osPb the model predictions
reproduce the overall strength of the data when us-
ing parametrized amplitudes, as shown in Table II. The
model, however, does not embody the effects of Coulomb
interaction of the initial pion edith the nucleus. For
lead, the Coulomb energy may exceed 10 MeV, and for
T +=280 MeV an energy drop of 10 MeV results in
a decrease of the calculated cross section by 30%%uo.

Hence, by accounting for Coulomb corrections, the model
is able to closely reproduce the measured (m+p+vr )
yields. The parametrized model overestimates the izC
total cross section [24]. Finally, the option that calcu-

he elementar~ a
for ( = 0.2, f—~=0.5(s fNpg~), C = —2.24m i, and
g~*~~ = 1.0m —1

Mode. Eisenberg and Cohen have suggested study-
ing the (m, 2z') reaction near threshold to probe spin-
isospin strength distributions in nuclei, or pion conden-
sation precursor phenomena. In accordance with their
approach, the precursor features may become evident in
an enhancement of the reaction cross section at a momen-
tum transfer to the nucleus of 2—3m; the experiments
in this Brief Report have been designed to respond to
the above requirements. The model calculation [18, 19]
overestimates the cross section of the sO(m+, 7r+x ) re-
action (Table II) with the Migdal parameter, g', rang-
ing from 0.7 to 0.4. This occurs even though the ampli-
tude used to evaluate the cross section for the elementary
vr p -+ sr+sr n reaction underestimates the experimen-
tal 7r p —+ sr+a n cross section by an order of mag-
nitude at T +=280 MeV [22]. For lead [17], the only
theoretical result consistent with the experimental cross
sections is obtained when the precursor features are omit-
ted. When included, the predicted cross sections largely
overestimate the experimental one for g' ranging in the
interval 0.6—0.42.

Mode. The model of Rockmore [20, 21] calculates o vs
T~ for a variety of light nuclei for both the (sr+, m+vr+)
and (m+, 7r+vr+) channels. The mN ~ mvrN amplitude
is calculated in the neighborhood of the (x,2x) threshold
(T & 250 MeV): for the (sr+, 7r+vr+) channel, calcula-
tions closely reproduce the experimental data, while the
approach used to calculate the (sr+, m+vr+) amplitudes
underestimates the experimental results, as discussed in
[22]. However, the method developed to calculate to-

tal cross sections in nuclei appears inadequate since the
model Predicts values for ot" & iso'"P, hence rendering
ineffectual any conclusion arising from the comparison
between predicted and measured total cross sections.

In conclusion, the signi6cance of our experimental re-
sults are summarized in the following.

(1) In inclusive DCX measurements, namely, when the
measurement involves solely the detection of the opposite
charge pion, a sizable fraction of the reaction cross section
is due to the (m, 2vr) channel, even at energies below 280
MeV. The (vr, 27r) channel especially influences the spec-
tral shape of the differential energy cross sections since
(vr, 2vr) events are mostly confined at low energies, a fea-
ture also supported by the calculations of [15]. For 2os Pb,
the ratio of (vr, 2+) to DCX is ~ io at T~+ = 280 MeV.
Such a low contribution is understandable by realizing
that lead is a neutron rich nucleus and its larger neutron
radius with respect to the proton radius may favor the
vr+nn —+ m pp reaction channel over the m. +n —+ sr+sr p
channel [25].

(2) The A(z'+, vr+vr ) model of Oset and Vicente-Vacas
predicts the correct strength for the pion production pro-
cess on both complex nuclei and deuterium [7]. A con-
spicuous contribution to the (vr, 2vr) process derives from
the renormalization of the real pions. The renormaliza-
tion of the virtual pion lines does not appreciably con-
tribute to the (7r,27r) strength. The A(m+, m+vr ) reaction
has been suggested to probe the existence of pion con-
densation precursor phenomena; however, models based
on this hypothesis consistently overestimate the exper-
imental total cross sections. In addition, the model of
Eisenberg [17] predicts for lead the correct cross section
in absence of precursor effects, namely, with a conven-
tional distorted wave impulse approximation calculation.
The above features contradict the existence of such pre-
cursor phenomena, at least for the A(sr+, or+sr ) reaction.

(3) The data presented in this Brief Report constitute
the bulk of the A(7r+, sr+a ) data [26]. Clearly, to un-
derstand the role played by the nuclear matter on the
dynamics of both pion production and propagation, a
wider A(sr+, 7r+x ) database is needed. In this regard,
the (~+, 7r+m+) and (or+, vr+m+) reactions will be stud-
ied at TRIUMF for a variety of nuclei and in the energy
range 220—350 MeV vrith the large acceptance spectrom-
eter CHAOS, which is presently being built at TRIUMF
[27].

The authors vrould like to express their gratitude to
the TRIUMF laboratory for the hospitality received.

[1] J.F. Germond and C. Wilkin, Lett. Nuovo Cimento 13,
605 (1975).

[2] A. Stetz, L.W. Swenson, J. Davis, J. Kallne, R.C. Mine-
hart, R.R. Whitney, V. Perez-Mendez, A. Sagle, J. Car-
roll, J.B. McClelland, and J. Faucett, Phys. Rev. Lett.
47, 782 (1981).

[3] E. Oset, D. Strottman, M.J. Vicente-Vacas, and Ma Wei-
Hsing, Nucl. Phys. A408, 461 (1983).

[4] E. Oset et aL, in Proceedings on LAMPF Workshop
on Pion Double Charge Exchange, Report LA-10550-C,

1985 (unpublished), p. 132.
[5] M.B. Johnson, E. Oset, H. Sarafian, E.R. Siciliano, and

M. Vicente-Vacas, Phys. Rev. C 44, 2480 (1991).
[6] D. Vetterli, R.R. Johnson, O. Meirav, M.E. Sevior, V.

Sossi, P. Weber, P. Camerini, N. Grion, R. Rui, F.M. Ro-
zon, P. Amaudruz, D. Ottewell, G. Sheffer, G.R. Smith,
N.R. Stevenson, and M.J. Vicente-Vacas, Nucl. Phys.
A548, 562 (1992).

[7] R. Rui, P. Camerini, N. Grion, R.R. Johnson, M. Pavan,
F.M. Rozon, V. Sossi, D. Ottewell, G. Sheffer, G. Smith,



866 BRIEF REPORTS 47

[8]

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

N.R. Stevenson, and M.J. Vicente-Vacas, Nucl. Phys.
A517, 455 (1990).
N. Grion, R. Rui, F.M. Rozon, T. Anderl, J. Ernst, D.R.
Gill, M. Hanna, J.J. Kraushaar, R.R. Johnson, R. Ol-
szewsky, M.E. Sevior, G. ShefFer, G.R. Smith, R.P. Trelle,
and Z. Wu, Phys. Rev. Lett. 59, 1080 (1987); N. Grion,
R. Rui, F.M. Rozon, M. Hanna, R.R. Johnson, J. McAl-
ister, R. Olszewsky, C. Pointing, M.E. Sevior, V. Sossi,
D.R. Gill, G. Sheffer, M.J. Vicente-Vacas, and E. Oset,
Nucl. Phys. A492, 509 (1989).
N. Carayannopoulos, J. Head, N. Kwak, J. Manweiler,
and R. Stump, Phys. Rev. Lett. 20, 1215 (1968).
P.A.M. Gram, S.A. Wood, E.R. Kinney, S. H@ibraten, P.
Mansky, J.L. Matthews, T. Soos, G.A. Rebka, Jr. , and
D.A. Roberts, Phys. Rev. Lett. 62, 1837 (1989); P.A.M.
Gram, in Pion-Nucleus Physics: Future directions and
neur facilities at LAMPF, Proceedings of the Los Alamos
Conference on Pion-Nucleus Physics, edited by R. J. Pe-
terson and D. D. Strottman, AIP Conf. Proc. No. 163
(AIP, New York, 1988), p. 79.
R.E. Mischke, A. Blomberg, P.A.M. Gram, J. Jansen,
J. Zichy, J. Bolger, E. Boschitz, C.H.Q. Ingram, and G.
Probstle, Phys. Rev. Lett. 44, 1197 (1980).
S.A. Wood, J.L. Matthews, G.A. Rebka, Jr. , P.A.M.
Gram, H.J. Ziock, and D.A. Clark, Phys. Rev. Lett. 54,
635 (1985).
J.L. Matthews et al. , in [4], p. 275.
E. Oset and M. Vicente-Vacas, Nucl. Phys. A454, 637
(1986). The A(sr+, 7r+n ) model has been improved to
calculate total cross sections for N P Z nuclei and many-
fold differential cross sections (M. Vicente-Vacas, private
communication, 1990).
M. Vicente-Vacas, E. Oset, L.L. Salcedo, and C. Garcia-
Recio, Phys. Rev. C 39, 209 (1989).
P. Camerini, N. Grion, R. Rui, and D. Vetterli, Nucl.

[17]
[18]

[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

Phys. A (in press).
J.M. Eisenberg, Phys. Lett. 93B, 12 (1980).
J. Cohen and J.M. Eisenberg, Nucl. Phys. A395, 389
(1983).
J.Cohen, J. Phys. G 9, 621 (1983).
R. Rockmore, Phys. Rev. C ll, 1953 (1975).
R. Rockmore, Phys. Rev. C 27, 2150 (1983).
R.S. Bhalerao and L.C. Liu, Phys. Rev. C 30, 224 (1984);
the experimental x p ~ sr+a n data are therein quoted.
E. Oset and M. Vicente-Vacas, Nucl. Phys. A446,
584 (1985). The model, originally developed for
the elementary vr p —+ x ~+n reaction, has been
adapted to deuterium to account for the Fermi mo-
tion of the interacting nucleon (M. Vicente-Vacas
and P. Camerini, private communication); V. Sossi,
TRIUMF Report TRI-PP-91-47, 1991.
A. Rahav, J. Alster, D. Ashery, J. Lichtenstadt, I. Navon,
E. Piasetzky, P. Amaudruz, M. Botje, W. Burger, C.H. Q.
Ingram, R.A. Schumacher, U. Sennhauser, and S.A.
Wood, Phys. Rev. Lett. 66, 1279 (1991).
M. Vicente-Vacas and E. Oset, in Proceedings of the Sec-
ond IAMPF International Workshop on Pion Nucleus
Double Charge Exchange, 1989, edited by W.R. Gibbs
and M.J. Leitch (World Scientific, Singapore, 1990), p.
120.
There are some old data from emulsion measurements;
however, they bear large uncertainties, and as an exam-
ple it is quoted: Yu.A. Batusov, S.A. Bunyatov, N. Dalk-
hazhav, G. Ionice, E. Losneanu, V. Mihul, V.M. Sidorov,
D. Tuvdendorzh, and V.A. Yarba, Yad. Fiz. 9, 378 (1969)
[Sov. J. Nucl. Phys. 9, 221 (1969)].
N. Grion et al, "Measur, ements of the (n+n ) invariant
mass in nuclei. A tool for determining the mass distribu-
tions of the 0. meson, " TRIUMF Research Proposal 653,
1991 (unpublished) .


