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Activation cross sections have been measured for the reactions 'Mg(n +,m +N)"Na and
'"Au(m+, m+N)" Au between 100 and 300 MeV. The cross section ratios R = o.(7r+)/o. (7r ) and
R„=- 0(n. )/o. (m+) are smaller than the corresponding free-particle ratios in all cases. Comparisons with the
predictions of intranuclear cascade calculations and the nucleon charge-exchange model indicate that the
former gives good agreement for a heavy nucleus but not for light nuclei, while the inverse is true for the
latter model.

NUCLEAR REACTIONS 5Mg(7i. ~, n~N) Na, Au(m, n. N) ~ Au, E =1PP-3PP
MeV; measured cr (activation). Compared with intranuclear cascade calculation,

nucleon charge-exchange model.

L rmRODUCTrON

There has been considerable interest in the
(m, nN} reactions in the (3, 3) resonance region be-
cause they provide a unique probe of the nuclear
surface and insight into the pion-nucleon interac-
tion in the nuclear environment. In particular,
deviations fromthe expectations of the impulse
approximation have been observed in the cross
section ratio

&„=a(~,n n)/[o(m', v'n)+g(w', v'p)].

Both activation' 4 and prompt y-ray measure-
ments' 'give a ratio which is considerably reduced
from the free-particle ratio (R„=3) for all targets
studied. In the reaction for which the most data
are available, '' "C(w', nn)"C, a value of R„=1.55
was found at an incident pion energy of 180 MeV.
Furthermore, the shapes of the excitation func-
tions for the m+- and m -induced reactions were
quite different, so that R„varied from 0.5 at 50
MeV to 1.7 at 300 MeV. Similar results were ob-
tained' for the analogous reactions with targets of
' N, "0, and "F, with R„=1.68 for all targets nea.r
T, =180 MeV.

The activation measurements sum over all par-
ticle-stable states of the final nucleus, while the
prompt y-ray measurements detect transitions
from individual levels. In the case of even-even
nuclei, most particle-stable levels are expected
to decay by cascades leading eventually to the first-
excited state, so that the yield of y rays from that
state is a good measure of the total yield. This is
not true in general for odd-A and odd-odd nu-
clides, where much of the total yield may not pass

through a single strong transition.
Prompt y-ray measurements of R„ for pion ener-

gies near 180 MeV have been made for targets of
7&i 6,8 & C, Ni and 60Ni 9 with results i„ the
range R„=1.9-2.0. The corresponding ratio for
single proton removal, R~, has been measured for
only one target, 'Be, ' with the result of R~ = 0.85
~ 0.10 a,t 180 MeV. In addition, prompt y-ray mea-
surements at 70 MeV have been made on a number
of targets, ' "at which energy the ratios are all
less than unity.

The deviations of these ratios from the impulse
approximation prediction have aroused much theo-
retical interest. "" The most successful approach
has been the nucleon charge-exchange model of
Sternheim and Silbar. " In this model the final-
state charge-exchange interactions of the outgoing
nucleon are taken into account, using a semiclas-
sical transport model. It was shown that this can
enhance the cross section for neutron emission in
a m' interaction and deplete that for a m interac-
tion, thus lowering the value of R„. Using this mod-
el good agreement with the activation measure-
ments2 4 on light nuclei was obtained, and also
the energy shift of the resonance peak in the "C
reaction was accounted for. The theory could also
account for the observed ""Ni nucleon removal
ratios. "

A modification of this model, "in which the nu-
cleon charge-exchange process was assumed to
proceed predominantly through the isobaric analog
state, was later described in detail, and was
shown" to result in reasonable charge-exchange
probabilities when applied to the experimental.
data ' for 'Li. However, doubts have been cast
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on the assumption of analog-state dominance by an
experiment" in which R„was measured for the
"C-"C reaction separately for transitions to the
4.44-MeV T = 0 state and the 15.11-MeV T = 1
state. Since analog charge exchange is forbidden
for the former state and allowed for the latter, one
would expect the value of R„ to be close to the free
pion-nucleon ratio for the T = 0 state, and be low-
ered in the typical way for the T=1 state. Instead,
very similar ratios were found for both reactions, '
namely R „(T= 0) = 1.7 + 0.2 and R „(T= 1) = 2.0+ 0.2
at 180 MeV.

The interactions of pions with nuclei have also
been modeled by means of intranuclear cascade
(INC) calculations. "" In these models the pion-
nucleus interaction is described by sequential two-
body scatterings of pions and nucleons inside the
nucleus. Free-particle cross sections are used
to describe these scatterings, and the nuclear den-
sity distribution is approximated by a number of
concentric shells of different density. Several
comparisons of the results of these calculations
with experimental values of R„and R~ have been
made, "and poor agreement was found.

The previous activation measurements' ~ have
all measured neutron removal from light targets.
It is desirable to extend these measurements to
heavier targets and to proton removal reactions.
In this work we report cross section measurements
for proton removal from "Mg to form ' Na and
neutrpn rempval frpm Au tp form Au, for g+

and m mesons in the energy range 100-300 MeV.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiments were performed using the beams
of the P' channel of the Clinton P. Anderson Meson
Physics Facility (LAMPF). The "Mg targets were
2x 2 cm metallic foils, of thickness 24 mg/cm',
with isotopic composition 91.5% 2'Mg, 8.2% 24Mg,

and 0.2% "Mg. In calculating the '~Na production
cross section we assumed that "Na was formed
only from the "Mg present. The production of
"Na from the "Mg in the target is expected to be

small (approximately 1 mb), in analogy with other
(m', m') elastic charge-exchange cross sections. "
The '"Au targets were 4&&4 cm metallic foils,
with thickness varying from 48 to 190 mg/cm'.
No effect of target thickness on cross section was
observed.

Beam intensities through the targets varied from
-10'/s (100 Me V w ) to -2 x 10'/s (300 Me V m'), and

were determined by foil activation, using the "Al
-"Na reaction. '4 The monitor foil was the same
area as the target foil, was typically 25-50 mg/
cm~ thick, and was separated from the target by
Mylar guard, foils.

The irradiations varied in length from 2 to 8 h;
variations of the pion beam intensity during the ir-
radiation were measured with a plastic scintilla-
tor placed near the target and recorded as a func-
tion of time. Following each irradiation the moni-
tor and target foils were removed and their radio-
active y rays assayed with calibrated Ge(Li) spec-
trometers. The ].368.5-keV y ray of 15.0-h 24Na

in both the monitors and the 2'Mg targets, and the
355.V-k'eVy ray of 6.18-day '"Au in the gold tar-
gets were measured. The efficiency of the spec-
trometers as a function of y-ray energy was de-
termined with standard sources; corrections for
sumrriing of coincident y rays were made when
necessary. The disintegration rates thus deter-
mined were corrected for the finite irradiation
length and for intensity variations by the usual
methpds.

The cross sections" for the monitor reaction
at the pion energies used are given in Table I.
These cross sections were measured relative to
the "C-"C reaction' and are estimated to have
uncertainties of 10%. Because the "Mg and '"Au
cross sections are based on the values given in
Table I, they should be changed appropriately if
in the future different values from those used here
are adopted.

The results are given in Table I, which lists the
one-nucleon out cross sections for "Mg and '"Au
for incident m' and TI beams at each energy for
which they were measured. The ratios R~

TABLE I. Cross sections in mb for the monitor reaction, VAl Na, and for the one-nu-
cleon removal reactions ~Mg' 4Na and 9 Au'- 96Au. The latter two sets of cross sections
are normalized to the listed values for the 2~Al monitor reaction (Ref. 24).

Pion energy
(MeV)

27Al 24Na

o (7r+) a(7r-)
25Mg 24

o(vr') o.(x )

197Au i96Au
o.(x') o (x ) R„

100
140
180
240
300

123
18.5
21.2
18.3
14.3

22.0
26.0
24.0
18.3
15.9

35.3
63.2
70.6
63.0
43.1

36.0
39.4
40.4
31.4
28.0

0.98
1.60
1.75
2.01
1.54 61

130

181

107

1.91

2.29

1.75
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=g(n')/o(g ) and R„=o(z )/v(z') for the reactions
"Mg-"Na and '"Au- '"Au, respectively, are
also given in Table I. The main uncertainty arises
from the 10/p uncertainty in monitor cross sec-
tions, since the errors in count-rate determina-
tions were -l%%uz and the estimated uncertainty in

detector calibration is &3/p.

III. DISCUSSION

The results in Table I are shown in Figs. 1 and

2, . where they are compared with the theoretical
predictions of both the nucleon charge-exchange
(N-CEX) modeV"' and the INC model. ""The
experimental cross sections for the reaction
"Mg(n', n'p) "Na are shown in Fig. 1(a) as the
solid points, and those for the reaction
25Mgr (n, v P)+ (w, m'n)]"Na are shown in Fig.

1(b). For comparison, the open points are the
theoretical results using the INC model and an
evaporation calculation. " With the exception of
100 MeV m', the calculated cross sections are
smaller than the experimental ones, by about a
factox' Gf 2 for incident 7i, and by somewhat less
fox' lncldent lT

The ratio R~ is shown in Fig. 1(c) for "Mg, with
the solid points again representing the experimen-
tal ratios and the open points the INC calculation.
The disagreement between theory and experiment
is evident, with the former only approaching the
latter at the highest energy measured. The INC
calculation is close to the free-particle ratio,
shown by the solid curve, while the experimental
ratio is consistently smaller.

The dahsed curves in Fig 1(c). show the pre-
dictions of the X-CEX model in its two versions,
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FIG. 1. Cross sections for formation of Na by ~
incident on ~5Mg. Solid points: expt. ; open points:
INC calculation; short-dashed curve: R& calculated by
simple charge-exchange model (Ref. 15); long-dashed
curve: analog-dominance model (Ref. 16); solid curve:
free-particle ratio.
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FIG. 2. Cross sections for formation of ~~6Au by z~
incident on ~ YAu. See Fig. 1 caption for significance of
symbols and curves.
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the original one" by the short-dashed curve and
the analog-dominance one" by the long-dashed
curve. There are no free parameters in these cal-
culations; the charge-exchange probability P was
calculated at each energy by the scaling method
outlined in the Appendix of Bef. 16, scaling from
"C to "Mg. The two versions of the model yield
similar curves, which are both in good agreement
with the experimental ratios, the analog-domin-
ance curve being in somewhat better agreement
than the other.

The same comparisons are shown for the '"Au- '"Au reactions in Fig. 2. Figure 2(a) shows the
experimental and INC calculations for the
'"Au(m, w n)'~Au cross sections and Fig. 2(b)
those for the "'Au[(n', m'n) + (n', m'p)]'~Au cross
sections. In contrast to "Mg, the INC ealeul. ation
is in fairly good agreement with experiment, ex-
cept for 100 MeV w . The ratio R„ is shown in

Fig. 2(c), which illustrates the extent of agreement
between theory and experiment. Also in Fig. 2(c)
are shown the predictions of the N-CEX model in
its simple form (short-dashed curve) and analog-
dominance form (long-dashed curve), as well as
the free-particle ratio (solid curve). The two ver-
sions of the model are quite different and neither
one agrees well with experiment, except at 300
MeV. At 180 MeV, for example, the simple N-
CEX model predicts R„=1.6, the analog model
B„=3.6, and the experimental value i.s R„=2.3.

Thus, there appears to be a, contrast in the ap-
plication of the INC and N-CEX models to these
(n, wN) reactions. The INC model is unsuccessful
in predicting both the magnitude of the cross sec-
tions and the ratio R~ for -"Mg.. A similar failure
has been noted4 for other light nuclei. On the other
hand, the INC model results for '"Au are in fa.irly
good agreement with experiment. The situation is
reversed for the N-CEX model, which can account
for the R~ ratios for "Mg, but not the R„ratios for
'"Au.

One possible explanation for the failure of the
INC model for light nuclei is that the representa-
tion of the nuclear surface as a series of steps in
density may be inadequate for light nuclei, in which
the surface-to-volume ratio is large. Since the
simple (m, mN) reactions are localized mainly in

the surface region, the calculation may be sensitive
to the details of the model there. One way to test
this possibility is to compare calculation with ex-
periment for the analogous reactions with incident
protons. This has already been done for the
'"Au(p, Pn)' Au reaction" between 100 and 400
MeV, for which satisfactory agreement was found.
We have performed the calculation for 200-MeV
protons incident on "Mg, and found a 25Mg(P, 2P)-
'4Na cross section of 1V.5 mb, in good agreement

TABLE II. Percent of quasi-free scattering (QFS) as
given by INC calculation.

Pion energy
(MeV)

~97Au

100
140
180
240
300

90
98
98
98
97

69
84
89
85
86

40

70

59
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with experiment. " Thus there does not appear to
be any problem with the representation of the nu-
clear surface in the model.

The failure of the N-CEX model for '"Au may be
due to the possibility that reaction mechanisms
other than quasi-free scattering (QFS) contribute,
especially at the lower energies. The N-CEX
model assumes that the only mechanism for the
single-nucleon removal reactions is QFS, with
final state interactions (nucleon charge exchange).
There is another possible mechanism, namely
pion inelastic scattering which leaves the nucleus
in an excited state from which nucleon evapora-
tion occurs. The INC calculation provides esti-
mates of the proportion of these two processes,
and the results are given in Table II, as percent
of QFS reaction. Except for 100 MeVm the QFS
mechanism dominates for '"Mg, because proton
evaporation is unlikely and thus only the charge
exchange (m, rr') followed by neutron evaporation
contributes appreciably. For '"Au, however, neu-
tron evaporation is important at all energies, es-
pecially for incident rr'.

The few cases so far investigated do not warrant
any broad generalizations at this time, but an in-
teresting dichotomy seems apparent. In spite of
its simplicity the N CEX model is -surprisingly
successful in aeeounting for the results with light
nuclei. It is unsuccessful, however, in the case of
a heavy nucleus. On the other hand, the INC cal-
culation is quite successful for a heavy nucleus
but not for light nuclei. The present data on these
reactions confirm the general reduction of cross
section ratios below that expected from free-par-
ticle properties.
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