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Pion Absorption on T = 1 Nucleon Pairs at T = 70 MeV
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Angular correlations of the 'Li(7r —,pn) cross sections were measured in a wide angular range
at T = 70 MeV. The components of the two-nucleon absorption processes were extracted, and the
angular distributions of the cross sections were obtained. Strong asymmetries about 90' were ob-
served for the reactions 6 7Li(m —,pn), and the cross sections were much larger than that of 'He.
These results show the importance of the o.ii component in pion absorption on T = 1 nucleon pairs
for p shell nuclei.

PACS numbers: 25.80.Ls

The study of the pion-absorption process at the en-

ergy region of the (3,3) resonance is interesting be-

cause the behavior of isobars in the nuclear medium
and the correlation between nucleons are sensitive to
this process. Recent experimental and theoretical
studies on st-shell nuclei'2 revealed that the (~+,pp)
reaction proceeds through the n NN-AN-NN dynamics,
and the quasideuteron absorption process was found to
be dominant from the measurements of the angular
distribution of the 3He(m+, pp) cross section. ' On the
other hand, the (m, pn) reaction is strongly
suppressed by a factor of more than 10 over a wide en-
ergy range of incident pions. 2 s The S-wave hN com-
ponent is forbidden for a T=1 nucleon pair. There-
fore, possible processes are pion absorption through
the intermediate hN state with Lt, tt ~ 1 and the inter-
mediate N' isobar (a P» n N interaction), and direct
absorption processes such as the nucleon-pole mech-
anism ~NN-NN-NN. 6

For p.shell nuclei, the (n+,pp) reaction has been
also considered dominated by the quasideuteron pro-
cess. Altman et ai 7found that . the angular distribution
of the quasideuteron component had a shape similar to
that of the n+ d pp reaction for C, even at relatively
high incident pion energies where the multiple pion
scattering before absorption was important. In a previ-
ous paper, s we reported on the study of pion absorp-
tion on T=1 nucleon pairs from the (m+,p),
(~-+,pp), and (~+-,pn) reactions at T =65 MeV.
Analyzing the experimental results with the intra-
nuclear-cascade (INC) model, we found that the ab-
sorption ratio R, the pion-absorption cross section for
a pn nucleon pair divided by that for a pp or nn nucleon
pair was about 4, and it was concluded that pion ab-
sorption on T=1 3P nucleon pairs was important for
the (~ +,pn) reaction, fo-llowing the n NN-hN-NN
dynamic theory. '

The angular distribution of the pion-absorption cross

section for a T= 1 nucleon pair was measured for the
first time by Moinester et ai.3 at T„=65MeV for 3He.

They found that the angular distribution showed
significant asymmetry about 90', although the angular
range of their observations was not very wide. The
asymmetry was fairly well explained by the prediction
of a two-intermediate-isobar model calculated by Silbar
and Piasetzky. 9 Detailed studies of pion absorption on
a T= 1 nucleon pair should make it possible to ob-
serve small effects in the mNN system that would oth-
erwise be masked by the Lts&=0 intermediate state.
The angular distribution of the (m +,pn) cross -section
as well as the R value will give valuable information
about the reaction process.

In this Letter, we present the results on pion absorp-
tion by Li isotopes at T„=70MeV. Lithium is the
lightest p shell nuclei that has both S-wave and P-wave
nucleon pairs. Therefore, we can discuss the contribu-
tion from higher b, N partial waves by comparing the
(n +,pn) c-ross sections between Li and He. The an-
gular distributions of the (m+, pn) and (m+-, pn) coin-
cident yields were obtained from angular-correlation
measurements over a wide angular range. The com-
parison of the (~+,pn) and (~,np) angular distribu-
tions is important, because the (n, np) reaction is
the charge-symmetrical partner of the (m+, pn) reac-
tion. Moreover, the difference in the (n+,pp) and
(m ,pn ) yiel—ds between 6Li and 7Li will give informa-
tion on the relation between the number of two-
nucleon pairs and the coincident yields.

The experiment was performed at the n pchannel o, f
the 12-GeV proton synchrotron at the National Lab-
oratory for High Energy Physics (KEK). The experi-
mental layout is shown in Fig. 1. Pion beam with con-
taminations of electrons (25'/o) and muons (5%) was
focused on target counter of 30x30-mm cross sec-
tion. Positive- and negative-pion beams with a
momentum resolution of 5'lo had an intensity of about
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RG. 1. Experimental setup for the coincidence experi-
ment. The NE213 counters are coupled ~ith R1250 pho-
ton ultipliers.

105/spill at the target counter. Eight large-volume
NE213 counters of 6 in. diamx 7 in. deep were placed
at 60 cm from the target. They are arranged in the
reaction plane, in an angular range from 20' to 160' in
steps of 20'. A plastic scintillator 5 mm thick was
placed in front of each NE213 counter as an an-
ticounter for charged particles, and the two-dimen-
sional b, F E plots for the NE213 telescopes served to
distinguish protons from pions and deuterons.
Discrimination of y rays from neutrons could be car-
ried out in 200 nsec, and a good n7separ-ation was ob-
tained in an energy range from 70-MeV down to 1-
MeV electrons. The neutron detection efficiency was
calculated with a Monte Carlo code originally written
by Vervensky and modified by Higo. 'o At the other
side of the reaction plane, two layers of plastic scintil-
lators were arranged. They covered an angular range
from 10' to 170' with an angular resolution of 10'.
The thicknesses of scintillators for the front and rear
arrays were 5 and 15 mm, respectively. Analog and
timing signals from the two arrays were used for parti-
cle identification and energy determination of charged
particles. Li targets were plates of isotopically enriched
metal 40&&40x15 mm3 thick. They were contained in
boxes made of thin stainless foil. An empty box was
also prepared for the background measurement. A
D20 target was used for the calibration of analog and
timing signals and for checking the detection efficiency
for charged particles. Coincident signals between the
target counter and counter telescope enabled data ac-
quisition, and analog and timing signals from every
scintillator were recorded on magnetic tape.

Two-dimensional energy spectra of pp and pn coin-
cident events were obtained for every pair of tele-
scopes. For pp coincident events at the conjugate an-
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FIG. 2. Angular correlation of the (m+, pp), (n+,pn),
and (n, pn) reactions for 7Li, at a NE213 telescope angle
of 40'. Sharp peaks are observed at the conjugate angle for
the m+ d pp process.

gles, event plots were localized at the energies corre-
sponding to the ~+ d pp reaction. But for pn events,
they were scattered broadly about the point deter-
mined by the two-nucleon absorption process, since
the 6Li(n, pn) reaction must involve at least one s-

shell nucleon. The spectra were similar to those mea-
sured with stopped pions. " Therefore, events for the
pp and pn angular correlations were defined with the
condition that the two coincident nucleons had kinetic
energies larger than 30 MeV. The uncertainty of the
energy threshold was +4 MeV. The yields from the
accidental coincidences could be estimated from the
two-dimensional time-of-flight spectra and were found
to be negligibly small as a result of the continuous
beam structure and the weak beam intensity. After
subtracting the contribution from the empty target, the
angular correlations for pp and pn coincidence events
were obtained for eight NE213 counters, and an exam-
ple at 40' for ~Li is shown in Fig. 2. At the conjugate
angle for the quasideuteron process, we can observe a
sharp peak for the (n+,pp) reaction superimposed on
a broad component of small amplitude. Full widths at
half maximum of the peak were 18' and 24' for 6Li
and ~Li, respectively. These values are in good agree-
ment with the results of the (7r, nn ) reaction with
stopped pions. " The angular correlations of the
(m +,pn) reactions also had clear peaks at the conju-
gate angles. The full widths at half maximum of the
peak were larger than those of the (sr+,pp) reaction
and were about 45' for both 6Li and Li. This value is
again nearly equal to that for stopped pions. The
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broad component was as widely distributed as we could
expect from the phase space for three- and four-
nucleon breakup. After subtracting the broad com-
ponent, the angular correlation was fitted to a two-
dimensional Gaussian. Then, the yield for the two-
nucleon absorption was corrected for missing accep-
tance for both the (m+, pp) and (7r +-,pn) reactions.

The angular distributions in the pd center-of-mass
system of the two-nucleon absorption cross section for
the 6 7Li(m+, pp) and 6 7Li(m -+,pn) reactions over a
wide angular range are shown in Fig. 3. The angles of
the (n -+,pn) cross sections are given for outgoing
neutrons. The errors contain statistical and back-
ground subtraction uncertainties. The shape of the an-
gular distributions for the (n+,pp) is very similar to
that of the n+d pp re-action for both 6Li and 7Li. In
contrast, the shape for the (n,pn) reactions is clearly
asymmetric about 90' for all four reactions. The coef-
ficients of Legendre-polynomial fits are given in Table
I and are compared with the results of pion absorption
on 3He and n+ p pion production. The sign of the At
term is negative for the (m+, pn ) reaction and positive
for the (n, pn) reaction, and the absolute values of
the ratios At/Ao and A2/Ao are almost equal for the
four (n +-,pn) reactions.

The integrated cross sections for the 6Li(n+, pp)
and Li(n +,pp ) reactions were 20.2 + 0.6 and 17.5
+0.5 mb, and larger than the free m+d pp cross

section by factors of 2.6 and 2.2, respectively. The ra-
tio of the (n+,pp) cross section for ~Li to that for 6Li
is 0.86 + 0.05. If we assume that 7Li is composed of an
a particle and a r particle, and 6Li of an a particle and a
deuteron, then the ratio of numbers of pn nucleon
pairs with deuteron quantum number will be 4.5/4.
Therefore, the experimental ratio is attenuated by a
factor of 0.76. For the ( npn) reaction, the ratio of
the observed cross section was 0.68+0.10, and the
numbers of pp nucleon pairs should be identical for 7Li
and 6Li, for both S-wave and P-wave nucleon pairs.
Therefore, the attenuation factor is 0.68. Similarly,
the ratio of the (n+,pn) cross sections was 1.5 +0.2,
and the ratio of the number of nn nucleon pairs is ex-
pected to be about 2, for both S-wave and P-wave nu-
cleon pairs. The experimental ratio is therefore at-
tenuated by a factor of 0.75. These attenuation factors
are in good agreement among the three reactions. The
small difference in the factors between the (n,pn)
and the (m, pn ) reactions may be attributed to
stronger distortion of n in 7Li. The cross sections
for the direct two-nucleon absorption process depend
on the mean free path of pions and two outgoing nu-
cleons, and the density distribution of the nuclear
medium. These effects can be taken into considera-
tion in the INC model. s The INC results for the ratios
of the total reaction, the (n+,p) and the (7r+,pp)
cross sections, are 1.05, 0.97, and 0.83, respectively.
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FKJ. 3. Angular distributions of the differential cross sec-
tions for the two-nucleon absorption process on (a) pn pairs
in ~ 7Li, (b) pp and nn pairs in 6Li, and (c) pp and nn pairs in
'Li. Solid lines are Legendre-polynomial fits to the data.
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TABLE I. Coefficients A p, A &, and Ai of Legendre-polynomial fits shown in Fig. 3, and ihe ratios A i/Ap and A i/A p for the
"Li(m+,pp), (m+, pn), and (w, pn) cross sections at T =70 MeV. They are compared with the results from the
'He(m, pn ) reaction (Ref. 3) and the np —m pp reaction (Ref. 13).

'Li(m+, pp )
Ll(w, pp )

'Li(m+, pn )
Ll (7f,pit )

'Li(m, pn )
'Li(m, pn )
'He(m .pn )
fI +p % pp

3.22 + 0.08
2.78+ 0.07
0.31 + 0.02
0.46 + 0.03
0.45+ 0.03
0.34 + 0.02

0.067 + 0.004
1.26 + 0.06

—0.14 + 0.02
—0.2S + 0.04

0.17+0.03
0.11 + 0.02

0.048 + 0.009
0,73+ 0.05

3.56
3.02
0.27
0.45
0.43
0.40

0.099
0.59

+ 0.23
+ 0.14
+ 0.03
+ 0.04
+ 0.05
+ 0,04
+ 0.009
+ 0.06

Ai/Ap

—0.45+ 0.09
—0.61 + 0.12

0.38 + 0.08
0.31 + 0.05
0.72+ 0,14
0.58 + 0.08

Ai/Ap

0.88 + 0.14
0.97 + 0.16
0.95 + 0.15
1.19+0.18
1.48 + 0.22
0.47 + 0.07

These values reproduce fairly well the present
(n+,pp) ratio and the ratio of the inclusive (m+,p)
cross sections (1.05 + 0.02).'2 Full details of the cal-
culation and the inclusive measurement will be pub-
lished elsewhere. ' From the inclusive and coin-
cidence measurements of pion absorption on lithium
isotopes, we conclude that for very light nuclei the
cross section for each two-nucleon process at low T is
approximately proportional to the number of nucleon
pairs in the nucleus needed for that process.

The 7r /m+ ratio of the total Li(m, pn) cross sec-
tion is much larger than 1 (1.45 + 0.12). The
Coulomb effects in the initial and final states are 5'/p

and 15'/p, respectively, using the same charge-
dependent parameters adopted by Kohler. '3 The
reason for the rest (20p/p) is not evident, but we might
expect a genuine effect in pion absorption on complex
nuclei, reported by Navon et al. '

The angular distribution of the Li(~,pn) cross
section is similar to that of the He(ir, pn) reaction,
although A, /Ao and A2/Ao ~atios are smaller for 'Li.
However, the total cross section of the direct (n', pn)
reaction for 6Li is larger by a factor of 6.7 than that for
3He. This factor is much larger than the ratio of the
number of pp nucleon pairs between 6Li and 3He, and
the ratio a (m+,pp)/a(n+, pn. ) for Li is nearly equal
to that for C at T =65 MeV. a The microscopic study
of the b, -nucleus potential by Lee and Ohta' is based
on the two-nucleon data and predicted large contribu-
tions of the AN partial waves Po 3 and Pi 2 as well as
S2. Their calculation predicts the R value to be as

small as 4 for 6Li.
It will be interesting to compare the present results

with the np n -+NN cross section at T„correspond-
ing to the tw'o-nucleon pion absorption at T =70

MeV. The angular distribution of pions has been mea-
sured at T„=400 MeV'5 and 409 MeV. '6 They
showed significant asymmetry about 90' and the signs
of the Ai terms were in agreement with the present
results. These facts again indicate an appreciable non-
resonant, isoscalar contribution to the reaction.
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