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Effect of isospin on three nucleon pion absorption in light nuclei
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In this paper we present a model based solely on isospin for the determination of ratios of pion
absorption cross sections on three nucleons. We then compare the results with the available exper-
imental data for pion absorption on He and He, at the energies 120 and 165 MeV, and for Li
and Li at 50, 100, 140, and 180 MeV. Good agreement was found between this simple model and
experiment, suggesting that pion absorption on three nucleons in light nuclei may be described as a
one-step process.

PACS number(s): 25.80.Ls

It is widely known that absorption on two nucleons
is an important mechanism for pion absorption in nuclei.
There is also evidence that absorption processes in which
more than two nucleons take part are also of importance
[1,2]. Investigation of the absorption mechanism when
more than two nucleons participate has been diKcult be-
cause the data generally lack either kinematic complete-
ness or large phase space acceptance [3]. Consequently,
the contributions of various absorption mechanisms to
the total absorption cross section is still uncertain.

To be specific about the issues involved in the process
of 3N absorption, we will define a three nucleon event as
one in which three nucleons participate substantially in
sharing the momentum and energy of the absorbed pion.
The following two descriptions represent limiting cases in
describing three nucleon absorption.

(i) Pion absorption occurs in at least two steps. The
pion is absorbed on two nucleons, and an additional nu-
cleon is involved either through a pion-nucleon interac-
tion prior to absorption, an initial state interaction (ISI),
or through a nucleon-nucleon interaction after pion ab-
sorption, a final state interaction (FSI).

(ii) A pion is absorbed directly on three nucleons in a
"genuine" one-step process.

There is no clear quantum mechanical distinction be-
tween the cases described above. In particular, the kine-
matic signatures of ISI and FSI are expected to be washed
out when the steps occur within a short distance. Nev-
ertheless, specific signatures of FSI and ISI have been
looked for. In heavy nuclei there is evidence that FSI is
important in absorption, and data have been corrected
for this efFect. In light nuclei, the importance of ISI and
FSI is much less clear. It should be noted that in our dis-
cussion we are excluding FSI of the Migdal-Watson [4, 5]
type. This effect is non-negligible and is clearly visible

in many reactions with nucleons in the final state [2].
The most recent kinematically complete experimental

results on three nucleon absorption in He and He agree
on the following [3, 6—11].

(a) The contribution of 3N absorption processes to the
total absorption cross section is significant, on the order
of about 30 percent.

(b) There is no clear evidence that ISI or hard FSI are
important in pion absorption on these nuclei.

Instead of looking at three nucleon absorption as a
two nucleon absorption with initial or final state interac-
tions, we will examine the consequences of three nucleon
absorption as a one step process. Using isospin formal-
ism one may be able to gain some understanding of three
nucleon absorption without knowing the details of the
reaction mechanism.

It is known that pion absorption on a nucleon pair de-
pends strongly on the isospin of the pair [7, 8, 12]. The
cross section for the absorption on the isovector T = 1
pair is an order of magnitude smaller than the absorp-
tion on an isoscalar T = 0 pair. For pion absorption on
three nucleons in He and in He the cross sections for
different isospin states are presented in Table I. For three
nucleon pion absorption on He the cross section shows
very little or no dependence on the final isospin. For pion
absorption on He the cross section does not depend on
the spectator isospin in the case of a deuteron in the final
state, but there is apparently dependence in the case of
free nucleons in the final state.

Ashery [13] proposed a mechanism, analogous to the
two nucleon absorption mechanism, by which a pion can
be absorbed on three nucleons. He used amplitudes FT
for absorption leading to a three nucleon final state with
total isospin T. In his case, the cross section can be
written in terms of the transition amplitude as follows:

2

o(vr He ~ ppp) = T + =1,T + = 1;TsH, = —,T,H, = — Tsp —— , Ts = — ~FgI2~—
+3 2

= IFsI21'
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TABLE I. Experimental cross sections (mb) for pion absorption on three nucleons from kine-

matically complete experiments on He and He and their representations as a function of transition
amplitudes leading to three nucleons with final isospin 2 and 2 [3, 10, 15].

Reaction

sr+ He ~ @pe

120 MeV

4.4+0.6

165 MeV

6.0+0.6

vr He ~ pnn
vr He ~dn

4.0+0.6
0.8+0.2

5.0+0.6
Not measured

—,'lF3/21'+ -', lFi/2l'

+ 'H. - (ppp)n
ir+ He ~ (ppn)p
~+ He —+ (dp)p

2.1+0.4
4.4+1.1

1.49+0.22

4.8+1.0
Not measured
Not measured

4 F3)2'
41+~/2 '+ +i/21'

ir He ~ (nnn)p
vr He ~ (pnn)n
ir He ~ (dn)n

Not measured
Not measured

1.51+0.26

Not measured
Not measured
Not measured

4 IF3/21'
—,
' lF3/21' + lFi/2 l'

113 1' 1 1 1 1
(m 'He~~np) = 1 —1 —— ——— IS's/2I'+ 1 —1 —— ——— IFi/21' 2' 2 2' 2 ' 2' 2 2' 2

=
3 IFs/sl +

3 IFi/21
=1 2 2 2

In our model we reduce pion interaction with individual nucleons in the process of absorption to interaction with a
group of nucleons defined by its total isospin. For example, the three nucleon absorption cross section on He, when
a proton is a spectator in the absorption, may be represented as a transition from the initial sr+ 4He isospin state
l1, 1;0, 0) into the two possible final (ppn)p isospin states

l
2s, 2, 2, z) and

l 2, 2, s, 2):

3111 ' 1111
o(ir+ He (ppn)p) = 1, 1;0,0 I" —,—;—,— + 1, 1;0,0, F —,—;—,—

By introducing a complete set of states, and making use of the fact the the proton is a spectator one can reduce the
transition elements into the same amplitudes as for the three-nucleon absorption in He multiplied by the Clebsch-
Gordan coeKcients corresponding to the diferent isospin couplings. The cross section then becomes

o.(ir+ 4He ~ (ppn)p) = ~ ~
3 1 1 1

1, 1, 0, 0

+ 1, 1;0,0 —,—;—,1 1 1

1 100 ——' ——

1 1 1 1 1 1 1 1 1 1 1 1
2'2'2'2 2'2 2'2 2'2 2'2

=
4

IFs/2I'+ I+i/21' ~

In the same way calculations may be performed for
diferent nucleon configurations in the initial and final
states in 3He and 4He. The results are summarized in
Table I.

Experiments have shown that the cross sections for
3N absorption of sr+ and m on He are approximately
equal (Table I). This leads one to conclude [from Eqs. (1)
and (2)] that lEs/sl and ]Fi/sl have roughly the same

value. For the reactions m+ 4He —+ (ppp)n and sr+ 4He~ (pp&)p, one would expect the wave functions of the
final states to dier only in their isospin. Assuming the
equality of the amplitudes lEs/2l and le/2l, our model
gives the cross section ratio

o(or+ 4He ~ (ppp)n)
o(sr+ 4He ~ (ppn)p)
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TABLE II. Comparison of model with experiment for He and He [3, 10, 15j.

Ratio

~(~+ 4He~(dp) p)
cr (~—4He+(dn) n)

Model

I F1/21

Experiment

120 MeV ~ 0.99 6 0.22

~(~+ 4He~(ppp)n)
o (~+ 4He~(ppn) p)

g IF3/2! 0 60
g I F3/2 I + I F1/2 I

120 MeV ~ 0.48 + 0.15

a (n+ He ppp)
cr(~+ 4He+(ppp)n) 4 IF&/2 I2

120 MeV ~ 2.1 +0.5
165 MeV ~ 1.3 +0.3

cr (n 3He-+dn)
cr(7r He (dn)n)

g IFl. /2 I 0
IFi/2 I' 120 MeV ~ 0.5 +0.2

The experimental value for .this ratio is 0.48 + 0.15 [10].
To our knowledge there is no other existing explanation
for the ratio between these competing 3N channels.

Assuming that the wave functions involved are not too
dissimilar, the isospin predictions should remain valid for
comparing the ratios of pion absorption reactions be-
tween similar channels in sHe and He. We find good
agreement between our model predictions and existing

experimental results (Table II).
As in the case for sHe and He, experiments on pion

absorption on Li have not shown evidence for initial and
final state interactions [14]. Thus, one can perhaps ap-
ply the same isospin considerations to compute the 3N
absorption cross sections as a function of amplitudes FT
for sLi and 7Li. For example,

o(sr+ Li ~ (ppn)X) = l, l;0, 0 F —,—;—,— + 1, 1;0,0, F —,—;—,—3131 ' 3111
1 1 3 1 1 1 1 1

+ 1100 F ———— + 1100 F ——
2' 2' 2'2 ) ) ) '7 2) 2) 2)

13=
20 IFsy~l +

4 IFi)2I

TABLE III. Cross sections of Li and Li represented as a
function of the transition amplitude leading to three nucleon
with final isospin 2 and 2.

Reaction

sr+ Li ~ (ppp)X
7r+ Li ~ (ppn)X
n.+ sLi ~ (pd)X
n+ Li ~ (nd)X
sr+ Li (pnn) X

sr+ Li ~ (ppp)X
sr+ ~Li ~ (ppn)X
7r+ Li ~ (pd)X
sr+ Li ~ (nd)X
sr+ Li ~ (pnn)X

Amplitude

—,'o IFs)2l'
—,",IF3~.I'+ —,

' R~2I'
-'IRy2 '

i'~ IF.y21'+ —,
' IFig2I'

-,'Fsg. l'

9 IFs&2 '+ —,",I+~&21'
-" F,y~l'

4, IFsy2I' + —,",IF~y~ I'

The expressions for the other three nucleon absorption
channels in Li and Li are shown in Table III.

The contributions of the various three nucleon absorp-
tion channels in Li and Li are not as well known as in
sHe and 4He. However, the data which are available for
three nucleon absorption on these nuclei (Table IV) are
consistent with our model. According to our model, the

cr(~"Li~ (ppp) X) (o)
— cr(~ L ~ (ppp)X)

2
)I

0.8

0,4

0 I I I I I »» I I I I I I I I I I I I I I I I

0 80 120 160 200 24040
T~( MeV )

cr(vv"Li -+ (ppn)X)
2 4: cr(7t' 'Li ~ (ppn)x)

2

1.6

1 p2

0.8

0.4

0 I I I I I I I I I I I

0 40 80 120
T~( MeV )

I » I I I I » I I

200160 240

FIG. 1. Comparison of model with experiment for Li and
Li: (a) for three protons in the final state and (h) for two

protons and a neutron in the final state.
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TABLE IV. Experimental cross sections for pion absorption on three nucleons in Li and "Li
(mb) with errors of 10%%u&'&. The cross sections with a neutron in the final state are uncorrected for
neutron detection efficiency [16].

Reaction

sr+ Li ~ (ppp)X
7r+ Li ~ (ppn)X

50 MeV

0.23
0.11

100 MeV

1.0
0.58

140 MeV

2.1
1.4

180 MeV

2.4

sr+ Li ~ (ppp)X
7r+ Li ~ (ppn)X

0.13
0.11

0.69
0.57

1.8
1.4

2.5
2.1

ratios of three nucleon absorption cross sections for the
same channels on sLi and 7Li should be as follows:

~(~' 'Li ~ (p») X) IIFsi2I'
&(&+ &Li ~ (ppp)x)

~(~+ 'r, i - (»n)x) —,",IF.&, l'+ —', IF,i2I' = 0.94.
( 'L' (pp )x) —,'l&y I'+ —"l&y I'

(8)

The agreement of the model with experimental results is
shown in Fig. 1(a) for absorption leading to three pro-
tons in the final state and in Fig. 1(b) for two protons
and one neutron in the final state. A direct comparison of
the (ppp) and (ppn) channels of absorption on sLi or 7Li
cannot be performed at this point because the neutron
detection efficiency is only roughly estimated in the re-
ported experimental results [16]. If however one uses the
estimated neutron eKciency of 25 percent, one Gnds rea-
sonable agreement between the model and experiment.

Experiments have shown that the 3% contribution to
the total absorption cross section is significant. In this
paper, we looked for evidence that 3N absorption occurs
as a coherent one-step process. Since the details of such
an interaction are unknown, we assumed that the cou-
pling of the isospin of the group of nucleons on which
the absorption occurred with the isospin of the initial
pion-nucleus system is the determining quantity in the
absorption process. For the existing experimental results
in the 6-resonance region, our model shows remarkably
good agreement. We therefore conclude that one-step co-
herent 3N absorption processes dominate over processes
involving 2N absorption with final or initial state inter-
actions.
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