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Abstract: An effective interaction which can be applied to the problems of pion absorption and
production at low energy is proposed in an elegant form. This effective interaction in-
cludes the pion rescattering effects which are very important in the absorption and pro-
duction processes. The interactiog proposed here is examined under consideration of the
Coulomb effects in the process m +d — p + p at very low energies, The determination
of the scattering lengths is attempted. Fora — a3 = 0.291 the best fitisay — a3 = —0.055.,
The absorption rate of a pion by a deuteron from the atomic 18 state is also calculated.
The result is W= 1.10 X 10%% sec™!, It should be stressed that our theory includes no
free parameter.

1. Introduction

Pion absorption is accepted to be a good tool for the investigation of various
properties of light nuclei [1] such as short-range NN correlation [2], two hole ex-
citations, model wave function and so on. The earlier investigations of these pro-
blems were made with the simple interaction which was constructed on the basis of
the usual pseudoscalar 7N interaction. Moreover, most of them did not include the
rescattering effects, Here, the rescattering effects in pion absorption mean the pro-
cess by which the first nucleon emits a pion after or before absorbing the pion from
outside and the second nucleon absorbs the pion emitted by the first nucleon. It is
surprising that some people are treating these processes with the crude interaction
mentioned above even after-the importance of the rescattering was pointed out
[3,4]

Koltun and Reitan [3] discussed the rescattering effects on the reactions
ptp->d+n andp+p-— ptp+ 70, by using the Harmiltonian which consists of
the usual p-wave interaction, the Galilean invariant s-wave recoil term, the meson
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pair term and the isotopic-spin dependent quadratic s-wave interaction. The last
two terms can be obtained as an approximation to the pseudoscalar interaction by
a Foldy-Dyson transformation {5]. The same Hamiltonian was previously used by
Woodruff [6] in the analysis of the process p +p— d + 7" near threshold. The re-
sults obtained by Koltun and Reitan are in agreement with the measurements of
Field and al. [7], but disagree with the recent measurements (see our fig. 3). How-
ever, in this approach, it is not possible to classify the time ordering of the pion
absorption and scattering by a nucleon. Therefore, the Feynman graphs which
should be included in the final state interaction or the nuclear correlation of the
initial state of two nucleons are also counted in the calculation of the matrix ele-
ments. These graphs should be removed, otherwise one makes a mistake by over-
estimating the matrix elements. The Hamiltonian used by Koltun et al. {3] and
Woodruff {6] is not convenient to do this. Actually, it is impossible. Furthermore,
since their theory is restricted to s-wave pion production, it is useless for the pro-
cesses by which the pions are absorbed by nuclei from the atomic 2P-orbit. More-
over, Coulomb effects are neglected.

Cheon and Nishimoto et al. discussed the process n* +d = p + p in the frame of
S-matrix theory [4]. However, since the treatment of the energy denominators in
the matrix elements was not reasonable in our previous paper, good agreement with
experimental data could not be obtained without introducing a free parameter into
the coupling constant. It should be noticed that the same approach was applied by
Nishimoto et al. to the problems of pionic atoms [4]. :

Recently, Lazard et al. [8] calculated the process " + d = p + p from threshold
to 300 MeV pion kinetic energy. Their data is essentially the same as Cheon’s [4]
in the sense that for the #N scattering vertex the parametrized scattering amplitude
was used instead of the usual Hamiltonian formalism, but they made use of the well-
known 7N scattering amplitude proposed by Chew et al. {9]. They obtained good
results for the total cross section and the angular distributions. As was pointed out
by Richard-Serre et al. {10] their calculation is questionable in the high energy re-
gions because their work is non-relativistic. Even in the low energy region, their cal-
culation is not consistent in the following points. For two protons in the final state
they used the asymptotic wave function whose short-range part was essentially
described by a phenomenological cut-off function, A parameter was included in the
cut-off function and was determined by fitting the experimental data. Thisis not a
satisfactory procedure, since, as pointed out by them, the cross sections are very
sensitive.to the behavior of the wave function in the short-range region. It-is highly

desirable-to use as wave functions; for the two outgoing protons and for the deuteron;

those obtained by solving the Schridinger equation with the realistic NN potential.
Accordingly, the work of Lazard et al. is not complete.

The work of Schiff and Tran [11] on the pion production is important in the
sense that it is the first completely relativistic calculation without free parameters.
Unfortunately, they neglected the s-wave production and only the p-wave was taken
into account.
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In the present paper, we remove those defects mentioned above and derive a
more elegant form of the 7NN effective interaction without free parameters. Our
theoretical motivation is the same as in the previous paper [4], namely derivation
of the effective "NN Hamiltonian which can be used for the calculation of the
stopped n~ meson absorption by nuclei. Thetefore, our theory will be developed in
the non-relativistic frame.

As applications of our effective interaction, we consider the reactions
7" +d~p+p at very low energy and also the 7~ meson absorption by a deuteron
from the atomic 18 state. A discussion is given in the last section on the 7N scatter-
ing length a; + 244 which is left unsatisfactorily determined, although a lot of calcu-
lations have been done.

2. Derivation of the 7NN effective interaction

In this section, we shall treat the process in which a pion is absorbed by two
nucleons. We use the units # = ¢ = 1 unless indications are specially given. Our task
is to calculate the matrix elements according to the graphs given in fig. 1. Fig. 1a
corresponds to the direct absorption term and figs. 1b and 1c describe the pion re-
scattering by the nucleon 1 forward and backward in time, respectively. The graphs
which we must calculate here are only crossing diagrams since other graphs are in-
cluded in the initial state NN correlation and the final state interactions. The shaded
area which is called a scattering part contains a number of virtual pions emitted and
adsorbed by a nucleon. This scattering part is different from the usual S-matrix ele-
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Fig. 1. Feynman graphs for the processm + N + N — N + N, (a) Direct absorption. (b} A pion
is rescattered forward in time. (c) A pion is rescattered backward in time.



1-Tong Cheon, J. Cugnon, Pion absorption and production 415
ment in the sense that the pions are virtual in the shaded area and do not satisfy the
energy relation k% =k% + p? as real pions do. The generalized S-matrix which con-
tains a scattering part was first used by Miyazawa [12] in a calculation of the proton
anomalous magnetic moment.

2.1, Definition of the n-nuéleon interaction

The pion-nucleon interaction densities are given in the forms

S2(0) = 4mi (kg — q) A (kg 77,0 k) (o g) 1611, 6
SP (1) = 4mid (kcy — 40) C (k)76 @) (o k) 47011, )
af O=vir L (e v (d), 3
a0 =il (o v (3D, @

for a p-wave pion and

S3(1) = 4mis (kg — q) D(kg) 77, =0 71, Q)
5% () = 4mib (ky — q) Elky) 77, lkra) (6)
50 =i Lo v N, ™
0 = /AL (-9 M (+Fh) (8)

for a s-wave pion. Here u and M are the pion and nucleon masses, 7 and o are the
nuclear isospin and spin operators, k and ¢ are the momenta of the incoming and
rescattered pion, fis a renormalized coupling constant f 2= ghc (g2 =0.08), and
V}Tand V?I ggi tflle'oEerag);s actin’gog a Eion ﬁgnd a nucleon at the position of the
nucleon/: ¢ T{(¢ ;f, 59 Nande(p ,¢ 0 ¢ ;) are creation and annihilation
operators of 1+, 70, 7, respectively. The matrix elements of these operators be-
tween a pion state of momentum g and the vacuum state are given by

(glot10y=—»L_ i 9
V22, ®

0191g)=—L_ g -r

V2q, €

(10)
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The quantities 4, 51) F are given in ref. [12]. Let us give the explicit forms of D
and £, which will be useful later.

K22 %
_2m 21k 0 dp
Dik,y) =3 (cz1 + 2a3) ~ (al - cz3) 1 B Of w—p
« [ 04 . Oyt 201 ]
wp-koﬁz’e 3(wp+k0~ie} ’
E(ky)=D(~ky). (an

The interaction densities {3) and (4) come from the non-relativistic limit of the
pseudoscalar 7N interaction. The interaction densities (7) and (8) are called
Galilean invariance terms. S, and S are the S-matrices corresponding to forward and
backward scattering in time, respectively (see fig. 1).

2.2. Construction of the S-matrix

In order to construct the S-matrix describing the pion absorption by a nucleon
pair with the rescattering effects using the interaction desities (1) to (8}, we must
calculate the energy denominator, In fig. (1b), the energy in the intermediate state
is

= +hH T 2

E=Ey, v Bty (12)
and the total energy of the initial state is

Eg=w, +E, +E, (13)

where Ep LE_ LE . and E . correspond, respectively, to the energies of the nu-
cleons | alnd %n tﬁé initial and final states, and e and w_ are the energies of the
incoming and rescattered pions. Notice that £ is not equal to E; since g, does not
satisfy the mass formula q2 + u? ;however £, =E . +E  +q,is equal to £, by
the energy conservation law. When the nucleons 1 and 2 share the energy equally
between each other, namely £ =F and-E., =FE_,,we have

AE=E—EO=wq ~~§wk. (14)
Similarly, we have

AE= 0, 50, (15)
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for the graph (L) in fig. 1. Therefore, if we putq, = 2Cuk in the usual form of the
denominator q in the four momentum space, we can obtain the correct energy
denominator.

Thus, the S-matrix for the process considered here is given as

2 SR TIPS TAM)
(NNISINNmY= 2, ! Jr_,.:__@‘_f___];
I+m=1 (27r)4 q‘6~w§+z’e
X [€0lgt, (D1 g3 ¢g1S, (m) k) +(0IS_(D g, ) (g loe) )] . (16)

The first and second terms correspond to the forward (graph b) and backward
{graph ¢} scattering in time, respectively. As long as the two nucleon system is
antisymmetrized, the exchange of the particles 1 and 2 in fig. | makes no difference,
namely the same matrix element comes from it.

2.3, Effective nlNN interaction

In the way described in [4], we are able to construct the effective interactions
for the pion absorption or production by the two nucleon system. We summarize

HS ()ine ‘\/Z’?f” (TRY +7.RN) 3, (17

0° \/’Zwk

HS=_ f/y_%ci/‘f_ﬁe[p{ }(RNTE.-RSHZ.)J

(.u N 9*5"‘/\
+Eé }f(TR TR = ¢, (18)
_(he m/‘ﬁz[ ( }
5P =
H \/—\/—m (R, T~ R )]
RN —~Br
+B %f}J{TiRg—TZ.RA)%“ . (19)
for the s-wave pion, and
HY = - )ﬁcm(:m”w}e 6, (20)

el
?l
R
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_ (neivim . .
pr'”\/—z—%"ﬁuc[ ( }(TR — T RDIZ, ()
~ (JJk . .
"C<_7 Z, NIRRT 1R G, (21

T G Yhe 2 fh [2(2) <(RN7rR FRNTR) T,

+RITR +RYTRYTR Y1 d

~ W
_c(_ —2-’2){(133@ ~RRTHIT,

~(R4RTY ~R R”N)JTH ww@ (22)

for the p-wave pion, where
RIM =g .y +26.yN® RIM = 5.y B 425,y N (23)
R3=G’°Vr, R4=S°Vr, (24)
RET’:R?R;—RI;R%, R"N—R”RN R;;RI;, i=1,2.

The indices N and 7 denote the operators acting on the nuclear and pion states. R4
and R4 operate on the virtual pion state e~#"/r. The quantities § and Z;,(r) are given
as

and
—gr
Mﬁr 2 1 2 g S
Z,0)=(, ) (0, )& [%—(0‘1 -62)1»(;2 +_f.+%-) 12] P

where § 5 is the tensor operator

S 2=§("1 " 1) (o, "’)_("1 °62>'
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For the isospin state of the two nucleon system X a0 We have

- 2
JX, =(1+a? —4nx . (26)

The interactions (17) and (20) correspond to the direct processes in which the pion
is directly absorbed or produced by either nucleon without exchange of any pion.
The pion field operator with a hat is given in the form [4]

0131k =" 071+ Ho 2y 77 \/’_ ik, R[ (];0 r)YOO(?)ﬂh..]
(27

In the case of the bound pion, it should be replaced by a bound state wave function.
For example, for the pion in the 1S atomic orbit

3
01311)=22 exp (— )YOO @, (28)
7

under the assumption of a point charge. The quantity a is the Bohr radius.

Here, we should stress that our effective 7NN interactions do not include any
free parameter and are different in content from the previous papers [3, 4]. These
changes in the contents give better results for analysis of ¥ +d = p+pand

p+p—>p+p+7r0.

3. Analysis of the process 7" + d— p *+ p at low energies

Itis very interesting to examine our effective interaction in the analysis of the
process 1 +d - p +p at low energies where the S-wave contribution is dominant.
Rose [13] performed the experiment in the energy range 2—16 MeV, even though
the experiment is very difficult in this energy region. The results obtained by Rose
are shown in fig. 2. The phenomenologically fitted curve for his experiment alone
was given by [13]

2
p o
o0 +d=p i G [CL M+ ] @)
. uce o
where
p,(c.m.)
o =0.240 mb £ 0.02 mb, f=0.52mb £ 0.2 mb, e

(30)
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Fig. 2. The total cross sections for the process n* + d — p + p. The solid line corresponds to
x=0.251 fm and the dashed lins was obtained with A = 0.31 fm. The p-wave contribution is
taken into account by the second term of eq. {29). The dot-dot-dashed line corresponds to the
result with A= 0.251 fm and without Coulomb effects. The dotted line is obtained with A = 0
(this curve is exaggerated by multiplication of a factor 62). The dot-dashed line is the resuit
derived from the Koltun-Reitan calculation.

These values were obtained with a x2 of 13.4 for 16 degrees of freedom. Cl(n) and
Cz(??) are the Coulomb correction factors.

Koltun and Reitan [3] calculated the total cross section of the reaction
ptp—rd+ 7" at threshold energy on the basis of the phenomenological S-wave
interaction which was obtained by a Foldy-Dyson transformation {5]. The total
cross section of the inverse process 7" +d— p+ p can be obtained by detailed

‘balance. However, their theory cannot give good agreement with the new experi-
mental data produced by Rose.

3.1, Derivation of the total cross section

We take the deuteron wave function and the final two outgoing protons state to
be given as follows:
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1= n)2 v KR L )P s+ w )P D)l (1)
\Fy=Qny 2 v K R an 25 & (Um'sY' 1 T'M)
e Y P T ) X X - (32)

For the moment we neglect the Coulomb effects which will be discussed later. Here
K and K" are the wave vectors of the initial and final state, and R is the position
vector of the center-of-mass of the two nucleon system. The functions Xg, and
Xq v are the spin and isospin states of the two proton system, and ¥ is the normali-
zation volume, We used the symbols S', 7, I' and J' for the spin, isospin, orbital
angular momentum and the total angular momentum of the final state. The func-
tion gS (kr) is the solution (in the scattering state) of the Schrddinger equation
with the nucleon-nucleon potential.

Since the transition 381 - 3P1 is allowed for the S-wave pion absorption by a
deuteron by the selection rule, we have actually S'=1,T=1,I'"=1andJ =1,
The wave function of the pion has been already given in eq. (27). For the S- wave
pion considered here, we must cut off the higher partial waves in eq. (27), i.e. only
the first term is actually acting,

The matrix elements of the effective interactions (17), (18) and (19) with respect
to the initial and final states (31) and (32) are easily calculated. The absorption
Ccross section is:

1671 s

o(rt+d=p+p)= 40T 2T g@ [F(k, k12, (33)

o

where

F(k, k0)={ Sk, k) +—=LD (, ko}} + 22 UL (%, k0)+ = L) Dk, k)

\/" O

M 1
_— {Lzs(k, ko) +—\/—_i LD, ko)ﬂ, (34)
A= [DGw,) + E(—5 w27, (35)
V3 e ,
B=-5 >, (36)

L3= fg (kr)io(k r}{’d%'ur(—r)} i,



422 1I-Tong Cheon, J. Cugnon, Pion absorption and production

oo

= [ it Gorsy (L) o 542 o

0

k.7 —Brl
AR
ngbfgﬁ(k""%{ 2) {5 = | u(ryrdr,

i+ o () [(£2) 22 e

- toon () o (£212] o

LD fg (kr)]O( ){dci er r} w{r)rdr. (37)

From these equations, it can be seen that (%, kO) is finite in the limit of kj =~ 0
(the kinetic energy of the pion is zero). k has also a finite value in this limit. There-
fore, the total cross section goes to infinity when kg goes to zero. This difficulty
is caused by the neglect of the Coulomb effects. At low energies, these effects can
be estimated by multiplying the cross section by the Coulomb factor, Thus, the
total cross section becomes

21677 2 Mk

o(mg +d—>pt+p)=le” 3¢ T(1+if)] Lol vy [F(k k)] (38)

in the c.m, system where { =M ez/ﬁq (g is the momentum of relative motion) with
M7 =M7

3.3. Numerical results

In the present calculation, we used the Hamada-Johnston potential in order to
obtain the wave functions of the deuteron and of the two outgoing protons. The
results are shown with the experimental points obtained by Rose [13] in fig. 2. The
dashed line was obtained under consideration of the Coulomb effects with
A =0.31 fm. The contributions of the p-wave pion were taken into account by the
phenomenological formula, namely the second term of eq.(29). We emphasize the
importance of retardation effects {14], which is the last term in the expression of
D (see eq.(11)). The solid line is obtained with the Coulomb effects when \ = 0.251
fm is chosen. This value is determined by the least squares with a 2 of 12.2 for 14
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degrees of freedom. Our solid line is very similar to the phenomenological one eq.
(29) which was obtained by Rose {13]. In order to examine the Coulomb effects,
we have also drawn with a dot-dot-dashed line the result in which the Coulomb ef-
fects were completely neglected. This curve goes to infinity as the kinetic energy of
incident pion goes to zero. This fact can easily be seen in eq. (33). Therefore, we con-
clude that the Coulomb effects become considerably important in the region below
n =p {c.m.)/uc = 0.2. For this value, the Coulomb correction is about 12%. With the
value A = 0.232 fm (ay + 245 = — 0.035, 21 — a3 =0.291) [15], we obtained almost
the same result as Reitan’s [16], which was laid in a slightly lower site than the solid
line in Fig. 2. We should emphasize that only with the direct term of the effective
7NN interaction, we cannot reproduce the theoretical total cross section which is in
agreement with the experimental data for the process considered here. It is, however,
difficult to see in fig. 2. the behavior of the rescattering effects at zero kinetic ener-
gy. This can be seen in the 7~ absorption from an atomic orbit which will be dis-
cussed in the following section.

For comparison, the result obtained by Koltun and Reitan [3] is also shown with
a dot-dashed line in fig. 2. This was obtained by detailed balance

"3 o

b

o +d=-p+p)=%-= o(prp=n’ +d),

|

[x]

Py

since they actually calculated the process p +p — " +d at threshold. It is not
suitable to extend this relation to large p_ because their calculation is restricted
near the threshold.

The contributions of each term in the effective 7NN interaction, (17), (18), (19),
to the total cross section can be seen in table | in connection with eq. (34). The
quantities L, (k, & ) L (k ko)and L,(k, & o) in eq. (38) are the contributions
from H 8 H SS and H P m the effectlve 7NN mteractmn respectively. The super-
scripts S and D in eq. (34) and table 1 denote the contributions of the S- and D-
states of the deuteron wave function. The dominant contrlbutlon comes from the
H*™ term. This can be seen in table 1 and eq. (34). L is opposite in sign to L and
the values of (L S+ D/\/2) become very small. Tlns is reflected in the fact that
the contrlbutlons of the H{ and H® terms in the effectlve mteractlon are actually
small. The cxrcumstances are the same in the case of L1 andL1 On the other hand,
LS and Lz have the same signs. The factor M/t also helps the large contributions of
thvse terms, (L +LD/\/2) to the total cross section. In the terms HS and H% in
the effective T(NN mteracUon the contributions of the D-state of the deuteron
wave function are almost of the same order as the S-state contributions.

In order to compare the contributions of D-state with those of S-state in the
deuteron wave function, we show in fig. 3 the total cross sections obtained separate-
ly when only the S-state of the deuteron wave function was considered and when
only the D-state was taken into account in the deuteron wave function.
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Table 1
The numerical values of the integrals Z o’ L v
tity n is the pion momentum (divided by uc)

L o The formulae are given in the text. The quan-

- LS 7 4 P L3 L?
0.150 - 0.0956 0.147 - 0.0193 0.0630 —0.1184 —0.0471
0.172 - 0.0950 0.147 - 0.0192 0.0631 ~0.1183 - 0.0471
0.192 — 0.0944 0.146 ~ 0.0190 0.0631 - 0.1182 —0.0471
0.211 - 0.0938 0.146 - 0.0189 0.0632 - 0.1181 ~ 0.0471
0.231 - 0.0927 0.146 - 0.0187 0.0630 - 0.1178 - 0.0470
0.251 - 0.0919 0.146 — 0.0186 0.0632 - 0.1176 - 0.6470
0.270 - 0.0912 0.146 —0.0184 0.0632 - 0.1174 —0.0469
0.290 - 0.0901 0.143 - 0.0182 0.0631 -0.1171 - 0.0468
0.308 — 0.0890 0.145 - 0.0180 0.0631 —-0.1168 —0.0467
0.328 - 0.0880  0.145 ~0,0178 0.0631 - (.1165 - 0.0466
0.348 — 0.0868 0.144 - 0.0175 0.0631 —-0.1162 — 0.0465
0.367 — 0.0857 0.144 - 0.0173 0.0632 - 0.1159 ~ 0.0465
0.385 —0.0847 0.144 -0.0171 0.0632 - 0.1156 —0.0464
30 T T T
/\ D-state
1\
\ — — — S-state

& (mb)

Fig. 3. The total cross sections for the process atrd— p + p. The solid line is obtained when
only the D-state is taken into account in the deuteron wave function. The dotted line cor-
responds to the case when only the S-state is teken into account in the deuteron wave function.
The phase difference is 180° between the contributions from the S- and D-states of the deuteron
wave function to the matrix element.
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Generally, in the values of the 7N scattering lengths obtained by several people,
the set @, — a4 are usually close to each other, but the other set a, +2a, are very
different from each other (see e.g. ref. {16]). Therefore, it is also very interesting
to determine this quantity by the analysis of the process 7 +d — p t+p at very low
energy. We obtained A = 0.251 fm. After some simple algebra, this gives the value
of scattering length, ay + 2a3 = —0.055 for the fixed value a; — a3 =0.291 which was
obtained by Samaranayake and Woolcock [15].

We also calculated the inverse process p + p—>d + " at threshold, and obtained

olp+p~>a +d)=211n(ub),

except for the Coulomb correction factor. This valieé is just betwéen those obtained
experimentally by Richard-Serre et al. [10] and Rose [13].

4. The n~ meson absorption by a deuteron from the atomic 1S orbit

One of the most important and interesting applications of the effective 7NN
interaction is the 7~ meson absorption by light nuclei from an atomic orbit. It
seems to be reliable that the 7~ meson in an atomic orbit is absorbed by a nucleon
pair in the nucleus followed by two-nucleon emission. Even after the importance of
rescattering effects is pointed out [3, 4] it is surprising that several authors perform
calculations of the absorption rate or the spectrum of the particles emitted, using
only the linear, Galilean invariant 7NN interaction given in eq. {17). This seems to
be due to the fact that the formulae given previously were not elegant enough to
attract people to overcome the expense of complications. Also, the experimental
data include not only large statistical errors but also a scarcity of quantities. How-
ever, the rescattering effects are so important that we emphasize the need for the
recalculation of old papers. It is already pointed out that a lot of information on
the nucleus can be obtained from pion absorption. The actual aim of the proposal
of the effective 7NN interaction was to construct the basic form of the interaction
which is particularly suited for low energy and especially for the stopped 7~ meson
absorption.

As a first attempt at the application of our effective interaction to the stopped
7 meson absorption problems, it is worthwhile to pick up the deuteron which is
the first nucleus. The wave functions of the dueteron and the two emitted neutrons
are taken in the same forms as given in egs. (31) and (32). The wave function of a
7~ meson bound in the atomic 18 state is

~ 2 ¥ R
= A 7
OIBID =5 o 5 Yag). (39)
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when the center of mass is chosen at the origin. Here, 4, is the Bohr radius. Perform-
ing some mathematics, we obtain the absoprtion rate

_ lengtn’k

S )], (40)
3apMuc(2m)

where

F(k) = {Jf ) +-\% D (k)}+ xﬁu@ (%) +%J}§(k)}
M

S 1 p

#7{J3(k)+\/§J3 13 } (41
The quantities \ and § are defined by the egs. (35) and (36).

The quantities J% R J? are given by the integrals (37) provided the Bessel func-
tion jo(%lc r) is replaced by exp (—7 /2a0). The numerical values of the quantities

J ?, A S obtained with the Hamada-Johnston potential are tabulated in table 2.
The absorption rate yields

W=110X 108 gec™! |

with our valué A = 0.251 fm (A = 0.1793 (h/uc)) which was determined through the
process nt +d = p + p in the previous section. Since the absorption rate is very sen-
sitive to the s-wave scattering length, it is also possible to determine this quantity if
the absorption rate is precisely measured. Koltun and Reitan {3] calculated the n~
absorption rate by a deuteron from the atomic IS orbit using the Hamada-Johnston
potential. Their result is 0.84 X 1015 sec—1. There is a large discrepancy between the
value of the absorption rate obtained by Koltun-Reitan and our result. The numerical
values of integrals Jl.(k) are tabulated in table 2.7, (k), Jz(k) and J3(k) are contribu-
tions from the terms of S, H* and A% in the effective 7NN interaction, respective-
Iy. J?(k), J ? {kyand J § (k) have comparatively larger values than the others. As it is
seen in eq. (41), J3S (k) actually has a small effect because of the coupling constant

A by which J3S(k) is multiplied. However, Js(k) and Ji)(k) have different signs and
el 1S(k) +J ? (k)/~/2) becomes very small by cancellation. This causes a small contri-
bution from the Hj term of effective interaction to the total absorption rate. The
theoretical vatues of the total absorption rate are given in table 3. For A =0, the re-

Table 2
Numerical values of the integrals Jl, J2, J3 (see text)
S D S D S D
J1 A 7 7 73 73

—0.0964 0.1420 —0.0188 0.0608  -0.1150 —0.0455
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Table 3 ) . . .
Absorption rate of m mesons on a deuteron from the atomic 1S orbit. The scattering lengt

a, + 24, which is connected with the coupling constant of the effective NN interaction is
gilven in units of the pion Compton wave length for ¢, —a, = 0.291.

a, +2a,(h/uc) ~0.035 - 0.055
A (fm) 0.232 0.251 0
Wisec™ ) 0.942 x 106 1.10% 10'6 0.133 x 10%4

. S. .
scattering effects are neglected, namely only the direct term H; is taken into gccount.
It is easily seen that the rescattering effects raise the value of the total absorption

by about 102,

5. Concluding remarks

First of all, it should be emphasized that the effective 7NN interaction proposed
here includes no free parameter in the sense that it does not contain any phenomen-
ological quantity. Furthermore, our effective Hamiltonian has a form which is con-
venient to apply to the problems of 7~ meson absorption from atomic S- and P-
states. It has been shown that our theory produced an excellent agreement with the
experimental data of the reaction 1t +d ~ p tpatlow energy.

The coupling constant involved in our theory is connected with the scattering
lengths of S-wave 7N interactions and its sensitivity is reflected in the total cross
section of the process 7t + d = p * p and the stopped 7 meson absorption rate.
The values of 7N scattering lengths determined over ten years are tabulated in ref.
[16]. The values of 4y — ay are very close to each other while those ofa, + 20, are
surprisingly unstable. Most recently, Samaranayake and Woolcock [16] recalculated
these quantities by a x>-fit over the whole energy range up to 2 GeV. Their result
sa; + 2a4 =0.0031 £ 0.008. From the 0-270 MeV data only, they obtained
a; + 2a3 =0.0212 £ 0.0086, while a; + 2a3 =—0.0543 £ 0.0111 from the data
above 270 MeV. The large differences should be noticed among these values ob-
tained by them. This tells us the difficulty of the determination of this quantity.
Then, it may be interesting to try to determine this quantity by a somewhat differ-
ent method. In order to obtain the value of ay +2ay through the reactionn’ +d + p
tpatvery lowenergy (up ton = pw/,uc =0.3), we applied our theory. Our best fit
obtained with a x2 of 12.2 for 14 degrees of freedom is ay + 223 = —0.055 for the
fixed value a; — a3 = 0.291 which was previously obtained by Samaranayake and
Woolcock [15]. A more precise value for the scattering length @y + 2e3 could be
obtained when the absorption rate of stopped n— mesons by a deuteron is measured
with great precision, since the deuteron wave function is well known.

In the analysis of the process 7™ + d - p *p and the stopped 7 meson absorp-
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tion by deuterium, the following points have been clarified. (i) The contribution
of the D-state component of the deuteron wave function to the matrix element is
1.7 times larger than that of the S-state component but they have opposite signs,
(ii) The contributions of the direct termH in the effective 7NN interaction to the
total cross section and absorption rate are suppressed very much beuause of the
strong cancellation between the S- and D-state contributions in the H term, and
the rescattering effects become proportionally important.

One of us (I.T.C.) would like to thank Professor . Humblet and all of the staff
for the kind hospitality extended to him at the Institut de Physique, Universite de
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ERRATIIM

T1l-%ong CHFON and J. CUGHNON,

Tffective Interaction for Pion Absorption and Production bv

Two Nucleons at Low Energies,

Mucl. Phys. B6E{1%73)412.

A proaramming error and a misprint were found in calculation
of the stopped %  absorption rate by a deuteron. We want to
vresent here correct ones. Eo.(40) and Table 3 of the paper should

re read as follows:

a)+ 225 (h/pc) -0.035 -0.055
N () 0.232 0.251 o
W (sec™h) 0.108x101°8 0.126x10%° 0.152x10"2







