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The 1r + d ~ 2N reaction is treated by a nonrelativistic meson theory of the 1rN interaction 
in the P state. Dressed particle techniques are used to express the amplitude for this 
process in terms of the coupling constant and the P -wave phase shifts for 7TN scattering. 
The energy and angle dependence of the calculated cross sections are in qualitative agree­
ment with experiment. The maximum difference between the theoretical and observed cross 
sections for angles far from 90° and energies that are not too high is 30%. For angles close 
to 90° and energies much higher than resonant the calculated cross section becomes as much 
as two times as large as the experimentally observed one. Improvement of the results re­
quires including the S state in the 1rN interaction, as well as high nucleon velocities. 

1. INTRODUCTION 

THERE is much experimental material on the 
+ d ~ 2N reaction. 1 Progress in the theoreti­

cal explanation of this reaction, on the other hand, 
is quite modest in scope. The best results are ob­
tained with the phenomenological theory of Man­
delstam.2 He guesses the form of the resonance 
factor and uses three adjustable parameters, and 
in this way is able to give a relatively good ex­
planation of the experimental data for incident 
pion energies from 0 to roughly 300 Mev. Investi­
gations based on meson theory consider the reac­
tion cross section close to threshold.3 •4 The agree­
ment with experiment obtained in this way is satis­
factory.4 From the theoretical point of view, how­
ever, these investigations are not very systematic, 
since the two-nucleon problem is treated in them 
phenomenologically, rather than in terms of the 
meson field. Furthermore, in the most interesting 
region, that of resonance, the cross section is yet 
to be studied. 

In the present paper the 7T + d ~ 2N interac­
tion is treated by the dressed-particle method, by 
means of which the two-nu~leon problem is re­
duced to a calculation involving only single­
nucleon matrix elements. 5•6 

As with other authors, our description of the 
nucleon is not relativistic, and the Hamiltonian we 
choose is 

H = HN, + HN,+ H,. + ~ {ck(Gi1> + Gi2>)+Herm. adj.}, 
k 

a<•> _ i V4il to v <k> 
k - 2-..'2ko 't~>[(a<•>, k+i ~ v.). ikr·L· 

s =I, 2. (1) 

Here HN 1, HN2, and H7r are the kinetic energies, 
respectively, of the first and second nucleon and 
the meson field. The index k includes the meson 
three-momentum K and its isotopic spin coordinate. 
We use the system of coordinates in which ti = c 
= Jl = 1 (where Jl is the pion mass). The rest of 
the notation is quite common and need not be ex­
plained. We remark that the Hamiltonian of (1) de­
scribes correctly the resonance interaction of 7T 
mesons with nonrelativistic nucleons in the P 
state. As is known, there is no successful theory 
of the 1rN interaction in the S state, and we there­
fore must neglect this interaction. 

The following approximations are made in the 
calculation. 

1. Terms describing two-meson and higher ex­
change between the nucleons are dropped. Effects 
related to such terms increase rapidly with increas­
ing distance r between the nucleons (as fast as 
and faster than e-2r), and therefore for a system 
as weakly bound as the deuteron one may reliably 
treat them as small.* 

2. In calculating the single-nucleon matrix ele­
ments, we drop terms that depend on the square 
and higher powers of the nucleon velocities and 
terms linear in the velocities of the nucleon in the 
deuteron. This latter approximation is probably 
justified because the nucleons move relatively 
slowly inside the deuteron. As for neglecting the 
square of the nucleon velocities in the final state 
(in the 1r + d- 2N reaction), it cannot be justi­
fied by simply pointing to low velocities, for they 
are of the order of 0.3 to 0.5. Essentially one 

*Clearly this is not equivalent to perturbation theory. 
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must assume that the matrix elements depend only 
weakly on these velocities. 

3. We neglect all 1rN scattering phase shifts 
other than that for resonance (namely o33 ), since 
there is no reliable way to deal with small phase 
shifts in the presently existing theory. 

4. From similar considerations, the outgoing 
nucleons are described by plane waves. The error 
involved is probably not large, because the nucleon 
energies are so high. 

2. TRANSITION AMPLITUDE 

In this section we shall briefly describe the 
derivation of the formulas for the transition am­
plitude. The technical details are available in 
other works 5-7 discussing the calculation. 

For the process we are dealing with, the transi­
tion amplitude is of the form 

T =('I';-> i (H-E) c~~ IWd, p), 

where 'If&-> is the incoming two-nucleon state with 
spins and momenta indicated by a, 'lfd, p is the 
deuteron state with momentum P, q is the 7r -meson 
momentum and spin, and E is the energy of the 
system. By using dressed particle techniques one 
can reduce the calculation of T to one involving 
single-nucleon matrix elements. 6 The final result, 
which is all we shall present here, is 

T = ~ ~~->· (~) Kil y fd. P (r), 
(l,y 

4 

K 'li;1 K(s) 
fly = .Ll /h• 

S=O 

K~~ = -+~{(~I G~1) + G~2) I o) N'Oy + N(ls(O I G~l) 
8 

+G~2>Ir)}, 

Here fh- > ({3) is the wave function of the incoming 
unbound nucleons, and fd, p ('Y) is the deuteron 
wave function. The variables {3 and 'Y include the 
nucleon momenta (pfp2 and Pt> p2, respectively) 
and spins. The remaining notation is the same as 
is usually used in the dressed-particle method. 5•6 

The first term in (2) gives the impulse approxima­
tion, and the remaining terms arise from single­
meson exchange. 

The calculation of the single-nucleon matrix 
elements in (2) is not particularly difficult, (see, 
for instance, Novozhilov and Terent'ev7 ). Some 
peculiarities ari~e in calculating K~4 >. This is be­
cause the denominator H 1 + H2 - El may vanish, 

and therefore standard methods would lead to diffi­
cult singular integrals over the 1rN scattering 
cross section. A typical term in K~~ may be of 
the form 

. (where {3 1 is the spin and momentum of the first 
nucleon in the {3 state, and Ef3 1 is its energy, 
etc.) The second term is calculated in the usual 
way. The first one is subjected to the unitary 
transformation I 'Y 1 > = exp [ i ( s - u) r 1 ] I 'Y t) 
(where s is the total momentum and u is the 
momentum of the meson field), which transforms 
into 

0 ( ' --+- k - -- ) l' 3 'I a(l)+ 1- Po G(l) ; '\) ') P1 , q P1 i 1 k 11 . E E .0 q 1'1 ' 
I l'T Y2- {l- l 

where we have used the notation 

A= exp[- i (s- u) r1 ] A exp li (s- u) r11. 

The matrix element here depends only quadratically 
on the nucleon velocities in the {3 1 and y 1 states. 
Then according to our approximations, we may 
replace the {3 1 state by some other state {31 with 
the same spin;'but with another momentum which 
we shall choose later. We note now that in our 
approximation we may write 

~-~=~-£=~-~+~=-~-~ 

where I qy 1 )<+> is an outgoing state containing a 
single nucleon (spin and momentum 'Y 1) and a 
single meson (spin and momentum q). Of the 
two matrix elements obtained, the first, which 
contains no singular denominators, is calculated 
in the usual way, while the second gives the T 
matrix for 1rN scattering, but with neither energy 
nor momentum conservation. We now use the ar­
bitrariness in the choice of 731 and the explicit 
form of the T matrix for the P -wave 1rN inter­
action to achieve conservation, and thus the matrix 
element can be written in terms of the 1rN scat­
tering phase shifts. 

The final expression for Kf3y is then 

Kfly = io (p~ "T P~ - q- P) ( 1 - 2%) {o (p~- P1) 

X 2fv ~~ (a<2>, q + ~ P~) + F (qo) ~ d3k v2k~k) 0 (k- p; + P2) 
n r qo o 

x a<2>k [3kq - ( a<1>k) ( a<llq) I - (I ~ 2)} . (3) 
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The resonance factor F ( q0 ) is given by 

8 fv (q) [ iB.,(q,) sin 633 (q0 ) 3 {2 ] 
F (q 0 ) = - --- . (4) 

3 (2n)a -yq;;- q•qv• (q) 2 qo 

We have tabulated our theoretical results along­
side the experimental1 ones for the 2p - 1r+ + d 
reaction for several values of T/ and scattering 
angle a in the center-of-mass system. It should 
be emphasized that it is not possible for us to cal­
culate in any reliable way the contribution to the 
cross section from the triplet state of the nucleons. 
This is because the most important part of this 
contribution comes from the S-state part of the 

Here q0 and q are the energy and the magnitude 
of the momentum in the 1r -nucleon center-of-mass 
system. 

3. NUMERICAL RESULTS AND DISCUSSION 

We now take the absolute square of the ampli­
tude T of Eq. (2) (dropping the o function, which 
gives total momentum conservation), sum over 
final spins, and average over initial. If we denote 
by Z the expression obtained in the laboratory 
system ( P = 0 ), the differential cross .section ob­
tained in the center-of-mass system for the 7f + d 
~ 2N reaction is 

dcr (zt + d-+ 2N) = 8n'q0l 1 / M2 + f2Z 
dQ q v 

1rN interaction, and we do not include this. For 
this reason we tabulate the results both with and 
without the triplet-state contribution. 

As is seen from the table, the energy and angle 
dependence of the calculated cross section agree 
qualitatively with experiment. The total cross 
section exhibits a resonant behavior with a maxi­
mum for T/ in the region of 1.5 to 1.8, which is 
supported by the experimental data. 

dcr(2N-+n+d) 3 TJ2 dcr(n+d-->2N) (5) 
dQ = 27.2 dQ 

As for a quantitative comparison with experi­
ment, we must emphasize that in view of the third 
of the approximations we make (see Introduction) 
the calculated cross section can be considered 
reliable (assuming the other approximations valid) 
only where the resonant terms with the o33 phase 
shift are large compared to the small-phase shift 
terms we have not included. This is true only for 
angles far from 90° and energies below the reso­
nance in the 1rN scattering. Therefore it is only 
in these regions that our theory may attempt to 
reproduce the experimental results. 

Here Z2 and T/ 2 are the squares of the nucleon and 
1r momenta in the center-of-mass system for this 
reaction. 

As was mentioned in the introduction, the fa (j3) 
we use are free-particle functions. For the deu­
teron function we take the expression given by 
HultMn and Sugawara, 8 which gives the probability 
PD = 4% for the D wave, and a hard-core radius 
rc = 0.306. The cutoff factor is chosen as v (k) 
= a2 I ( a2 + k2 ) with a = 7. The cross section de­
pends weakly on a. 

Then excluding angles close to 90° and the 
point T/ = 2.05, we find that the theory deviates 
from experiment by at most about 30%. In our 

Differential and total cross sections for the 2p- "+ + d reaction 

I Differenti!}. cro,s sections 
( 10 em /sr) Total cross sections ( 10-27 cm2) 

71/f'C 19, deg theory theory 

I not I nor- experiment including including experiment including including 
dat dat a I at 

I 

I 

I 
I 

0 0.256 0.239 0.312±0.031 
0.54 45 0.153 0.123 o; 145±0.018 0.151 0,116 0,156±0.010 

90 0.054 0.027 0;028±0;011 

0 1.72 1. 70 2,85±0,32 
1,15 45 1.17 0.87 1. 70±0.22 1.32 0.92 1 ,53±0.23 

90 0.77 OAO 0.55±0.12 

0 5.11 5.07 
I 

5.55±0,52 
1.55 45 3;40 2.63 3,26±0.32 3.80 2.71 3.15±0.25 

90 2.17 1.04 I 0.99±0~13 

0 6.68 6.55 5.0fi±0.42 
30 5.28 4.76 4,05±0,35 

1. 74 45 4.15 3.35 3.09±0.30 4.63 3.44 3.06±0,31 
60 3;22 2.22 2.14±0.24 
90 2.54 1.25 1; 18±0; 18 

0 5.41 5,03 2.'73±0,22 
2.05 45 3,03 2.57 1 .. 81±0.17 3,14 2.44 1.89±0.17 

90 1.30 0.59 0.86±0.11 
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opinion this is quite satisfactory when one recalls 
the approximations made. 

If all angles and energies are included, the theo­
retical differential cross section differs from ex­
periment by at most 100%. For the total cross 
section this figure is about 50%. Better results 
are obtained if one neglects the triplet state of the 
nucleons. Then, as the table shows, the total 
cross section differs from experiment by no more 
than 30% for all energies, and 10% at resonance. 

We note also that around 90° the cross section 
depends strongly on the choice of PD and rc. We 
have chosen the values generally used, but they 
are almost definitely not the best ones from the 
point of view of obtaining agreement with experi­
ment for our calculation. A final choice, however, 
can be made only after one takes account of oth~r 
factors influencing the cross section, especially 
the S-state 71'N interaction and the ]ow phase shifts 
in the 71'N scattering. For this reason we do not 
vary PD and rc in our calculation. 

In conclusion we wish to emphasize that our 
calculation is necessarily a first approximation, 
presenting only the roughest outlines of the mech­
anism by which the 71' + d ~ 2N reaction takes 
place. A real improvement of the calculations 
will become possible only when we learn to in­
clude the high nucleon velocities characteristic of 

this reaction, i.e., when there exists a relativistic 
theory of strong interactions. 

The author expresses his sincere gratitude to 
Yu. V. Novozhilov for advice and discussion, and 
toR. Bo!kova and G. Dmitrieva for aid in the 
numerical calculations. 
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