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We test the validity of calculating the process NN —md in lowest order, with initial- and final-
state interactions being included via square roots of s matrices for the respective elastic processes
(so-called Sopkovich approximation). This is done by constructing a coupled-channels model with
effective two-body potentials between the channels NN, md, and NA. These potentials are taken to
be separable, and are fitted to partial-wave amplitudes coming from a three-body calculation. We
obtain reasonable fits in those partial waves where coupling to the NA channel is strongest; in par-
ticular, the dominant J =27 channel is well described. Within such a two-body potential model, it
is known that the Sopkovich approximation should be valid for small, short-range transition poten-
tials in the limit of high energies. Using this coupled-channels model, we find that the Sopkovich
approximation in the 2* channel works well only above 200-MeV total center-of-mass kinetic ener-
gy. Comparison with an approximation which assumes only a small transition potential leads us to
observe that (i) the 2* NN — 7d transition potential is indeed small everywhere except at the A reso-
nance peak (160 MeV), and (ii) away from this peak, the Sopkovich approximation breaks down
below 200 MeV mainly due to the neglect of off-shell effects. For the smaller J =27, 37, and 4°
partial waves, we find the Sopkovich approximation to work at least as well as for the 2*. No con-
clusions are made about the J =07 and 1~ partial waves; these obtain large contributions from s-
state mN rescattering which is not easily included in our model.
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I. INTRODUCTION

One of the main challenges of intermediate-energy
physics has been to understand nucleon-nucleon (NN)
scattering above pion production threshold. This is
reflected in the many studies of the NN<«»>wd reac-
tion.!!* Not only does this reaction form the simplest
inelastic channel for NN scattering, but it is also responsi-
ble for the absorptive part of 7d —md. There have been
essentially two lines of approach in studying NN —md.
In the first, coupled-channel equations are solved for the
7NN system.' ® Some of these calculations couple all
the processes 7d —md, NN —md, and NN — NN in a uni-
tarity way.? ¢ Despite the careful treatment of three-
body unitarity, these approaches are as yet limited to us-
ing three-dimensional integral equations, and therefore
cannot take into account the full complexity of a relativ-
istic theory. In the second approach,””!* the emphasis
has been to perform detailed calculations of the Born dia-
grams illustrated in Fig. 1. The direct production dia-
gram, Fig. 1(a), describes mainly pion production near
threshold, while production via the A, Fig. 1(b), dom-
inates pion production over a wide energy region around
the A resonance. An important feature of such calcula-
tions is that they are able to be done fully relativistical-
ly.°” 13 On the other hand, the handling of initial- (ISI)
and final-state interactions (FSI) in such approaches is
problematical. This situation is of course not unique to
NN —7d. Both in nuclear and high energy physics, it
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has been common to take into account ISI and FSI by
multiplying the calculated transition Born amplitude by
factors related to the corresponding elastic scattering
phase shift.!*"17 These are on-shell prescriptions which
do not take into account the possible off-shell contribu-
tions in the integral connecting the Born term with initial
and final states. Generally speaking, within nonrelativis-
tic potential models, these prescriptions can be shown to
be accurate for small, short-range Born terms in the limit
of high energies.!” Because the final prescription is ex-
pressible purely in terms of s matrices, it is hoped that
such proofs can be generalized to relativistic field theories
where potentials may not have a rigorous meaning. One
such prescription, the so-called Sopkovich formula, '* has
been used by Locher and Svarc’ in their relativistic calcu-
lation of the diagrams of Fig. 1. The goal of this paper is
to assess the validity of using the Sopkovich formula in
the particular case of the NN — d process.

In the Sopkovich prescription for NN — 7d, the sum of
the diagrams in Fig. 1 is considered as the Born term
B, nv- The full NN —7d t matrix, T, yy, is then ap-
proximated as

Togny=S :rf{,zndBfrd,NNS.%%NN ’ (1.1)
where square roots of elastic-scattering s matrices play
the role of on-shell distortion factors. Although this
looks formally like a statement of Watson’s theorem ' for
the case of NN —=d, Eq. (1.1) is meant to apply even
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(a) (b)

FIG. 1. Born diagrams for the NN —md process: (a) shows
the direct pion production diagram, while (b) depicts produc-
tion via the A resonance.

when there are strong inelasticities in all the amplitudes.
In order to check the domain of validity of such an ap-
proximation, we have constructed a coupled channels
model of the processes NN-—-NN, NN —mwd, and
7d —mwd, where the channels are made up of the two-
body states NN, wd, and NA. All particles in these chan-
nels are treated as elementary, so that the breakup of the
deuteron, or the decay of the A is not explicitly included.
This might seem a drastic simplification, but it is in keep-
ing with the usual proof of the Sopkovich prescription. '’
Moreover, much of this neglect of open three-body chan-
nels can be effectively compensated in our model by ad-
justing transition potentials to fit experimental data.

Clearly, such a model is most appropriate in those par-
tial waves which couple strongly to NA states. This is
the case for the dominant J =27 partial wave. Indeed its
dominance is understood to arise from the coupling to an
NA in relative s state. As shown by more microscopic
three-body models,* coupling to NA states is also partic-
ularly important in the J =27, 37, and 4* partial waves.
On the other hand, J =0" and 1~ partial waves receive
large contributions from s-wave 7N rescattering, and in
this case our simple three-channel model is not expected
to be applicable.

In this paper we concentrate our discussion on the
dominant J =27 partial wave channel. For the smaller
27,37, and 47 partial waves, our results indicate that
the Sopkovich prescription works at least as well as
J =2"%, and will therefore be discussed in less detail here.

The partial-wave transition potentials between the
three channels v;;(i,j = NN,NA,7d) are taken to be real,
and of rank-one separable Yamaguchi form (however we
set v,4 -4 =0 as prescribed by three-body theory). The
model is therefore exactly solvable, in principle algebrai-
cally, for all the possible off-shell amplitudes in question.
The parameters of the model, consisting of eight poten-
tial strengths and ranges, are used to fit data for the phys-
ical processes NN — NN, NN —md, and md —7d in the
energy range 0=<FE, =300 MeV where E, is the total
center-of-mass kinetic energy (the equivalent beam labo-
ratory kinetic energies can be read off from Fig. 3). Be-
cause of the difficulty in obtaining a complete set of ex-
perimentally determined partial wave amplitudes, we
have fitted to amplitudes predicted by the few-body cal-
culation of Afnan and Blankleider* (AB). This should be
sufficient to fix our potential strengths and ranges in or-
der to approximately describe true experimental data.

With our transition potentials thus determined we are
explicitly able to compare the exact NN —wd t-matrix
T .4 vy With the Sopkovich modified Born term of Eq.
(1.1). We find that for the J =2% partial wave, the Sop-

kovich prescription works well only for E, >200 MeV.
In particular, it is inaccurate below, and close to the A
resonance position. In order to see which condition for
the validity of the Sopkovich prescription is not met
below 200 MeV, we introduce a new approximation, Eq.
(3.6), which only assumes that the Born term is small.
Although of similar form to Eq. (1.1), the new approxi-
mation includes the full off-shell contributions. Except
right at the A peak, we find that this approximation
works very well across the whole resonance energy re-
gion. This suggest that although B, yy is mostly small
enough to satisfy one of the conditions for the Sopkovich
prescription, off-shell effects are too large to be neglected
for energies below 200 MeV.

The details of the three-channel separable potential
model, the choice of the input data and details of the
fitting procedure are given in Sec. II. The numerical re-
sults are discussed in Sec. III and a summary is given in
Sec. IV.

II. THE COUPLED-CHANNELS MODEL

In an analysis of absorptive processes, Durand and
Chiu!” (DC) considered the case where any number of
two-body channels are coupled together through a real
symmetric potential matrix v;;. By a formal elimination
of channels, it is possible to reexpress this problem in
terms of just two channels, coupled together through
complex potentials. For this effective two-channel prob-
lem, DC were able to show that, under appropriate con-
ditions, the partial wave transition ¢ matrix, T,; can be
approximated as

T,~e"Bye'™, ij=12, 2.1)

where B,; is the Born term for the transition, §; and §;
are phase shifts for the elastic channels i and j, respec-
tively. We shall call Eq. (2.1) the Sopkovich approxima-
tion or prescription, as it was originally derived by him'*
using a method based on the Glauber high-energy ap-
proximation. As shown by DC, the conditions under
which this relation is true are essentially that the Born
term is small and of short range, and that the energies are
high enough.

Because we would like to quantify these conditions for
the case of NN —md, we basically implement the pro-
cedure of DC numerically for the three channels NN, 7d,
and NA. There are of course other open channels possi-
ble, but it is well known that, at intermediate energies,
the 7NN system is dominated by the NA channel in the
’S, partial wave.

For the purpose of this study, it is therefore appropri-
ate to perform a detailed examination of the above three-
channel model in the J=2" partial wave. As we shall
discuss later, our three-channel model can also be used
for J=2", 37, and 47 partial waves; however, the
J=2" channel turns out to be more restrictive than
these with respect to the applicability of the Sopkovich
prescription.

We shall also keep only the lowest coupled orbital an-
gular momentum contribution within each channel. We
thus end up with just three partial wave channels: (i =1)
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an NN state in the 1D2 partial wave, (i =2) a md state in
the P, partial wave, and (i =3) the NA °S, state. The
coupled channel equations for the processes NN — NN,
NN —7d, and md — md, can now be written in operator
form as
3
T =v;+ 3 vy G Tyjr ,j=1,2,3, (2.2)
k=1

where T; and v;; are the partial wave transition ¢ matrix
and potential, respectively, and G, is the Green’s func-
tion in channel k. We solve Egs. (2.2) in momentum
space where they form a coupled set of Lippmann-
Schwinger equations. We use relativistic kinematics for
all particles, and our amplitudes are defined as in Gold-

berger and Watson.!® For simplicity we assume rank-1
separable forms for the potentials

v, =g 0%, g, 23)

where we chose Yamaguchi expressions for the form fac-
tors

(k) Gk (2.4)
R0
In Eq. (2.4), k is the center of mass momentum, /; is the
channel orbital angular momentum, C; and f3; are the
strength and range which we treat as free parameters.
The coupling strength A;; is set to +1 for i =j and treat-
ed as a free parameter for i#j. The power index n; is
used to set the form of the potentials. In addition, in or-
der to agree with three-body models of 7d elastic scatter-
ing, we set v,, to zero. In our model, all particles are
treated as elementary, having the following masses:
m_=139.57 MeV, m;=1875.6 MeV, my =938.93 MeV,
and m, =1232.8 MeV. Thus the vertex functions of both
the deuteron and the A are not explicitly included in our
model. Although seemingly a drastic approximation, it is
compensated by the fact that ours is a phenomenological
model where effective potentials are varied to fit data.
The advantage of having strictly two-particle channels is
that the problem is thereby expressed directly within the
same framework as that of the theoretical work of DC.
This facilitates a better understanding of our numerical
results. We also note that two-body unitarity is main-
tained exactly in our calculations.

There are eight free parameters in our model: the se-
parable form factor strengths and ranges Cyy, Byy> C a5
Bra> Cna» Bya, and the cross-channel coupling strengths
Ann,za and Ayy va. We note that the transition strength
A4 na 18 nOt a free parameter for us; instead, it is fixed to
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be +1. This stems from the fact that, as in few-body
models, we take v, ., =0. This leaves the strength C_,
free to determine the true strength of the NA —md poten-
tial.

The eight parameters were used to fit to the partial
wave amplitudes coming from the few-body calculation
of Afnan and Blankleider.* Only the on-shell amplitudes
for the physical reactions NN-—NN, NN —md, and
wd —mwd were fitted. The fits were performed in the ener-
gy range 0= E, <300 MeV, where E, is the total center
of mass kinetic energy defined in terms of the total energy
E as

Ex=E—m_.—2my . (2.5)
Of course, fitting to experimentally determined ampli-
tudes for the physical processes would have been prefer-
able, but as yet there do not appear to be any reliable am-
plitude analyses for 7-d elastic scattering above the A res-
onance region. At this stage we prefer to use theoretical-
ly generated data which at least are consistent with two-
and three-body unitarity. We point out, however, that it
is in any case doubtful that our main conclusions would
change even if such experimental data were available.
Even an approximate data set should determine our po-
tential strengths and ranges well enough to see if the con-
ditions for the Sopkovich approximation are met.

The parameter fitting procedure is a standard one. It
has been done using the MINUIT D506 (CERN-
LIBRARY) program running on a VAX 8650 computer.
The parameters of our best fit to the J =2" amplitude
data are given in Table I.

In order to test the Sopkovich prescription, the cou-
pled three-channel problem has to be reduced to a two-
channel problem with effective complex potentials. In
our model this can be done by eliminating the NA chan-
nel from the set of equations (2.2). Because we use separ-
able interactions, this can be done algebraically, with the
final result being

2
T;=V;+ 3 VaG Ty, 1,j=12, (2.6)
k=1
where the effective potentials are given by
(8:1G,lg;)
Vx1=|g1> }"U+}‘i3 }\31' <glI : (27)

1“)‘33<83|G3|gs>

The meaning of this result can be better displayed by ex-
panding the denominator in Eq. (2.7) into a power series.
In terms of the separable potentials given in Eq. (2.3), this

TABLE 1. Parameters of the coupled channels model, defined in Egs. (2.3) and (2.4), corresponding

to the fit shown in Fig. 3.

Channel i C, (fml‘_zn'ﬂ) B, (fm™") n, A, Nw Ay nd Ana
NN ('D,) 2.56 2.92 2 -1 1077 2.62
7d (°P,) 5.61 1.24 2 1077 0 -1
NA (°S,) 2.10 1.50 2 2.62 —1 1
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FIG. 2. Illustration of the series equation (2.8) for the
NN — 7rd potential V,,.

series is

V=0, T0i3G303, +03G3 V33Goy;+ o (2.8)
As displayed graphically in Fig. 2 for the NN —wd case,
the potential V;; contains all the N-A rescattering contri-
butions. The usefulness of the Sopkovich approximation
now depends crucially on the rapid convergence of this
series. In particular, it would be desirable if only the first
two terms need be retained. These terms would then cor-
respond to the ones in Fig. 1, calculated in more micro-
scopic approaches. For the purposes of testing the Sop-
kovich prescription, we therefore define the Born term as
B;=lg 2\, (g;l+1g )1;3(g;1G;lgs )4y, (g;l . (2.9
We note that this also agrees with the way a (modified)
Sopkovich formula has been used by Locher and Svarc.’
Having specified our model, our procedure then in-
volves comparing the Sopkovich formula for NN —md,
Egs. (2.1) and (2.9), with the full solution of the coupled
equations (2.2).

III. RESULTS AND DISCUSSION

The parameters of our best fit to the J =27 amplitudes
of AB are given in Table I. It is interesting to observe
that the Ay ., potential strength comes out of the fitting
procedure as extremely small. That the p-wave pion pro-
duction process is dominated by coupling to an NA inter-
mediate state, thus comes out naturally from our fit. This
agrees with observations coming from more microscopic
models.’

In Fig. 3 we compare the obtained ¢ matrices (filled cir-
cles) for the processes NN — NN, NN —7d, and wd — md
with the corresponding AB model predictions which have
served as our input data (open circles). The agreement is
quite good for NN —wd and m—d elastic scattering,
while it is of somewhat poorer quality for N —N elastic
scattering at energies above the A resonance. On the oth-
er hand, the AB model itself does not give a good account
of the true experimental NN data at the higher energies.
In this respect, it is interesting to note that our fitted NN
amplitudes tend to be closer to the phase-shift analysis of
Arndt® (open triangles) than to the AB data. We there-
fore conclude that the present model can give a fairly
realistic description of all the above three processes in the
J =27 channel.

With the model now established we go on to investi-
gate the Sopkovich approximation, Eq. (2.1), where the
Born term is given by the first two terms of the series
(2.8). Specifically for the NN — 7rd reaction, we therefore
define
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s b, ISy
T anv=e naBgd,A}\"e v, (3.1)

where

s _
Ba NN =Vra NN TV 20 naGnaUna, Ny (3.2)

and we are interested to see how well the Sopkovich
modified Born term T,S,d’NN approximates the exact
NN —7d t-matrix T4 yn-

In Fig. 4(a) we compare the real and imaginary parts of
the exact t-matrix T, vy, obtained on the basis of the se-
parable potential model (filled circles), with the Sopko-
vich approximation Tf,d’ wyn (solid line). The dashed line
gives the unmodified Born term Bid‘NN. It is also con-
venient to show the same comparison in terms of the
modulus and phase of amplitudes; this we do in Fig. 4(b).

An immediate conclusion from Fig. 4 is that the Born
term itself is very large, and bears little relation to the
data—especially around the resonance region. This ob-
servation is in common with the relativistic calculation of
Locher and Svarc.® It is thus essengial to account for
initial- and final-state interactions in a Born calculation
of NN —md. In comparing the Sopkovich approximation
T3, vy With the exact T, yy, a number of different
features become apparent corresponding to whether we
are below, on, or above the A resonance peak.

Below the NA threshold, our Born term is purely real.
This is a consequence of the fact that our A has no width.
Also in this region, both NN and wd amplitudes are
essentially elastic (of course the NN amplitudes are exact-
ly elastic below pion production threshold). Below A
threshold, therefore, the Sopkovich prescription equation
(3.1), reduces to a statement of two-body unitarity (i.e.,
Watson’s theorem!'®) and this is reflected in the identity of
the phases of T3, vy and T .4 nn in this region. In reali-
ty, because of deuteron breakup and the nonzero width of
the A, the above phases are not expected to be identical.
We note that even though the phases of T3, yy and
T .4 vy are identical below threshold, their magnitudes
are not. Thus within the scope of our model, the Sopko-
vich prescription does not appear to be applicable in the
energy region below the delta peak.

At the delta peak, E, =160 MeV, the Born term is
very large. Although the Sopkovich prescription
definitely helps to bring down the peak, there is no agree-
ment with the exact results. Indeed, if one looks at the
energy dependence of Tidﬂw, one sees a rapid oscillation
around the peak, while the exact results vary smoothly.
This oscillating behavior is due to the strong inelasticity
in 7d elastic scattering. Indeed the inelasticity parameter
14> defined as usual by

15 tRe(d_ )
rd — rd
e " Nwd€ i ’

(3.3)

shows a very strong dip at the A resonance peak. By its
construction, T3, yy contains a factor ¢'*" and therefore
will itself show a sharp dip at the resonance peak. This
behavior is not displayed by the exact amplitude. As dis-
cussed later, this disagreement can be attributed partly to
off-shell effects and partly to the large size of the Born
term.

Above the resonance peak, the Sopkovich approxima-
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tion first rapidly approaches to within 10% of the exact =~ From Figs. 3-5 one can conclude that the Sopkovich ap-
t-matrix value, and then continues converging, although  proximation works reasonably well above about 200 MeV
rather slowly. This is explicitly shown in Fig. 5 where we total c.m. kinetic energy.

plot the value [T, 4 vy — T‘,S,d,NN{ as a function of energy. We now examine the nature of the Sopkovich approxi-
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FIG. 3. Comparison of fitted ¢t matrices for NN — NN, NN — 7d, and md — 7d using our coupled-channels model (filled circles),
with the theoretical values of Ref. 4 which are here taken as data (open circles). The phase-shift results from Ref. 20 are given as
open triangles for comparison. The bottom horizontal scale gives the total c.m. kinetic energy E; while the top scale gives the corre-
sponding laboratory kinetic energy of the beam particle.
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FIG. 4. Comparison of the exact ¢ matrix for the process NN —md (filled circles) with the Sopkovich modified Born term (solid

line). Also shown is the unmodified Born term (dashed line).

mation a little more closely. As was stated in the previ-
ous section, the usefulness of the approximation is based
on the rapid convergence of the Born series in Eq. (2.8).
For our fitted model, this turns out indeed to be the case.
If we use the full series B, yy instead of just the first two
terms Bf,d’ NN then our results are virtually indistinguish-
able from the ones shown in Fig. 4. As our best fits are
essentially unique, we conclude that, within our model,
the data demands that the contribution from the poten-
tial vy, ya =183 )A33(g;| be small. Thus the sign of A;; is
not well determined in our model. For the fits shown in
Figs. 3 and 4, A;; was chosen to be +1. If we set
A33=—1 then we obtain a fit very similar to the one al-
ready shown. It must be said, however, that the best fit
with A;;=—1 gives a small but significant value for
V.a NaGnaUna, NaGyaUna, v —the third term in the Born
series of Eq. (2.8). As a consequence, the Sopkovich ap-
proximation with this solution is slightly worse than the
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FIG. 5. The deviation of the Sopkovich modified Born term
(TS) from the exact solution (7) for the NN — 7d process.
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one with A;;=+1, although within the accuracy of our
model, it is difficult to attach much significance to this
small difference. This point is better left to more accu-
rate studies of the NA potential.

As previously discussed, a number of assumptions un-
derlie the Sopkovich approximation. If all these assump-
tions are met, evidently, off-shell effects in initial- and
final-state interactions do not contribute. One of the as-
sumptions made is that the transition potential ¥
(=B 4 yy) is small. It is interesting to examine the
consequences of making this assumption alone. In this
case, a simple approximation may be derived. Starting
with Eq. (2.6), the equation for the exact NN —xd t-
matrix is

T2l:V21+V21GlTll+V2ZGZT21 (34)
which can also be written in the form
(1_V22G2)T21=V21(1+GIT1]) . (35)
N
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Multiplying through on the left by 1+ T,,G,, and assum-
ing that all terms quadratric or higher in V,, may be
neglected, we obtain the expression

Ty =T3 =(1+T5,G,)Vy (1+G,T))) (3.6)

which is exact in the limit V,;, —0. Although Eq. (3.6)
shares the smallness of V,, assumption with the Sopko-
vich prescription, it retains full off-shell information in its
initial and final distortion factors. In Figs. 6 and 7 we
compare the exact solution for T, yy, with the one using
the approximation of Eq. (3.6). Except around the reso-
nance point, we find excellent agreement between the ex-
act and approximate values. This comparison suggests
that, except at the resonance position, the assumption
that the Born term is “small” in NN —md is justified in
the Sopkovich approximation. Below the resonance
peak, however, it is evident that the off-shell contribu-
tions are important, and need to be included in any calcu-

N
T lab {MeV]
300 450 600 750 900
Q10T T T T T T T T T T T T T T 1T
L RN
0.08} NN — 7l’d / \\\
- ' \
__. 0.06} TR
N - [}
E o004}
& o002}
v—% I b
0.00
-0.02}
004l L
0 80 160 240
(a)
N
T ab [MeV]
300 450 600 750 900
18 —I_ i I i 1 I 1 I I 1 LI
L NN —» nd
150
w0 120
L5 -
~ [
e~ 90:
‘l;D |
& 60
30}
ol
0

(b)

FIG. 6. Comparison of the exact ¢ matrix for the process NN —md (filled circles) with the approximation of Eq. (3.6) (solid line).

Also shown is the unmodified Born term (dashed line).
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FIG. 7. The deviation of the approximation of Eq. (3.6) (T¥)
from the exact solution (T) for the NN — md process.

lation of distortion effects.

This concludes our observations for the J =2% partial
wave. We have also performed a similar analysis for the
smaller J =2",37,and 4" partial waves. For these the
minimization procedure gives essentially two types of
solutions, differing mainly in the size of the potential
Una na- We have already pointed out that this potential
would need to be smaller for practical applications of the
Sopkovich prescription. Indeed the contribution of this
potential was neglected from the Born term in the relativ-
istic model of Ref. 9. To see if this neglect of vy, ya is
Justified, we have examined the effect of setting this term
to zero in the three-body model of AB. In this case
Uya,na 1S given by one pion exchange, and we find its
effect to be relatively small for all partial waves with the
biggest effect being in the J =2% channel. For the pur-
poses of this paper we are, therefore, led to keep only
those minimization solutions that have a small value for
Una,NA:

For the J =37 partial wave, the NN —nd Born term
tends to be already close to the full ¢ matrix, except
around the resonance region where it has a notable peak.
This peak is similar but smaller than the one shown in
Fig. 4 for the J =27 case. The Sopkovich corrected
Born term then tends to agree quite well with the exact ¢
matrix across the whole 0 < E, =300 MeV energy region.
For the J =27 and 4% partial waves the Born terms do
not display significant peaking but tend to be very close
to the full ¢ matrix. The additional Sopkovich correction
then has a minimal effect. For the above partial waves
we therefore find that the validity of the Sopkovich
prescription is limited essentially by the J =27 partial
wave.

As mentioned in the Introduction, our three-channel
model is not appropriate for J =0% and J =1". Indeed,
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reasonable fits for these partial waves appear not to be
possible using the model as described above. This is in
fact expected, because these partial waves couple strongly
to s-wave wN states, and these are not explicitly taken
into account in the three-channel model. Moreover, as
these s states are nonresonant, we would not expect a
description in terms of effective two-body states to be re-
liable. We therefore leave the validity of the Sopkovich
prescription in the 0% and 1~ partial waves as an open
question.

IV. SUMMARY

In order to study the validity of on-shell distortion fac-
tors for NN —md, we have constructed an exactly solv-
able two-body coupled channels model for all the reac-
tions NN — NN, NN —wd, and md —md. The model has
eight parameters, describing transition potentials between
NN, md, and N A states, and is used to fit given amplitude
data in the dominant J =27 partial wave. Despite the
phenomenological nature of the model, we are able to ob-
tain good fits to all the above reactions; in addition, our
results do not appear to differ greatly from those of more
microscopic approaches. With this model we have exam-
ined the frequently used Sopkovich prescription for the
on-shell distortion factors—Eq. (1.1). Although the
theoretical conditions for the validity of this prescription
are known—Born term must be small and short range,
and energy must be large, we have been able to quantify
the conditions for the NN —md reaction. We find that
the Sopkovich prescription works well only above 200
MeV total center-of-mass kinetic energy, although it does
help reduce the large differences between the NN —7d
Born term and the exact ¢ matrix also at the lower ener-
gies. To better understand the inaccuracy of the Sopko-
vich prescription below 200 MeV, we have also examined
an off-shell distortion approximation, Eq. (3.6), that
shares with the Sopkovich prescription the assumption
that the Born term is small. Despite the inclusion of off-
shell contributions, we find that the assumption of a small
Born term appears to be invalid close to the A resonance
peak. Below the resonance, although the Born term here
appears small enough, off-shell effects become important
making the Sopkovich prescription inaccurate.

A similar investigation has been performed for the
smaller J=27, 37, and 47 partial waves. For these we
find that the Sopkovich prescription works at least as
well as for the 2% channel. Excluding the J =07 and 1~
channels for which our model is inappropriate, we there-
fore find that the validity of the Sopkovich approxima-
tion is mainly determined by the 2% channel.

We would like to thank M. Locher for many useful dis-
cussions.
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