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Isospin effects in NN scattering and annihilation are studied here using the optical model.

Real

part of the effective NN potential was chosen to be the G-parity-transformed Bonn NN potential
(OBEPQ). Parameters of the imaginary part of the optical potential were obtained by fitting the to-
tal pp — pp, pp — nfi, and fip — fip cross sections to averaged experimental data represented here by
analytical formulas. The model reproduces reasonably well the differential and total cross sections
of NN scattering and charge-exchange reactions as well as the characteristics of p atoms. There is
no evident relationship between the peculiar behavior of the real-to-imaginary ratio of the pp for-
ward elastic scattering amplitude and isospin effects.

I. INTRODUCTION

The study of antiproton reactions has been greatly ad-
vanced by the LEAR facility, and an increasing body of
experimental data is now available on antinucleon-
nucleon scattering and annihilation in the low-energy re-
gion. The data on polarization observables in NN reac-
tions are very scarce; therefore, a full scale phase-shift
analysis cannot be done at present. However, recent
measurements of elastic and total cross sections for
ppr —pp and 7nip —7p reactions along with the data for
pp —nin charge exchange make it possible to gain some
insight into the isospin content of the NN dynamics and
first of all to extract some information of the NN annihi-
lation strength in different isospin channels. This is the
main objective of the present paper.

In the most ambitious calculations, at least some of the
large number of meson states, which appear as a result of
NN annihilation, are treated on the same footing as the
scattering channels via the coupled channel formalism.!
Such elaborate calculations, being now in their initial
stage of development, can hardly serve as a basis for N-
nucleus calculations in the near future. Having in mind
such applications, we report here on our optical model
study, in which the Bonn potential for the NN interaction
is used as a starting point. The G-parity-transformed
Bonn potential (OBEPQ) serves as a real part of the opti-
cal potential pertinent to the NN system. The loss of flux
from the elastic channel due to the annihilation is
represented by the imaginary part of the optical poten-
tial. A phenomenological, volumelike form of the latter
was chosen with room left for a possible isospin depen-
dence of the annihilation process. The parameters of the
absorption part of the optical potential have been ob-
tained from the fit to the pp —pp, pp —#n, and np —hnp
experimental data. The proton-neutron mass difference
was taken into account in our calculations via the
coupled-channel formalism. Therefore, the charge-
exchange reaction pp—7in starts at a correct threshold
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value.

Earlier optical model studies Refs. 2-8 were done
mostly in coordinate space, since the numerical tech-
niques are very well developed there. However, micro-
scopically constructed (optical) potential usually contain
nonlocalities and velocity-dependent terms associated
with the exchange of various mesons. Those features of
the theory can be treated in coordinate space in a very
crude way only by adopting rather severe simplifying as-
sumptions. This is the reason why we work in momen-
tum space and examine the extent to which the current
momentum space techniques are applicable to the case of
the NN reaction.

Some conclusions concerning the strength of NN an-
nihilation in either isospin channel (7=0,1) have also
been reached in earlier optical model work.” However,
the 7ip —7np data were not available at that time. Other
pieces of evidence have recently been collected in Refs. 9
and 10 indicating a rather important role of isospin
effects in NN annihilation. The observables under con-
sideration were the p-nucleus annihilation cross sections
in the case of A=2, 3, and 4 nuclei’ and branching ratios
of some exclusive annihilation channels.!® Nevertheless,
our understanding of isospin effects in NN annihilation is
far from being satisfactory even on a phenomenological
level.

A part of our work is the parametrization of experi-
mental total, annihilation, and integrated differential
cross sections for pp — pp, pp — fin, and 7ip — 7ip channels
in terms of simple rational functions. The parametriza-
tion, presented in Sec. II, allows one to draw some con-
clusions about the mutual consistency of different experi-
mental data and makes the fitting procedure of the opti-
cal potential constants easier. Further, it reflects some
dynamical aspects of the NN interaction, particularly
those associated with isospin effects. The optical model
formalism is briefly presented in Sec. III. The resulting
parameters of the optical potential are given in Sec. IV.
In addition, numerical instabilities are discussed here,
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which we observed in solutions of the optical model equa-
tions in some cases. The calculated cross sections are
compared with the experimental data in Sec. V. A sum-
mary is presented in Sec. VI.

II. PARAMETRIZATION
OF TOTAL CROSS SECTIONS

There are several parametrizations of total and also
differential NN cross sections reported earlier. The
framework usually used in the low-energy region is the
scattering length expansion,!! which includes also
effective ranges in nucleon-antinucleon s and p waves in
some cases.'? Such studies were mainly motivated by the
unusual behavior of the real-to-imaginary ratio of the pp
forward elastic scattering amplitude p=ReF, /ImF .

Some recent experiments!>!* seem to indicate that the
parameter p changes sign in the vicinity of the pp —nn
threshold. This is the reason why recent work takes into
account different thresholds in pp and n# reactions and
incorporates unitarity and analyticity in a proper way.

Both the optical model analysis® and effective range ex-
pansion study'? find that the effect of the n# threshold is
small. Moreover, the work done by Mahalanabis, Pirner
and Shibata!? cast some doubts on the validity of the
scattering length plus effective range expansion in the
case of low-energy NN reactions. In fact, such an ap-
proach does not allow one to parametrize the pp —pp,
ppP —nf, and fip —7ip reaction cross sections simultane-
ously, and the fip —7ip data are rather seriously underes-
timated in Ref. 12. As pointed out by Mahalanabis,
Pirner, and Shibata, '? dynamical singularities in the NN
amplitudes might be responsible for such a discrepancy.
It is well known” that, e.g., one-pion exchange dominates
the charge-exchange pp —n# reaction, and the corre-
sponding singularity may restrict the validity of the
scattering length expansion to a very small energy inter-
val.

Following these considerations, we parametrized the
total cross sections of the pp —pp, pp — n#, and np —np
reactions in terms of simple rational functions as follows:

A B
el — el — _
T 1+ak?’ Trp 1+Bk2’ (1a)

tot— 1 1 1

o + ,
w2 T ekt T gk
(1b)
tot — 1
v+ pk?
L ¢ (10)
rp k (1+ak®(1+yk?) ’
where
op=agt+by/k, o,=a,+b,/k . (1d)

In Eq. (lc) the factor k, takes into account the phase
space of the final n7i system and k always means the
center-of-mass momentum in the NN initial channel. We
introduced several (complex) pole terms in Eq. (1), which
mimic dynamics singularities in the NN amplitudes, rath-
er than to insist on the full treatment of the kinematical
cuts associated with the pp — 7in threshold.

In the numerical fits, a rather complete list of all the
experimental total cross sections was included in the lab-
oratory momentum interval 120 <p, <790 MeV/c. Two
sets of parameters yield an acceptable fit to the 334 data
points considered. In obtaining set 4, we suppressed the
pole terms in o' in Eq. (1b) (i.e., ¢'=p'=0), while the
complete pole structure of Eq. (1) was considered in the
case of set B. The values of the fitted parameters are list-
ed in Table I along with their errors (one standard devia-
tion).

The x? per degree of freedom is 4.06 and 3.22 for fits A
and B, respectively. Such large values seem to indicate
problems in absolute normalization of some experimental
data. This will be demonstrated in Sec. V, where our
fitted cross sections and the cross sections calculated us-
ing the optical model are compared with experimental
data. The inconsistency among different data sets was
also the reason why we used fit B as a reference point in
our fit of the optical model parameters in Sec. IV.

The parametrizations based on the scattering length
expansion are also intended to reproduce NN differential

TABLE I. Values of the fitted parameters in Egs. (1) and (2).

Fit A4 Fit B
a,=0.147+0.850 a,=14.11£5.20 (fm?)
by=21.46+0.71 bo=11.74%2.23 (fm)
a,=12.64+0.84 a,=15.81+2.29 (fm?)
b, =4.97+0.66 b,=3.70+0.96 (fm)
A =8.54+0.15 A =8.51+0.15 (fm?)
B=6.62+1.14 B =6.69+0.63 (fm?)
C =2.027+0.014 C =2.025+0.014 (fm?)
a=0.261%0.015 a=0.259+0.016 (fm?)
B=0.0971+0.198 B=0.108+0.082 (fm?)
¥ =0.0494+0.0086 ¥ =0.0506+0.0090 (fm?)
a'=0 =0.190+0.140 (fm?)
B'=0 B=p8 (fm?)
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cross sections, while our ansatz (1) deals with the total
cross sections only. Nevertheless, a direct comparison of
the two approaches is feasible in the zero-energy limit.
Here,

lim ko'°Y(k)=—47ImA, ,
k—0 np

()
lim ko°(k)=—27(ImAy+ImA,) ,
k—0 pp

where A, and A, are the spin-averaged (complex) s-wave
scattering lengths in the isospin states =0 and 1, respec-
tively. The quantities ImA, as obtained from our fits 4
and B are compared with the results of the scattering
length expansion work!? in Table II.

Similarly, in the zero-energy limit, we have

05, (0)=dn|A % o5 (0)=m|(Ao+A))I> . (3)

This allows us to extract the quantity |[Re(Ay+A,)|. In
such a way, predictions for |AE,,| and T';, can be ob-
tained from our fits making use of the familiar relation
between ls-state scattering lengths and ls-level energy
shift and width of the antiprotonic hydrogen:

AE]S_I‘FIS/Q,:%(A.0+)\1) ’ (4)
aBmp
where m,, is the proton mass and a =57.6 fm is the Bohr

radius of the 1s orbit. The procedure is, however, mean-
ingful only when the spin singlet and spin triplet scatter-
ing length differ not too much.

The results obtained for |AE ;| and T, in our fits and
that of Ref. 12 are compared in Table II with experimen-
tal data. Additional information concerning the number
of fitted points, x? per degree of freedom, and laboratory
momentum interval of the fitted data is also given in
Table II.

It should be noted that |Re(Ay+A;)|? turns out to be
negative in the case of our fit 4 and also '}, is too large
in comparison with the experiment. Therefore, our fit 4
provides a rather poor extrapolation toward the elastic
threshold.

Fit A of Ref. 12, which is based on the scattering
length expansion, does not reproduce the level shift very
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well in spite of the fact that the atomic data were includ-
ed into the fitted quantities.

Our fit B reproduces well the NN total cross sections in
a large interval of beam momenta, and it also provides a
very reasonable extrapolation toward the antiprotonic
hydrogen. It can be concluded that a sufficiently rich
pole structure in expressions for o', 0¥, and o X is vi-
tal for obtaining a good fit to the experimental data in the
interval of beam momenta 0-700 MeV/c.

Our fit B predicts also a rather strong dependence of
scattering length on isospin. As a measure of this depen-
dence, the ratio

2 Im}\,l

R=——r
ImA,+1ImA, ©)

is sometimes introduced.® The NN annihilation is
represented in most optical model calculations by an
empirical isoscalar term. Such calculations usually pre-
dict the ratio R much closer to unity in comparison with
our values as given in Table II. This may indicate the
necessity of introducing an isovector annihilation term
into the optical potential in addition to the isoscalar one.
Our value of R=0.48 is rather close to values obtained
for antiproton annihilation by helium isotopes (for a re-
view of recent data on R, see Ref. 9), where the role of p-
and d-wave processes is also important. Our fit B may be
consistent with these data, if the annihilation depends
rather strongly on isospin, but only weakly on orbital
momentum.

III. MOMENTUM SPACE
RELATIVISTIC OPTICAL MODEL

Following closely the philosophy of the Bonn meson-
exchange model, we constructed our NN optical potential
in the framework of the relativistic three-dimensional
Blankenbecker-Sugar (BbS) reduction of the Bethe-
Salpeter (BS) equation. The procedure consists of replac-
ing in the BS equation the relativistic two-nucleon propa-
gator by the covariant three-dimensional one that sets the
time component of the intermediate relative momentum
to zero.'> 1In the following it is suitable to introduce the

TABLE II. Scattering lengths and 1s-level shifts and widths. Ratio R is defined by Eq. (5).

Fit 4 Exp. data

Fit 4 Fit B of Ref. 12 Ref. 43
ImA, (fm) —1.71 —0.93 —0.9 —1.07+0.16
ImA;, (fm) —0.39 —0.29 —0.5 —0.83+0.07
[AE | (keV) negative 0.48 0.087 0.70+0.07
'y, (keV) 1.83 1.07 1.22 1.20+0.14
R 0.376 0.480 0.714 0.87+0.11
No. of data points 334 334 163
x/d.f. 4.06 3.22 4.4
Laboratory momentum

range (MeV/c) 120-790 120-790 0-300

No. of fitted parameters 10 11 12
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“minimal relativity” factors by definition:
V(q,q)=—(m/4m)\V/'m/E, V(q,QV' m/E, , 6)

where Eq=\/m2+q2, m is the average nucleon mass,
and the analogous expression applies for the invariant
amplitude. Then the matrix elements of the scattering
amplitude F(vq,,uq,) calculated between physical states
satisfy the equation

F(vq,,uq,)=V(vq,,1q,)

2 fanst

(27)? "

(va,, mk)F (1k,uq,)
gl —k*+ie

o))

which is formally identical with the Lippman-Schwinger
(LS) equation. In Eq. (7), v, 4, and 7 denote the channel
numbers in the pp scattering. There are two coupled
channels: the elastic channel (v=1) and the charge-
exchange one (v=2). The absolute values of the channel
momenta g,, £ =1, or 2, differ because we assume a mass
splitting between the neutron and proton, and therefore
we also include in this way the threshold effect associated
with opening of the charge-exchange channel. The nu-
merical solution of Eq. (7) was performed in the usual
LSJ basis using the matrix inversion method.

The optical potential ¥ in Eq. (6) consists of the
diffractive (U) and absorptive ( W) terms:

V=U+iw . (8)

In the case of NN interaction, the long- and
intermediate-range parts of U are supposed to be
represented mainly by meson exchanges such as in the
successful models of NN interaction (Bonn, Paris). The
connection between the NN meson-exchange potential
and the diffractive part of the NN interaction is then car-
ried by the G-parity transformation. As far as the short-
range part of U is concerned, there is no belief that the
meson-exchange picture is of any relevance. The nucleon
and antinucleon cores start to overlap at » <0.8 fm, and a
much more complicated dynamical picture is expected to
evolve there. The corresponding short-ranged part of the
NN potential is usually regularized in terms of form fac-
tors. However, there is no guide as to how to carry out
the transition from the NN to NN interaction in such a
case. This is the reason why a phenomenological form is
usually chosen for the short-range part of U. This piece
of the NN interaction is, however, not expected to play
any significant role in the NN scattering, since the annihi-
lation potential W provides a strong damping of the N-N
wave function at short relative distances.

In our work we started from the relativistic static one-
meson-exchange parametrization of the full Bonn model
in g space (OBEPQ).!*> Performing the G-parity transfor-
mation, we have

U=3G,V,O0BE), 9

where a=m,1,0,p,0,0 and G, is the G parity of mesons
(G,=+1,—1). Explicit formulas for traditional one-

1613

boson-exchange diagrams V,(OBE) are given in Appen-
dix E.2, in Ref. 15. All the meson parameters as well as
the short-range part of V,(OBE) are kept unchanged.
From numerical reasons, however, an additional cutoff
was used in our NN calculations. The motivation for in-
troducing it and its shape are discussed in Sec. IV.

Recently, there have been several attempts to account
for the NN annihilation in terms of quark-exchange and
annihilation processes (see, e.g., Ref. 16). In view of the
prospective application of our model in N-nucleus calcu-
lations, we prefer to introduce a phenomenological form
of W with the aim of reproducing as many NN experi-
mental data as possible and also to get an insight into the
isospin content of the NN interaction.

The NN annihilation is also expected to induce some
dispersive terms in the optical potential (8). It has been
shown in Ref. 8 that such terms influence the physical ob-
servables to a minimal extent. The only exception is the
vector polarizations in NN elastic scattering, where some
sensitivity can be seen. Measurements of spin observ-
ables in NN reactions are rather scarce yet and do not al-
low one to distinguish between the dispersive terms and
spin- and/or orbital-momentum-dependent terms of W
(for more details see the discussion in Sec. V). This is the
reason why we neglect the contribution of induced
dispersive terms in our calculations and neglect also any
possible dependence of W on spin and orbital momentum.
As already mentioned before, the difference between mea-
sured pp and 7ip data motivated us to suppose the isospin
dependence of W.

The volumelike form of the absorptive potential W was
tested in our work. Let

W =8, Wo+6,W,, (10)

where I denotes the total isospin of the NN system. Then
the radial function is

= 2y =
W,=—w;exp(—x;), j=0,1. (11)

Here, x;=a;r. The parameters of the model, w; and «a;,
were fitted independently for I=1 and 0. In discussing
the strength of isospin effects, another form of W can be

useful:
W=G,+1,'1,G, , (12)
where
G, =4+ Wy+3W,),
G, =W — W)
and 7;, j=1,2, are Pauli matrices.
All (static) Coulomb effects were taken into account in

our calculations using the prescription by Vincent and
Pathak. !’

IV. FITTING THE PARAMETERS OF THE MODEL

In fitting the parameters a; and w;, j=0, and 1, we en-
countered rather serious problems associated with an in-
stability of numerical solutions of Eq. (7) in some cases.
The problem deserves a more detailed discussion.
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The potential U [Eq. (9)] receives a contribution from
nucleon recoil terms (so-called velocity-dependent terms),
which remain constant in the limit ¢’ =¢ — . Therefore
the kernel of integral equation (7) without the minimal re-
lativity factors [Eq. (6)], which is formally identical with
the case of a nonrelativistic version of the potential
OBEPQ, is not of Fredholm type. Even when such fac-
tors are introduced, the resulting potential V' (q’,q) in Eq.
(6) falls off very slowly along the line ¢g’=¢g — c. This is
one of the reasons why the solution of Eq. (7) may depend
rather strongly on the number of Gaussian mesh points
(V) being used and an additional cutoff is necessary.

In the case of N-N scattering, numerical stability can
be achieved using a moderate number of Gaussian mesh
points (30 <N =50). On the other hand, the solution ob-
tained for the N-N amplitudes becomes increasingly un-
stable with decreasing strength w;, /=0, 1, of the annihi-
lation potential. The reason is rather obvious. The w-
meson exchange produces a strong attractive contribu-
tion to the real part of the N-N scalar potential, and
many N-N bound states occur in the limit @ ;=0. In such
a case, a large number!® of mesh points is needed (N =~90)
to obtain a numerically stable result. However, this ap-
proach seems to be rather unpractical in view of future
applications of our model.

This is the reason why we applied an additional cutoff
to the OBE part of the NN potential U [see Eq. (9)]:

1 , 1

gm0 OO T 43
The procedure was earlier used by Maruyama, Furui, and
Faessler!® and provides a very strong damping of the
short-range attraction in the NN potential, leaving the
long- and medium-range properties of U(q’,q) almost in-
tact. The choice of the cutoff momentum A=2.0 GeV
leaves the NN results unchanged?® and ensures at the
same time a numerical stability of NN amplitudes even
when a moderate number of mesh points is used.

In fitting the parameters of our models, we used the pa-
rametrization of NN total cross sections [Egs. (1)] (fit B)
at several energies as quasiexperimental data. The best-fit
values of parameters a; and w; were found to be

a;=1.47 fm~!, w,=0.6 GeV ,

U(q',q)—

(14)
@y=1.80 fm~!, wy,=3.0 GeV.

In Sec. V it will be shown that the model accounts for
NN observables quite well. Equation (14) seems to indi-
cate that the isospin dependence of the NN annihilation is
very strong. Really, the NN annihilation potential in the
I=0 channel turns out to be much smaller than that in
the I=1 channel. However, one has to emphasize that
the parameters a; and w; are strongly correlated. There
is a valley in the y? plane of both the parameters ag,w,
and also a;,w;. In the vicinity of the points given by
(14), the bottom of each valley can be described approxi-
mately by the line

aj=djwj+cj, j=0,1, (15)
where d,=0.13 GeV !fm™!, d,=05 GeV !'fm~!,
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co=141 fm™!, and ¢,;=1.17 fm~'. Therefore, the in-
creasing range of the annihilation potential (decreasing
a;) can be compensated to a large extent by the decreas-
ing strength w; in each isospin channel ;=0 and 1. We
can conclude that the existing experimental data do not
allow one to determine the absolute minimum of y? very
accurately. It is also interesting to note that the pp
scattering length is the observable, which requires as
large a value of w, as wy=3.0 GeV. If the scattering
length were not included into the set of fitted experimen-
tal data, the difference between w, and w; would be
much smaller.

It is also instructive to estimate the strength of the iso-
vector term G, in Eq. (12) in comparison with the isoscal-
ar G, one. In coordinate space the ratio

G, W,—W,

G, Wy+3w, (16)

increases monotonically. It starts from &(0)=—0.5,
changes sign at r=~1.2 fm, and reaches the value
g( 0 )=1. Except for the regions » <0.6 fm or » > 1.6 fm,
where the relative NN wave function or the annihilation
potential tend to vanish, &(r) is close to zero. Therefore,
the isospin effects in NN or N-nucleus scattering and an-
nihilation are expected to be much weaker than the
difference between w, and w; [Egs. (14)] seems to indi-
cate.

V. DISCUSSION

Using the optical model [Eqgs. (6)-(13)] and fitted pa-
rameters [Eq. (14)], which characterize our phenomeno-
logical annihilation potential, we calculated various ob-
servables in NN scattering and annihilation. In this sec-
tion a comparison is made between the calculated results
and corresponding experimental data.

In the case of NN total and total elastic cross sections,
the results obtained using our empirical formulas (1) are
also shown. These results were obtained using the set of
parameters denoted as ‘““fit B’ in Table L.

In Figs. 1 and 2 the pp elastic differential cross sections
are compared with the experimental data at two energies.
We can conclude that our optical model accounts for the
data quite well. Our model works equally well in the
whole region of scattering momenta considered,
100=<p; <1000 MeV/c.

The vector polarization P in pp elastic scattering is
shown in Fig. 3 at momenta 523, 670, and 700 MeV/c.
The trend of the experimental data is reproduced quite
well by our optical model, and the dip in P also seems to
occur at the correct position. However, our model un-
derestimates the data systematically at low scattering an-
gles (3=90°). Of course, one could include a phenome-
nological spin-dependent term into our annihilation po-
tential and try to obtain a better fit (see, e.g., Ref. 2). In
fact, a recent study?! of level ordering p-'7*Yb atoms indi-
cates strongly the presence of such terms. On the other
hand, the discrepancies observed in Fig. 3 cannot be
uniquely interpreted as a manifestation of spin terms in
the annihilation potential, since P was shown to depend
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FIG. 1. Calculated (OM) differential cross section of elastic
Pp scattering. Experimental data are from Ref. 24.

rather strongly? also on the radial shape of the scalar an-
nihilation potential (10). Our experience is the same.

Moreover, it has been observed in Ref. 8 that the two
meson-exchange contributions, particularly 27 and mp, to
the diffractive part of the optical potential (8) influence P
rather strongly, too. The measurements of vector polar-
ization and spin-transfer coefficients in pp elastic and
charge-exchange scattering, which are already finished or
which are now under way on LEAR,?? will hopefully al-
low one to determine the spin content of the annihilation
potential and also to learn more about the dispersive
corrections to it.

Differential charge-exchange cross sections at momen-
ta 390 and 590 MeV/c are shown in Fig. 4. Our model
predicts a “dip-bump” structure in the cross sections, at
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FIG. 2. Calculated (OM) differential cross section of elastic
pp scattering. Experimental data are from Ref. 24. \
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FIG. 3. The vector polarization P in elastic pp scattering.
The experimental data are from Refs. 25 and 26.
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variance with experiment, which requires a much less
pronounced structure, if any. The disagreement is more
serious at p; =590 Mev/c. Such an unrealistic “dip-
bump” structure typically occurs in models based on
Bonn® or Paris’ potentials, while the Nijmegen' potential
does not produce any dip and accounts for the experi-
mental data well. However, it would be premature to in-
terpret the disagreement seen in Fig. 4 as a failure of the
Bonn (or Paris) potential, since the forward pp—7in
differential cross section was shown to be very sensitive to
the shape of both the real® and imaginary? parts of the
optical potential.

The pp total, total elastic, and charge-exchange cross
sections are shown in Fig. 5. A comparison is made be-
tween our optical model predictions, the calculations
based on the empirical formulas (1), and experimental
data. We can conclude that both the empirical formulas
and optical model reproduce the data well. Only the op-
tical model underestimates slightly the experimental o'
around 7T =50 MeV.

A similar comparison was made in Fig. 6 in the case of
7fip total and annihilation cross sections. The annihilation
cross section is again reproduced very well. The calcula-
tions based on the optical model and empirical formulas
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FIG. 5. Comparison of experimental and calculated total, to-
tal elastic and total charge-exchange pp cross sections
(a'°,0°,0°EX). The solid and dashed lines denote the results
obtained using the optical model and fit B, respectively. Experi-
mental data are from Refs. 29-33 and Ref. 24.
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FIG. 6. Comparison of experimental and calculated total and
annihilation 7ip cross section (¢'*,0*™). The meaning of the
curves is the same as in Fig. 5. The data are from Refs. 34 and
3s.

underestimate slightly o' at low reaction energies; how-
ever, the experimental data have large errors there.

The backward elastic differential cross is shown in Fig.
7 for pp scattering as a function of the scattering momen-
tum. The optical model prediction reproduces the exper-
imental data quite well. The only exception is the peak
region at p; ~500 MeV/c, where the model somewhat
underestimates the data.

The real-to-imaginary ratio of the pp forward elastic
scattering amplitude p is shown in Fig. 8. The optical
model underestimates the data in the whole region of the
scattering momenta considered and does not reproduce
the structure seen in the data around p; =200 MeV/c at

0.6

0.4

backward
da/dQ (mb/sr)

0.2

0.0 L L L
300 400 500 600 700 800 900 1000

PL (MeV/c)

FIG. 7. Calculated (OM) backward differential cross section
for pp elastic scattering. The data are from Ref. 36.
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all. The value of p at zero p; is lower than that obtained
from p-atom experiments.

Studies done within the effective range approxima-
tion!? reveal that p receives repulsive s-wave and attrac-
tive p-wave contributions in the low-energy region. The
p-wave contribution, being sufficiently strong, is peaked
at p; =100 MeV/c and can cause the ratio p to be posi-
tive there.

Adopting this point of view, we can conclude that the
p-wave interaction as predicted by the optical model is
too weak in the low-energy region. There are at least two
mechanisms which can lead to a stronger p-wave interac-
tion in pp scattering. First, the two meson exchanges are
expected to give rather important contributions® to the
optical potential. Second, the pp annihilation gives rise to
spin-dependent terms in the optical potential, which can,
as, e.g., the spin-orbit term, enhance the p-wave interac-
tion leaving the s-wave interaction unchanged.

It is tempting to try to account simultaneously for the
discrepancies observed in P and p as well as the anoma-
lous level ordering in p-'7*Yb atoms just by introducing a
spin-orbit interaction term in the optical potential associ-
ated with the pp annihilation. Corresponding calcula-
tions are in progress. Needless to say, more polarization
pP experiments would be helpful.

In Table III a comparison is made between the calcu-
lated scattering lengths and corresponding experimental
data. Our optical model seems to underestimate some-
what both the real and imaginary part (in absolute value)
of kﬁp and also the imaginary part of kﬁp. However, the
experimental average Kﬁp as given in Table III receives
contributions also from measurements that yield smaller
Re)»ﬁ » than, and almost the same Im}\l_, , s, our calculated
results (for a review of the experimental )»[_,p, see, e.g.,
Ref. 23). It is difficult to arrive at more definite con-
clusions here.

Our predictions for the ratio R [Eq. (5)] reproduce the
experiment reasonably well. It it somewhat surprising
that R turns out to be very close to unity in spite of the
fact that the strength of the annihilation potential is very
different in the =0 and 1 channels [see Eq. (14)]. Such
low values of R as obtained in Table II using the empiri-
cal parametrizations are not supported by the optical
model calculations. Even when the strength w, of the
I=0 optical potential is changed along the line (15) down
to 2 GeV, the ratio R remains close to unity.

V. SUMMARY

Experimental total, annihilation, and total scattering
cross sections for pp — pp, pp — n#, and #ip —hp reactions

TABLE III. Spin-averaged scattering lengths
defined by Eq. (5).
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FIG. 8. The ratio p of real to imaginary parts of the forward
amplitude for pp scattering as a function of laboratory momen-
tum p. Comparison of theoretical predictions (OM) and experi-
mental data of Refs. 3742 and Ref. 31.

were parametrized in terms of rational functions. Good
agreement with experiment was reached in the laboratory
momentum interval 0—800 MeV/c. Using this parame-
trization as quasiexperimental data, we fitted the parame-
ters of an isospin-dependent annihilation component of
the effective (optical) NN potential. In the fitting pro-
cedure, the real part of the effective potential was fixed to
be the G-parity transform of the relativistic static Bonn
NN potential (OBEPQ).

The resulting effective potential yields a good descrip-
tion of differential and total NN cross sections, and p-
atom level shift and width as well. The model reproduces
rather well also the charge-exchange pp —n# differential
cross sections and polarization in elastic pp scattering.
The real-to-imaginary ratio p of the pp forward elastic
scattering amplitude as obtained from our model
disagrees with the experimental data, and this long-
standing puzzle is evidently not associated with isospin
effects.

The fitting parameters of the optical model (strength
and radius of the imaginary part of the optical potential)
turn out to be very different in either isospin channel;
however, the parameters are strongly correlated.

Numerical instabilities are also discussed, which arise
in some regions of the fitting parameters.

calculated from our optical model (OM). Ratio R is

oM Expt. data (Refs. 23 and 43)
Xﬁp (fm) 0.82—i0.67 0.93+0.09—i(0.95+0.12)
Ay, (fm) 0.71—i0.65 0.96+0.25—i(0.83+0.07)
ImA, (fm) —0.69 —1.07+0.16
R 0.97 0.87+0.11
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