VOLUME 32, NUMBER 11

PHYSICAL REVIEW LETTERS

18 MARCH 1974

els which place most of the s,,, strength in that
state.
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Can the Charge Symmetry of Nuclear Forces be Confirmed
by Nucleon-Nucleon Scattering Experiments?*
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The Coulomb interaction is subtracted from the proton-proton scattering data in the
1S, partial wave. Contrary to traditional belief, the resulting nuclear effective-range
parameters depend strongly on the unknown nuclear potential at small distances. The
comparison between proton-proton and neutron-neutron data is therefore ambiguous.

Nucleon-nucleon scattering is believed to pro-
vide direct and reliable evidence on the isospin
properties of the nuclear interaction. Whereas
proton-proton (pp) and neutron-proton (np) ex-
periments have been performed with great pre-
cision at a variety of energies, no corresponding
neutron-neutron (nn) experiment has been car-
ried out by now. All available nn information is
extracted from the final-state interaction in few-
body reactions. Only the 'S, effective-range pa-
rameters, scattering length a,,, and effective
range 7, have been determined this way, and
even their best values,’

G =—=16.4+0.9 fm, 7,,=2.8+0.5 fm, 1)

are still plagued with large uncertainties. The
scarcity of experimental nn data and their uncer-
tainty are usually blamed for the missing de-
tailed comparison between pp and nn scattering
and for the lack of a rigorous experimental con-
firmation of charge symmetry.
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However, charge symmetry solely applies to
the hadronic part of the nucleon-nucleon interac-
tion. Even in the advent of accurate and abundant
nn data, nucleon-nucleon scattering will experi-
mentally prove charge symmetry only to the ex-
tent that electromagnetic effects can theoretical-
ly be removed from the data in an unambiguous
manner. The traditional belief is that this can
be done. However, this claim is questioned in
the present paper.

The subtraction of the Coulomb force is our
concern. It is the most important correction of
tpp data for electromagnetic effects, though a so-
phisticated comparison® between pp and nn scat-
tering should also take vacuum polarization, the
magnetic-moment interaction, and the neutron-
proton mass difference into account. The tech-
nique for subtracting the Coulomb force is stan-
dard: A nuclear potential is fitted to the data
such that together with the Coulomb potential V¢
it reproduces the experimental phase 7,, (%) well.
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Then V- is dropped and the purely nuclear phase
Mp» (k) is calculated. The £p momentum / refers
to the relative motion. The effective-range pa-
rameters a,, and 7,, in the low-energy expansion

ke cOtNyy(R) = = 1/ay, + 27,,k% +O (1) (2)

of the 'S, phase 7,,(k), which have been obtained
from this procedure, appear rather independent
of the nuclear potential chosen. They group
around the currently accepted* values

pp==17.1+0.2 fm, 7,,=2.84+0.03 fm, (3)

which include all electromagnetic corrections.
The error of 1% assigned to them is supposed to
reflect their small residual model dependence;

it is not experimental. If the Coulomb-corrected
pp effective-range parameter values were as
well determined as stated by (3), their compari-
son with the corresponding »nn quantities (1)
would be meaningful. Indeed, they turn out to be
in agreement with them and therefore seem to
support charge symmetry.

However, the claim that the Coulomb subtrac-
tion is as independent of nuclear potential models
as (3) suggests is really ill founded. By counter
examples, we shall demonstrate that the nuclear
pp effective-range parameters (2) are not at all

A N(); =C0(y){cot[n,pc(k)]F0(y, kv) +Gy(y, k7)),

Co(¥)=2my/(e*"Y - 1),

In Eq. (5) F, (G,) is the regular (irregular)
Coulomb wave function of orbital momentum O,

7 is the pp distance, M (e) is the proton mass
(charge).

(2) The long-range Coulomb potential appears
in Eq. (4) only to guarantee the same experimen-
tal phase 7,, (k) for all I7R. The potentials VR
are purely nuclear withou!t Coulomb. They are
nonlocal at small distances, but reduce to the
local tail of V; where U reduces to unity. The
simple form

U=1-2[g)gl, )

(rlg)=Cr(1 =Br)e™",
is employed. With the extra factor » included in
(6), the radial part of the volume element for in-
tegration is dv, The constant C ensures the nor-
malization of |lg). The range of U is controlled
by @. Choosing @ sufficiently large, the poten-
tials Vi have the one-pion-exchange tail of V as
required by theory.

y=e*M/20iPk.

uniquely determined by pg scattering and the theo-
retical knowledge of the long-range part of the
nuclear interaction. They strongly depend on the
form of the nuclear potential at small distances,
where it is theoretically unknown.

In order to study the model dependence of the
Coulomb-subtracted 'S, phase 7,,(¢) and its effec-
tive-range parameters, a variety of equivalent
nuclear potential models is needed: They have
to have the theoretically required one-pion-ex-
change tail and all have to fit the experimental
data equally well. Assuming the soft-core Reid
potential® V; to account for the experimental pp
data with sufficient accuracy, the nuclear poten-
tials

Ve =UK+Vc+ VW' =K -V (4)

generated from Vi have the desired properties.
In Eq. (4), K denotes the kinetic-energy operator
of relative motion and U is an arbitrary unitary
operator of short range. All potentials l7p are
equivalent to Vi by construction:

(1) Together with the Coulomb potential they
yield the same phase 7,,°(k) as the Reid potential
at all energies. The scattering states |@(k)) of
Vg are related to those of Vi, lo(k)), by 1¢(k))
=Ul(k)), and both 13 () and |@(k)) take on the
same asymptotic form

(5)

The Schrédinger equation for the Coulomb-sub-
tracted Hamiltonian K + VR is solved in momen-
tum space.? Its scattering states 1%(k)) have the
asymptotic form

13, (R)) = cot[m,, (k)| sin(kr) + cos(k¥), (7)

which yields the nuclear phase 1,,(k). Its effec-
tive-range parameters are obtained according to
Eq. (2). They are calculated for the family of
potentials VR derived from the Reid potential
with the unitary operator (6). In (6) the range
parameter « is taken to be 3 fm™! and the param-
eter 8 ranges from 0 to 5 fm™!. In Eq. (4) the
point-Coulomb interaction V. = ¢?/r is used for
V as is common practice. The resulting nuclear
pp effective-range parameters are displayed by
the solid lines in Figs. 1 and 2.

The results are not at all stable and in general
not close to the values of the Reid potential, @,z
==17.1 fm and 7,,3 =2.80 fm. They vary drama-
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FIG. 1. Nuclear scattering length. The pp value aq,,
of (2) is shown for the nuclear potentials VR as func-
tion of the parameter 3 in the unitary transformation
(6). @ =3 fm~!, Solid line, obtained with the point-
Coulomb potential in (4); dashed one, with the finite-
size Coulomb potential. Cross-hatched strip, range
of values consistent with a,, and charge symmetry.

tically with the potential V; chosen. The scatter-
ing length is especially sensitive to changes in

ke COtTlyy () = k cOtTpyp (k) = = (M/T2)(F(R) [V FIB(R)) = U(R) IV Pl (k) = (Tok) = 2 (R) IV Fla (k) ],

where the quantities |(#)), |44(k)), and n,,z(%) re-
fer to V. Because of cancelations, the integrals
in the matrix elements can be terminated at the
range of the nuclear interaction. This is under-
stood for the following argument. The repulsion
in Vi at small distances suppresses the wave
functions lg(%)) and 14(%)) where V¢ is strong.
However, this is not the case for |¢(k)), whose
small-distance behavior is dominated by — 2{»|g)
x{g|@(k)). Despite the Coulomb repulsion, V; al-
lows the two protons to approach each other
closely. In contrast to |@(k)), |@(«)) is enhanced
where V£ is strong. Since |@(k)) approximates
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FIG. 2. Nuclear effective range. The pp value 7,
of (2) is shown. See Fig. 1 for details. The spread
of values consistent with 7,,, is not indicated.

the potential, since it is large compared to the
pion Compton wavelength. It can even turn posi-
tive. Thus, there are potentials which fit the
data as well as the Reid potential, but which sup-
port a bound state, if the Coulomb potential is
turned off. The spread in the results is smaller
for the effective range, but is still sizable. How
is this unexpected model dependence of the effec-
tive-range parameters possible?

The known exact relation® between the phase
shifts n,, (k) and 7,,(k) is applied to V and Vy
which are equivalent with respect to 7,,“(¥). One
obtains

(®)

|

|4(k)) well at small distances, the term J&)IVS
x @ (k) might be equated to (@ (k)IV FI@(k)), which
is positive. It dominates the right-hand side of
Eq. (8). Thus, cotn,,(k) <cotn,ys (k) and a,,™"
>ayr”'. This explains the trend in the results of
Fig. 1.

The unitary transformations (6) peak at small
7. Depending on the zero 87! in {rlg), they ex-
ploit the 1/7 singularity of the point-Coulomb in-
teraction with varying degree. This is the rea-
son for the large spread in the results.

However, the 1/ Coulomb singularity is physi-



VOLUME 32, NUMBER |1

PHYSICAL REVIEW LETTERS

18 MARCH 1974

cally removed by the finite size of the proton.
The effective-range parameters are therefore
recalculated substituting the finite-size® Coulomb
potential

VE@) =(2/r)1=e A+ v+ E2+ 53] (9)

for Vc in Eq. (4). In (9) x=2/31/R,, and the pro-
ton rms radius R, is taken to be 0.80 fm. The
Reid potential with VF fits the experimental data
almost as well as with V. This is because the
Reid wave functions are suppressed where V"
differs from V-, Together with V<, the poten-
tials I7R remain phase-equivalent with the Reid
potential. The results using the finite-size Cou-
lomb in Eq. (4) are shown as dashed curves in
Figs. 1 and 2. Indeed, the model dependence of
the effective-range parameters is greatly re-
duced. It remains, however, disturbingly large
and is certainly beyond the limits of uncertainty
suggested by (3). Thus, the following conclu-
sions appear inescapable:

(1) Given the experimental pp data and our theo-
retical knowledge on the tail of the nuclear poten-
tial, we are unable to arrive at approximately
unique answers for the nuclear pp scattering
amplitude. Since an approximately unique an-
swer is required for any meaningful comparison
with nn scattering, charge symmetry cannot be
confirmed by nucleon-nucleon experiments in a
model-independent way.

(2) The traditional claim that the Coulomb sub-
traction in the pp data is only weakly model de-
pendent rests heavily on the assumption of sup-
pressed wave functions at small distances. This
wave-function model appears physically sound.

It is surely not beyond any doubt, since the nu-
cleon-nucleon potential is theoretically unknown
at small distances.

(3) The magnitude of the model dependence in
the nuclear pp scattering amplitude sensitively
depends on the form and strength of the electro-
magnetic interaction at small distances. The ob-
served strong model dependence might therefore
even be amplified by magnetic-moment correc-
tions, which are omitted in this study.

The analysis presented here is not intended to
question the charge symmetry of nuclear forces.
The assumption of charge symmetry has worked
so well for a wealth of phenomena in nuclear and
particle physics that its validity appears to be
established with high accuracy. Instead of trying
to confirm charge symmetry experimentally, it
can rather be taken as a theoretical principle
which provides a constraint on nuclear potential

models. As Fig. 1 demonstrates, most poten-
tials VR violate the charge-symmetry constraint
with respect to the scattering length. On this
ground they have to be discarded, though they fit
the pp data as well as the Reid potential. The ex-
perimental error in the 1.1 effective range is still
too large to provide a serious additional con-
straint.

The model dependence of the Coulomb subtrac-
tion also makes the comparison between pp and
np scattering ambiguous. Thus, nucleon-nucleon
scattering experiments are unable to establish
the degree of charge dependence in the nuclear
force in a model-free way. Instead, charge in-
dependence might be assumed as a theoretical
principle which holds approximately. Then, most
potentials V; fail dramatically to account for the
experimental np data, e.g., the np scattering
length! of —23,715 fm. They therefore violate
charge independence by so much that they have
to be rejected also on this ground.

The nuclear potential models’ U (K + ViU " -K
are used in nuclear-structure calculations to
study off-shell effects. By construction, their
nuclear effective-range parameters are those of
the Reid potential and are therefore in sufficient
agreement with charge symmetry and approxi-
mate charge independence. However, these po-
tentials miss the part UV U" -V which pre-
serves the fit of the Reid potential to experiment.
One therefore has to suspect that many of the nu-
clear potentials used to create off-shell changes
in 'S, fail to account for the experimental phase
n,, (k). The relation between the potentials
UK + VR " -K and those of Eq. (4) is studied
in a forthcoming publication.
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As a consequence of local excitation, an asymmetry with respect to the leading particle
in peripheral production processes is predicted. It is interpreted in terms of heat propa-

gation in hadronic matter.

Consider a peripheral collision of two hadrons
accompanied by particle production. The periph-
eral nature of this collision manifests itself in
the fact that there exists a leading particle which
retains a high proportion of the incoming momen-
tum and which is scattered through a small angle.
Classically such a process can be viewed as a
grazing collision in which the projectile (leading
particle) touches only the surface of the target,
which for reasons of simplicity is supposed to
be spherical (Fig. 1).

Quantum mechanically the localization occurs
if ¢ >R ~m,, where ¢ is the exchanged momen-
tum and R the radius of the target; peripheralism
is assured by the condition ¢ <<p,;, where p, is the
incoming momentum. In the following we shall
assume that these two conditions are fulfilled.
Radiation (particle emission), however, will take
place not from the hot spot but from a region of
dimensions comparable with the range of strong
interaction forces ~R, because only in this case
does the number of particles become defined.!
Hence it follows that there will be a time delay,
7,~R/c, before particle emission starts (this
follows also from the indeterminacy principle
since at a given energy transfer ¢, it takes a cer-
tain time 7,>¢,"! after which this energy can be
measured), since the excitation concentrated ini-
tially in a small region has to propagate with fi-
nite (sound) velocity c until it extends over a re-
gion ~R. In the half-space below the tangent
plane at N in Fig. 1, there is the body of the tar-
get, characterized by a thermal heat conductivity
K and a radiation constant A, and along the line
NS (Fig. 1) a temperature gradient develops so
that at the moment 7, when radiation starts, the
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temperature at the south pole S is lower than that
at the north pole N.

In the half-space above NM there is “vacuum”
and no such gradient of temperature is expected
to occur, i.e., no diffusion should take place.
This leads us to expect a yet unobserved asym-
metry in peripheral collisions for particles which
are produced in the target, i.e., for target “frag-
ments.” (The same is obviously true for projec-
tile fragments.) The asymmetry has two experi-
mental consequences: (i) Particles produced in
the hemisphere 4, will have, on the average,
smaller momenta than those in the hemisphere
—~q,. (ii) Heavier particles (e.g., kaons or anti-
nucleons) will preferably be produced in the hemi-
sphere —Qq,. This should be especially true if,
because of quantum-number conservation, these
particles can be produced only in pairs.

In general the smaller the angle ¢ at which
particles are emitted, the smaller the corre-
sponding momentum and mass.? The size of this

3 =(8 -B .5 er
lql-(p [

FIG. 1. Local excitation of a spherical target in a
peripheral collision.



