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The methods and results of phase-shift analysis of high-energy nucleon—nucleonscattering (between400 MeV
and 3 GeV) are described. There is a discussion of physical results concerning repulsive cores in the singlet
and triplet even-parity states of the nucleon—nucleon system, nonstatic effects of higher order in L in the
triplet odd-parity state, and the peripheral nature of absorption processes.*

1. INTRODUCTION

High-energy nucleon—nucleon scattering (at E > 400 MeV)
is an important source of detailed information about nu-
clear forces at the shortest ranges (in "region III"). Here
we will review the most recent progress in the phenome-
nological study of this scattering (by means of phase-
shift analysis). The analytic methods are discussed in
some detail, and the most recent physical results are re-
ported. We will be concerned primarily with energies be-
tween 400 MeV and a few GeV. We will briefly discuss scat-
tering at higher energies, in connection with a discussion
of the phase-shift results at lower energies.

Until recently phase-shift analysis was carried out
only below 400 MeV. Attempts to extend the analysis to
higher energies ran into several difficulties: Diffraction
effects due to pion creation had to be taken into account;
it was expected that a large number of partial waves would
contribute to the scattering; there were important gaps in
the experimental information, so this information could
not be analyzed without a reliable theory, etc. An analytic
method has been designed to cope with these difficulties:!+

1) The imaginary parts of the phase shifts are evalu-
ated on the basis of pion-production data with the help of
the resonance model for pion production.?

2) The real parts of the phase shifts are determined
through extrapolation of the well—known phase-shift solu-
tions for energies below 400 MeV.

This method was first used successfully to analyze
data on p—p scattering at’s! 660 MeV, and it was used sub-
sequently for® 1 GeV. The 660-MeV results were also
analyzed independently at Dubna® with restriction 1). Re-
cent analyses carried out at Dubna, Kyoto, and Livermore
have now led to a qualitative determination of the phase
shifts for p—p scattering at energies up to 700 MeV within
the restrictions stated ahove.

To extend the analysis above 1 GeV, we should modify
restriction 1, since in this energy range the Mandelstam
model is less valid. An early approach was as follows:’

1') The L dependence of the imaginary parts of the
phase shifts was inferred from the results of the phase-
shift analysis for energies below 1 GeV. Furthermore, in
an effort to reduce the increasing number of free parame-
ters, it was necessary to impose the following require-
ment, which follows from theory:

3) The nuclear forces are described by a one-boson
exchange mechanism at intermediate and long ranges.?
Analysis of data at 1, 2, and 3 GeV has largely supported
this approach.’»?

The imaginary parts of the phase shifts were recently
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calculated on the basis of the one-pion-exchange model for
pion production, through the use of unj.tzalritry.“l This model
is valid for energies of about 1 GeV, so it can be used to
supplement the Mandelstam model. Critical analysis shows
that restriction 1) should be replaced by the following re-
striction:!!

1") The imaginary parts of the phase shifts corre-
sponding to L above a certain critical value are described
correctly by a one-pion-exchange model.1?

The most reliable method currently available for an-
alyzing data near 1 GeV is based on the use of restrictions
1™, 2), and 3); this method has been used successfully to
analyze data on p—p scattering at!! 970 MeV. The one-
pion-exchange model has been used independently to an-
alyze data on p—p scattering at® 660 MeV.

The phase shifts for nucleon—nucleon scattering above
3 GeV are still unknown. The only results available are
based on an analysis of their possible asymptotic behavior
and the assumption that the interaction is independent of
the spin in the asymptotic energy range.!3:132

Restrictions 1") and 3) are based on the general prin-
ciple of ref. 14, which is apparently valid as we move from
the outer part of the nucleon to the inner part, combining
our faith in the theoretical description of the outer part of
the nucleon with a phenomenological description of its in-
ner part. According to this principle, scattering and ab-
sorption near the edge of the nucleon are treated on the
basis of pion theory.

It is currently believed that the nuclear forces at long
ranges (x >1.51/urc, where x is the distance between par-
ticles) are governed by one-pion exchange,!® while in the
intermediate range (0.5h/uzc £ x £ 1.50/uyc) they are gov-
erned primarily by the exchange of several heavy mesons
of various types and masses (the one-boson-exchange mod-
el).! Particles incident with large impact parameters and
thus large angular momenta are affected only by the long-
range part of the force. The phase shifts for states hav-
ing L above a critical value can be determined from a one-
boson-exchange model’ incorporating one-pion exchange 1

This understanding of the outer part of the force range
allows us to study the inner part (region III). This region
has been treated only purely phenomenologically; the usual
assumption is that there is a solid repulsive core,!” as
has been confirmed experimentally in the singlet even-
parity state,'® and perhaps in the triplet odd-parity state
also. In a potential model which reproduces the experi-
mental phase shifts below 400 MeV it is assumed that the
hard core is present in all states and has a radius'® of r, ~
0.5-10-1 cm.

However, there is no physical basis for assuming that
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the hard core found in this manner actually represents
some absolutely hard barrier; some softness should be
taken into account. (The core is "hard" if the potential
barrier is quite high and has a sharp profile, and it is
"soft" if the forces are relatively weak and have a long
tail.) In this case, how soft is the actual core? The ex-
isting data obtained below 400 MeV allow us to determine
only a single parameter of the core (its radius). To an-
swer this question we must thus analyze the behavior of
the phase shifts of the lower-order partial waves at higher
energies. This circumstance has furnished one of the
motivations for phase-shift analysis at high energies.!s?

2. REVIEW OF THE PHASE SHIFTS IN
NUCLEON—-NUCLEON SCATTERING
BELOW 400 MeV

Phase shifts for p—p scattering below
400 MeV. Anunambiguous phase-shift solution is now
available for all energies below 400 MeV. This solution
was found in the following manner. The first complete
measurements of p—p scattering at 310 MeV led to five
sets of phase shifts,!® whose number was subsequently
reduced to two through a modified analysis!® ("solutions
1 and 2"). In the modified analysis, in correspondence
with the general principle,'! the contributions to the scat-
tering amplitude of the states having the higher angular
momenta were evaluated on the basis of one-pion exchange,
Modified analysis at 210 MeV also led to two correspond-
ing solutions; finally, recent complete and accurate mea-
surements at 145 and 50 MeV pointed to a single exolution_.20
1 Accordingly, if we assume that at large ranges the
nuclear forces are governed by one-pion exchange and
that the phase shifts vary smoothly as functions of the en-
ergy, we can conclude that the phase shifts for p—p scat-
tering below 400 MeV can be represented unambiguously
by solution 1. These phase shifts were reported in ref.
21. The basic properties of solution 1 can be understood
on the basis of a discussion of the potential (see below).

Phase shifts for n— p scattering below
400 MeV. The successful determination of the p—p
phase shifts facilitated derivation of an unambiguous ma-
trix for n—p scattering. If we assume the nuclear forces
to be charge-independent, we find the isotriplet part of
the matrix for n—p scattering from the matrix for p—p
scattering. As was mentioned above, this part of the ma-
trix is now known, and we need only find information
about the rest of the isosinglet part of the scattering ma-
trix from data on n—p scattering. Then only three inde-
pendent measurements are required for a complete de-
termination of the isosinglet part over the entire angular
range (0= 6 =m). At present data on triple n—p scatter-
ing have been obtained for 95, 140, 210, MeV, etc, Com~
bining the results of these measurements with data on the
differential scattering cross sections and the polarization
for each energy, we have essentially all the necessary in-
formation, Analyses based on charge independence have
been carried out since 1961. If we adopt solution 1 for the
isotriplet parts of the scattering matrices for various en-
ergies, we also find solutions of one and only one type for
the isosinglet par'lzs%.22 These phase shifts were reported
in ref. 21.

Energy-dependent analysis. The analyses
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discussed above have been based on data for a single en-
ergy. Experimental data obtained for various energies
can be analyzed simultaneously if a functional dependence
of the scattering matrix on the energy is chosen in some
appropriate manner. A typical example of such an anal-
ysis is an analysis based on a potential model; we de-
scribe the results of this analysis below. In other anal-
yses of this type the phase shifts are written as energy-
dependent functions containing adjustable parameters. In
the early studies®®+?* the functional dependences used were
purely mathematical or were physically unsatisfactory,
although these analyses did make a contribution to the
establishment of solution 1. These unsatisfactory func-
tional dependences were improved in recent analyses at
Livermore based on the requirements of the partial-wave
dispersion relations.?® The results of these analyses were
reported in ref. 21.1

Potential model. The basic features of the phase
shifts for p—p and n—p scattering below 400 MeV can be
understood on the basis of the following semiphenomeno-
logical potential model:

V=V (OPEP) +Vy+V ( core ), w

where V(OPEP) represents the one-pion-exchange poten-
tials, Vrrepresents the phenomenological potentials, which
become important in the intermediate range (1.51/u,c >

x % 0.4H/pze), and V(core) represents the hard core of
radius re ® 0.351/urc (see ref. 26 for more details).

In the outer region (x 3 1.5h/zc) the contribution
from V(OPEP) predominates, while in the intermediate
region the sum V(OPEP) + Vyr predominates. In this re-
gion V(OPEP) is primarily a weak attractive central part
in the 'E state,z) a relatively strong repulsive tensor part
in the %0 state, strong attractive central and tensor parts
in the 3E state, and a strong repulsive central part in the
10 state. The potentials VII are characterized by a strong-
ly attractive LS part in the ®0 state; more precisely, Vi1
contains:

a strong attractive central part and

1 - (2
a weak quadratic LS part ] for the °E state; (2a)

weak central and tensor parts and 3 ;

a strong attractive LS part l TR O Eaig: (2h)
weak central and tensor p?.rts and for the 3E state; 2c)
a weak LS and/or quadratic LS part

for the 10 state. (2d)

The nonstatic parts (LS and quadratic LS) of the °E state
have still not been determined unambiguously because of
the large errors involved in the experimental phase shifts
of the °D states.

a weak central part

One-boson-exchange model. Potentials Vir
described above have been studied on several occasions.
It is now believed that these potentials are due primarily
to one-boson exchange and uncorrelated two-pion em:h:atng;e.E
The minimum set of necessary heavy mesons is: 1) avec-
tor boson withisospin 1 (which interacts with a nucleon pri-
marily through tensor coupling); 2) a vector boson with
isospin 0 (which interacts primarily through vector cou-
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pling); and 3) a scalar bosonwith isospin?’ 0. The first two
mesons are easily identified as p and w mesons, respec-
tively. The third may be the hypothetical ¢ meson, which
may or may not be necessary, depending on how weak the
centg"ral parts of the potential for uncorrelated 2m exchange
are.

Another useful model, one of the simplest one-boson-
exchange models, is the OBEC model, in which only the
lower-order diagrams for one-boson exchange are taken
into account in calculation of the phase shifts.?® This cal-
culation is simple and relativistically invariant, so this
model can apparently be used at high energies. In phase
analysis above 1 GeV the following set of parameters, ob-
tained in an analysis of experimental data for energ‘ies29
below 400 MeV, has been used:

g =11.0; gfo=0.7;

fi=0,04 (3a)

for the coupling constant of the w meson and the nucleon,

gi=1.6; gfo=—3.2; f3=6.5 (3b)

for the coupling constant of the p meson and the nucleon,

g=13.1 (3¢)

for the coupling constant for the scalar meson and the
nucleon. Here gy and fy are the vector and tensor cou-
pling constants, respectively, The mass of the scalar me-
son was assumed to be 500 MeV.

3. FORMULATION OF THE ANALYSIS
METHOD FOR ENERGIES ABOVE 400 MeV

Analysis method between 400 MeV and
1 GeV. Inprinciple, a complete reconstruction of the
amplitude for p—p scattering without the use of any ap-
proximate assumptions requires 11 experiments. Cur-
rent experimental studies have not yet satisfied this re-
quirement, however, so any meaningful analysis must
make use of certain physically plausible assumptions.
Our analysis method, as mentioned in Sec. 1, is as fol-
lows:

1) The imaginary parts of the phase shifts are eval-
uated from data on pion production. In this energy range
this evaluation is based on the resonance (3.3) model for
pion production.

2) Since a single-valued phase-shift solution is avail-
able below 400 MeV, we began the analysis in the adjacent
energy range (i.e., at 500-700 MeV). By extrapolating the
solution found below 400 MeV we restrict the region in
which we must seek the real parts of the phase shifts. If
a plausible solution is found in this manner, we turn to an
analysis in the next higher energy range (i.e., at 800-1000
MeV), again making use of the extrapolation procedure.

3) We assume that for the higher-order partial waves,
which should be scattered in the outer part of the force
range, the phase shifts can be represented in terms of a
contribution of one-pion exchange.!® The other phase
shifts can be adjusted in phase-shift space, as described
in 2), and they can be determined from experimental data
by the method of least squares. For the phase shifts of
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states having intermediate angular momenta, qualitative
use is made of the values predicted by the one-boson-ex-
change model.??

Parametrization of the scattering ma-
trix. More specifically, the S matrix for elastic scat-
tering is parametrized in the form

Sry=rrrexp (2idr;) 4)

for the singlet and triplet unbound states, where 6 are the
real parts of the phase shifts and the quantities r are the
absorption parameters. The quantity r1.J is a real posi-
tive number less than unity, and the quantity 1 — r3 ;
gives the relative part of the incident wave with given L, J
which goes into inelastic channels. For the triplet bound
state with L =J + 1, the S matrix is a nondiagonal 2 x 2
matrix. If is parametrized by an ambiguous method,
which can be described by11 (see Appendix 1)

Siiy RS
S=[ J:riJ ]a (5)
RSJ-H..J’

where

Srx1.5=[1—(ra/rs) o' rz exp (2i0z);

R =ip; (rrs) "/ exp i (8- + 8, + ).

Here we have ry=rgx g and 6= 03¢y g. The pg reflect
the mixing of the states with L=J—1 and J + 1. When the
energy falls below the threshold energy for inelastic scat-
tering, all the inelastic parameters vanish (ry 3 — 1,¢5 —~
0), and matrix (5), with py = sin2eJ, assumes a form cor-
responding to the Stapp pza.ra.metrization.m One advantage
of parametrization (5) is that the quantity 1 —r% y has the
same physical meaning in the singlet and triplet unbound
states. Accordingly, the total reaction cross section for
p—p collisions is described by

or =0 (8)+ o, (T); (6)
G (S =gt N (27+1) 1—(r)% )
(ev:n)
o=z} I @0y ©
J L=ld-1]
©0dd)

where probability conservation has been used. This pa-
rametrization is related to others in Appendix 1.

Absorption parameters. Restriction1) can
be formulated in the following mamer. It is assumed in
the resonance (3,3) model that the escaping pion is in a
resonance state with one of the nucleons, with Iz N = 3/2
and J7 N = 3/2, where Iy N and J; N are the isospin and
angular momentum in the pion—nucleon subsystem. If
the remaining nucleon is in the S state with respect to the
center of mass of the entire system, pion production oc-
curs by means of

D, —8(3,3) 9)

because of conservation of parity and total angular mo-
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mentum. Here (3,3) refers to the (3/2, 3/2) state men-
tioned above, formed by the pion and one of the nucleons
with respect to the center of mass of the entire system,
Transition (9) is called "production in the S state." Anal-
ogously, if the second escaping nucleon is in the P state
with respect to the center of mass of the entire system,
the following transitions occur (production inthe P state) )

SPO.I 2
» \
3
PG 3), (10)

*F3,5

where the letter P in the final state refers to the angular-
momentum state of the second nucleon with respect to the
center of mass of the entire system. As the initial energy
increases, we should supplement (9) and (10) by produc-
tion in the D state:?)

18,
1D, — D (3,3).
1G4/'

(1)

We see from (9)-(11) that we have 11:-J =1 for J > 4 and
3rLJ= 1 for J =4,

Transforming from the representation of the final
three-particle system above to a representation in which
two nucleons form a single subsystem, we find that the
final states in transitions (9)-(11) are formed in the fol-
lowing manner:

8 (3, 3) ~ dnt or (np)stt; (12)
P (3,3) = (np)sn* or ppn% (13)
D(3,3) = (np)prt. (14)

Here the subscripts denote the angular-momentum states
of the escaping nucleons in the new subsystem. We note
that in (13) the escaping protons in the ppm® system are
always in the P state because of the Pauli principle.

Combining these results with (7), we find

&
L2 3 (27 4-1) (1 — ()% = o (dn*) +Tac (npt)  (15)
( g;er.,n )

for the singlet states, where
la={o ((np)sn*) + 0 ((np)p=*)}/0 (nprt) »

and o[ (ap)g™*] and of (ap)p7*] are the cross sections for

the reactions pp — (np)g7* and pp — (np)p7™*, respectively.

Production in the D state, (11), can be neglected® upto
660 MeV. In this case wehave 'rg= 1r,=1, and lp, is
determined by substituting the experimental cross section
into the right-hand side of Eq. (15) 30 Above 660 MeV pro-
duction in the D state must also be taken into account. In
this case two of the parameters 1p 5 must be determined,
along with the real parts of the phase shifts, from an anal-
ysis of elastic-scattering data, while the other parameter
is determined from (15).

The parameters *ry j for the triplet states cannot be
determined from relation (8) alone. In the first analysis
for? 660 MeV, absorption parameters corresponding to a
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specific L and averaged over J were introduced. We de-
note these parameters by r(sPo’l,z) and r(BFz,g) for L=1
and 3, respectively:

2
(r CPo.1, )P =5 3} (@ +1) Cris)?,

J=0
3

(r (Fpa))® =15 3 (2T +1) Cra)*.

J=2

We note that we have rF,) = 1 and that this parameter
was omitted during the averaging. We then find from (8)
and (10)

L9 (L —(r (Po. 1, )3+ 12 {1 — (r CFa, )Y

=0 (ppa’) + a0 (npnt), (16)
where %a = of (np)p‘ﬂ"']/cr(nprr‘*') and 1z + 32 =1. One of the
parameters r(apo’,,z) and r(3F2.3) can be determined by
analyzing elastic-scattering data, and the other can be
determined from Eq. (16). The introduction of these aver-
age parameters does not significantly affect the real parts
of the phase shifts.3!

Absorption parameters averaged over L were used in
ref. 32; the results agree with those found through the use
of r’Py 1 5) and r(*Fy 3).

Real parts of the phase shifts. Inordi-
nary phase-shift analysis the scattering is described by
means of a finite number of phase shifts, which are de-
termined in the course of the analysis; the other phase
shifts are set equal to zero. This procedure is usually
improved through explicit inclusion of one-pion exchange
in all stateshaving the higher angular momentum.!® The
physies on which this approach is based was described
in Seecs. 1 and 2: The long-range nuclear forces are due
primarily to one-pion exchange.!*!* The scattering am-
plitude is written in the form

M =M (8, r)+ Moprc (L > L), 17)
where M (5, r) is the contribution of a limited number of
real parts of phase shifts 6 and absorption parameters r
for L = Ly; Mopgc(L > Ly is the contribution of one-pion
exchange to the states with L > Ly. The Lj value corre-
sponds to the boundary between the outer and intermediate
force ranges and can be found approximately from the re-
lation Ly + 1/2 = 1.5hk/uze.

In our analysis scheme the real parts of the phase
shifts 6 ecan be varied around the values found from ex-
trapolation of solution 1 for lower energies. This restric-
tion may help us avoid the false solutions which arise be-
cause of the scarcity of experimental data. The analysis
method was further developed in ref. 5. The new scheme
contains explicitly the contributions from one-boson ex-
change in states having intermediate angular momentum
values. Expression (17) for the scattering amplitude is
replaced by

M =M (8, r)+ Mogxc (L << L< Ly) + Mopgec (L > L1), (18)

where M (5, r) is the contribution from 6 and r for L = Ly,
Mogec(Li < L = Ly is the contribution of one-boson ex-

N. Hoshizaki 37



change in states with Ly <L = Ly, and MOPEC (L > Lj) is the
same as in Eq, (17). The quantity Lj; corresponds to the
boundary between the core and the intermediate force range
and is evaluated from the relation Lyt +1/2 ~ 0.50k/uzc.

This scheme significantly reduces the number of pa-
rameters and consequently it is extremely useful athigher
energies — above, say, 1 GeV — in which more partial
waves participate in the scattering. This question is dis-
cussed in detail in Sec. 5.

Validity of the resonance model for
pion production. Mandelstam showed that the res—
onance (3,3) model qualitatively explains most experi-
ments on pion production in p—p collisions between 400
and’ 660 MeV. It follows from this model that there should
be no appreciable pion production by necleons in states
having a total isotopic spin T = 0. The measured pion-
production cross section in these states can be used as
a good test of the model. This cross section, oy, is giv-
en, in accordance with charge independence, by the re-
lation

0y=3{20 (ep— n") —0 (pp—>n?)}, 19)

where the factor 3 arises because of the variety of charge
states of the pions emitted in n—p collisions. The experi-
mental results, written as the ratio o¢/0y, where oy is the
pion-production eross section for p—p collisions (T =1),
are oy/oy = 0.41 + 0.25 for®® 590 MeV and oy/ay ~ 0.2 for®
970 MeV.

These results show that absorption predominates in
T = 1 states.

The resonance model can also be checked by a more
direct method, by determining the ratio of probabilities
for transitions to states having isospins Lin= 1/2 and
I; N = 3/2. These probabilities have been measured for’®
650 MeV. The cross sections for the reactions

P+p—>p+ntat (20)

p+p—>p+p+n’ (21)
are expressed in terms of the two isospin amplitudes A,
and Ag under the assumption that the pion and one of the
nucleons form a subsystem in the final state; here the in-
dices denote 2I; . Alternatively, the cross sections are
expressed in terms of the amplitudes B; and B, under the
assumption that the emitted nucleons make up the subsys-

tem; in this case the indices represent the nucleon isospin.

To experimentally determine amplitudes A; and Az and
the phase difference between these amplitudes we must
measure three independent quantities. Two of them are
the cross sections for reactions (20) and (21). The third
quantity is the spatial asymmetry with respect to neutron
and proton exchange in reaction (20); this asymmetry
results from the interference between T=1 and T =0
states of the emitted nucleons.

We can thus find IBOF, [B1|2, and the term correspond-
ing to interference between By and By; equivalently, we
can find |A[%, [Agl%, and their phase difference. The prob-
ability for a transition to the I;N = 3/2 state which is
found in this manner is 72 + 3% at’® 650 MeV, in support
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of the approximate validity of the resonance model,

The resonance pion-production model used in our
analysis scheme is a generalization of the original Man-
delstam mode. Absorption in the °F, 3 states [Eq. (10)]
and production in the D state [Eq. (11')] have been taken
into account because of the following considerations: 1)
Analysis of data on elastic p—p scattering at 660 MeV
showed that absorption in 3F, ;states cannot be neglected.?»3!
According to a repeated ana’lysis of the data on inelastic
p—p scattering at’™ 660 MeV, inclusion of transitions from
°F, 4 states significantly improves the agreement with in-
elastic data also. 2) The angular distribution of neutrons
produced in the reaction pp — np1r+ at 970 MeV can be ap-
proximated by the polynomial*®1—1.63cos? 0 + 7.66c0s%4,
whose last term explicitly shows the importance of pro-
duction in the D state at this energy.

4, PHASE SHIFTS OF NUCLEON—NUCLEON
SCATTERING BETWEEN 400 MeV and 1 GeV

Phase shifts for p—p scattering at 660
MeV. An extensive series of experiments on p—p scat-
tering near 660 MeV was carried out®) at Dubna.3* 45 The
method described in Sec. 3 was first used to analyze
data on the differential cross section, polarization, and
depolarization.? The set of phase shifts determined in
this manner was found to be in satisfactory agreement
with the triple-scattering parameters Ckp» Cpn» and R
(later measured in refs, 4and 44) andin qualitative agree-
ment with other values of the parameter? A,

In the analysis described in ref. 2, the phase shifts
for the higher-order waves (L > 5) were less than 4° and
were set equal to zero. The analysis can obviously be
improved by using for these states the values found from
the model of one-pion exchange. Further improvements
can be made by analyzing the absorption parameters more
rigorously than in the first analysis. Improved analyses
of all these results have been carried outat Dubna,31,46-502
Kyoto,® and®™ Livermore.” There have been some differ-
ences in the analysis of absorption parameters. Azhgirei
et al.*! used the method of ref. 2 and the absorption pa-
rameters for fixed L averaged over J, and then carried
out a variation without averaging over J.4"~% Hama and
Hoshizaki® reported an analysis based on the absorption
parameters for a given J, but averaged over L. Mac-
Gregor et al.”! used as initial absorption parameters the
values calculated by Amaldi et al.!? on the basis of the
one-pion-exchange model for pion production.

Despite the variety of approaches which have been
used, the real parts of the phase shifts obtained by the
various groups have been in surprisingly satisfactory
agreement, especially for the lower-order partial waves.
The false solution found previously in the purely kine-
matic analysis*® dropped out after measurement of the pa-
rameter’” A, As was reported recently,® the "new" so-
lution does not seem particularly new; it belongs to the
group of solutions mentioned above, as can be seen by
comparing the scatter in the data for the solutions ob-
tained by the various groups. The real parts of the phase
shifts for the lower-order partial waves for p—p scat-
tering at 660 MeV have thus been unambiguously estab-
lished, at least qualitatively.s) These real parts are shown
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Fig, 1, Energy dependence of the phase shifts for p—p scattering. The
phase shifts are taken from the following solutions: JKL-1,% MAW -2%
(400-430 MeV); HH,* A4-4,% KLPYa-1," K-sh,® MAW-2, MAW-4%
(630-660 MeV); HK-a, HK-b™2 (970 MeV); H-a, H—4° (2 GeV); H-A,
H-A" (285 GeV). The vertical lines show the scatter in the solutions
for each energy. The solid curves below 750 MeV show solution 4 of the
energy-dependent analysis carried out at Livermore,™ For comparison
we have also shown the values predicted by the potential model with a
hard core (dashed curves),!®*"®

in Figs. 1-4 and Table 3 in Appendix 2. The solution ob-
viously corresponds to solution 1, found below 400 MeV.

There is still much uncertainty regarding the absorp-
tion parameters; the values found by various groups have
not always been consistent. Nevertheless, there are cer-
tain general features: 1) the peripheral nature of the ab-
sorption and 2) the pronounced absorption in the F state.
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Fig. 2. Energy dependence of the phase shifts for p—p scattering, The
notation and references are the same as in Fig, 1.
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These features can be seen from Fig. 8, which shows the
absorption parameters for fixed L and averaged over J as
functions of the impact parameter b, defined as b = (L +
1/2)A.

Observation of feature 2) improved the initial Man-
delstam model. Vovchenko derived a model which also
describes pion production from F states; his calculations
led to an overdetermination of the model parameters, and
he ealculated the absorption parameters without using
elastic-scattering data.’” The results confirm general
feature 1), but certain details differ from the results of
the phase-shift analyses cited. Considerable absorption
was found in the 3P1 state, and relatively little was found
in the 3F3 state. On the other hand, this type of absorp-
tion is predicted by one of the Livermore solutions.’! Ac-
cordingly, the discrepancies in the absorption parameters
apparently should not affect the uncertainty regarding the
real parts of the phase shifts, although a phase-shift anal-
ysis based on the results of ref. 37 would be desirable.?

The peripheral nature of the absorption results pri-
marily from the presence of the (3,3) resonance. It is
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Fig. 4 Energy dependence of the phase shifts for p—p scatterings The
dot—dash curves show theresults calculated on the basis of the OBEC mod-
el otherwise the notation and references are the same as for Fig, 1.
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interesting to note the effect of the (3,3) resonance on the
energy dependence of the observable quantity Cn,pn (90°) in
p—p scattering, which displays a peak near 600 MeV, in
agreement with the experimental results.®

Phase shifts for p—p scattering at 430
MeV. The real parts of the phase shifts for 660 MeV
can be coupled by smooth curves to the corresponding
phase shifts of solution 1 below 310 MeV; the 430 MeV
phase shifts, obtained by a phase-shift analysis analogous
to that carried out for 660 MeV, lie on these curves,”
These results agree with the results found in later mea-
surements of triple-scattering parameters.“"r""a The
refined solution®% is show in Figs. 1-4.

Phase shifts”) for p—p scattering at
970 MeV. Experiments at this energy were carried
out at Birmingham®-% and more recently at Saclay."® The
first phase-shift analysis was carried out by Hama and
Hoshizaki® by the same method use for 660 MeV, except
for a single modification: Degeneracy in the D state, (11),
was taken into account. Since there are no triple-scat-
tering data available, the analysis was carried out simply
to determine whether the real parts of the phase shifts
for solution 1 could be obtained and whether the absorp-
tion parameters have the peripheral nature like those

found at 660 MeV. The absorptionparameters correspond-

ing to central absorption were also studied, and two solu-
tions were found: solution A, corresponding to peripheral
absorption, and solution B, corresponding to central ab-
sorption. These solutions predicted radically different
values for the following observable quantities: D(~ 909,
R(~110°), Cgp(~90°),and Cpn(60° ~70°). The parameter
Cpn Was measured at Saclay,?® and the results were found
to support solution A.

All the available information, including the Cpp val-
ues refined by the method using restrictions 1"), 2), and
3), has been analyzed in recent years; the results of this
analysis are described in the next section. These results
do not rule out either solution A or B."® Accordingly, to
choose between these solutions, we must measure observ-
able quantities other than Cpn. These two solutions'!) are
shown in Figs. 1-4.

Phase shifts for n—p scattering above
400 MeV. The information available on n—p scattering
above 400 MeV is quite scanty, and the n—p phase shifts
cannot be unambiguously determined by a purely kinemat-
ic method. However, if we assume that the phase shifts
vary smoothly as a function of the energy, we can consid-
erably contract the region in which the physically plau-
sible solution can lie, As was mentioned in Sec. 2, an
unambiguous set of phase shifts is available for n—p scat-
tering below 400 MeV. By extrapolating these phase shifts
we see that above 400 MeV the real parts of the phase
shifts in states with a vanishing total isotopic spin have
the following characteristics: 6(S;) and 6(°D;) are nega-
tive, 6(31)2) and 6(3}33) are positive, and 5(1P1) and 6(’F3)
are both negative.

One of the three sets of phase shifts obtained by Ka-
zarinov and Kiselev® for 630 MeV (set 1) definitely dis-
plays these features. These investigators analyzed the
n—p and p—p data under the assumption of charge inde-
pendence and through the use of the resonance (3,3) model
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Fig, 5. Energy dependence of the phase shifts for n—p scattering in T = 0
states. The phase shifts are taken from the following solutions: K, MAW -
A® (400-430 MeV); KLPYa®! K-Sh,® MAW-A® (630 MeV). The solid
curves show solution 4 of the energy-dependent analysis carried out at Liver-
more;™ the dashed curves were calculated on the basis of a hard-core po-
tential model,!%+7

for pion production. They used the same p—p data as
were used in the p—p analysis for 660 MeV, while they
included the differential cross section and the polariza-
tion in their data on n—p scattering. The recent measure-
ments of the parameters D and R in elastic n—p scatter-
ing at 630 MeV have narrowed the number of possible so-
lutions to two.® Solution 1 is retained. The phase shifts
of this solution corresponding to the case T = 0 are shown
in Figs. 5 and 6.12)

Energy-dependent analysis above 400
MeV. The energy-dependent analysis of p—p and n—p
data at Livermore?®was recently continued to®»#2 750 MeV,
The phase shifts were assigned the same functional de-
pendence on the energy as was used previously below??
400 MeV, The inelastic parameters were treated as poly-
nomials in the energy. Five sets were studied for the
inelastic parameters. Solution 4 for the fourth set was
found to be best; in this solution the inelastic parameters
for the 3Py, 3P,, 'D,, ¥F,, and 3F; states are nonvanishing.
This solution is shown in Figs. 1-6.

In this solution the energy dependence of the triplet
even-parity state differs markedly from that found inanal-
yses at fixed energies and from that predicted by the po-
tential model (see discussion in Sec. 6),

5. ANALYSIS AT ENERGIES ABOVE
1 GeV. METHODS AND RESULTS

Analysis of experiments above 1 GeV is complicated
by the fact that the information available is completely
inadequate for a complete determination of phase shifts.
Two assumptions were used in the analysis for 660 MeV:
1) The resonance (3,3) model of Mandelstam was used to
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Fig. 6. Energy dependence of the phase shifts for n—p scattering in the
T =0 states, The notation and references are the same as for Fig, 5.

derive the absorption parameters from pion-production
data. 2) The real parts of the phase shifts with L > I
were determined from elastic-scattering data under the
assumption that these shifts could be joined smoothly with
the values established for lower energies, The phase
shifts for L > Ly were taken from the OBEC data. Above
1 GeV, however, assumption 1) is no longer valid. Here a
large number of partial waves are involved in the scatter-
ing, and the Mandelstam method cannot be used to deter-
mine such a large number of absorption parameters. Fur-
thermore, at energies sufficiently above 1 GeV the effect
of higher resonances of the 7N system cannot be neglected,
nor can the production of two or more pions or that of
other heavy particles.

Modified account of absorption. Inthe
early approach of Hama and Hoshizaki’ assumption 1) was
replaced by the following: 1') The absorption coefficients
can be written as smooth functions of the orbital angular
momentum L or of the impact parameter b, defined by b=
(L + 1/2)x,

The function chosen for the absorption coefficients
must be such that these coefficients fall rapidly to zero
as L increases, since no reaction can occur unless the
two nucleons are sufficiently close together. Further-
more, the function must vary over the interval [0, 1]. The
following form was thus chosen for this function:’

1—r*(L)=Aexp{—[(L—Lo)/7I*}s (22)

where r(L) is the absorption parameter for the given L,
Ly is a parameter characterizing the point of maximum
absorption, and ¥ is the absorption half-width. In impact-
parameter terms, the quantity L, + ¥ roughly gives the
radius of the nucleon including its pion cloud, and A is a
factor which must be determined from the inelastic-scat-
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tering cross section. The parameters in Eq. (22) are
functions of the parity, spin, and total angular momentum,
hut we will neglect these dependences here.

Assumption 1') is not purely phenomenological. A
more significant improvement of assumption 1) results
from applying the general principle of ref. 14 to absorp-
tion processes M

1") Absorption near the edge of the nucleon is de-
scribed correctly by pion theory.

Here the "edge of the nucleon" means the region of
two-pion exchange, since in principle there is no absorp-
tion in the region of one-pion exchange: Because of the
unitarity of the total S matrix, one-pion exchange for pion
production leads to absorption in the region of two-pion
exchange.

Amaldi et al. calculated the absorption parameters
on the basis of the model of one-pion exchange for pion
production, taking account of the form factors of the nu-
cleon and the final (3,3) state.!! Their results, which re-
fer to large distances, can be used as assumption 1").
Then we can state more specifically:

1") The absorption parameters for L > L, are given
correctly by the Amaldi model for one-pion exchange,
where L, is such that

(L+1/2)x =~ the radius for two-pion exchange. (23)

Substituting, e.g., (Ly + 1/2)x =~ 10~ e¢m, we find I, = 3
for 1 GeV and I, = 4 for 2 GeV. The exact values can be
found from the actual analysis. The absorption parame-
ters for L = I, must be varied freely.

Real parts of the phase shifts. In addition
to restrictions 1') [or 1")] and 2) we require the following:7

3) The real parts of the phase shifts for states with
intermediate angular momenta must be correctly repro-
duced by the one-boson-exchange model. The contribu-
tion from one-pion exchange for waves having high angu-
lar momenta is incorporated as before. The scattering
amplitude is given by Eq. (18).
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Fig. T. Relation between the interaction regions and the partial waves,

The dependence of the initial kinetic energy in the laboratory systemon
the impact parameter b is shown for each partial wave. The phase shifts
of the waves in each region are treated as shown at the top of this figure.
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In the early approa(ihesl""‘a requirement 3) was written
as
81, =8, (OBEC) {1 +¢(1—r})} (24)
for phase shifts having intermediate L. The phase shifts
61,(OBEC) are calculated from the OBEC model. Param-

eter ¢ shows the extent to which inelastic processes af-
fect the real parts of the phase shifts.

Using these restrictions, we can significantly reduce
the number of free parameters. The situation is illus-
trated by Fig. 7. At an energy of 2 GeV, e.g., only the
phase shifts of states having L = 3 remain as free param-
eters.

At present the most reliable method for analyzing
data near 1 GeV is apparently that based on the use of as-
sumptions 1"), 2), and 3). The use of this scheme at 970
MeV is described below. Above 2 GeV the Amaldi model
in inapplicable (this point is discussed below), so there is
no analysis method available other than that based on the
use of assumptions 1'), 2), and 3). The results of anal-
yses based on these assumptions carried out for 2 and 3
GeV are discussed at the end of this section.

Applicability limits of the one-pion-ex-
change model for pion production. The one-
pion-exchange model for pion production used above is
restricted to certain energy and angular-momentum limits
by virtue of the nature of this model.

Meson production between 800 MeV and 1.5 GeV ean
be described adequately by the model of refs. 62 and 63,
but below 800 MeV it does not agree satisfactorily with
experimental data, probably because the nucleon—nucleon
interaction in the final state is neglected.lg) Above 1.5
GeV the production of two pions and higher pion—nucleon
resonances becomes important, and the model is again
inapplicable. The energy limits on the applicability of
the model are® thus 800 MeV < E < 1.5 GeV.,

The angular-momentum restriction was mentioned
above. The absorption parameters for L > I, can be pre-
dicted correctly by the model, while those for L = I, can-
not be [Ly is given by (23)]. This model neglects the ex-
change of two or more pions and heavy mesons. These
processes would presumably contribute to the absorption
parameters within the region of three-pion exchange and
would have a slight effect on these parameters outside
this region. The criterion for I, is thus relation (23).

The one-pion-exchange model for pion production
leads to a violation of unitarity (ryy> 1) in the L = 1
states.!%% However, this statement does not imply a
further restriction on the model. Since the violation oc-
curs in the states having lower angular momenta (L < L),
it is inconsequential in the use of the model for our pur-
poses.

Applicability limits of the one-boson-
exchange model. Inthe method described above the
use of the OBEC model was restricted to states having
intermediate angular momenta, and it was not used in
states having lower L. The reasons can be outlined as
follows:%
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1. As the initial energy tends toward infinity, the
asymptotic behavior of the phase shifts calculated on the
basis of the OBEC model contradicts the Levinson theo-
rem,® according to which we have lim 8(E) = 0 for the

E—o
case 6(0) = nm, where n is the number of bound states.
The OBEC model, on the other hand, leads to lim 8(E) =
E-»c0

+7/2, in contradiction of the theorem of ref. 68. This
theorem was proved exactly only for the case in which
there are no inelastic processes, but it is assumed that
the theorem may be more generally valid.®»¢%%2 1f we
assume that any scattering theory must satisfy this the-
orem, we find that in this case the OBEC model does not
agree with theory and the model has a certain limited
range of applicability. Hama and Hoshizaki showed that
a suitable parameter for characterizing this limit is the
impact parameter,’® defined by b = (L + 1/2)i/p. If the
theory is cut off before the phase shifts reach their limit-
ing values, say at 6,y (certain critical values above
which the phase shifts deviate too much from their correct
values), the cutoff energy and the corresponding impaect
parameter can be determined for each partial wave. The
choice of 6.t is to some extent arbitrary, but at any
rate the concept of a critical energy or impact parameter
is introduced in this manner. The eritical energies are
different partial waves, but the impact parameters have
roughly the same critical values. Setting d¢opit ~ 50°, we
find

bopiy = 0.4 ~ 0.6% /e, (25)
a value approximately equal to that at the boundary be-
tween the intermediate region and the interior core,®
This result can be interpreted in terms of the internu-
cleon distance r in the following manner: The OBEC mod-
el for nuclear forces holds for r larger than bepjt. This
model must be cut off for r £ bapit.

2. Another method for evaluating bepit is in terms
of the effective range of the forces due to exchange of in-
termediate bosons. In the OBEC model it is assumed
that the #7 interaction is quite strong, since when nu-
cleons exchange two or more pions, the process is nearly
always a separate exchange of heavy mesons (resonance
states). Accordingly, each time we introduce a new heavy
meson we in principle find a new critical internucleon
distance repit, below which the theory must be corrected
for the exchange of as yet unknown heavier mesons. In
the OBEC model?® the heaviest meson is the w meson,
whose mass is assumed equal to g, = 750 MeV. In this
case we have

Terit ~ Blpoc ~ 0,28 /pgc. (26)
Actually, there may be some "overfilling," as in the case
of pion-exchange forces, leading to an increase in rgpjt.
In the case of pion-exchange forces it was first assumed
that the boundary between the OPE region and the inter-
mediate region was at an internucleon distance of about
1f/pge. According to the TMO potential, however, two-
pion exchange forces display an appreciable "overfilling,"
and the boundary is not at 1fi/urc but at’™® ~ 1.5h/uzc. Ac-
cordingly, instead of (26) we can choose
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Ferit ~ 28/poc ~ 0.4% /pqe. 27

This value agrees with (25).

3. The Yukawsa interaction,used in calculations on
the basis of the OBEC model, canbe treated as a model
Hamiltonian whose applicability is governed by a more
fundamental interaction. This fundamental interaction
predominates in the core region, where the structure of
the mesons and the pure nucleons becomes important.
In the core region, the Yukawa interaction in the form
used in the OBEC model may become meaningless.

Phase shifts for p—p scattering at 970
MeV."!,%%d The analysis of p—p scattering for 970
MeV was repeated with new data on Cpp and P obtained
at Saclay®® and data on the differential cross section ob-
tained at Birmingham.®% The goal of this analysis was
to check the validity of the analysis method based on as-
sumptions 1")-3) and to determine whether to discard so-
lution B found previously on the basis of new data on Cpn,
which constitute evidence supporting solution A. The real
parts of the phase shifts for waves with L = 3F; were de-
termined by means of the values found from the one-boson-
exchange model.?? The absorption parameters for L =°F,
were taken from the Amaldi OPE model.%

This repeated analysis still does not rule out solution
A (peripheral absorption) or solution B (central absorp-
tion). Further experiments are required to determine
which of the solutions is physiecally correct. The best ex-
periments for this purpose would involve measurement
of the depolarization parameter D(70 ~110°). Measure-
ments of parameters A( 3100), Ckp(60-70°), and Axx(60
-70°) could also help in a choice between the two solu-
tions. The following values have been predicted for ob-
servable quantities:®®® for solution A, D(90°) = 0.71,
A(120°) = 0.21, Ckp(70°) = —0.037, and Ay (70°) = —0.094;

for solution B, —0.31, —0.19, 0.39, and —0.51, respectively.

Analysis has confirmed the validity of the scheme
based on assumptions 1")-3), as can be seen from the val-
ues found for x* and from a comparison with the phase
shifts found with the values found below 660 MeV. Solu-
tions A and B are shown in Figs. 1-4 and 8 as well as in
Table 6 of Appendix 2.

The analysis scheme based on assumptions 1')-3) was
also checked at 970 MeV. This scheme was used to ana-
lyze data on p—p scattering obtained at Birmingham, and
the results of this analysis were compared with earlier
results.” The parameter values introduced in (22) are
Ly=21, y=1.1 for solution A;

Ly=0.4, y=2,5 for solution B; } @8)

these values should be compared with the corresponding
values for 2 and 3 GeV, discussed below.

Phase shifts for p—p scattering at 2
and 3 GeV. Data on the differential cross sections''s">
and polarization™ in p—p scattering are available at 2
GeV. These data were analyzed by Hama® by a method
based on assumptions 1'), 2), and 3). Three solutions
were found, two corresponding to solution A at 970 MeV
and the third corresponding to solution B. Below we de-
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Fig. 8, Dependence of the average absorption parameters on the impact
parameter b, The values of r(’F, 34) are shown for the %F states, The re-
sults for 24 GeV are shown!'®? only for comparison, Otherwise the refer-
ences are the same as for Fig. 1.

note these solutions as a, @', and b, respectively.

The parameters governing the absorption take on the
values

Ly=2.0~22, y==28 for solutionsa anda';

7 Sigls y=3.8 for solution p, } (29)
showing that solutions @ and «' are solutions for periph-
eral absorption, while solution b is the solution for cen-
tral absorption. Solutions @ and a'differ in that 6(1D2) is
negative for solution ¢ and positive for a'. The real parts
of the phase shifts of the triplet P states for solution b
are all negative, while the solutions @ and a' have 6(3P0),
8CP;) < 0 and 6(Py) > 0. The real part of the phase shift
for the 1S, state is essentially the same for all three solu-
tions.

Measurements of large-angle polarization were re-
ported in ref. 74. These results partially supplement the
previous small-angle results used in the analysis. For
the new results solution @ or a' is apparently to be pre-
ferred over solution b. Solutions @ and a' are shown in
Figs. 1-4.

A similar analysis was carried out by Hama® for data
on p—p scattering at 3 GeV;'® three solutions were found
with peripheral absorption. The parameters Ly and ¥y for
these solutions are

Ly=2.2~25, y=31~3.1. (30)

These solutions (A, A', and A") differ in the signs of 5(1D2)
and 6(3P2). For solution A, 6(1D2) is negative, while for
solutions A' and A" it is positive; 6 (P;) is negative for A
and A" but positive for A'.

A choice can be made among the three solutions on
the basis of the large-angle polarization data, not avail-
able during the analysis. These results™ constitute evi-
dence against solution A". Solutions A and A' are shown
in Figs. 1-4.,
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6. DISCUSSION OF RESULTS FOR ENERGIES
BETWEEN 400 MeV AND 3 GeV

These solutions have noteworthy features in regard
to 1) repulsive cores in the 'E and °E states, 2) nonstatic
effects of higher order in L, and 3) peripheral absorption.

S and D waves and solid cores in region

III. The behavior of the phase shift for the 'S, state,
shown in Fig. 1, deserves special attention. As the en-
ergy increases, 5(150) decreases monotonically, even be-
tween 660 MeV and 2 GeV. Since no important inelastic
effects are displayed in the IS[, state, this monotonic de-
crease directly implies that the repulsive hard core of
the nuclear forces exists up to this energy region. For
one of the solutions at 3 GeV (A), 6(180) deviates slightly
from the behavior below 2 GeV but does not contradict it.
We note in this connection thatnew measurements of large-
angle polarization at™ 3 GeV apparently imply that the
actual solution may lie between solutions A and A'.

The D, state is greatly influenced by inelastic ef-
fects, so that information about the actual potentials can-
not he directly obtained from the real part of the phase
shift of this state. However, we can see from Fig, 1 that
6(’D2) for solution a at 2 or 3 GeV supports the idea of a
hard core in region III. Solution e' apparently does not
fit this behavior. A choice can be made between these
two solutions on the basis of the measurements of Cpn
and Ckp at’ 1.5-3 GeV.

Potential (1), containinga hard core having a radius
of r¢ ~ 0,35h/uyc, can reproduce the experimental phase
shifts above 400 MeV quite well, leading to the values’s

5(1Sg) ~—38% 8(1D;) ~10° for 660 MeV;
~ —60°; ~ 5 for 1 GeV;} (31)
~—809; ~—5° for 1.5 GeV.

The phase shifts shown in Fig. 1 agree quite well with
these predictions, supporting the conclusion reached
above — that the hard core exists up to an energy on the
order of several GeV.

A more quantitative analysis would be of little use at
this stage in the development of experiment and theory,
but we wish to point out the following circumstance: The
6(18[,) values for 660 and 970 MeV, although they have not
been determined very accurately, are slightly above the
values predicted by the potential model with a hard core,
so it may be appropriate to modify the nonrelativistic
picture of completely hard repulsive cores. An upper
limit on the "hardness" of the repulsive cores can prob-
ably be established. When relativistic effects are ne-
glected, a potential with a soft core having a height on
the order of at least 2 GeV can reproduce the 6(1Sy) val-
ues up to'’ 1 GeV. According to experience gained in cal-
culations in momentum space, however, relativistic ef-
fects also lead to a reduction of the magnitudes of the
phase shifts,”™ so further experiments and analyses are
required in order to reach more definite conclusions.

The phase shift 6(S,) decreases monotonically from
180° at zero energy to about 0° at 300 MeV. The gradient
of this decrease is nearly equal to the gradient of the
6(18[,) decrease. Furthermore,thelatest phase-shift anal-
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yses of n—p scattering at 630 MeV yield 6(381) =—8.0%
7.7°,—13.9 £ 3.7°, and —9.93 + 6.99° for solutions A and B
found at Livermore® and for set 1 found®® at Dubna.l¥

The phase shifts for the T = 0 states are treated as com-
pletely elastie, while those for the T = 1 states are fixed
by their values found from the analysis of p—p secattering.
If we assume that all these values are correct, since they
have little effect on 6(381), and if we assume that set 2 ob-
tained at Dubna can be discarded (as mentioned in Sec.

4), we conclude that these negative values can be thought
of as evidence for a repulsive core in the 38; state, which
has long been used in various potential models. We note
in this connection that the recommended solution of the
energy-dependent analysis carried out at Livermore (so-
lution 4) demonstrates the opposite high-energy behavior.%
Here :5(381) is positive and displays a tendency to decrease
with increasing energy. This result may mean that the
form of the energy dependence selected for this phase
shift is still unsatisfactory.

P and F waves and nonstatic effects of
higher order in L. Another important consequence
of the results of phase-shift analyses for energies above
400 MeV is that there are nonstatic effects of higher or-
der in L in the triplet odd-parity state. Their existence
in the singlet even-parity state was established long ago26
in analysis of energies below 400 MeV.

The results of phase-shift analyses for 660 MeV con-
cerning the triplet odd-parity states can be summarized
as follows:

1) The real parts of the phase shifts of the P states
split in the manner characteristic of LS potentials.

2) All the real parts of the phase shifts for the 3F
states are small (£6°).

The first result follows from the interval rule. The
interval parameter for the P waves is defined by

Pp={8 (°Po) — 8 CP}/{8 (*P,) — 8 (*Py} (32)

and is independent of all spin-dependent interactions in
the 3P states. The interval rule takes the same form as
in the Born approximation:

pp=0.5 for LS potentials,
pp==—2,5 for tensor potentials. } (33)
The solutions for the phase shifts¥-5,612 yjq1q
pp=(0.1t0 —0.,1) +-0.4 for 660 MeV, (34)

indicating that the LS potentials apparently predominate
in the ®P states.!” The phase shifts for the P states at
660 MeV can be reproduced by the modern potential mod-
el having central, tensor, and LS parts.!® However, this
model predicts too large a value for 6 (F,) at 660 MeV

(> 15°) and does not agree even qualitatively with result
2). Accordingly, the effect of the LS interaction in the F
states, which does not involve the P states, must be re-
duced. Nonstatic interactions of higher order in L would
naturally lead to such a decrease. By introducing ap-
propriate nonstatic potentials of second order in L, Ta-
magaki et al.”®"? were also able to reproduce these phase
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parameter Y has a weak {y « In E) dependence on the ini-
tial energy, so the forward peak contracts as E — =,
where E is the relativistic energy of the proton in the
c.m,. system.

Because of the rapid decay of the differential cross
sections with increasing 6, we would expect the phase
shifts to be governed primarily by the diffraction peak
[Eq. (36)]. Higuchi and Machida suggested the following
relations:

F©)/f(0) is real,
and Ref (6)/Imf (8) =Ref (0)/Im f (0), } ()

where f, the scattering amplitude, is expressed in terms
of observables,

Ref(0) =EImf(0); } (38)
Im f (0) = (koy/4xn) exp (yt/2).

Here we have used the optical theorem Imjf(0) = ko-t/47r,
where o is the total cross section and ¢ = Re £(0)/Im f(0).
All the real phase shifts 61, and absorption parameters
ry, are found from relations (38). The results can be sum-
marized as follows:

1) All the 61, are negative, since all the experimental
values of Re f(0) are negative.

2) The 61, values tend toward 0 as E — «; more pre-
cisely, we have 61, < (In E)-1, due essentially to the con-
traction of the forward peak.

3) The absorption parameters indicate peripheral ab-
sorption. Their values, which correspond to the longest-
range forces, agree with the values of the corresponding
absorption parameters for energies below 3 GeV.

In their analysis, Hama and Kawaguchi used as ex-
perimental data the differential cross section parame-
trized in the following form, suitable for all type of scat-
tering:84

do/dt ~ A exp (yt) + (B/k*E?) exp (— ak sin 0). (39)

They assumed the first term on the right side of this ex-
pression to be due to the imaginary part of the amplitude,
and the second term to be due to the real part. This as-
sumption differs radically from that incorporated in (37)
and leads to the relations

Re f (0) = (B'/E) exp (— ak sin 0/2); 40
Im f (8) = (koi/4m) exp (yt/2). } @0

The use of these expressions led to two phase-shift solu-
tions, both of which yield results different from result 2).

2" Set 1 shows that the 61_, values tend toward 0 ac-
cording to the law 8y, = (KE)~" as E — o,

2") Set 2 shows that the o7, values tend toward — /2
according to the law & + 7/2 (kE)~! as E — .

3") The absorption parameters are related most
closely to peripheral absorption.

Although at present we cannot check these conclu-
sions, the results are quite interesting, especially in com-
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Fig, 9 Dependence of the real parts of the phase shifts on the initial mo-
mentum p; . Shown here are solutions'® HM-11 (solid curve) and!®® HK
(dashed curves). The results of the analyses for energies below 3 GeV are
reproduced here for comparison.

parison with results for lower energies. The results are
shown in Figs. 9 and 10. We see that the real parts of the
phase shifts for all these solutions have an energy depen-
dence markedly different from that of phase shifts for
lower energies. Guesses can be based on these results,
and a variety of models for the interior region itself can
be discussed. This discussion, however, lies outside the
scope of this paper (see, e.g., refs. 85 and 86).

Polarization effects in high-energy scat-
tering. If the values characterizing the polarization
turn out to be nonvanishing above 10 GeV, these results
will prove incorrect. The assumption of a spin-indepen-
dent interaction has turned out to be incorrect. Further-
more, since the polarization arises as the resulf of an in-
terference between different amplitudes of different states,
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Fig. 10, Dependence of the real parts of the phase shifts on the initial mo-
mentum pp. The literature references are the same as for Fig, 9.
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shifts of the triplet F states. Their I? potentials are of
the same order of magnitude as the familiar potentials
for the singlet even-parity states and, on the whole, agree
with them. The fact that current potential models pre-
dict large values for 6(8F4) at 310 MeV was first pointed
out by Hamada and Johnston.? However, they were not
able to establish the reason for the discrepancy, since it
was not very large at 310 MeV.

The phase shifts of the triplet odd-parity states at 1
GeV are also characterized by results 1) and 2) and con-
sequently support the conclusion reached above.

One-boson-exchange model. Nonstatic ef-
fects of higher order in L are naturally included in the
model of one-boson-exchange contributions (OBEC),
since this model is relativistic, albeit in the Born approxi-
mation. At 660 and 970 MeV this model gives phase shifts
for the 3F state which are of the correct order of magni-
tude; this result implies that the model may be of some
use above 400 MeV.

The one-boson-exchange model is undoubtedly useful
for determining the phase shifts of intermediate and higher-
order partial waves above 400 MeV. At present, however,
it is not clear whether this model is quantitatively correct.
We will cite simply the results of ref. 49, according to
which the incorporation of one-boson exchange in the cal-
culation of the phase shifts for states with J > 6 signifi-
cantly improves the description of the new data on small-
angle polarization in p—p scattering at!® 660 MeV.

Peripheral absorption. The inelastic param-
eters have still not been determined unambiguously, even
at 660 MeV, on which energy much attention has been fo-
cused. However, all these studies indicate that the ab-
sorption is of a peripheral nature. Solutions of this type
are available at energies above 660 MeV, as can be seen
from Fig. 8, which shows the absorption parameters for
fixed L and averaged over J as functions of the impact
parameter b = (L + 1/2)X. We see that there is a regular-
ity in the absorption. The absorption intensity is nearly
independent of the energy in the peripheral region, i.e.,
for b 3 1013 em, and increases with inereasing energy in
the interior. It reaches a maximum in the D state for all
peripheral solutions up to 3 GeV.

There are two opinions regarding the mechanism
leading to peripheral absorption. According to the first,
peripheral absorption is treated as simply reflecting the
formation of a (3,3) resonance. This argument is based
on the following observation: The resonance (3,3) state
is formed, at least at 660 MeV, primarily in reactions (9)
and (10). Accordingly, absorption in the initial S state is
kinematically forbidden at 660 MeV. There is naturally a
corresponding increase in the absorption in the D and F
states. In this connection Amaldi® discussed the possi-
bility of discarding solution B at 970 MeV (with central
absorption). The second opinion was advanced by Chew,%?
who argued that such strong absorption in the 1D2 state at
660 and 970 MeV could be understood by taking into ac-
count the resonance state — two protons having spin and
parity of J P =gt If the absorption is so intense that x,
the ratio of the elastic-channel width to the total width in
the 1D2 state, is less than 1/2, the resonance conditicn at
energy Ep becomes?’d
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(dr (*Ds)/dE)g, =0; (8 (*Dy))z, =0 (35)
Chew noted that both the available experimental data at
660-970 MeV and the phase shift solutions for them are
consistent with this condition. Arndt!? analyzed this pos-
sibility for the two-channel problem. Unfortunately, final
conclusions could not be drawn from this analysis, and

further study is necessary.

Finally, we give for reference the size of the absorp-
tion volume, defined as the square root of the average
value of b? with a weight factor (2L + 1)(1 — r1), where ry,
is the average absorption parameter. From Fig. 8 we
see that this size is(<b?>)1/2~ (0.9-1.1) 1013 em for all
solutions with peripheral absorption. For solution B at
970 MeV we have ((bz})‘/2 ~ 0.6-10"1 cm.

7. PHASE SHIFTS IN NUCLEON—NUCLEON
SCATTERING ABOVE 10 GeV

Phase-shift analysis above 3 GeV is difficult, since
very little experimental information is available. If a
phase-shift analysis were carried out at these energies
without any theory or model, the result would be a large
number of solutions. Higuchi and Machida!® and Hama
and Ka*.vmg;uchiIsa analyzed available data on p—p scat-
tering above 10 GeV in an attempt to find the asymptotic
behavior of the phase shifts of p—p scattering. A basic
assumption in these studies was that the interaction was
spin-independent. Recent polarization experiments have
shown that the amplitudes for p—p scattering depend on
the spins even at an initial energy® of about 10 GeV, so
this assumption is not valid up to 10 GeV. The phase
shifts are still completely unknown for 3-10 GeV.

Above 10 GeV no polarization measurements have
bheen reported yet, and it is unclear to what extent this
assumption is valid. Regardless of whether this assump-
tion is valid, the real parts of the phase shifts cannot be
neglected even above 10 GeV, as can be seen from the fol-
lowing experimental fact: The real part of the forward-
scattering amplitude does not vanishat least up to 30 GeV.
Inthe absence of real parts of the phase shifts, the scatter-
ing amplitudes become purely imaginary, so the real parts
of the phase shifts do not vanish. Analysis of the angular
distributions in the Coulomb-interference region at 10-30
GeV also indicates the importance of the real parts of the
phase shifts.®

We turn first to the phase shifts obtained in the anal-
yses cited above; then we will discuss the polarization ef-
fects, taking up the possibility of finding the real parts of
the phase shifts in the case of a spin-dependent interac-
tion.

Phase shift for p—p scattering above

10 GeV. The available experimental information con-

sists of data on total cross sections, angular distributions,
and the ratio of the real and imaginary parts of the for-
ward-scattering amplitudes. The angular distribution has
a sharp peak in the forward direction, which can be pa-
rametrized by the relation

do/dt ~ Aexp (yt); ¢= —4k®sin? (8/2), (36)

where A ~40 mb/(GeV/c)~? and ¥ ~ 10 (GeV/c)™%. The
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any assumption neglecting this interference is forbidden.
Recent experiments have shown that polarization in p—p
scattering is relatively pronounced, even at 10 GeV; its
value in the angular range corresponding to forward scat-
tering is abhout 20% at 4-6 GeV and about 10% at 9-11 GeV.
We will briefly discuss which observables are most effi-
cient for obtaining the real parts of the phase shifts.

Polarization effects in high-energy scattering were
first analyzed by Lapidus®’ and Hoshizaki and Machida!
on the basis of the simple disk model. They showed that
in the absence of real parts of the phase shifts, some ob-
servables vanish. The experimental observation of non-
vanishing values may thus imply the existence of nonvan-
ishing real parts of the phase shifts. Let us look at this
problem in a more general, relativistic form, without re-
sorting to the disk model. We expand the scattering am-
plitude in terms of wave functions of the initial spin state:

fi= Z’ Mijxi, (41)

where Xj is one of the four spin states (there are three
triplet states and one singlet state), and M is a function
of the scattering angle, a 4 X 4 matrix in spin space. We
turn first to the polarization of an initially unpolarized
beam scattered by an unpolarized target:

P={on);= Tr (ijR)ITT (pf)- (42)

Here oy, is the component of the Pauli matrix normal to
the secattering plane, and pr is the 4 x 4 density matrix for
the final polarization state, related to the initial density
matrix by

pf=MpiﬂI+. (4:3)

For this type of scattering p; is a unit matrix, and
Tr(MM*)/4 is a differential cross section. Denoting this
cross section by I, we find

I,P —=Tr (MM*c,)/4, (44)

taking the trace, we find

1P = (Y2 Im {(M1g— Moy)* (M + Mg— M), (45)

where M;; are the elements of the M matrix in the triplet
states. Here the indices 1, 0, —1 refer to the three triplet
states, havingS; = 1, 0, —1, respectively. We can conclude
from (45) that: 1) Ifthe scattering amplitude is indepen-
dent of the spin, the elements of the M matrix correspond-
ing to spin flip (Myg, Mg, Mj—y) vanish and the polarization
vanishes; 2) if the real parts of the phase shifts vanish,
the scattering amplitude and thus Mij become purelyimag-
inary, and the polarization again vanishes. Accordingly,
the observation of nonvanishing values of P could be taken
as direct evidence for the existence of a spin dependence
and the existence of nonvanishing real parts of the phase
Shjﬁsga 5LJ-

As we see from the preceding discussion, observables
such as Im A* B, where A and B are linear combinations
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of M-matrix elements, vanish if the real parts of the phase
shifts vanish; these observables are useful tools for ex-
tracting information on the real parts of the phase shifts.
Other such quantities are the polarization-correlation pa-
rameters Cnup, Cnuv, Popn,and Py gy, which include,
e.g., the observables Cgp,' Ci{‘i‘,, etc. These parameters
were determined in ref. 89. It would be extremely de-
sirable to measure these parameters at a few GeV. Mea-
surements of any triple-scattering parameters would also
be useful for studying the spin dependence of the secatter-
ing amplitude. If the spin dependence is completely ne-
glected, these parameters become, for n—p scattering,

D=1; R=cos(0—0.); A= —sin (0 —0L); )
R'=—A4; A'=R;

D Bl =By A= | @6)
Cin=Crp=Crn=Cpp=0;
Chp=Ch =C3p=Ci=0,

where 6 and 81, are the scattering angles in the ¢.m. and
laboratory systems, respectively. For p—p scattering
the angular distributions of these parameters are com-
plicated by the Pauli principle, but if there is no spin de-
pendence we find the following relations:

R=Dcos(0—0.); A= —Dsin(8 —0L);
B My A ‘

Crp= —Crnsin(a+a'); Cpp=Crn="=Cnncos(z +a');
21:3" "Cgp; er%p:Cﬂ'h: Ca‘p tg (OL—{—GCJ),

47)

where o = /2 = 61, @' = 6'/2— 0], and 0" and 0], are the
scattering angles of the recoil particle in the ¢.m. and
laboratory system, respectively. Any deviation of the ex-
perimental values from relations (46) or (47) would imply
a spin dependence of the scattering amplitude.

APPENDIX 1

DETERMINATION OF THE PHASE
SHIFTS IN BOUND STATES

To determine the phase shifts in states which are
bound, according to the angular momentum, we write the
elastic-scattering matrix as

8 —exp (i8) X exp (i8), (A.1)
where 6 is a diagonal 2 X 2 matrix with elements 61,5 +
iy1,g+ Introducing the absorption parameter ryJ = exp
(—2x1,7), we find
172 ey
. (r_ exp (i) 0 ) ‘

0 rl/2 (4.2)

exp (id,)

where rx = Iz, g and 63 = 6j71,J. The quantity X is a
symmetric 2 X 2 matrix, which describes the mixing of
states with L=J =1 and L=J + 1. Matrix S is a sym-
metric 2 X 2 matrix, so it represents six real parame-
ters, four of which are 65 and ry.. The other two are the
mixing parameter and its phase. These parameters can
be introduced by writing the off-diagonal elements of ma-
trix X as ipgexp(i?y). The diagonal clements of matrix
X are determined from the requirement that the unitarity
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condition have the form

S+S=( = ’J) : (A.3)

i

Here rJ is some function of ry, py» and ¢3. Introducing
p=pJand ¥ = @1, we find from (A.1)-(A.3)

X:(u-—(mr.)pﬂ)“z ip exp (i) ) (A.4)
ipexp (ig)  (1—(r/rs) py/2
T =ip (ror) /% exp [ (5~ 6.)]
X {re [1—p2 (r_/r )12 exp (ig) —r_ [1—p2 (ro/r)] /2 exp (—iq)}. (A.5)

Equations (A.1)-(A.4) illustrate the parametrization which
we have used in Eq. (5) in the text proper. Physically,
relation (A.1l) means that two states are mixed in that part
of the interaction which corresponds to the core. This
parametrlzatlon is a generalization of Stapp's parame-
trization,'® which is used at energies below the meson-
production threshold. In analternative parametrization,
used in the analyses carried out at Livermore,! the S
matrix is written as

cos p_ cos 2e exp (2i6_) isin2eexp [i (6_4 6} )] ) . (A.8)

o (i sin 2e exp [i (6. 6;+a)] cos p; cos 2& exp (2i8,)

In this definition the unitary condition is not as simple as
in Eq. (A.3), since the absorption depends not only on
cos py. but also on the mixing parameter £. The two def-
initions are related by

sin 2£:p(r+r'_)”2;
cos Py =ry {[1—p2 (r_/r)]/(1 — p2ryr )} 112,

€08 p_=r_ {[1—p2 (ry/r))/(1 —pﬂr+r_)}”2;
a=o d_=6_; 6,=0,.

A7

The inverse relations are

ry= (cos? p, cos? 2e }-sin2 2¢) /2,
r—=(cos? p_ cos? 2e }-sin2 2¢) 1/2;
p=sin 2e/(ror )t/
p=0a; &.=8_; 8,=4d,.

(A.8)

In the calculations of Amaldi et al.!’ an absorption
matrix "R was introduced in correspondence with the elas-
tic-unitarity condition, writtenasS*s =1 — 'R, where for
bound states we have

°Ry_y,; °RT )
'‘R= . A,
( oRT*  ORp g )
Comparing (A.3) and (A.9), we find
WAy g, g=1—71%
ORypg, g=1—1%; (A.10)

ORJ=r'I,

where rJ is given by (A.5).
APPENDIX 2

SUMMARY OF SETS OF PHASE
SHIFTS ABOVE 400 MeV

The phase-shift solutions available between 400 MeV
and 3 GeV are shown in the accompanying tables. The
most recent solutions obtained by each group of investiga-
torsl) are given (except for one of the recent solutions
found for 660 MeV at Dubna®®®). Earlier solutions are not
shown here, nor are the MAW-1 and MAW-3 solutions for®!

630 MeV, since these solutions were used as initial sets
in the calculation of solutions MAW-2 and MAW-4 (which

are shown).

TABLE 2. Phase-Shift Solutions (T = 0) at 400-430 MeV

TABLE 1. Phase-Shift Solution (T = 1) at 400-430 MeV

Solution JKL- (ref. 55) MAW-2 (ref, 51)
2 79.2 92.6

Number of points 83 (p—p)+29 (n—p) 96

Energy, MeV 400 425

Real parts of the phase shifts, deg

18, —13,464+1.78 —19.35+2.05
1D, 12.81+0.52 10.91+1,36
1G4 2.21+0.28 1.424+0.51
3P, —13.504+-1.91 —18,194-2.68
3p, —33.80+0.81 —34.63+1.40
ap, 18.204-0.50 17.18+1.30
e —1.11+4-0.69 —1.,43+0.89
37, 1:77+0.57 0.87+1,22
8F; —2.5540.43 —3.7150.63
3F, 3.68+0.27 3.31+0.72
€4 u1,86i0,48
3H, 0.0840.59
3H OPEC —2.07+0.53
3Hy ) 0.35+0.35
Absorpuon parameters®

1p, 3.69+0.94 23.46

*Here rpj = exp(—2py) = cos p . The value of x, is given in the JKL-1 solu-

tion, and the value of p, is given in the MAW-2 solution,
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Solution JKL- (ref. 55) MAW-2 (ref. 62)
b a2 22.9
Number of points — 30
Real parts of phase shifts, deg

ip, —48.43:4+2,15 —39.44-+3.64
17, —3,59+1.30 —6.01+0.55
1H, (OPEC) (—2.19)0pEC
35 3.42-4-3.68 8.13+2.90
g 4.79-+2.97 —4.85+2.61
an, —29.66+2.74 —41.414-2.90
3D, 12.444-2.96 8.85+3.74
3Dy —1.79-4-1.59 —1.31+1.69
€ 7.70+0.88 8.982-0.99
3Gy —0,66+1.77 1.184:1.21
3Gy 3,90+0,88 0.39+3.02
3Gy —2.81+2.18 —1.454+1.13
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TABLE 3, Phase-Shift Solutions* (T = 1) at 630-660 MeV

Solution I HH (ref. [32] A-4 [49] VZK-A(ref, 96)| BGKK-III [93] [maw-2[51] MAW-4[51]
%2 l 3.1 93.4 75 198,5 204,8 195,7
Number of points 45 118 110 191 (pp 4 np) 169 169
Energy, MeV 660 857 840 | 630 | 830 830
Real parts of phase shifts, deg

15, ~32 —-32,2412,1 -23,3+3.9 —19,8143,38 | -20,68+9,41 | —35,31+4,88
1Dy 10 4.946,0 11,2331 9.26+1.58 9.01%7,17 3.73%5.16
1G4 4.5 3.3%2.5 5.2%+1,3 5.52%0,66 3,482 45 4.13x2 17
apy -51 —87.6+15,5 ~59,0%6.7 —20.60+2)74 | -34.34%8,83 | -57,51=13.84
3Py —37 —-31,8%5.8 —35.8%4.5 -29.95+2.19 | —40.20+3'80 | -81,25311.43
3Py 16 25.3+4,2 20,5+2.5 34.82+1,77 27,91+2.71 13,1543 ,48
£ -3 —~2.1%5.4 —-3.7%2.1 3.00%0 .89 —1.13%2.65 ~2102%2 .49
3y ~4& -3.,5%2,7 -5,4%2.2 —%,20%0.60 —0.23%3,28 ~6.504£2.81
3Fy 3.5 ~0.6+T.8 416423 0,69%0,77 2.99%1,89 ~0.09%2,77
3Fy 3 2,5%1.0 2.330.8 3.64+081 4.76x1.59 2.91%1.690
e1 -5.25 —4.831.8 270311 0.76x0.76 —1.50+1.23 —2.59%1.08
3H, 0.75 — {23178 1.5+1,3 —2.15%0 .60 4.39+0.99 —0118+1.17
3Hg -1,25 -2, 6+1.4 1.3x0.9 —3.21%0,79 0.18%0,95 2.09+1,47
s 0.75 —0,1+0.8 1,9x0.5 —2.70%0,45 2.32%0,53 0,63+0.17
Absorption param-

e
15,5188 (1.0) (1.0) (0.0) (0.0) (0.0) (0.0)
1Dy 0.64 0.66%0.04 7.3+0,6 10,962,560 42,86 37,8
1G, (1.0) (1.0) 0, 0) (o.l)g (0.0) 28.7
3p; 0,98 0.79%0,19 0. 744.9 (0.0 (0.0) 12,8
3py 0,98 1.18%0,37 6.844,5 (0,0) 41 54.5
3py 0,90 0.79%0.24 2,420 5,37+1,52 34,2 17,0
2 (0,0) (0,0) 0,0y ,0) (0.0) ~T6.0
3Jg 0,90 0,95%0,10 7.842,0 0,57+1,07 384 24,0
kg 0.68 0.6450 08 5.641.7 203241 .52 25.0 135
3, (1.0) (1.0) (0.0) 5,14%0.73 (0.0) (0.0)

*The indicated phase-shift errors, calculated from the error matrix, do not always accurately reflect the uncertainty in

the phase-shift solutions.™

**Here 1] = eXp(—2xyj) cos py The rpy values are given in solutions® HH and® A-4; the X1j values are given in the
VZK-A and® BGKK-III solutions; and in the MAW-2 and MAW -4 solutions™ the values of ppy are given, For unbound
states, these latter values are determined from the relation given above, while for bound states they are determined from

Eq. (A.6) of Appendix 1.

TABLE 4, Phase-Shift Solutions* (T = 0) at 630 MeV

BGKK-IIT (93]

MAW-A [62]

Solution
$2 198.5 115.1
Number of points 191 (pp +np) 77
Real parts of phase shifts, deg
TABLE 6, Phase-Shift Solutions* (T = 1) at 970 MeV
ip, —27,304+5.39 —26.38+6.95 - s sy £
17, 60360206 —12.561.90 Solution HK—a HK —b HK—a HK—b
1H, —6.244-1.44 2,20+1.99
38y —17.40-4:5.44 —8.03+7.68
& 9.481:5.15 7.81%3.34 )% 1.8 40.7 = ~=
3Dy —27.304-2.21 —29.94+2,83
3D, 22.53+3.16 15.80£2.57 9
3Dy —8.87+1.82 1.64=+1.,15 Number of points 60 60 — =
;‘.& g.zgimo 14.99-+0,83
3 —6.1342.,17 —4.41+2.10
3Gy 6.02--1.36 2.55-+2.17 Real parts of phase shifts, deg Absorption parameters
305 —7.024-1.17 —6.87+1.30
€5 (OPEC) 8.4540.79
® the first note in T 3. 150 —50.8 —36.6 0.727 0.433
BeE P P o Bt iD, 16.0 10.5 0.379 0.777
i ? 4 (3 . gggmm = (3 . gég) OPE =
TABLE 5. Phase-shift Solutions® of the solution-2 (“False™) Type at 630 MeV  3p, _ég’,_g Jons _41;".? 3¢ lore 0.561
3p, —48.6 w75, 0.807 0,900
3p. 23.4 21.0 0.744 0.613
Solution BGKK-II [93] MAW-B [62] 02, @3 0.083 0.272 _2.1?+ 51 4+
3F, —4.62 —8.09 0.512 0.467
3 (—7.73)oBE = (0,725)0pE -
%2 248.3 114.5 S (6.50)0nE =] (0.993)ope -
Py # (—0.079)0pE = (0.0y* -
1 Tl b o i - o
Number of points 191 (pp+np 7 5 —4.UW)opg =i -999)opE =
? bpcnen 3H, (2,40)055 = (0.998)0p =
1py —39,66-+10,49 —18.54-+-3,43 ¢ The mixing parameter py and its phase ¢y are found from relation (5)inthe
17, 2.19+2.69 6.88+1.86 text proper, The ¢y values are given in degrees.
iy —2.5440,9% (—2.53)opEC
B —6.,0147.43 —13,894-3.65
& 20.67-+4.91 19.073-1.58
3D,y 32,824-10.11 20,08-3,06
3D, 21.004. 36 17.44+2.34
3Dy 0.154-2.77 4.80£1.04
Eg 8.68+3.14 14.784-1.28
3Gy 1.41-+2,15 —3.78+1.34
3G, 1,1022.24 10.33%+1.23
ag, —1.901.12 —5,33400,79
B (OPEC) (5.02)opEc

*See the first note in Table 3,

49
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TABLE 7. Phase-Shift Solutions (T =1) at 2 and 285 GeV

Energy, GeV 2
Solution H—a | H—a'
%2 26.0 25.4
Number of points 28 28

Real parts of phase shifts, deg

18, ~73.3 | —105.1
1D, -27.9 29,2
3P, —62.6 | —142.1
Py —60.8 —61.6
3p, 5.1 16.9
£ 16,9 23.4
3F, —31.7 —12.0
3Fy 0.0 7.3
3F, h —-2.3 4.7
Absorption param-
eters*

Ly 1.97 2.24
v 2.83 2.79
< 1,54 1.32

2.85
H—b | H—A | H—A’ | H—A"
28.2 59.8 53.6 52.9
28 62 62 62
—70,0 | —66.8 |—136,5 | —120.0
—19.0 | —45.5 44.3 46.0
—54.4 | —168.3 | —143,2 | —176.0
—61.2 | —63.4 | —30, —853.3
—2.8 | —16.4 104 | —15.9
925.2 19.0 30.1 20.0
-63.6 | —28.8 0.5 | —25.8
~0.5 | —8.7 | —128 | Zalo
0,0 5.7 4 4.3
0.52 2,20 2.54 2.27
3,79 3.71 3,10 3.53
—0.01 0.58| —0,03 031

*Absorption parameters r(L) can be calculated from L, and y on the basis of
relation (22), The values of parameter A in Eq. (22), found from the cross
section for inelastic scattering, are 0.854, 0,794, 0,989, 0,793, 0,883, and
0,827 for solutions a, a*, and b at 2 GeV, and A, A', and A" at 2,85 GeV,

respectively.

*Publisher's note: During translation of the original article [reprinted from
Progress of Theoretical Physics, Supplement No, 42 (1968)] into Russian,
references 90-108 were added by the Russian editor to update the material,
)The results of a recent analysis of p—p and n—p data at energies between
1 and 450 MeV were described in ref, 90 (ed. note).

2)ere ' represents the singlet even-parity state. The singlet odd-parity,
triplet even-parity, and triplet odd-parity states are 1O. 3g, and %0, respec-
tively.

#)Transitions in which the second nucleon (not in a pion—nucleon subsys-
tem) is in S, P, and D states with respect to the center of mass of the en-
tire system are also called "pion production with, respectively, S, P, and

D separation of the final system" (ed, note).

4):‘\bson:rtion in the initial %S states was neglected in the Mandelstam mod-
eL® The need for inclusion of this absorption is discussed at the end of this
section,

SJproduction in the D state is neglected in the Mandelstam modeL?

)R Ya. Zul'karnev et al, recently performed new measurements of the an-
gular dependences of the asymmetry” and the depolarization® in elastic
p—p scattering at 635 MeV. Yu. M, Kazarinov et al, measured the param-
eters®® A and® D for elastic p—n scattering near 630 MeV (ed. note).
"The results of recent phase-shift analyses of p—p scattering at 635 MeV
carried out at Dubna were described in refs, 91, 95, and 96 (ed, note),

9n stating that the phase-shift analysis for p—p scattering near 660 MeV
has yielded "unambiguous results,” we mean that all the solutions found,
at least for the lower-lying states of the p—p system, agree qualitatively
with solution 1, found below 400 MeV. The scatter in the values of the
phase shifts for the various solutions is due primarily to the incomplete-
ness of the information on meson production and the absence of a reliable .
method for taking into account inelastic reactions,?” This scatter is not
always accurately reflected in the phase-shift errors caleulated from the
error matrix® (ed, note),

9such an analysis was carried out by Vovchenko et aL% Four solutions
were found; the real parts of the phase shifts for the lower-order partial
waves of these solutions correspond (within the scatter characteristic of
the solutions found elsewheren'“'ﬂ) to solution 1 for energies below 400
MeV (ed. note).

10see also the corresponding discussion in Sec. 5.

Wphase-shift analyses of p—p and n—p scattering at®® 735 MeV and p—p
scattering at® 1 GeV have been carried out at Dubna. Four solutions were
found for 735 MeV, for two of whichﬁ(lsu) < 0. The set of phase shiftsde-
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scribing the 1-GeV experimental data was cbtained by extrapolating the
solution for 630 MeV as part of the planning for the 1 GeV experiments (ed.
note).

L) azarinov et aL}® worked out a method for discriminating among statis-
tical hypotheses and used this method to reject one of the two sets possible
for 630 MeV (set 1), After meson production from the °F, state was taken
into account along with the remaining solution (set 2), a new set of phase
shifts (set 3) was obtained.)® The results of the measurements of parame-
ter A in p—n scattering at®® 605 MeV were used to refine sets 2 and 3, Un-
der the assumption that the elastic part of the amplitude for nucleon—nu-
cleon scattering for L > 5 states can be described in the one-pion approxi-
mation and that meson production proceeds from sP,,'l_z, Dy, and :’Fg,g.‘
states, it was shown®® that set 2 can be discarded on the basis of the T cri-
terion.!™ This conclusion was recently supported by depolarization mea-
surements in elastic p—n scattering" at 612 MeV. In se®® 3 the phase
shift of the st state becomes negative (ed, note).

)10 refs, 103 and 104 the one-pion-exchange model taking into account
the pion form factor of nucleons and the singularity in the amplitude of
the §y; state of the 7N system off the mass shell was used successfully to
describe polarization effects in the reactions pp = 7 *pn and pp - 7’pp,
even at 669 MeV (ed, note),

14)At present there is only one solution (set 3)® at 630 MeV (see footnote
12), From this solution we find 6#S;) = —17,40 & 5,44° (ed, note).
15)30lutions A, B, C, and D for the phase shifts for p—p scattering at 640 MeV,
found at Dubna,” lead to the following respective interval parameters pp:
0.4 % 0.2,-0.2 £ 0.1,—-0,2 + 0,1, and —0,1 * 0.2, in agreement with the
conclusion reached by the author (ed. note).

16)The effects of incorporating one-boson exchange in NN interactions were
also discussed in refs, 105-108 (ed, note).

")Correspond.ingly. in the translation of this paper into Russian, solutions®
KLPJ-1,2 and® K-Sh for 630 MeV were replaced in Tables 3-5 by the more
recent solutions BGKK-II and IH:“ in addition, solution A from ref. 96 was
added to Table 3 (ed. note).
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