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Lawrence Radiation Laboratory

University of California
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February 22, 1967

" ABSTRACT

“The theoretical understanding of the nucleon-nucleon interactions

" at energies below 350 MeV is briefly reviewed. A simplifying method

for the determination of the NN amplitudes experimentally, independent .

of energy, is outlined. Experimental effort in Berkeley in achieving this

goal is villustfa't'ed. '
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Theoretical understanding of the two-nucleon interaction has

made much progress in recent years. At incident kinetic energies -

‘below 350 MeV, there is a umque set of phase sh1fts ‘established by
Arndt and Ma.cC}regor1 in both the pp and np systems, These authors o

have performed both an energy- dependen‘c and an energy- 1ndependent

analysis with about 700 data points from 25 to 310 MeV and have fltted

these points with 27 phase shifts and mixing paramet_ers.‘ Phase shifts

-as high as H-wave have been used in their search (in the case of energy~-

 “dependent search, as many as 66 parameters have been used), and one-

pion-exohange contributions have been included for higher partial waves.
A rough theor‘eti._cal' nnderstanding has been proposed by Arndt, Bryan,
and MacGregor, 2 using the contributions of the exchange of four bosons

(r, 0, w, and p-meson) in the Born approximation, and a correction

“from the strip approximation to the Mandelstam representation to
achieveé unitarity. By using the four coupling constants and a mass (MG) ‘
~ as free parameters in a fit', these authors were able to reproduce pp

phase shifts below 350 MeV. (Unfortunately, the ¢-meson has not been

experimentally established yet!)
At energies between 350 and 700 MeV (the intermediate energies),

at which inelastic processes become important, not only are more phase

' shifts of higher £ required to fit the data, but the phase shifts also

- become complex; all of a sud‘den‘ one is confronted with approximately

60 phase ahifta and nnixing parameters (approximate‘iy half of them

- for the pp case, I1=1, system alone) - The situation certainly becomes

difficult to cope ‘with! However, by usmg cleverness, s1mphfy1ng

as sumptlons, and the hmlted amount of data around 650 MeV (with large
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errors) measured in Dubna, 3 the Japanese4 and Ru.ssia.n3 groups have '

ﬁeeﬁ able to extract sets of phase shifts smoothly joining to the lower
energy set. Howev‘ef, as the data points become more pfecise and
numerous, a more djetvailed. and eitehsive analysis such as that of the
lower ehergieg' must be performed, and it is not clear that the phase-
'shift analysis can be extended indefinitely to hi'ghér energies; and it
is possible tha.f its meé.ningfulness will becon‘me.less and less apparent,
due" to the complé:xity of the parar_nétrization. '

A differe‘nt pa.rametrilzatio‘n' scheme hés been proposed by
Wolfenstein, 'Slto serve.as a mee'.cin'g ground between experimental data
and theoretical m'o_dels.‘ On the basis of fundamental assumptions of

" charge and rotation symm.etries, and parity and time-reversal con-:
servations,’ 'Wolfenst_éi_n was a_blé to décdmposé the scattering mé.frix
into five complé::'. amplitudes, .He::t"e, I shall presen‘c it in a slightly

differén‘; form:.:

MYT,0) = [(e + i)+ iC_(;_ci'n'& 0, e -_‘f)‘ T4n%2q * (gf h) 04205

’ ) .. . I . . . ; . ' ' ' '
t{g-h) o, 0, 1" (T, 0 o | (1)
‘where I= isospin of the two-nucleon Systém;
T= lab systl:_em‘kirietic ‘energy of the beam nucleon,
0 =c.m. scattering angle,.
0;s" gi $ 8 ' .
g; = the Pauli spindr for nucleon 1 or 2, either before or after

scattering,

-
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= a unit vector in the direction 2, m, Or 1,
= v kd/ | K K

= (ke - .15.1)/! ke - ,]iill

-h)

A= ZX m = (k, X ,Iif)/l X VX '_lgfl is the norma.i of the scattering plane,
..151 and ~l§£ = thé c.m. momentum of particle 1 (beam parti‘cle) |
before and after the 'sca.ttering: process, respectively, and
c,e,f,g,h (complex functions of T and 6, labelled by I) = the
- Wolfénstein amplitudes or Wolfenstein parameters, |
sometimes called form fa,.c‘cors.-6

‘Because of the extended Pauli exclusion principle, the amplitudes

‘exhibit the, following properties under the reflection about . = 90 deg:

ci(e) =,vc°(lw-9), | c°(9) =-cm-0)
‘e°(6')="-e1(w-9>,. e®(6) = e ™=~ 0) - .

1 1 0 0 o (2)
£7(0)=-g(m-0) £°(6) = g°( ™ - 0) : :

n'e) = nt(m-6) - hm%6) = -n’%(m - 0.

o I. shall skip a few stéps an’d. state that the experimental measﬁrables
are of the form _ | c |
. Y{A‘, B; c;" D} = 1/4" tr {Mo‘iAOZBMT,o,1c02D} ,

| where A, B, C, and D take on the_diréctions 0,£,m, and n; -
A(B) are the directions of'polarization of particle 1(2) being

- thus prepared.beﬁoi'e rsc.;attering. ‘Here 0 means unpolarized,
and 00 = 1; | |
C(D)' are ’che‘ direction of i)gia.rizatiOn of pé.rticles’ 1(2) being,
measurea after t‘:h“e v‘scatte,ring, and 0 'r.neans ‘polarization not

measured. o
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For example, the differential cross section has the following

dependence:

L= {0, 00,0 =2l e®+ [e]®+ [¢]%+ |+ n]*), @
and the polarization ‘ "

IoP ={0,0; 0,n}

viv={n,0;0,0}=-4Im[ce’] . (4)
There are ‘altoget.}vle'r'256 such expreséiéns‘to write and,
fortunately, oﬁly a sma‘.llnf;:actior»x of the- 256 are nonzero and linearly
ind‘.ependen’c._’7 | |
Né‘w let us consider the experimental determination of the
amplitudes. For a given isospin'state, I=0, 01; 1, or a given particle
state Pp, nn, or np, one rieeds to. perfo:m experirﬁents to measure at
leé.sf nine diffei'ent observables at each énergy and angle to d'ete'rmine
. the five complex amplitudes. ‘(There are nine real numbers, one phase
being arbitrary. ) The set of nine_' experiments, in order of inCreasingb
experimental comple#ify, can be cho_sen, for exat_r.nple.,‘ to be Ip, P, D,
Dt-’R’Rt’ Cnn’ Cim’ ‘and R'l‘ (the subscript t sté.nds for transfer). One
can see that the last seven .measqrve'me.r'its are triple—s'cai;tering experi-
" ments (double scattering if ’a'pola‘.r_izve'd target is used),‘ and R' even
requires a precession of the s'pin of the outgoing nucleon by the magn'etic
field. | | .’ |
On- thé other hand, the same explerinv'lentvs.are being perform'ed
in both the pp and‘np'systems 'at‘ the same enefgy, T, and angle, 0,
plus oné more angle',-w-ez, in the,lﬂ‘np‘ system. (Call fhis “one set. ")
Dué to the int.erferenvcel term in the I=0andl=1system, one can

write three independent equations equating observables to amplitudes.

-3
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for Ionp), most of them aré listed in Wilson's book,
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For example, from Eqgs. (2) and (4), we obtain

1

P (0) = LPPPO) = 4 m[ M) 0)) o (s2)

1oP%(0) = 2[10P"P(8) - LoP"P(n-6)] - 1oPPP(6) = - 4 Im[c (0)e*%(6)]
| o | | ~ (5b)

1,P°%7E(0) = 2(1627P(6) + Lo FP(9)] = - 2 Im[ ¢ (0)e°*(0)
| ekt . (se)

In this case there are 10 complex arhplitudes (19 real numbe_i-s)

~ to be determined at each angle and energy. In principle, 6 such 'sets"

of experiments, plus one éxtra PP Or np experiment, | shoul\d suffice to
vdete.rmine thém. : In 'pra;itiqe, ‘due to the bilinear dependence of the ob~
.servablesvon the.}amplitu‘de_s, ‘aﬁd noninfinitestimal size of experimental
'1.1_‘ncert.ainties, i.'n orde_r to‘determ'ine the W.olfenstein amplitudes uniquely,
fn'ore’ than the minimum ".Sets_" of éxperime_ﬁts are required. K

With Ithe'-pres‘ent é.dva,ncement 'o_f‘-experimenta'_.l techﬁiques, one
c':an.d;esign experiments ih such a direction as to measure the same PP
‘and np p.‘a,r'a_métexjs with essentially the same experimental setup. 1
shall illustrate thié point 6n. the g#periments performed in Berkeley.

The experimental data in'the energy region between 350 to 700 MeV
.is not quite a.s: complete as in the région below '350‘ MeV. Since the

pola;ization and differential cr'oss-section data are numerous (except
V ? and the newer
ones are summarized by Rose, 10 I shall mention onl.y the data in
triple-scattering experiments. - .

At about 400 MeV, there is a concentration of data in the PP

system: D, R, A, A', and Copn? sz from.Chicago, 1 with Cnn and
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ijZ also from Liverpool. 12 About 600 MeV, there are many measure-
ments from Dubna_:3 annpp; Cmﬁpp, Rpp’ App’ »an’ and Dpn‘ There
are also measurements of Cnnpp by polarized target, at 575 MeV at

Orsay and Saclay13'and 680 MeV at Berkeley. 14

To illustrate the point of 51multane0us measurement of pp and

15
np parameters, we have measured PP and pn polarlzatlon parameters

at energies of 310, 400 500 600, and 700 MeV on v1rtually the same
' setup (shown in Fig. 1) I want to pomt out that the shape of the
polarization parameter has relatxvely weak dependence on energy. A
-polynomial fit in both the energy and angle summarizes the data (Fig. 2).
Frorn the available differential cross—section data, by means of Eq. (5)

plus similar expressions for the differential cross section, one can ob-

tain the isospin = 0 parameters. . The differential cross section and polarization

parameters (I = 0) at 350, 500, and 630 MeV are shown in Fig. 3.
Another experlment scheduled for the 184-in. cyclotron in the.

summer of 1967 is to measure Io’ D, R, and R' parameters for both the

Pp and np systems in_the energy reglon 500 to 700 MeV. The proposed 3

scheme is shown in Fig. 4. Here the heam polarization'is achieved by
scattering at angles between 12 and 30 deg on an H, or D, target. The
scattered (polarized) proton or neutron beam then rescatters on an HZ

or D target, and the polarization of the second scattered protons
(neutrons) is analyzed by the third scattermg in a wire chamber mter-
laced with carbon (polyethylene - carbon). | The mon:.torlno' and trlggermg
schemes are outllned in Flg 4. We hope to achieve measurements with

"an error of 10% or less.
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FIGURE LEGENDS
T J

Fig. 1. Experimental setup for the measurement of pIN at energies

between 300 and 700 MeV in Berkeley.
NN

Fig. 2. Angular dependence of P (0) between 300 and 700 MeV from

Berkeley results.

=0 : )
% of NN (1=20) state. -

. : ‘ \§ \g '
Fig.. 4. Proposed setup for the Berkeley Iol\N, DI\N, RNN, and

NN

Fig. 3. Angular dependence of I:ct)‘ and P

R! experiments,
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740-MeV
proton beam
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