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Nucleon—deuteron slasiic scattering and nucleon inducsd
deuvteron breakup were studied in the energy range of the
incoming nuclean E_l.b-io-ﬂo Ma¥. Rigorous Faddeev
three-nucleon continuue calculations ware performed with
realistic, meson-sxchang® based nucleon-nucleon interactions.
Predictions gained with the Paris or Bonh patentials ware
compared with exisiing experimental data. For somws elasiic
scatlering observables very good gQuantitative description
results. It wazx shown Lhat carefull study of particular
elastic scattering polarization observables will play a role
to nail down unsettled nucleon-nuclecn force propertiies,
which remain open by present day 2N experinental data. To
such propwriies belong f.e. Lhe charge  lndependence breaking
of the NN interaction in 3P wavers or the proper strength of
the s -2
experinental data for various breakup configuraticons have
been analyzed. Significant discrepanciet between Lheory and
experiment. found for some configuratians can probably be
attributed Lo the action of the 3-nuclecn force.

IIJ1 tensor farce. Kinematically complele

Badano elastyczhe rozpraszanie nukleon-deulteron oraz
rorszcrepienie deuteronu S powodowine oddz: al ywanl em z
padajacym nukleonem dia energii nukleonu Eubam-n-'ro MeV.
Wykonano Scisie obliczenia kontinuum 3-nukl}lecnowego w ramach
formalizmu Faddeeva utywajac realistycznych oddzialywan
nukleon-nukleon, opartych na modelu wymliany mezohowe).
Wyniki LecretlycIne uzyskane Prxy uyeciu potenc jalow
Paryskiego lub Bonskiego pordwnanco z dostepnymi danymi
eksper ymental nymi . Otrzymano bardzo dobry ilogciowy opLs
niekiorych obrerwabli elastycznegoe rozprasrania. Pckazano, 2e
dokIadna analiza pewnych obserwabli palaryzacyinych v
clast.y::ny-n_ra:praszaniu pozwolli na ustalenie tych wiasnosc:
oddzl al ywania nukleon-nuklecn, kt&re sa niedostateczrnie
WYZnaczZone poprze: cbeche dane eksperymsnlalne w ukladzie 2N.
Do takich wliasnoscl naleia n.p. Iapanie niezaleznosci

Tadunktowaj oddrialywania NN w falach czastkowych 3l‘-" lub
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s1ly tensorowe) 351 —3D . Frzeprowadzono

wlasciwa wielkosc Y
anai:ze danhvch eksperymentalnych dla roznych, kinematyecrrie
zupelnych konfiguracj: rorszciepienia, Znalezione dla
riektorych konfigurac)i znaczace hiezgodnosci pomigdzy Leor.a
a ekspervieniem wskazuia prawdopcdobnie na efekty spowodowane

dz:atamiem s1iy 3I-nukleocnowe].

Ynpyroe paccesHMde HYKAOH3 AeATPOHOM H pajlpus delTpoHa
FAAANEMM HYKACHOM Ol MCCREAOBAHMN £LA8 3INSPrMM  HNYKAOHA
Elab=10+?0 MaBb. PHIrOpPHC THYECKHE BHMHCAENHS 3-NYKAOHHOrO
KONTHHYYHMA MPOBSASHO B paMxax ¢opmanMiIma $asseeba PFDM
MCROAL JOBAHMH peanucTHeckux, OGazvMpHooMY hna moaenHn obSreHa
M2 YOHOB. HYXKROH-HYKAOHAWX &8 3adMcacHCTBMA. TeapeTHuecxue
pej’yRaratu NORYNEHW npu HC IO ML 308 AHMM Napyxckoro nnn
Bounckoro MOTEHLUMAROD CcpaBHeNo c ADCTYTTHLENM
IKCTEPHMEHT A fib HulH ABHRLODA. Nonyveno OMEeHb xXopowne
KOAMMECTBEHHO® ONMHCAHRHE HEKOTOPHX BERMYHMH YAPYTrOBO PACCEAMMN.
floxasauo, “7e Tmate AL HOoe HCCREZOBaANHE HEXOTOpuX
MOAAPHIAUMOHAMX BEAWYMH YUpPYIroBO PACCEeSHWN WO 3IBOAMT TOAYNIMTH
HHOOpMALMO © JITHX CBOACTBAX HYKAON-HYKAOHHOTO B 32RHOJEACTBWN.
KOTOpbEe HEeAOCTAaTOMHO onpeae e N CYEEC TAYOEMrM
IKCHMEPHMENTARLHLM JaHHursd B8 cHcTere 2N. K Taxum chRofcTRan
npHHaARexaT HanpHrep HapyERHMe 3apAsOB oA HE3ABHCHMDOCTH
HYKACOH-HYXROHHOIMO BIARMOASRCTEBME B WapuMaNbHuX COCTOAHMAX 3P
HAW NacTOANAN BeAHYMHA TEeH3IOpHOR CHAN 351 -3D1. llpobeaeno
AHARH] JIKCHEPHMEHNTANLNLX JAAHHLX A4AA Pad3HLX KHHEMaTHYECKM
TORARL KOHSMI ypau A mpoueca pa3spusa. FHaTMTERb Hoee
HECOr 3acOBaAHHOCTH MEXAY TEOpPHER a IKCHEPHMEHTOM TONYYEHN AAR
HeKOTOPLMX KOHSMIypalMA YXKAILBAGT BEPOATHO Ha €40eKkTh AeRCTBHA

3-HYKAOHHOR CHREW.
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I. Introduclilion

The throe-nucleon (3N system has aroused an interest
sver nany wears. In such & sysLlem the traditional opproach
vo nuclesr physics based »n a ponrelativistic Hamlticonian in
«hich the nhucleosns interact pairwise |, cxn be Lesled 1n a
nentrivial manner once the {orces have baeen adjusted 1n Lhe
two-nucleon (2N system. in order to generate internuclecn
interacticns aiso moesons and isobars are allowed in Lhis
traditional approach in addition Lo the basic degrees of
freedom - nucleons. Such meson-exchanae based twe-nucleon
ferces as given by Lhe Parisl) and the Eanné)potentials and
purely phenomenological 2-nucleon interactions ¢ as  for
instance Lhe FReid soft-core potential 3)3 found by applying
nonralativistic Schrédinger equatibn te nucleon—-nucleon CHND
problem , describe the big amount of two-npuclecon experimental
data,.

Assumption that only such two-nucleon forcas are acting
fixes {Lhe tLhree-nucleon Hamiltonian. Few gquestions then
nhaturally arise:

1. Does such’a Hamiltenian explain the growing experimental
realm of ‘hree nucleon observables 7 .

2. Doex a study of three-nucleon syztems offer a new
information about NN jinteraction which couldn't be gel by
sturdying two-nuclach syslems alone 7

3. Is a 3-nucleon ..uteraction required in addition to the

2-nucleon one, in order to explain some 3-nucleon

experimental data?

Ir recept years roliable sclutions of the Faddeev
equaticnséj with realistic NN iIinteractions have besn achieved
in momentum and configuration space, however only for Lhe
Lhree—nuclecn bhound sLates-BJ.

All known realistic two-nucleon interacitions do not
describe the triton quantitatively ( for a recent revieﬁ
seeg) dJ. The triton 1ls underbound by about a1 MeV C with the

exception of the force model newly developed by the Bonn
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group 2 >. Inclusion of the 2r-exchange thres-nuclech
: 12-155
provides additional binding energy < .

However, ingredients of thal force <(for a recent review

sw.--ai'6> 3 , such as the off-shell nN scattering amplitude for

harder pions , where the soft piong techniques presenily used

are no longer wvalid ., and the rNN~form factor . are nol yet
sufficiently well understood. As a result , very likely
caused by the defects in the mN amplitude , tLthe additional

binding energy depends uncomfertable strongly on Lhe cut-off
parameter of the naNN-formfactor and definite conclusions
aboul the contribution of the 2n-exchange three-nucleon force
to the binding energy of Lhe Lriton can not yet be drawn.

As tritom calculabionsl7-1g) have recenily shown tLhe
force model of the Bonn groupEJ canp nearly account for the
triton binding energy. The resulting difference between
xperimental and thecretical binding amounis aboubl 100 keV,
Basically Lhe reason for the almost proper binding <norgy of
the triton in this force model is the w=ak 351—301 tensor
forceao’alj. The knowledge of this NN [force componcont is
howaver wvery bad as can be seen from valu<s of £y phase zshift
parameter which is essentially undetermined beiow akout 150
MeVED?

To resolve thilis apparent contradiction and Lo get
additional {nfermation more three-nucleoen observableos are

needed. Unfortunately. thers are ones which scale wvith the

triton binding energy like the radiuas. of 3!1 v the ratlio of
asymptotic D-5 normalizalion , the doubhlel n-d conblih.aing
length ¢ i.e., the Phillips line > and othorsso. Thurclore,
study of such observables will npob yiceld adirtional
information tham thal which 1is contiinget in the triton

binding energy.

This, however, can be different in tlwe tLhrowe-pucleon
system at positive energles where Lhe opphasis on dittforent
force components can be varied from the ones which play the
dominpant role in the 3H ground state. For instance Lhe wvoclor
analysing power 1in elastic neutron-deuleron (nd) scatiuring

depend sensitively on P-wave forces4g) . Especially tLhe
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nucleon lnduced deuleron break-up seems to bw a good source
of ilmpertant LInformatian concerning twe- and three—-nucl eon
forces. Theres very different gecmelrical configurations can
b chozen for three outgoing nucleons, The study of
kinematical configurations which are the most sensitive Lo
2-nuclecn force propertles could serve to distinguish between
different 2N force models. For example, searching for
configurations which are most sensitive Lo speclal 2H force
components like tLhe 351_'3D1 tensor force could shed some
light on the problem which tensor force is the proper one.
Contrary . finding tLthe discrepancies belween Lhe tLheory based
on 2N forces only and axperimants in kinematical
configuratione which are most insensitive to the Z2-nucleck
force properties could be a signature of tLhe action of
three-nucleon forces. Study of such configurations could
vield information about 3N-force effects. It should be alsc
mentioned that study of the neutron induced deutercon break-up
is up to now the only experimental source of 1nformation on
neutron-neutron (nn? interaction , which is not accessible to
study directly 1in nn scattering becauze ol misslng
experimental facilities.

Thus information fram three-nucleon scattering =states
should be used to test the dynamic of nucleon-nucleon
interaction. However the theoretical results should not be
obscured by uncoanhtreolled and unphysical approximations. For
instance the use of the separable form of NN interaction in
Faddeev calculaticons is very tempting, reducing the 3-body
problem to the solution of a setl of coupled integral
equations 1in one variable onlya"as). The fact that 2N
forces madiated by meson exchanges are basically lccals'n
provokes however (o solve the 3-body Faddeev equations with
local forces directly, without approxdmating them by
unphysical separable form.

There is a rich history on the three nucleon continuum
problem using 3-body equations of the Faddeev tLype. Finite
rank two-body forces af wvarious rank and sophistication

which simplify Lhe solution of 3-body .quntiansa"m + have



een first applied. Qualitative studies with such simple
forces have been carried ou'. by many auLhorsaB-m. From
comparison of Lheoretical results with experimental data for
the elastic nucleon—deuteron C(NdD scatiering and breakup
processes some qualitative Llnsichl , like sensitiviiy of
certain observables to the different force componentis ( like
150 . Lensor force etc. 2 has been gatned. However no
gquantitative conclusion could be drawn because of the

unrealistie nature of tLhe NN i1nteraction used in these

calculations.
Some calculations in momentum space with local forces

which are considered to be more realistic . also emerged .

rirst for pure S-wave force-sas’ 3% v Lthen for the Reid
poLenL;ald'o—d'a) however treated pertubatively in higher
partiral waves. Alsoc calculations in cofiguration .-‘a.|:uat::lr.-'.'3D
for Lhe de Tourreil-Rouben-Sprung potent:ial ‘4o appeared.

Again. no quantitative conclusion can be drawn because of Lhe
approximate npature of both, NN potential and numerical
performance.

The 1ncluysion of realistic . meson-exchange based NN
interactions 1n such type of 3N-continuum calculations was
also pursued on. Several years ago the Graz group 1nitiatled
this pregram Lhrough 4designing separable representations of
meson-theoretical force modals"s"‘a). The Graz-Osaka
collaboration suyccewded in deducing first results wilh such
separable approximations for elastic Nd scat.t.erlng"-’"'m.

However .the rank of such sophisticated separable
approximation required to reproduce the meson exchange—based
NN interaction is rather high depending on the NN partial
wave state. Even more importanl is the facl , that only the
comparison with exact 3-body results, oblLained without making
any approximation about the fors of the MN polential used.
can decide L(f given separable approximation reproduces
sufficienlly accurately all the dynamical content of such NN
interactlion.

In the last ywars 2 considerable progress has beesn
achieved in the calculation of the three-nuclecn scattering
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observablesso 53 .

In work of Takemlyaso; t.he Faddeev equaticns for eslastic
nucleon—-deuteron scattering were solved with local NN
potentials including higher partial waves nonpertubatively,
however still using some “ approximate averaging ™ in the
tntegration over singularities.

Recently Witala- Gldckle- Cornelius collaboration
succeded Lo solve 3N scattering equations of the Faddeev Lype
for any sort of iwo-nucleon forces in & humerically precise
sensesa’sa). Modified AGS-equaticons are solved in momentum
space and in a partial wave basis without using any finite
rank approximations of the potentials. This permits for the
first time to perform three—nucleon continuum calculations
using NN potentials based on realistic meson-exchange theory
» 2.g. Paris"j and Bc:;rm‘gD potentials , without making any
approxd mations. The Faddeev equations 1in continuum are .in
this way solved with the same degree of rigorousness as
modern tritoen calculations so one can be sure tLhat
discrepancies with experimental data indicate a defect of Lhe
input nuclear 1interaction. This new situation is hard ..o
overestimate. For the first time given nucleon-nucleon force
modal which has been adjusted in 2-nucleon system, can now be
tested quantitatively on the 3-nucleon continuum level. It
should be however menticned , that these calculations are
restricted to neutron-deuvteron system , thus avolding the
still pending Coulomd problem in case of the pd system.

This rew achievement is the subject of the present work,
The theoretical formalism heeded (o perform 3IN continuum
calculations with realistic potentlials wiil be presented
together with specific numerical methods uged. The
posgibility toe perform such calculatlions opens quite new
level of intarpreting the experimental data in the
three—nucleon continuum domain. As ilustration the first
results of such rigarous 3IN-continuum calculations with the
Par:l.s-"‘) and Bonn-abpotentials are discussed and compared
with few existing IN experimental data,

The theoretical formalism and some detalls of the
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numerical performance are described in chapter II1.

Chapter IIl1 presents Lhe meson-exchange based NN
interactions uzed in Lhe following. They form tkhe dyhamical
input in such calculations.

Theoretical cross sections and polarization ebservables
for Nd elastic scat.t.ér.lng and nuclern induced deuteron
breakup were calculated in energy range of incoming nucleon
Ehbao-u-'?o MV, They are preéesented and compared wilih some
experimemial data for the elaslic scattering and break-up
processes in chapter IV and V ., respectively.

The results are summarized and discussed in the last

chapter VI.

12



I1. Theoretical formalizsm

The correct treatment of the few-body aspects of the
I-body scattering was first given by Faddmv"s'”. Based on
its modified formulatian,introduced by Alt,Grassberger and
SandhasasD. the three-bedy analogue of tLhe two-body
Lipmann~Schwinger equation for the transition operator was
derived. These 3o called AGS-equations connect the
transition coperators Uaa Tfor elastic scattering and Ura' reEa,
for rearrangment processes ( a,r=1,2,3). Here as in the
following, the two-body fragmentation channel a contains
freely moving particle a and the bound 3y pair , with o=f=y
being a cyclical permstation of 1,2 and 3. Making
restriction to the 3-nuclean problem one can tLreat neutrons
and protons as identlcal particles by introducing the iscospin
quantum numbers, The AGS equations reduce in this case to
the following equation for the nucleon-deuteron elastic

scattering transition operator U el

-1
U= PGO + P‘LGOU. CII.1D
Here t is the 2-body off-shel]l t-operator , Go the free

3-particles propagator and P the sum of two cyclical
permutation operators. In case when t sums up two-body
interaciions in channel 1 , P is given by

P = P12Pas + P13P83 CII.2)
with PI.J re v esenting permutation of twoe nuclecons.
Once U is known the transition  operator Uo for the
break-up process can be c:l.lc:l.lla'.mﬂ553
.Uo = (1 +P)LGOU. CII. 3D

The main problem in solving eq.€I1.1) in momentum space
is the presence of singularit‘es in t and Go. The action of
P in (1I1.1) smears out the bound-state pole in t ., which

13



appears at the deuteron binding energy . inte 2 logarithmie
singularity, This latter difficulty can be avolded
introducing new operator 138’55'573

T = P t.GOPT. CIT. 43

Then the transition operators U for elastic Nd scatiering and

UD for the deuteron breakup are

U = FGal + PT
CII. S

UD = C1+POT,

Starting from this standard fermulation. introducing
standard Jacobi momenta p,q : and partial-wave basis states

Csee Tig.IT1.12

| paa > = § pacisdjer P o1ace 1/237 > C1I. &

infinite system of coupled , two-dimensicnal integral
equations 1is obtained from eq.CI1.4) for the <pqax|T|%
ampl i tudes

<pqa|TCED [@> = <pqajtP|®#>

-

Ca,0d . 3, 2 _
® 2 1 <pla|t. CE /4mq )'"11.:)
+ Jaqarq’© fax CIL.7
i o a r ta
T.a’;l-
a

Ga.a.Cq.q’.x) (nyq e’ JCE |8

P a’ E-I-!.O—an-l-q’ah:.'q’x)/m .

The ket |i>='qo.mn.wm > describes initial state with momentum
d

2 of the neutron relative to the deuteron , and with spin

14



Fig.II.1 Choice of Jacobi
momenta and definition
of the angular-momentum
coupling scheme.

projections L and m, . re:pmctively. The total

center-of -mass energy E fixed by the binding energy of the
deuteron Ed is

_ 3 e
E = /4mq0 +Ed. C11.8>

Tu_lo-nuc.leon interacticon enters 3-body equations throuah Lhe

Ca,ad 3
CE /4mqa)|nlta> of the

Lwo-body L-operator. The geomalrical coefficients

it

Gaa,Cq.q’.x) and the momenta n1=-/q-'a+0.25qa+qq'x.

of f-shell matrix elements (plait

gt x arise from the malrix elemer:uts
(pq&'P'p'q'a’> of the permutation operator P The quantum
numbers in the set & differ from those in o only ipn Llhe
orbital angular momentum ! of the pair and total isospin of
the 3N system T Caqual 1/2 or 3/2 b The change in t occurs
only when the tensar force is acting.

From the amplitudes <pqa|T|d> the Lransition amplitudes
<q6.m;..ma|U|¢> Tor elastic and (mlmamaplpapaluojl> for Lhe
breakup processes with definite spin projections of the final
particles are calculated by gquadrature using egq.CI1.S).
Finally in a standard mannerse’sgj the cross sectlions and

polarization observables are obtained.

Special attention should be paid to the two-nucleon
L-operator. It is well es'.ablishodao) that neutron-proton

Cnp) and proton-proton (ppd) (ar , assuming charge symmetry of

18



the NN interaction, neutren-neutron C(nno 3 forces are

different in Lhe 150 state. This is so called charge

depengence of Lhe 2-nucleon forces. Since e.g. the breakup
cross sections in Lhe so called final state interaction
region of Lhe 3-body phase-space are very sangitive to 180 NN
forces , this difference should be properly accounted for Ln
the calculations. It was done in the following way.

For Lhe case of nd system (Ltwo neutrons and one protond
Lhe Z2-nucleon L-operatcr has the gereral form

t = PnanPm + Pnpthppnp C<I1.9D

where Pnn and Pnp preject. on a nn and a np pair .
respectively. Three isospin 1 /a particles can form Lhe
3-particle isospin states [C tl/aj T> with total iscspin Tat ‘s

ar 3/2 and subsystem iscspins ¢=0.1. Neglecting the wvery

waak transition between (=0 and (=1 xtates in Lhe np system ,

itsospin part of matrix element <pl t.ca’a')CE—af qa) n, L=>
al 4m .1 e

has the form ( see alsco rer.m’ror detajils J

L]

L 1 '
“‘a /a)‘ra|t.|c:; /a)Ta> =
=0 2 t=1 1 t=l
5, 6 6.1 [6 t + & Crot + s 3]
r.aza rara Ta /a :ao np tai 3 "nn 3 np

Ye, oottt oty CI1.10)

+ & &
TQTE 3 nn np

tata

+ &5 b b. 3, C T, L PR
tala Tola Ta ‘2 3 “np 3

where &  =1-5 Angular momentum partial wave t-matrix

1) Ly’
el ement.s L"OCD are generated by Lipmann-Schwinge ti
nEd nRd ] nger egquat.lion

using appropriate HN interaction.

To solve eq.C11. 7 the infinite partial wvave basis a has
to be truncated to a finite one. For a given ensrgy E the

10



short-range two-body inlLeraction V ¢can be considered to be
negiigible beyond a certain tolal angular momentum § max in
the two-body subsystem. Putting Lc°3=0 for J>Jmax yields a
finite number of channels for each total angular momentum J
of the three-body system. Taking e. g Jmaxsa and

distinguishing between np and nn forces in %0 partial wave
state only, one 1is left with 3I5 coupled 2-dimensional

integral equalions for JIZB-2.

Az was mentioned above the main problem of treating
eq.CII. 72 1s caused by Lhe singularilies of the tLwo-body
L—opefator and Lhe free propagator Go. The a-nucleon
t-aperator Dbelonging Lo Lhe 35&*3EE lateraction , which
supports a bound state ¢ the deuteron 2 , has a pole at the

off-shell esnergy

3 2 . . CI1.11)

E-"4md d

This pole occurs then at q=q0 and in "deudteron”-like channels

aD={C£131Ck 1/‘aJIJ’(O 1/a) /a} with (=0 or 2. As is seen from
eq.CII. 73 that pole appears also 1in <pan1T]§>. This

suggests the following definttions,

3 a2
CE-"/,n 9 - EQ <pqa|z |& for a=a,

<pqalz|®> = c11.12>

<pqa|z|i> for eotor,

where z = T, L or LP.
Putting

Xy = CIT.13D

17



o].C1I.7) can be rewrite as

<pqaﬁtE)|n> = <pqa|2ca—3/4m qa)Pp)

—

o, 0 .3 2 _
o 2 1 <Pl fL CE-"v a2 i
+ Z qubqv J'dx l_
= -1 T
T,a‘.la
CIl1.145
Ga‘u,Cq.q . 2 m
* {
1,0 qq (xo-!-xo-x)

(naq'a’=aD|TCE) |

. o 4am
x [ <r,q‘a #aD[TtE)IQ) - “3 > 2 ]
. 95 ~ <

This 1s the set of equations which was solved by generating
its Neumann series and summing it up by Lhe Pade' method
using a specially witten in Lhis alim computer code.

In fig.11.2 the shaded area comprises the g, q'-~values
for which |x0|$1. Thereby the maximal q Cor Q') value !eading

to a singulariily is qu=1f4/3mE . That singularity is
Ltreated by sublracting Lhe integrand at XTHy,- Doing that
thr oughout. 0<q.q'$qu leads to numeriq_gl inaccuracies since
for small q-values X, can be very large and tLhe Legendre
polynomials Pkao) entering GE.a’ blow up with increasing
total angular momentum J-values. Therefore the subtraction
was performed only in Lhe region |x0]£1.a which is inside the
solid line in fig.11.2, For qumax Lthe integral over q' in

eq.CII. 14> is broken up inte 8 parts Csee fig.II.2

@ q qp - QY ° Spax @
J‘dq.' J‘dqo + J‘dqn - J'dqv - J'dq’ 'y J.dq’ * J-dq'. CII.1S)
° o Y qQ 93 Y Vmax

The regularized integrand with respect to x can be integrated
using 10 GauS-Legendre quadrature points. The x-lntegral for

i8



+
q
qo_.——.—-'—w.—-.-—..--.-.—
Qmox
[
" @//////////
Q3 /\
/ I
f
92
Qs
0 ¥mE Qmax G
Fig. I1.2 Tne singularities in the 4g-q' plane together
with the choice of integration intervals. Logarithmic
sihguiarities lie ar the dashed lines. The pole at q'=qo

arising from the deuteron bound state is shown by the
dashed-dolted line. The regularizing in the x-inlLegration
was made in Lhe region limited by the thick solid line.

the subtracted term can be performed analytically and leads
te logarithmie singularities aleng the dashed line C[x0[=1)
in fig. II.&. That singularity was also treated by the
subtraction method. The q'-integral for 0£q'% w was
performed using the proper number of quadrature points.
Since the lengths of the subintervals and the behaviour of
the integrands in these intervals are different for different
q-values , the distribution of quadrature points has to be
chosen appropriately.

In interval qu<q'<oo a4 hioh enough cut-off at
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q'mxﬁ?.s t‘m“1 was introduced with sufficient number of
quadralure points within qusq'ﬁ’mx. The Jdeuteron pole
lying in this interval at q'=qﬂ and occuring for channels
a’=aD was also treated by the subtraction Ltechnique.
Irterating the set (Il.14) those integrals lead Lo Lerms
in Lthe Neuymann series evaluated al certain p- and g-values.
Due to very many breakup configuralions Lhe matrix elements
finally resuylting have to be Lnterpolated. For tLhat purpose
it is important to choose. a good set of grid points, which
includes certaln special pelnts as q=0 and qlqu. The
second case corresponds exactly Lo a configuration of a final
state Interaction where two nucleons have identical momenta.
Besides these special points a sufficient number of ¢ points
was choosen in the interval Co.qmax) with some of them lying
in the vicinity of Dnac: This is necessary to map out the

very sharp slope in the amplitudes <pqa|T|® and

(ptaltca'wlﬂll‘?l) for S R 1'am':! channels a including the
2-nucleon partial-wave state So. That =lope is caused by
the virtual -state pole of Lhe 150 2-nucleon t-matrix. Based
an such set of grid points Interpolation of the ampllitude
<naq'a|:i"l> needed for the next lteration 1s made at the
required q'-quadrature polnts using spline technique 05)_

The discretization in the subsystem momentum p was done
with sufficient number of points distributed over the
interval (0,25} t‘m-". Beyond p=28 fml the a-nucleon
t-matrix is negligibly small. The required interpolation of
the amplitudes at the values !'!1 and "2 was performed also by
splines.

For further detalls of performance see also ref.sa’w.

This unique numerical algorithm enabliing Lo perform 3N
continuum calculations with realistle NN interactions has
been confronted Lo a completely different one o) which uyses
complex contour deformaticn and Lovel ace-tLype equations for
finite rank potentials. Using these finite rank potentials

very good agreement resulis between the tLwo codesm. The
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deviations for various nd elastic scattering cobservables were

a few percent in the worst cases.

Three nucleon dynamics is a consequence of assumed NN
interaction. Somne details concerning the Lwo-nucleon
potentials used (n this paper are presented 1n the next
chapter .



111. Two-nucleon force input

The nucleon-nucleon interaction V forms a physical input
for model of 3I-pucleon dynamlcs presented in chapter II.
This interaction is summad up to infinite order into the
Z2-nucleon transition operator t by Lipmann-Schwinger equation

L =V + VGOL. CIITI.13

The nmeson theoretical methods, based on the original
Yukawa’s ideaeg) that the exchange of mesons is responsible
for the internuclecnlic forces, ware pursued to derive NH
interaction,. Trese meathods provide clear insight into the
interaction mechanism itself. They can be divided into Lhe
Ltechniques using dispersion raelations and into
fleld-thecretic methods essentially Dbased on covariant
perturbation theory. These tLwo appreaches resulis Inp the
Paris- and Bonn- potential models, respectively, both being
adjusted 1in the Lwo-nucleon system. These HH polentials
describe the large amount of experimental 2-nucleon data
falrly well.

In the following the momenium s=pace representations of

the Paris and Bonn potentials will be used. For the Paris
potential the parametrization of ref.i) will be taken and for
Lhe Bonn potential parameirizations in simple
one~boson-exchange terms (OBEFPQ of refs,a’54) willi be used.

Such parametrization of Bonn model, as glven in ref.aD.

called OBEPOCAY in the following has a low deuteron d-state
probabllity Pd=4. |y and a substantlally smaller £,
phaseshift parameter for E1 abﬂ S0 MeV than the Paris

potentlal with Pd=5. Y. T Another parametrization, called in

the following OBEPQCB)&D. with Pd=5‘/. has £ values very

close to the Paris ones&). Also Lhe 3P phases of OBEPQCB)
62,5640

are closer to the Paris ones than for OBEPQCAY

Allowing for the charge independence breaking 1n (=1
two-body states increases drastically the number of coupled
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intagral equations (€I1.14) due Lo nenvanizhing 7T=3-2
ampl 1 tudes (pqal"l\'|§>, Since the permutaticon cperator P
cannot change the total isospin 7 which takes on the value
T=1-2 for the inittial staie |i>. and gince the coupling in
t=1 two-body waves bhetween T=1/a and T=3/a states 18 caused

tq-—tt‘i + { see

by nonvanishing small term propotlional to t'nn np
eq.CI1.10> D, so it is very probable that reliable
predictions for some observables could be gained neglecting

total isospin T=3/ states altogether. In such 2 case a very

a

simple recipe of accounting for the charge independence

breaking <of the NN interaction In t=1 two-body states

results, As an effective two-body L-operator one should use
£=] 2 e=} 1 t=1

teff = /3 t,nn * /3 ‘an . CII11.2>

This special linear combination for t=l is refered Lo as the
2 1 813

3 /3 rule for the t-operator . The importance of using
such simple prescription falleows from the fact that the
numbar of coupled integral equations s then significantly
reduced.

The OBEPQ potentials are adjusted to the np system and
have consequently a stranger 150 force than the Paris
potential, which is adjusted tc the pp system. Consequently
v in the charge dependent calculations performed in the
following according teoe 2,39-1,3 rule described above, the
effective t-matrix for the 150 state was obtained with th
Cor i pp) and t np generated by the Paris- and
OBEPQ-potentials, respectively.

In the fol. owing two chapters 3N scattering observables
obtained with such realistic two—nucleon dynamics as
presented above will be compared (o some scattering and
breakup experimental data,. Such a comparison could yield a
new information about the NN interaction itzelf or-and could

indicate the presence of 3I-nucleon force eoffects.



I¥. Elastic nucleon—-deuteron scattering

Elastic nucleon-deuteron scattering observables have
been studied experimentally and theoretlically with the hope
to learn more about NN forces than what can be obtained from
studyilng the two-nuclecon systems only. However the
thecoretical studies up to now have been based on separable
Z-nucleon forces of different ranks and different Lypes of
form-factors. The results obtLalned are obscured by the
unclear physical relevance of tLhe separable HN interactions
used.

¥ith the possibility teo include exactly the dynamic of
the two-nucleon subsystem while calculating three-nucleon
observables, the way is now open Lo test gquantitatively
dirferent physical dynamical pictures on the three-body
level. So the natural question arise; how well the realistic
NN interactions do describe the various elastic
nucleon-deuteron scattering observables.

In fig.IV.1 the differentlal nd c¢ross section at extreme
backward angles at a few low neutron energies is shown.
Measurements specifically performed for these angles
r-«e;;,ﬂ.t::.r'nsﬂ';D and data t‘romm) are shown together with the
theoretical predictions obtained with all jS2 two-nucleon
partial wave states. The agreement between the experimental
data of rer.as) and the Paris potential prediction is perfect
vhereas the OBEPQCAY prediction lies something below the
data. ) There are systematic discrepancies when a comparison
with the data rom ret‘.eﬂJ i1s made. However, at higher
energies these data have been corrected by a second

measuremntm and agree then with experimental results of

ra-f.as).

Perfect agreement for the Paris potential could not be
howaver taken as the argument against OBEPQCAY dynamics.
Namely. in the scattering of neutrons on the dJdeuteron one
encounters simultaneously both nn and np forces in the
isospin t=1 states. As mentioned in chapter II, np force in

lS state 1s stronger than the pp Cor assuming charge

0
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Fig. IV.1 Backward-angle difte-— T T T T
rential cross sections for - din,nlid .
tlastic nd scattering. Full 200+ ; -
points are data from rer,°o?, | En = 10.0Mev _1'
opeh circles data from ref.ss). 120k _‘
The Paris and the OBEPQLAD pre-— E 190-'_ ;_'
dictions are given by the salid S E,.,=10.31Mev_‘3‘___,. ------ )
and dashed lines, respectiively. E i
'The dashed-dotted line at $ "c:f’ P
E,"14.1 MeV is the result of g 170¢ 20 g ke b
the charge-dependent calcula- - Tl
tion for the state 150 where 90 = 1
the Paris potential is used Tor 150‘?_ E‘Jr
all other force componets. l_ -----
; =
70 160 ! 1:]0 180
B¢ m, ldeg)

symmetry, nnd force , as is evident from Lhe values of the
scattering lengthsmj. Im order to study the influence of

this effect on nd elastic scatterirng a caleculation was

performed at E=14.1 MeV using the t-matrix in the form given
by 2-3-1-3 rule for 150 state and the Paris potential
L-matrix for all other states. For tnn in 150 state Paris

potential (fitted to pp-datad was used whereas for tnp Lhe
version OBEPQXB) (fitted to np datal was taken. The
resulting curve lies between the Paris and OBEPOCAD
potentials predictions, closer to Lhe Paris one. S0 taking
properly into account the charge independence breaking of Lhe
NN interaction in 130 state the differential cross section at
exireme backward angles is appropriately reproduced by the

Paris and Boenn dynamics,

In fig.IV.2 full angular distributions of the nd elastic

scaltering for three low energies are shown. The

88D

experimental data at 13 MeV netron energy are normalized



Fig. 1V.2 Differeniial cross . T v T r—

section for the elastic nd 180+ .
scattering. Opeh circles are
88> 150
data from : ref. for En=18
and 14.1 MeV¥ and from r.f.aej 120 }
for E =13 MeV¥. Full points 180
n es>
represenl data from : ref.
835 150
for E =12 MeV and ref. Tor
n E,: 14.1 MeV
E.=14 1 MeV. For description 120 i

180
150

of different curves giving
thecretical prediclLions see

fag.IV. 1.

da /dQ} (mb/ sr)

120} .= 130 Mev
90
60f
30}-
%% TR

taoa thecretical predictions with the Paris poteniial by
minimzing xa deviations and agree then very well in shape
with the theory. AL E=14.1 MeV Lhere is a nice agreemsnt
between theoretlcal predictions and experimental data taken
at 14.3 ¥ 0.2 Hevﬁg)‘ The agreement with data from ref.ss)
1s npol gquite satisfactory but Lhe same camment as made for
Lhe extreme backward-angle region applies here.

To see 1If such a nice :greement for the differential
cross section is obtained also at higher nuciecn energies a
calculations with the Paris potential were made at E=22, 7,
35, and 65 MeV. All j<3 partial wave states were taken inte
account. In fig.IV.3 resulting angular distributions are
shown together wilh experimental pd data. The agreement
between Lhecry and experiment is excellent for angles

=}



Fig. IV.3 Differential cross 120 ~ T ———
section for the elastic pd

scattering. The points are 100 -
experimental data taken from : —— Parns )< 3 |
TCh 712 -
ref. for E=22.7 MeV, ref.
72> oy .
for E=35 MeV, and ref. for by 5
E=E5 MeV. The solid lines are w—i l
i A
prediclions of the Paris I f
potentlal including all Js3 50_‘-‘1*“ _:
force components. g H E=227HeV i
F-}
£ o}
a
® \\ <
-]
= wl'
30 "\l
pith o
10_‘ ~
£ 265.0 MeV ,/’
0 L 1 A N
0 6 120 180
B m {degl
& 245°. Only at extreme Torwards angles distincl

df:crepancles appear caused by Coulomk forces which are
totally neglected in our theoretical calculations.

To resume, the experimental angular distribution of Ng
elastic scattering differential Cross section is
appropriately reproduced by the Paris and Bonn dynamics when
charge independence breaking of tLhe NN interaction in 130

state igs properly taken {nto account.

It i= known from the nucleon-nucleon scattering that tLhe
spin observables are much more sensitive Lo the detalls of

the NN interaction Lhan the cross section. In fig.IvV.4 Lhe
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Fig. IV. 4 The tLensor analysing powers T.'—;’O and T for pd
elastic scattering. Open circles are data fram ref. 03. The
solid line is the Paris potential prediction obtained with

all j¥3 partial wave states.

tensor analysing pawers Tao and Taa for pd elastic scattering
at Ep=i?.2.7 MeV together with the Paris petential predictions
are shown. The curves obtained with OBEPQLAY and OBEPQCHD
potentials are hardly distinguishable, Thus all three
potential predictions agree spectacularly well with the
experimental data, The agreement of different potential
predictions indicates that the tenser analys:ng powers at
these energy are nel sensitive observables to determine the

deLails of NN interactions.

A striking discrepancy, however, shows up at these and
lower energies in the nucleon and deuteran vector analysing
In figs.IV.5,8 thecretical predicticons

11 49>

power s Ay and iT
and experimental data for Ay al E=10 and 12 MeV are shown.

The theory deviates from experimental data especially in and

araound Che maximum of Ay , near ecm'-:aao'.
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Fig. IV.5 Analysing power

Ay for nd elastic scatterinc 015

at E =10 MeV. OCpen circles

are nd experimental data

taken from ref.‘g).

The Parls potential predic-

tiong with j=£3, J%2 and

1504-351 -3D1 force components »0.050 : &0 120 180

are given by solid, dashed Ocm {deg)

and dashed-dotted lines,

repeclively. The dJdashed-double dotted curve is the Paris
3

potential prediction ¢ JZ23 with Po-uave strength reduéed by

a Taclor A=0, 05,

Fig. IV.& Analysing power Ay . T T T T

Ay for nd elastic scattering

0.2 -

at En=1a MeV. Full points !*!

are nd experimental data - 4 .

49D AN
. The P

0.1

solid and dashed lines are 4 i\

taken from ref.

I
-
-
L
i

predictions for the Paris | . A .
and OBEPQCAY poteniials , : A
respectively, abtained with 0 60 120 180

452 partial wave states. O¢ m.(deg)

Theoretical predictions shown in ig.IV.% by dashed and
continuous lines were oblained with the Paris potential
ltaking partial vave states j%2 and j=3 , respectively, into
account, As car. be seen the inclusion of =3 states does noil
increase Lhe maximum of Ay but to the conlrary , 1L increases
slightly the discrepancy with the experimental data.

It was shown already in 46> that maximum in A at low
energy results mainly from an interplay belween F waves.
Really, neglecting all 3p states gives no maximum at all ¢
dashed-dotted curve 1in fig.IV.S 7, The thecretical maximum

af Ay increases wilth decreasing strength of the 3PO forcsdg).
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This explains the stronger discrepancy in maximum of Ay for
the OBEPQXA> (Csee 1g9.IV.8), which is wvery likely caused by
its 3P0 phase shifts which are larger than those obtained
with Lhe Paris potential 63).

In order Lo explain the discrepancy in maximum of Ay one
could think about decreasing Lhe strenglh of aPo force so
mich as allowad by the experimental two-pucleon np data,
Multipliyng the polential matrix element for the 3Po wave by
a factor A{l one can reduce the A in case of the Paris
potential to Lhe value of 95'/.523. Further reduction of X
when keeplng the remaining potential components constant is
forbidden by 2-nucleon np data. Such reduction increases, as
expected, the values of Ay in Lhe maximum but by far not
sufficiently ( see dashed-double dotted curve in fi1g.IV.5 ).
Cme can further lift the maximum of Ay by increasing in
magnitude the 3P1 phase shifts , what, however. would also
lead to increase of polarisation for the free np scatiering
and this 18 definitely ruled out by the erxperimental
2-nucleon data. The simijar effect exists also for the 3Pa
partial wave. One cannot expect that some specific interplay
of 3|=v0 and 3P1 Cor ~and 3Pe) Ca weaker decrease of 3P0
strenglh and some increase of 3F‘1 Cor~and 3Pa) strenglh?. as
allowed by 2-nucleon data, would remove the discrepancy

between experimental A)r data and thecretical prediction.

In 73 the influence of the mixing parameter &, ©n Lhe
anal ys1ng power Ay was polnted out. “Experimental® <, val ues
are stLill plagued by wvery 1large error bar 5323 . However

freedom given by the large error bars 1n Lhe mixing parameter

‘1 alssc cannol cure discrepancy in maximum of Ay‘ A very
drastic change of £ Csisd. for E<X80 MeV) increases the

mayd mum of Ay by about 7% onl y?a).

Olher possibility to account for the discrepancsy in
maximum of A offers Lhe charge dependence of the NN
interaction in the 130 wave. Calculation made at E=1Q0 MHeV
uging simple 2-3-1/3 rule has not a2 noticeable effect (see
also ref, 74y However ,dus to the strong dependence of Lhe

3
Ay on TP force components one can argue that such a simple
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Lreating of the charge dependence in 150 sLtate is

insufficient, The possibllity exists that a proper charge
dependent calculation which include the 3-body channels with
isosplin T=3-2 for 150 2-body subsystem would result in quite
different Ay values., However , such calculatlion made at E=10
MeV gives Ay values which are not distinguishable from the
Pari=s potential prediction on scale of fig. IV. %  Thus charge
dependence in 150 force componenl. could not be responsible
for the discrepancy 1n maximum of Ay.

Before seeking other possibilities Lo explain iow energy

Ay behaviour let us see how the problem loocks like at higher

energles. In fig.IV.7 Lhe theoretical prelictions flor Ay at
Ez22. 7, 35, S0 and 65 MeaV are shown and compared with

-7
70 2‘?5). Wilh increasing energy the

experimental pd data
disagreement. between theory and experiment gets smaller. For
energires EZS0 MeV very good description of experimental data
results. It 1s also interesting to note that with increasing
energy the sensitivity of Ay to the 3P force components gets
smaller. Switching-off these force components while
calculating Ay dog#s nol change for energles E23% MeV the
values of this observable s$o drastically as at lower
energlres. This 1ndicates that the soiution of A puzzle
maybe should be sought mainly in behaviour of P force
components.

Keutron analysing power Ay s mnot the only spin
observable in nucleon-deuteron scattering which exhibits
sensltivity to 3P waves at low nucleon energies. A study of
nearly complete set of pd polarization data at EP=10 HeV?E)

reveajed other! observables showing delfinite discrepancies

between Lheory and experimenl and also sensitive to 3P

74>

interactions Especially interesting are, besides Ay .

the deuteron analysSing power 1111 and Lhe proton Lo deuteron
polarization transfer coefficients K; Z and K %,
It is iLnteresting to note that changes of Kvx 2.K: 2 in

comparison to A and 1!11 when Lurning-off the three “F stLaLe
contributions are different. For Ay and 1T‘11 all 3P

components are important to create Lthe maximum av ecmaao‘,

5 §
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Turning off the aP wave increases the maxtimm, while

(o]
opposite effects come from 3P1 2 components. A similar

depeandence is found for K: 2 in the maximum region arocund

120°. However Lhe K:’z’ value; at backwaard angles cemmao'a
are mainly influenced by Pl and Pa partial waves,
increasing when turning off those componets. In the case of
K;.z'its minimum at about 120° is affected predominantly by

3Po and 31“'1 wvaves and turning them off deepens this minimunm.
For angles acmzs.so' K: s practically sensitive only to the
3PO waVe CcOomponents. In this region turning off the SPO

component increases the K‘:
behaviour 1§ cbterved also at. E=22.7 MeV.

The strong sensitivity ilo 3P wave componants seen In

% values. This quite different

t.hese observables together with the discrepancies between the
exparimental data and the theory force one to study the
possible effects of charge independence violaiilon (np nuclear
interaction not equal to nn andror pp interactionsl in the 3P
wave Torce components. The difference between the
predictions of the Paris C(pp2 and the OBEPQLAY C(np? potential
» caused by siight.ly different 3P wave force components, did
not explain the existing discrepanciesﬁa'?4) (see also
fig.IV.E). Poth lie well below the experimental values while
a charge dependent calculation fer SP wave force components
based on these two potentials would lie between Lhese
predictions. However, there are indications coming from very
precise polarization measurements ILn low energy pp scattering
and from energy independent phase shift analysis of Lhese
data77’?sj
values than those given in the energy dependent phase shift
ofaa) or predicted by the Paris or OBEPQE)
petentials C(ses table 13, Alsoc recent energy dependent

that low energy 3P—phase shifts should hawve oiher
analysis

phase—=shift analysis of np and pp scattering data below
El ab=30 mv793 revealed definite Dbreaking of charge
Lndependence I1n Lthe NN coupling constanis. resulting in
np-—aF“ phase shifts quite different from earlier analyses.

At a firgt step In investlgation of Lhe possibility.
that the proper description of Lhe low energy 3P pp phase
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3P wAVEs.

Table 1 Phase shifts in
Elab ref.?7J ref.?B) ref. rtf.aaJ partial
CHMeVd — np PP wave
1.85+0.16
8.14 1.8410.28 5
10.0Q 2.62*x0, 40 3. 8Bx0. 04 3. 38%0,04 d
-1.1420,04
& 14 ~1.19%0. 07 3
10.Q [ =1L.9420.10 -2.18x0.028|-2. 0420, 02
0.31%0.02
6.14 0.2720.05 s
10.0 0. 84%0. 08 Q. 70+0.01| 2.6220.01
Elab potential partial
CHe VD Paris JOBEPQURBY OBEPQC B> wave
X X kN
Pr np nn
S.14 2. 47 . 44 .49 2. 085 1.36
3
10.0 4.25 4.24 2.57 3. 54 2.35 F:0
8.14 -1.37 ~1.36 -1.280 | -1.280 ] -1.48
3
10.0 | -2.31 2m |-2.08}-2.10 |-2.52 e
5.14 0. 36 0. 34 0. 30 0. 34 0. 30
3
10.0 | 0.74 0.71 o.62 | o.70 | o.82 P2
Table 2 The strength factor A used Lo cohstruct different
interactions in El1"-’ waves starting from OBEPQUED
potenljial.
partial A
wave sState PP np nn
interaction | interaction | interaction
R 0.65 0. 86 0. 80
3l=’1 0.87 0. 94 1,10
3, 9 0.90 0. 99 0. 90
Pa~ Fa




shifts might remove or at least decrease the existing
descrepancles in elastic 10 MeV pd scattering, lets start
from a potential, which acts only in J=52 states and is equal
Lo OBEPXCBE) in the 3p states and to the Parils potential 1In
the remaining states. The solid curves in figs.IV¥.8-11 are
the predictions of that potential. Then let us change the
strength in the 3P wave force components with a faclor A in
order Lo obtain the pp low energy phase shifts from77'78>.
The resulting potential with the factor kpp from table 2 is
used in the following for the pp system. In a similar manner
the potential for the np system is consitructed by the use of
the factors A P of table gé)which areg chosen so that the low
energy np P phase shiftis are reproduced. With these Lwo
potentials charge dependent calculations with respect to Lhe
3P forces were performed (according to the 2-3-1-3 rulel.
The dashed curves in figs.IV.8-11 show the result of Lhis
calculations. A remarkably good description of the pd data
results. In case of K;'z'the discrepancy lLeftL albL backward
angles (fig.IV.112 could be removed by adding the =3 force
components74).

The comparison =f Lhe nd and pd A}r data in fig.lV¥V. 28
shows some difference especially in the region of tLhe
maximum. One reascon for this difference could be Lhe Coulomb
force effectis. However since ne rigorous method to include
the Coulomb force into the 3-body continuum calculations has
been worked oul and applied up to now, Lhe theoretical
eztimation of the magnitude of Lhese effecLls is not known.
If we assume that these effectis are small one ic tempted to
explain this difference by a charge symmetry breaking (nn
interaction not equal to pp rned in the 3P wave force
components.

In 80> a motivation wags given to differentiate bDetween
nh angd pp Torce. It was c<clalmed that the up and down gquark

mass differences lead Lo especlally large effects 1n the 3P0

and 3P1 states.
Guided by Lhe known dependence of Ay on the strength

factor X of the 3P0 and 3Pi force components, we chose the

s
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FLg.I¥. 8 HNucleon analysing power Ay in Nd elasilic scattering

at E=10 MeV. Cpen circles are nd data from ref.w). full

points - pd data from ref.?m, Theoretical predictions
sblained with different interaclions in 3P waves are qQiven
by <ur-ves. The solid line resulls with a “"mixed" potential
equal to Lhe OBEPQCB) polential in 3P force components and Lo
the FParis polential in the rest. Predictions of the charge
dependent ¢ in 3P waves 2 calculations for Lhe pd and nd
systems are given by dashed and dashed-doLted curves,
respectively. In all calculations the forces were restraicted

Lo act only in J=2 partial wave states.
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Fig.IV.9 The same as in fig.IV.8 but far iTli‘
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Fig.Iv¥v.11 The same as in fig.IV.8 but for K';: z

)‘nr. values of table Z. Taking such a poteéential as a nn
interaction in 2 charge dependent calcuiation with respect to
the 3P wave forces, the dashed-dotted curves of figs. IV, 8-11
result. A remz~kably good descriplion of the nd Ay data is
Lhereby achieved in the region of maximum. Furthermoere
interesting enough a large difference between the t‘l"“L for nd

and pd scattering is predicted within this approach.

It should e noted that the required changes in the 3Po

and 3P1 nn phase shifis are relatively large (see Lable 1).
For SPO they go in the direclion claimed in ref.ao}.
3P1. however, the change needed Lo gel a good description of
nd A <ata is opposite to that .LnBO).

For
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The rasults presenied above indicate tLhat probably In
order to explaln existing discrepancies in polarization
observables of low energy elastic Nd scatlering the Paris-
and Bonn-aP force components have to be readjuvsted. Tne
natural! gquestion arises, whether the meson exchange Lheory of

nuclear forces can cope with such a modification of specific

force componenis, This interesting guestion as well as
influence of Lhe total isospin T=3/2 3P st ates require futher
studies. In any case (t seems to be quite plausible that

study of elastic Nd scattering will be helpful in
establishing the lsospin symmetry breaking effects in NN
interaction, thus coniLributing significantly to fix the

details of 2-nucloon dynamics.

T I T T T T
- —— Fors

“ - Bonn [8)
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Elab (MeV |
3 3
Fi1g.1v.128 The Sl - l:.'J1 phase shifi parameter €, as given

by 22> Cfull poinisd and 812 Copen circle) and prediclied by
the Paris, OBEPQAY and OPEPQCEY potentials.

Another eaxample of the 28N fcrce property which is rather
poorly known is the strength of the tensor force causing Lhe
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coupling of the 351 and 3D1 2N states. Phazse shift parameter
£ is a measure for the strength of that coupling. The

! 22,813
"experimenial &, values“™ '’ for E 1S5S0 MeV are shown in

fig.Iv.1i2 chet.lher with the predict.];.;?‘ns given by different
potential models. The OBEPQ{AD potential has a significantly
waaker tensor force than the Paris and OBEPQLBY ones.
NHeutron-proton scattering data measured up to now are not

sensitive enough to determine ¢, sufficlently accurately in

1
order to distiinguish between different tensor forces.
The weaker iLensor force goes with a larger central force

20,212
in case

which provides the larger triton binding energy
of OBEPQX A potential. This reduces the discrepancy between
Lthe thecretical and experimental (riton binding energy and
leaves only a few hundred keV discrepancy Lo be filled by the
contribution of 3-nucleon force effects. The i1mportant
question arises which potential gives Lhe proper tensor
force.

Analysis of the nearly complete set of polarization po
data at E=10 Mev743 revealed a few spin observables which
show some sensitivity to the tenscor force. The most
promising ones were the nucleon Lo rucieon polarisation
transfer coefficients K:’and K:’ However the comparison of
Paris and OBEPQXA) potentials predictions and the K’;’dat.a was
not conclusive, since the inclusion of j=3 force componenis
puts the predictions from Paris and OBEPQI(AD potentials on
the lower and upper side of the experimental error bars,
respectively. In case ol I(y.t,he situation is also unclear
s1nce data for angles ch:SQD favoured OBEFPQCAD potential and
two points at larger angles with larger error bars favoured
Paris potentia.. There s also some scatter ir  the
experimental data of K;’which weakens any conclusions.

351—3D1 tensor f[orce

Since the sensilivity of K{tc
appears also at higher energies, new measurement of Lhis
obser vable was performad at an incident proton energy of 22.7
MQVBEJ.
Fig.lv. 13, The difference between the Paris and OBEPQLAD

predicticons can be shown Lo be just a consequence of Lhe

The measured and calculated K; values are shown in
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Fig.IV.13 The experimental nucleon spin transfer coefficient
Ky'eaj in pd scattering in comparison to different
t.l'):eoretica.l predictions. The Paris-, OBEFQLA) -~ and OBEPQCE) -
potential predictions (for j53 partial wave statesd are given
by the solid, dotted and dashed-dotted l:ines, respectively.

different 351 -301 2N forces, Eventually rather strong
modifications of 3P phase shifts required to remove the
discrepancy between tLheory and experiment for vector

analysing powers and K;' ¥ and K; %2 coefficlents at E=10 MeV

do nol lead Lo a noticeable shilt of the theorettcal curve of
K;.'

Very good agreement between nd theory and pd data fopr
differential cross section (fig.IV.3) and tenser analysing
powers Tao and Taa Crfig.IV. 43 suggests that at this energy
Coulomb force effects are not very impertant. These new data
clearly favour the OBEPOCAY poteniial with Lhe weaker tensor
force. Precise measurements at other energies and especially

for nd system, would be very useful to confirm thal result.
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¥. Nucleon induced deuteron breakup

Breakup of Lhe deuteron by incoming nucleon seems to be
a fruitfull source of information on Lwo- and-or
three-nucleon forces. Tha most important feature Iin this
respect is the poassibllity Lo chose the specilfic geometrical
configurations for three outgeoing nucleons. It allows Lo
study iIin detail possible momentum dependent effects of
nuclear dynamics, which due Lo unavoldable momentum averaging
procedure are more difficult to see in elastic Nd scatiering.

Both two- and three-nucleon aspects of underlying
dynamics <can be studied in sueh a process. The study of
kinematical configurations which are most sensitive Lo
two-nucleon force properties could serve Lo test different 2N
force models. On the other side , finding the discrepancies
between the theory based on 2N forces only and experimental
data in kinematical configurations, which are insensitive to
special 2-nucleon force properties, could be a signature of
the action of 3-nucleon force. Thus detailed study of Lhese
configurations <ould yield information about 3N force
effecls.

Such a study requires rich and precise data base.
obtained in kinematically complete measurements. Study of HNd
elastic scattering indicates Lhat especially interesiling
would be polarization data. However the experimental data
for nucleon induced deuleron breakup are much more poor than
in case of Nd elastic scattering. Especially neutron induced
deuteron breakup data are rariity up to now, Only recently
few kinematically complete nd breakup measurements Calso with
polarized neutrons) were performed or are plannedag_as).

In searching for three-nucleon force (3NF) effecis :in
break-up configurations one can follow the suggestions found
in the first model calculationa7) itncluding a 3NF. In thas
calculation simple Lwo~nucleon force model Cthe S-wave
MalflieL-TJonas) potentials MT I,III in a wunitary pole
approximation? together with Zr-exchange 3NF, averaged over
épin and 1sosSpin, was used. There the space star, the
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Fig.V.1 The cross secticn ::i"'r‘)cr/clfl1 dﬂads as a function of arc
lenglth & along 3-body kinematics for Lhe space star
configuration at E=10.3 MeV, © =9,=48.9" and ¢ _=120", The
895 g4y + ¢ 12
nd data of rers. and are given by open circles and
full points., respectively. The solid and dashed lines
present the Paris- and OBEPQCAY-potential predictions,
respactively, with Z-nucleon forces restricted to act in the

J£& partial waves.

collinear, quasi free scattering C(OFS) and final state
interaction (FSID configurations turned cut o be the most
promising.

In the space star configuration Lthe momentia of the three
nucleons form an equilateral Liiangle which Ls perpendicular
to the beam in the ¢.m. system. For this configuration in
model calculatlone?J an e@nhancement of Lhe creoss section due
to ANF was found. 1In fig. V.1 the theorelical break-up cross
Ssections for the Paris and OBEPQXAY potentials are compared
to two recent nd measurements at 10.3 Mev83.943_ As expected

from model studjes with a set of pure S-wave fcrcesaa’ag3 the
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Fig. V. & The same as in Tig.V.1 bul far the space star a
E=13 MeV. Open circles are nd experimental data from

ref.SSD; full points - pd data from ref.ag) The

line 13 the
prediclion of the Par:s potential obtained with all j:l

partial wave states.

space star configuration turns out Lo be insens:itive toc Lhe
cholce of EN forces (a necessary requirement Lo see 3JHF
ol fecls? and the twa theoretical curves are ciose tLogether.
Though the data have a tendency Lo lie above the theory, they

do not agree sufficiently well balween Lhemselves ta draw o

CONC) us1on. In fig.V.2 another exampie of space star
-—F)

configuration at 13 MeV 15 shown. Here Lhe nd dataeﬁ: lie for

above the theory while the pd daLaBg) lie below. 1t 13 ver-

unlikely that Coulomb forces cause such a big difference, I*
is seen from figs. V.1,2 that the energy dependence of Lie
Lheoretizal star «roszs sections :1:s strong, wherecas nd data o7
24,857 are nearly :nergy independent. That controversial
sltuatlion prohibats a conclusion about a signmifican:
discrepancy hetween experiment arevd theory which could be o
signa~ure of the action of a 3NF. To clarify Lhe situation
i ndependent measurenents would be very desirable.

The collinear coenfiguration {or which one nucleon is at
rest 1n the c.m system, has been under investigation for
qui te some timegl:). In model studye?:) an enhancement of th:

cross seclion caused by 3INF was found ip the collinear
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Fig.¥. 3 The same as in fig. V.1 but for the collinear
confirguration at 91=39’, 92=75‘E° and ¢12=180” The

coellinearity point is indicated by the arrow.

region. In fig. V.3 experimental data from nd measurement at
L3 HGVBSJ are compared to theory. The point of collinearity
15 wndicated by an  arrow. The bump present 1n the
exparimantal data 1s absent in the Lhecoretical curwves. Tt is
interesting to note Lthalt cross seclion in cellinear region is
guite 1nsensitive to variations in NN lnteractzonsslj
Similar discrepancy between tLheory and experimeni 1n the
collinear region is found at 14.1 Hevﬁij. In that case the
preakup process of Lhe deuteron was induced by prolons.

It is Lempling Lo assoclate these discrepancies wiith the
effecl. of a 3NF so addilional measurements concentrating on
the collinearity condition would beé very welcome.

The special geometrical configuration willh one of three
outgoing nucleons at rest 1n laboratory syslem (quasli free
scattering condition? aroused since a long Lime an 1nterest
as a tool to study free N interaction (see 92> and
references Lhereins. Sueh a possibility results when
underl ying ﬁechanism is predomirantly gL /en by Lthe
interaction of incomling nucleon with only one of Lhe
substituent particles 1m the deuteron what is mure probable
writh Llncreasing energy due to smaller wavelength of incomng

nuclean. For sJufficiently high energy the polarization
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Fig.v. 4 Comparison of y — ' v -

impulse approximation (JTAD
and full Faddeev calcula-
tion CFFC> predictions
with OFS pn €full polintsd
and pp ¢ open circles D

=3
T

experimental angular
distributions & at
E=22.7 MeV. Theoretical
results are cobtained with

the Paris potential

id o/amdn, e F YK tnbse 7 ke

o
T

restricted to act in

1=2 partial wave states,

cbservables in such configuration are then equal Lo free
scattering ones

If this simple mechanish i$ correct then the sclution of
a three nucleon scattering problem i3 reduced toc calculaticn
of leading term <pga|tP{®&> in integral eguation (II.142> (so
called i1mpulse approximation (IAD J. All numerical
difficulties associated with generation of the Neumann series
(multiple scattering serles (MSS) D for eq.{1l1.14) disappear
1in this case.

The rescattering terms Ln the MSS are very important Tor
OFS cenfiguration for hucieon laboratory esnergies ES100 MeV.
Ever at 140 MeV the correction to the 1A under QFS5 ceondilion
is nonnegligible. In this case, however, rescatlering of
second order in the Z-body t~matrix is essentially
sufficlentgaj.
The rescattering for identical nucleon pairs under QFS

condl Ll on 1s strickingly different from the cage of
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nanlidentical nucleon palrs. In fig. V.4 this is shown in case
of the angular distribution of OS scattering at E=22.7
HeVga) AL this energy there is the strong . even
qualitative disagreement of the IA with Lhe data, whereas Lhe
full Faddeev calculation (FFC) feollows nicely the shape of
the data. In fig. V.5 another example, analysing power under
FS condition for pp and np pairs al &5 Hevgd'). is shown.
While the full 3-body process leads at least Lo the same sign
of Ay as for free NN scatiering in the case of np, the sign
and magmtude is different in the case of pp. Clearly the
full Faddeev calculation describes the experimenial dalsa

rather well.

T T

Ay . ]

. QFSipn! E=65 MeV
Fig.¥.% Impuise approxi- -— FFC %
| a3k - -=14a +
mation and full Faddeev : ,_';‘,‘s:\ ——-tree pn sCatienag :

calculation predictlons
compared with OFS pn and
pp experimental data for

nucleon analysing power

4 '
at E=8% Mev °7  ror
description of continuous :
and dashed curves see mg .
fig.V.4. The dashed - 0 Be m 1000 wo B
dotted line represents OFSlopi £ =85 Mev .
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Fig.V.6 The =same as 1in T — v v v .
fig.V.1 but for OFS confi- . SRS BT aud £r0n e

guration at 6&=6é=39° and
¢123180'. Closed circles
are preliminary pd data of
ret.ag}. The solid line
.ls the prediction of Lhe
Parlis potential obtained i
with all |2 force

components.

—Poria |43
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In fig. V.6 a comparison of the Paris potential
predictions with preliminary pd data at E=13 MeVBQ) arround
OFE condition is shown. It is interesting to note that the
theory is 2 bit higher in the QFS peak than experiment. It
would bg interesting ioc compare thecory also with OQFS peaks
from nd experiments which would remove the uncertainties
caused by possible Coulomb-effects. If that discrepancy
would be confirmed alsc at higher energies., Lhis could
indicate an effect of 3NF like it has been found in the model
calculation of ref.a?).
In case when two of iLhree ocutgoing nucleons have equal
momenta ( final state interaction condition 3, Lhe proceés is
dominated by 3'S interaction. It has been shown by Kloet and

&)
Tjongg) that the heights of FSI peaks depend very sensitively
on the iSO scattering lenglhs and on other &N force
components and their properties. This 1Is confirmed by

rigorous caleuluation at E=14.1 Mevﬁij using the Parls
potential (fitted to the pp system) and OBEPQ (fitted to the
np systemd. This calculation showed that the heighis of the
FSI peaks were different according to Lhe different
scattering lengths of the two potentiials. It follows that
charge-dependant 13 ferces should be used to analyze the FSI

(&
peaks.

Charge dependent calculation according to 2-.3-1/3 rule
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Fig. V.7 Dependence of Lhe - - . . .
croes section at the FSI
condition for particles

1-3 ¢ pi‘b=p;’b > on the
production angle Gﬁab. The ér

sollid and dashed curves

are the predictions of the

~
T

charge dependent calcula-
titons including the 2K
forces in all JS2 partial
wave slates and in 1Sb +
35 —301 » respectively. 0

1
The dashed-dotted curve

9%/ dir, 057 S (s 2 Mav)

LY
T

derives from solid one,
when all kinematical

factors are Laken .oul. Cpen circles are E=13 Mev nd

experimental data of ref.EE:.

with the Paris potentiial as 150 nn interaction and OBEPQXXBD

potential as 15 np interaction has been performed and

y O
compared with experimental nd FSI data at E=13 MBVQOJ.
Discrepancies belween theory and data, not only in the peak
heights but also in the shapes. has been found. The
experimental and thecretical FSI peak heights are presented
in fig. V.7 as a function of the laboralory production angle
of the interacting n-p pair. The differences between theory
and experimenL are reminiscent of a trend found in a model
studye7). where It was fcund that Lthe contribution of the 3INF
at. E=14.4 MeV increased (¢ decreased > the FSI peak for
production angles above ( below I elab§20°. It is therefore
tempting Lo associate these discrepancies with the absence of
3NF in presented calculations. Before making such a
conclusion, however, a fully charge-dependent study of FSI

case including Lhe toital isespin T=3.2 130 states is

unavoldabl e,
In fig.V.7 alse the Influence of higher partial waves on

height of F5I peak is shown. The dashed curve result when
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only 150 and 351 -QD1 force components are taken into account.
Inclusion of P- and D-wave forces decreazes a bit the peak
height aiL the small production angles, bul increases the peak
height substanlially at the larger ones. This indicates Lhat
neglecting the P- and D-wave force componenis in analyzing
FSI peaks can quantitatively be qulte misleading at certain
angles.

One poinli concerning the comparison between theory and
experimental data in c<ase of breakup process should be
emphastized. The theoretical predictiouns belong to pount
geometlry defined by a reactjion point n the center of “he
target and two points i1n the center of the two deteclLors.
The experimaental polhts for kKinematically compiete
.measurements result from projecting the raw experimental
evants, located in a bangd arround kinematically allowed curve
1in the ZEZ-anenslonal energy plane of the twe detected
nucleons. Such a band arises because of the [linite angular
acceptance of the dereclors. the finite size of the targetr,
energy uncertaintlies of the beam particles and uncertainties
in the energies of Lhe delLected pariicles. These raw events
are collected, according Lo somne projection method. on the
ideal curve for poinl geometirv.

Ideally, “he theoretical reaction rates shouid also be
calceculated 1 the same kinematical band as covered by the
experimnental data taking into accounit Tinlte experimental
resolutions and Lhen projected in the same manner as the
experimental data onto the ildeal curve for point geometry.
Such procedure requires however a large amount of computer
time. But even without performing such complex calculations
some ecstimation of the effects i nduced by projection
pradecure on theoretical points can be doene performing
calaulations wilh independent wvarlations of bolh detecrors
angles and beam parilicles energy as allowed by experimental
resolutions.

61,90 changes cf the thecretical

As was shown in ref.
cross sections oblained in this way are not large enough that

& projection of tLheoretical cross sections could remove
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significant discrepancies between tLthecry and experiment Cound

for FSI psak heights and collinear configurations. Also Lhe

space-siar cross section is very stable to such

variasti onsw) .



VI. Conclusions

In this paper a study of three-nuclecn continuum, based
on nonrelativistic model with three nuclecns Lnteracting
pairwvise, vas made, As underlying nuclear dynamics.
realistic NN interactions based on mescn-exchange model were
used. With such local polentials modified AGS equations were
solved for the Tfirst time exactly withoul making any
approximation to underlying two-~nucleon dynamics. In this
way quite a new domain is copened, in which dynamical models
of nucleon-nucleon interactions can be f(or the first time
investigated quantitatively on the 3-nuclean continuum level.
Comparizon of such tLheoretical predictions with 3-nucleon
experimental data, both for elastic Nd scattering as well as
for the nucleon induced deuleron breakup, can thus yield a
new information about MN interaciion or/and 3N-force effacts.

Some examples of such a comparison for alastic HNd
scattering and breakup processes were presented.

Very good agreement belween experimenlt and theory is
oblalned for the angular distribution of tLhe Nd elastic
scattering differential cross section. Especially
satisfactory is the agreement wilh precise nd measurements 1n
backward angle reglon. Bolh Paris and Bonn nucleon-nucleon
potentials give equally good description of existing
experimental data, when charge dependence breaking of the NN
interaction 1in 150 state 1s taken into account. In case of
pd data for angles chsfl.s' distinct discrepancy belween
theory and data ,caused by Coulomb forces,appears.

Spectacularly good agreement belween both force models
predictions and pd experimental values was Tfound for tLhe
tensor analyzing powers TEO and '.['aa at E=22.7 MeV. This
suggests that at this and higher energies the Coulomb force
effects are probably not too important.

Study of the nucleon analysing power Ay in elastic Nd
scattering revealed a blg discrepancy between Lhecry and
experimental data in the region of Ay maximum at angles
acmmao‘ and for energiea ES2E MeV. For energy E2S0 MeV this

= .



discrepancy di sappears and nice agresment with Ay

exper i mantal data results,

It was found that the maxdmum of Ay for E<2% MeV ;s
practically a result of complicated interplay between P
waves contributions. This dominance of 3P states decreases
with increasing anergy.

Study of pd polarization data at E=10 MeV revealed that
definite discrepancles bet ween experimeontal data and
theoretical prediclions exist also far the deuteron wvector
analysing power 1T11 and protan to deutaron polarization
transfer coefficients Kx z’ and Ky 2 . These observables also
show strong dependence an 3P—wave farces. Interesting enough
the changes in Ky z Kx = and vector analysing powers induced
by putting 1nd1vidually the tLhree P state contributions
eqqual to zero are differeni. Therefore Lhese 3-nucleon spin

obgervables can play a significant role to pin down the 3P

force propertles.

Modi fying the strength of 3P HN forces such that the low
energy pp phase shifts from 1“91".-‘-"“?'?83 are obtained, one c<an
explaln discrepancies found in E=1Q MeV pd data. Thereby
charge 1lnhdependence in E.P waves has Lo be broken. If one in
addition assumes that Coulomb forces are not responsible for
the d ffarence in the experimantal Ay values for elastiec nd
and pd scattering. charge symmetry breaking in 3P wave force
components 18 a possible explanatian. The calculations
performed revealed Lhat this explanation leads at the same
Lime to a large difference betwaen iTu values far the nd and
pd systems at Es=10 MeV. It would therefore be very
interesting to measure analyzing powers with polarized
deuterons in nd scattering.

Further study requires p-ecise experimental data base
for polarization observables in Hd elastic scattering. They
should be measured at different energies for nd as well as pd
systems. From Lhe theoretical side exact solutions of dJ-body
equations incorporating Coulomb interaction are required in
order to fix the magnitude of such force effectis in case of
pd system. Also estimatian of 3N force effects Iin Nd elastic
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scatiering by performing calculations with some model 3INF
should be made. Comparing thecretical predictions with
precise Nd polarization data will allow to establish the
detalls of 3P force components in np, nn and pp systems.
Changes in both Paris- and Bomn- force models probably will
be required Iin order to reproduce the behaviour of 3P
componants.

It should be pointad ocut that the Nd elastic scattering
18 especially preferrad to study charge ({ndependence breaking
in the 31’ forces as compared to nucleonh~nucleon scattering.
Balow 30 MeV Lhe :’P phase shifts are small ( a few degrees D
and conseguently the analyzing powers in NN elastic
scattering are quite small, requiring extremely high
precision measur ement.s in order to obser ve charge
i ndependence breaking. The vector analysing powers in the Nd
elastic scattering are much larger and depend sensitiveiy on
3P Torce componants.

Anolther example, which show tLhe importance of 3N
scattering in fixing 2N force propsriies is given by study of
nucleon spin transfer coefficient l(;p. This observable is
most prorising to distingulish between weak and strong 351 —3D1
tensor forces. The difference between the Paris ard OBEPQCAD
predicticons can be shown te be just a consequence of the
different 331 -3D1 2N tensor florces. The data at E=22.7 MeV
clearly favour ithe weaker tensor force. As a consequence of
the weaker tensor force the theoretical triton binding energy
would increase signiflcantlyai) and the discrepancy to tLhe
experimental wvalue would get rather small. The 3N force
effects needed then would be only of about 100 keV (in
comparison to 1 MeV required in case of stronger tensor force
as given Dby the Parls potential. However , preacise
measurements of K;. at. other energlez, in pd as well as nd

systems, are required in order to confirm that resuit.

Comparison of rigorous 3N-continpuum calculations with
exporimental breakup cross section data revealed definite

discrepancies for some kinematical configurations. The most
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significant one appears In case of nd~ as well as pd-breakup
processes for callinear configuration. . The collinear reglon
turng out Lo be ilnsensitive to the 2N potentials used. The
observed discrepancy could be thus a signature of Lhe action

of a three-nucleon force.

This configuration together with the OFS, space siLar and
FSI was proposed in wmodel study of 8§73 as most promising ches
Lo investigate 3ANF effectis, Compariscon of 13 MeV pd breakup
data with theory reveals lndeed a discrepancy in QFS peak.
Also pd OFS analysing power data at 65 MeV could suggests
some discrepancy with theory. Bafore however these
discrepancies could be established as possible 3ANF effects
further cases of such disagreements should be investigated,
especially tin QFS peaks from nd experlments.

The controversial experimental situation prohibites a
conclusion about a sighificant discrepancy with theory in
case of space—star configuration. To clarify the situation
independent measurements, also at higher energies, should be
performead.

It 1s interesting to note that iIn case of FSI
configuration the inclusion of 3NF will, according Lo model
study of 37). change the break~up cross section in a
direction which would decrease the discrepancies betveen
experimental data and the theoretical predictions. However
before making any quantitative conclusion an analysis of the
FSIl peak regions by fully charge—-dependent calculation,
including total isospin T=3.2 150 states is unavoidable.

From the present state of nucleon—-deuteron continuum
study one can conjecture that Lhe dynamics of free 2N forces,
improved in 1tis 3P components to aceount for possible charge
independence breaking, 1s essentially sufficienl, for a
quantitative description of the elastic scattering process of
three interacting nucleons. 3N observables will play a role
to nall down the unsettled up to now &N force properiies,
such as proper strength of 351 —3D1 tensor force, which remain

open by present day ZH observables.
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Some zpecial breakup configurations may show efTects of the
action of 3N-forces. Such cases should be identified by
careful studies in which rigerous comnlinuum calculalions as
presented in this paper ,however with inclusion of model 3NF,
such as 2n—exchange 3NF, will play an important role.

In order these studies would be succesfull wvery close
collaboration between experimentalistis and thecrelicians will
be regquired.
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