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Abstract. Results on three-nucleon (3N) elastic scattering and lighklow the pion production
threshold are discussed with emphasis on the need of a tlucleon force (3NF). The large
discrepancies found between a theory based on numeriasticsd of 3N Faddeev equations
with modern NN potentials only and data point to the actiol8Nf's. Successes and failures of
the present 3NF models mostly of ar-2xchange nature to describe high precision 3N data are
discussed. Effects due to relativity both in elastic nuatdeuteron (Nd) scattering and breakup
reaction are presented and consequences for 3NF studgg@aint. As an application of 3N bound
and scattering states results for photodisintegratiorNob@und states are shown.
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INTRODUCTION

Traditionally in nuclear physics the Hamiltonian has beskeh in a nonrelativistic form
in which pairwise interactions between nucleons are supgihged by 3NF’s for systems
with more than two nucleons. The construction of NN potdéatiaided by meson theory
led to generation of realistic NN interactions which ddserihe NN data set with high
precision (%/datum~ 1) [1, 2, 3]. The 3N system is the first nontrivial case wheos¢h

realistic potentials can be tested. In that system also$ieifine 3NF’s come into play
making it a valuable source of information on 3NF properéied their significance in
the nuclear Hamiltonian.

The first time 3NF's were established when three- and foatemn bound states
have been solved exactly using standard integration afefrelitiation mehtods [4, 5].
Later using stochastic techniques low energy states folenup to A=8 have been
calculated [6]. It turned out that in all cases studied stialiNN forces alone provided
clear underbinding, which fotH and3He amounts te= 0.5— 0.9 MeV and for*He to
~2—4 MeV.

It was natural to look for an explanation of this underbimdintroducing 3NF’s in
the nucleonic Hamiltonian. An important example for a psscevhich leads to a 3NF
is ther— 1T exchange between three nucleons with an intermediabecitation of one



nucleon, considered by Fujita-Miyazawa [7]. Later thisqass was incorporated into
Urbana IX 3NF, where it is supplemented by a phenomenolbgieat-range spin- and
iIsospin-independent part [8]. The Tucson-Melbourne (TM)del [9] was constructed
using more generatN amplitude. It also contains a strong form factor pararmation
with a cut-off paramete/ which can be adjusted to th# or *He binding energy
when this 3NF is combined with particular NN interactionr Bwe combination of the
AV18 NN potential and the Urbana IX 3NF calculations are ke for nuclei up to
A = 8 which show that one can reach a reasonable descriptioredbihlying bound
states in those nuclei [6]. However, the results show foraimse an insufficient spin-
orbit splitting and an insufficient charge dependence, iwnidicate defects of this 3NF.
Taking additional 3NF ring-diagrams into account the sitracould be improved [10].
A rich set of spin observables for elastic Nd scattering &iedoreakup reaction offers
itself as a source of valuable information on the spin and srdestructure of 3NF’s. In
the next section we briefly review the 3N scattering fornmalend give some examples
where data are compared to various NN potential predict@bmse or combined with
different 3NF's. These examples are chosen to show impoetah the 3NF in the
3N system. The importance of 3NF’s seems to increase witleasing energy of 3N
system. Therefore we discuss importance of relativistiects in these reactions and
their significance to study 3NF effects. As an applicatiorrigbrous 3N bound and
scattering states we discuss next the photodisintegrafi@dN bound states and the
proton-deuteron (pd) capture process. In the last secteogive summary.

REACTIONSIN 3N CONTINUUM

All observables for elastic Nd scattering and the breakaptren can be obtained from
an amplitudeT | @) which fulfills the 3N Faddeev equation [11]

Tlg) = tP@) +(1+tGo)V," (1+P)|@) +tPGT |g)
+ (A+tGVV(1+P)T o) . 1)

The initial channel statgp) is composed of a deuteron and a momentum eigenstate of
the projectile nucleon. On top of 2N forces with their ofetenergy shell t-matrix t, also

3NFis included anlsi’f) is a part of it which is symmetrical under exchange of nucteon
2 and 3. The permutation operator P takes into account tméitglef the nucleons and
Gg is the free 3N propagator.

Using the realistic NN forces: Av18 [1], CD Bonn [2], Nijm I},land 93 [3] one
gets in general predictions for 3N scattering observablasiwagree well with data at
energies below: 30 MeV. A fairly complete overview of those theoretical piabns
in comparison to data is presented in [12, 13]. At higher@esrdiscrepancies develop.
They are exemplified for the total neutron-deuteron (ndk€rsection in Fig.1 and
for the elastic scattering cross section in Fig.2. The latigerepancy between total
cross sections obtained with NN forces only seen for engrglove~ 60 MeV is
removed for energies below 140 MeV when 3NF’s which reproduce the experimental
triton binding energy are included. Also the large discreyain the minimum of the
elastic scattering cross section using NN forces only isorexd when these 3NF's are
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FIGURE 1. The total cross section for nd interaction as a function @bming neutron lab en-
ergy Eiap. Experimental data are from [14]. The solid and dashed liaes the CD Bonn and
CD Bonn+TM 3NF predictions. The open squares and circlesrereesults of AV18+Urbana IX 3NF
and CD Bonn+TM99 citetm99 3NF predictions.
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FIGURE 2. Angular distribution of elastic Nd scattering. The lightasled band contains theoretical
predictions of the AV18, CD Bonn, Nijm I, I, and Nijm 93 potiégls. The dark band contains predictions
when these potentials are combined with TM 3NF. The soliddaghed lines are the AV18+Urbana IX
and CD Bonn+TM99 predictions. Open circles are 65 MeV nd fata [16]. Full squares are 65 MeV
pd data from [17] and 135 MeV pd data are from [18].

included [19, 13]. A similar behavior shows the high energyteron vector analyzing
power Ay(d) [13, 20, 18] (see Fig.3). But there are many spin observebleghich
large 3NF effects are predicted and where the TM and the @rbalo not reproduce
the data [13]. This is the case e.g. for the nucleon analypower Ay [13, 22] (see
Fig.3). Similar happens for the tensor analyzing power$ (48e Fig.4). In both cases
the data cannot be reproduced by pure 2N force predictionsrei

The Nd breakup reaction in specific kinematically complegafigurations is also
very promising to provide information on the nuclear Haomitan and cross sections and
some spin observables exhibit very large 3NF effects atgnighergies, which moreover
are different for the TM and Urbana I1X models [23]. Also ladjscrepancies between
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FIGURE 3. The deuteromy(d) and neutrorAy(n) vector analyzing powers in elastic nd scattering at
incoming neutron lab enerdy= 135 MeV (first row) ande = 190 MeV (second row). Circles are the pd
data from [21]. The light bands contain the NN force preditsi: AV18, CD Bonn, Nijm I and Il. The dark
bands contain the combinations of the NN+TM99 3NF predngtid he solid curve is the AV18+Urbana
IX 3NF prediction.

high energy breakup cross section data and theory based doridés only are found
which cannot be removed by adding tM or Urbana IX 3NF’s [28(&ig.5. Therefore
observables of elastic Nd scattering and the breakup psazaes be identified, which
are sensitive to the 3NF structure. With precise data on spichobservables it should
be possible to reveal the proper spin structure of the 3NFhdtuld be pointed out that
presently the breakup data base is more restricted thamtaédse for elastic scattering.

RELATIVISTIC EFFECTSIN 3N CONTINUUM

There are large discrepacies at higher energies betwearadditheory, both in elastic
Nd scattering and breakup reaction, which cannot be remioyedding standard 3NF’s
(see Fig.1, Fig.5, and Fig.6). They require to study mageitf relativistic effects. We
used an instant form relativistic approach which encomgsmasslativistic kinematics,
boost corrections, and Wigner spin rotations [27, 28]. Tbesb effects turned out to be
the most significant for the elastic scattering cross seeidigher energies as shown in
Fig.6. They diminish the transition matrix elements at leiglnergies and lead, in spite
of the increased relativistic phase-space factor as cardgarthe nonrelativistic one, to
rather small effects in the cross section, mostly resttitbehe backward angles [27].

At energies below: 20 MeV boost and Wigner spin rotation lower the maximum of
the nucleon analyzing pow#y, increasing the discrepancy between theory and data [28]
(see Fig.7). This calls for even larger 3NF effects to explaiv energyA, puzzle.
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FIGURE 4. The same as in Fig.3 but for tensor analyzing powsys- Ayy andA,,.
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FIGURE 5. The five-fold cross sectio% for the d(n,np)n breakup reaction at incoming
neutron lab energ = 200 MeV. The angles of detected nucleons &e= 52°, 6, = 45°, ¢, = 18C.
Thed(p, pn)p data are from [24]. The nonrelativistic and relativistiogs sections are shown by dotted
and solid lines, respectively.

Higher energy elastic scattering spin observables areshiglytly modified by relativity.
The selectivity of the breakup singles out this reaction &sochto look for localized
effects which when averaged are difficult to see in elasttedng. At higher energies
this selectivity of breakup allows to find the configuratiovith large relativistic and/or
3NF effects for the breakup cross section. The configurataith large increasing and
decreasing relativistic effects are localized in a specégions of the breakup phase-
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FIGURE®G6. The Nd elastic scattering angular distribution atinconmingleon lab energf =250 MeV.
Onthe left side the light shaded band contains theoretrealiptions of the AV18, CD Bonn, Nijm I and Il
potentials. The dark band contains predictions when thesmpals are combined with TM99 3NF. The
solid line is prediction obtained with AV18+Urbana IX 3NFn@he right side the solid line is prediction
of the CD Bonn potential and the dashed line is the relativigtsult with boost effects included. Open
circles are pd data from [25] and solid circles are nd dataf{26].
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FIGURE 7. The nucleon analyzing powé; in elastic Nd scattering zﬁl’;‘b =5 MeV (a) and 65 MeV
(b). The dashed-dotted line is nonrelativistic result otgd with CD Bonn potential. The corresponding
relativistic predictions are given by dotted and solid $ifier the cases without and with Wigner rotations,
respectively. The nd data in a) are from [33] and pd data imdhf[17].

space [29, 30] and two cases are exemplified in Fig.8. Sonstimgxidata seems to
support these relativistic effects [30] (see Fig.5).
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FIGURE 8. The cross section for exclusive d(n,nn)p breakug; = 200 MeV at fixed anglé, =
37.5° @ =180.0°, and varyingg;: a) 6; = 32.5°, b) 6; = 62.5°. The nonrelativistic and relativistic cross
sections are shown by dashed and solid lines, respectiMetycalculations are based on the CD Bonn
potential.

THE PHOTODISINTEGRATION OF 3N BOUND STATESAND
THE PD CAPTURE REACTION

All observables for these electromagnetic processes caalbelated from the nuclear
matrix element

Nr = (W47]5:(Q) | WoMs) - 2)

It contains theHe (H) bound statgW,Mp) with spin projectionM,, the spherical
componentg;(Q) (t = +1) of the nuclear current operator defined in relation to the

photon momentun@ || 2, and the final interacting stat(éP(f*)\. Using the Faddeev

decomposition of(kIJEf)\, N; can be calculated using numerical methods in the 3N
continuum [31].

We use different electromagnetic current operators. Wéyagpgle nucleon current
augmented by explicitt- and p-like two-body meson exchange currents or employ
the Siegert theorem, which induces many-body contribgtimnthe current operator.
For fairly complete overview of theoretical predictionscomparison to data we refer
to [31, 32].

Cross section for the two-body photodisintegratiorfldé reveals clear signature of
3NF. Including 3NF increases this cross section with ingiregaenergy of the incoming
photons (see Fig.9). This increase is supported by somegxdata as shown in Fig.10

At lower energies the angular distribution for photodisgration and pd capture are
rather well described [31]. However, the effects of finait{@h) state interactions are
very large. For proton analyzing powers there are someeapsaicies at low and higher
energies [31].
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FIGURE 9. The angular distributions of deuterons from 2-body phatindegration of*He at two
photon energiew 4 is the lab. angle of outgoing deuterons. The dashed (satid¥ Ishow the result
of AV18 (Av18+Urbana IX) Siegert calculations.
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FIGURE 10. Deuteron angular distribution for the procésg(y,d)p ate"’Jlb 1035° as a function of
the photon energl,. Lines show results of calculations with the AV18 alone (o= and with the AV18
+ Urbana IX (solid). Explicit- andp-like MEC'’s are included in the current operator. Data apeti[34]
(x-es) and [35] (circles).

At higher energies the descrepancies between the crosersdeta and theory re-
sembles that for elastic Nd scattering. Including 3NF imvpsothe description of data.
However, the theoretical predictions depends on the cuagerator used (see Fig.11).
For the proton analyzing power the influence of the 3NF is Enalt results also de-
pend strongly on the current used (Fig.12).

SUMMARY

Solving 3N scattering exactly in a numerical sense up togeerbelow the pion
production threshold allows to test 3N Hamiltonian basedyadern NN potentials
and 3NF’s. At the higher energies for some observables Bifeeffects are predicted
when using present day models such as TM and Urbana IX. SonstalNtic scattering
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FIGURE 12. The proton anlyzing powef in pd capture at a) 200 MeV and b) 400 MeV deuteron lab
energies. Lines and data as in Fig.11.

cross sections and polarization data support these pi@cOthers, however, indicate
defects of present day 3NF's. It can be expected that a prexid rich data basis,
comprising elastic scattering and breakup data, will enéblestablish the proper spin
structure of 3N forces.

Relativistic effects are found to be small for elastic ssatg cross section. In case
of breakup reaction their importance depends on the phzssesegion studied. The
existing high energy discrepancies which remain even whdrata 1X or TM 3NF’s
are included indicate on importance of short-range coutiobs to a 3NF.

A well founded 3N Hamiltonian is a prerequisite for a themadtanalysis of elec-
troweak processes in 3N systems. Exact 3N bound and sogtsdtes are mandatory
in such an analysis to account for the final state interasti®esults depend on the
electromagnetic current operator used.

Chiral perturbation theory providing consistent NN and &ktés [38] together with
consistent electromagnetic current operator will playrapartant role in these studies.
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